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HADRON COLLIDER TESTS OF NEUTRINO
MASS-GENERATING MECHANISMS

Richard Efrain Ruiz, PhD

University of Pittsburgh, 2015

The Standard Model of particle physics (SM) is presently the best description of nature at small
distances and high energies. However, with tiny but nonzero neutrino masses, a Higgs boson mass
unstable under radiative corrections, and little guidance on understanding the hierarchy of fermion
masses, the SM remains an unsatisfactory description of nature. Well-motivated scenarios that
resolve these issues exist but also predict extended gauge (e.g., Left-Right Symmetric Models),
scalar (e.g., Supersymmetry), and/or fermion sectors (e.g., Seesaw Models). Hence, discovering
such new states would have far-reaching implications.

After reviewing basic tenets of the SM and collider physics, several beyond the SM (BSM)
scenarios that alleviate these shortcomings are investigated. Emphasis is placed on the production
of a heavy Majorana neutrinos at hadron colliders in the context of low-energy, effective theories
that simultaneously explain the origin of neutrino masses and their smallness compared to other
elementary fermions, the so-called Seesaw Mechanisms. As probes of new physics, rare top quark
decays to Higgs bosons in the context of the SM, the Types I and II Two Higgs Doublet Model
(2HDM), and the semi-model independent framework of Effective Field Theory (EFT) have also
been investigated. Observation prospects and discovery potentials of these models at current and

future collider experiments are quantified.

Keywords: Hadron Colliders, Seesaw Mechanisms, Neutrino Physics, Collider Phenomenology.
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PREFACE

In the process of writing this text, I came to the realization that the most important conclusions
contained in this document will have already been published in refereed journals [1-3] by the time
it has been defended. Experts and students have already the resources available to obtain copies of
referenced works, the capabilities to work out (unpublished) intermediate results, and it becomes
redundant to simply recompile everything into a new document. Therefore, very selfishly, I have
decided to construct this dissertation for a single audience: myself; and for a very specific reason:
to have a mostly complete and standalone set of notes from which, given the appropriate number
of scratch paper and computational resources, Refs. [1-3] can be readily reproduced. While the
contents of this book may not be sufficient to teach a graduate course on collider physics, I expect
it to satisfy many of the requirements.

The text is laid out in the following fashion: In the first chapter, the Standard Model of Particle
Physics (SM) is introduced. Fundamentals of collider physics is introduced after this. Three
nontrivial extensions to the SM are then studied in great detail: (i) an additional scalar doublet
gauged under the SM symmetries (Two Higgs Doublet Model); (ii) a right-handed neutrino with
a Majorana mass (Seesaw Model Type I); and (iii) extended gauge sector with heavy Majorana
neutrino (Seesaw Model Type I+1I).

At this point, it is very much tradition to acknowledge and thank the many people who and
institutions that have contributed to the completion of this thesis. This is a tradition I am very
pleased to continue. First and foremost, in my completely biased and subjective opinion, I would
like to thank Tao Han for his guidance, undervalued criticisms that I hope to one day appreciate,
mentorship, support, and words of wisdom. To Efrain and Gilda, I am unsure how to appropriately
acknowledge all that you have done. To write proportionally would fill libraries. Instead, I think
acknowledging you two inversely to your importance is more appropriate, so to summarize: thanks.

There are many from around the world I wish to thank. To minimize omissions, I resort to the

alphabet: Daniel Alva, Marguerite Braun, Helen Brown, Terry and Joey Carlos, Cindy Cercone,

Xiv



Neil Christensen, Andrew Cox, Samuel Ducatman, Anna Elder and Kevin Sapp, Ayres Freitas,
Athena Frost, Ayriole Frost, Caitlyn Hunter, Hiroyuki Ishida, LJ, Ali Kahler, Rachel Landau-
Lazerus, Bryce Lanham, Tan Lewis, Zhen Liu, Amy Lowitz, Phil Luciano, Adriano Maron, Thomas
McLaughlan, Ben Messerly, Danny and Debbie Molina, Jim Mueller, Shannon Patterson, Kevin
Pedro, Zachary Pierpoint, Kara Ponder, Zhuoni Qian, my editors at Quantum Diaries, Angela
Ruiz, Vladimir Savinov, Josh Sayre, Jared Schmitthenner, Ben Smart, Brittany Stalker, Brock
Tweedie, Marina Tyquiengco, Xing Wang, Ying Wang, Cédric Weiland, Adam Weingarten, Kristen
Welke, Daniel Wiegand, Krispi Williams, Ricky Williams, and to the many, many people on whose
couches I have slept during my travels. Special appreciation and gratitude are owed to Zong-guo Si
and Young-Kee Kim. Much of the research presented in this text was made possible through the
generous assistance of the Graduate Dean’s Office at the University of Pittsburgh, and the personal
support of Kathleen Blee and Philippa Carter.

As of this writing, the relevant publications and working group reports can be found in Refs. [1—-
3] and Refs. [4,5]. Reproduction of Refs. [1-3] is authorized under license numbers 3610261016932
and 3610240521805 issued by Physical Review D, as well as 3604430001427 issued by the Journal
of High Energy Physics. Apologies are owed for typographical errors, which, of course, are my
responsibility. The realization (or lack thereof) of Seesaw Mechanisms in nature, on the other

hand, is nature’s responsibility.

Heavy Majorana neutrinos is a particularly favorite topic because it is an ideal, one-particle
laboratory, similar to the top quark, where rich physics can be enjoyed and studied. Furthermore,
the existence of tiny but nonzero neutrino masses indicate the existence of new particles and
interactions not predicted by the Standard Model of Particle Physics. It goes without saying that
the physics presented here is quite interesting.

R. Ruiz
Pittsburgh, Spring 2015
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1.0 THE STANDARD MODEL OF PARTICLE PHYSICS

1.1 INTRODUCTION

The Standard Model of Particle Physics (SM) is the quantum field theoretic model that, to date,
best describes the interactions matter at small distances and large energies. Though incredibly
successful, as we will discuss later, the SM does remain an incomplete description of nature. Before
studying the particle content and forces of the SM, we begin by first considering what lies at the

heart of the SM and physics in general: symmetries.

1.2 SYMMETRIES

A symmetry exists when a quantity, for example: linear momentum or electric charge, does not
change (remains invariant) while a system undergoes a transformation, such as a spatial translation
or a local U(1) phase shifts. Here we discuss continuous, both global and local, symmetries,
emphasizing along the way the consequences of their spontaneous breakdown.

The spontaneous breakdown of a symmetry through the acquiring of a nonzero vacuum expec-
tation value, or vev, by a scalar field is an interesting topic with subtle consequences. Typically in

Quantum Field Theories (QFT), expectation values of fields, both bosonic and fermionic, are zero:

Ol¢(x), ¥(x), A*(x)]0) = 0. (1.1)

As fermions and vector bosons are nontrivial representations of the Lorentz group, they carry
spinor and Lorentz indices. A nonzero vev for these fields would imply that the vacuum itself
carries corresponding indices, indicating a preferred state, thereby breaking Lorentz invariance.

Scalars, on the other hand, being trivial representations of the Lorentz group, whether elementary



or composite, are allowed to form a condensate and acquire a nonzero vev without violating Lorentz
invariance. However, whatever symmetries that are respected by scalars before acquiring a vev are
not guaranteed to be preserved.

We now consider our first case study: continuous global symmetries.

1.3 CONTINUOUS SYMMETRIES I: GLOBAL SYMMETRIES

Global continuous symmetries are transformations that remain independent of spacetime coordi-
nates. A familiar example intrinsic to all quantum mechanical processes is the invariance to an

overall phase shift of the amplitude that leaves the physical probability density unchanged':

M = M=eM, 0el0,2n) (1.2)
MPP = M= IM]? (1.3)

Though moving the amplitude M along the edge of a circle in the complex plane, such phase
shifts are unobservable. Since the rotation holds for an arbitrary angle, it holds for all angles. The

collection of all such transformation is the multiplicative group U(1):
U(1) = {e?)0 € [0,2n)} (1.4)

For infinitesimal rotations, we have

Ul)=1+i6 (1.5)

The spacetime independence of § means that d,, exp[if] = 0. Hence, we say that physical probabil-
ities derived from quantum mechanical amplitudes are symmetric (or invariant) under global U(1)
symmetries (or transformations).

We study global symmetries by considering a Lagrangian density, or Lagrangian for short, at

dimension-four consisting of both a Dirac fermion 1 and a complex scalar ¢:

L= Qi+ (9"9")0ud — myht) — mge*d — N¢*¢)”. (1.6)

Rotating ¢ and ¢ under the same global U(1) transformations

Yo =Up =, ¢ ¢ =Ulp=ec"g, (1.7)

!Throughout this text we employ active transformations U~! = e~*, which differs from some texts, e.g., Pe-

skin & Schroeder [6], which use passive transformations.




it is self-evident that Eq. (1.6) remains unchanged. Global symmetries, however, are not limited to
simple Abelian transformations. Suppose that our ¢ and ¢ fields were instead multiplets under a

larger group, e.g., were in the fundamental representation of SU(n) or U(n):

YT = (i...¢n), for  SU(n) or U(n) (1.8)
¢ = (¢ ... ), for SU(n) or U(n). (1.9)

The infinitesimal transformations now behave as
Ul=e®=1-ig=1-4i0°T* a=1,...,n, (1.10)

where T'* denotes the generators of SU(n) or U(n) and 8 are the linearly independent, infinitesimal
rotations in the space of our group’s fundamental representation. As global (and local) transfor-

mations acting on scalars and fermions are unitary, i.e., U™ = U T, we have
=1 = —i0°T _ prt — (eieaT“)T _ 0Tt (1.11)
implying that the generator and its adjoint are related by the expression
0T = 9¥* T, (1.12)
However, generators of physical transformations are Hermitian, and so 8% must be real:
0=0°T" — 9T = 70 — 0%") = 6% = 0. (1.13)

Despite the complication of non-Abelian groups, our Lagrangian remains unchanged under infinites-

imal rotations

Lo L = Py + (0"¢N)0u¢" — mypd'y' —m3eT¢" — M¢'T¢')? (1.14)
= QUIPUTY) + [0*(6'U)]UT 0,0
— mypUUY —m3gTUUTe — A(¢'UUT¢)? (1.15)
= L (1.16)

1.3.1 Spontaneously Broken Global Symmetries

On our yellow brick road toward the emerald city of spontaneously broken gauge theories, we come

across the related case of spontaneously broken global symmetries. Though sharing many mechanics



with broken local transformations, the phenomenological outcomes radically differ. Consider the

interacting theory of a complex scalar and a massive vector boson p
* 1 v 1 * * *
L= (0"0)0ud = 10" Py — ZMppup = mGd™ 6 — N(676)" — g, dpup”,  (117)

where the field strength p,, is
Puv = Oupy — Oupp- (1.18)

The theory is invariant under global U(1) transformations of ¢. Inspecting the scalar potential

V(6" ¢) = mg(¢*0) + Mo 0)* + 9,0 dpup’, (1.19)

one sees that it is simply a quadratic function in (¢*¢) with coefficients mi and A. We ignore the
contribution of p,, as minima of vector fields must be zero to preserve Lorentz invariance. Potentials
must also be bounded from below in order to bar tunneling to a state with infinite energy, so we

require A > 0. For m% > 0, the potential’s minimum is zero at the origin

oV 0V 9(¢%9)

% min - 6(¢*¢) 6¢ min (120)
= (m}+2X(¢"9)) ¢* =0 = ¢'(x)] =0 (1.21)

o)

8;/* = (m3+2X(¢"9)) ¢ =0 = ¢(z)| =0 (1.22)

However, curiously, when mi < 0, we discover a global minimum eway from the origin

8l — 2 * * % _ \/W

a¢ extrema - ( ’md)‘ * 2)\(¢ ¢>) ¢ extrema ¢ ([B> extrema o 07 2)\ (123)
ov _ 2 « B \/W

o5r| < Im3| +2A(6 ¢)) o) = o) =058 (1.24)

That is to say, the scalar ¢ possesses a nonzero vacuum expectation value (vev) given by

m2 m2
\%: 2A¢|>0 — v =2(¢) = ’;5|>0. (1.25)

The factor of v/2 accounts for the normalization of ¢ as it can be expanded in terms of its real and

() =

imaginary components, ¢ = (R(¢) 4+ i(¢))/v/2. Following this convention the kinetic term of ¢
results in properly normalized kinetic terms for (¢) and 3(¢).
We explore the consequences of quadratic (in ¢*¢) potential V' and, effectively, the tachyonic

mass mg by considering small perturbations of ¢ around v. We justify this by counting the degrees



of freedom (states) in the theory before ¢ acquires a vev: two from the complex field ¢ and three
from p (two transverse and one longitudinal polarization). Whether or not ¢(x) is in a particular
location, minimum or elsewhere, should not change the total number of physical states in the theory.
So while their manifestations may depend on dynamics and momentum transfer scales, we expect
to always have five physical states in our model. The seemingly missing degrees can be traced back
to ¢. As fields with zero vevs, e.g., p, are fluctuations about classical minima, we should expect to

have fluctuations around (¢). Therefore, expanding ¢ about its vev we have

_vt+h+ia B B
¢— 9= T’ (h) = (a) =0, (1.26)

where h and a are real scalar fields with zero vevs. In passing, we note that the purely imaginary
nature of ia implies that its interactions are odd under charge conjugation unlike h, which is C-even.

Making the replacement, we see explicitly

1 me|? 1
L—L = 58"(0 +h +ia)* 0, (v+ h +ia) + ’;‘(v + h+ia)* (v+h+ia) — ngp”p“

A

- Z((v—i—h—i—ia)*(v—i—h—l—ia))Q — gppup! (v + h+ia)* (v + h +ia) (1.27)
1 1 |m| 1

= 5B“hauh + 53"@8#@ + 2¢ (v? + 2vh + h? + a?) — §Mp2pup“

- %(04 + 403h 4 60%h% 4 20%a® + 4vh® + bt + 2h%a® + 4vha® + o)

- g—;p#p"(v2+2vh+h2 + a?) (1.28)

Regrouping terms in powers of h and a, we get

1 1 1
L = 58’%6#11 + 58”(18#@ - Z’OWPW (1.29)
1 1 1
- 5(3)\02 - |m§)|)h2 - 5()\2}2 - |m?¢|)a2 - §(M3 + ngZ)pup“ (1.30)
N———— N———— ~—_——
(h mass)2 Zero a mass (p mass shift)?2
Ao g 3 3 Ay Ay u 9p w2 9o o2
— §h a“—Avh’ — Avha’ — Zh = 4% Z9pVPup h — o Pup h® — 5 Pup’a (1.31)
U(1)—violating U(1)—violating
1 A
— v(\? — \mq2b|)h + 5 <|m§3] - 21)2> v? (1.32)
—_———
02
(3lmelv)?

As one may expect, expanding ¢ into real and imaginary components has the effect of making ¢’s
two degrees of freedom manifest in the form of two real states, h and a. It also gives rise to the
four-point couplings h?, a*, p?a?, etc. Setting v to zero has no impact on the existence of these

couplings. Indeed, the original global U(1) symmetry is still respected by the vertices.



A nonzero vev gives not-so-expected results. There are four immediate effects that merit our

attention: (i) It endows the C-even component h with positive definite mass of larger in magnitude

mp = V2 v = /30 — Im| = V2|mgl; (1.33)

(ii) renders massless the C-odd component of ¢, a,

Mg = y/Av? — \m?z)| = 0; (1.34)

(iii) it makes a positive definite shift to M,

than mg

M, = \/M?2 + g,v? > M,; (1.35)
(iv) and introduces global symmetry-violating, three-point interactions proportional to v

A A
—\vh®  — Mvha® — g,up.p*h = —\Emhh?’ — \/;mhhaz — g&%pﬂp"h. (1.36)

The discrete charge conjugation symmetry protects (forbids) the Lagrangian from spontaneously

generating interaction terms with odd powers of a. An imaginary vev, however, would generate
such interactions. A generalization of this presentation to arbitrary global group symmetries with
a countable number of group generators is known as Goldstone’s Theorem [7]. It states that for
each broken continuous global symmetry; equivalently, for each broken generator of a continuous
global symmetry, a massless scalar appears. These massless scalars, such as a in our case, are called
Nambu-Goldstone (NG) bosons. In the case of a spontaneously breakdown of an inexact global
symmetry, the “inexactness” being controlled by some parameter M, the NG bosons acquire a mass
proportional to (M x vev) that vanishes in the limit that the global symmetry becomes exact. In
that case, the NG bosons are called pseudo-Nambu-Goldstone (PNG) bosons, e.g., pions (7%%) in
QCD after chiral symmetry breaking.

1.4 CONTINUOUS SYMMETRIES II: LOCAL SYMMETRIES

As the name suggests, local symmetries, also known as gauge symmetries, differ from global ones
in that continuous local symmetries are infinitesimal transformations that are dependent on space-

time coordinates. In a sense, they are a generalization of global transformations. However, only



derivatives acting on symmetry-respecting fields present a concern. Operators without derivatives

but respect a global symmetry, e.g., ¢!, also respect their local analogs
¢’ = ¢'¢' = ¢TUTT¢ = 670 (1.37)

Thus our attention focuses on derivative operators, and in particular kinetic terms.

Lets consider a theory of a Dirac fermion v and a complex scalar ¢

L= Wi+ (0"6N0u0 — myiht — mie'd — Me'9)*. (1.38)
We assume 9 and ¢ satisfy some non-Abelian local symmetry but delay a discussion of the sign of
A and mg until the next section However, the scalar potential’s resemblance to Eq. (1.19) is not
coincidental. A global transformation on i (or ¢) leaves kinetic terms unchanged since
P =P =P ") = (Pe” )+ eT(PY) = e Py (1.39)
——

0

A spacetime-dependent symmetry rotation on the other hand, such as
O(z) = 0%x)T*, (1.40)

where T are the generators of the corresponding group and ©%(z) are spacetime-dependent rota-

tions in the space of the group representation, leads to an additional term:

Oup = 0 = 0u(e7 W) = [~ie"®9,0(x)]¢) + e (Du1)) (1.41)
2
= 0@ (9, —i9,0(x)) . (1.42)

Suppressing ©’s z#-dependence, the ¢ and ¢ kinetic terms under local transformations are

i P =P = i PY+ (9,0)Py" Y
(8@)*8% — (am’)*a%’ = 8@*8% + (8u®)(8“@)¢% — [i(a“¢*)<z>(a“@) + H.].

The existence of terms linear and quadratic in 9,0 very much violate our notion of invariance under
infinitesimal transformations. Therefore, if we must insist on such a symmetry, then additional
terms must be introduced to cancel the 9,0 terms. The Lorentz and group indices on 9,0 =
0,0%T* provide us with much guidance.

As spin-zero and spin-half fields do not carry Lorentz four-vector indices, our symmetry-rescuing
terms must come from modifications to our derivatives operators. This considerably constraints
our options. A modification must then take the form

preliminarily

10y, — 1Dy, = i0, — gAu(z), ¢>0. (1.43)



where A, (x) is a quantum field. The resemblance of Eq. (1.43) to obtaining the Hamiltonian of a

particle with electric charge e > 0 in classical electrodynamics using the substitution
Pt =t — eAt(x), (1.44)

where A (z¥) = (®(x), A(x")) is the classical electrodynamic vector potential, is motivational. In
the case of a local U(1) transformation with g = e, we can identify A, in Eq. (1.43) as the quantized
version of A, in Eq. (1.44), familiarly known as the photon. For this reason, we take g > 0.

As the infinitesimal rotation ©% is actually a vector in the space spanned by the group generators
T, it possesses as many independent components that spoil our symmetry as there are generators.

For SU(N) and U(N) theories, respectively, there are
n=N?—-1 and n= N2 (1.45)

generators. So to systematically cancel these terms, we must introduce not just one A, but as
many as there are ©%. To do this, 4, like ©%, must be a vector in the space spanned by 7.

Therefore, our derivative of Eq. (1.43) is more completely written as

1
i0y — iDy =10, — gAu, Ay = ANT®, Tr[T°T%) = 55“17 : (1.46)

The last equality represents the generator normalization convention we are adopting.

A local transformation on D, is given by
Dyt = Dyt = (B +igA) (€ O%) = (9, + igAST™) (b — OV T ) (1.47)
= Outp —iO"TO(00) + igALT Y — i(0,0°)T 4 + gALO T T .  (1.48)
Generically, the commutator for a non-Abelian field is expressed as

[Ay, Ay) = [ALT ASTC] = AL ASIT®, T¢) = i fo AL AST®. (1.49)

where fgpc is the structure constant of the group. This allows us to rewrite Eq. (1.48) as
Dy = e ©0u) +igAiT ) —i(0,0°)T) + gALO T T P + ig far AL Ty (1.50)

—1 a . ara 1 a c

= e ©(0u) + gALO T’ +ig (AMT - E(aueb)Tb + fapcALOPT > 0 (1.51)

As the group indices within the parentheses are not external, the labels a, b, ¢ are dummy indices.

Using the cyclic properties of fu;., we rewrite the parenthetical term as

1 1
() = AT = (0,07 + Fera ACOT® = (Ag — 2 (0,0") - fabc@bA;> T (1.52)



Therefore, if AZ also rotates under infinitesimal transformations such that

/ 1
Al Al = A%+ g(aue)a) + fanc®PAS | (1.53)

then D, transforms under local rotations (keeping terms at most linear in ©) as

) , / 1
D = e ©0u)+ gArO T T Y + ig <Aj — f(auea) — fabc@bA;> T%)  (1.54)

= e O(0u) + gALO T T + ig AUT ) (1.55)
= e (0) +ig(1 — iO"T") AU T ) (1.56)
= ¢ O(Duy). (1.57)
Our fermion and scalar kinetic terms now transform satisfactorily as
VP = P = (ePeT) i Py = i Py (1.58)

(Dug) (DH¢) — (D}, (D¥e') = (Dug)!(e€e™®)(D"9) = (Dug)'(D'¢)  (1.59)
Thus, the replacement in our theory of derivatives 9, with covariant derivatives D,,:
Op — Dy = 0y +igAT*, (1.60)

where ¢, ¥, and A, transform under the local symmetry as

Y = e O (1.61)

d— ¢ = ¢e 0@ (1.62)

Al — A;La = A+ 1(8u6)‘1), for Abelian symmetries (1.63)
g

Al — A;f = AL+ }((%@“) + fabc@bAfL for non-Abelian symmetries, (1.64)
g

renders the entire Lagrangian given by Eq. (1.38) invariant under local transformations. The gauge
fields A}, as they carry Lorentz vector indices, and thus are in the vector boson representation of
the Lorentz group. We refer to such objects that correspond to gauge transformations as gauge

bosons. Colloquially, we also say that such a theory described

L = $iPy+ (D") Dy — mythtp — mg g™ o — M¢* ). (1.65)

is gauge invariant. However, Eq. (1.65) is incomplete. As we have introduced the gauge field A, or
collection of gauge fields Ay, we must also specify how it propagates through spacetime. In other

words: its mass and kinetic terms.



Mass terms for vector bosons take the form
1 2 qa paq
LMass = §MAAuA K, (1.66)
Under gauge transformations, however, we have
1 2 pa Aap 1 2 t'a A'ap
1 1 1
= iMj (AZ + g(aﬂ@a) + fabc@bA;> (A““ + g(aﬂ@a) + fade@dA#e) (1.68)

Keeping terms that are no more than linear in ©®* and permuting the indices of f, we obtain

1 ‘a 'a 1 a Apa 1 a a 1 a\ Aa
MAALA = MR ALAM L (2,004 +(00")4;
fabeOV AL AP + [, OF AL AR (1.69)
1 2 a a 1 a a 1 a a
= M| (0,004 + (046747 (1.70)

which violates our gauge symmetry. Therefore, to preserve it, gauge bosons must be massless.

Kinetic terms for gauge bosons are constructed from the field strength tensor
Ay = 0,A, —0,A, +ig[A,, Al (1.71)
= AT = (auAg —9,A% — g fabcAgAg) T, (1.72)

where we have used the commutator relationship of Eq. (1.49). Alternatively, we can construct the

field strength tensor by evaluating the commutator of the covariant derivate:

1 1

—[D,, D) = —

Zg[ 122 ] Zg
1 )

= @8#81, + (OMAZ,) + Ayﬁﬂ + Auay + ZgA/J,Al/

Ay = (Op +1i9A,)(0) +igA,) (0y +1i9AL) (0, +igA,) (1.73)

1

g
_ Z,;ayaﬂ C(BAL) — Ayd, — AyD, —igA A, (1.74)
= [(OuAr) = (0vA)] +ig(ApAy — AV AL). (1.75)

In this notation, it is easy to see that non-Abelian field strengths transform under gauge a trans-

formation U in the same manner as covariant derivatives do:

D,— D, = U'DJU (1.76)
1 1
r_ L tpU— Ut t _ 1
A > Ay = (v'puvtpU - UtD,UU DY) U1 DU
= U'A,U. (1.77)
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However, because of this property, we are not allowed to write a kinetic term simply as A, A* if
we require that it be independently gauge invariant from all other Lagrangian terms. We resolve
this by taking only its diagonal elements, its trace. Physically, we can understand this as needing
to match a gauge boson’s gauge charge (group index) with itself to form a gauge singlet state.

Subsequently,

= Lo g (1.78)

Tr[Au AM] — Tr[A), A"] = Te[UT A, UUT A" U] = Tr[A,, A"] = S AL

there the factor of one-half came from the normalization of the generators, as given in Eq. (1.46).
Scaling this trace by 1/2 is necessary for correct field normalization for identical particles. For
Abelian gauge bosons, we have the additional property the field strengths are also individually

gauge invariant:
1 1
Ay — A;ﬂ, = 0,4, — 8,,AL =0, <A,, + g(&,@)> -0y (Au + g(@,ﬁ))) (1.79)

= OuA, — DA, + ;<auay@ - ayau@> = Ay, (1.80)

Thus, Abelian kinetic terms do take the simple form A,, A*”. With this, we write

L= TP+ (D46) Dy — myit — m36lo — No16)? — A AP AT AT (181)

Abelian non—Abelian

and our local gauge theory is now complete.

As a concrete example, we briefly consider a simple U(1) gauge theory: QED.

1.4.1 Quantum Electrodynamics

Quantum Electrodynamics (QED) is the theory of light at microscopic distances and, as the name
suggests, is simply electrodynamics after second quantization, i.e., expansion of classical field in

creation and annihilation operators. We begin by supposing a massive fermion 1 and complex

scalar ¢ that transform according to a local U(1)gys with generator @

b o = pe-i®@Q D — Y = geiP@R (1.82)

When Q operates on 1 (¢) gives its electric charge gy (gy) in units of e > 0. Following to our

procedure above, our gauge invariant theory is given by the Lagrangian

Lawp = T+ (D"6) Dy — [Aw AR — myfi — miglo (184)

11



Zy \\p/u
Viga = —iequy" Vigraa = +2i€°Gg" Vygea = —ieqy(p" — p*)

(All momenta incoming.)

Figure 1: Interaction Feynman Rules for QED.

Expanding the covariant gauge derivatives gives one

iy = Pi(P+ie AQ) = pi P — equib Ay (1.85)
(D*¢) Dy = (049 +ieA"Qd) (8,0 + ieA,Q)) (1.86)
= (9"9")(0u9) + qg A" Aud* b + lieqs (0”67 Ay + Hae]

Shuffling terms, we have

LoD = LKinetic + LMass + Lint., (1.87)
. * 1 v

EKinetic = 1/” W + <8M¢ )(au¢) - ZAMVAM (1~88)

ﬁMass = _mzﬁ@f‘/} - midﬂq& (189)

L. = —equh A+ €°qZg,, APAY§* ¢ + [ieqy (0 ¢*) A + H.c] (1.90)

To efficiently obtain the Feynman Rules for QED from the interaction Lagrangian L., we

Fourier decompose the field operators v, ¢, and A, under its Action. For example:

SM)A = i/d4$£w¢A :/d4x(—ieq¢)¢1;{w (1.91)
x / d'e [dp]” Y [al () as(p e + bs(p/)ﬁs(p/)eil’/'ﬂf}
d.o.f.
x (—iegyy”) [GA(Q)@\N(Q)eiq'I +a (g, Nei (g, A)e—iqm]
8 [“3 (p)us(p)e™* + bl (p)vs(p)e 77| . (1.92)

This represents every permutation of incoming/outgoing fermions/bosons that is allowed under

12



QFT and gauge invariance for the 1 — ¢ — A coupling. The common factor is the term

Vopa + —legpy™ (1.93)

We may do the same for the ¢ — ¢* — A — A interaction vertex. Keeping track of a multiplicity

factor of 2 that originates from having identical bosons, i.e., A,, A,, we obtain
Vopaa - +2i62q;gw. (1.94)

Last, we have the ¢ — ¢* — A vertex. It is marginally more complicated since one must keep track

of incoming/outgoing momenta. For incoming p and outgoing p’, we have

Spon = i / 2L ssn = / dh(—eqp) [(0°6") A — 6" A0 9)] (1.95)

x /d4z [d3p]3 Z at(p)ore T 4 at(p) e
dot. T
Outgoing: ip

X (—eas) [ar(@)ena(a)e™ + (g, Nejla, e 7]

X

a(p)e®® + aT(p)e~#® | — ... (Incoming) (1.96)
—_—
Incoming: —ipH

Collecting terms gives us the coupling vertex
Vopa + —ieqy(p” +p*) for incoming (outgoing) p (p'). (1.97)

We summarize these Feynman rules in Fig. 1.

1.4.2 The Higgs Mechanism: Spontaneously Broken Local Symmetries

At last, we turn to the topic of spontaneously broken gauge symmetries. Several of the intermediate
steps here have been derived in Section 1.3.1, where spontaneously broken global symmetries are
studied. We consider a model containing three complex scalars ¢, ®, and H. We let ¢ and ® be
respectively gauged under U(1)4 and U(1)p, and normalize their couplings to unity. The field H
is charged under both U(1)4 and U(1)p, also with unity charges. Notationally, it is often stated
that under the gauge group

G=U1)axU)p (1.98)

the fields ¢, ®, H are charged as follows:

¢:(+1,0), @:(0,41), H:(+1,41). (1.99)
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Assuming that only H has a nonzero mass, our gauge invariant Lagrangian is

L = (D"¢)'D,¢+ (D"®)'D,®+ (D"H)'D,H — EAWA’“’ - EBWB“”

-V1 =V, (1.100)
Vi = myHH A+ \gy(HH)?* + Ay H'HY* ¢ + Ao H* HO*®, (1.101)
Vo = As(070)2 4+ Aaa (P ®)? + gy ®* D™, (1.102)

where X, is the field strength of gauge boson X = A, B. The covariant derivatives are

Du¢ = (au + igAAuQA)¢ = (8u + (+1)igAAu)¢a (1.103)
D,® = (9u+igpBuQB)® = (9, + (+1)ignB,)®, (1.104)
D,H = (9, +igaA,Qa+igpB,Qp)H = (9, + (+1)igaA, + (+1)igpB,)H, (1.105)

where Q x denotes the charge generator of gauge interaction X. The potentials V; and Vo have
been written in such a way that strictly (H*H)-dependent terms are contained in Vj.
For the sake of avoiding a nonsensical theory, we require all four-point couplings Axy to be

positive-definite. We require that neither ¢ nor ® carry nonzero vevs,

(¢) = (®) =0. (1.106)

The quartic potential in (H*H), V1, gives rise to a nonzero vev for H if m?, < 0. We may ignore ¢
and @ in solving for the minimum of H since their vevs are (by hypothesis) zero. In this case, the
extrema solutions of H are the same as those given in Eq. (1.24), and therefore H possesses a vev

given by
m|
vy = V2(H) = . (1.107)
AHH

We now consider the covariant derivate acting on (H), which is the qualitatively new feature

in spontaneously broken local symmetries. Setting H to its vev, we see for D, H

VH

D,H = (0,+igaA,+igrB,) ﬁ =

.UH
Z\ﬁ (94A,+gBB,) . (1.108)

Pairing it with its conjugate, we obtain

(D" H) (DyH) = UL (g4 A%+ gpB") (gaAy + g5 By) (1.109)

Without the loss of generality, we assume g4 > gp and define the quantities

cosfy = 97/1’ 9z =94+ 9% = 94 , and gy =gasinfyu. (1.110)
2 2 cos 04
ga+9p
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With these definitions, we may write Eq. (1.109) as
2

v :
(D*H)' (D, H) = ?Hg% (cos@aA, +sinfaB,)*. (1.111)
However, one may recognize that the quantity in the parentheses is nothing more than a field

redefinition in g4 — gp space given by the rotation

Z cosfy sinfy A
- . (1.112)

5 —sinfy cosf4 B
The field ~ is identified as the orthogonal state of Z as A, B are rotated by mixing angle 6 4.
Expressing the kinetic term for H at its minimum in terms of this Z, vector boson gives us a

remarkable result: a vector boson mass term.

U2 MZ

(D*H)\(D,H) = THgZ(cos OaA, +sinf4B,)* = —Zu 2", (1.113)
ZrZ,
where the mass of the Z,, boson is
My = gzvug. (1.114)

As no such term for v, materializes, it remains massless.

These results are notable because in Eq. (1.70) we showed that a gauge boson if forbidden to
have mass as it would otherwise violate gauge invariance. However, as H was charged under the
A and B gauge groups and has since acquired a vev, the vacuum too has acquired charges under
A and B, breaking the local symmetry. The massless field ~, on the other hand, is free to make

gauge transformations with respect to a new (Abelian) generator:

Qy=Qa— Qb (1.115)

The fields ¢ and ®, respectively, possess charges q%ﬁ = +1 and q$ = —1 since
Qv¢ = Qad—Qpd=(+1)¢ — (0)¢ (1.116)
Q2 = Qa®—Qpd=(0)d— (+1)®. (1.117)

Their couplings to the Z and + fields are discovered by applying the field rotation Eq. (1.112) to

their covariant derivatives:

Du¢ = (0, + igAAuQA)¢ =

[8 +iga (cos0aZ,, —sinbay,) (Qv-i-QB)] )
= ( +igz COSGAZ ig»ﬂu) o,
2
(O

D,® = (0, + igBBMQB)q) = |0y +igp (sinbaZ, + cosbavy,) (QA - Qv)] o

+ gz sin HAZ + zg,ﬂu) .
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Being a gauge interaction, v couples to ¢ and ® with equal strength and proportionally to their
charge. Z,, however, couples non-universally: for g4 > gp, ¢ interacts more strongly with Z,
than ®. This is partly due to Z, aligning more (f4 > 7/4) with the gauge state A, than with
B,,, which is aligned more closely with ~. Altogether, this is the crux of spontaneously broken
gauge symmetries: the generation of vector boson masses and the emergence of a “hidden” local

symmetry. The hidden symmetry refers to H being charged under
U(l)a xU(1)p, (1.122)
and so the associated gauge bosons are aware of its symmetry-breaking vev, but the subgroup
Ula—pCcU)a xU(1)p, (1.123)

whose generator is given by Q'y = Q A — Q B, is unknown to H since it is neutral under this local
symmetry. Being neutral, H is unable to charge the vacuum under this gauge group, and therefore
it remains unbroken after the spontaneously breakdown of its component generators.

In analog to the global symmetry case, we now expand H about its minimum

o VT h(z) + zf(:r)

H 1.124
7 (1.124)

Writing this to lowest order in h and &, however, gives us

1 £ (Jf)) 1 15

H=—wg+h(z)|1+i——) =—(vg+h(x))e vu, 1.125
s+ 1) (1+82) = o+ 1(0) (1.125)

which we recognize as a gauge transformation of the form
H — H = He ®®@), (1.126)

This also indicates that our gauge field transforms locally as
, 1

Zy = Zy = Zy + ——(0u8). (1.127)

g7V
The field £ is an unphysical degree of freedom that represents our ability to make gauge transfor-
mations, in contrast to the global symmetry case, where £ was a real, massless scalar. The gauge
choice of removing the unphysical fields by explicitly setting £(z) = 0 is known as the unitary gauge.

Continuing, the covariant derivate on H is now given by

X .
(g +h) = —=0uh + —=Z,(Mz + gzh).  (1.128)

D,H = (0,+igaA,+igpB,) Ao+ 75

1
V2
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Pairing D, H with its conjugate, we obtain

1

(D*H)' (D, H) = 5 [(0"h) =iZu(Mz + gzh)] [(9uh) +iZ,(Mz + gzh)] (1.129)
1 1
= 5(6)%)(8“}1) + iZ“ZM(MZ + gzh)? (1.130)
2
- %(Wh)(aﬂh) + %M%Z“Z# orMy 2 2+ 2 20 Zuhh, (1131)

which gives us three-point ZZh interactions proportional to Mz and four-point ZZhh couplings
that is suppressed by two powers of gz. For completeness, we turn to the potential V;. We observe
the emergence of positive definite masses for h, ¢ and ® as well as interactions that are linear and

quadratic in A in the same manner that we witnessed for the global case:

Vi = myHH A+ \gy(HH)? + Ay H'Ho* ¢ + Ao H* HO*®, (1.132)
2
= %(vﬂ + W% 4 20gh) + Agg (V% + % + 2uh)?
+ AoV + b2+ 20gh) 6 o + e (vi + h? + 20h) B P (1.133)
1

1 1
= 3 (3\grvi; — |my|)hh + 3 (2 mgv3) 09 + 5(2AH¢0§I)®@
—— ~—

(h mass)? (¢ mass)? (® mass)?

+ cubic interaction terms of the form hhh, h¢p, h®D,

+ quartic interaction terms of the form hhhh, hhop, hhdP. (1.134)

This mechanism, proposed in 1964 first by Brout & Englert [8], Higgs [9, 10|, and Guralnik,
et. al. [11], later to be reviewed in Refs. [12,13], is known as the Brout-Englert-Higgs (BEH)
Mechanism, or more commonly, the the Higgs Mechanism. It is a subtle caveat of Goldstone’s
Theorem stating that for each broken continuous local symmetry, the gauge boson associated with
the broken generator of the continuous local symmetry acquires a mass. The difference being that
if the continuous symmetry is global (local), a massless scalar (massive vector boson) appears in

the theory. With this framework in place, we now move onto our Standard Model adventure.

1.5 INTRODUCTION TO THE STANDARD MODEL OF PARTICLE PHYSICS

The Standard Model of particle physics, commonly denoted simply as SM, represents to-date our
best understanding of matter and its interactions at energy scales on the order of 1 TeV and below.

In terms of distance, this corresponding to scales as small as 1071 meters. Though unsatisfactory,
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for example its prediction of massless neutrinos, the impressive agreement between high precision
predictions and experimental observations demonstrate that most any theory that supersedes it
will contain the SM as its “low energy” effective field theory limit. In this section, we introduce
the ingredients of the SM and derive some of its most fundamental properties. In doing so, we
will be able to appreciate some of the more subtle aspects of SM extensions that alleviate its
incompleteness.

Formally speaking, the SM contains a renormalizable Yang-Mills theory [14] together with
of chiral spin-half fermions and spin-zero bosons (scalars) with varying charges under strongly
coupled [15-19] and weakly coupled [20-22] gauge symmetries. Respecting both Abelian and non-
Abelian transformations, the SM scalar sector breaks the weakly coupled gauge sector through the
Higgs Mechanism. The remaining unbroken gauge symmetries, color (non-Abelian) and electro-
magnetism (Abelian), possess somewhat interesting dynamics and eventually give rise to atoms,
which, to speak technically, are electronic bound states of light elementary fermions (electrons) and
heavy hadronic bound states (nucleons). The applicability and utility of atoms are (presumably)
familiar to the reader.

The dimension-four Lagrangian of the SM is given as
ESM = EGauge + £Higgs + £Fermiona (1135)

representing the gauge, scalar (or Higgs), and matter (or fermion) sectors of the models. We will

now discuss each part in detail.

1.6 GAUGE SECTOR OF THE STANDARD MODEL

The gauge sector of the SM is categorized into two parts: (i) a strongly coupled (at low momentum
transfers) but still asymptotically free (vanishing coupling at infinite momentum transfers) sector
obeying an SU(3) symmetry, known as quantum chromodynamics (QCD); and (ii) a weakly coupled
SU(2)xU(1) symmetry, known as the electroweak (EW) sector, that spontaneously breaks to a
weakly coupled U(1) gauge symmetry.

The gauge field content of each symmetry constitute an adjoint representation of the group,
meaning that there are as many gauge bosons of a local symmetry as there are generators of the

group. For SU(N) theories, there are N2 — 1 generators (bosons). Similarly for U(N) theories,
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there are N2 generators (bosons). Thus, there is a total of 12 (8 4+ 3+ 1) massless spin-one (vector)

bosons in the SM gauge group
QSM = SU(B)C X SU(2)L X U(l)y. (1.136)

The labels C', L, and Y denote color, left-handed weak isospin, and weak hypercharge, the names
for the respectively conserved charges.

Defining indices a,b,c = 1,...,8 to denote color degrees of freedom and 4,5,k = 1,...,3 to
denote weak isospin degrees of freedom, and with a summation implied for repeated indices, the

gauge sector Lagrangian is given by the vector boson kinetic terms

1 1 1
Lomge = — 7 TGuG"] = JTWuWH] = JF,F" (1.137)
~~ N———
Color Weak Isospin Weak Hypercharge
1 1. , 1
= = GG = WL W — P, (1.138)

For the SU(3) color gauge bosons GY,, known as gluons, the field strength [See Eq. (1.75)] is

Gy, = 0.Gy —0,Gy +igs[G,, G, (1.139)
= Gl — 0,G% — go f*"Gh G (1.140)

A most striking feature of non-Abelian theories is the appearance of three-point dG*G*G¢ and
four-point G*G°G9G* interaction vertices among the gauge bosons. These self-interactions are pro-
portional to both the coupling (quadratically in the four-gluon case) and the structure constant
(product of structure constants in the four-gluon case). The reason for this self-coupling is due to
the fact that the bosons in non-Abelian theories also carry gauge charges. In the gauge sector La-
grangian [Eq. (1.138)], this is why a trace over the non-Abelian generators to pair fields accordingly
is required. For QCD and its SU(3)¢ symmetry, its generators (in the fundamental representation)

are proportional to the Gell-Man (or color) matrices A\*. Explicitly, the generators are given by

7% = %/\“, a=1,...,8, (1.141)

01 0 0 —i 0 1 0 0 00 1
M={10 0, X=]i 0 o, ¥ = o =1 o, M=o 0 of,

00 0 0 0 0 0 0 0 100

0 0 —i 00 0 00 0 10 0

1

)\5: ’)\6_ 1,)\7: _7)\8:7 1

0 0 0 00 00 —i 7|0 0

—i 0 0 01 0 0 i 0 00 —2
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Table 1: Bosons of the Standard Model Before Electroweak Symmetry Breaking

Interaction | Symbol | Spin | SU(3)¢c x SU(2)r x U(1)y Charge
Strong Gy, 1 (3,1,0)
Weak Wi 1 (1,2,0)
Hypercharge B, 1 (1,1,0)
Yukawa ) 0 (1,2,41) (Complex)

The nonzero, antisymmetric color structure constants are

V3

1
fi2s =1, fass = fers = - fiar = foae = fos1 = [3a5 = f516 = fe3r = 7 (1.142)

Turning to the SU(2) weak isospin gauge bosons Wﬁ, the field strength is

i
W,

0 W, — 0, W, + igw [W, W, )’ (1.143)
= W, —0,W, — gwe*WIW). (1.144)
As in the QCD case, we find three-point OW!WIW* and four-point W*WIW*W7 interaction

vertices arising from the kinetic term. In the triplet (adjoint) representation of SU(2), the rotation

matrices are equivalent to the SO(3) spatial rotations for angular momentum j = 1,

010 0 —i 0 10 0
A 1 . 1 .
T7l= — |4 1|, 7?=—1|; —il, T3= ) 1.145
L NG 0 L /5 i 0 7 I 0 0 O ( )
010 0 i 0 00 —1

Immediately, we read off from Tg that the isospin charges of the weak bosons are
TEW?) = £1,0[W?). (1.146)

In this relatively simple case, the SU(2)y generators (in the fundamental representation) are pro-

portional to the Pauli spin matrices (hence the label “isospin”):

T = > i=1,...,3, where (1.147)
0 1 0 —i 1 0

ol = , o2 = , o0 = ) (1.148)
10 i 0 0 —1



The structure constant is the antisymmetric, three-dimensional Levi-Civita tensor €y
W W) = Wiwkrs ) = wiwk [ 7 7] 1.149
[ ) V]_ i z/[ > ]_ ALY ?’? =Wy y?eijk' ( )

Lastly, for the U(1) weak hypercharge gauge boson B,,, which carries zero hypercharge, we have
F., = 0.,B,—0,B,. (1.150)

A special property of field strengths for Abelian gauge theories stems from its linear dependence
on boson fields. Namely, that linear transformations acting on a gauge field also hold for its field

strength. If we can express an Abelian gauge field by the following linear combination
B, =Y cAl, (1.151)
i
then we have that the field strength obeys the analogous linear decomposition:

Buy = 0B, — 9,B, = _ci0uAl — cid, Al, = > ci Al (1.152)
7 7
Together, the isospin and hypercharge charge fields are the unbroken electroweak gauge bosons.

The gauge boson content of the SM is summarized in the first three rows of Table 1.

1.7 THE STANDARD MODEL HIGGS SECTOR AND ELECTROWEAK
SYMMETRY BREAKING

The SM contains a single colorless, complex scalar field ® that is gauged under the electroweak
sector. Transforming as a doublet under SU(2)y, i.e., under the fundamental representation, it
possesses hypercharge Y = +1, mass u, and is expressible as
oL ¢ +ig? = ¢ , ot = i(qbl + i¢?). (1.153)

V2\@0+ig®)  \ 56" +id%) V2

From the requirements that it be charged under isospin (2 d.o.f.) and complex (x2 d.o.f.), ® actually
comprises four real scalar fields ¢°, ..., ¢* The fields ¢!, 2, are written as a linear combination

for reasons that will become clear shortly. It suffices for the moment to say that the two isospin

components of ® separately respect the a second U(1) gauge group with generator

R . 1. 1 10
QP = (T} +-Y )= (c"+1,)® = P, (1.154)
2 2 0 0
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indicating that ¢ have a charge Q = +1 and ¢, ¢' are charge zero. In Eq. (1.154), we expanded
T} and Y in SU(2)[, space, in which case Y = 15Yg = (+1)1a.

Ignoring fermions, the most general Lagrangian at dimension-four we can write for ® is
Litiges = (D"®)' D, ® — V(®), V(®) = —p20'd + \(0®)?, (1.155)

where the covariant derivative is given by

D& = [8u+igWT£Wi+ig—Y}7Bﬂ]<D (1.156)
- [8 +7,9W oW + g;’BM} o, (1.157)

and gy (gy) denotes the weak isospin (hypercharge) coupling strength. Y and gy are normalized
such that a factor of 1/2 appears in the covariant derivative, but it is sometimes absorbed in to the
definition of Y. Though Eq. (1.156) appears harmless, its present form does not show its utility.
Let us rewrite Eq. (1.156) by taking advantage of familiar results of SU(2) algebras. The raising

and lowering ladder operators of SU(2) are canonically given by

;

0
for +
Al 2 Lo 00
T =T;+ilf = z(0" £io”) = (1.158)
2
00
for —
10
\
We now write the SU(2);, gauge fields in terms of raising and lowering operators
e 1 . . P . .
TiW, = (0 +T)W = S(Tf = T)W + Wit (1.159)
1 . 1
= 5(W,} —iWHTH + (W1 +iW T, + WETE, (1.160)
and suggests the following linear field redefinitions
WEFiWw?
Wi = Tu T | (1.161)
V2

In this form, the W+, W~, W3 gauge bosons can be identified as increasing, decreasing, or leaving
unchanged the weak isospin of a system that absorbs it. Alternatively, the three respectively lower,

raise, or leave unchanged isospin when radiated. Equation (1.156) becomes

D, = |0, + \[WJFT* Z?VW T +ngW3TL+i%YYBM . (1.162)

However, by decomposing Tf in this manner, Eq. (1.162) suggests an additional action: a redef-

inition of W3 and B. As W3 and B share the same spacetime (massless, spin-1) and internal
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quantum numbers (zero isospin and hypercharge), they in principle can mix. This is very much
like the gauge-mixing case we witnessed in Eq. (1.112).

To construct the appropriate field redefinitions, we first recognize that this will require at most
a 2 x 2 matrix, where the level of mixing is controlled by an angle fy,. Expanding Tg and Y in

SU(2)r, space gives us such an object:

) . 1 W3+ gy B 0
gWW3T2+97YYBM = 5 W Y Bu ) . (1.163)
0 _gWW'u +gYB,u

Being diagonal, it is easy to read off the eigenstates, which we label A, and Z,,,

A, ~ gWWf + gy B, ~ sin GWWE + cosOw B, (1.164)

Zy o~ gWWi’ — gy B, ~ cos QWW/? — sin Oy B,. (1.165)

The interaction states then relate to gauge states Wj, B, by the SU(2);,—U(1)y rotation

Ay cosby  sinfy B, (1.166)
Z, —sinfy  cos Oy Wﬁ . .

with coupling and mixing parameters defined by

sin Oy = 9 and 9z =\/ g% + 9% = 9| (1.167)
2 2 cos Oy
V9w + 9y

Conventionally, we take the gy — 0 limit to be the decoupling regime where the SU(2), and U(1)y

gauge bosons do not mix. We now rewrite the last terms of D, ® in Eq. (1.162) as

gWW/?TE + ‘%/YB/L = gw(sinfw A, + cos HWZM)TE + %(cos Ow A, — sin GWZM)Y
_ : 3 1o aw 2 ~3 ) 1.
= gwsinby (1} + §Y) A+ (cos® Oy T} — sin” Oy §Y )Zu
cos Oy
Q of Eq. (1.154) Q-Ty,
= QA+ gz(T} —sin® 0w Q) Z,,, (1.168)
where
’e = gw sin Oy ‘ (1.169)
Finally, we have
Dy = |0+ Wittt + DV Wiy 4 ied,Q +igs Z, (T3 —sin® 6w Q) | . (1.170)

V2 V2
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Equation (1.170) is a rather dense expression, so we take time and explore the consequences of
our successive field definitions. The second and third terms, W™ and W, being mixtures of pure
SU(2), fields that still carry 7% = 1 isospin, remain the gauge bosons of the local symmetry. As
previously mentioned, they transmute lower and upper components of ® into each other. With the

ladder operators 757, it is clear that terms proportional to
Wtet or W ¢, (1.171)

which would violate weak isospin charge conservation, do not exist.

The third term, AMQ, is interesting because we will eventually identify these objects as the
photon field and the electric charge generator of QED. The term is also interesting because only
half the Higgs doublet is aware of its existence; see the discussion of “Hidden Local Symmetries”
above Eq. (1.123). As the sum of the hypercharge and third weak isospin generators, the (electric)
charges @ for the four ¢° fields are

1 +1 1

3

Q¢1,2 - TL ¢1’2 + 5 ¢0,3 - 7 + 5 - 1, (1172)
1 -1 1

Q¢0,3 = Tg ¢0’3 + §Y¢0,3 == 7 + 5 == 0 (1173)

The relevant portion of the Higgs doublet’s covariant derivate then simplifies to

o 10 ¢F
Du® 3 (9 +ieAuQ) @ = 9,8 +icd, (1.174)
0 0) \J5(6" +ig?)
> (Ou+ied,) ¢t (1.175)

which, as we studied in Section 1.4.1, is the covariant derivative for scalar QED. However, as W+
carry nonzero isospin but zero hypercharge, they too carry a net electric charge Qw = +1. These
interaction terms are not present in Lyjggs because they emerge after applying the field redefinitions
Wﬁt in Eq. (1.161) and Z,, A, in Eq. (1.166) to the W and B, field strengths.

The last term of Eq. (1.170) is notable because its gives the appearance of predicting deviations
from universal gauge couplings, even as the lower components of ® have zero electromagnetic charge.
Of course, as Z,, is neither an isospin or hypercharge gauge boson, gauge coupling universality is
not actually violated. It is enlightening to see the origin of slight coupling difference by considering

the ¢°¢°VV coupling for V.= W=, Z. From the kinetic term in Eq. (1.155), we have
2 . R A\ 2
(D,®) D'e > %VVW;W”*@T (TL—Tg) O+ %7, 2'D! (Tﬁ — sin? OWQ) o (1.176)

2 /1 1\* 1\?
> gy(\@) W, W20 + g% <N§> 2,71 ¢ (1.177)
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Figure 2: Feynman vertex rules for ¢° — ¢% —V —V, V = W*, Z, in the SM before EWSB.

Accounting for the symmetry factors from identical pairs ¢°¢° and ZZ, the Feynman vertex rules

for the four-point interactions, and shown in Fig. 2, are

2

OOWTW™ - igheWW = i%w (1.178)
0,0 9% 92
Q°°Z7Z o igppZZ = i = iﬁ, (1.179)

and become identical in the decoupling limit of gy — 0. At leading order, we therefore have

o 2
Ay retmnanly __JeeWwW___ _ 9w ___ _ (1.180)
9epzz cos? by g7 cos? Oy
which is actually quite stable under radiative corrections [23]. Equation (1.180) is very related to
the notion of custodial symmetry, and will be visited shortly.

The scalar boson content of the SM is summarized in the last row of Table 1. We now turn our

focus to the potential V' in Lyiges and the topic of electroweak (EW) symmetry breaking (EWSB).

1.7.1 Electroweak Symmetry Breaking I: Massive Gauge Bosons

From Section 1.4.2, we learned that if the ® field mass 2 and the self-coupling A are both positive-
definite, then its potential V,
V(®) = —p20Td 4+ \(@T9)? (1.181)

has a minimum at the origin and the Higgs field’s ground state expectation value is zero. However,
for u? < 0 and positive A, the minimum is away from the origin, leading to a nonzero vev, triggering
the Higgs Mechanism. The EW symmetries under which the Higgs transforms are broken spon-
taneously, and the associated EW gauge bosons of these now-broken symmetries generate masses

proportional to the size of the vev, a process called electroweak (EW) symmetry breaking (EWSB).

25



We now apply the Higgs Mechanism to the SM and denote the vev of ® by

v =V2(P) = w"‘;'. (1.182)

Empirically, v is measured from the muon lifetime [24]

1 19277
T, Gim2

\/V2GF = v~ 246 GeV. (1.184)

Letting @ settle at the minimum of its potential and take on the value of its vev, i.e.,

~ 2.27%, (1.183)

Ty =

where G is Fermi’s constant and

) L0 (1.185)
=% NE .
its covariant derivate is then
igw i LGW 1rr i
D,®=| 0 + =W T; +—=W,T
I [ I \/§ w L \/Q w =L
Opv=0 T, =0
+ ieAQ +igzZ, <T3 ~ sin? GWQ) 2 (1.186)
N/ VAW
Qd=0
+
_ w1 L9245 _ v et (1.187)
V2 V2 R 2“1_2—922 :
75 Yu
V2
The kinetic term of ® at the bottom of the Higgs’ potential then simplifies to
2 gw W,
THH - — 9z
(D,®)'DF® = 52 (wa; Y ZM> _gZZ (1.188)
ﬂ Iz
1
= MW, W, + §M§Z“Z“ (1.189)
where we have define the mass terms
2 .2 2,2 2 2,2
M3, = % and M2 = gZ4U _ b +49Y)” . (1.190)

The massive gauge bosons, W+ and Z, have been measured at many experiments since their
first direct production at CERN’s Super Proton Synchrotron by the UA1 and UA2 experiments in

1983. Presently, the world’s best average for these masses are [25]

My AVE — 80,3854 0.015 GeV  and M) "4 A8 = 91.1876 4 0.0021 GeV. (1.191)
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Table 2: Bosons of the Standard Model After Electroweak Symmetry Breaking

Name Gauge Interaction Symbol | Spin | Mass [GeV] [25] | SU(3)c x U(1)Em
Gluon Strong Gy, 1 0 (3,0)
W Weak Wi 1 80.385+ 0.015 (1,£1)
Z Weak Z, 1 | 91.187620.0021 (1,0)
Photon Electromagnetism Auly 1 0 (1,0)
Higgs | Yukawa (Not Gauged) h 0 125.09 £ 0.21 (1,0)

As tempted as we are to comment on the similarity of the masses, we continue with EWSB.
Counting degrees of freedom before EWSB, we had four fields from @, three SU(2) 1 gauge fields,
and one U(1)y gauge field. Since each (massless) gauge boson possess two transverse polarizations,
this gives us 12 total degrees of freedom. Presently, we have recovered only nine from the massive
W+, Z bosons (two transverse and one longitudinal polarization). We saw in Section 1.4.2 that

vector boson masses break gauge invariance, and thus My an My in Eq. (1.189) ruin the generators

TF, T} —sin® 0w Q. (1.192)
However, ® does not carry a charge associated with generator

Y, (1.193)

N | =

Q=T+

and A, remains massless:

my =0] (1.194)

Two more physical degrees of freedom are thus recovered as transverse polarizations.
The last physical state comes from fluctuations of ® around (®). We define the field h with a
vanishing vev such that
1 0

o) = 5 i) (h(z)) = 0. (1.195)

Recall from Eq. (1.125) that [®(z)] around v is an unphysical field that represents the ability of
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A, to make a gauge transformation. The covariant derivate acting on ® now takes the form

D,® (e +'gWW+ vEh +'gZZ ! (1.196)
= |— i— 1— .
! V2 Ouh 2 0 2v2 " v+ h
aw
i—Wi(v+h)
_ 2 ) (1.197)
Yoh— i 7w
— —i——27,(v
Vet eyt
This gives rise to the three-point and four-point interaction terms
)
t —igw Ouh igz ?WW(U +h)
(D,®)'D'e = - 7
1 5 W, (v+h), \/§+ ﬁZu(v—i-h) Mh gy
— — ——=ZM(v+h)
V2 2V2
(1.198)

1
= 50uh0"h+ MW, WS + M3 2, 7" + gw Mw W, WHh + gz My Z, Z"h

hVV Coupling x My,

2 2
9w 9z
W WHYhh + §ZNZ“hh. (1.199)

hhV'V Coupling

Expending ® in the potential V', we obtain the mass and self-interaction terms for h:
2

V(@) = —u’ (%)2(0, v+h> Uo’h +/\<\}§>2 (0, v+h> o (1.200)

+ v+h
1 A A vt
= “m%h?+ \mehhh + 1+ Shhhh + 2o (1.201)
2 2 4 2
where the mass of the Higgs bosons, h, is given by
my = vV2\ = V2|l (1.202)

Discovered only recently by the ATLAS and CMS experiments at the CERN’s Large Hadron Col-
lider [26,27], the discovery of h represent the completion of the SM as its last unknown parameter.

Presently, the best combination measurement of the Higgs mass is [28]
mpt PASTOMS — 195 09 4+ 0.21 (stat.) 4 0.11(syst.). (1.203)

Direct measurements of the Higgs self-coupling have not been achieved at the time of this writing.
Taking the central value of my, it is predicted to be

2 1 1
A= % — \ﬁquGF ~0.120 % o (1.204)
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Figure 3: Feynman vertex rules for h—h —V —V (L) and h —V —V (C), V. = W*, Z, in the SM

after EWSB. (R) W/Z mass.

The elementary boson content of the SM after EWSB is summarized in Table 2.

Before introducing the fermionic content of the SM, we return to the similarity of My, and M.

1.7.2 Custodial Symmetry

Recalling the definitions My, and Mz, we have

2 .2
M3 = % (1.205)
2,2 2 2\,,2

which means that the mass ratio of the two is a measure of how much, or how little, the isospin

and hypercharge groups rotate into each other during EWSB:

Mg, g 2
= = cos Oy . (1.207)
Mg gy + 9%

In the zero mixing limit, which arises from either Yo = 0 or a negligibly small gy, the W and
Z bosons masses converge. From this, the observable p, also called the p-parameter, can be con-

structed. At tree-level in the SM, the p-parameter is defined to be

Mg,
— =1 1.208
M2 cos? Oy ’ ( )

p

changes very little under radiative corrections [23]. This stability is due to custodial symmetry. In
the SM, the Higgs field obeys an approximate global SU(2);,xSU(2)g symmetry, and is exact in
the zero hypercharge limit. After EWSB, the (approximate) left-right symmetry breaks down to
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an (approximate) vector symmetry, i.e.,
SU(2), x SU(2)r — SU2)v, (1.209)

thereby ensuring a near mass degeneracy among the gauge bosons.

However, it is straightforward to see how drastically p can change in the presence of new
scalars participating in EWSB. Supposing it were the case that many complex scalars, all gauged
under SU(2);,xU(1)y, acquire various vevs. For such a scalar ®; in weak isospin representation T}
with weak isospin charge T}, only its electrically neutral component, ¢° can acquire a nonzero vev
v; = (¢;) in order to preserve electromagnetism. As the electric charge is given by Q4 = T2 +Y;/2, it
goes to show that Y; = —2Ti3 for each participating scalar, where TZ-3 is the isospin of the electrically
neutral component qﬁ?. For reference, in the SM, the Higgs field ® is an SU(2)1, double with isospin

charge T' = 1/2; its electrically neutral component ¢" has isospin 7% = —1/2 and vev
v =V2(d) = (¢°), (1.210)

where
_l’_
o= ¢ . (1.211)
b5 (&0 + 6%
The covariant derivate acting on a generic ®; at its minimum is then
Dybi = Dy = | (Wit + WoT) +igy 2,07 1.212
w®i — Dyv; = W m 1+ uwti +,LgZ,LLi Vi, ( )

which implies a kinetic term
2 . N o 2
(D)1 (D,00) = (Do) (D) = |Bwsowis (187 4 1777 ) + o (19) 242, o2
Following the usual ladder operator algebra, we have

T LT ) = LTI T7)

=TT+ ) - AT F VTG T F )

(1.213)
(1.214)
=TT+ ) - TP F V)T + 1) — (TR )IT, T (1.215)
(1.216)

= [G(T+1) - T F 1] |1 T7),
indicating that for the W boson, we have

(T—T* + T+T.—> v =2 [Ti(Ty + 1) — (T3)*] v;. (1.217)



Similarly,
(T7)2vi = (T7)?w;. (1.218)

The kinetic term for ¢ now simplifies to
(D) (Do) = [Gho? (LT + 1) — (TP2) WH Wi + gyu(T97°2°2,] . (1.219)
Summing over all vev-acquiring fields ®;, the total kinetic term gives

L¥inetic = Z(D“@i)T(DM@i) 5 Z(D”¢?)T(Du¢?) — Z(D“vi)T(Duvi) (1.220)

(2 1

= D ool (Ti(T + 1) = (T WH W, + ;22 [02vX(T3)?) 242, (1.221)

i

M2, M3

giving us expressions for My and My in terms of the various v; and isospins
Miy = ) gl (LT +1) = (T7)?), (1.222)
i
My o= 2% gReATH? (1.223)
i

The p-parameter for an arbitrary number of Higgs doublets is then given by

_ My > Lo (LT + 1) — (T7)%)]
= M3 cos? Oy N 23", [92vi(T?)?] cos? Oy (1.224)
S [TU(Ts + 1) — (T9)?]
N 23, v2(T?)2 (1.225)

As My, Mz, and cosfy in Eq. (1.208) can be measured independently, p represents a high-
precision into the EW sector and the origin of EWSB. Accounting for smalls radiative corrections,
labeled by p, the best measurement for p is given by [25]

p_ My
po p - MZcos?Owp

= 1.00040 + 0.00024, (1.226)

and is consistent with the SM at 1.670. An proxy test of custodial symmetry is measuring the
branching fraction ratios of Higgs boson decays to weak bosons.

As we saw in Eq. (1.180) as well as in Fig. 3, the three-point hVV and four-point hhVV
couplings are proportional to the amount of mixing between the isospin and hypercharge bosons.

In the vanishing gy limit, the two couplings for WW and ZZ become identical.

BR(H - WW) BR™M(H - 22) ¢yw 95N
SM X BR(H YA ~ o sM X 2
BR>™ (H — WW) (H — ZZ) 9ww  Ihzz

Aw z (1.227)
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Measurements by ATLAS [29] and CMS [30] find it consistent with SM prediction of 1

AVFAS = 0.817018, (1.228)

AGMS = 09422, (1.229)

1.8 FERMION SECTOR OF THE STANDARD MODEL

The SM is a theory of massless, chiral fermion that are coupled through Yukawa interactions and
interact via the exchange of gauge bosons. We now introduce the SM fermionic sector, their gauge
and Yukawa interactions, and their spontaneous generation of mass.

1.8.1 Fermion Content

We first denote the LH (RH) components of a Dirac fermion ¢ by

(la F77°)0, (1.230)

N =

Yir) = Prr)¥ =

where Pp g is the chiral projection operator, and under charge conjugation one has

v = (W)L = (¥r)" (1.231)

All known (anti)fermionic states that are gauged under a non-Abelian group are charged in a
(anti)fundamental representation of the gauge group. The absoluteness of this statement is of
much interest and speculation.

The fermionic content of the SM consists of the LH states

uod VI
Q=" |, Li=("]. (1.232)
d%l ef:
and the RH states
ugl,  dy, el (1.233)

The LH objects are arranged to make manifest that they satisfy an SU(2) (weak isospin) gauge
symmetry. The lowercase Greek index o =1,..., N. = 3 denote SU(3) (color) indices. The capital
Roman index I = 1,...3 represent that there are three copies of these fields called generations, or

sometimes families. The ordering is such that generation-n fields have smaller Yukawa couplings
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Table 3: Matter Content of the Standard Model

Species Symbol SU(3)c x SU(2)r, x U(1)y Rep. | U(1)gpr Charge [Units of e > 0]
U +2/3
Quark | Q= | (3,2, +1) /
dr -1/3
Quark UR (3,1,—}—%) +2/3
Quark dr (3,1,-2) -1/3
vy, 0
Lepton | Lz = (1,2,-1)
er -1
Lepton €R (1,2,-2) -1

(masses) than generation-(n + 1) fields. Despite the wide body of literature, and despite its sug-
gestive structure, presently there is no confirmed “theory of generations”. Measurements of Higgs
boson properties indicate that additional generations, if they exist and obtain their from the Higgs
fields, must be very massive [31]. For a fixed generation, each of the seven fields posses a unique
charge under U(1)y hypercharge. However, for a fixed generation, the sum of all hypercharges is
identically zero, thereby rendering it “anomaly free” [6]. As gauge quantum number assignments
are independent of generation, this cancellation holds for each generation.

The SU(3)-colored fields Qr,, ur, dr are called quarks, and the SU(3)-neutral fermions Ly, er

are the leptons. Leptons are further categorized into (electrically) charged leptons
el el (1.234)
and (electrically) neutral leptons or neutrinos
vl (1.235)

Though not used there, the notation
g, f, (1.236)

is very often found to denote LH quark and lepton doublets with SU(2)y, index ¢ = 1, 2.
The identity of each of the four LH fields in Eq. (1.232) is referred to as flavor. Accounting

for three generations, there are 12 flavors in total. The RH analogs of Eq. (1.232), if they exist,

33



have the same flavor, e.g., eizl is the LH electron and ef;i:l is the RH electron. When speaking of
a particular particle species across generations, the qualifier type is used, e.g., a u-type or up-type

quark represents

uPt ugt for I=1,...,3. (1.237)

The SM elementary fermion content is summarized in Table 3.
There are no RH neutrinos, N ]{2, in the SM.
1.8.2 Fermion Lagrangian
The last piece of the SM Lagrangian [Eq. (1.135)] is the fermionic contribution, given by
EFermion = ﬁFermion Kin. — VYukawa (1238)

where the kinetic term is given by

—BI. —I .
EFermion Kin. — [z ? E/BOCQ%I + LLZ ELi

vy i PP+ dy i pPedyl + ehi ey (1.239)
and Yukawa potential by
—al = 0% %
Voukawa = 421Q7 dug! + ' QY dy + y/ T dek + Hee. (1.240)

We unpack Eq. (1.238) by first listing the covariant derivatives explicitly using Eq. (1.170):

ao « . a (hay Ba o tgw T ——=
+5%ieAuQ + 6%%ig2 7, (T3 — sin? 0w Q) |1Qt
ﬁLL _ a + Z\,g/l/l/ (W+T+ + W T ) +7’€A;J,Q —|—’ng2 (TL — sin 9WQ):| /-y:U“LL
Eﬁo‘u% = 550@“ + z’gsGZ(T“)BO‘ + 550‘1'614”@ — §%%igy sin? HWZ;LQ} YHuGg
pheqs = _550‘6# + igsGZ(Ta)ﬁo‘ + 6%%eA,Q — 6°%igy sin® HWZ;LQ} dp
Der = :8“ + ieA#Q —1igz sin? HWZuQ:| Yer

The index a = 1,... (N2 —1) = 8 denotes the SU(3) color generator (in the adjoint representation).
In the Yukaway potential, @ is the scalar doublet introduced in Section 1.7. The field ® is its
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“isospin-hypercharge” conjugate, defined by

B 0 1 + A (40 i3
P = io2d* = 1 ¢ _ (vl i) . (1.241)
-1 0) \J5(6° +i¢%) —¢"
y}” are the 3 x 3 Yukawa coupling matrices for a fermion species f in generation space, e.g., b- or

t-type quarks. Equation (1.238) will be explored in considerable depth throughout the remaining

chapters. For now, we focus on how Lgemion changes as ® acquires its vev.

1.8.3 Electroweak Symmetry Breaking II: Fermion Masses

To break EW symmetry in the fermion sector with the Higgs field, we follow the (by now) standard
procedure of setting ® equal to its vev and considering perturbative fluctuations (h) around it. We
consider the up-type interaction as an example and see

1

L (v+h g1

y 1Y dugl = o) ( o d‘”) vt h) ug = %ag%wh)@ﬁ (1.242)
0

In the last term of Eq. (1.242) we see two very interesting terms: (i) a three-point point coupling
between left- and right-handed fields of the same species type mediated by a Higgs radiation, and (ii)
a two-point coupling between left- and right-handed fields proportional to a dimensionful parameter.
The second term should be identified as a fermion mass term that has been spontaneously by the

Higgs field. Making the definition

mi! =yl (@) = Y| (1.243)

we now have

- mJT
;{I@%J@ua}g +H.c=m!a uy + 5 w3 u% h 4+ H.c. (1.244)
Applying this systematically, we obtain masses for all SM fermions with RH partners:

JIzad ol Jlawf daI JI=J I

VYukawa = m, uy uR +m €LeR
m]] JI
+ u —aJ alh+ dL dalh+ e *Jeéh+Hc (1.245)
v

Having broken EW symmetry in the fermion sector, we find ourself at another interesting junc-
tion. Our fermion Lagrangian Lpermion Was written in terms of massless chiral/gauge eigenstates.

However, as the broken Lagrangian now only respects

SU@3)e x U(1)enr, (1.246)
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we may conclude that our massive fermion states as they are presently written may no longer be

aligned with their mass eigenstates.

1.8.4 Quark and Lepton Mass Mixing

Like in the gauge sector, fermionic gauge states and mass eigenstates before EWSB were aligned.
We no long have this luxury and must rotate our states out of the gauge basis in order to obtain
mass eigenstates, which are necessary to discuss particle scattering.

Generically, we may decompose our LH and RH chiral fields into mass eigenstates with a unitary

transformation:
ul U dt d
u? =Urm| c ) d? =D | s , (1.247)
u? t a3 b
L(R) L(R) L(R) L(R)
—— ——— —— ——
Chiral Basis Mass Basis Chiral Basis Mass Basis
el e
e? = Euw|p , (1.248)
e3 T
L(R) L(R)
SN———r SN———r
Chiral Basis Mass Basis
Our mass and Yukawa matrices mfl and y%l can now be diagonalized
m, 0O 0 . 0 0
_ v
0 0 my 0 0 Yt
mgq 0 0 Yd 0 0
v
Md = DL md_DR = 0 Mg 0 = ﬁ 0 Ys 0 (1250)
0 0 my 0 0 Ub
me O 0 e 0 0
_ -1 _ _ v
Me = E, meEr=| 0 m, 0 |= \ﬁ 0 y, 0]- (1.251)

0 0 ms 0 0 Yr

This allows us to rewrite the Yukawa interactions and mass terms of Eq. (1.245) compactly as

_ me—
Wikawa = mysfrfr+ TffoRh +He, my= (1.252)

‘QQ
%\
Nl <
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Table 4: Masses of the Elementary Standard Model Fermions [25]

Quark Generation

I II II1
Species Mass [MeV] Species Mass [GeV] Species Mass [GeV]
Up (u) 2.310-% Charm (c) 1.275 4+ 0.025 Top (t) 173.21 £ 0.51
Down (d) 4.8%02 Strange (s) 0.95+0.05 Bottom (b) 4.18 £0.03

Lepton Generation

I II 111
Species Mass Species Mass Species Mass
Electron- Muon- Tau-
<2eV < 0.19 MeV < 18.2 MeV

Neutrino (ve) Neutrino (v,) Neutrino (v;)

510.998928+ 105.6583715+ 1.77682+
Electron (e) Muon () Tau (7)

0.000011 KeV 0.0000035 MeV 0.00016 GeV

for f =wu, d, ¢, s, t, b, e, u, 7, and repeated color indices are implicit for quarks. In Table 4,
we summarize the SM fermion content after EWSB, in the mass eigenbasis, along with the most
precise measurements of their masses presently available.

At this point, it is worth noting that as the Higgs-vector boson couplings originate from the
Higgs kinetic term and as Higgs-fermion couplings originate from the Yukawa potential, which are
subtracted from kinetic terms in the Lagrangian formalism. Thus, the hV'V and hff couplings
differ by a relative minus sign. An analysis of h — 7+ decays, which is mediated at LO by the
interference between a W boson and t quark loop, and therefore sensitive to this sign difference,
concludes that Higgs boson data is consistent with the SM description [32].

For QCD, QED, and Z interactions, as the coupling vertex have the structure
utytug = a UL ULy = TP ur, (1.253)

we see that the currents are flavor-conserving, and that the interaction basis is still aligned with

the mass basis. Thus, they need not be discussed further. We now explore what consequences this
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rotation in flavor space has on our charged current interactions. Recalling the covariant derivatives

from above, we have

AP al o Vot ozi 2 — = @
le D’ 'Qf > Qi [56 % (WJTEL + W, Ty )} QL (1.254)
= 55‘“_’% (WJ upAdy + W, Eﬁ’r’“‘u%) : (1.255)

Rotating into the mass basis, we get

QlipPeigs 5 IV (W,Wﬁw (U Dp) df + W, di (D;lUL)u’La). (1.256)

V2

Defining the matrix V such that

V=U;'Dy|, (1.257)

our flavor-changing charged currents with (small) intergenerational mixing are governed by

Qlipselge s &Bf’% (W;aﬁwvuddg + W;&ﬁwvjdug) , (1.258)

N

where uy, and dj, now represents mass eigenstates. V' is the Cabbibo-Kobayashi-Maskawa (CKM)

matrix [33,34]. As a 3 x 3 unitary matrix, it expressible by three angles and a phase:

Vud Vus Vb
VIR = Vg Ves Vi
Via Vis Vi

1 0 0 cos 013 0 sinfge13 cosfia sinfiy 0

= 0 cosfys sinfog 0 1 0 —sginfis cosbio 0O

0 —sinfyz cosfas —sinfyge 13 Q cos 013 0 0 1

CKM indicates C'P violation in weak interactions.

The presence of the complex phase d13 # 0 in
The best measurements available at the time of this writing of VXM are given in Table 5 [25].
Other useful parameterizations can also be found in Ref. [25] and references within.

Gauge invariance bars gluons and photons to undergo flavor changing neutral currents (FCNCs),
even at the higher orders of perturbation. However, as the Z is not associated with a good local
symmetry, off-diagonal elements of U, UL, may be generated at the loop-level, a process known

as the Glashow-Iliopoulos-Maiani (GIM) mechanism [35]. These FCNCs processes, however, face

both coupling and phase space suppression.
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Table 5: Components of CKM Matrix

|Vua| = 0.97425 + 0.00022  |V,,s| = 0.2253 + 0.0008 |Vip| = (4.13 £ 0.49) x 1073
[Vea| = 0.225 £ 0.008 |Ves] = 0.986 £ 0.016 |Vip| = (41.1 £1.3) x 1073
Vid) = (8.44+0.6) x 1073 |Vis| = (40.0 £2.7) x 1073 |Vy| = 1.021 4 0.032

Jarlskog invariant J = 3.06f8:%(1) x 107°

1.9 BEYOND THE STANDARD MODEL

In this chapter we have introduced global and local continuous symmetries as well as their sponta-
neous breakdown via the acquiring of a nonzero vacuum expectation value by a scalar field. Building
on these principles, we constructed the Standard Model of particle physics. However, despite the
SM’s experimental success, it remains an unsatisfactory description of nature. The existence of
nonzero neutrino masses, dark matter, a large hierarchy among fermion masses, and a Higgs boson
whose mass is unstable under radiative corrections highlight the theory’s shortcomings. Extensions
of the SM that alleviate these issues vary in size and scope, but commonly predict, among new prin-
ciples and symmetries, the existence of new gauge bosons (e.g., Left-Right Symmetry), new scalars
(e.g., Supersymmetry), and new fermions (e.g., Seesaw Mechanisms). In the following chapters,
we will explore several such models, including more phenomenological, semi-model-independent

approaches, and derive testable consequences.
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2.0 PRINCIPLES OF COLLIDER PHYSICS

2.1 INTRODUCTION

Collider physics and phenomenology explore the manifestation of the SM in high energy and high
momentum transfer scattering experiments. It is a deeply rich and enjoyable subject that incor-
porates perturbative, non-perturbative (all-orders summed and effective field theory), and compu-
tational techniques in order to simulate with a reasonably high degree of accuracy the results of
lepton-lepton, lepton-hadron, and hadron-hadron collisions. In this chapter, we introduce many
fundamental topics of collider physics. Many excellent texts on the topic are available, in particular
the classic Barger & Phillips [36] as well as lectures by Han [37] and Willenbrock [38]. The texts
Halzen & Martin [24] and Thomson [39] provide an excellent introduction to the field, providing

an inordinately large number of useful examples.

2.2 HELICITY AMPLITUDES

We start our study of collider phenomenology with the introduction of helicity amplitudes and
helicity eigenstates for representations of the Lorentz group. The theory of scalars, spin one-half
fermions, and vector bosons as irreducible representations of the Lorentz group is a very important
topic. A rigorous construction from first principles can be found in Weinberg [40]. We now briefly
review spin one-half fermions and spin-one bosons. As spin-zero bosons are a trivial representations

of the Lorentz group, they transform as scalars; no review of their properties is needed.
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2.2.1 Spin One-Half Fermions

To construct the explicit forms of Dirac spinors in the helicity basis, we suppose a fermion prop-
agating in the direction pg relative to its quantized spin axis. Along this direction, the helicity
operator X is defined as

Jins Py — ip3 cosf e ?sinf

Y=o- ]50 = = ) . (21)
Py +ips Dy e?sinf  —cosf

The corresponding helicity eigenstates are the two-component solutions x(po) to the relationship

3 xa(Po) = Axa(Po), (2.2)

the eigenvalues of which are A = £1 and twice the fermion’s actual helicity. Conventionally, when
the direction of propagation is (anti-)parallel to the spin axis, which results in the eigenvalue
A = (—)1, we refer to the state as being in its (left-) right-handed helicity eigenstate.
Fixing the spin quantization axis with a definite direction, say 2, the fermion is aligned with its
spin axis when pyp = +2. In such a situation, the four solutions to Eq. (2.2) are
1 0 0 -1

Xa=+1(2) = ;o Xa=-1(2) = ;o Xoa=41(=2) = ;o Xa=—-1(—2) = . (23)
0 1 1 0

Boosting our fermion to an arbitrary reference frame
P = (Fo,0,0,fo]) — p" = p* = (E, |5 sin0 cos 6, |7l sin Osin 6, |5l cos ), E2 = 52 +m? (2.4)

the two-component eigenstates are

. 1 1l +p cos §
Xa=+1(D) = NGO R ‘ = 0 '2 ) (2.5)
11191 +p2) \ p, + iDy e'?sin 3
. 1 —Pg +Ip —e " "gin?
Xo=1(p) = —F—m—— ! = , 2 (2.6)
2[p1(Ip1 + p2) \ | + p- cos 5
(=) = =AM x (D). (2.7)

The four-component Dirac spinors for a fermion (uy) and antifermion (vy) can now be constructed:

() = E — Nplxa(p) o) = AV E + Aplx-A(p) ‘ (2.8)
E + \ph(p) A E = ApIx-x(p)
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2.2.1.1 Properties of Dirac Spinors In the high-energy limit, when E > m, degrees of

freedom are decoupled and the Dirac spinors simplify to

ur=+1(p) = V2E ’ ur=—1(p) & V2E 0=1?) (2.9)
Xo=+1(P) 0
Ur=+1(p) ® —V2E =) va=—1(p) = V2E ’ : (2.10)
0 Xa=+1(P)

In this limit, u) and vy are found to be eigenstates of the chiral projection operators
1 5 1 5
PL:§(1—7 ), and PR:5(1+7 ) (2.11)
In particular, the LH fermion and RH antifermion helicity states are LH chiral states
Pruy——1, Ua=f1 = Ur=——1, Ur=41; (2.12)
and the RH fermion and LH antifermion helicity states are RH chiral states
PRrujx=y1, Ua=—1 = Ur=—1, Vr=41. (2.13)

It is in this limit that chirality and helicity become equivalent.

2.2.2 Spin-One Vector Bosons

Massive and massless vector bosons are of central importance to broken and unbroken gauge the-
ories, and QFTs in general. Indeed, a non-Abelian gauge theory without additional fermions or
scalars represents an entirely nontrivial, self-consistent and self-contained theory with predictive

scattering rates. Consider a vector boson with mass My and momentum

k= (E, kg, ky, k) = (E, |k| sin 6 cos ¢, | k| sin 6 sin ¢, | k| cos 6) (2.14)

= (E,kpcoso, krsing, |k|cosf), E?= M2+ |k|>. (2.15)
The transverse momentum is defined by

kr = \/k2 + k2 = |k|sin®. (2.16)

In the My — 0 limit, we have

k' = (E, kg, ky, k) = E(1,sin0 cos ¢,sinfsin ¢, cos §) (2.17)

= (E,Ercos¢,Ersing, Ecosf), FEr = FEsin6, (2.18)
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with transverse energy Er.

The polarization vectors in the Cartesian representation are given by

1

ek, ) = Eﬁxam@$wm—%) (2.19)
T
1
et(k,y) = Emﬁ@xwm (2.20)
E &
ek, z) = — | =, ks, by, ks 2.21
(k,z) AMMP(E v ) (2.21)

Checking, we have that the expected orthogonal relationships

1
kuet(k,x) = mkayﬁ@—@@+@@qzo (2.22)

T N——

—k2.k.

1
ket (k,y) zﬁgm+m@f@m+m:o (2.23)

E |];’2 2 2 2
kue(k,2) = ——= Bk -k +k) =0 2.24
el (h,2) MVW(E y (2.24)

In the polar representation, the right- (A = +1), left- (A = —1), and longitudinal (A = 0)

polarization vectors are

A= 4) = jégwwwy4www», (2.25)
ek, A=0) = el(k,z). (2.26)

As these are (at most) linear redefinitions of the Cartesian polarization vectors, inner product

relationships hold. For massless vector bosons, there are no longitudinal polarization states.

2.2.3 Decay of Heavy Fermionic Top Quark Partner

Hypothetical, TeV-scale top quark partners represent an excellent example that highlights the
differences between chirality and helicity, as well as the interesting roles played by the transverse
and longitudinal polarizations of gauge bosons. Such particles are proposed to cancel the large
quadratic corrections the SM Higgs’ mass receives from the top quark at 1-loop. In these models,
the SM gauge state ¢, is decomposed into light (~ 173 GeV) and heavy (2 1 TeV) mass eigenstates,
denoted as t and T, respectively. The alignment of the top quark gauge state and the mass

eigenstates can be (phenomenologically) parameterized by the angle 6; :

tr, ~ cos Bt +sin6,T. (2.27)
~—~ —_———
Gauge Basis Mass Basis
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The corresponding charged current Feynman rules are then given by

—ig
V2

TWb : —=V;sinf 2.29
\/§ tb t ( )

Qualitatively, 8; ~ m;/mp, and thus in the large my limit T decouples from the SM.

tWb Vi cos 0y (2.28)

For the heavy top partner decay into a massive SM W boson and bottom quark,

TT(pT) — W;r (pW) + bT’ (Pb), (230)

with helicities 7,7 = L, R and polarizations A = 4, 0, the helicity amplitudes are generically

j}fvgg cos by [ () (pw) Prs (7)) (2.31)

In the rest frame of T', the momenta are

M)\T’T =

pr = (mr,0) (2.32)
py = (Eb,|Pb|sinb cos ¢, |pp|sin O sin ¢, |py| cos ) (2.33)
pw = (Ew,—|py|sinb cos ¢, —|pp| sin 0 sin ¢, —|pp| cos 6) (2.34)
by, = %(H-Tb—rw), |Pb| = %(1—7“b—?"w)7 Ew = %(1+Tw—?“b)7 (2.35)

where ry = m%( /m% Omitting a universal factor of (—ith”g cos 0/ \/5), the orthogonal helicity

amplitudes for transverse W bosons are

M_pp =mpy/2(1 —rw)sing, M_rr=mr/2(1 —rw)ei¢cosg (2.36)

; 0 0
Mrr = —mT/2r,e " cos 3 Migr = mpy/2r,sin B (2.37)
Mipp=M_rp = Mirr=M_rr=0 (2.38)

Several appreciable lessons can be learned from these expressions. In the helicity-conserving cases
(A7) = (—=LL) and (+RR), zero angular momentum can be carried away by the transversely
polarized W when the bottom quark is aligned with its parent fermion. Thus, the amplitudes
vanish as 6 tends toward zero. Conversely, this is precisely when the helicity-flipping amplitudes
(A7) = (—LR) and (+RL) are maximal. As W radiation is a purely LH chiral coupling, the Py,
projection operator in Eq. (2.28) collects terms proportional to my = mrp./r from RH (helicity)

bottom quarks. Therefore as the bottom quark is taken massless, its chiral and helicity states align,
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and contributions from RH bottom quarks, i.e., (A\7'7) = (+RL) and (+RR), turn off. By angular
momentum conservation, the remaining amplitudes for transverse W bosons are identically zero.

Omitting the same coupling factor, the helicity amplitudes for a longitudinally polarized W are

1-— 0
Mo, = nr W (1 —rb 4+ W+ AY2(1, 7, ?”W)) cos = (2.39)
2 W 2
1— g
MoLr = T w (1 —rb+rW+)\1/2(1,7“b,rW)> ' sin — (2.40)
2 ™w 2
Morr = —@1 /& (1 —rb+7W — A1/2(1, rb,rw)> e~ sing (2.41)
2 W 2
60
Morr = _mr o j T (1—Tb+TW—/\1/2(1,7’b,Tw)) cos =, (2.42)
2 W 2
where A(z,y, z) is the usual kinematic function and simplifies to
ML, 7, mw) =1 = 2(rp + 1w) + (1 — rw)2. (2.43)

The most striking feature of these amplitudes is the inverse dependence on the W boson mass,
which leads to a quadratic growth with respect to myp in the case of LH (helicity) bottom quarks.

Its origin is in the zeroth component of the W polarization vector,
en=0 = Ew /Mw ~ mrp/2My . (2.44)

If mr is the result of some Higgs-like mechanism, then it can generically be written as as the product
of a Yukawa coupling and scalar vev: mp ~ yrvr. We see now that e,—9 ~ mp/2Mw ~ yror/gv.
In other words, for a fixed ratio of vevs, fermionic decays to longitudinally polarized gauge bosons
is a measure of the relative coupling strength to their respective Higgs sectors. In the large mp
limit, these amplitudes become the dominant contributions to the T quark decay, a phenomenon

known as longitudinal polarization enhancement, and has observed in SM top quark decays [41].

2.3 PHASE SPACE

Phase space, abbreviated by PS, is far-reaching concept in physics. It is the set of all allowed
configurations in which a system may exist and not forbidden by a symmetry (conservation law).
The volume of phase space is a measure of how many unique configurations a system possesses:

more available states correspond to a larger phase space volume.
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In momentum space, the n—body differential phase space with a total momentum Prg. is
n
d*py

—_— 2.45
H (2m)32E) ( )
In Eq. (2.45), the Dirac function enforces momentum conservation. For the 1—, 2— and 3—body
configurations, the number of d.o.f. are sufficiently constrained by momentum conservation that
the differential phase space can be reasonably expressed analytically. For situations with weakly
coupled (narrow width) particles propagating intermediately as well as n > 4-body systems, it is
helpful to apply the phase space recursion relationship, given in Section 2.3.5. When the former is
coupled with the narrow width approximation (NWA), on-shell factorization can be applied.

For two-body processes, the Kdllen kinematic function, also called the “)\” function, is of con-

siderable use and is given by
Mz, y,2) = (x—y—2)° —4dyz =2 +y* + 2% — 22y — 222 — 2y2. (2.46)

Quite often, we deal with arguments normalized to the leading variable

YR\ _ (v A\ ezl
)\<17a:’a:> - (1 z x) 2 g2 [(z—y —2)? — 4yz] (2.47)
1
1/2 _ 12 (1 Y 2
— A7) A (1737’37)' (2.49)

Physically, for momentum p; and r; = p?/P#., is the mass ratio (squared) of momentum i = 1,2

and c.m. mass /P2, A\Y/2(1,r1,73) can be interpreted as speed of i = 1 and i = 2 in the parent

Tot.>

Proi. frame. It is then the case that

Ero Ero
3 = N2 (1, 7y, ). (2.50)

|pi| = 5 5

2.3.1 One-Body Phase Space

The one-body final state is a very special scenario because the invariant mass of the final-state
momentum must equal the total c.m. energy by momentum conservation. Consider a state with

4-momentum p; and mass mq. It follows that

3
/dPSl = (271')4 /(27:_1)521& 54(PTot. *pl) (251)
= (2m) /d4p §(pi —mi) 6*(Prot. — p1) (2.52)
= 27 6(5 —m?), (2.53)
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where we have applied the relationship

/ & _ / d*pr 6(p2 — m2). (2.54)
58, 1 1

and introduced the Mandelstam collider variable

)
5= Pr,

t.) (2.55)

Quantities labeled by the caret (7), colloquially called “hat”, denote partonic quantities within
composite system. Most often this is applied to parton scattering in hadron-hadron and hadron-
lepton collisions, it also applied to parton scattering in lepton-lepton collisions when objects are

convolved about distribution functions; for example, see Section 2.6.

2.3.2 Solid Angle in d Dimension

The derivations of compact expressions for two- and three-body phase space volume elements
differ little from their d-dimensional analogs. By introducing this slight but nonetheless additional
complexity, we can greatly reap the benefits of having results applicable to higher order calculations.

The solid angle volume element for a k-sphere in d-dimensions is given by
diQy, = [dO; ...dOk_1] [sink_2 0r_1...sin 92] , 0, € (0,m). (2.56)
We separate the volume element into 2-angle and (k — 2)-angle orientations to obtain

dko = <d9k,1 sin®~2 91971) (d@k,Q sin®~3 0!@72) [d91 - d@kfg] [sink% Or_3...sin 02] (257)

- (dak_lsinH ek_l) (dek_g sink3 QH) X dS_o. (2.58)

For a k-sphere, the integrated solid angle is

oo 2, fork=1
2 g
QO = (W)k e 27, for k=2 (2.59)
r(s)
4, for k=3

Integrating over the (k — 2) space and relabeling our variables, we get

k-2

2(m) 2

r(2)’ 0,9 € (0,m). (2.60)

Ay, = (de sin® 2 9) <d¢ sin® 3 ¢)
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2.3.3 Two-Body Phase Space in d and 4 Dimensions

For a 2-body phase in d dimensions, we have

d*'pr A py
(27T)d 12E1 (27r)d 12E2

d*PSy(Prog;p1,p2) = (2m)%6% (Proy — p1 — p2)

Integrating (without the loss of generality) over the py momentum, we have

d(u)du
d . _
d*PSy(Prot;p1,p2) = QQ(T)d_Q5(ETot — By — E»)

d|py| |p1]? 2

E\Ey
Now, defining u = E1 + E2 — E1o, and taking note that |p)| = |pal, we get

p1|d| P D1 |d| D p1|d|pr|(E
du = Pldl pldp o Pl dlp | (Bre +u)
FE Es E\Es

Plugging this into Eq. (2.61) and using the momentum-\ relationship of Eq. (2.50), we find

4Pt > |d—3 dQPt > |d—3
d*PSy(Proy; p1,p2) = = il = aw P
22(271') —2 (ETot + U) 22(277) —2 Ero
pl d—4 2
2 (27T) 24— Pro

For the d = 4 case, this simplifies to

A0z 2
)\1/2 1 = %
2(471')2 ( ,Tl,T’Q), T

dPSy(Prot; p1,p2) =

Useful, equivalent expressions include

del
\/

dPSo(Prot;p1,p2) = 1—2(r1 +7r2) + (r1 —r)?

P1
N Qd(ff;)?\/[l — (Vi +/r2)? [ = (Vi — /r2)?

In the ro — 0 limit,

0!
dPS5(Prot; 1, = 1—r);
2(Prot; P1, p2) 2(471)2( 1)
and when 71 = ro, we have
dQPl
PS5(Prog; = _—3 _/1—4r.
d 52( Tt7p17p2) 2(47T)2 1

A

(2.61)

(2.62)

(2.63)

(2.64)

(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)

In four dimensions, the momenta and energies of the final-state particles in the Pry frame are

\/ Plot
N 5 o
Ip1| = |pa| = TAW(LTLW), 5

\/ P%ot
Ey = (I—=r1+re). (2.71)



To generate the two-body phase space via Monte Carlo integration, we define y;, y2 such that
cost = 2y1 - 17 ¢ = 27"927 Y1, Y2 € [07 1] (272)

Equation (2.66) then simplifies to

1

dy dy y1/
(8)

(87) A2(1,71, 7). (2.73)

dPS5(Prot; p1,p2) = (1,71,72) = Ay1 Ay

In practice, y1, ys are randomly generated, which are used to build cosf and ¢. Ay, Ay, represent

the finite volume element from which y;, y2 are generated.

2.3.4 Three-Body Phase Space in d and 4 Dimensions

For the three-body case, we follow a procedure similar to the two-body situation. The phase space

in d dimensions is given by

d*PS3(Proy; p1,p2,p3) = (2m)%6% (Proy — p1 — p2 — p3)
d¥=1p, d4p, d41ps
2ﬂ)d712121(2ﬂ)d712122(2ﬂ)d712123'

X ( (2.74)

As d?'p;/E; is a boost-invariant quantity, we rotate ps and ps into the P(23) = P2 + p3 Test frame.

Also integrating out (without the loss of generality) ps by use of the é-function, we get

1
d? P S3(Prot; p1, P2, p3) 3759530 (Bt — E1 — (B2 — E3))
23(2m)
(23)
d|pi 7|~ 2dQ0., dlp ||p |42
X Z 25 ) (2.75)
1 Ey" Ey
In the pos-frame, we have the relationship
mas = £/ pds = B = B + 5 (2.76)
which implies
~(23)) =(23) ~(23) ) =(23)
(23) _  p(23) (23) _ dlpy Iy 1Py by
dEy = dEy +dE; = 29 + @) (2.77)
2 3
. (23) ) A23) ma3
We also note that in the po3 frame the momentum-A relationship gives us
2 2
(08 _mas (| P PR 5
‘pQ | 9 < ) mggv m%3> 3 ( 79)
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and more generally

23) 14— -
Py miyt e (3 3
= 55 A2 5 5 | - (2.80)
mas3 2 Mo Ma3

Now making the appropriate substitutions in Eq. (2.75) gives us

e dQ”523)
dPS3(Pro; p1,pa, p3) = —mee =L §(Epy — By — (By — E3))

23(27()2(173
S = d—2 d—4 2 2
WP g () 5 (12 B | sy
E; ov | 243 Maz M3

2|p1|d|p1|=2E1dEy

(23)
dQP d0P?
= W(g (Brot — By — (Bz — E3)) dESY

d—4 2 2
oo m d—3 D P
xdEy |py |43 !(2533) 2 ( ,mgg,m%)] : (2.82)

In the last line, we made the change of variable from d|p;| to dE;. Simplifying, regrouping, and

integrating over the final d-function gives us

d my ' des p oot as (P3P
d*PS3(Prot; p1, p2, P3) Wﬂlﬂ dEydQ; dYz2 A2 < ’m7§3’ m%3> (2.83)
In the d = 4 limit, we have
1 . (23) 2 2
dPS3(Prot; p1,p2,p3) = W2\p1!dE1dQ§1dQ§2 A2 ( 77573, TS%) : (2.84)
23 M3

And in the Pry frame, the maximum momentum and energy of p; are

A2 (PRyy, mi, (o +ms)?) Pl +mi — (ma + m3)”

1P| = , B = (2.85)
2\/ P’%‘ot 2\/ P’%‘ot
To generate this phase space via Monte Carlo integration, we define y1, ..., ys such that
FE = (Einax — ml)yl +my, cosf = 2y0 — 1,  ¢1 = 2mys, (286)
cos 058 = 2y, — 1, 9 = 2rys, w1,y € 0,1 (2.87)
Equation (2.84) then simplifies to

Emax _ . 2 2
dPS3(Prot; p1,p2,p3) = dy1dyzdy:adyz;d%%2@1P\l/2 22 B (2.8)

(4m) Maz Ma3

Emax _ ml) ~ p2 p2

~ [Agp BT M) e (4 P2 Ps 2.89
[ yz] (471')3 ‘pl, ’ m337 m%g ? ( )
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where y1, ¢ = 1,...,5 are randomly generated and Ay; represent the finite volume element from

which the y; are generated. After constructing p1, the Lorentz invariant mes can be built:

m35 = (p2 + p3)® = (Prot — p1)* = Py, +mi — 24/ P2 En. (2.90)

Then using Eq. (2.79), p2 and p3 can be constructed in the (23)-frame using the procedure outlined

in section 2.3.3. Finally, ps and p3 are boosted from the (23)-frame into the Pry frame.

2.3.5 Phase Space Decomposition

A powerful property of phase space for an arbitrary number of final states is the ability to decompose
it into the product of smaller phase spaces. For automated event generator packages, the phase
space recursion relationship forms the basis of their phase space integration modules. Formally, the
relationship states that the n-body phase space volume of Prot is equivalent to the volume enclosed
by (i) an (n — 1)-body phase space made by combining two final-state momenta p; and p; into p;j,

(ii) the corresponding ij — i + j 2-body phase space, and (iii) the allowed virtuality ofpgj:

APSp(Prot; D1y« sDis-- 3 Pjr---Pn) = APSp_1(Prot;P1s- -3 Die1,Dit1s- -+ »Pj—1,Pj+1s - - - Dn> Pij)
dm?j 2
X dPSy(pij; pispj) X —5 =pj; = (pi + ;). (2.91)

The proof of decomposition is quite general, so we present it d-dimensions. We start by factoring

the n-body phase space into (n — 2)- and 2-particle momentum integrals and factors of 1:

. _ dsd ‘
dPSn(PTotyplr-‘pn) - (27T) 4 (PTot_pl”'_pz"' U 27T o Nd—1o1 . 12Ef (292)
= (2m)%Y(Prot — p1-++ — Pie1 — Dit1- "+ — Djo1 — Dj+1 " — Pn — Dij)
y ﬁ dd—lpf y dd_lpi dd—lpj
Py (27r)d 12E; (2m)4-12E; (2m)d-12E);
(2m)92E;;
x  0%pij — pi — ;) dpij X WQEZ x 6(py; — m3;) dmy; (2.93)
1 -1
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Shuffling around terms, we can construct a differential n — 1-body phase space volume element:

dPS,(Prot;p1s---pn) = (20)%0%(Proy — p1-++ — Dic1 — Dit1 -+ — Dj—1 — Dj+1** — Dn — Dij)
n d—1 d—1
d pf d pl'j dEij
8 11 @m)d-12E; |~ (@n)d12E; 2w U

f=1, #ij

(n—1)-momentum integrals
441 Di dé-1 Dj
2m) - 12E; (27)4-12E,

X 5(p?j - mfj) dm?j (2.94)

X (2F)d5d(pw‘—-pi-zﬁ)(

== dPSn—l(PTOt;plu ceey Pi—1,Dit15 - -5 Pj—15Pj4+15 - - pnapl])

X dPSa(pij; pis pj)

X dE} §(pf; —m3;) 2—" (2.95)
T
giving us our desired expression
dPSn(Prot;p1,---pn) = dPSh_1(ProtiP1, .-, Pi1:Pit1s - Dj—1,DPj+1; - - - Py Dij)
d m?j
X dPSy(pij; pispj) X —5 (2.96)

As alluded, two useful applications phase space decomposition are (i) in automated phase space
integration packages and (ii) resonant decays. In the first, the phase space for an arbitrarily high
number of final states can be reduced to successive boosts of two final-state particles p; and p; into
their total momentum frame (p; + p;), followed by simple and efficient integration over two-body

or three-body solid angles. The explicit formulae for these are given in Sections 2.3.3 and 2.3.4.

2.

In the latter case, the invariant mass integral d mj;

can be interpreted as the virtuality integral for
an intermediate resonance. For example: in on-shell top quark decays into a bottom quark, muon,
and neutrino, the leading contribution occurs through W boson radiation from the top quark that
then splits into leptons. The phase space decomposition

2
d u+v

dPSs(t; ut, v, b) = dPSa(t;putw, b) X dAPS(Dpyv; it 1) X o

(2.97)

has a physical interpretation as the ¢ — W*b two-body phase space, the W* — uv,, two-body phase
space, and the virtuality integral for W* can spans the entire spectrum of invariant masses that

are allowed by conservation of momentum.
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2.3.6 One-Particle Phase Space Splitting

It is convenient to write explicitly the one-body phase space for collinear splittings, and similar

situations. Consider the process
A(pa) + B(pg) — A(p1) + X (2.98)
that is mediated by the subprocess
9(pg) + B(pp) = X, py=pa—p (2.99)

where X is some arbitrary n-body final state, g originates from an A — Ag splitting, and A is an

otherwise a spectator in the entire process. Momentum conservation tells us

PA+DPB=Dpg+tP1L+PB=pP1tP2 "+ Dn, (2.100)
——
pa

and so we may write in d dimensions the d-function

0 patpp—p1—p2——pn) = 0 (PgtP1+PB—D1—D2— - —Pn) = 0 pg+pB—P2— - —pn). (2.101)

Therefore, factoring out the momentum integral for A(p;), we have

dPS,(A+B A+ X) = (2n)**(pa+ps—p1—p2——Dn H 27T 32Ek (2.102)
= | @m)*'" (pg +pB—p —'-‘—p)ﬁ iy o1 103)
g B2 m L @m)32E, | (2m)%2EY
A A d?
— dPS,(A+B"2 gX)x%fpzlEl, PL=pa—pg  (2.104)

2.4 PARTIAL WIDTH

The partial width of an unstable, unpolarized particle A with mass m 4, spin states (2s4 + 1), and
SU(3). color multiplicity N2 , decaying into an n-body final-state f is given by formula

1 1
2ma (28A +1 Ng‘

(A= f) = > M- dPSu(paipr, .- - pn)- (2.105)

Here, M is usual A — f amplitude that can be calculated perturbatively using Feynman Rules.

The sum over all partial widths, is the total width,

T = > T(A—=f). (2.106)
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The fraction of times A will decay into a particular final state X is called the branching fraction,

and is given as the ratio of the partial and total widths

BR(A = X) = F(‘i;otX) - er(?(zjf)f)' (2.107)

The total width is also related to A’s mean lifetime, 7, by the expression

h

T=—.
A
1—‘Tot

(2.108)

We make explicit the conversion of units from I' [GeV] to 7 [s] for clarity. Hence, partial and total
widths are simultaneous estimations of how strongly A couples to its final states (larger coupling,
larger width), and its likelihood to decay (larger width, smaller decay time). To appreciate this

observable better, we consider the Optical Theorem as derived from unitarity of the S-matrix.

2.4.1 The Optical Theorem and Breit-Wigner Propagators

The S-matrix in QFT can be decomposed into its trivial non-scattering and scattering component,
T, by the relationship
S =14:T. (2.109)

To leading order in scattering amplitudes, the unitarity of .S tells us
1=5T8 =1 —iTH(1+4T) =14+ T'T+i(T —T"), (2.110)
or that the squared norm of the transition operator is equal to its imaginary part:
T = —i(T —T). (2.111)
For initial 4, final states f, and arbitrary intermediate n-body state k, this implies
(fIT'T)) = Z/dPSMf\TT!k)(k!TW (2.112)
k
= Z/dPSn M*(f = k)M — k), (2.113)
k

where by the completeness relationship we sum/integrate over all discrete degrees of freedom and
phase space configurations. In words, the result states that the matrix elements of the squared
norm transition operator T1T is equal to the sum of transition amplitudes, M, to all intermediate

states. The unitarity condition of Eq. (2.111) also tells use that the matrix element of the imaginary
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part of the transition operator is the imaginary part of the transition operator matrix elements,
i.e.,

—i(fI(T = THi) = =i [M(i — f) = M*(f = i)], (2.114)

which ultimately follows from linearity. When combined, we obtain the Optical Theorem, which
states that imaginary part of a scattering amplitude is equivalent to the sum of all its intermediate

states:

LiM(i = f) = MP(f = 1) = Z/dPSn ME(f = )M — k). (2.115)
k

In the special case of 1 — 1 scattering, i.e., particle propagation, of particle A with mass m4,

the initial and final states ¢ and f are equivalent. The Optical Theorem then stipulates

CiM(A s A) - MHA S A)] = 23[M(A > A))] (2.116)
_ Ima .
- o zk:/dPSn MAA = M(A = k). (2.117)
— 2mA§k:2;LA/dPSn IM*(A = k)2 (2.118)

Partial Width T’y
We recognize the last expression as the definition of the total width. In other words, the imaginary

part of the 1 — 1 scattering amplitude proportional to the total width of the propagating particle
SIM(A = A)] = maT4,, (2.119)

with the constant of proportionality being the object’s mass.

More significantly is that the 1 — 1 amplitudes are precisely the one-particle irreducible (1PT)
correlation function diagrams that constitute the self-energy of A. We denote the self-energy
generically (whether A is a scalar, fermion, or vector boson) by I1(¢?), where ¢ is the virtuality of

A. As A comes on-shell, its inverse propagator (again, generically written)
AN = ¢* —mi +T1(), (2.120)
takes the form

lim ATYH¢?) ~ mh —mi +iS[I(mY)] = +imal4e, (2.121)

indicating that when A is on mass-shell, the imaginary part of its self-energy is given by its mass

and its total width:

S(m%)] = mal4, | (2.122)

95



Furthermore, transition amplitudes are dominantly populated by regions of phase space where
particles are close to being on-shell. In other words: in the neighborhood of a pole in the S-matrix.
Thus, for intermediate, resonant states with momentum ¢, mass M, and a well-defined, on-shell
self-energy, its all-orders summed propagator is well-modeled in matrix element calculations by
making the substitution

i i
(¢ —m?) + () (q7 — M) +iMT’

(2.123)

This is the Breit-Wigner (BW) propagator. As a distribution function, its normalization is set by

o dg¢* N N [ dx
1 = = 2.124
/_OO (2 — M?)2+ (MT)2  MT J_1+2a2 ( )
Narctanx = s q> — M? (2.125)
= _— — — r = .
MT MT’ MT
—00
implying
MT
N=—. 2.126
~ (2.126)

In application, phase space integration over BW propagators can be make more efficient by making
the change of variable

¢®> — M? = MT tané. (2.127)

This has the action of smoothening the Breit-Wigner resonance distribution

q72naz 2 Omax de 0 _ 9 . 1
/ 2 2d€ 2 _/ = G mm)/ dy, (2.128)
o @ MDTE (MR~ J,, TM~ TM g
where
2 _ A2
0; = tan! [%Fm} , 4 € {min, max} (2.129)
0 = (emax - emin)y + emin‘ (2130)

This has great utility in Monte Carlo or other sampling-based integration techniques, which are
adversely affected by sharp peaks in integrands.

2.4.2 Narrow Width Approximation

Generally, widths scale like I' ~ g M. Thus, for weakly coupled objects one finds

r 2
— ~ 1. 2.131
"9 < ( )
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We label such particles as “narrow” resonances, in reference to their narrow BW distributions. A

few examples of SM particles with narrow widths include [25]

r
W 17 ~ 0-026 (2.132)
r
Z i pm0.027 (2.133)
r
ooy R 234X 107% (2.134)
r
t : —<0.012 (2.135)
m

Formally, in the zero width (infinitely stable) limit, the BW distribution function approaches

the normal distribution function that in turns approaches a d-function [42]

MP 1 2 2)2 2
i L ~ lim b (@ M2)2/(amT) 2.1
IS0 7 (¢2 — M2)2 + (MT)? 50 (aMT) /7 (2.136)
dp .
_ /2:_6_2(‘12_]\42)1’ _ 5((12 o M2), (2.137)

where a~! a~ 1.177M is the conversion between total width I' and the standard deviation o in
normal distributions. In particularly extreme situations where the the total width of an interme-
diate resonance is much smaller than its mass, e.g., top quarks and W bosons at the few percent

accuracy [43], it is often sufficient to approximate BW distributions as J-functions:
1 U
_>
(7 — 277 + (MT  MT
This is the narrow width approximation (NWA). Physically, the NWA says that an intermediate

5(p* — M?). (2.138)

particle is sufficiently longed live that its intermediate production can be well-approximated as
its on-shell production and subsequent on-shell decay. When used in conjunction with the phase
space recursion relationship, the NWA is a very powerful tool that greatly simplifies calculations
of cascade decays into on-shell particles. In the top quark decay example of Eq. (2.97), applying
the NWA has the affect of putting the W boson on-shell at all times

dPS3(t; pt, vy, b)  ow 9 9 ‘ 4 d q2+u
(p2 — M2)2 T (MF)2 = mé(p M )dPSZ(tap;,L+V7 b) X dPS(p/L-Q—Va 1% ’VN) X T
- %dPSg(t; W, b) x dPS(W T 1, 1,). (2.139)

As an example, we now carry out the full t — W+b — p1,b calculation with the NWA.

2.4.3 Example: NWA Applied to Leptonic Decays of Top Quarks

We consider the decay of a top quark into a bottom quark and a pair of massless leptons

t — Wb — Ty, (2.140)
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and model the intermediate W boson propagation using a BW propagator with a momentum

transfer ¢2 and total with I'yyy. The t — ¢+ 1yb matrix element can then be expressed as

o + (€~ Dt
q2 — Mi%[/ + z’MWFW

M(t — £Tvb) = MH(t — W*b) } MY (W* = 0T). (2.141)

Physical observables, e.g., cross sections and partial widths, are independent of the gauge pa-
rameter £, which is sometimes written as 7 instead of ({( — 1). A wise choice of £ can greatly
simplify a calculation but at the potential cost of increasing the number of subprocesses (Feynman

diagrams) contributing to the process. Common choices of the gauge fizing parameter are

0, Landau Gauge
§=141, Feynman Gauge (2.142)
oo, Unitary Gauge for Massive Bosons
However, the gauge-term ¢,q, in Eq. (2.141) is unimportant and does not contribute to the final
result. This follows from the W propagator contracting with a vector current of massless, exter-
nal fermions. This can be understood from two semi-independent arguments: (i) Since the W

momentum is the sum of the massless lepton momenta

by the Dirac equation we have (ignoring factors of —ig/v/2)

q MY (W* = (Fv) = alpy) Wt vb) Pro(pg) (2.144)
= u(p,)Pr puv(pp) + Wlp) p Pro(pu) = 0. (2.145)
N—— N—_——

=muv(pp)=0  =u(py)m,=0
(ii) By virtue of being on-shell, massless isospin partners, the leptons respect an unbroken SU(2)y,
symmetry and therefore do not couple to the W boson’s longitudinal polarizations, i.e., ¢,q.
Using the completeness relationship in the Unitarity gauge,
Y ea@enn (@) = =g + auan/Miy, (2.146)
AN
we can express Eq. (2.141) as the product of matrix elements for two independent processes

ic;, \(@)evn(9)
q> — M3, + iMwT'w

M(t = ) = Y MH(t— WD)
AN

= Y My(t— WD)

AN

MY (W™ — 0Ty (2.147)

?

My (W* = 0Ty,). (2.148
q2_Mgv+iMWFW v ( ve). ( )
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Squaring the amplitudes and summing over all degrees of freedom, i.e., spins/colors, gives us

M5t = W*b)|? My, (W* — £F)?

1
M(t A —_— . (2.149
c; Mt~ Erveblf = (2sw + 1N Z (¢* — My)? + (MwT'w)? (2146)

In order to prevent double-counting of W boson spins, we must average over the number of spin
states. Though trivial in this instance, one must also average over the intermediate messenger’s
color multiplicity in order to avoid double-counting color states. This sees innocuous but system-
atic practice allows us to write intermediate subprocesses, e.g., W boson splitting, in terms of

unpolarized widths and cross sections. We are now in position to make the NWA approximation:

9 7T5(q2 — Mi%[/)

1
-+ 2 o * 2 -+
D IM(t = Tuyb)] NWZ Mz (t = W*B) [ M, 5 (W* — )| VT

dof (2sw +1) dof

Finally, we evaluate the few remaining steps needed to compute the t — W*b — ¢Ty,b partial
width. Averaging over the top quark’s spin states and colors, as well as integrating over the 3-body
phase space, which is immediately decomposed into two two-body spaces, we obtain

1
2my (28 + 1

Dt CFigh) = / AP Sy(ts i+, v, b) 7 2 Mt ) (2.150)
¢ dof
dq? 1 1

— X
2 2my(2s¢ + 1)NE (25w + 1)NW

= / dPSs(t; W*,b) dPSo(W*sut,v,)

€73 (2 * 2 2 2
x ; Mos(t = WO My (W = Cu) ! gmedla® = Miy) - (2151)
1
= dPSs(t; W*,b (t b
/ S& W )th(25t+1)N£dzf:’M)"\ > WP
1
— M?
X /dPSQ ot Z‘MA’/\’ 0Ty (2.152)
dof

Combining the §-function from the NWA and the virtuality integral from the Recursion Theorem
together require that the W be on-shell at all times. With this, we immediately recognize the first
line of Eq. (2.152) as the partial width for ¢ — Wb decay, and the last two lines of Eq. (2.152)

provide us the ingredients for the W — fuv, partial width:

D(t = b)) = T(t— Wh) x Fi
w
1
. F (T

S T [ PVt > My (1 = £ o159

= Tt Wh) x ——T(W — ) (2.154)
T'w

= I'(t - Wb) x BR(W — (i) (2.155)
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Thus, by combining the NWA and phase space recursion theorem, we can approximate a top quark
decay rate to leptons as the rate of a top quark decaying into an on-shell W boson scaled by the
probability that an on-shell W will decay to leptons. This probability is given by the branching
fraction of W into leptons, and is defined in Eq. (2.107).

Before moving on, it is worth reflecting what we have sacrificed in order to obtain Eq. (2.155).
The first is that we have considered only a single slice of phase space, namely when the W boson is
on-shell. An entire continuum of phase space for ¢ # MI%V has been neglected and thus Eq. (2.155)
is an underestimation, albeit a very good one, of the actual LO ¢t — £Tv,b partial width. As the
stipulation that I'/M < 1 breaks down, larger regions of phase space where ¢> # M%V become

increasingly important, and lead to worse estimates of the partial width.

More subtle is the fact that spin correlation between the initial-state top quark and final-state
leptons has been lost due to the use of the completeness relationship in Eq. (2.146), which acts to
decouple the initial-state and final-state fermion currents. Though the total scattering and decay
rates remain unaffected when the NWA holds, angular distributions and “fiducial” rates that are
obtained by imposing phase space cuts will be inaccurate. The exception of course being the case
of a narrow scalar mediator, for example: a charged Higgs in the 2HDM. In the top quark decay
t — HTb, H" — 7., the completeness relationship for scalars can be imposed without any loss

of spin correlation because, as a scalar, the scalars carry no such information.

An alternative procedure that preserves spin correlation would be to forgo the use of Eq. (2.146).

Starting from the t — W*b — ¢Tv,b matrix element given in Eq. (2.141), we have

t o 0tuh) = ME(E— Wb — Gy YW = 0t 2.156
Mt~ Ewi) = M W) o e MY 5 ) (2156)

—i
@® — M, + iMwTyw

= MMt — WD)M,(W* = (1) (2.157)

Repeating the above procedure will give us

D IM(E = Crugh) P & > [ME(E = WM (W™ = uy)]? x
dof dof

§(¢> — M3,).  (2.158)

60



Averaging and integrating over a decomposed phase space gives us

dq? N 1
21 2my(2s¢ + 1)NE

Dt = (Fugh) = / AP St TW*,b) dPSs(W*; 1)

xS IME(E = WM (W™ = )| x ———6(g* — M), (2.159)
dof MwTw
1
_ . .,
- TN / AP S (t; W, b) dPSs(Ws it v,)  (2.160)
XY [ME(E = WML (W — T2, (2.161)
dof

Inserting the closed expressions for each of the two-body phase spaces and grouping together factors

of 27, we obtain the spin-correlated expression

1-— Q(TW + Tb) + (TW — Tb)2 /
ING; £+b:\/ dcos 6 d§ 2.162
(= i) 21273, My Ty N 008 O (2.162)
X3 [ME(E = WM (W = 7)), (2.163)
dof

where rx = mx/m?. Despite its apparent bulkiness, the expression above can be evaluated ana-
lytically or numerically with little additional effort. The key point is that numerical integration of
the original three-body phase space (4 integrals) over a BW propagator is inefficient and can be

approximated well by one fewer integrals over zero propagators.

2.5 PARTONIC LEVEL CROSS SECTION

The statistical nature of quantum mechanics lends itself to counting experiments to test predictions
made by models. In colliders, antiparallel particle beams are focused onto each other in order to
reproduce a type of Rutherford scattering. For a given flux, or luminosity, £ of particles transversing
through an effective scattering area, or cross section, o, the number of scattering events is given

schematically by

Number of events = (Number of particles per beam area) x (Effective target area)  (2.164)

vV
Luminosity, £ Cross section, o

For a fixed beam luminosity, we can interpret the cross section as a measure of the likelihood for a
particular scattering to occur. Again, schematically, this is given by

Number of t
(Scattering cross section) = UH.l ro e?ven 5 (2.165)
Incoming particle flux

_ (Scattering likelihood) x (Scattering configurations) (2.166)
N Incoming particle flux A
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From Fermi’s Golden Rule, we identify the numerator of this expression as simply the squared
matrix element summed over discrete final-state degrees of freedom and integrated over continuous
ones, i.e., phase space. For randomly polarized and charged initial states, symmetry factors must
be introduced to average over initial-state degrees of freedom. And as is typical for scattering
experiments, flux can be factored into the product of number densities of each beam and the
relative velocity of the two, implying its invariance under longitudinal boosts (along the beam
line). The scattering cross section can now be written (schematically) as

1
(Number density) x (Relative velocity) x (Symmetry factors)

(Scattering cross section) =

X Z / d[Phase space] (Probability density) (2.167)

Discrete dof

Formally, for incoming particles A and B, with masses m 4, mp and c.m. energy

Vs =1/(pa+pB)? (2.168)

the 2 — n scattering rate is given by the formula

d
0c(A+ B — X + anything else) = /dPSn ﬁ, (2.169)
do 1 1 )
- 2.1
dPS,, 2§)\1/2(177"A77"B) (23A+1)(233+1)N54NCBZ’M| ) (2.170)

dof

where, for X = A, B, rx = m%/3, X is the kinematic Kéllen function of Eq. (2.46), (2sx + 1)
represents the number of spin states possessed by particle X, NX is the SU(3). color factor of X,
dPS,, denotes the Lorentz-invariant n-body differential phase space as defined in Eq. (2.45), and

M is the Lorentz-invariant matrix element for scattering process
A+ B — X. (2.171)

In the rg — 0 limit, A'/2(1,74,0) = (1 — 74); and for 4,75 — 0, A — 1.

2.5.1 Example: Zh Production at Electron Colliders

Lepton collider-based Higgs factories are premised on the fact that Z bosons couple directly to both

electrons and the Higgs boson, and so Higgs bosons can be produced in the 2 — 2 process

e; (pa) + €. (pB) = Zx(pz) + h(pn), (2.172)
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where 7 = L, R and A = 0,+ denote the helicity takes of electrons and the Z. For massless

electrons, the matrix element is given by

MSY = kz[00(0B)oA(P2) (ChPR + ¢ PL) ur(pa)] Dz(s), (2.173)
1 -1
g = gv+ga=5T5L-Q° sin® Oy + <2> (T3) L = sin® Oy, (2.174)
e e e 1 e e 32 -1 e s 2 1
;= gV—gAzi(T3)L—Q sin” Oy — 5 (T5) = sin 9W—§7 (2.175)
1 M
Dx(p*) = Ky = 22 (2.176)

(p2 — M)z() +iMXFX’ Z cos? Ow
where the helicities of e™, e™, and Z are denoted, respectively, by 7, 7/, A. In the center of mass

frame, the 4-momenta can be expressed as

pa = \25 (1,0,0,1), pp= \gg (1,0,0,—1) (2.177)
pz = (Ez,|Pz|sinfcos ¢, |pz|sinbsin g, [pz|cosb), (2.178)
P = (En,—|fiz|sin0cos g, —|fiz] sin O sin 6, ~|fiz] cos ), (2.179)
EZ = \ég(l—l-’l“z—rh), |ﬁz| = \ég)\lm(l,’l“z,’l“h), Eh: \ég(l—k’l“h—rz), (2.180)
and for X = Z, h we define rx = m?X /s. The nonzero amplitudes are given by

Morr = _TCLK;ZDZ(SM /ri (1—rp, +77)e ®sind (2.181)

z

—CR S it

Morr = TKZzDz(S) - (1—rp+1rz)e?sinb (2.182)

z
Mirr, = —cL /ﬁZDZ(s)\/geM’(l — cosf) (2.183)
Mirr = cgr /{ZDZ(S)\/gei‘z’(l + cosf) (2.184)
M_gr, = —cL /sZDZ(s)\/gei‘b(l + cosf) (2.185)
M_ir = cgr /{ZDZ(S)\/gei‘z’(l —cosb). (2.186)

As the vector couplings are helicity conserving, the (A, 7/,7) = (\,L, L) and (\, R, R) contribu-
tions are zero. We observe longitudinal enhancement in the (\,7/,7) = (ORL) and (ORL) helicity
amplitudes. The squared and summed amplitude is then

47,2 232
g (c; +cp)s
Z ’MZh‘Q _ ( L8c4 R) ‘DZ(S)P
W
[(1 — rh)2 —2rprz +rz(4+rz) + (1 +2rpry — (1 — rh)Q —(1- rZ)Q) 008(20)] ,
1

IDz(s)? = CESTE T (2.187)

X
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The corresponding 2-body phase space is

dcos 6d
dPSQ(PTot;p27ph) = 2(471_);5)\1/2(1,7‘2,7’,1) (2.188)
d 0
= ;&\/1 =2(rz +rn) + (rz — ) (2.189)
T

Integrating and averaging over the quantum numbers of the initial states, the Zh production cross

section at /s = 250 GeV for my, = 125 GeV is

_ 1
ole et = Zh) = (he)? x = | X
N—— 295
GeV~—2 to fb conversion factor \E/—’
ux

gts? (c% + C%z) (1 +10rz — 2rp + (rz — rh)Q)
3C%V (S — M%)2 + (Mzrz)2

1/2
(A(”Z”‘)> ~ 240 fb. (2.190)

X

X

247

Phase space

2.6 INITIAL-STATE PHOTONS FROM ELECTRON-X SCATTERING

On-shell factorization of scattering amplitudes into a product of universal, i.e., process-independent,
terms and (usually) much simpler (though process dependent) hard scattering matrix element
calculations for participants whose masses are much smaller than momentum transfers scales is a
central tenet of perturbative QCD and collider experiments. Here we derive vX scattering of a
quasi-real photon that originates from a nearly collinear splitting with an electron in high energy e X
collisions. It should be emphasized that this is a property of gauge theories, not unique to photons
or electrons, and holds with very minor modifications, though with various physics interpretations,
for gg or gq splitting.

As shown in Fig. (4), we consider the eX scattering process
e (pa) + X(pp) we (p1) + 7" (@) + X(pp) = e (p1) + Y (2.191)
that is mediated by the subprocess
v(¢) +X(pp) =Y, q¢=pa—p1 (2.192)

The total eX and subprocess v*X center of mass energies are respectively denoted by

s=(pa+pp) 8= I(¢+pB) (2.193)
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Figure 4: Diagrammatic representation of quasi-real, initial-state photon from ey splitting.

In essence, the initial-state electron radiates a photon that participates in the 2 — 1 scattering but

otherwise acts as a spectator of the process. The matrix element is given by

(=) (g — (€ = 1)quan/4?)

M = [a(pr)(~iege)y u(pa)] 2 M(YX —Y)  (2199)
= (‘f;qe) [(p1)7*u(pa)] (%} SACRCACE A')) MY (X = Y). (2.195)
= S Tl fupa] - MOX ) (2.196)
= (_Ziqe) 3" M(e = ey )M(7* X — X). (2.197)
T

The quantity MY (yX — Y') is defined such that the scattering process Eq. (2.192) for an on-shell

(massless), initial-state photon is given by
MpX = Y) =e,(g,A) - MY (12X = Y). (2.198)

We keep explicit the electron charge as g.. In the second line, we applied the completeness rela-
tionship of Eq. (2.146) and find that we can express the entire matrix element as the product of
two subprocess matrix elements: e —  splitting and vX scattering. Squaring and summing over

final state degrees of freedom gives us

e*q? .
Y IMP = ( pe ) D) IM(e = ey)PIM(X — X)7. (2.199)
d.o.f. AN d.o.f.

However, this is not quite correct as we are inadvertently double counting degrees of freedom of

our intermediate v*. We must introduce spin-state and (in principle) color-state averaging factors,
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which effectively gives us a recipe for an unpolarized intermediate photon with, for now, an arbitrary

virtuality. Therefore, we should instead have

d M = %ZZW(‘/’%WW <w> IM(vX — X)[2. (2.200)

The obviously trivial color factor N/ is present for completeness. We are also free to introduce the

Kallen function

)
3
LS

é)\l/Q(laf’WfB)? f’Y:

: (2.201)

CI.)>‘>Q
>

which represents the energy available in v*X scattering. The spin- and color-averaged squared

amplitude is then

22 > SAV2(1,7,,7p)
M2 — (6 qe) § S 'y B *Y |2

1
X
<§A1/2(1,717,7:3)(257 +1)(2sp + 1) N B

) IM(v*X — X)% (2.202)

The eX cross section is then given by

d3p; SAY2(1,7,,75) |IM(e — ey*)[?
_X _Y _ M W’
ole”X —e7Y) / (27)32E; ,\de sA/2(1,re,rp) (28 + 1)N¢

,d.o.
(4maq?)

XX = Y), (2.203)

where r; = m?/s, e? = 4ma, we have split the n-body phase space into two using Eq. (2.104), and
0 is the subprocess vX cross section. Assuming that the scatting scales s and § are much larger

than any mass relevant initial-state mass, this further refines down to

_ _ d*pr 8 o2 (dmag?) |
cleX e Y) = /dezo:f ol M(e = e")] TUWX—)Y). (2.204)

It now remains to evaluate the e — v splitting matrix elements.
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2.6.1 e — v Splitting

For e"(pa) — e (p1)7*(q) splitting, where v* with small transverse momentum ¢p < F4 carries

away an energy fraction z from its parent electron, we assign the following momenta

pa = (Fa,0,0,E4) (2.205)
p1 = (1—2)E4(1,sin64,0,cosb;)
2
qr
= 1—2)FE4,—qr,0,(1 —2)Fy — ————— 2.206
(( Z) As —4qT, 7( Z) A 2(1_2)EA> ( )
g = (zE4,|q]sinéy,0,|q) cosb,) (2.207)
2
qr
= E E —— . 2.2

The corresponding (complex conjugated) photon polarization vectors in the helicity basis are

_ 1
ai‘L—Jr* - E (0, — cos 0,1, —sin 97) (2.209)
_ 1
82—** — \ﬁ (0, cos 0,1,sin 97) . (2.210)
q2
Then, neglecting terms higher than of O (E—E>, we have
A
2(1 - 2)Eaq? 4
pio= (1-2)Ei—df —(1-2)°EZ + (2(1_1);? +0 <é§> —0 (2.211)
A
22Eaq} 41 —qj
2 2 12 2 2 122 T T T
= ZEy—qr—2FEy— 77 +0| =5 | = 2.212
! PR T AT S B, (Ej (1—2) (2.212)

that is: a massless final-state e~ and internal photon with virtuality proportional to its transverse

momentum.

As photon radiation is helicity-conserving, the only nonzero fermion currents are the e, — e~y

€r — €g7 channels, given by

JZL = 2EA\/1—Z[COS<
J}%R = 2EA\/1—Z[COS<

oo
oo
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The permutation of helicity amplitudes (in the small g7 limit) is therefore

Mp— = 2E4V2—2zcos (0;) sin <91+207) (2.215)
Eav2 — 22(01 +6 )
0., 61 + 0,
MLL+ = —2EA V 2 — 2zsin 5 COS T (2217)
—EavV2—22(0,) (2.218
Mpgrr- = 2E4V2—2zsin <2”> cos <91+297) (2.219
EsV?2 —22(0,) (2.220)
Mpry = —2EAV2—2zcos <927> <91 ;97> (2.221)

—EaV2 =2z (01 +6,) (2.222)

Q

(2.216)

%

~— =

Q

Q

Squaring the amplitudes, making the replacements

qr qr
0, — 0 — 2.223
VT ZEy N (1= 2)EL’ ( )
and summing, we obtain
4qT
— — P 2.224
D IMe = e = a-a0 e(2), (2.224)
where P,.(z) is the universal Altarelli-Parisi splitting function
1+ (1—2)?
Pyo(z) = (Z) . (2.225)

Its pole represents the soft divergence that appears when ¢r, and hence *’s virtuality goes to
zero. The function P, (2) is universal in the sense that it holds for all spin-half-to-internal spin-one
bosons splittings in the small transverse momentum limit. Accounting for color factors, the QCD

equivalent is in fact given by
1+ (1—2)>

qu(z) =CF >

(2.226)

Had we considered instead an internal electron and on-shell photon, neglecting terms higher than

@) ( EL ) the e; — ey splitting function, where ey carries a momentum fraction z from e;, is

1+ 22

Pee(z) - 1—2z

: (2.227)

and possesses a collinear divergence. It is interesting to note that the v — e splitting function

P (2) = 22+ (1 — 2)? (2.228)

does not have a pole as massless fermion currents turn off (vanish) in the zero fermion energy limit.

68



2.6.2 Weizsicker-Williams Approximation

We can now assemble our final result. We start by expressing our one-body phase space in cylindrical

coordinates, and ultimately photon virtuality and momentum fraction z

d3pq B do1 dp, dq% B dz dq% _ dz dq® (2.229)
(2m)32E; (2m)322(1 —2)Ex  (2472)(1 —2)  (2472)’ ‘
where we made use of the fact that
p.~FE =(1-2)E4 and ¢*=—L_ (2.230)

(1-2)
Under the working assumptions that masses are negligible compared to the scattering scale and

that we are in the collinear (small ¢r) e — v splitting regime, we also have
§=(g+pB)* =2q-pp = 2pa pB = 25. (2.231)

Making the appropriate substitutions, we then have

z 2 z —Z 2 yiyes 2
ole X e Y) = / ‘(124;‘53) 2421 & i? P qfe)&(»yx S Y) (2.232)
a 2 2
/dz 2—(71: Pye(2) / ‘Zq?&(yx ~Y) (2.233)

A pause is necessary to to address the limits for the virtuality integrations. At zero momentum
transfer (¢> = 0), the cross section diverges but only artificially. We made the assumption that
masses are negligible compared to the hard scattering energies, but at zero momentum transfer this

is no longer true. Strictly speaking, the photon virtuality is given by
¢ = (pa —p)? =2m2 — EAE1(1 — Bapicosy), (2.234)

indicating that the supposed collinear divergence is actually regulated by 41 < 1, or in other
words, the electron mass. For quark-gluon splitting, this is regulated analogously by the bare

quark mass. The electron mass then sets the scale for momentum transfers and we ewvolve our

2

momentum transfer scale starting from ¢?> = m?2. The upper limit of integration must be chosen
based on its type of calculation that is being performed. For inclusive cross section calculations, and
despite contradicting the small ¢ assumption, evolving the integral upwards to § is a reasonable
estimation [6]. However, as we will discuss shortly later and much detail in later chapters, this can

be matched with the deeply inelastic process, rendering the sum of the two components relatively

69



scale-independent [3]. For now, we will evolve our integral upwards to ¢> = Q2. The evolution

scale Q? is also called the factorization scale. Doing so gives us

ag; Q*
ole X =»eY) = /dz 2—€ P,(z)log <2> d(yX —=Y). (2.235)
T m

This result, also known as the Weizsécker-Williams [44,45] approximation, is expressed more com-
monly in the form
1
ole”X »eY) = / dz fr/e(2,Q%) 6(vX = Y), (2.236)

where the photon distribution function is given by

ag?
27

Pye(2)log <§;) . (2.237)

e

f'y/e(z7 QQ) =

Written in this form, we interpret f. (2, Q?) as the likelihood of observing a photon in an electron,
possessing an energy fraction z of the electron’s total energy at a momentum transfer scale Q2.

The limits of integration are derived from the relation § = zs, which tells us that

max(z) = max <z> = ma’;(é) = z =1 (2.238)
min(z) = min <z> = H“I;(S) (2.239)

and min(8) is the minimum invariant mass required for yB — X to kinematically proceed.

2.6.3 Weak Boson Distribution Functions

Following the identical procedure with W and Z bosons will yield similar results. The polarization-
dependent distributions functions for Weak bosons carrying energy fraction z from fermion f

evolved to a scale Qy > My are given by [36,46]

Poses @A =%) = g [ 7 0P + @ 20420 - 7]l 2y 2200
Pus( @ A=0) = (6l + (0] (1 - ) , (2.241)
where for V = W+ we have
C= ‘f, gy = —ga =1, (2.242)
and for V =27
¢= %2 gy = ST - Qpsin? by, ga= —(T}). (2.243)
cos? Oy 2 2
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Summing and averaging the transverse W¥ distributions gives

— 2 2
fppalen@y) = U=, (CQV), (2.244)

82 z
2.6.4 Beyond Leading Logarithm
The above leading logarithm (LL) result, gives us a result of the form
eX-scattering = ey -splitting ®  ~vyX-scattering. (2.245)

However, the ey-splitting function is universal and will reappear for each successive splitting. This

is particularly important for when the momentum transfer is very large, in which case

a(Q?) log (52) ~1, (2.246)

and our perturbative treatment breakdowns. Though a(Mz) ~ 1/128 is quite small, is becomes a
considerable problem from QCD where a5(Myz) ~ 0.1. The solution is actually to consider summing

over an arbitrary number of parton splittings

n
gX-scattering = Z qg -splitting ® - - - gg -splitting ® g X-scattering. (2.247)
k=1

k-splittings
The result is an expression that can be exponentiated

Y aF(Q?) log <Qz> ~ exp [a(Q2) log <2>] (2.248)
2 = .

f

This process, only given schematically here, is called resummation and is an all-orders, hence
non-perturbative, result. For the the case of QCD, collinear radiation is “resummed” using the
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations, resulting in what are known as the
parton distribution functions (PDFs). These functions give the likelihood of observing a particular
parton species, e.g., anti-strange quark or gluon, in a hadron, e.g., proton or Pb nuclei, possessing
a fraction z of the hadron’s energy at a momentum transfer of Q2. The distribution function
fy/e in Eq. (2.237) is another example of a PDF. By fixing the PDFs at a particular momentum
transfer and energy fraction, in say deeply inelastic scattering (DIS) ep experiments, the DGLAP
equations are used to evolve the PDF's to a different scale, such as those observed in LHC collisions

or potentially at a future 100 TeV collider.
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2.6.5 Elastic Photon PDF

It is worth noting that our previous results were reliant on the parton model and dealt with point-
particles. As the proton is charged, at momentum transfers below a couple GeV, it too can give

rise initial-state photons in pX collisions. The elastic photon PDF for a proton is given analytically

by [47]
2
El apm (1 =€) A min
£ - ., apm ~ 1/137, 2.249
~p(8) - & |7 Q2 @ Q2 EM ~ 1/ ( )
2 52 2
min pY, Y= 1—¢) = 0.71 GeV*®, m, = 0.938 GeV, (2.250)
3
1 1 y(1—b)
= (1 Clog 14+ 2=
o) = (1+ay) og< +$>+Zk1+xk PR
3
Y 1+x—0
1+=) |1 2.251
+ C<+4> og( 1+x >+z:1k1+:c ’ (2.251)
L 1 o ~7.16, b=1 4m 3.96, ,u%—l 0.028(2.252
G_Z( +/'Lp)+Q70 _Qio - c=—— =0 (2.252)

Here, AEI is a upper limit on elastic momentum transfers such that f,]f/lp = 0 for Qy > AEI. In
Eq. (2.249), and later in Eq. (2.270), since Q < mz, a(p = Q) = apm ~ 1/137 is used. In the
hard scattering matrix elements, a(u = Mz) is used. See Ref. [48] for further details.

Equation (2.249) has been found to agree well with data from TeV-scale collisions at Q, ~
my, [49]. However, applications to cases with larger momentum transfers and finite angles lead to
large errors and increase scale sensitivity. Too large a choice for Asl will lead to overestimate of cross
sections [47]. However, we observe negligible growth in fgl at scales well above Agl =1-2 GeV,
in agreement with Ref. [50].

Briefly, we draw attention to a typo in the original manuscript that derives Eq. (2.249). This
has been only scantly been mentioned in past literature [51,52]. The sign preceding the “y(1 —b)”
term of ¢ in Eq. (2.251) is erroneously flipped in Eq. (D7) of Ref. [47]. Both CalcHEP [53-55] and
MG5_aMC@NLO [56] have the correct sign in their default PDF libraries.

At these scales, the gauge state 7y is a understood to be a linear combination of discrete states:
the physical (massless) photon and (massive) vector mesons (w, ¢, ...), and a continuous mass spec-
trum, a phenomenon known as generalized vector meson dominance (GVMD) [57]. An analysis
of ZEUS measurements of the F5 structure function at Q?Y < m% and Bjorken-z < 1 concludes

that GMVD effects are included in the usual dipole parameterizations of the proton’s electric and
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magnetic form factors Gg and Gy [58]. Thus, the radiation of vector mesons by a proton that are

then observed as photon has been folded into Eq. (2.249).

2.7 FACTORIZATION THEOREM, PARTON LUMINOSITIES, AND
HADRONIC CROSS SECTION

We are now in position to introduce hadronic level cross sections and the Factorization theorem.

We start by considering some partonic-level process
a+b— X. (2.253)

We suppose that both a and b are massless and possess proton PDFs, denoted by f, (&1, p?) and
fo/p(€2, ©?), where &; is the energy fraction of proton P;, and f; /p are evolved to factorization scale
u?. The partonic center of mass is denoted as § = (p, + py)?, and the minimal invariant mass

needed for the process to proceed is denoted by §x. The pa — X + Y scattering rate is then

1
olpa— X +Y) = / ey (&) 6(ab— X), (2.254)
é'énln
where
§ = (pa+1b)° = 2Papb = 2P2paba = Spako (2.255)

is the relation between the partonic and the p — a system’s c.m. energies. This last line implies

3 amin 2 a
&M = min < i > =7 = &, and  sp," = min <; > =m%. (2.256)
a

Spa Spa Spa
Similarly, we can construct the pp — X +Y” scattering rate from the semi-partonic pb initial-states.

The corresponding limits of integration for the splitting function integrals are

" = min (S”“> Sl _ My Tmin (2.257)
Spp Spp Spp
2 2
min mX mX
_ _ R 2.258
2 " /& ( )
This gives us
1
o> X+¥") = [ de fuple) o X +), (2.259)
gpin
_ / g / s fuppl€) fugplE2) S(ab > X), (2.260)

= / d€1/ d&2 farp(§1) foyp(&2) 6(ab — X). (2.261)

min m 1
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However, our assignment of a to the first proton and b to the second proton was arbitrary and

indistinguishable from the reverse assignment. Thus, we obtain the Factorization Theorem

1 1
o> X+¥) = [ de [ e ULl 1)y (E2,?)3 a0 X) + a0 )] | (2262)

where 7 is the minimal energy fraction required for the process to be kinematically allowed

é .
- 6162, Tmin = rzlna (2263)

('IJ\CJ:»

and states that a sufficiently inclusive hadronic-level scattering at sufficiently large momentum
transfers can be expressed as a convolution of the partonic-level scattering with the probability
(PDFs) of observing the participating partons in the hadron. In other words, the likelihood of
observing a particular process in hadron collisions can be obtained by “multiplying” (convolving)
the probabilities of partons reproducing the desired final-state and the likelihood of finding said
probabilities in the scattering hadrons.

Using the relationship 7 = £1£3, we can make the change of variable

1 1
d
/4 dﬁz:/ =, (2.264)
i o €1

min

allowing us to write

o(pp = X +Y") = / / G rf (€ fo(E2)d(ab = X) + (152)] . (2:265)

For 2 — 1 processes, this readily simplifies to

olop— X +Y") = / / i [fa/p &) hpl€) e dPSﬁ(leﬂ (2.266)

- [ w[% i [fa/p@l)fb/p(@)f;g%a( ) + (14> 22267

1
- E [l [fa/p@l)fb/p(@) st D). (2.268)

S Tmll'] 51
2.7.1 Inelastic Photon PDF

Following the methodology of Ref. [48], we can extend our discussion on initial-state photons from
electrons and protons in Section 2.6 to initial state photons from quarks in protons. The inelastic

cross section for producing final-state X is given explicitly by

1 1 1
Salop > X+ anything) =S [de [ e [ s
aq 7T T0/&1 T0/é1/&2

X [fq/p (51’Q3‘) fv/q( Qw) Taw (52’Qf) o (q172) + (1H2)}7 (2.269)

To = mg(/s, T=35/s =& &z
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The Weizsicker-Williams photon structure function [44,45] is given by

2T z

2 2 2
oM €, [(1+(1 -2 Q

Frjg(2 Q%) = q < (1-2) ) log (Ahjel> , amw ~ 1/137, (2.270)
¥

where e2 = 4/9 (1/9) for up-(down-)type quarks and Agnel is a low-momentum transfer cutoff. In
DGLAP-evolved photon PDFs [59], Agnel is taken as the mass of the participating quark. Ref. [48]
argues a low-energy cutoff O(1 — 2) GeV so that the associated photon is sufficiently off-shell for
the parton model to be valid. Taking AIWIlel = AEI = O(1 — 2) GeV allows for the inclusion of
non-perturbative phenomena without worry of double counting of phase space [3].

Fixing z and defining &, = {2z, we have the relationships

70

7 for fixed &;. (2.271)
1

7o = min (§1§22) = min (§1§y) = min(§,) =

Physically, &, is the fraction of proton energy carried by the initial-state photon. Eq. (2.270) can
be expressed into the more familiar two-PDF factorization theorem, i.e., Eq. (2.262), by grouping

together the convolutions about fy//, and f, /u:

1 1 1 df 1 5

%: /T " 3 /T e dz fr)g(2) fopp(&2) = ; /T " 7” - dz fr0(2) Fyp <;> (2.272)
1

= [ e 2.273)

bood
i?lejl (6’% Q’277 Q?) = Z/ . 5 ffy/q/ (Z, Q%) fq//p (&:, Q3c>2274)
q Zmin=8vy

The minimal fraction z of energy that can be carried away by the photon from the quark corresponds
to when the quark has the maximum fraction &, of energy from its parent proton. Thus, for a fixed
&, we have

1 = max(§2) = max <§7) & = min(z) = ¢,. (2.275)

z min(z)

The resulting expression is
1 1
Ommel(pp = NIEX) = Z/ dé; / B dés [ farp (€1, Q%) f?};l (£2,Q2,Q%) 6 (1) + (1 < 2)
q 70 T0/61

Real, initial-state photons from inelastic quark emissions can be studied in MG5 by linking
the appropriate Les Houches accord PDFs (LHAPDF) libraries [60] and using the MRST2004
QED [59] or NNPDF QED [61] PDF sets. With this prescription, sub-leading (but important)

photon substructure effects [62], e.g., Py, splitting functions, are included in evolution equations.
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Figure 5: Parton luminosity as a function of /7 at (a) 14 TeV and (b) 100 TeV.

2.7.2 Parton Luminosities

From the Factorization Theorem, we can extract the parton luminosity £, which is a measure of
the parton-parton flux in hadron collisions. Parton luminosities are given in terms of the PDFs

fi,j/p by the expression

dL;; 1 L o
0y = G = o [ E e @i (565) <o) @2m)
where for a process
i+j— X, (2.277)
we have
1 1
olpp > X+Y) = > / dé, / A&y [Fijp(€ar 17) £p(&, 1) (1] — X) + (i 5 5)] (2:278)
ij 770 &
1 .
= /T ar) % 6(ij — X). (2.279)
0 74]

In Fig. 5, we plot the parton luminosities for various initial-state pairs in y/s =14 and 100 TeV
pp collisions. We include the light quarks (u,d, ¢, s) and adopt the 2010 update of the CTEQ6L
PDFs [63]. We evolve the quark PDFs to half the total partonic energy,

Qf = . (2.280)
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2.7.3 Parton-Vector Boson Luminosities

We can extend the definition of parton luminosities to quark-V-scattering where V' is a spin-1 vector

boson that collinearly splits from initial parton ¢ by making the replacement in Eq. (2.278)

Fn& Q3 > fupl6Q3.Q2), (2.281)
Fope @@ = % / E =@ (j@%) (2.282)

resulting in the following ¢V luminosity formula

/ € / dZZ[fq/p fv/qu(é)wq/p (;)fvm/(z)fq//p@)]- (2.283)

/e F Ty
We plot the ¢V parton luminosities at 14 and 100 TeV pp collisions in Fig. 5 and observe that the

luminosities are typically ~ o smaller than the gq rates.

2.7.4 Vector Boson Scattering: Double Initial-State Parton Splitting

We further extend luminosities to initial-state V'V’ scattering by making a substitution of initial-

state parton j in Eq. (2.278):

The resulting luminosity expression is
d d d
Syyi(T) = / d / =L / e (2.285)
5VV’ +1) je 2 Jrjepm 22 4o

T

<ot o) S (e ) # Bupae) g ) fun (s ) £l

We plot the WW parton luminosities at 14 and 100 TeV pp collisions in Fig. 5.

2.8 STATISTICS

2.8.1 Poisson Statistics

To determine the discovery potential at a particular significance, we first translate significance into

a corresponding confidence level (CL),! e.g.,

20 <+ 95.45% CL, 30 <> 99.73% CL, 50 <> 99.9999% CL. (2.286)

!We use o-sensitivity and CL interchangeably in the text.
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Given an given integrated luminosity £, SM background rate ogy, and CL, say 95.45% CL, we solve

for the maximum number of background-only events, denoted by n’, using the Poisson distribution:

b b

0.9545 = > P (Kl = osuL) =3 ("Sll\f')eﬂwﬁ. (2.287)
k=0 k=0 ’

The requisite number of signal events at a 95.45% CL (or 20 significance) is obtained by solving for
the mean number of signal events p* such that a mean number of total expected events (u® + u?)

will generate n® events only 4.55%(= 100% — 95.45%) of the time, i.e., find u* such that

s bynb
P (k: > nblu = p® + u”) = (“(Jr,f)‘,)e—m”ﬂ”) = 0.455. (2.288)
n?)!
The 20 sensitivity to nonzero Sy, is then
S
S — (2.289)

L X 0Tot 0

For fixed signal o, and background ogy rates, u® + pb = (o5 + ogum) X £. The required luminosity

for a 20 discovery can then be obtained by solving Eq. (2.288) for L.

2.8.2 Gaussian Statistics

In the large event limit, we approach Gaussian statistics and the uncertainty greatly simplifies. For
given number of expected SM background events N, and number of actual observed events N,, the
significance estimator is given by

N, — Nb

o= =T (2.290)

For a new physics signal, we may replace N, — N, by Ny, the number of signal events after a
luminosity £. Both the signal and background processes then have corresponding cross sections,

labeled by o, and o3. The significance can then expressed as

N osL O
g = = e
VNs + Ny VosL+o L Jos+top

indicating a power-law growth in significance as a function of data.

VL, (2.291)
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3.0 HIGGS BOSONS FROM THE TOP DECAYS

3.1 INTRODUCTION

The discovery of a light, Standard Model (SM)-like Higgs boson at the CERN Large Hadron
Collider (LHC) [26,27] is a tremendous step towards understanding the underlying mechanism of
electroweak (EW) symmetry breaking (EWSB). The observed signal, consistent with the leading
production mechanism gg — h, indicates the existence of the Higgs boson coupling to the top-
quark [64]. Ultimately, the tth coupling may be determined at the LHC luminosity upgrade and
at a high energy ete™ linear collider [5]. Regardless of their rarity, a Higgs boson that is less
massive than the top quark implies that ¢ — h transitions exist. With an annual luminosity of
L =100 fb~! /yr, the 14 TeV LHC will produce over 90 million #f pairs a year [65]. Thus, searches
for t — h transitions that are sensitive to new physics scenarios are an essential part of the LHC

program. For example: the rare decay involving the Flavor Changing Neutral Current (FCNC)
t — ch. (3.1)

This process is particularly interesting for several reasons. At leading order, it is induced at one-
loop in the SM and, due to GIM suppression [35,66,67], its branching fraction is very small, about
1074, NLO QCD contributions increase this by 10% [68]. However, new physics beyond the
SM (BSM), such as an extended Higgs sector [66,69-72] or Supersymmetry (SUSY) [73-75], can
significantly enhance this decay, making it a very sensitive channel to new physics.

In this study, we consider another ¢ — h transition:
t— W7*b h, (3.2)

where the off-shell W* decays to a pair of light fermions. We now know that this is kinematically
allowed in the SM. Proceeding at tree-level through the diagrams depicted in Fig. 6, Eq. (3.2) has

been previously evaluated [76-82]. Both the tth and WW h interactions are simultaneously involved,
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resulting in a certain subtle, but accidental, cancellation. The predicted branching fraction in the
SM is about 10~Y. Though still small, the rate is significantly larger than that of Eq. (3.1), thereby
representing the leading ¢ — h transition in the SM. Subsequently, we are motivated to investigate
how sensitive Eq. (3.2) is to new physics.

To systematically quantify this sensitivity in a model-independent fashion, we first employ the
approach of Effective Field Theory (EFT). In particular, we consider the effects of gauge invariant,
dimension-six operators that can alter the ¢th interaction and take into account constraints on
anomalous tth couplings imposed by data.

It is highly probable that the scalar sector responsible for the EWSB extends well beyond a
solitary Higgs boson. For example: in the Two Higgs Doublet Model (2HDM), one of the best
motivated SM extensions, an additional scalar SU(2)y, doublet is introduced to facilitate EWSB.
We extend our study into leading ¢ — h transitions by considering CP-conserving variants of
the so-called Type I and Type II 2HDM, denoted by 2HDM(I) and 2HDM(II), respectively. The
corresponding decay channel is

t — W*bH — f1f2 bH, (3.3)

where H is generically either one of the two CP-even (h, H) or the CP-odd (A) Higgs bosons, and
f1, f2 are the light fermions in the SM. For h/H, Eq. (3.3) proceeds identically though Fig. 6. For
A, the middle diagram is absent.

The remainder of this analysis proceeds as follows: In section 3.2, we introduce our theoretical
framework and comment on current experimental constraints for each new physics scenario. We
then present in section 3.3 the SM, EFT, 2HDM(I), and 2HDM(II) predictions for the top quark
branching fraction of Eq. (3.3) over respective parameter spaces. Observation prospects at present
and future colliders are briefly addressed in section 3.4. Finally in section 3.5, we summarize our

results and conclude.

3.2 THEORETICAL FRAMEWORK

The theoretical frameworks under consideration include the effective field theory (EFT) for tth
interactions up to dimension-six operators (Section 3.2.1), the two Higgs doublet model of Type
I [2HDM(I)] (Section 3.2.3), and Type II [2HDM(II)] (Section 3.2.4). Current experimental con-

straints on the model parameters are also presented.
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Figure 6: Feynman diagrams representing the leading transition ¢ — H in Eqgs. (3.2) and (3.3).

Drawn using the package JaxoDraw [83].

3.2.1 The SM as an Effective Field Theory

To systematically search for new physics beyond the reach of present-day experiments, we employ
Effective Field Theory (EFT) to model new physical phenomena and linearly realize the SM gauge
symmetries [84-86]. After integrating out heavy degrees of freedom at a scale A, the low energy

effects can be parameterized by

L="Lsv+ Lrg, Lpg = Z fL’-]Oi,ja (3.4)

(2
2%

where Lgy is the SM Lagrangian, the f; ; are real, dimensionless “anomalous couplings” naturally
of order 1 ~ 4, and O; ; represent SU(3). x SU(2)r, x U(1)y-invariant, dimension-(4+ ) operators
constructed solely from SM fields. When f; ; — 4w, however, one is likely in the strong coupling
regime and the EFT approach breaks down. Here, f;; is assumed to be O(1). For the remainder
of the text, we consider only the next-to-leading interactions at dimension-six and drop the ¢ = 2

subscript.

3.2.1.1 EFT framework and parameters Many linearly independent dimension-six opera-
tors can affect the tth, WW h, bbh, tWb, htc/u, or 4-point tWbh vertices [84-94]. Results from the
ATLAS and CMS experiments indicate that the WWWh coupling is close to its SM value [26,27,64],
and evidence suggest that the bbh coupling cannot be much larger than the SM prediction [95,96].
As dimension-six tWbh verticies originate from terms of the form tWb(v + h) [85,89], the size of
anomalous 4-point tWbh couplings are restricted to be small by the stringent limits on anomalous

tWb couplings [88,90,97-100]. Anomalous htc/u couplings are constrained to be small [72,101-103].
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As we are interesting in the next-to-leading contribution to the ¢ — W*bh transition, we consider
those operators affecting the weakly constrained tth vertex only. In the basis of Ref. [85], the
most general tth interaction Lagrangian one can construct using linearly independent dimension-
six operators requires only two operators [92] (one CP-even and one CP-odd):

2 2
— (@ote — ) (qrtpd + 75 On=ildte—2) (gtpd — din
Op= (2"~ 5 qrtr® + ®'tgqr ), Opn=1(2'® - 5 qrtr® — @'trqr | , (3.5)
where ® is the SM Higgs SU(2) doublet with U(1)y hypercharge +1,

v = \/§<(I)> ~ 246 Gevv qr = (Ey E)a i) = i02¢)*a tL/R = PL/Rt7 (36)

and Pp/p = %(1 F7°) is the left /right-handed (LH/RH) chiral projection operator. These respec-
tively lead to anomalous scalar- and pseudoscalar-type interactions and correspond to the operator
Quyp in Refs. [86,93], which assume compler Wilson coefficients. To investigate the sensitivity of
operators that select out different kinematic features from those listed above, we consider also the

two redundant! (CP-odd) operators
—(1 L _ o
0, = [81(D,) + (D,)'0] (@7"a1), O = [#1(D,) + (D, ®)18] (Twr*ta),  (37)

which respectively lead to anomalous left/right-handed (LH/RH) chiral couplings. We do not
consider other operators that can affect the ¢t — W*bh decay because their Wilson coefficients are
strongly constrained by data.

After EWSB, the tth interaction Lagrangian contains four? new independent terms:
L f_if —d° —id" ) th %*u Lp Rp
= =75t (v — 9" —ig ") th+ (== )0V (9" P+ 9" Pr) 1, (3.8)

where y; is the SM top quark Yukawa coupling,

gmy
= ~ ) 39
Yt \/QMW (3.9)
and the anomalous couplings g* beyond the SM (BSM) are
v? - v? —(1) v? — 02
QSthlp, QP:fﬂpa gL:fgp;p, QR:ftQE- (3.10)

! Using integration by parts and the appropriate equations of motion, e.g., iﬁqL = yuuRCi>+yddR<I‘, one finds that

the operator Oy» is linearly dependent on O and Oy plus the bottom quark analogues. Similarly, 651,1; is linearly
dependent on Oz and Oy [86].

2 The anomalous LH chiral bbh coupling from 6$; is ignored as its contribution suffers from kinematic and helicity
suppression. See the discussion in Sections 3.3 and 3.3.1.
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Table 6: Bounds on EFT couplings

Operator g% Bound A/ |fol [GeV]
—0.72 < ¢° < 0.21 > 537
On

1.77 < ¢° < 2.70 150 — 185

On —l4<gP <14 > 208

The relative minus signs between y; and ¢X are arbitrary due to the unknown couplings f. To
better understand the influence of ¢° and g on Eq. (3.2), it is useful to rewrite the relevant parts
of Eq. (3.42) as

g —g° —ighy® = g"t (e‘iﬁcp Pp + e'cr PL> : (3.11)

where the effective coupling, g™, and the CP-violating (CPV) phase, dcp, are

P

(3.12)

Eff-:\/ _ 45)2 P2 — i1 g
g =\ (w—9°)*+9" 2 dcp=sin
[\/(yt—gS)QJrg”

3.2.1.2 EFT Constraints Independent of deviations in the h — v channel and with no
assumption on the Higgs boson’s total width, ATLAS has measured the gluon-gluon fusion (ggF)

scale factor to be [64]
kg =1.08°0%%, K2 =0(g9 — h)/o™M (g9 — h). (3.13)

Since ggF is dominated by a top quark loop, we can approximate an anomalous ¢° contribution to

the observed rate by

(ye — g°)? s

o(gg — h) = k2 x c®M(gg — h) = 5 X o
Yi

7 g9 — h), (3.14)

implying
g° € [—0.72,0.21) U [1.77,2.70] at 20. (3.15)

Similarly, we can relate Eq. (3.13) to g© by

_yi+(gh)?

a(gg — h) :Hg x oM (gg — h) ~ 2 x oM (gg = h), (3.16)
t
indicating
gt € [-1.41,1.41] at 20. (3.17)
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We next translate measurements of s, into bounds on the cutoff scale of new physics involving
operators Oy and Oy . The bounds on new physics scales A/ m are given in Table 6. With
the Naive Dimensional Analysis (NDA) [104,105] and fo ~ O(1), the new physics scale is pushed
to about O(1 TeV). Translating limits on #, into bounds on g%/, and hence on 583 and Oy, is

a nontrivial procedure due to the derivative coupling. Subsequently, such results are not presently

available.

3.2.2 Linear Dependence of EFT Operators

Reference [93,94] argue that the operators

[ — . 1)2 - ot
Oﬂ:< 2) %M¢+w%wﬂ Oﬂ:ZQﬂ¢_2><%mW_¢HMJ
N —(1 —
Oz = [¢'(Dup) + (Dup)le| @rytr),  Ofy) = ¢ (Dup) + (Dup)le| (@r"0), (3.18)

are linearly dependent with respect to each other. Following the notation of Ref. [86], ¢ is the
Higgs SU(2)r, doublet, » = io?p*, qr = (tr,br), and tryr = Pr/rt, where Pp/p = (1 F+°)
is the LH/RH chiral projection operator. In this basis, all the operators above have real Wilson
coefficients. These effective operators introduce (clockwise beginning from (;;) anomalous scalar,
pseudoscalar, LH vector couplings, and RH vector couplings. The bottom two operators introduce

derivative couplings of the form

(Ouh)¥" PryL- (3.19)

We will show that Oy is equivalent to the top two operators, up to an overall coefficient; we will

(1)

also show that 6@(] can be expressed in terms of the first two operators and the bp analogue.

To demonstrate this, the equations of motion (EoM) for quarks will be necessary. They can be

obtained from the SM Lagrangian:

EQuarks = iWQL + lﬁpuR + Z%de (320)
— Tugrurp — Vagrdre — Uh@ iR — Theldrar, (3.21)

where I'y represent Yukawa couplings and, for T A = 2)\ and ST = % I
(DMqL) = (0 +1igs aﬁG + 195 kWI +1ig'Y,B ) (3.22)

with weak isospin and color indices j,k =1,2 and o, 8 = 1, 2, 3.
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Taking the appropriate functional derivatives, the EoMs can be obtained. For ¢, the RH

up-type quark ur and the RH down-type quark dg these are

iBar = Tyupp + Tudnp < g P = —z(ﬁ QL> = Ifglug —Tlpldr  (3.23)
iPug =T} (@ML) <~ @wrp = _i(ﬁuR) = —T'y (qrp) (3.24)
Ddn=T}(dla) = @D =—i(Pdr) = Ta(@v) (3.25)

3.2.2.1 Opn and Oy As noted above, Oy and Oy possess real Wilson coefficients. The

operators in Ref. [86] possess complex coefficients, and so the operator
pr = (‘pT(P> (EdR¢) (3'26)

in Ref. [86] maps with a one-to-one correspondence to Oy and Oy.

3.2.2.2 Oy For the operator O;o, we see

On = [¢'(Dup)+ <Duso>*so] (trr"t) (3.27)
_ :¢T(a TSO] (TRt R) (3.28)
= -au(SOTSO)} (try"tR) (3.29)
15P / L oD, (Fts) (3.30)
= / + (¢') [(Eﬁtzz) + (Eﬁt}zﬂ (3.31)
= [[.] + @ofm@om il (s)] (3:32)
~ / L imue e, (3.33)

where [ f .. ] denotes a total derivative and has no observable effect on the physical amplitude.
Subsequently, we see that this operator is proportional to @y, and its Hermitian conjugate, and

hence is a linear combination of Oy and Oy.
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3.2.2.3 @Sq) For the operator 68; , We obtain

¢ (Dup) + (Dug)e | (@ ar) (3.34)
2u('9)| @rar) (3.35)

[+ @@ (3.36)
[+ @o(@bu)+ (@ha)] (337)
/ S e [ (T PR+ T ¢'bR) ar — iz (T trd + Ty bry) | (3.38)
[+ i) [Tl o) + (o bras) - Di(aited) - Tolazbae)](3:39
/-

+ 1 [H.C. — Ftqu - Pde@] (340)

where Q4 is a Ref. [86] operator and

Qap = <<ﬂTs0) (T@Tury) - (3.41)

In this case, 6@(1 is linearly independent only because we do not include an operator analogous
to Qq,. However, Ref. [92] points out that the most general tth Lagrangian constructed from the

minimal set of dimension-6 operators has the form

1 -
Lun = ———t (VY +iY, P42 th 3.42
tth 2 ( t t 7) ( )

for real YtV’A because the derivative coupling terms identically vanish due to equations of motion.

The dimension-six operators used here are taken from from Whisnant, et al. [85]. However, the
issue of redundant operators reported by Grzadkowski [86], Aguilar-Saavedra [92], and Einhorn &
Wudka [93,94] appeared more than a decade after the Whisnant, et al.

3.2.3 Type I Two Higgs Doublet Model

In the generic CP-conserving 2HDM, EWSB is facilitated by two SU(2), doublets, ®;, for i € {1,2},
each with U(1)y hypercharge +1 and a nonzero vacuum expectation value (vev) v;. A Z3 symmetry
is applied for ®; <> @5 to eliminate tree-level FCNC but may be softly broken at loop-level. After
EWSB, there are five physical spin-0 states: h, H, A, and HT, which are respectively the two
CP-even, single CP-odd, and U(1)gas charged Higgs bosons with masses my, mpg, ma, and mp+.

By convention, we fix the ordering of h and H by taking

mp < mg.
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Table 7: Neutral Scalar Boson Couplings in the 2HDM(I) Relative to the SM Higgs Couplings

Vertex SM 2HDM 1 sin(f—a)=1—- Ay
hua/dd | 0 or 1 % 1—Av+1/2AV—A%/cotﬁ
RWHW= | Oor1 | sin(8 — «) 1-Ay
Hua/dd | 0or 1 :ﬁg (Ay —1)cot B+ 1/2Ay — A2
HW*TW= | 0or1 | cos(f — a) \/2Ay — AL
Auu - cot 3 cot 3
Add - —cot 3 —cot 8

Two angles, o and [, remain as free parameters. « measures the mixing between the two CP-even
Higgs fields to form the mass eigenstates (h, H) and spans a € [—7/2,7/2]. [ represents the
relative size of (®;) and is defined by

tan 8 = (®a)/(P1) = vo/v1, S €[0,7/2]. (3.43)

Reviews of various 2HDMs and their phenomenologies can be found in Refs. [106-108].

3.2.3.1 In the 2HDM(I), much like in the SM,

Type I 2HDM framework and parameters
only one Higgs doublet is responsible for generating fermion masses and couples accordingly; the
second CP-even Higgs boson interacts with fermions through mixing. The interaction Lagrangian

relevant to this study is

gm, _ (. cosa sina | g
L — h H — iy’ Acot
> 2MWU < sin 8 + sin 8 Ao B) "
amg — CcoSs & sina . g
— dlh H A cot d
2 My < sng T Hsmpg T4 ﬁ)

+ gMw W, WH hsin(8 — a) + H cos(8 — o] . (3.44)

In Eq. (3.44), urg) is the LH (RH) up-type quark spinor, dr(g) is the down-type quark analogue,
and ¢ is the weak coupling constant in the SM.

Discovering a Higgs boson with SM-like couplings greatly impacts the 2HDM. In particular, the
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measured couplings to weak bosons [26,27,64] imply either
sin(f —a) ~1 for h to be SM-like, (3.45)
or cos(f —a)~1 for H to be SM-like. (3.46)
Generally, we may parameterize how far sin(f — «/) is away from one and define Ay such that
sin(f—a)=1—-Ay, 0< Ay <L (3.47)

We restrict the couplings to have the same sign as those of the SM [32] and limit Ay up to
one. Eq. (3.47) maps to the parameterization used by the SFitter Collaboration [109] by taking
Ay — —Ay and allowing Ay < 0. After substituting o by Ay in Eq. (3.44), we have

gy, _

L> — QMWU{h(l—Av+\/2AV—A%—cotﬂ>+H<(AV—1)cotB+\/2AV—A%,>}u
gmq

_ 2MWd[h(l—Av—I—\/ZAV—A%/cotﬁ)+H((AV—1)cotB+\/2AV—A‘2/>}d

gy 1. 5 L gmd .5
2MWU [ry Acotﬁ] U 2de[ry Acotﬁ] d

+  gMyW,W* {h(l —Ay) + Hy/2Ay — A%,] : (3.48)

Table 7 summarizes the bosonic and fermionic couplings to the neutral scalar in the 2HDM(I)

+

relative to those in the SM, i.e., the 2HDM(I) coupling coefficient divided by the SM coupling
coefficient. In the small (large) Ay limit, A (H) becomes SM-like and H (h) becomes non-SM-like.
At Ay =0 (Ay = 1), H (h) decouples from the gauge bosons. The relevant tree-level couplings
to A are independent of Ay as they are initially independent of a. In the large tan § limit, A
decouples from the theory. For all parameter scenarios considered, we identify the SM-like Higgs

as the one with stronger couplings to WW, ZZ, and having a mass of 125.5 GeV.

3.2.3.2 Type I 2HDM Constraints Since the Higgs boson’s discovery, many reports have
appeared investigating the 2HDMs’ compatibility with data [32,109-122]. We list here constraints
relevant to the 2HDM(I) and note when a result is applicable to other types. The following bounds
assume one SM-like Higgs boson at approximately 126 GeV.

(i) cos(B — ) — tan 8 Parameter Space: A global fit of available LHC data, in particular from
h — vy, VV, bb, 7H77, has set stringent bounds [121]. Representative values at 95%CL are

cos(f8 —a) < 0.3 (0.40) [0.42] for tanS = 2.4 (10) [100]. (3.49)

Similar conclusions have been reached by Refs. [115,117,119,120,122].
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(ii) my+ —tan B Parameter Space: For all 2HDMs, flavor observables exclude at 95% CL [123,124]

tanf <1 for mpg+ < 500 GeV. (3.50)

Values of tan3 < 1 are allowed given a sufficiently heavy H* [114,116,123,124]. Due to
the particular tan f dependence, no absolute lower bound on mpyg+ from flavor constraints
exists in the 2HDM(I) [123]. An observation of excess B — D*7v decays [125] has yet to be
confirmed and is not considered.

(iii) Additional Higgs Masses: For both 2HDM(I) and (II), additional CP-even scalars below LEP
bounds [126-128] are allowed given sufficiently decoupled H* and A [112]. A second CP-even

Higgs is incompatible with LHC data for mass
180 GeV < mpy < 350 GeV, (3.51)
but allowed outside this range [113]. Direct searches for H* and A exclude [127-130]
mpg+, ma < 80 GeV. (3.52)

Additional considerations include the compatibility of a SM-like Higgs boson with EW precision
data in general 2HDMs [110], the perturbative unitarity limits on the heavy Higgs masses in a
general, CP-conserving 2HDM [118,131,132], and perturbative unitarity limits on tan 5 in an exact
Zo-symmetric, CP-conserving 2HDM [111,119]. Since FCNC do exist in nature and the SM, it is

unnecessary to impose the severe constraints on tan S associated with an exact Zo symmetry.

3.2.4 Type II Two Higgs Doublet Model

3.2.4.1 Type Il 2HDM framework and parameters In the 2HDM(II), one Higgs doublet is
assigned a hypercharge +1, giving masses to fermions with weak isospin T} = +%, and the second
is assigned a hypercharge —1, giving masses to Tg = —% fermions. The doublets are denoted

respectively by ®, and ®4, and 3 is written as
tan 8 = (D) /(Pg) = vy /vg. (3.53)

After EWSB, the CP-conserving interaction Lagrangian relevant to Eq. (3.3) is similar to Eq. (3.44),
with the only difference being the down-type quark Yukawa couplings:

gmg — sin o cosa . g
— d|—h H — i7" At d. .54
£ 2Myw < cos f3 + cos f3 vy aAtan B) (3:54)
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Table 8: Neutral Scalar Boson Couplings in the 2HDM(II) Relative to the SM Higgs Couplings

Vertex SM 2HDM II sin(f—a)=1—- Ay

huw Oor1l % 1—Av+\/2AV—A%/cotﬁ

hdd Oorl —(S:g;% 1—Av—w/2AV—A%/tan,B
RWTW= | Oor 1 | sin(f — «) 1—Ay

Huu 0orl :‘;g (Ay —1)cot B+ 4/2Ay — A2

Hdd | 0Oor1l cosd (1—Ay)tanf +1/2Ay — A},
HWTW= | 0or1 | cos(8— ) \/2Ay — A2

Aun — cot B cot 3
Add — tan 3 tan 3

The notation used in Eq. (3.54) is the same as the 2HDM(I) Lagrangian Eq. (3.44). Using Eq. (3.47),
and similar to Eq. (3.48), the preceding line becomes

gmd = / /
L> — 2de|:h<].AV 2AVA%/tan6)+H<(1AV)tanﬂ+ 2AvA%/>:|d

gmg = 5
DMy dv°d Atan . (3.55)

+ 1

Table 8 summarizes the bosonic and fermionic couplings to the neutral scalars in the 2HDM(II)
relative to those in the SM. Like the 2HDM(I), in the small (large) Ay limit, A (H) becomes
SM-like and H (h) becomes non-SM-like. At Ay =0 (Ay = 1), H (h) decouples from the gauge
bosons. In this same limit, the h (H) Yukawa couplings become independent of tan 5. Unlike the
2HDM(I), A only decouples from the theory if taken to be infinitely heavy.

An important feature for the Higgs couplings to fermions is that the down-type quark couplings
are enhanced at higher values of tan 8, while the up-type quark couplings are suppressed. For the

charged Higgs however, there is an interplay between the two and the particular value tan g =

\/ mMS(my)/ mlb\Ts(mt) ~ 7.6 minimizes the decay ¢ — H"b. Though no such minima occur in the

2HDM(I), sensitivity to tan = 7.6 will be investigated in both 2HDM scenarios.

3.2.4.2 Type II 2HDM Constraints Constraints relevant to the 2HDM(II) are listed here.
See Section 3.2.3 for generic 2HDM bounds.

90



(i) cos(B — o) — tan B Parameter Space: A global fit of available LHC data, in particular from
h — vy, VV, bb, 7777, has set stringent bounds [121]. Representative values at 95% CL are

cos(f —a) < 0.06 (0.01) for tanpg = 2.4 (10). (3.56)

Similar conclusions have been reached by Refs. [115,117,119,120,122].
(ii) my+ — tan B Parameter Space: Flavor observables, and in particular BR(B — Xgv), exclude
at 95% CL [124,133,134]
mp+ < 327 GeV  for all tan (3.57)

From BR(B — 7v) measurements, the UTfit Collaboration [135] has determined the absolute

bound
mpg+
t A—. .
an f < T4 (3.58)
3.3 BRANCHING RATIOS
The discovery of a SM-like Higgs boson at 126 GeV [26,27,64] implies that
t— Wb, W S il (3.59)

is kinematically allowed and proceeds through the diagrams given in Fig. 6. Following Ref. [81],
we define the t — W*bh partial width as

L(t — ptv,bh)

I'(t = Wbh) = .60
and the ¢ — W*bh branching ratio by
I'(t — Wbh
BR(t — Wbh) = (;>) Dror. = D(t — WH). (3.61)
Tot.

With CalcHEP 3.4.2 [53-55], we find excellent agreement with Ref. [81]. With updated param-
eters [26,27,64,136]:

myS(my) = 173.5 GeV, mp®(m;) =3.01 GeV, m; = 1255 GeV, m, =0 GeV,
My = 80.385 GeV, My, =91.1876 GeV, Gp 1.1663787 x 107> GeV !,
Iy = 2.085 GeV, BR(W — uv) = 0.1057, (3.62)

we calculate 'ty at leading order to be

Irot. = 1.509 GeV, (3.63)
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Table 9: BR(t — Wbh) for Benchmark Values of Anomalous tth Couplings

g~ BR(t — Wbh)

¢ | 0.5 | 1.075x 1079

—0.5 | 3.078 x 107

g | 05 | 1.929x107°

—0.5 | 1.928 x 107?

g“ | 05 | 1.812x107°

—0.5 | 1.812x107°

g% | 05 | 1.927x107°

—0.5 | 1.928 x 1079

and find that the SM predicts
BR™(t — Wbh) = 1.80 x 107°. (3.64)

The smallness of this branching fraction falls from several features, including phase space suppres-
sion associated with the three-body final state, kinematic suppression due to the off-shell W boson,
and an accidental cancellation between the leading tth and subleasing WWh diagrams. Neverthe-
less, this decay rate is O(10°) larger than the well-studied [66,67] two-body ¢ — ch transition. This
is due to the GIM suppression for the FCNC.

In the remainder of this section, we investigate how the branching fraction can change in the

context of EFT, 2HDM(I), and 2HDM(II).

3.3.1 EFT BR(t — Wbh)

We present first the behavior of BR(t — Wbh) as a function of anomalous ¢th couplings. For one
non-zero anomalous coupling from Eq. (3.42) at a time, we calculate the branching fraction over
the domain g% € [~2,+2] and set all other anomalous couplings to zero. Bounds on ¢° and g”,
Eqgs. (3.15) and (3.17) respectively, are applied. The results are shown in Fig. 7. To investigate
the sensitivity of operators that select out different kinematic features, we include the redundant

operators listed in Eq. (3.7), which give rise to anomalous g” and g*. In all plots, the SM prediction
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Figure 7: BR(t — Wbh) as a function of (a) ¢°, (b) g¥, (c) g%, (d) g”. The solid line denotes the
SM prediction, Eq. (3.64). The shaded region is excluded at 95% C.L.

as in Eq. (3.64) is shown as a (black) solid line labeled by “SM”. Table 9 lists values of the branching

fraction for various benchmark values of g~

In Fig. 7(a), BR(t — Wbh) as a function of the anomalous scalar coupling ¢° is shown. From
the Lagrangian in Eq. (3.11), it is clear that (y; — ¢°) acts as an effective Yukawa coupling. For
g° < 0, the anomalous coupling enhances the already dominant top-Higgsstrahlung diagram. For
¢° > 0, an accidental cancellation among the anomalous scalar, Yukawa, and gauge terms results in

a minimum at ¢° ~ 0.92. When ¢° > 0.92, the quadratic term takes over and causes the branching
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fraction to grow. An observed transition rate smaller than the SM prediction thus implies that

g% > 0. Indirect measurements of the tZh coupling, as seen in Fig. 7(a), indicate that
BR(t — Wbh) = (0.8 ~ 2.1) x BRSM(t — Wbh). (3.65)

Figure 7(b) shows the influence of an anomalous pseudoscalar coupling, g*, on BR(t — Wbh).
From the Lagrangian in Eq. (3.11), similar to the discussions in the previous session, the t — h
transition is symmetric with respect to g© due to the dominance of the quadratic term. Both
couplings contribute greatest when the intermediate, off-shell top quark propagates in its RH he-
licity state, which gives an m; enhancement over other diagrams. The CPV associated with dcp is
unobservable here because the asymmetry is proportional to interference terms, which are small.

The linear dependence on ¢° in interference terms from the previous case and the strict quadratic
dependence on g% here implies that that branching fraction is less sensitive to small values of g%
than it is to small values of ¢°. The rate therefore grows more slowly as a function of g than ¢°.

As seen in Figure 7(b), the bounds on g© allow
BR(t — Wbh) = (1 ~ 1.5) x BR®™(¢t — Wbh). (3.66)

In Fig. 7(c), we see the branching fraction as a function of an anomalous LH vector current
with coupling g”. Over the domain investigated, the contribution is rather small. We turn to
kinematics to elucidate this behavior. First, the anomalous contribution is proportional to k, /v,
where k,, is the momentum of the Higgs. Since the energy budget for this process is fixed at mq,
and since we require a final state Higgs (Ey, 2 mp,), ku/v ~ Ej /v ranges between 0.5 ~ 0.6, leading
to kinematic suppression of anomalous contributions. Second, note that a fermion participating in
two sequential LH chiral interactions necessarily propagates in its LH helicity state. Hence, the
anomalous contribution is proportional to the internal, off-shell top quark momentum and leads to
helicity suppression of anomalous contributions. We consequently expect and observe very small
growth in the branching fraction over the range of g~.

Figure 7(d) displays the results for BR(t — Wbh) as a function of anomalous RH vector
current with coupling ¢*. Unlike the LH case, the anomalous contribution has a large effect over
the domain considered, comparable to ¢° and g”. As in the previous case, there is kinematic
suppression; however, there is no longer helicity suppression. A massive fermion participating in
a RH chiral interaction followed by a LH chiral interaction propagates in its RH helicity state.
Hence, as in the g” case, the anomalous contribution is proportional to m;. Comparatively, there

is a faster rise in the transition rate as a function of g® than g”.
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Table 10: BR(t — WbH) for Benchmark Values of Higgses in the 2HDM(I)

H (125.5 GeV) | Ay | tang | BRZPMID (¢ — WhH)
h 0.05 3 1.840 x 1079
h 7.6 1.714 x 1079
H 0.7 3 1.460 x 107*
H 7.6 1.567 x 1079
h 0.7 3 4.643 x 10710
h 7.6 2.573 x 10710
A (100 GeV) 3 1.814 x 107
A (100 GeV) 7.6 2.829 x 10710
T 1 ] C I i
h, Ay=0.05
Ly M j L SM -
. N L e T M B TR T ‘\: """" . —"’__”
—_ H, A,=0.7 o= TR e,
T10% T B0 g -
~a 2HDM(I) 1 P HtanB=l3 TSl 1
= E, 1 = : FER Ry h, tanp= 3 ]
i K . my, mH=1255 GeV ] i V4 H, tanf= 3™ \\\ 7
T [ e hA=07 1T 0 SN |
N N & AN
[ + g % + /,‘_....- H, tanB=7.6 h, tanB=15\.\\\ ]
10717 Haz00s |0l B ospma) T AN
- ] ' m,.m =1255GeV W\ ]
C R R B B B . ‘ ‘ ‘ \ ‘ A
5 10 15 20 0 0.5 1
tan 3 Ay
(a) (b)

Figure 8: The 2HDM(I) BR(¢t — WbH) as a function of (a) tan 5 for SM-like h (long dash), H
(dash-dot), and non-SM-like h (short dash), H (dot); (b) Ay for h at tang = 3 7.6, 15 (short
dash, long dash, dash-dot), and for H (dot, long dash, dash-dot). The solid line denotes the SM
prediction, Eq. (3.64).

95



3.3.2 Type I 2HDM BR(t — WbH)

The behavior of BR(t — WbH), where H represents h, H, or A in the 2HDM(I), is presented in

this section. To explore sensitivity to the anomalous WW H coupling, Ay, we consider
tan 8 =3, 7.6, 15 for Ay € [0,1]. (3.67)

For these values of tan 3, the largest deviation in the WW H coupling allowed by present data

corresponds to a light SM-like Higgs with cos(8 — a) = 0.3, i.e.,
Ay =0.05 (0.7) for h (H)=~ hM. (3.68)
To determine the mass sensitivity, we focus on the mass windows
my € [95 GeV,126 GeV], mpy € [126 GeV, 155 GeV], m4 € [95 GeV, 155 GeV]. (3.69)

Below 95 GeV, the SM Z boson background becomes relevant, making observation of the transition
very difficult; above 155 GeV the kinematic suppression of ¢ — H/A becomes too great for practical
purposes. However, it is straightforward to extrapolate these results in the event of a neutral scalar’s
discovery in these peripheral ranges.

Table 10 lists values of BR(t — WbH) for several Higgses and benchmark parameter values.

3.3.2.1 BR(t —» Wbh,H) vs tanf3, Ay The decay rates for t — W*bh and t — W*bH as a
function of (a) tan 8 and (b) Ay are shown in Fig. 8. Except for low value of tan 8 < 3, the rates
are always smaller than the SM rate. Beyond tan 8 ~ 3, the SM-like CP-even Higgs rates become
independent of tan 8 and converge to asymptotic values; for the non-SM-like Higgses, this occurs
at tan 5 =~ 15. To see how this happens, note that the Yukawa couplings in the 2HDM(I) (Table

7) take the simple form

¢y cot B+ ca, (370)

where c; 2 are elementary functions of Ay, as seen in Table 7. In the large tan 8 limit, the ¢; part
vanishes, leaving the asymptotic value cy. In the SM-like limit, the co terms are larger than the
c1 contributions, whereas the reverse holds in the non-SM-like limit. We extract asymptotic values

by observing that for a given CP-even Higgs the co terms and WW H couplings are the identical.
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Figure 10: The 2HDM(I) BR(t — WbA) as a function of (a) tan § and (b) m 4 for tan 8 = 3, 7.6, 15
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Consequently,

lim BRYPMU) (s 5 wobh) = (1— Ay)?BRM (t — Wbh)

tan f—o00

= sin? (8 — a)BR*M(t — Wbh) (3.71)
t liﬁm BR2HPMU) (4  WhH) = (2Ay — AL)BRSM (¢ — Whh)
an p—oo

= cos? (8 —a)BRM(t — Wbh). (3.72)

For our choices of Ay, the asymptotic rates in Fig. 8(a) are

Jim BRYPVO (- WhH) = 0910 x BRSY (¢ = Woh), (3.73)
Jim BRIV (- Weh) = 0,903 x BRSY (¢ — Whh), (3.74)
Jim BRIV (- WhH) = 0.098 x BRSY (£ - W), (3.75)
Jim BRYPYO @ woh) = 0.090 x BRSY (¢ — Whh), (3.76)

and agree well with numerical calculations.
The Ay dependence in Fig 8(b) and the relationship between h and H is indicative of much
broader behavior found in all 2HDM variants. To saturate the sum rule for the electroweak sym-

metry breaking [106], the KWW coupling (gnww) and the HWW coupling (gmww ) obey

ngLWW + ghww = g}%SMwwa (3.77)
where gp,smyyyy is the SM AW W coupling. For h and H with degenerate masses,
BR(t — Wbh) + BR(t — WbH) = BR™™ (t — Wbh) + O(cot? B). (3.78)

Indeed, Egs. (3.71) and (3.72) satisfy this relationship. Furthermore, this can be extended to an
arbitrary number of scalar SU(2);, doublets and singlets [106]. Though mass splittings, etc., will
break this equality, it provides a useful estimate for processes involving transitions in models with

additional scalar SU(2) doublets and singlets.

3.3.2.2 BR(t — Wbh/H) vs my g As a function of mass, we plot in Fig. 9 the decay rates
for t - W*bH where H is a non-SM-like CP-even Higgs; the mass of the SM-like Higgs is taken to
be 125.5 GeV. For a mass below (above) 110 GeV, we observe that transition rate to a non-SM-
like Higgs remains above (below) the SM rate. As the scalar mass decreases and the W* comes

closer to being on-shell, the availability of phase space greatly ameliorates the coupling suppression
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Table 11: BR(t — WbH ) for Benchmark Values of Higgses in the 2HDM(II)

H (125.5 GeV) Ay | tang | BRZPMUD ¢ 5 WHH)
h 5x107° | 3 1.813 x 1079
h 7.6 1.809 x 107
H 0.99 3 1.798 x 107
H 7.6 1.802 x 1079
h 0.99 3 1.440 x 10710
h 7.6 4.990 x 1071
A (100 GeV) 3 1.760 x 107
A (100 GeV) 7.6 1.007 x 107

associated with Ay,. However, despite this relief, the transition rate to a non-SM-like H stays below
the SM rate for much of the parameter space. The insensitivity to large and moderate tan 3 seen

in Fig. 9 is consistent with previous discussions.

3.3.2.3 BR(t —» WbA) vs tan 3, my Here, we consider the decay rate to the CP-odd Higgs,
t — W*bA. Fig. 10 shows BR(t — WbA) as a function of (a) tan 8 and (b) ma. Except for very
low tan S and mass, the branching fraction remains well below the SM prediction for much of the
parameter space, approximately equaling it at tan 5 ~ 3 for m4 = 100 GeV. Due to CP-invariance
in the gauge sector there is no tree-level AWW contribution. And since the ffA couplings are
independent of Ay, the decay rate is fixed entirely by m 4 and tan 8. Destructive interference still
exists, however, since the ttA and bbA vertices differ by a minus sign. A quadratic dependence
on cot 3 is the consequence the ffA coupling (oc cot3). See Table 7. Despite this monotonic
dependence on tan §, which implies that BR(¢t — WbA) is a direct measure of tan  were it to be
measured, the recuperation of available phase space at low m4 is unable to compensate for the

cot? 3 suppression.
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Figure 11: The 2HDM(II) BR(t — WbH) as a function of (a) tan 8 for SM-like h (long dash),
H (dash-dot), and non-SM-like h (short dash), H (dot); (b) Ay for h at tan 8 = 3 7.6, 15 (short
dash, long dash, dash-dot), and for H (dot, long dash, dash-dot). The solid line denotes the SM

prediction, Eq. (3.64).
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Figure 12: The 2HDM(I) BR(t — WbH) as a function of mass for a non-SM-like (a) h and (b)

H assuming tan 8 = 3, 7.6, 15 (short dash, long dash, dash-dot). The solid line denotes the SM

prediction, Eq. (3.64).
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3.3.3 Type II 2HDM BR(t — WbH)

We report here the behavior of BR(t — WbH), where H represents h, H, or A in the 2HDM(II).
The same values of tan 8 are used here as the Type I case. To avoid constraints, we choose a Ay

that corresponds to a light Higgs with cos(8 — «) = 0.01, i.e.,
Ay =5.x107° (0.99) for h (H)~ hM, (3.79)

Table 11 lists values of the branching fraction for several Higgses and benchmark parameter values.
In the following figures, the predicted SM decay rate is shown as a black, solid line labeled by
LLSM”.

3.3.3.1 BR(t —» Wbh,H) vs tan 3, Ay Figure 11 depicts the branching ratio BR(t — WbH)
for both of the CP-even Higgses as a function of (a) tan 8 for SM-like and non-SM-like h and H,
and (b) Ay for small and large values of tan f3.

In Fig 11(a), for SM-like Higgses, the branching fraction is indistinguishable from the SM
prediction as a function of tan 3; for non-SM-like Higgses, however, the rates minimize for tan 8 =
7 ~ 8. This dependence on tan 3 is indicative of a playoff between the t#H and the bbH couplings.
In the SM limit, this specific behavior is suppressed for SM-like Higgs bosons because the couplings
to these bosons grow independent of tan 5. When h is non-SM-like (Ay = 0.99), sensitivity to tan 3
maximizes because the tan S-independent parts of the fermionic Higgs couplings nearly cancel. As
tan 3 grows, the contribution from tZh (o cot 3) runs BR(t — Wbh) down until the bbh contribution
(o tan ) takes over at tan 8 & 7.6. When H is non-SM-like (Ay = 5.x107%) we expect and observe
similar behavior as the non-SM-like h case.

Much of the relationship between h and H observed in in Fig. 11(b) is type-independent and
the discussion can be found in the Type I scenario. For a light Higgs, we indeed see that at
tan S = 7.6 transition rates are minimized for all values of Ay,. For a heavy Higgs, however, this
value of tan 8 only minimizes the rate in the h — AS™ limit, in which case the t — H transition
rate vanishes. The ¢t — H rate minimum occurs at larger Ay with decreasing tan 5 because the

ttH (bbH) contribution becomes numerically larger (smaller).

3.3.3.2 BR(t — Wbh,H) vs mpy Figure 12 presents the t — W*bH branching ratio for a
non-SM-like Higgs boson as a function of mass. For the mass window given in Eq. (3.69), we find

considerable enhancement in the decay rate relative to the SM rate due to the increase in available
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Figure 13: The 2HDM(II) BR(t — WbA) as a function of (a) tanf and (b) m4 for tanf =
3, 7.6, 15 (short dash, long dash, dash-dot). The solid line denotes the SM prediction, Eq. (3.64).

phase space, overcoming the coupling suppression associated with scalars that have non-SM-like

coupling.

3.3.3.3 BR(t - WbA) vs tan 3, my Turning to the CP-odd Higgs decay channel, t — W*bA,
we note that many of the arguments made in the 2HDM(I) case carry over to this situation.
Unlike the Type I scenario, however, there is only constructive interference between the fermion
contributions. Figure 13 shows BR(t — WbA) as a function of (a) tan 8 and (b) ma.

In Fig. 13(a), due to an accidental cancellation, the branching fraction minimizes at tan 3 =~ 5.8,
which is unsurprisingly close to the ¢ — H*b minimum at tan § = \/W ~ 7.6. At tan 8 =~ 5.8,
the tfA coupling (o cot ) and the bbA coupling (o tan 3) contribute equally. At smaller values of
tan 3, ttA is the dominant term but is driven down by an increasing tan 3; and at larger values, bbA
is the dominant term, which ramps up the rate. In the large tan 8 limit, the t£A graph becomes
negligible and the rate becomes quadratically with tan 3.

In Fig. 13(b), we observe a similarity between A and the non-SM-like Higgs boson, Hx. We
attribute this to a similarity of contributing diagrams. For example: the WW A vertex does not exist
because of CP-invariance, and by virtue of being non-SM-like, the WW H x vertex is considerably

suppressed. In this domain, fermionic couplings to A and Hx also have the same dependence on
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tan 3.

3.4 OBSERVATION PROSPECTS AT COLLIDERS

In this section, we estimate observation prospects at current and future colliders. The 14 TeV LHC

tt production cross section at NNLO in QCD has been calculated [65] to be
o NAEQ (tT) = 933 pb. (3.80)
The SM pp — tt — WW?*bbh cross section at the LHC is thus estimated to be
oracia(pp — tt — WW*bbh) ~ 2 x o MyEQ (1) x BR(t — Wbh) = 3.4 ab. (3.81)

The factor of two in the preceding line accounts for either top or antitop quark decaying into the
Higgs. To assure a clear trigger and to discriminate against the large SM backgrounds, we require

at least one W boson decaying leptonically (¢ = e, u), i.e.
BROWW* — £+~ 0 + 05 ~ 0.33. (3.82)
The total cross section for an arbitrarily decaying h is therefore estimated to be
oricia(pp — tE — WW*bbh — h({T0 vy +jj£i(u}))) ~ 1.1 ab. (3.83)

Higgs branching fractions and detector efficiencies will further suppress this rate. Such a small cross
section means that observing this SM process will be challenging. Following the same procedure,
we estimate Eq. (3.83) for several proposed colliders and collider upgrades; the results are given in

Table 12.

3.5 SUMMARY AND CONCLUSION

Given the discovery of a SM-like Higgs boson, we have recalculated the rare top quark decay mode
t — W*bh, where h represents the SM Higgs boson. We have extended this calculation to include
the effects of anomalous tth couplings originating from effective operators as well as both CP-even
and the single CP-odd scalars in the CP-conserving 2HDM Types I and II. The most updated

model constraints have been reported. We summarize our results:
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Table 12: Cross sections for ¢ and t8 — WW*bbh — h({T¢ vy + jjFvy) at 14 [65], 33 [137],
and 100 [138] TeV pp, and 350 GeV ete™ [139] Colliders.

Process 14 TeV pp | 33 TeV pp | 100 TeV pp | 350 GeV eTe™
o(tt)[pb] 933 5410 2.7 x 10* 0.45
o(tt — h(tHl ~vwp + jjéi(zjg))) [ab] 1.1 6.5 32 5% 1074

(i)

(i)

(iii)

(iv)

The SM predicts a t — W*bh branching ratio of
BR(t — Wbh) = 1.80 x 107° for my = 125.5 GeV. (3.84)

This is the leading ¢ — h transition, five orders of magnitude larger than the next channel
t — ch. See Eq. (3.64).

Present LHC Higgs constraints on anomalous tth couplings permit up to a factor of two
enhancement of the ¢ — W*bh transition. See Eq. (3.65).

The operator Oy, which selects different kinematic features than either Oy or Oy, results in
comparable enhancement of the ¢t — W*bh transition. See Fig. 7.

In the 2HDM(I), decays to CP-even Higgses do not decouple in the large tan  limit and their
rates approach asymptotic values that are functions of the anomalous WWh coupling. They
are given in Egs. (3.71) and (3.72).

In the Type I (II) 2HDM, due to the increase in available phase space, the branching ratio to
a light, non-SM-like Higgs boson can as much as 2 (7) times larger than Eq. (3.84).

In the Type I (II) 2HDM, the branching ratio to a light, CP-odd Higgs can be as much as
1.6 (3) times larger than Eq. (3.84).

The pp — tt — WW*bbh — h({t vy + jjﬁi(u_g)) production cross section at the 14 TeV
LHC and future colliders have been estimated [Eq. (3.83)]; a few ¢ — W*bh events over the full
LHC lifetime. Due to enhancements in gluon distribution functions, any increase in collision

energies can greatly increase this rate.
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4.0 INCLUSIVE HEAVY MAJORANA NEUTRINO PRODUCTION AT
HADRON COLLIDERS

4.1 INTRODUCTION

The discovery of the Higgs boson completes the Standard Model (SM). Yet, the existence of nonzero
neutrino masses remains one of the clearest indications of physics beyond the Standard Model
(BSM) [140-147] The simplest SM extension that can simultaneously explain both the existence of
neutrino masses and their smallness, the so-called Type I seesaw mechanism [148-157], introduces a
right handed (RH) neutrino Ng. Via a Yukawa coupling y,,, the resulting Dirac mass is mp = y, (®),
where @ is the SM Higgs SU(2)z doublet. As Ny is a SM-gauge singlet, one could assign Np a
Majorana mass mjs without violating any fundamental symmetry of the model. Requiring that

mps > mp, the neutrino mass eigenvalues are

m
mlme—D and ma ~ myy. (4.1)
mug

Thus, the apparent smallness of neutrino masses compared to other fermion masses is due to the
suppression by a new scale above the EW scale. Taking the Yukawa coupling to be y, ~ O(1),
the Majorana mass scale must be of the order 10'3 GeV to recover sub-eV light neutrinos masses.
However, if the Yukawa couplings are as small as the electron Yukawa coupling, i.e., y, < O(107°),
then the mass scale could be at O(1) TeV or lower [158-161].

Given the lack of guidance from theory of lepton flavor physics, searches for Majorana neutrinos
must be carried out as general and model-independent as possible. Low-energy phenomenology of
Majorana neutrinos has been studied in detail [1,160-175]. Studied first in Ref. [162] and later in

Refs. [163-168], the production channel most sensitive to heavy Majorana neutrinos (V) at hadron

colliders is the resonant Drell-Yan (DY) process,
pp— W 5 N+ with N> WT 0% W¥ 55 (4.2)
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Figure 14: Diagram representing resonant heavy Majorana neutrino production through the DY

process and its decay into same-sign leptons and dijet. All diagrams drawn using JaxoDraw [83].

in which the same-sign dilepton channel violates lepton number L by two units (AL = 2); see
figure 14. Searches for Eq. (4.2) are underway at LHC experiments [176-178]. Non-observation in
the dimuon channel has set a lower bound on the heavy neutrino mass of 100 (300) GeV for mixing
[Vv|? = 1072 (=1 [177]. Bounds on mixing from 0v38 [179,180] and EW precision data [181-184]
indicate that the 14 TeV LHC is sensitive to Majorana neutrinos with mass between 10 and 375
GeV after 100 fb~! of data [166]. Recently renewed interest in a very large hadron collider (VLHC)
with a center of mass (c.m.) energy about 100 TeV, which will undoubtedly extend the coverage,
suggests a reexamination of the search strategy at the new energy frontier.

Production channels for heavy Majorana neutrinos at higher orders of o were systematically
cataloged in Ref. [165]. Recently, the vector boson fusion (VBF) channel W~ — N/* was studied
at the LHC, and its ¢-channel enhancement to the total cross section was emphasized [174]. Along
with that, they also considered corrections to the DY process by including the tree-level QCD
contributions to N/*+jets. Significant enhancement was claimed over both the leading order (LO)
DY signal [166,168] and the expected next-to-next-to-leading order (NNLO) in QCD-corrected DY
rate [185], prompting us to revisit the issue.

We carry out a systematic treatment of the photon-initiated processes. The elastic emission
(or photon emission off a nucleon) at colliders, as shown in figure 15(a), is of considerable interest
for both SM [47,51,186-190] and BSM processes [48, 50,52, 62,191-195], and has been observed
at electron [196], hadron [49,197], and lepton-hadron [198,199] colliders. The inelastic (collinear
photon off a quark) and deeply inelastic (large momentum transfer off a quark) channels, as depicted

in figure 15(b), may take over at higher momentum transfers [59, 188,200]. Comparing with the
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Figure 15: Diagrammatic description of (a) elastic and (b) inelastic/deeply inelastic yp scattering.

DY production q¢’ — W* — N¢*, we find that the W+ fusion process becomes relatively more
important at higher scales, taking over the QCD-corrected DY mechanism at 2 1 TeV (770 GeV)
at the 14-TeV LHC (100 TeV VLHC). At my ~ 375 GeV, a benchmark value presented in [168],
we find the W contribution to be about 20% (30%) of the LO DY cross section.

NNLO in QCD corrections to the DY processes are well-known [185] and the K-factor for the
inclusive cross sections are about 1.2—1.4 (1.2—1.5) at LHC (VLHC) energies. Taking into account
all the contributions, we present the state-of-the-art results for the inclusive production of heavy
neutrinos in 14 and 100 TeV pp collisions. We further perform a signal-versus-background analysis
for a 100 TeV collider of the fully reconstructible and L-violating final state in Eq. (4.2). With the
currently allowed mixing |[V,n|? < 6 x 1073, we find that the 50 discovery potential of Ref. [168]
can be extended to my = 530 (1070) GeV at the 14 TeV LHC (100 TeV VLHC) after 1 ab™!.
Reversely, for my = 500 GeV and the same integrated luminosity, a mixing |VMN|2 of the order
1.1 x 1073 (2.5 x 107*) may be probed. Our results are less optimistic than reported in [174].
We attribute the discrepancy to their significant overestimate of the signal in the tree-level QCD

calculations, as quantified in section 4.3.3.4.

The rest of paper is organized as follows: In section 4.3, we describe our treatment of the several
production channels considered in this study, address the relevant scale dependence, and present
the inclusive N/* rate at the 14 TeV LHC and 100 TeV VLHC. In section 4.4, we perform the
signal-versus-background analysis at a future 100 TeV pp collider and report the discovery potential.

Finally summarize and conclude in section 4.5.
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4.2 NEUTRINO MIXING FORMALISM

Our formalism and notation follow Ref. [1,168]. We assume that there are three left-handed (L.H.)
neutrinos (denoted by v,r,,a = 1,2,3) with three corresponding light mass eigenstates (denoted by
m), and n right-handed (R.H.) neutrinos (denoted by Ny g, o' = 1,..., n) with n corresponding
heavy mass eigenstates (denoted by m'). The mixing between chiral states and mass eigenstates

may then be parameterized [168] by

vy, o Usxs Vaxn Um (4 3)
NE Xn><3 Ynxn an/

where ¢¢ = C@T denotes the charge conjugate of the spinor field ¢, with C labeling the charge
conjugation operator, and the chiral states satisfy ¢§ = (¢°)r = (¢¥r)°. Expanding the L.H. and

R.H. chiral states, we obtain:

3 n+3 3 n+3

VaL =Y TmUpa+ > N& Vi, Nop = UnXpw+ > NoYiw  (44)
m=1 m/=4 m=1 m/=4
3 n+3 3 n+3

Ven = VaUna+ > NoyVia, Nor=Y VoXma+ Y NpVivw.  (4.5)
m=1 m/ =4 m=1 m’'=4

Under this formalism, one expects diagonal mixing of order 1,
UUTand YYT ~ O(1); (4.6)
and suppressed off-diagonal mixing,
VVTiand XXT ~ O(my, /mpy). (4.7)

For simplicity, we consider only the lightest, heavy mass eigenstate neutrino N. The SM W coupling

to heavy neutrino N and charged lepton ¢ can now be written as

VP~ + Hee.. (4.8)

T 3
L= — \%;WJ [Z%UEW—HVCV{;V

m=1

4.3 HEAVY N PRODUCTION AT HADRON COLLIDERS

For the production of a heavy Majorana neutrino at hadron colliders, the leading channel is the

DY process at order a? (LO) [162]

qq7 — W = N (*, (4.9)
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The QCD corrections to DY-type processes up to a? (NNLO) are known [185], and will be included
in our analysis. Among other potential contributions, the next promising channel perhaps is the
VBF channel [165]

Wy — N+ (4.10)

due to the collinear logarithmic enhancement from t-channel vector boson radiation. Formally of
order o, there is an additional o suppression from the photon coupling to the radiation source.
Collinear radiation off charged fermions (protons or quarks) leads to significant enhancement but
requires proper treatment. In our full analysis, Ws are not considered initial-state partons [165]
and all gauge invariant diagrams, including non-VBF contributions, are included.

We write the production cross section of a heavy state X in hadronic collisions as

1 1
o(pp > X +anything) = 3~ [ dea [ a8 [Fipl6a QD Fip(6 QP30 - X) + i 6> k11
ij © 70 €

= /Idfzdﬁ” 6(ij — X). (4.12)
. d

0 Z_] T
where &, ; are the fractions of momenta carried by initial partons (4, j), @ is the parton factorization
scale, and 7 = §/s with /s (v/3) the proton beam (parton) c.m. energy. For heavy neutrino
production, the threshold is 79 = m%\, /s. Parton luminosities are given in terms of the parton

distribution functions (PDFs) f; ;/,, by the expression

o dﬁm 1 1 df 2 T 2 . B
vyr) = G = /T T e @ (£:Q3) + o0 (4.13)
We include the light quarks (u, d, ¢, s) and adopt the 2010 update of the CTEQ6L PDFs [63]. Unless

stated otherwise, all quark (and gluon) factorization scales are set to half the c.m. energy:
Q= V3/2. (4.14)

For the processes with initial state photons (), their treatment and associated scale choices are
given in section 4.3.3.

For the heavy neutrino production via the SM charged current coupling, the cross section is
proportional to the mixing parameter (squared) between the mass eigenstate N and the charged

lepton £ (e, i, 7). Thus it is convenient to factorize out the model-dependent parameter |Vyy|?
o(pp = NE€*) = ao(pp — N*) x |[Vow /%, (4.15)

where ¢ will be called the “bare cross section”. Using the phase space slicing method [201-204],

the heavy Majorana neutrino production can be evaluated at next-to-leading order (NLO) in QCD
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Figure 16: (a) 14 TeV LHC (b) 100 TeV VLHC N/* cross section, divided by |V;y|?, and NLO
K-factor as a function of my at LO DY (solid) and NLO in QCD(bash).

accuracy. Using the 2012 update of the CT10 PDFs [205] and factorization, renormalization scales
py = pr = mpy, we plot in Fig. 16 the LO and NLO bare cross section and NLO K-factor! as a
function of Majorana neutrino mass my at the (a) 14 TeV LHC and (b) 100 TeV VLHC. At 14
(100) TeV, for my = 100 — 600 GeV, the bare NLO rate ranges from 0.03 — 30 pb (0.6 — 250 pb).
The corresponding K-factor spans 1.13 — 1.17 (1.15 — 1.2).

The branching fraction of a heavy neutrino to a particular lepton flavor £ is proportional to
\Vel?/ >4 |Vive |2, Thus for neutrino production and decay into same-sign leptons with dijet, it is

similarly convenient to factorize out this ratio [166]:

o(pp = C0F +2§) = oolpp — (0 +25) x Sw, (4.16)
[Ven I*|Ve N ?

Sy = =" 4.17

M Z[// "QNN‘2 ( )

The utility of this approach is that all the flavor-model dependence is encapsulated into a single,
measurable number. Factorization into a bare rate and mixing coefficient holds generally for QCD

and EW corrections as well.

'The N"LO K-factor is defined as K = o™ L9 (N?)/o"C(N¢), where V" LO(NY) is the N"LO-corrected cross
section and o (N¥) is the lowest order (n = 0), or Born, cross section.
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4.3.1 Constraints on Heavy Neutrino mixing

As seen above in Eq. (4.15), one of the most important model-dependent parameters to control the
signal production rate is the neutrino mixing V;p. Addressing the origin of lepton flavor is beyond
the scope of this study, so masses and mixing factors are taken as independent, phenomenological
parameters. We consider only the lightest, heavy neutrino mass eigenstate and require it to be
kinematically accessible. Updates on heavy neutrino constraints can be found elsewhere [1,168,206].

Here we list only the most stringent bounds relevant to our analysis.

e Bounds from 0v33: For heavy Majorana neutrinos with M; > 1 GeV, the absence of Ov3j3

decay restricts the mixing between heavy mass and electron-flavor eigenstates [179, 180]:
|Vem/ |2 -5 -1
g ——— <5 x107° TeV ™. (4.18)
< M,
m

e Bounds from EW Precision Data: Mixing between a SM singlet above a few hundred GeV

in mass and lepton flavor eigenstates is constrained by EW data [183]:
Vun)? <32x 1073, |Van|?<62x 1077 at 90% C.L. (4.19)

We consider the existence of only the lightest heavy Majorana neutrino, which is equivalent to the
decoupling limit where heavier eigenstates are taken to have infinite mass. Thus, for representative

neutrino masses

my = 300 (500) [1000] GeV, (4.20)

we use the following mixing coefficients
[Ven|? = 1.5 (2.5) [5] x 1075, Vun]? =3.2x 1073, Von|? = 6.2 x 1073, (4.21)
corresponding to a total neutrino width of
'y =0.303 (1.50) [12.3] GeV. (4.22)

AsTy/my =~ 0.1% — 1%, the heavy neutrino resonance is very narrow and application of the narrow

width approximation (NWA) is justified. For Sy, these mixing parameters imply

See = 2.4 (6.6) [26] x 107®  for  my = 300 (500) [1000] GeV (4.23)
Sep = Sue =5.1(85) 17 x107%  for  my = 300 (500) [1000] GeV (4.24)
Suu=11x10"%  for  my € [100,1000] GeV (4.25)
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Though the bound on |V.y| varies with my, Sy, changes at the per mil level over the masses
we investigate and is taken as constant. The allowed sizes of Se,, S, and Sy, demonstrate the
complementarity to searches for L-violation at Ov3( experiments afforded by hadron colliders. To
make an exact comparison with Ref. [168], we also consider the bound [181,182]

~ ‘V#N‘4

S~
H ‘VMN‘Q

= |Vun?=6x1073 (4.26)

However, bare results, which are mixing-independent, are presented wherever possible.

4.3.2 N Production via the Drell-Yan Process at NNLO

Before presenting the production cross sections, it is informative to understand the available parton
luminosities (®;;) as defined in Eq. (4.13). We show ® . versus /7 for ¢’ annihilation summing
over light quarks (u,d,c,s) by the solid (black) curves in figures 17(a) and 17(b) for the 14 TeV
LHC and 100 TeV VLHC, respectively. The upper horizontal axis labels the partonic c.m. energy
V5. As expected, at a fixed v/§ the DY luminosity at 100 TeV significantly increases over that
at 14 TeV. At V3 ~ 500 GeV (2 TeV), the gain is a factor of 600 (1.8 x 103), and the discovery
potential of heavy Majorana neutrinos is greatly expanded. Luminosity ratios with respect to ® g
are given in figure 17(c) and 17(d), and will be discussed when appropriate.

Cross sections for resonant N production via the charged current DY process in Eq. (4.2)
and shown in figure 14 are calculated with the usual helicity amplitudes at the LO «?. Monte
Carlo integration is performed using CUBA [207]. Results are checked by implementing the heavy
Majorana neutrino model into FeynRules 2.0.6 [208,209] and MG5_.aMC@NLO 2.1.0 [56] (MGS5).
For simplicity, percent-level contributions from off-diagonal Cabbibo-Kobayashi-Maskawa (CKM)
matrix elements are ignored and the diagonal elements are taken to be unity. SM inputs am(M 7)s
Mz, and SiHIZ\TS(QW) are taken from the 2012 Particle Data Group (PDG) [136].

We estimate the 14 and 100 TeV pp NNLO K-factor by using FEWZ 2.1 [210,211] to compute

the equivalent quantity for the SM process
pp — W* = pFu, (4.27)

and impose only an minimum invariant mass cut, v/ §™". Because LO N/ production and Eq. (4.27)
are identical DY processes (up mass effects) with the same color structure, K-factors calculated

with a fixed § are equal.
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Figure 17: Parton luminosities at (a) 14 TeV and (b) 100 TeV for the DY (solid), elastic (dot),
inelastic (dash), and DIS (dash-diamond) N/X processes; Ratio of parton luminosities to the DY

luminosity in (c¢) and (d).

Table 13 lists?> the LO and NNLO cross sections as well as the NNLO K-factors for several
representative values of v/ §min, At v/smin = 1 TeV, the QCD-corrected charged current rate can

2 As no NNLO CTEQS6L PDF set exists, we have adopted the MSTW2008 series to obtain a self-consistent estimate
of the NNLO K-factor.
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Table 13: LO and NNLO cross sections for pp — W* — u*v at 14 and 100 TeV with successive
invariant mass cuts using MSTW2008LO and NNLO PDF Sets.

V&min | 14 TeV LO [pb] | NNLO [pb] | K || 100 TeV LO [pb] | NNLO [pb] | K
100 GeV 152 209 1.38 1150 1420 1.23
300 GeV 1.54 1.90 1.23 17.0 25.6 1.50
500 GeV 0.248 0.304 | 1.22 3.56 4.97 1.40

1 TeV 17.0 x103 | 20.5 x10~3 | 1.20 0.380 0485 | 1.28

reach tens (several hundreds) of fb at 14 (100) TeV. Over the range from v §™i* = 100 GeV —1 TeV,

K = 120—1.38 at 14 TeV, (4.28)

= 1.23—-1.50 at 100 TeV. (4.29)

This agrees with calculations for similar DY processes [212,213]. We see that the higher order
QCD corrections to the DY channel are quite stable, which will be important for our discussions
in section 4.3.3. Throughout the study, independent of neutrino mass, we apply to the DY-process

a K-factor of

K =12(1.3) for 14 (100) TeV. (4.30)

Including the QCD K-factor, we show the NNLO total cross sections [called the “bare cross section
oo” by factorizing out |Vin|? as defined in Eq. (4.15)] as a function of heavy neutrino mass in
figures 18(a) and 18(b) for the 14-TeV LHC and 100-TeV VLHC, respectively. The curves are
denoted by the (black) solid lines. Here and henceforth, we impose the following basic acceptance

cuts on the transverse momentum and pseudorapidity of the charged leptons for 14 (100) TeV,
P > 10 (30) GeV, |nf] < 2.4 (2.5). (4.31)

The motive to include these cuts is two-fold. First, they are consistent with the detector acceptance
for our future simulations and the definition of “fiducial” cross section. Second, they serve as
kinematical regulators for potential collinear singularities, to be discussed next. The pr and n

criteria at 100 TeV follow the 2013 Snowmass benchmarks [214].
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Figure 18: (a) 14 TeV LHC (b) 100 TeV VLHC N/{X cross section, divided by |Vyx|?, as a function
of the N mass for the NNLO DY (solid), elastic (dot), inelastic (dash), DIS (dash-diamond), and

summed 7-initiated (dash-dot) processes. (c,d) Ratio of cross sections relative to NNLO DY rate.

4.3.3 Photon-Initiated Processes

After the dominant DY channel, VBF via W+ fusion, as introduced in Eq. (4.10), presents a
promising additional contribution to the heavy N production. We do not make any approximation

for the initial state W and treat its radiation off the light quarks with exact matrix element
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Figure 19: Feynman diagrams for photon-initiated process ¢y — N¢*¢/ .

calculations. In fact, we consistently treat the full set of diagrams, shown in figure 19, for the

photon-initiated process at order o

qy— N (% . (4.32)

Obviously, diagrams figure 19(c) and (d) do not add to W+ fusion and are just small QED cor-
rections.® Diagram figure 19(b) involves a massless t-channel charged lepton. The collinear pole
is regularized by the basic acceptance cuts in Eq. (4.31). What is non-trivial, however, is how
to properly treat initial-state photons across the different sources depicted in figure 15. We now

discuss the individual channels in detail.

4.3.3.1 Elastic Scattering: Intact Final-State Nucleons Here and henceforth, the virtu-

ality for the incoming photon in W fusion is denoted as Q4 > 0. In the collinear limit that results

2
Y

2

p» initial-state photons

in momentum transfers on the order of the proton mass or less, Q2 < m
are appropriately described as massless radiation by an elastic proton, i.e., does not break apart
and remains as an on-shell nucleon, as indicated in figure 15(a). To model this, we use the “Im-
proved” Weizsacker-Williams approximation [47] and factorize the photon’s collinear behavior into
a structure function of the proton to obtain the elastic photon PDF ff}p. In Eq. (4.11), this entails

replacing one f;/, with fg/lp:
i€, QF) — 12,(6). (4.33)

El

/p given in Section 2.6.5, is dependent on a cutoff scale APl above which

The expression for g

the description of elastic p — ~ emission starts to break down. Typically, the scale is taken to

3 Diagram 19(d) involves a collinear singularity from massless quark splitting. It is unimportant for our current
consideration since its contribution is simply a QED correction to the quark PDF. For consistency and with little
change to our results, AP™S = 15 GeV [defined in Eq. (4.40)] is applied as a regulator.

g ~ g
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be O(m, — 2 GeV) [47,50-52,190,193-195] but should be insensitive to small variations if an

appropriate scale is chosen. Based on analysis of ep scattering at low @ [58], we take
AS' = V1.5 GeV? &~ 1.22 GeV. (4.34)

The scale dependence associated with AEI is discussed in section 4.3.5.

In figure 17, the elastic luminosity spectrum (®g)) is denoted by the (green) dot line. For the
range studied, ®g is roughly 2 — 4% of the ¢¢7 DY luminosity at 14 and 100 TeV.

We calculate the matrix element for the diagrams in figure 19 in the same manner as the DY
channel. The results are checked with MG5 using the elastic, asymmetric py beam mode. In
figures 18(a) and 18(b), we plot the bare cross section for the elastic process, denoted by a (green)
dot line, as a function of neutrino mass. The rate varies between 1 — 30 (40 — 100) fb at 14 (100)
TeV for my = 100 GeV—1 TeV. As seen in figures 18(c) and 18(d), where the cross sections are

normalized to the DY rate, it reaches about 30 (40)% of the DY rate for large my.

4.3.3.2 Inelastic Scattering: Collinear Photons From Quarks For momentum transfers
above the proton mass, the parton model is valid. When this configuration coincides with the
collinear radiation limit, initial-state photons are appropriately described as being radiated by
quark partons. To model a quark splitting to a photon, we follow the methodology of Ref. [48] and
use the (original) Weizsécker-Williams approximation [44,45] to obtain the inelastic photon PDF
fi‘};l. Unlike the elastic case, factorization requires us to convolve about a splitting function. The

inelastic N/ X cross section is obtained by making the replacement in Eq. (4.11)

Fip& Q) —  fI(E.Q5, Q%) (4.35)
Inel 2 12 dz 2 § 9
peatay = X [T rpeed s (L a). (4.36)
J

where f,/; is the Weizsicker-Williams j — ~ distribution function, with @, and @y being the
factorization scales for the photon and quark distributions, respectively. The summation is over all
charged quarks. Details regarding Eq. (4.36) can be found in Section 2.7.1.

Clearly, the scale for the photon momentum transfer should be above the elastic bound @~ >
AEI. What is not clear, however, is how high we should evolve Q.. If we crudely consider the
total inclusive cross section, we could simply choose the kinematical upper limit Q% ~ Q? ~ §/4
or §/4 —m%, which is a quite common practice in the literature [48]. However, we do not consider

this a satisfactory treatment. Well below the kinematical upper limit, the photon virtuality @,
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becomes sufficiently large so that the collinear photon approximation as in figure 19 breaks down.
Consequently, “deeply inelastic scattering” (DIS), as in figure 20, becomes the dominant feature.
For a brief review of DIS, see Ref. [215]. Thus, a more reasonable treatment is to introduce an
upper limit for the inelastic process A,?IS, above which a full DIS calculation of figure 20 should be

applied. We adopt the following scheme

DIS 15 GeV for 14 TeV
Qy = A'y = (4.37)
25 GeV for 100 TeV

Sensitivity to variations A,IYDIS are discussed in section 4.3.5.
Consistent with ®;;(7) in Eq. (4.13), we define the inelastic yg parton luminosity ®p,e to be

watr) = [ [ & Z[fq/p oG () + Fun (&) P @tnt®)] - 439)

/

In figure 17, we give the ®p, spectrum as a function of /7, denoted by the (red) dash curve,
for 14 and 100 TeV. For the range investigated, ®1,¢ ranges between 2 — 4% of the DY luminosity.
Compared to its elastic counterpart, the smallness of the inelastic luminosity is attributed the
limited Q% evolution.

The inelastic matrix element is identical to the elastic case. In figures 18(a) and 18(b), we
show the bare cross section for the inelastic process, denoted by the (red) dash line, as a function
of the neutrino mass. The rate varies between 0.7 — 30 (40 — 260) fb at 14 (100) TeV for my =
100 GeV — 1 TeV. As seen in figures 18(c) and 18(d), where the cross sections are normalized to
the DY rate, it reaches about 10 (50)% of the DY rate at large my.

4.3.3.3 Deeply Inelastic Scattering: High pr Quark Jet As discussed in the previous
section, at a sufficiently large momentum transfer the collinear photon description breaks down

and the associated final-state quark emerges as an observable jet. The electroweak process at a?
@ 2= N F g} g (4.39)

becomes DIS, as shown by the Feynman diagrams in figure 20. The top row of figure 20 can be
identified as the DIS analog of those diagrams in figure 19. Again, the first two diagrams represent
the W+ fusion with collinear log-enhancement from ¢-channel W exchange. At these momentum
transfers, the WZ fusion channel [165] turns on but is numerically smaller; see figure 20, bottom
row, first diagram. The center row and two bottom-rightmost diagrams in figure 20 represent on-

shell W/Z production at a® with subsequent W/Z — ¢’ decay. Those processes, however, scale
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Figure 20: Feynman diagrams for the DIS process q1q2 — N/ ¢} qh.

as 1/5 and are not log-enhanced. A subset of these last diagrams also represent higher-order QED
corrections to the DY process.

To model DIS, we use MG5 and simulate Eq. (4.39) at order a*. We impose? at the generator
level a minimum on momentum transfers between initial-state and final-state quarks

: 2 DIS
Jnin /(g — g5)% > A5 (4.40)

This requirement serves to separate the elastic and inelastic channels from DIS. Sensitivity to this
cutoff is addressed in section 4.3.5.

In figure 17, we show the quark-quark parton luminosity spectrum @, the source of the DIS
processes, and represented by the (orange) dash-diamond curves. Though possessing the largest
parton luminosity, the channel must overcome its larger coupling and phase space suppression. At
14 and 100 TeV, &, ranges 3 — 5 times larger than ® . The difference in size between ®,y and
D) (1nely is due to the additional coupling agm in f;E/lp(Inel).
In figures 18(a) and 18(b), we plot bare cross section as in Eq. (4.15), denoted by the (orange)

dash-diamond curve. In figures 18(c) and 18(d), the same curves are normalized to the DY rate.

At 14 (100) TeV, the cross section ranges from 1 — 60 (80 — 500) fb, reaching about 35% (80%) of

“For consistency, we also require the lepton cuts given in Eq. (4.31) and a jet separation AR,; > 0.4 to regularize
irrelevant v* — ¢g diagrams, where AR = \/A¢? + An? with y = n = —log[tan(0/2)] in the massless limit.
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Table 14:

after applying minimal acceptance cuts of Eqgs. (4.31).

Total cross sections of various pp — N¢*X channels for representative values of my

014 Tov LuC/|Ven|? [fb] my = 300 GeV | my =500 GeV | my =1 TeV
pp — N{* LO DY [K = 1.2] 293 (352) 47.3 (56.8) 2.87 (3.44)
pp — N X Elastic 10.8971 5.16756 1.23693
pp — NI X Inelastic 8.32241 3.44245 0.65728
pp — N{*X DIS 11.7 5.19 1.21
Oy —Initiated /Ty 2 0.09 0.24 0.90
o100 Tev viaC/|Ven|? [fb] | my = 300 GeV | my = 500 GeV | my =1 TeV
pp — N(* LODY [K = 1.3] | 2540 (3300) 583 (758) 70.5 (91.6)
pp — N{*X Elastic 85.8 65.5 36.4
pp — NI*X Inelastic 144 96.0 42.7
pp — N{*X DIS 210 145 76.7
Oy —Initiated /Oy 2 0.13 0.40 1.7

the DY rate.
To compare channels, we observe that the DIS (elastic) process increases greatest (least) with
increasing collider energies. This is due to the increase likelihood for larger momentum transfers

in more energetic collisions. A similar conclusion was found for elastic and inelastic v+ scattering

at the Tevatron and LHC [192].

4.3.3.4 Total Neutrino Production from ~v-Initiated Processes The total heavy neu-
trino production cross section from ~-initiated processes may be obtained by summing the elastic,

inelastic, and DIS channels [48,192]:
0y —Initiated (NCFX) = o1 (NIFX) + o1e (NFX) + opis(NEEX), (4.41)

We plot Eq. (4.41) as a function of my in figures 18(a) and 18(b) at 14 and 100 TeV, denoted by
the (blue) dash-dot curve. In figures 18(c) and 18(d), the same curves are normalized to the DY
rate. For my = 100 GeV — 1 TeV, the total rate spans 3 — 100 (150 — 1000) fb at 14 (100) TeV,
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Figure 21: (a) The tree-level differential cross section for N¢*j at o?as with respect to p]T, (b)
Integrated cross section o(N/*j) versus the minimum p%ﬂ cutoff. The solid line denotes the LO DY

rate.

reaching about 90 (110)% of the DY rate at large my. We find that the W+~ fusion represents
the largest heavy neutrino production mechanism for my > 1 TeV (770) GeV at 14 (100) TeV.
We expect for increasing collider energy this crossover will occur earlier at lighter neutrino masses.
Cross sections for representative values of my for all channels at 14 and 100 TeV are given in Table
14.

Before closing the discussion for the heavy N production at hadron colliders, an important
remark is in order. We have taken into account the inclusive QCD correction at NNLO as a

2

K-factor. In contrast, Ref. [174] included only the tree-level process at order a?a? and o

pp — N1Ej5. (4.42)

When calculating the exclusive N¢*jj cross section, kinematical cuts of prj > 10 GeV and AR;; >
0.4 were applied to regularize the cross section. For my = 300 GeV, the exclusive cross section was
found to exceed the LO DY channel at 14 TeV, whereas we find that the NNLO correction to the
inclusive cross section is only 20% with DIS contributing 3%. More recently [216], the tree-level
rate for N{j with pﬁ_f > 30 GeV was calculated to be 80% of the LO DY rate at my = 500 GeV; at

NNLO, we find the inclusive correction to be only 20%. We attribute these discrepancies to their
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too low a p]f cut that overestimate the contribution of initial-state radiation based on a tree-level
calculation.
To make the point concrete, we consider the tree-level QCD correction to the DY process at

order a2y

pp— NI, (4.43)

where the final-state jet originates from an initial-state quark or gluon. MG5 is used to simulated
Eq. (4.43). In figure 21(a), the differential cross section of p{f is shown for a minimal pr at 5 GeV.
The singularity at the origin is apparent. In figure 21(b), the 14 TeV LHC cross section as a function
of minimum pp cut on the jet is presented. A representative neutrino mass of my = 300 GeV is
used; no additional cut has been imposed. At pﬁ‘fmin = 10 GeV, as adopted in Ref. [174], the
N/j rate is nearly equal to the DY rate, well above the NNLO prediction for the inclusive cross
section [185].

4.3.4 Kinematic Features of N Production with Jets at 14 TeV

To explore the kinematic distributions of the inclusive neutrino production, we fix /s = 14 TeV
and my = 500 GeV. At 100 TeV, we observe little change in the kinematical features and our
conclusions remain the same. The most notable difference, however, is a broadening of rapidity
distributions. This is due an increase in longitudinal momentum carried by the final states, which
follows from the increase in average momentum carried by initial-state partons. For my > 100 GeV,
we observe little difference from the 500 GeV case we present. Throughout this study, jets are ranked
by pr, namely, the jet with the largest (smallest) pr is referred to as hardest (softest).

In figure 22, we plot the (a) pr and (b) n distributions of the hardest jet in pr produced in
association with N for the various W+ fusion channels. Also shown are (c¢) pr and (d) n distributions
of the sub-leading jet for the DIS channel. For the hardest jet, we observe a plateau at pp ~ My /2
and a rapidity concentrated at |n| ~ 3.5, suggesting dominance of t-channel W boson emission.
For the soft jet, we observe a rise in cross section at low pr and a rapidity also concentrated at
|n| ~ 3.5, indicating t-channel emission of a massless vector boson. We conclude that VBF is the
driving contribution vy-initiated heavy neutrino production.

In figure 23, we plot the (a) pr and (b) n distributions of the charged lepton produced in
association with N for all channels contributing to N¢ production. Also shown are the (c) pr

and (d) y distribution of N. For both leptons, we observed a tendency for softer py and broader
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Figure 23: Stacked (a) pr and (b) n differential distributions at 14 TeV LHC of the charged lepton
produced in association with N for the DY (line fill), elastic, inelastic and DIS processes. (c¢) pr and

(d) y of N for the same processes. Fill style and normalization remain unchanged from figure 22.

4.3.5 Scale Dependence

For the processes under consideration, namely DY and W+ fusion, there are two factorization scales
involved: @y and @),. They characterize typical momentum transfers of the physical processes. For

the ~-initiated channels, we separate the contributions into three regimes using AEI and ABIS.
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Table 15: Summary of scale dependence in N¢*X production at 14 TeV and 100 TeV.

Default at Variation
Scale Parameter Lower Upper
14 (100) TeV at 14 (100) TeV
my, 2.3 GeV | O(10%) (12%)
AF [Eq. (4.33)] 1.22 GeV
my 5 GeV 022%) (28%)
5GeV | 50 GeV | O(10%) (15%)
AP [Eq. (4.37)] | 15 GeV (25 GeV)
5 GeV | 150 GeV | O(18%) (27%)
QY [Eq. (4.11)] V'5/2 my /2 Vs O(10%) (5%)
QP [Eq. (4.11)] V'5/2 my /2 V5 0(15%) (8%)

Though the quark parton scale @y is present in all channels, we assume it to be near my and set
it as in Eq. (4.14).

To quantify the numerical impact of varying these scales, each relevant cross section as a function
of my is computed with one scale varied while all other scales are held at their default values. The

test ranges are taken as
mp < AP <5 GeV, 5 GeV < Q, = AP'S < 150 GeV, % <Qr< Vs, (4.44)

In figure 24, we plot the variation band in each production channel cross section due to the shifting
scale. For a given channel, rates are normalized to the cross section using the default scale choices,
as discussed in the previous sections and summarized in the first column of Table 15. High-(low-)
scale choices are denoted by a solid line with right-side (upside-down) up triangles.

For the 14 TeV LO DY process, we observe in figure 24(a) maximally a 9% upward (7%
downward) variation for the range of my investigated. Below my =~ 300 GeV, the default scale
scheme curve is below (above) the high (low) scale scheme curve. The trend is reversed for above
mpy ~ 300 GeV. At 100 TeV, the crossover point shifts to much higher values of my. Numerically,
we observe a smaller scale dependence at the 5% level.

In figure 24(b), we plot scale variation associated with the factorization scale @ for DIS.
Maximally, we observe a 16% upward (8% downward) shift. We observe that the crossover between

the high and low scale schemes now occurs at my < 100 GeV. This is to be expected as § for the
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Figure 24: Cross section ratios relative to the default scale scheme, as a function of my, for the
high-scale (triangle) and low-scale (upside-down triangle) @ scheme in (a) DY and (b) DIS. The
same quantity as a function of (c) A:E/l in elastic (dot), inelastic (dash), elastic+inelastic (dash-dot)

scattering; (d) A?IS in inelastic (dash), DIS (dash-diamond), and inelastic+DIS (dash-dot).

4-body DIS at a fixed neutrino mass is much larger than that for the 2-body DY channel. Similarly,
as v § and my are no longer comparable, as in the DY case, an asymmetry between the high- and

low-scale scheme curves emerges. At 100 TeV, we observe a smaller dependence at the 10% level.

In figure 24(c), we show the dependence on AF! in the elastic (dot) and inelastic (dash) channels,

as well as the sum of the two channels (dash-dot). For the elastic channel we find very small depen-
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dence on AEI between m, and 5 GeV, with the analytical expression for E/lp given in Section 2.6.5.
For the inelastic channel, on the other hand, we find rather large dependence on Agl between m,,
and 5 GeV. Since AiE/1 acts as the regulator of the inelastic channel’s collinear logarithm, this large
sensitivity is expected; see Section 2.7.1 for details regarding fil/lzl. We find that the summed rate
is slightly more stable. In the region m, < Af?l < 2.3 GeV, the variation is below the 10% level.
Over the entire range studied, this grows to 20%. At 100 TeV, similar behavior is observed and
the dependence grows to the 30% level over the whole range.

In figure 24(d), for my = 500 GeV, we plot the scale dependence on A?IS in the inelastic (dash)
and DIS (dash-diamond) channels, as well as the sum of the two channels (dash-dot). Very large
sensitivity on the scale is found for individual channels, ranging 40% — 60% over the entire domain.
However, as the choice of AEIS is arbitrary, we expect and observe that their sum is considerably
less sensitive to Ales. For A,IYDIS =5-50 (5—150) GeV, we find maximally a 10% (18%) variation.
The stability suggests the channels are well-matched for scales in the range of 5 — 50 GeV. Results

are summarized in Table 15.

4.4 HEAVY NEUTRINO OBSERVABILITY AT HADRON COLLIDERS

4.4.1 Kinematic Features of Heavy N Decays to Same-Sign Leptons with Jets at 100
TeV

We consider at a 100 TeV pp collider charged current production of a heavy Majorana neutrino
N in association with n = 0, 1 or 2 jets, and its decay to same-sign leptons and a dijet via the

subprocess N — (W — ljj:
pp— NO¥ + nj—r*0*F 4 (n+2)j, n=0,1,2 (4.45)

Event simulation for the DY and DIS channels was handled with MG5. A NNLO K-factor of
K = 1.3 is applied to the LO DY channel; kinematic distributions are not scaled by K. Elastic and
inelastic channels were handled by extending neutrino production calculations to include heavy
neutrino decay. The NWA with full spin correlation was applied. The elastic channel matrix
element was again checked with MG5.

Detector response was modeled by applying a Gaussian smearing to jets and leptons. For jet
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energy, the energy resolution is parameterized by [217]

(o)) a

(4.46)

) b7
E  \/E/ GeV
with @ = 0.6 (0.9) and b = 0.05 (0.07) for || < 3.2 (> 3.2), and where the terms are added in

quadrature, i.e., z®y = \/2? + y2. For muons, the inverse-py resolution is parameterized by [217]

011
Tijpr_ OOLL GV 00017, (4.47)

(1/pr) pr

We will eventually discuss the sensitivity to the e*pu® final state and thus consider electron pr

smearing. For electrons,” the pr resolution is parameterized by [217]

Opr 0.10
— =0.66 X | ——= 9 0.007 | . 4.48
pT (x/pT/ GeV ) (4.48)

Both the muon 1/pr and electron pr smearing are translated into an energy smearing, keeping the
polar angle unchanged. We only impose the cuts on the charged leptons as listed in Eq. (4.31).

In figure 25, we show the transverse momentum and pseudorapidity distributions of the final-
state jets and same-sign dileptons for the processes in Eq. (4.45), for my = 500 GeV. Jets orig-
inating from N decay are denoted by jw,, for i = 1,2, and are ranked by pr (p{rw1 > p?FWQ). As
the three-body N — /¢jj decay is preceded by the two-body N — {¢W process, p]fw scales like
my /4, as seen in figure 25(a). The jets produced in association with N are denoted by js or jg,
and also ranked by pr. As VBF drives these channels, we expect j3 (associated with W*) and j4
(associated with v*) to scale like My, /2 and AEIS, respectively. In figure 25(b), the n distributions
of all final-state jets are shown. We see that j3 and j4 are significantly more forward than jyq
and jyo, consistent with jets participating in VBF. The high degree of centrality of jy1 and jywo
follows from the central W decay.

In figures 25(c) and 25(d), we plot the pr and 7 distributions of the final-state leptons. The
charged lepton produced in association with N is denoted by ¢1 and the neutrino’s child lepton by
ln. As a decay product, pgN scales like (my — My )/2, whereas pfiﬁ scales as (V3 — my)/2.

tends to be soft and more forward in the ~-initiated channels.

4.4.2 Signal Definition and Event Selection: Same-Sign Leptons with Jets

For simplicity, we restrict our study to electrons and muons. We design our cut menu based on

the same-sign muon channel. Up to detector smearing effects, the analysis remains unchanged for

5 For this group of exotic searches, the dominant lepton uncertainty stems from pr mis-measurement. The energy
uncertainty is only 1% versus a 20% uncertainty in the electron pr resolution [217].

128



= i w2 100 TeV VLHC | i |
(&5 L my =500 GeV | < L N
< 10? 1 S 10 5
~ L . | a L i
‘]W] — L i
S 1 5 | ,
% 54 | \bo 5 _
\O L _ '-O L i
S . ] i :
I i, j, ] I ]

O_ I L — n 0 |t

0 100  .200 300 400 -8
P]T [GeV]
(a) (b)
; I S :
— Ly | B 7 ]
> ! C 1 ]
COEC 15 4 B
< L i 2 C ]
Z I Iy 1 2 3k .
e 4 1 e T :
| I ]
g 18 7 z
] i 1 1 =
07 PR I S N A NN R SO S N SN S S| 1 O: | | PRI | | :
0 100 1200 300 400 30020 -1 0 1 2 3
p, [GeV] n

(c) (d)

Figure 25: (a) pr and (b) n differential distributions of the final-state jets for the processes in

Eq. (4.45), for my = 500 GeV; (c,d) the same for final-state same-sign dileptons.

electrons. A summary of imposed cuts are listed in Table 16. Jets and leptons are identified by

imposing an isolation requirement; we require
ARj; > 04, ARy >0.2. (4.49)

We define our signal as two muons possessing the same electric charge and at least two jets satisfying

the following fiducial and kinematic requirements:

'] < 2.5, phk>30GeV, || <25, pl>30GeV. (4.50)
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Table 16: Parton-level cuts on 100 TeV p*u*jjX Analysis.

Inf| < 2.5

™5

Candidate
| My

| < 2.5
— My/| < 20 GeV

—my| < 20 GeV (Veto)

Lepton Cuts Jet Cuts Other Cuts
ARy > 0.2 AR;; > 04 ARY™ > 0.6
ph (P5M2) > 30 (60) GeV | ph (9. M) > 30 (40) GeV Br < 50 GeV

|m§andidate _ | < 20 GeV

Table 17: Acceptance rates and percentage efficiencies for the signal pu*p® 57X at 100 TeV VLHC.

o0 [Eq. (4.16)] [fb] \  my [GeV] 300 500 1000
Fiducial + Kin. + Smearing [Eq. (4.50)] | 281 (41%) | 83.9 (45%) | 11.6 (28%)
Leading pr Minimum [Eq. (4.51)] 278 (99%) | 83.8 (>99%) | 11.6 (>99%)
ARy; Separation [Eq. (4.53)] 264 (95%) | 79.3 (95%) 10.7 (92%)
Fr Maximum [Eq. (4.54)] 263 (>99%) | 78.1 (99%) | 10.1 (95%)
My Reco. [Eq. (4.55)] 252 (96%) | 74.1 (95%) | 9.51 (94%)
me Veto [Eq. (4.56)] 951 (99%) | 73.5 (99%) | 9.42 (99%)
my Reco. [Eq. (4.57)] 244 (98%) | 64.7 (88%) | 7.79 (83%)
Acceptance [A] = g Al Cuts /g fiid-+Kin.+5m. 87% 7% 67%

The bare cross sections [defined by factorizing out Sy, as defined in Eq. (4.16)] after cuts listed in
Egs. (4.50) and (4.49) and smearing are given in the first row of Table 17, for representative masses
mpy = 300, 500, and 1000 GeV. Events with additional leptons are rejected. Events with additional
jets are kept; we have not tried to utilize the VBF channel’s high-rapidity jets. About 30-45% of all
(£0'*jj X events survive these cuts. As learned from figure 25, the 1 requirement given in Ref. [214]
= 3 or larger,

considerably reduces selection efficiency. Extending the fiducial coverage to nMax

though technically difficult, can be very beneficial experimentally.

We plot the maximum pyp of jets in figure 26(a) and of charged leptons in figure 26(b), for my =
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Figure 26: (a) Maximum jet pp, (b) maximum charged lepton pr, (c¢) minimum ARy;, (d)

AR; distributions for my = 300, 500, and 1000 GeV.

wW1Iw?2

300, 500, and 1000 GeV. One finds that the p%ﬂMaX scale is my /4 and is set by the N — W — jj

chain. For the lepton case, peraX is set by the neutrino decay and scales as my /2. In light of

these, we apply the following additional selection cuts to reduce background processes:
P M > 40 GeV,  phMEX > 60 GeV. (4.51)

The corresponding rate is given in the second row of Table 17 and we find that virtually all events
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Figure 27: (a) pf for individual contributions to pp — (£ %55 X at my = 500 GeV. (b) Total pf

for same my as figure 26.

pass Eq. (4.51). As both plq\f[ax are sensitive to my, searches can be slightly optimized by instead
imposing the variable cut

20 (%), o) wa

In each of the several production channels, the final-state charged leptons and jets are widely
separated in AR; see figure 26(c). With only a marginal effect on the signal rate, we impose the

following cut that greatly reduce heavy quarks backgrounds such as ¢t production [166]:
ARmm > 0.6. (4.53)

The corresponding rate is given in the third row of Table 17. If needed, Eq. (4.53) can be set as
high as 1.0 and still maintain a high signal efficiency.

In figure 26(d), the separation between the jets in the N decay is shown. For increasing my,
the separation decreases. This is the result of the W boson becoming more boosted at larger
mpy, resulting in more collimated jets. For TeV-scale N, substructure techniques become necessary
for optimize event identification and reconstruction. We reserve studying the inclusive same-sign

leptons with at least one (fat) jet for a future analysis.
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Figure 28: Reconstructed invariant mass of the (a) W boson and (b) heavy N candidates for same

my as figure 26.

For the signature studied here, no light neutrinos are present in the final state. For the heavy
neutrino widths listed in Eq. (4.22), the decay length Bcr is from 1072 — 1 fm, indicating that N
is very short-lived. Thus, there is no source of missing transverse momentum (MET) in the same-
sign leptons with (n + 2)j aside from detector-level mis-measurements, which are parameterized
by Eqgs. (4.46)-(4.48). With this smearing parameterization, forward (large n) jets are observed
with less precision than central (small n) jets. Due to the naturally larger energies associated with
forward jets participating in VBF at 100 TeV, the energy-dependent term in Eq. (4.46) provides a
potentially large source of momentum mis-measurements in our analysis. This channel-dependent
behavior can be seen in figure 27(a) for my =500 GeV. The increase in MET is found to be
modest. In figure 27(b), we plot the combined MET differential distribution for representative my.

To maximize the contributions to our signal rate, we impose the loose criterion
pr < 50 GeV. (4.54)

The corresponding rate is given in the fourth row of Table 17 and show that most events pass.
Though technically difficult, tightening this cut can greatly enhance the signal-to-noise ratio.
To identify the heavy neutrino resonance in the complicated ¢*¢* 4-(n+2); topology, we exploit

that the N — ¢*jj decay results in two very energetic jets that remain very central and possess
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a resonant invariant mass. In the 4; final-state channel, (rare) contributions from N/*WT can
lead to the existence of a second W boson in our signal. To avoid identifying a second W (or a
continuum distribution) as the W boson from our heavy neutrino decay, we employ the following
algorithm: (i) First consider all jets satisfying Eq. (4.50) and require that at least one pair possesses

an invariant mass close to My, i.e.,
|mjmjn — Mwl < 20 GeV. (455)

(ii) If no such pair has an invariant mass within 20 GeV of My, then the event is rejected. (iii) If
more than one pair satisfies Eq. (4.55), including the situation where one jet can satisfy Eq. (4.55)
with multiple partners, we identify the jj-system with the highest pr as the child W boson from the
heavy neutrino decay. This last step is motived by the fact that the pr of neutrino’s decay products
scale like pr ~ my /2, and thus at larger values of my the W boson will become more boosted.
This is contrary to N¢TWT and continuum events, in which all states are mostly produced close to
threshold. In figure 28(a), we plot the reconstructed invariant mass of the dijet system satisfying
this procedure and observe a very clear resonance at Myy. The corresponding rate is given in the
fifth row of Table 17 and show most events pass.

To remove background events from ¢t production, events containing four or more jets with

any three jets satisfying

\mjjj — mt] < 20 GeV (456)

are rejected. As this is a non-resonant distribution in the N/ 4 nj channels, its impact on the
signal rate is minimal. The corresponding rate is given in the sixth row of Table 17 and show
that nearly all events pass. A top quark-veto can be further optimized by introducing high-purity
anti-b-tagging, e.g., Ref. [218].

We identify N by imposing the my-dependent requirement on the two (¢;, Wgang.) pairs and
choose whichever system possesses an invariant mass closer to my. In figure 28(b), we plot the
reconstructed invariant mass of this system observing very clear peaks at my. It is important to
take into account that the width of the heavy neutrino grows like m?’v, and reaches the 10 GeV-level

at my = 1 TeV. Therefore, we apply the following width-sensitive cut:
|mN Cand. — mN| < Max(20 GeV, 3FN). (4.57)

The corresponding rate is given in the seventh row of Table 17 and show most events pass.
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Table 18: Expected u*pu*jj X (bare) signal and SM background rates at 100 TeV VLHC after cuts.

Number of background events and required signal events for 20 sensitivity after 100 fb—1.

my [GeV] 100 | 200 | 300 | 400 | 500 600

oMl Cuts [fp] 205 | 588 | 244 | 118 | 64.7 | 48.1

oSM [ab] 16.3 | 115 | 53.2 | 22.2 | 11.4 | 6.01
not%ve (100 1) | 4 | 18 | 9 | 5 3 2
ng, (100 1) | 8 | 16 | 11 | 9 7 6

v [GeV] 700 | 800 | 900 | 1000 | 1100 | 1200

oM Cuts [fb] 23.4 | 14.4 | 10.5 | 7.79 | 4.61 | 4.01

oM [ab] 3.47 | 1.94 | 1.57 | 1.25 | 0.795 | 0.649
not%Se100 Y | 2 | 1 | 1 | 1 1 1
n$, (100 fb1) 7 5 5 5 5 5

Table 19: Same as Table 18 for e*p*jjX.

N [GeV] 100 | 200 | 300 | 400 | 500 | 600

o M Cuts [fb] 408 | 1160 | 480 | 230 | 125 | 93.2

oM [ab] 196 | 4000 | 578 | 82.2 | 17.7 | 8.20
not% (100 b1y | 27 | 434 | 71 | 13 | 4 3
n$,(100 b1 | 18 | 71 | 30 | 13 | 8 8

my [GeV] 700 | 800 | 900 | 1000 | 1100 | 1200

oM Cuts [fb] 44.9 | 27.7 | 20.3 | 15.1 | 8.98 | 7.86

oM [ab] 4.79 | 2.68 | 2.07 | 1.87 | 1.29 | 0.932
not%e 100 Y | 2 | 1 1| 1 1 1
n$, (100 fb1) 6 5 5 5 5 5
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The acceptance A of our signal rate, defined as

A = oAn Cuts / OFidcuial Cuts+Kinematic Cuts-+Smearing (458)

is given in the last row of Table 17. The total bare rate for the pup and pe channels at representative

values of my are given, respectively, in the Tables 18 and 19.

4.4.3 Background

Although there are no lepton-number violating processes in the SM, there exist rare processes with
final-state, same-sign leptons as well as “faked” backgrounds from detector mis-measurement. Here

we describe our estimate of the leading backgrounds to the final-state
pp — 0E(F 40> 2]+ X (4.59)

for the pp and ey channels. The principle SM processes are ttX, WTW*X, and electron charge
misidentification. We model the parton-level matrix elements of these processes using MG5_aMC@
NLO [56] and the CTEQ6L PDFs [63] with factorization and renormalization scales Q = v/5/2. We

perform the background analysis in the same manner as for the signal-analysis.

4.4.3.1 tt At 100 TeV, radiative EW processes at a2a such as
pp = tIWE S5 bbWT W™ WE = (20Fbbj v vp, (4.60)

possess non-negligible cross sections. At LO, o(ttW — p*u*bbj Jvuv,) =~ 40 fb, and threatens
discovery potential. At 14 TeV, ttW possesses a NLO K-factor of K = 1.2 [219]. As an estimate,
this is applied at 100 TeV. As shown in Table 20, the tight acceptance cuts reduce the rate by
roughly 75%. Unlike the signal process, ttW produces two light neutrinos, an inherent source of

MET. After the MET cut, the background rate is reduced to the 2 fb level. Lastly, the decay chain

t > bW = bjj (4.61)

can be reconstructed into a top quark. Rejecting any event with a three-jet invariant mass near
the top quark mass, i.e., Eq. (4.56), dramatically reduces this background to the tens of ab level.

At this point, approximately 0.2% of events passing initial selection criteria survive.
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Table 20: Acceptance rates for SM tf at 100 TeV pp collider.

o(ttW) [fb] e fuft
Fiducial + Kinematics + Smearing [K = 1.2] [Eq. (4.50)] 20.5 | 10.3 (26%)
Leading py Minimum [Eq. (4.51)] 16.5 | 8.23 (80%)
ARy; Separation [Eq. (4.53)] 11.8 | 5.91 (72%)
Fr Maximum [Eq. (4.54)] 3.58 | 1.78 (30%)
My Reconstruction [Eq. (4.55)] 2.54 1.27 (72%)
me Veto [Eq. (4.56)] 0.0452 | 0.0213 (2%)
o(tt) (Electron Charge Mis-ID) [fb] ef
Fiducial + Kinematics + Smearing [Eq. (4.50)] [K = 0.96] 94.5 x10% (21%)
Leading pr Minimum [Eq. (4.51)] 67.0 x10% (71%)
ARy; Separation [Eq. (4.53)] 55.2 x10% (82%)
Fr Maximum [Eq. (4.54)] 21.4 x10% (39%)
My Reconstruction [Eq. (4.55)] 3.12 x10% (15%)
my Veto [Eq. (4.56)] 3.12 x10% (100%)
Charge Mis-ID [ec mis_1p] [Eq. (4.64)] 10.9 (0.4%)

At 100 TeV, the NLO #7 cross section is estimated to be o (tf) ~ 1.8 x 107 fb [214]. Hence, rare

top quark decays have the potential to spoil our sensitivity, e.g.,
pp = tL = bObWY W™ = bett i vy W™ e, (4.62)

where a b-quark hadronizes into a B-meson that then decays semi-leptonically through the b — cfvy
subprocess, which is proportional to the small mixing |V|?. The MET and ARy; cuts render the
rate negligible [168]. Usage of high-purity anti-b tagging techniques [218] can further suppresses this

process. The b — u transition offers a similar background but is [Vys/Ve|? ~ (0.1)? smaller [136].

4.4.3.2 Electron Charge Misidentification An important source of background for the

e p* channel is from electron charge misidentification in fully leptonic decays of top quark pairs:

pp—tt—=bbWT W™ =bbet (T, (=e, p (4.63)
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Such misidentification occurs when an electron undergoes bremsstrahlung in the tracker volume and
the associated photon converts into an ete™ pair. If the electron of opposite charge carries a large
fraction of the original electron’s energy, then the oppositely charged electron may be misidentified
as the primary electron. For muons, this effect is negligible due the near absence of photons
converting to muons [220,221]. At the CMS detector, the electron charge misidentification rate,
€e Mis—ID, has been determined as a function of generator-level n [221]. We assume a conservative,
uniform rate of

€e Mis_ID = 3.5 x 1072, (4.64)

To estimate the effect of electron charge mis-ID at 100 TeV, we consider Eq. (4.63), normalized
to NLO. Other charge mis-ID channels, including Z + nj, are coupling/phase space suppressed
compared to tt. The tt rate after selection cuts is recorded in Table 20, and exists at the 100 pb
level. We find that the electron charge mis-ID rate for Eq. (4.63) can be as large as 11 fb before
the my cang cut is applied. As either electron in the e*e® channel can be tagged, the mis-ID
background is the same size as the et u® channel. Applying the my canq cut we observe that the
background quickly falls off for mpy = 200 GeV. As with other backgrounds possessing final-state
bottoms, high purity anti-b-tagging offers improvements. We conclude that the effects of charge

misidentification are the dominant background in electron-based final states.

4.4.3.3 W*EW* The QCD and EW processes at orders a2a? and o? | respectively,

pp — WEWTjj (4.65)

pp — WEWEWT (4.66)

present a challenging background due to their sizable rates and kinematic similarity to the signal
process. The triboson production rate at NLO in QCD for 14 TeV LHC has been calculated [222].
As an estimate, we apply the 14 TeV K-factor of K = 1.8 to the 100 TeV LO W*W*WT channel.
After requiring the signal definition criteria, we find the W*W# backgrounds are present at the
several fb-level. Like ¢, the W*W*X final states possess light neutrinos and non-negligible MET.
Imposing a maximum on the allowed MET further reduces the background by about 35%. As
no W — jj decay exists in the QCD process, the reconstructed My, requirement drops the rate
considerably. After the m; veto, the SM WE*W*X rate is 0.4 (0.9) fb for the yu (ep) channel.
For all background channels, we apply the my-dependent cut given in Eq. (4.57) on the invari-

ant mass of the reconstructed W candidate with either charged lepton. The total expected SM
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Table 21: Acceptance rates for SM WEW* at 100 TeV pp collider.

o(WEWE + 2j) [fb] ep pupe
Fiducial + Kinematics + Smearing [Eq. (4.50)] 11.6 5.78 (11%)
Leading pr Minimum [Eq. (4.51)] 9.45 4.72 (82%)
ARyj Separation [Eq. (4.53)] 7.46 3.63 (77%)
Fr Maximum [Eq. (4.54)] 2.56 1.28 (35%)
My Reconstruction [Eq. (4.55)] 0.132 | 0.0664 (5%)
my Veto [Eq. (4.56)] 0.132 | 0.0664 (100%)
o(W=W=WT) [fb] ep g
Fiducial + Kinematics + Smearing [K = 1.8] [Eq. (4.50)] | 3.35 1.68 (13%)
Leading pr Minimum [Eq. (4.51)] 2.53 1.26 (75%)
ARyj Separation [Eq. (4.53)] 2.31 1.11 (87%)
Fr Maximum [Eq. (4.54)] 0.754 | 0.375 (34%)
My Reconstruction [Eq. (4.55)] 0.735 | 0.368 (98%)
ms Veto [Eq. (4.56)] 0.735 | 0.368 (100%)

background after all selection cuts as a function of my are given for the pu channel in figure 29(a),
and the eu channel in figure 29(b). The total expected SM background for representative values of
my are given in Tables 18 and 19, respectively. For these channels, we find a SM background of
1—115 ab and 1 — 4000 ab for the neutrino masses considered. For both channels, the background

is greatest for my < 400 GeV and become comparable for my 2 600 GeV.

4.4.4 Discovery Potential at 100 TeV

We now estimate the discovery potential at the 100 TeV VLHC of L-violation via same-sign leptons
and jets. We quantify this using Poisson statistics. Details of our treatment can be found in
Section 2.8. The total neutrino cross section is related to the total bare cross section by the

expression

c((50%jj+ X) = S x oo((0Fjj + X). (4.67)

139



10—1E 7N - 1 7[\ %

— Z/ \ 1 o ? \ ;

§10—27 \ | élo_li A E

2V E S T2 0 \ ]

S N 1 S10% ~ ;

%107 e @ F \,,__,\‘_\ ]

N 103k ™

F| W 100TeV VLHC ] © et 100 TeV VLHC

1074 s e 10'47““““““““7
200 400 600 800 1000 1200 200 400 600 800 1000 1200

my [GeV] my [GeV]

(a) (b)

Figure 29: Total SM background versus my for (a) p*u* and (b) e*p® channels at 100 TeV.

We consider two scenarios for Sy, one used by Ref. [168], dubbed the “optimistic” scenario,
Sy =6x 1072, (4.68)
and the more stringent value obtained in Eq. (4.25), dubbed the “pessimistic” scenario,
Sup=1.1x1072. (4.69)

For Sc,,, we use the my-dependent quantity obtained in Eq. (4.24), i.e., 1075 —1075. We introduce

a 20% systematic uncertainty by making the following scaling to the SM background cross section
OSM — 0Sys X OSM, Ogys = 1.2. (4.70)

For the pp and ey channels, respectively, the maximum number of background events and requisite
number of signal events at a 20 significance after 100 fb~! are given in Tables 18 and 19. For
the pp channel, these span 1 — 18 background and 5 — 16 signal events; for ey, 1 — 434 and 5 — 71
events.

We translate this into sensitivity to the mixing parameter Sy and plot the 20 contours in
Sy —myy space assuming 100 fb~! (dash-diamond) and 1 ab~! (dash-star) for the upu [figure 30(a)]
and ey [figure 30(b)] channels. In the pp scenario and my = 500 GeV, a mixing at the level of
Sup = 1.2 x 1073 (2.5 x 107%) with 100~! (1 ab™!) can be probed. The optimistic (pessimistic)
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Figure 30: At 100 TeV and as a function of my, the 20 sensitivity to S, after 100 b1
(dash-diamond) and 1 ab™! (dash-star) for the (a) p*u® and (b) e*p® channels. The optimistic
(pessimistic) bound is given by the solid (short-dash) horizontal line. (¢) The required luminosity

for a 3 (dash-circle) and 50 (dash-star) discovery in the y*u® channel

bound is given by the solid (short-dash) horizontal line. In the eu scenario and the same mass,
we find sensitivity to Se, = 7.2 (1.5) x 10~*. For the ep channel, the EW+0v33 bound is at the
1076 — 107° level. Sensitivity to Sy at 100 TeV is summarized in Table 22.

Comparatively, we observe a slight “dip” (broad “bump”) in the pu (ep) curve around 200
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Table 22: Sensitivity to the mixing parameter Sy at the 14 TeV LHC and 100 TeV VLHC

L Sen(100 TeV) | S,,(100 TeV) | S, (14 TeV)
100 fb—! 4.9 x 104 2.7 x 1074 1.4 x107%
20

1 ab! 1.4x107* 7.5 x 1075 3.1x107°

100 fb~1 6 x 10~% 7.5 x 1074 3x 1073
375 GeV

1 ab~1 1.7 x 1074 1.8 x 1074 5.5 x 1074

100 fb~1 7.2 x 1074 1.2 x 1073 8 x 1073
500 GeV

1 ab~! 1.5 x 1074 2.5 x 1074 1.1 x 1073

GeV. For the pp channel, this is due to the low signal acceptance rates for Majorana neutrinos
very close to the W threshold; the search methodology for my near or below the My, has been
studied elsewhere [166,168]. For my > 200 GeV, the signal acceptance rate grows rapidly, greatly
increasing sensitivity. In the eu channel, the electron charge mis-ID background is greatest in the
region around 200 GeV and quickly dwindles for larger mpy. In the low-mass regime, we find greater
sensitivity in the pu channel. However, due to flavor multiplicity and comparable background rates,
the ey channel has greater sensitivity in the large-my regime.

In figure 30(c), we plot as a function of mpy the required luminosity for a 3o (circle) and 50
(star) discovery in the ppu channel for the optimistic (red, dash) and pessimistic (purple, dash-dot)
mixing scenarios. With 100 fb~1(1 ab™!) and in the optimistic scenario, a Majorana neutrino with
mpy = 580 (1070) GeV can be discovered at 50 significance; with the same integrated luminosity
but in the pessimistic scenario, the reach is my = 215 (615) GeV. In the optimistic (pessimistic)
scenario, for a 375 GeV Majorana neutrino, a benchmark used by Ref. [168], a 50 discovery can be
achieved with 40 (350) fb~!; for 500 GeV, this is 80 (750) fb~!. Sensitivity to my at 100 TeV is

summarized in Table 23.

4.4.5 Updated Discovery Potential at 14 TeV LHC

We update the 14 TeV LHC discovery potential to heavy Majorana neutrinos above the W boson
threshold decaying to same-sign muons. Our procedure largely follows the 100 TeV scenario but

numerical values are based on Ref. [168]. Signal-wise, we require exactly two same-sign muons
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Table 23: Sensitivity to heavy neutrino production in the pu channel at 14 and 100 TeV.

100 TeV | 20(100 fb~1) | 50(100 tb~1) | 50(1 ab™1) | L5,(375 GeV) | L5, (500 GeV)
Optimistic 980 GeV 580 GeV 1070 GeV 40 fb~1 80 fb~!
Pessimistic | 470 GeV 215 GeV 615 GeV 380 fb~1 750 fb~1

14 TeV | 20(100 fb~1) | 55(100 tb=1) | 50(1 ab™1) | L5,(375 GeV) | L5,(500 GeV)
Optimistic | 465 GeV 270 GeV 530 GeV 300 b1 810 fb~!
Pessimistic | 255 GeV 135 GeV 280 GeV 2.6 ab™! 6.9 ab™!

Table 24: Parton-level cuts on 14 TeV p*p*5jX Analysis
Lepton Cuts Jet Cuts Other Cuts
ARy > 0.2 ARj; > 0.4 ARY™ > 0.5
Pl (p5M*) > 10 (30) GeV | ph (ph.M*) > 15 (40) GeV Br < 35 GeV
In‘| < 2.4 7] < 2.4 |m§pndidate | < 20 GeV
|MGandidate _ Ar| < 20 GeV
Im;j; —me| <20 GeV (Veto)
Table 25: Same as Table 18 for 14 TeV LHC.
o\ my [GeV] | 100 | 200 | 300 | 400 | 500 | 600 | 700
o M Cuts [fb] 576 | 132 | 36.0 | 14.0 | 6.28 | 3.05 | 1.55
oM [ab] 14.1 | 18.6 | 5.62 | 2.05 | 0.837 | 0.393 | 0.195
a0 (100 by | 4 | 4 | 2 | 1 1 0 0
n$, (100 fb=1) 8 8 6 5 5 4 4

(vetoing additional leptons) and at least two jets (allowing additional jets) satisfying the cuts listed

in Table 24. Differences from the analysis introduced by Ref. [168] include: updated smearing
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Figure 31: At 14 TeV, (a) same as figure 30(a); (b) same as figure 30(c).

parameterization given in Eqs. (4.46) and (4.47); an £ requirement based on the ATLAS detector
capabilities given in Ref. [177]; cuts on the leading charged lepton and jet; and more stringent
requirements on the W and N candidate masses. These differences sacrifice sensitivity to my <
100 GeV for high-mass reach. For our NNLO in QCD K-factor, we use K = 1.2, as given in
Eq. (4.28). We report the bare heavy neutrino rate after all cuts for representative my in the first

row of Table 25. The total bare rate ranges from 2 — 580 fb for my = 100 — 700 GeV.

As previously discussed or shown, the tf background for the dimuon channel is negligible, so
we focus on WEW= pairs. For triboson production, an NLO in QCD K factor of K = 1.8 is
applied [222]. After all cuts, the expected SM background for representative my is given in the
second row Table 25. After the my-dependent cut, the expected SM background rate reaches at
most 19 ab. Like the 100 TeV case, a 20% systematic is introduced into the background. For
the pp and ep channels, respectively, The maximum number of background events and requisite
number of signal events at a 20 significance after 100 fb~! are given in the third and fourth rows,

respectively, of Table 25.

In figure 31(a), we plot the 20 sensitivity to the mixing coefficient S, after 100 fb~! (dash-
diamond) and 1 ab™! (dash-star). For the benchmark my = 375 GeV, a mixing at the level of
Sup = 3 x 1073 (5.5 x 1071) with 10071 (1 ab™!) can be probed; for my = 500 GeV, we find
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sensitivity to be S, = 8 x 1073 (1.1 x 107%). The optimistic (pessimistic) bound is given by the
solid (short-dash) horizontal line. Sensitivity to Sy, at 14 TeV is summarized in Table 22.

In figure 31(b), we plot as a function of my the required luminosity for a 30 (circle) and 5o
(star) discovery in the pu channel for the optimistic (red, dash) and pessimistic (purple, dash-dot)
mixing scenarios. With 100 fb~! (1 ab™!) and in the optimistic scenario, a Majorana neutrino with
mpy = 270 (530) GeV can be discovered at 5o significance; in the pessimistic scenario, the reach is
mpy = 135 (280) GeV. In the optimistic (pessimistic) scenario, for the 375 GeV benchmark, a 50
discovery can be achieved with 300 (2600) fb—!; for 500 GeV, this is 810 (6900) fb~!. Sensitivity

to my at 14 TeV is summarized in Table 23.

4.5 SUMMARY

The search for a heavy Majorana neutrino at the LHC is of fundamental importance. It is com-
plimentary to the neutrino oscillation programs and, in particular, neutrinoless double-beta decay
experiments. We have studied the production of a heavy Majorana neutrino at hadron colliders
and its lepton-number violating decay as in Eq. (4.45), including the NNLO DY contribution, the
elastic and inelastic py — N/¢j processes, and the DIS pp — N/jj process via W~* fusion. We
have determined the discovery potential of the same-sign dilepton signal at a future 100 TeV pp

collider, and updated the results at the 14 TeV LHC. We summarize our findings as follows:

e Vector boson fusion processes,e.g., W~y — N/, become increasingly more important at higher
collider energies and larger mass scales due to collinear logarithmic enhancements of the cross
section. At the 14 TeV LHC, the three contributing channels of elastic, inelastic and DIS are
comparable in magnitude, while at the 100 TeV VLHC, the tendency, in descending importance,
is DIS, inelastic, and elastic; see figures 18(a) and 18(b).

e We approximately computed the QCD corrections up to NNLO of the DY production of N/ to
obtain the K-factor. We found it to span 1.2 — 1.5 for my values between 100 GeV and 1 TeV

at 14 and 100 TeV pp collisions, and is summarized in Table 13.

e The W fusion processes surpasses the DY mechanism at my ~ 1 TeV (770 GeV) at the 14
TeV LHC (100 TeV VLHC); see figure 18(c) [18(d)]. However, we disagree with the results

of Refs. [174], where higher order contributions dominating over the LO DY production at
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mpy > 200 GeV were claimed. The discrepancy is attributed to their too low a p%ﬂ cut that
overestimates the contribution of initial-state radiation based on a tree-level calculation.

We have introduced a systematic treatment for combining initial-state photons from various
channels and predict cross sections that are rather stable against the scale choices, typically
less than 20%. The exception is the inelastic process, which is rather sensitive to the scale AEI
where the elastic and inelastic processes are separated. Variation of this scale could lead to
about a 30% uncertainty. Scale dependence is shown in figure 24 and the results summarized
in Table 15.

We quantified the signal observability by examining the SM backgrounds. We conclude that,
with the currently allowed mixing |V,,n|? < 6 x 1073, a 50 discovery can be made via the same-
sign dimuon channel for my = 530 (1070) GeV at the 14 TeV LHC (100 TeV VLHC) after 1
ab~!: see Table 23. Reversely, for my = 500 GeV and the same integrated luminosity, a mixing
|V.v|? of the order 1.1 x 1073 (2.5 x 10™%) may be probed; see Table 22. This study represents

the first investigation into heavy Majorana neutrino production in 100 TeV pp collisions.
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5.0 LEPTON NUMBER VIOLATION AND W' CHIRAL COUPLINGS AT THE
LARGE HADRON COLLIDER

5.1 INTRODUCTION

Neutrino experiments, over the past decade, have shown undeniably that neutrinos are massive and
have large mixing angles [140-147] In the Standard Model (SM) of particle physics, neutrino masses
can be accommodated by a non-renormalizable dimension-5 operator containing left-handed (L.H.)
neutrinos, vy, [223]. Such an operator can be generated at low energy by including heavy right-
handed (R.H.) neutrinos, vg. However, the R.H. neutrinos are gauge singlets and so Majorana mass
terms should also be present without violating any gauge symmetry. The consequences of massive
Majorana neutrinos are well-known [224-226], and have been incorporated into many models,
such as left-right symmetric theories [227]; supersymmetric (SUSY) SO(10) grand unified theories
(GUTs) [228] and other GUTs [229]; R-parity violating SUSY [230]; and extra dimensions [231]. A

recent review of TeV scale neutrino mass models can be found in Ref. [232].

Many of the aforementioned models contain an extended gauge group or Keluza-Klein (KK)
excitations of SM gauge bosons. We refer to additional vector bosons charged under the U(1)gps
gauge group collectively as “W'”. If the masses of the W’ and the lightest heavy neutrino mass
eigenstate, N, are both on the order of a few TeV, then they can be produced in tandem at the
Large Hadron Collider (LHC). As first observed by Ref. [162], a W’ with mass greater than a
Majorana neutrino’s mass allows the possibility of observing the spectacular lepton number (L)

violating process

pp — W' — (N — (50§ (5.1)

If a W is discovered at the LHC [233], it is obviously imperative to measure its chiral coupling

to fermions. In a previous work [234], three of the present authors proposed measuring the W’
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chiral couplings to quarks by studying the process
pp — W' — tb — (T v,bb. (5.2)

It was found that the couplings could be establish as being purely left- or purely right-handed by
analyzing the polar angle of the charged lepton in the top’s rest-frame with respect to the top’s
direction of motion in the partonic center of momentum (c.m.) frame.

We now extend this prior analysis into the leptonic sector via the L-violating cascade decay
of Eq. (5.1). More specifically, by reconstructing the polar angle of the lepton originating from
the neutrino decay in the neutrino rest-frame and with respect to the direction of motion of the
neutrino in the partonic c.m. frame, it can be uniquely determined if the W’ coupling to leptons is
purely left-handed, purely right-handed, or a mixture of the two. We show that the distribution of
the angle made between N’s production plane and its sequential decay plane is sensitive to the W’
chiral coupling with the initial-state quarks but independent of the W’ coupling to leptons. These
results are demonstrated through a combination of analytical calculations and event simulations,
assuming nominal LHC parameters.

Majorana neutrinos can decay into either leptons or antileptons, and so W’ and N may also

contribute to the L-conserving collider signature
pp — W' — (N — 0107 . (5.3)

For completeness, we have analyzed the polar angular distributions of the unlike-sign process and
comment on the important differences between the L-conserving and L-violating cases.

This paper is structured as follows: First, in section 5.2, we present our notation for the W’
couplings to SM particles and neutrino mass eigenstates, and list current constraints on both W”’s
and N’s. In section 5.4, we discuss the production and decay of W’’s and N’s at the LHC. The
like-sign lepton signature, pp — ¢T¢%jj, its reconstruction, and suppressed background are fully
analyzed in section 5.5. In 5.6, we propose methods to measure independently the chiral couplings of
the W’ to leptons and to the initial-state quarks. Finally, in section 5.7, we provide a few comments
on the contribution of W’ and N to the L-conserving process pp — W' — ¢T{~jj regarding the
difference between the Majorana and Dirac neutrinos. We conclude and summarize our results in
section 5.8. Two appendices are additionally included. The first addresses neutrino mass mixing
in the context of W’ couplings, and the second presents a derivation of the matrix element and

angular distributions for our like- and unlike-sign dilepton signals.
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5.2 THEORETICAL FRAMEWORK AND CURRENT CONSTRAINTS

There are many Beyond the Standard Model (BSM) theories containing additional vector bosons
that couple to SM fermions, for example: left-right symmetric theories [235] with a new SU(2)r
symmetry and an associated Wp,; Little Higgs models with enlarged gauge symmetries [236]; extra
dimensional theories with KK excitations [237-239]. Heavy Majorana neutrinos in BSM theo-

ries [227-231], and in particular those with TeV-scale masses [161,240-242], are just as common.

In this analysis, we assume the existence of a new heavy electrically charged vector boson,
W'E with mass My, and a right-handed neutrino, Nz. We denote the corresponding heavy
neutrino mass eigenstate as N with mass my. We stipulate that My, is of the order of a few
TeV and My > my so as the W — N/ decay is kinematically accessible by the LHC, but
do not otherwise tailor to a specific theory. Regarding the parameterization of mixing between
neutrino mass eigenstates with SM flavor eigenstates, we adopt the notation of Ref. [168], and
extend it to include coupling to a model-independent W' in Section 5.2.1. This parameterization

is accomplished with a minimum amount of parameters.

5.2.1 Neutrino Mixing with W’ Couplings

5.2.1.1 Model-Independent W’ Charged Current Couplings The goal of this paper is
to explore the feasibility of quantifying the properties of a new charged gauge boson, W', at the
LHC. For this purpose, we relax the W’ interactions to include both left-handed and right-handed

leptons,

Vg Ny
L., = , Ryp= 7 (5.4)

la . Iy "

with a,b =1, 2, 3. The L.H. neutrinos and charged leptons that are members of SU(2); doublets
in the Standard Model (SM) are denoted by v,; and l,. The R.H. neutrinos, which are SM
singlets, and R.H. charged leptons are denoted by Nyr and [. To grasp the feature of Left-Right
symmetric models for a W', we pair Nyg and [, into the an SU(2)r doublet. Though there may
be more “sterile” neutrinos, i.e., b > 3, we consider only b = 3 and one new mass eigenstate in our
phenomenological presentation. The mass mixing matrix in Eq. (4.3), in the present case, becomes

a 6 X 6 matrix with several repeating entries.
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With this assignment, the resulting charged current interactions are

3 3
L= (—%Wﬁ ;%LV“PLQ - *\q/zf‘%wl;g ;MWPRZ;> + hec. (5.5)
We have explicitly included the couplings of left- and right-charged currents with new gauge inter-
actions via Wy p.
The gauge state leptons, [, and [, may be rotated into the mass eigenstates, which are defined

to be the flavors eigenstates £ = e, u, 7. This amounts to the rotation
T
.= Ol (5.6)
l=e

With the SM-like simplest Higgs mechanism, this transformation is trivial and we will make it
implicit without loss of generality. By simultaneously expanding into the neutrinos’ mass basis and

into the charged leptons’ flavor basis, we obtain

n+3

Z gL W/+ [Z Vm m£+ Z N /V m'e uPLf_ +h.C.
n+3

ZQRWJr[Zyc mZ"‘ZN/Y 0| VPl + h.c., (5.7)
m/=4

where

3 3 3
Z ae, V;LIZ = Z V,;;/aOag, me = ZX;bOM’ YT:/[ = ZYm’bObf' (58)
a=1 b=1 b=1

These are the general couplings for the W’ charged currents that we follow in this study.
Leptonic couplings to the SM W boson can be recovered from Eq. (5.7) by identifying L
and by setting

g% =g and g% =0, (5.9)
where ¢ is the SU(2)r coupling constant in the SM. Similarly, we arrive at the SU(2)g charged
current coupling by identifying W/ — W}% and by setting

g% =0and g% # 0. (5.10)

In the quark sector, we do not plan to go through a fully-fledged construction for the charged
current couplings. Instead, we take the simplest approach and just parameterize the model-

independent W' Lagrangian by

Z WG VS EM i (g1 P + g4 PR dj + h.c., (5.11)
\f 52

VC’KM’

where is an unknown flavor mixing matrix.
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5.2.2 W' Chiral Coupling to Fermions

The model-independent Lagrangian that governs the interaction between SM quarks and a new,

massive, electrically charged vector boson, W', is given by

:_7ZW+ VKM A (g4 PR + g3 P dj + hec., (5.12)
,j=1

where u; (d;) denotes the Dirac spinor of an up-(down-)type quark with flavor i (j); yCEM’

parameterizes the mixing between flavors ¢ and j for the new charged current interactions just
as the Cabibbo-Kobayashi-Maskawa (CKM) matrix does in the SM; g%y  is the W”’s universal
coupling strength to right-(left-) handed quarks; and Pg = % (1£5) denotes the R, L-handed
chiral projection operator.

We parameterize the new boson’s coupling to charged leptons with flavor ¢ and neutral leptons

with mass m,, (for the three light states) or my (for the heavy state) in the following way:

3
Z Z TmUp + NV | ¥ Pt~ + h.c. (5.13)
m=1

g% (g%) is the W''s coupling strength to R.H. (L.H.) leptons; Xy, (Upy) parameterizes the mixing
between light neutrino mass eigenstates and R.H. (L.H.) interactions; and Yyy (V) parameterizes
the mixing between the heavy neutrino mass eigenstate and R.H. (L.H.) interactions. Lastly,
Pe = C@T denotes the charge conjugate of the field 1, with C being the charge conjugate operator,
and the chiral states satisfy Pr(1¢) = (Prv)¢. In Section 5.2.1, our choice of parameterization is
discussed in detail. From a viewpoint of the model construction as discussed in Refs. [140-147,162,
168], one may expect that UUT, YYT ~ O(1) and VVT, XXT ~ O(m,,/my). Since we prefer a
model-independent approach, we will not follow rigorously the above argument and will take the
parameters as

UUT, YYT~0O(1), and VVT, XXT~ O(1073), (5.14)

which is guided by the current constraints as presented later in this section.
In Eq. (5.13), the W is allowed to have both independent right-handed (g;]?’e) and left-handed

(g%’g) couplings. Subsequently, the pure gauge states W}, and W7 are special cases of W’ when

g5 #0 and ¢ =0, (5.15)
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and

g%'=0 and ¢ +#0, (5.16)

respectively. Additionally, the SM W coupling to leptons can be recovered from Eq. (5.13) by
setting
ge=0, and ¢t =g (5.17)

Here, g is the usual SM SU(2), coupling constant.

5.2.3 Current Constraints on W’

We list only the most stringent, most relevant constraints to our analysis here and refer the reader

to Ref. [136,243] for a more complete review.

e Bounds from CMS: The CMS Experiment has searched for Wgr and heavy IV, where My, >
my, with the ££¢*jj collider signature [244], assuming gr = g. With 5.0 fb~! of 7 TeV and

3.7 fb~! of 8 TeV pp collisions, the present mass bounds for W, and N are
My, >29 TeV (my = 0.8 TeV) and my > 1.9 TeV (My, ~ 2.4 TeV.) (5.18)

The search for the sequential SM W', Wig,,, decaying into a charged SM lepton plus £, with
g = g, has also been performed. With 3.7 fb=! of 8 TeV pp collisions [245], the present mass
bound is

Myyggy, > 2.85 TeV. (5.19)

e Bounds from ATLAS: The ATLAS Experiment has also searched for W and heavy N, under
the same stipulations as the CMS Experiment [246]. With 2.1 fb=! of 7 TeV pp collisions, the

present mass bounds for Wy, and N are
My, >25TeV (my = 0.8 TeV) and my > 1.6 TeV (M, =~ 1.8 TeV.) (5.20)

e Global Fit Analysis: The effects of a generic Z’ boson on EW precision observables place
bounds [247] of

For Z' and W’ bosons originating from the same broken symmetry, we expect similar constraints
on My /gy since

My ~ My x O(1). (5.22)
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e Bounds on Wi, — Wgr Mixing: Non-leptonic Kaon decays [248] and universality in Weak
decays [249] constrain W, — Wx mixing. The present bound for the L-R mixing angle ¢ [227]
is

(] <1~dx1073 (5.23)

5.2.4 Current Constraints on N

More complete lists of constraints on low and high mass neutrinos, respectively, are available [136,

168].
e Bounds from 0vg35: For my > 1 GeV, a lack of evidence for neutrinoless double beta decay
bounds the mixing between heavy neutrino states and the electron-flavor state at [179,180,250,
251]

|Vem’|2 -5 -1
> SO <5 x 107 eV, (5.24)

m/

where the sum is over all heavy Majorana neutrinos.
¢ Bounds from EW Precision Data: A TeV scale singlet neutrino mixing with the SM flavor

states is constrained [183] by

Ven|?, [Vun]? < 0.003 and  |Vyn|? < 0.006 (5.25)

5.3 DERIVATION OF PARTONIC LEVEL ANGULAR DISTRIBUTIONS

We strive clarify a few subtleties that arise when calculating observables involving Majorana
fermions. To do so, we present a detailed derivation of the matrix element for the lepton-number

(L) violating process:

ui(pa) +dj(p) = W' —= € (p1) + €5 (p2) + qm(p3) + T (pa), (5.26)

with an intermediate Majorana neutrino of mass my, and governed by the Lagrangian given in
Section 5.2. As discussed in Section 5.5, and shown in Fig. 35, there are two interfering Feynman
diagrams associated with our 2125 final state. The interference term may be neglect safely when
calculating the amplitude squared, |M|?, since the heavy neutrino’s width is very narrow and

thus the interference is expected to be small. When constructing and evaluating |M|?, we focus
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Figure 32: The partonic-level process for heavy W't production and decay into like-sign leptons
and quarks in hadronic collisions. The longer, black arrow not touching the Feynman diagram

denotes fermion flow (FF).

on only a single diagram (Fig. 32) but stress that the two diagrams can be treated identically.
Additionally, the narrowness of the SM W boson’s width allows us to further apply the Narrow
Width Approximation (NWA). The NWA stipulates that, due to its small width compared to its

mass, the W boson will dominantly be produced on-shell, and further implies
6(uﬂj — ffﬁ;qq,) ~ (}(uﬂ] — ETE;W_) X BR(W — qq/), (5.27)

where BR(X — Y) is the branching fraction of X going into Y. Since BR(W — ¢¢') is well-known,

our work is reduced to determining the analytical expression for

6 (uid; — LHFW ). (5.28)

5.3.1 Determination of the Spin-Summed, Polarization-Dependent, Squared Matrix

Element

The usefulness of Feynman rules stems from the ability to assign specific multiplicative factors to
each component of a Feynman diagram. However, Dirac field Feynman rules are dependent on
Wick’s Theorem, which is a statement on field contractions. For Dirac fields, only combinations of
the form 1) can contract, where as for Majorana fields, 11 and y») are allowed to contract. In

short, Feynman rules for Dirac fermions do not account for all possible Majorana interactions.
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We therefore adopt the Feynman rules developed in Ref. [252] for a two-fold reason. The first
is that the rules for diagram segments not involving Majorana fermions do not change. The second
is that for parts that do involve Majorana fermions, the new Feynman rules reduce to (a) treating
the Majorana fermion like a Dirac fermion and modifying the vertex factor for an ordinary Dirac
fermion with an appropriately placed factor of —1, and/or (b) making a single u < v spinor
substitution. The placement of the additional minus sign and possible spinor substitution is based
on the direction of fermion flow (FF) relative to the traditionally chosen fermion number flow
(FNF). When the fermion flow and fermion number flow are equal, the newer rules simplify to the
usual rules. Computationally, these rules provide a desirable technique that can be automated in
a straight forward manner.

In the present case, we identify the relevant FF as being identical to the lepton number-changing
current. The FF current starts at /1, the charged lepton produced in the W’ boson decay, and points
anti-parallel to ¢1’s momentum; the current then continues parallel to the Majorana neutrino’s
momentum; and finally terminates at fo, the charged lepton produced in the N decay, and points
parallel to £3’s momentum. See the curved black arrow in Fig. 32. With this orientation, the FF is
parallel to the FNF at the W’/ N vertex, and anti-parallel to it at the N/oW vertex. This change
in relative current orientation causes two modifications, the first of which is to the spinor of the

outgoing lepton originating from the N/l W vertex:

Uty (P2) = Uty (p2), (5.29)

and accounts explicitly for the change in lepton number. The second modification is to the Nl W

vertex itself and occurs in the following way:

—ig ig
CRoy = —7= Viany"PL — Cfyy = (1) =2

V2 V2

where g is the SM SU(2)., coupling constant, Pr;, = 1(1 £ ~5), and, as defined in Ref. [252], the

Ve,NY" PR, (5.30)

primed-vertex convention indicates
I'=crfc—! =qr, (5.31)
where C is the charge conjugation operator and for which

1, T e{l,iv’ "y}
n= . (5.32)

-1, T e {y* o}
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As a result, we find that the matrix element describing the uﬂj — Efﬁ; W, scattering process,

for an outgoing SM W™ boson with polarization A, and in the Feynman Gauge, is

[@BjAgLZ'UAZ‘] . [UQCX;ZQ(ﬁN + mN)B,u,ElNUI]

iMy = &y,(pw) - — - : ) 5.33
)\p( ) (S_M‘%V’ —|—ZFW/MW/) (p?v—m?V—FZFNmN) ( )
where the vertex terms are given by
L orm
A% = N (9% Pr + g1 Pr] (5.34)
1 *
By = 250" |97PRY N + 9L PLVE v | (5.35)

To be explicit: €} p(pW) denotes the outgoing polarization vector of the on-shell W boson with
momentum pyy, mass My, and polarization \; Up; represents the the spinor v of an initial-state
antiquark of flavor j and momentum ppg; similarly, w4; represents the spinor u of an initial-state
quark of flavor ¢ and momentum p4; uo denotes the spinor of our final-state antilepton with flavor
{5 and momentum po; and likewise, v1 denotes the spinor of our final-state antilepton with flavor ¢;
and momentum p;. The W’ mass, width, and momentum-squared are respectively given by My,

T'y, and the Mandelstam variable

§=(pa+pp)=(p1+p2+pw) (5.36)

The heavy neutrino’s mass, width, and momentum are similarly given by my, 'y, and
PN = PA +PB —P1=pw + p2. (5.37)

After squaring and summing over external spins, diagrams, and colors (N¢), but not external

boson polarizations (A), the polarization-dependant squared amplitude is

e ANE g? [VEEM' |2 |V, | Tr [ﬁm" PV <9%2PR +922PL)}

2= (1 + 8,s,) [ (8 = MR)* + (D M )?| (0% = m3)° + (Dyvmy)?]
xTr [151% (BN +mn) @ P2 Z2Pr (PN +mN) 1 (s]ffPRlYlel2 +91 2PL|W1N\2)
25NZ g* [V7EM'12 Vi, |2

(1 +dey0,) [(8 - MEVI)Q + (FW’MW’)ﬂ [(p?v - m?\r)Q + (FNmN)Q:

| (5.38)

2( q ¢\? 2( a.0)\? 2( q 0\? 2( a ¢)\?
X ||Ye, N (gRgR) Ay + Yo, N (ngR) By + [V, Nl <9L9L> Cx + VN <9R9L> Dy | ,(5.39)
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where

Ax = 2(pa-p1)(pB - pn) (PN - p2) +2(pN - €0)(ex - p2)]

— mi(pa-p) (0B - p2) + 2(pB - 1) (e - P2)], (5.40)
By = 2(p-p1)(pa-pn) [(pn - p2) +2(pn - €x)(ex - p2)]

— mi(ps-p1) [(pa-p2) +2(pa - ex)(Ex-p2)], (5.41)
Cr = mi(pa-p1)[(pB-p2) +2(p5 - ex)(ex - p2)], (5.42)
Dy = mi(ps-p1)[(pa-p2) +2(pa-ex)(ex - p2)], (5.43)

and ¢, is taken to be real.
The Majorana neutrino’s width, I"y, is expected to be very small. Therefore, to simplify analytic

integration, we again apply the Narrow Width Approximation such that

1 7T
~ 8 (p3 —m%). 5.44
(p3 — m%)2+ (Cymn)?2  Tnmy (py —mi) (5:44)

We are motivated to make this additional approximation to highlight and emphasize the analyz-

ing power of the angular distributions. Our reported numerical results do not reflect this extra

stipulation; see Eq. (5.72). Consequentially, the squared and summed amplitude becomes
CKM’

Sty 2N VR Ve 1 i)

(1 +60y0,) Tymp) [(8 — Mgv,)Z + (FW’MW’)Q}

(5.45)

2( a0\ NP A o a ¢\ 2o( q 0)\?
x| Yo, ] (gRgR) Ax + Yo N (ngR> By + Ve, n| (ngL) Cx + Ve, N (gRgL> Dy | .

5.3.2 Phase Space Volume Element

We calculate the partonic-level cross section using the usual formula,

1 1
& = = > M- dPS,. (5.46)
C

254N,
Here, the factor of 4]\% comes from averaging over initial-state colors and spins. The factor dP.S,,

represents the n-body phase space volume element,

n

APS,(Pip1...pn) = | somam 2m)*6* (P —p1— - —pn), (5.47)

which can be decomposed using the recursion formula

2
dpn—l,n
)

dPSy(P;p1,....pn) = dAPSp_1(P;p1,. .., Pn—1n) X APS2(Pn—1,n; Pn—1,Pn) X -

(5.48)
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where P =" | py, and p; ; = p; + p;. In the present case, dPS3 is expressible as

d 2
dPS3(pa + pB;p1,p2, pw) = dPSa(pa + pB; p1,pN) X dPSa(pN; p2, pw) X %- (5.49)

Since each dPS}, is individually Lorentz invariant, the two phase space elements in Eq. (5.49)
can be evaluated in different reference frames. When dPSs(p1,pn) is evaluated in the partonic

c.m. frame and dPS2(p2, pw) in the neutrino rest-frame, the full volume element is found to be

(1 - AR) (1-pfy) _ dpk
dPS : =dOn——L% x dQ) 5.50
3(pa + pB;p1, P2, PW) N oame (e X o (5.50)
with
2 2
2 my -2 PN 2 My
_ N _ PN _ 2w 5.51
KN 3 12 3 Pw P?V ( )
and, in the on-shell limit,
- m M
UN,UN — TN = MJ’ W —Yw = malll (5.52)
w my

The solid angle element df2y is defined as the angle made by N with respect to the direction of
propagation of the initial-state quark in the c.m. frame; d€, is defined as the angle made by E;r

with respect to the heavy neutrino spin axis in the neutrino’s rest-frame.

5.3.3 Partonic-Level Angular Distributions

The angular distribution of the charged lepton from the neutrino decay is most efficiently determined
by evaluating > |M|? in the neutrino rest-frame. Like individual dPS;, volume elements, |M|? is
separately Lorentz invariant and thus can be evaluated in its own reference frame.

In order to evaluate Eq. (5.45) in the neutrino rest-frame, we must first rotate and boost the
four-momenta of the initial-state quarks from the c.m. frame. Without the loss of generality, we
assume that the initial-state (anti)quark is originally traveling in the positive (negative) zZ—axis
and that the ETN pair propagate in ¢y — Z plane. This allows us to rotate the entire 2 — 2 system
such that the neutrino’s momentum is aligned with the Z—axis, and then boost into the neutrino
rest-frame. Since we are applying the NWA and immediately integrating over dp?v, we will take IV

to be on-shell. After boosting, our four-momenta are:

pA = 4;;N (1 —cosOn) + px (1 + cosOn), 0, —2un sinfn, p3 (14 cosby) — (1 —cosby)) ,
pp = 74:“\[ ((1 + cosfy) + ,u%v(l —cosfn), 0, 2unsinfy, u?v(l —cosfy) — (1 + cos QN)) ,
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PN = (vaoaOaO)v and b1 = L(]- - IU'%V)(]‘7O7O7 _1)7 (553)

2mpy

where 0y represents the polar angle between pny and p4 in the c.m. frame. In the neutrino rest-

frame, the N — E;W‘ decay products’ momenta are

— . . . R . my
p2 = |pa] (1,sin6y, cos ¢p,,sin by, sin ¢y,, cosby,), |p2| = [pw]| = —(1 — y%,v),
D . ) ) m
pw = |Dal (WZ’_SIHQZQ CoS ¢y, , — sin by, 31n¢52,—005952> , Ew = TN(l —I—y%v), (5.54)

where 0y, and ¢y, are defined with respect to the neutrino spin axis in the c.m. frame. Explicitly,
Z = pn, where py = pn/|pn| is measured in the c.m. frame, and ¢y, w.r.t. to the +7 axis. This is

consistent with Eq. (5.50). The polarization vectors for the SM W boson are subsequently:

B -
68 (pw) = % ('pi, — sin 6y, cos ¢y, , — sin b, sin ¢y, , — cos 9g2) ,

6";«1 (pw) = (0, —cosby, cos ¢g,, — cos by, sin ¢y, sin by, ) ,

6’%2 (pw) = (0,sin ¢y,, — cos ¢y,,0). (5.55)

Here the labels 0, T'1, and T2 denote the longitudinal and transverse polarizations of the outgoing
vector boson. After combining Egs. (5.45), (5.46), (5.50), and integrating over dp%;, as well as
dQy, for the L-violating process u;d; — (fN — (763 W~ with a longitudinally polarized W~

boson the angular distribution is

. . 9 _ 2 21y, 12 _ L2 2
doo . cWo) o, [1+< MN) <QR| un® =917 Vel )COS%]

dQZz 24n 2+u%\f 9%2|Y31N|2 +g§2‘V41N|2
3 q2 _ q2
T /“;7 952 952 sin 6y, cos ¢y, }. (5.56)
(2 +'uN) 9gr t91

Accordingly, for transversely polarized W bosons the angular distributions are

dory _ dors _ 6(Wr) 2= iR\ (98 Yanl® = g’ Vel
a0, do. o x {41 - 2 02 2 02 5 | €OV,
Lo Lo ™ 2+:“N dR ’YZ1N| + 9L |V€1N’
3mun [ 9% — g’
+ sin 6y, cos ¢y, }. (5.57)
2+ %) \ gk’ + 437 ’ ’
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In the preceding lines, we have used the following quantities

a(Wy) = 6(uJ—> @LN — ETEEFWO_)
2 |\, CKM'|2 2
g ‘ng * [Ven| q2 q2 02 2 02 2
3N 210 72 (1+(5£1€2) (gR +9r ) (gR | €1N’ + gy, |W1N|
my 5
Iy (3= Mj)% + (Tw M)
c6(Wr) = 6(ud— (N — (3 W)

570 = (0 = (2 4 ) <2ylw) (5.58)

= 6(Wo) x 2u% (5.59)

Integrating over the azimuthal angle, the polar distributions are calculated to be

dé 5 (W 92 _ 2 £2 Y, 2 L2 \V 2
60 _ 6(Wp) [1+< uév> <ng | g£2| | )COS%] (5.60)
d cos 0y, 2 2+uy /) \gglYun? + 917 Ve N |?

and

dor _ d(ér +6m1)  6(Wr) [1 B <2u?v> (g?mlzvl?g?!wml?

d cos Oy, - dcosfy, 2 2+ u% 9%2|YZ1N‘2+9£2’V€1N|2

Jeostn| (o)

After combining the two, we find that the polarization-summed polar distribution for the full

u;d; — €05 qq process is

dorot.  _ d(6o + o)
dcosby, —  dcosby,
AO 5(Wa) — 6(W 2_2 EQY 2 _ KQV 2
_ 0T 1+7( 0) ff( ) ( Mév> <9?2| elN\Z 952’ £1N|2>cos9e2}(,5.62)
2 c(Wo) +6(Wr) \2+ piy ) \gi* Yo n >+ 91°Vey ]
where
6(Wo) —6(Wr) _ 6(Wo) - 2uii,6(Wo) _ 1 - 2y (5.63)
c(Wo) +6(Wr) — 6(Wo) +2y6(Wo) 1+ 2y5,
and the total partonic-level cross section is
OTot. = 5‘(UZEJ — Eii_g;qal) (5.64)
= (6(Wo) +6(Wr)) x BR(W = g7) (5.65)
= 6(Wo)(1+2y%) x BR(W — ¢7) (5.66)

2 CKM' |2 2
9" Vi ™ I Veon| g2, a2\ (2 2, 02 2\ (MmN
_ Y, Ve l?)
3NG 210 72 (14 60.s,) (93 tor ) (QR\ anl 4o Vel ) ( 51
8 (L—yi)*(1— yi)*(2+ piy) <1 + 2y
[(8 = M,)? + (Dyr My )] 2y3y

Having instead chosen to integrate first over the polar angle before the azimuthal angle, the

) x BR(W = qq'). (5.67)

polarization-dependent azimuthal distributions for the uﬂj — ETN — ETESFW_ process are

déy  &(W; 372 a2 _ g12
6o _o(Wo) |, 37 L 92{2 952 cos e, | (5.68)
dje, — 2m 16 (2+p%) \ g% +97
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and

6 dép. + 6 ; 2 2 —gi”
or _ (dém, +61,) _ 6(Wr) 3m” EN__ (95 9L ) o5 gy, | - (5.69)
dy, depe, 2 16 (2+p3y) \ g% + g

Similarly, after combining the azimuthal distributions, the total polarization-summed azimuthal

distribution for the full uﬂj — Efﬁ; qq' process is

doTot. _ OTot. [1 31 N <&(Wo) - 5’(WT)) (g?f - 9%2> cos %] , (5.70)

dey, o 16 (24 p%) \6(Wo) +6(Wr) ) \ gi2 4 472
Under the definition of the azimuthal angle, ®, in Eq. (5.119), we have ® = —¢y,, and consequen-

tially recover Eq. (5.120):

da'Tot. _ &Tot. N ﬁ UN (&(W()) — &(WT)> qu2 — 9%2 cos @ (5 71)
d® 2 16 (2+p%) \o(Wo) +6(Wr) /) \ g%+ ¢%° | |

Lastly, were the NWA never applied to N, the differential cross section for the uﬂj — Kfﬂ;“ w—

process is
do QQWJ@CK 12 Ve, |2 a2, q2 2 L2y, 12 217, 24 2
_ = )
dp?\f 3Ng 211 73 MI%V (14 6py0,) <gR oL ) (pNgR Yon!™+my Vel oL

§ (1= i)+ id) Pk (1L—pf)*(1+20%) (5.72)
[(5 = M2 + (TurMwn)?] [ — m%)2 + (Cvm)?] |

where 1% = p3//8 and p¥, = M3, /p3

5.3.4 Partonic-Level Angular Distributions: L-Conserving Case

For comparison, we consider the case where the heavy neutrino decays through the following L-
conserving process:

wid; — W — 0FN — (76w, (5.73)
Following the identical arguments specified in the preceding section, the subsequent polarization-

dependent angular distributions are

da'O _ (‘A)-(WO) % {4 |:1 . <2 - M?V) (g%ZIYZlNP - g§2‘W1N’2) C080[2:|

de 247 2 +:u?\[ 9%2’1/51]\[‘2 +g£2‘V51N’2
3run [ 9% — g1’
R L :
sin Oy, cos ¢y, }, (5.74)
(2+43) (g?f +g%2> o
and
dé dé 5(W- 2 _ 2 ZQY 2 _ €2V 2
or1 _ 40T _ O'(4T) x {4 [1+< Mé\/) <9§22’ £1N|2 9£2| ElN’2)008042]
dﬂb dez 2% 2+ruN 9R ’YZ1N| + 91 |V51N’
3run 9k — 91"
- sin 6y, cos ¢y, }. (5.75)
2+ i) \ g% + ¢} T

161



The polarization-summed distributions for the polar and azimuthal cases are therefore

dorot.  OTot. [1 B <&(Wo) - 5’(WT)> (2 - M%) <9§:¢2!Y£1N|2 — g% Ven

)cost| . (510

dcosfp, 2 c(Wo) +o(Wr) ) \2+px ) \ g2 Yo n|? + 952 Ve n|?
and
d&ror. _ 670 2 5(Wo) — 6 17— g1’
OTot. _ OTol. 1+ Si MNQ (?(WD) (T(WT)> gR2 gL2 cos®|, (5.77)

respectively, where o7 is still given by Eq.(5.67). Comparison to Egs. (5.62) and (5.71) demon-
strates that the slopes of the angular distributions differ in sign for the L-violating and L-conserving
cases. Consequentially, adding the L—conserving and L—violating distributions together results in

the quantitative feature

AL ~ L
dUTot. daTot.

OA'TotA =

dcosfy, dcosfy, dd dd

da’%ot. + da—%ot.] , (578)

where L (I/) denotes the lepton number-conserving (violating) angular distributions.

5.4 W' AND N PRODUCTION AND DECAY AT THE LHC

For the remainder of this analysis, we consider for our various benchmark calculations only the pure
gauge states Wy, and W7, respectively given by Eq. (5.15) and Eq. (5.16), and with SM coupling
strength

g%L =g. (5.79)

More general results can be obtained by simple scaling. Unless explicitly stated otherwise, we take

My =3 TeV, my =500 GeV, [VGEM |2 =1, (5.80)

and use the CTEQ6L1 parton distribution functions (pdfs) [63] for all hadronic-level cross section
calculations. Explicitly, we consider only the ud — W' production mode.

Regarding our choice of neutrino mixing parameters, for mixing between L.H. gauge states and
light mass eigenstates, we use the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix with mixing
angles taken from Ref. [136], which includes recent measurements of 6,3, and take dop, a1, ag = 0.

The bounds from Ov3( decay are quite severe and discourage collider searches for L—violation in
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the electronic channel. However, neutrino mixing between the mu- or tau-flavor state and lightest

heavy mass eigenstate can still be considerably larger in L.H. interactions. Therefore, we use
Ven)? =25x107°, |Vn[>=1x10"% and |[Von|*=1x10"". (5.81)

These numerical values are in line with Egs. (5.24), (5.25), and (5.80); and furthermore, mimic the
observed p — 7 symmetry seen in mixing between flavor states and light mass eigenstates. Where
necessary, for mixing between R.H gauge states and light mass eigenstates, we apply the unitarity

condition

3 3
D Xeml? =1 |[Uml?, for L=e,pT. (5.82)
m=1 m=1

For mixing between R.H. gauge states and the lightest, heavy mass eigenstate, we apply Eq. (5.14)
and take

Vin?=1, for £=e,pu,T. (5.83)

5.4.1 W' Production and Decay

Under our parameterization, the partial widths for W’ decaying into a pairs of quarks are

SN CKM’ 12, a2 | q23Mw
W' —qq) = 3“@;/ 1°(97," + 9R )74877’
CKM/ 2 2 2, M 2 2 [
TV ) = SVEPL g o (1-at) (14 5a). (5.51)
Y

where x; = m; /My, and the factors of three represent color multiplicity. Likewise, the partial

widths of the W’ decaying to leptons are

My
PV = tvm) = (g5* Xeml* + 612 Vbn*) o (5.85)
02 2, €2 2\ Mw 2 2 L o
DOV ) = (2Win + 05 2nl?) o (1% ) (14 5a8) 630)
T
Summing over the partial widths, the full widths are found to be
My | . 2 o
_ w’ 212 2 212 2,4 2, Z
Dyp, = 5o |4+ 0 —2d)?@+ad) + (1 -2} (2+wN)3£§_;|YENI +3m_§1;_6|Xeml% 87)
My | 1< 2 o
_ w’ 2\2 2 22 2 4 2, 4
Dy = gy [1+0-adl@rad)+0-adf@radig Nl +3 3 Wmfips
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Figure 33: (a) The total decay width for W}, (solid) and W} (dash); (b) the branching ratio of
Wh — NE*, with subsequent W, — Np* (dot) and W} — Npu™ (dash-dot) ratios; and the
production cross sections at the (c) 8 and (d) 14 TeV LHC of W}, (solid), W; (dash), W — N{*
(dot), and W] — N/t (dash-dot).

As a function of My, Fig. 33 shows (a) the total W’ decay width; (b) the branding ratio (BR)
of W' — N/, for { = e, ju, 7, defined as the ratio of the partial width to the total W’ width, I'},

T(W' — (N
BR(W' — (N) = (WFW_W (5.89)

and the production cross sections for the pure gauge eigenstates WA 1, along with pp — W’ E L —
N/¢* in (¢) 8 TeV and (d) 14 TeV pp collisions.

The production cross section of the W’ and its subsequent decay to N is calculated in the
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Figure 34: As a function of heavy neutrino mass, (a) the total N width and the N — f‘*‘W;
partial widths, and (b) the combined N — ¢*W~ and individual N — ¢TW,~ branching ratios for

longitudinal (A = 0) and transverse (A = T') W polarizations.

usual fashion [252]. The treatment of our full 2 — 4 process, on the other hand, is addressed
in Section 5.3. Since the u-quark is more prevalent in the proton than the d-quark, and since
the dominate subprocess of W'+ (W'~) production at the LHC is ud — W'" (da — W'™), the
production cross section of W’ is greater than the W’ cross section. In a similar vein, the mixing
between L.H. interaction states and heavy neutrino mass eigenstates is suppressed by |Vyn|? ~
O(103), whereas the mixing between R.H. interaction states and heavy neutrino mass eigenstates
is proportional to |Yzn|? ~ O(1). Consequently, the W; — N{ branching ratio, and hence the

pp — W} — N/ cross section, is roughly three orders of magnitude smaller than the W7, rates.
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5.4.2 Heavy Neutrino Decay

A heavy neutrino with mass of a few hundred GeV or more can decay through on-shell SM gauge

and Higgs bosons. The partial widths of the lightest heavy neutrino are

2

(N EWF) =Ty = g 2,03 (1 — 42,)2
(N = (=Wg) 0 7647TM3V|V€N‘ miy ( Yiv)
+ 92 2 2 \2
(N = W/f) =Ty = —32W|V[N| my (1 - yiy)
2
_ _ g 2 3 212 2
(N —=uwZzZ) =Tz= 7647_‘_]\4—31/“/2]\7‘ my(1—yz)? (1+2y7)
2
_ g 23 212
I'(N H) =T'y= ————=1V, 1-— 5.90
(Vo wH) =Ti= g Vi Pk - ) (5.90)

where Wy 1 are longitudinally and transversely polarized W’s, respectively, and y; = M;/my. The

decays of the heavy neutrino through a W’ are not kinematically accessible. The total width is

T

I'ny = Z 2(To+Tp)+ Tz +Tg) (5.91)
l=e

where the factor of two in front of I'g 7 is from the sum over positively and negatively charged
leptons.

Figure 34(a) shows the total decay width (solid) and the partial decay widths to positively
charged lepton (dashed) normalized to the sum over the mixing matrices. For this plot the mass
of the SM Higgs boson is set to 125 GeV. The normalized width grows dramatically with mass
due to decays into longitudinally polarized W’s and Z’s and the Higgs boson. Although the width
appears to be large at high neutrino mass, for mixing angles on the order of a percent or less the
width is still narrow.

Also of interest is the branching ratio (BR) of heavy neutrinos into charged leptons:

_ 2= (To+Tr)

BR (N — (*W7) -
Tot

(5.92)

Figure 34(b) shows the total BR of the heavy neutrino into positively charged leptons (solid)
and individually the BR into longitudinally (dashed) and transversely (dotted) polarize W’s as a
function of neutrino mass. The BR’s into negatively charged leptons are the same. As the mass of
the neutrino increases the Z and Higgs decay channels open, hence the branching ratio into charged
leptons decreases. Since I'g grows more quickly with neutrino mass than I'p, for my > My the

total BR converges to the BR into longitudinally polarized W’s. Also, at high neutrino masses
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Figure 35: The partonic level process for a heavy W’ * production and decay to like sign leptons

in hadronic collisions.

Hence the total width approaches 4Ty and, from Eq. (5.92), the branching ratio into a positively
charged leptons is approximately 0.25. This is a manifestation of the Goldstone Equivalence The-

orem when taking my and V;y as independent parameters.

5.5 LIKE-SIGN DILEPTON SIGNATURE

A distinctive feature of Majorana neutrinos is that they facilitate L-violating processes, and to

study this behavior at the LHC we consider the L-violating cascade

u(pa) d(ps) = Wi (q) = € (p1) N(pw) = € (01) 65 (p2) a(ps) 7 (ps). (5.94)

The two diagrams that contribute to this process are shown in Fig. 35. Figure 36 shows the total
production cross section for the like-sign dimuon process as a function of my. In it, the solid line
denotes the pure W}, gauge state while the dashed line represents the pure W} state. Since the
W}, — Np branching ratio is larger than W] — Ny ratio, the cross section for W7, is systematically
larger than for W} . Additionally, as the neutrino mass approaches the W’ mass the cross section
drops precipitously due to phase space suppression.

In principle, the conjugate process, ud — W/*, should also be possible at the LHC. However,

it will possess a much smaller production rate because the @d initial-state has a smaller parton
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Figure 36: Total cross section of pp — W’'T — ptput W= times W~ — ¢¢ branching ratio versus

heavy neutrino mass at (a) 8 and (b) 14 TeV. Solid (dashed) line corresponds to Wy, (W] ) gauge

state.

luminosity than ud. Despite this, all reconstruction methods and observables discussed below are

applicable to both processes.

5.5.1 Event Selection

For simplicity, we restrict our study to like-sign muons. There is no change in the analysis if
extended to electrons; however, Fr requirements must be reassessed for inclusion of unstable
7’s [170,172]. Consequently, our signal consists strictly of two positively charged leptons and
two jets, a fact that allows for considerable background suppression. In simulating this like-sign
leptons plus dijet signal, to make our analysis more realistic, we smear the lepton and jet ener-
gies to emulate real detector resolution effects. These effects are assumed to be Gaussian and

parameterized by

o(E) _ a
= - 75° b, (5.95)

where o(FE)/E is the energy resolution, a is a sampling term, b is a constant term, @ represents

addition in quadrature, and all energies are measured in GeV. For leptons we take a = 5% and

b = 0.55%, and for jets we take a = 100% and b = 5% [253].

After smearing, we define our candidate event as two positively charged leptons and two jets

168



Table 26: Cross section for pp — W’ }: r — wHptqq after consecutive cuts for 8 and 14 TeV LHC.

8 TeV 14 TeV
o(fb)
Wi Wi Wi Wk
Reco. without Cuts or Smearing 4.6 x107° | 0.046 | 9.3 x 1074 | 0.95

+ Smearing + Fiducial + Kinematics (Eq. (5.96)) | 4.0 x 1075 | 0.035 | 8.2 x 10~% | 0.71

+ Isolation (Eq. (5.98)) 2.1x107° | 0.027 | 3.2 x 107* | 0.50

+E7r + m;; Requirements (Eq. (5.104)) 1.7x107° | 0.023 | 2.6 x 107* | 0.42
+ Mass Req. (Eq. (5.105)) 72x107% ] 0.012 | 2.0 x 107% | 0.35

o(All Cuts)/o(Smearing + Fid. + Kin.) 18% 35% 25% 49%

passing the following basic kinematic and fiducial cuts on the transverse momentum, pr, and

pseudorapidity, »:
P> 30 GeV, ph > 20 GeV, 1, < 3.0, 1, < 2.5. (5.96)

Table 26 lists the cross sections for Eq. (5.94) assuming the pure WI% ; gauge states at the 8 and
14 TeV LHC without smearing or acceptance cuts (row 1), and with smearing plus acceptance
cuts from Eq. (5.96) (row 2). Here and henceforth, we assume a 100% efficiency for lepton and jet
identification.

The goal of this analysis is to unambiguously determine the properties of W’ and N. To do
so, our candidate leptons and jets must be well-defined and well-separated, that latter of which is

measured by

AR;; = \/(A¢z‘j)2 + (Angj)?, (5.97)

where A¢;; and An;; are the difference in the azimuthal angles and rapidities, respectively, of
particles ¢ and j. Subsequently, we apply isolation cuts on our candidate objects:
ARE™ > 04, ARj;>03 (5.98)
min

for all lepton and jet combinations, where AR@ is defined as

ARJ™ = i ARJ. (5.99)
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either the W/ or N. Cuts from Eqs. (5.96) and (5.98) as well as the energy smearing are applied.

In Eq. (5.99), the subscript ¢ = W', N on ¢; denotes the identified parent particle of ¢;. The effects
of the isolation cuts applied at both the 8 and 14 TeV LHC are shown in the third row of Table 26.
To understand the origin of these precise numbers and parent-particle identification, we digress to

succinctly connect properties of our chiral Lagrangian to the final-state kinematical distributions.

5.5.2 Characteristics of Kinematical Distributions

Our signal suffers from a very evident ambiguity: either lepton can originate from the neutrino
decay. The origin of each lepton must thus be determined in order to fully reconstruct an event.
As noted in section 5.4, the width of NV is narrow. Consequently, there is a very small probability
for the phase space of each diagram in Fig. 35 to overlap, meaning that the interference of the
two diagrams is negligible. In fact, in the W7}, case, the interference is exactly zero because the
charged lepton from the N decay is left-handed while the charged lepton from the W7, is right-
handed. Furthermore, since the two diagrams add incoherently, it is reasonable to expect that
only one diagram contributes at a time. Intuitively, this means that only one of the two following

momentum combinations will closely reconstruct the heavy neutrino mass:
mi; = (1 +ps+pa)® or mij; = (p2+ps+pa)’, (5.100)

where p3 and py are the momenta of our final-state jets.
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pp — W' — £10%jj production. The W] case is represented in (a,c) and the W}, case in (b,d).

The energy smearing has been applied.

After calculating both permutations of my (Fig. 37), the appearance of the N mass peak is

stark. Using the central value of the mass peak, mffec"', we identify the charged lepton from the NV

decay as the charged lepton from our candidate event that most closely recovers mﬁec"', ie.,
At = i [mij; — mye”|, (5.101)
=1,

where my;;; for i = 1,2 is defined by Eq. (5.100).

Independent of reconstructing IV, the charged lepton associated with the W' decay can be

171



identified by analyzing the transverse momentum, pr, distributions of our final-state objects. In
Fig. 38, the pr distributions of the charged leptons (a,b) and jets (c,d) for the W} (a,c) and W
(b,d) gauge states. As expected, the lepton identified as originating from the W' has a Jacobian
peak around My /2 for both the W} and W}, cases. To understand the other distributions, we
consider spin correlations.

Figure 39 shows the spin correlations of the process in Eq. (5.94) with the single arrowed lines
representing momentum direction and double arrowed lines spin. The direction 2 is defined as
the direction of motion of the neutrino in the W’ rest-frame. Each column indicates the spin
and momentum of the particles in their parents’ rest-frame with the first column in the neutrino
rest-frame. Note that for the Wy, (W) the heavy neutrino is in a mostly right-(left-) handed
helicity state. Hence, for the W, (W} ) the neutrino spin points with (against) the Z direction. The
decays of the neutrino through longitudinal W are shown in Fig. 39(a) and 39(b) for W} and Wj,
respectively, and the decays through a transversely polarized W are shown in Fig. 39(c) for W}
and Fig. 39(d) for W,

As shown in Fig. 34, 500 GeV neutrino preferentially decays into longitudinally polarized W’s.
We therefore focus on that case. For the Wy, the lepton from the heavy neutrino decay moves
preferentially along the 2 direction. Hence, the boost into the partonic c.m. frame will be along the
charged lepton’s momentum. In the W} case, the charged lepton moves in negative Z direction and
the boost into the partonic c.m. frame is against the lepton’s momentum. Therefore, the lepton
from the heavy neutrino decay is harder in the W}, case than in the W} case. The contribution from
decay into transversely polarized W's is in the opposite direction. However, as noted previously,
this contribution is smaller than the decays into longitudinally polarized W’s. Similar arguments
can be made to explain that the two jets are softer in the W7, case than in the W} case.

As previously stated, identifying well-separated objects in our event is paramount to measuring
our observables. For 14 TeV LHC collisions, Fig. 40 shows (a) the separation between the two jets,
ARjj;, and (b) the minimum separation between the leptons identifed as originating from the heavy

neutrino and W’ and the two jets defined by

(5.102)

iJk>

ARP™ = min AR,
iJ k=1,2

where ¢ = W’ for the lepton coming from the W’ and ¢ = N for the lepton coming from the
neutrino decay. The solid lines are for W}, and the dashed lines for W} . The AR;; distributions

peak at low values for both the left- and right-handed cases. This is due to the W from the heavy
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Figure 39: Helicity and spin correlations in the chains Nj p — (YW~ — (T¢q from W] decay in
(a), (c); and from W}, decay in (b), (d). Figures (a) and (b) are for longitudinally polarized SM
W’s, and Figs. (c) and (d) are for transversely polarized SM W’s. The decay goes from left to
right as labeled by the particle names. The momenta (single arrow lines) and spins (double arrow
lines) are in the parent rest-frame in the direction of the heavy neutrino’s motion (2) in the W’

rest-frame.

neutrino decay being highly boosted and its decay products therefore collimated. Also, as can be
seen from Fig. 38, in the W}, case the lepton from the neutrino decay is harder and hence the SM
W softer than in the W] case. Since the SM W is less boosted in the right-handed case, the jets
are less collimated and the ARj; distribution has a longer tail for Wy, than for W;. Also, since
the neutrino is highly boosted, its decay products are expected to land opposite in the transverse
plane from the lepton from W’ decay. Hence, AR;“V?;}J» peaks near 7 for both the the left-handed
and right-handed case. Finally, ARE\}? is peaked near 2my/En ~ 0.7 for both the W} and W7,
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Figure 40: (a) ARj; distribution and (b) ARZ‘»in distributions for both the lepton identified as
originating from N and W’. The solid lines are for the W}, case and dashed lines W;. Energy

smearing has been applied.

cases. The AR distributions at the 8 TeV LHC are peaked at similar values, but are more narrow
than the 14 TeV distributions. Based on these arguments, we define the isolation cuts given by
Eq. (5.98).

The isolation cuts more severely affect the W} cross section since the ARj; distribution is
strongly peaked at low values for W . As the mass of the W’ increases, the SM W from the heavy
neutrino decay will become more boosted. Hence, the two jets will become more collimated and
the effects of the isolation cuts will be even more significant. Since we will only be interested in
the angular distributions of the lepton, it is possible to relax the AR;; cut and look for one or two
jets with two like sign leptons. Also, the separation between the lepton and jets from the heavy
neutrino decay depend on the ratio of my/Myy:. As my /My increases (decreases) the lepton and

jets become more (less) well separated.

5.5.3 Background Reduction and Statistical Significance

The SM background for our £7/¢*jj signature has been thoroughly studied for the 14 TeV LHC by

Ref. [168]. The largest background to our process was found to be from ¢t events with the cascade
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decays,

t—>WTb—=0Tu,b, t—W"b— W ev,lh, (5.103)

and was also found to be greatly suppressed by the lepton isolation cuts in Eq. (5.98). The
background can be further suppressed by noting that leptonic t¢ events contain a final state light
neutrino and therefore a considerable amount of missing transverse energy, . This is in direct
comparison with our signal where all the Fr is due to detector resolution effects. The Fr for
our like-sign leptons + dijet events is shown in Fig. 41 for both the right- (solid) and left-handed
(dashed) W' cases. Furthermore, the two jets in our process originate from a SM W whereas the

jets in the top background do not. Hence Jir and dijet invariant mass, mj;, cuts are also applied:
Fr <30 GeV, 60 GeV < mj; <100 GeV. (5.104)

The effect of these cuts on the signal rate are seen in the fourth line of Table 26.
Having obtained a measurement of my from Eq. (5.100) and My from the W”’s Jacobian peak,

if desired, invariant mass cuts on my, ;; and 5 can be imposed to further isolate the signal:
\mgij - mN| < 0.1 my and ’§ — MW/’ < 0.1 MW/. (5105)

The effects of these cuts are shown in the fifth line of Table 26.
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W}, with My = 3 TeV and my = 500 GeV, and (b) reachable W}, mass at 30 and 5o sensitivity.

As /s increases from 8 TeV to 14 TeV, the percentage of events passing the selection cuts
also increases. See the final line of Table 26. In particular, we note that relatively fewer events
are failing the cuts imposed on the reconstructed masses [Eq. (5.105)]. To understand this effect,
consider that increasing the c.m. energy also enlarges the phase space. Consequently, our internal
propagators are more likely to be on-shell.

The contribution from the irreducible background for our ¢+¢*;; signal,
pp — WEWEWT,  pp - WEWESj, pp — tt (5.106)
events and
pp = jiZZ,  pp— jiZW, (5.107)

wherein leptons from the Z boson escape from a detector, are estimated [168] to be at most
o = 0.08 fb using a comparable list of selection cuts. However, this previous analysis does not
impose any restriction on the invariant mass of the system as done in Eq. (5.105), and therefore,

realistically, the background will be much less than 0.08 fb. In either case, our W7, signal is clearly
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Figure 43: Spin correlations for ¢ — W’ — N/{* for (a) left-handed and (b) right-handed cou-
plings. Single arrow lines represent momentum directions and double arrow lines represent spin

directions.

above background. Using ¢ = 0.08 fb as an estimation for our background, we calculate the
significance and reachability of our W, signal at the 14 TeV LHC as shown in Fig. 42. With 100
fb~! integrated luminosity, a W, signal via the lepton-number violating process can be observed
at a 5o level up to a mass of 3 TeV. As evident, the required integrated luminosity for a discovery
at the LHC grows rapidly with increasing MW;%' This is expected if we again consider that the W
boson becomes increasingly boosted as MW}% grows. A more boosted W leads to more collimated
jets, which have more difficulty passing the isolation cuts [Eq. (5.98)] than their less collimated

counterparts.

5.6 W' CHIRAL COUPLINGS FROM ANGULAR CORRELATIONS AT THE
LHC

Once a new gauge boson W’ is observed at the LHC, it is of fundamental importance to determined
the nature of its coupling to the SM fermions. Here, we identify various kinematical quantities
that depend on the chiral couplings of the fermions to a W’. Each quantity will have a different
dependence on the W’ chiral couplings and so will provide independent measurements of the chiral

couplings.
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5.6.1 W' Chiral Couplings To Leptons

Figure 43 shows the spin correlations for the process qg7 — W’ — N/* in the partonic c.m. frame for
both the (a) left-handed and (b) right-handed cases. Double arrowed lines represent spin and single
arrowed lines momentum. As it is well-known, although the preferred charged lepton momentum
direction leads to a clear distribution of parity violation, it cannot reveal more detailed nature of
the chiral coupling. On the other hand, the nature of the W’ leptonic chiral couplings is encoded
in polarization of the heavy neutrino, i.e., in the W} (W] ) case the heavy neutrino is preferentially
right-handed (left-handed). Hence, if the polarization of the neutrino can be determined, the left-
handed and right-handed cases can be distinguished. Spin observables such as (5y - @), where sy
is the spin of the heavy neutrino and @ is an arbitrary spin quantization axis, are sensitive to the
polarization of the heavy neutrino. Defining the angle 8* between the a and the direction of motion
of the charged lepton originating from the heavy neutrino decay, py,, the angular distribution of

the partial width of the neutrino decaying into a charged lepton and two jets is [254]

1 dI 1 +

= N = ) = 5 (142 4 cost”) 1

chos@*( — 0¥357) 5 + cos , (5.108)
where A" = —A* = A due to the CP invariance. The coefficient A is related to (5y -a) and

is the forward-backward asymmetry of the charged lepton with respect to the direction a. We
will refer to A as the analyzing power. The angular distribution of either of the two jets from
the neutrino decay will also have a similar linear form and may be used to perform this analysis,

although uncertainties in jet measurements may cause more complications.

A highly boosted neutrino from a heavy W’ decay will be produced mostly in a helicity state;
hence, it is natural to choose @ = py, the direction of motion of the neutrino in the partonic
c.m. frame, and measure py, in the neutrino rest-frame. At the partonic level, the angular distribu-
tion of the lepton from neutrino decay in the reconstructible neutrino rest-frame is (See App. 5.3)

dé(ud — €L W)
d cos 0y,

oron [, (5(W0)5'(WT)) (2—u?v> <9§%2’Y€1N’2_9€2‘V€1N’2>COSQZ .
2 c(Wo) +o(Wr) ) \2+pk ) \ g2 Yo, n|? + 952 Ve v |2 ’

= (5.109)

Here 6(W;) and (W) are the partonic level ud — W'+ — ¢4 W, cross sections with IV decaying

into longitudinally (A = 0) and transversely (A = T') polarized W'’s, respectively. They are given
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6(Wo) = 6(ud — (TN — (3 Wy) (5.110)
11 P VM PIVan? (g2, g2\ ( 42 2 42 2\ [ MN
= - J u Y, Vi —_
9210 2 (1+6¢,0,) (gR + 9 ) (gR Yo, N|" + 91" Vey v > Ty
§ 2 \2 2\2 2 1
X - 1—y 1—p 2+ p <) 5.111
c(Wr) = 6(ud— (N — (i3 Wy) (5.112)
= 6(Wo) x 2u3y. (5.113)

where uy = mn/V3, yw = My /my, and 6101, = (6(Wy) + 6(Wr)) x BR(W — ) is the total
partonic cross section. As W’ comes on-shell, uny — xn. In this reference frame, 6* from Eq. (5.108)
satisfies
cos 0" = cos by, = Py, - DN, (5.114)
where, again, py, is measured in the neutrino rest-frame and py is measured in the partonic c.m.
frame.
For an on-shell W’ the analyzing power at the partonic and hadronic level are the same. In

such a case, after comparing Eqgs. (5.108) and (5.109), we find that the analyzing power is

oo (2ot (2o (sl o Vat)
2 \&(Wo) + (W) ) \2+ 0% ) \gf Vo + 2 Ve l?

_ 1 (1 - 22/12/(/) <2 - l‘?v) (9%2|YM|2 - gﬁlehNP) (5.115)
2 \1+2y% ) \2+2% ) \ g2 Vo N2 + gL2| Vi, v 2

The different signs for the analyzing power between the neutrino decays to the two different W

polarizations and between the Wi r cases can be understood via the spin correlation in Fig. 39.
For the W}, case, a heavy neutrino decaying to a longitudinal (transverse) W will have the charged
lepton preferentially moving with (against) py. For the W) case the helicity of the neutrino, and
therefore the direction of the charged lepton, is reversed. Hence the analyzing power is proportional
to (6(Wo) — 5(Wr)) (g2 l¥e v 2 — 9421V ).

In the analysis of Fig. 39, the left- and right-chiral neutrinos at the W’/ — N/{T vertex are
approximated as the left-handed and right-handed helicity states in the partonic c.m. frame. As
the neutrino becomes more massive relative to the W', the approximation of the chiral basis by the
helicity basis begins to break down, i.e., the left- (right-) helicity state makes a larger contribution
to the right- (left-) chiral state. In Eq. (5.109), this is reflected by the cos 0y, (cos 6, for simplicity)

coefficient
2 2 2
2 -y _ 2M, —mN.
2+ x?v QMI%V, + m%v

(5.116)
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Figure 44: The angular distribution of the charged lepton originating from neutrino decay in the
heavy neutrino rest-frame with respect to the neutrino moving direction in the partonic c.m. frame
at the LHC with My, my set by Eq. (5.80). Distribution (a) without smearing or cuts, (b) with
energy smearing and cuts in Eqgs. (5.96), (5.98), (5.104), and (5.105) , and (c) with all cuts applied
to (b) except the ARj; cuts in Eq. (5.98). The solid lines are for the Monte Carlo simulation results

and in (a) and (c) the dashed lines are for the analytical result in Eq. (5.109).

As xpy increases, the distribution flattens due to the right-handed (left-handed) neutrino helicity

state, thereby making a larger contribution to the W} (W7p,) distributions.

Figure 44 shows the hadronic level angular distribution of the lepton in the neutrino’s rest-

frame for both W} and W7}, at the LHC. The case without smearing or cuts is shown in Fig. 44(a),
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and contains both the analytical results (dashed line) and Monte Carlo simulation (solid line)
histograms. As can be clearly seen, the analytical and numerical results are in good agreement.
Figure 44(b) shows the leptonic angular distribution after energy smearing and cuts in Egs. (5.96),
(5.98), (5.104), and (5.105). Notice that there is a small depletion of events for cosfy ~ 1 and a
large depletion when cos#, < 0. First, when cos 8y ~ 1 the charged lepton is moving with and the
jets against the direction of motion of the neutrino in the partonic c.m. frame. Hence, with boost
back to the partonic c.m. frame, the jets are softest at this point and the jet pp cuts in Eq. (5.96)
lead to a depletion of event in this region. When cosf; < 0, the lepton is moving against and
the SM W is moving with the neutrino’s direction of motion. Hence, with the boost back to the
partonic c.m. frame, the W is boosted and its decay products highly collimated. Consequently,
the ARj; cuts in Eq. (5.98) lead to a large depletion of events. Figure 44(c) shows lepton angular
distribution with the same cuts as Fig. 44(b) except the ARj; cuts. For comparison, both the
Monte Carlo simulation with cuts (solid) and analytical results without cuts (dashed) are shown.
It is clear that the discriminating power of the lepton angular distribution would increases and the

Monte Carlo distribution approaches the analytical results if the jet isolation cuts are relaxed.

The analyzing power in Eq. (5.115) can additionally be related to the forward backward asym-

metry

o(cosby > 0) — o(cos by < 0)
o(cosBp > 0) + o(cos by < 0)

A= (5.117)

Without cuts or smearing, A = A; and for the values of my, My stipulated in Eq. (5.80),

4043, W' =W,
043, W' =W,

(5.118)

The simulated values for the forward backward asymmetry with consecutive cuts are shown in
Table 27. Again, simulations are in good agreement with the theoretical prediction for the forward
backward asymmetry for no smearing or cuts. As the cuts become more severe, the simulated and
theoretical values deviate more, however the W; and W7, cases can still be distinguished clearly.
Furthermore, as shown in the final row, if the AR;; cuts in Eq. (5.98) are relaxed, the discriminating
power of the asymmetry is greatly increased, and the theory and simulation are in much better

agreement.
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Table 27: Forward-backward asymmetry for pp — W’ }5 r — T ptqg with consecutive cuts at 8
and 14 TeV LHC. The last row has the same cuts applied as the previous row with the removal of

the AR;; cuts in Eq. (5.98).

8 TeV 14 TeV
A
Wi | Wr | W, | Wg
Reco. without Cuts or Smearing —0.42 | 042 | —0.43 | 0.43

+ Smearing + Fiducial + Kinematics (Eq. (5.96)) | —0.46 | 0.33 | —0.47 | 0.34

+ Isolation (Eq. (5.98)) —0.11 | 0.59 | 0.083 | 0.72
+E7 + mj; Requirements (Eq. (5.104)) —0.078 | 0.62 | 0.11 | 0.75
+ Mass Reco. (Eq. (5.105)) 0.16 | 0.77 | 0.18 | 0.77
—ARj; —0.34 | 049 | —0.34 | 0.49

5.6.2 W' Chiral Couplings to Initial-State Quarks

Thus far, we have only presented the results to test the chiral coupling of W' to the final state
leptons. It is equally important to examine its couplings to the initial state quarks. Define an

azimuthal angle
PN X Dgy PN X Py
PN X Doy | [Py X Pyl

cos ¢ = (5.119)

as the angle between the ¢ — N KT production plane and N — VV‘@F decay plane in the neutrino
rest-frame, where py, is the three momentum of /9, the charged lepton identified as originating from
the neutrino; py is the direction of motion of the neutrino in the partonic c.m. frame; and py is the
initial-state quark momentum. The definition of ® is invariant under boosts along py, hence the
quark and charged lepton momenta can be evaluated either in the partonic c.m. or the neutrino
rest-frame. The angular distribution between the two planes is thus calculated to be

d6  OTot. [1 n 3m2 pNn (&(Wo) &(Wﬂ) (9;1;;2 _Q%2> oS @] ' (5.120)

a® 2« 16 24 p% \6(Wo) +6(Wr) ) \ g42 + g92

The distribution for W} is 180° out of phase with the W7, distribution and the slope only depends on
the W’ chiral coupling to the initial-state quarks. Hence, the phase of this distribution determines

the chirality of the initial-state quarks couplings to the W' independently of the leptonic chiral
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Figure 45: Spin correlations for neutrino production in the neutrino rest-frame. Single arrowed
lines represent momentum and double arrowed lines represent spin in the helicity basis. The Z-axis
is defined to be the neutrino’s direction of motion in the partonic c.m. frame and the g-axis is

defined such that y-component of the initial-state quark momentum is always positive.

couplings to the W'.

To understand the distribution in Eq. (5.120), we consider the spin correlations between the
initial and final states. As noted previously, the angle ® is invariant under the boosts along py. So
for simplicity, we consider the spin correlations in the heavy neutrino rest-frame. Figure 45 shows
the spin correlations of the neutrino production in the neutrino’s rest-frame for both the (a) W}
and (b) Wy, cases. Like before, single arrowed lines represent momentum directions and double
arrowed lines spin in the helicity basis. Also, we define the production plane to be oriented in the
1 — 2 plane such that the g-component of the quark momentum always points along the positive
y-axis and that 2 = py. With this axis convention, ® = —¢,,, where ¢, is the azimuthal angle of
£5 as measured from the positive g—axis.

Figure 46 shows the spin correlations for the heavy neutrino production and decay with the
spin quantization axis chosen to be the y direction as defined above. The W] case is shown in
Figs. 46(a,c) and the W}, case in (b,d). The solid dots next to the N and ¢; indicate that they have
no momentum in the g-direction. In the W}, case, the initial-state quark must be right-handed
and the initial-state antiquark left-handed. Hence, the total spin of the initial-state points in the

positive g-direction, causing the spin of the neutrino to also point in the positive y—direction.
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Figure 46: Spin correlations in the neutrino rest-frame as described in Fig. 45. Double arrowed
lines represent spin with ¢ being the quantization axis and single arrowed lines are the § component

of the particles.

When the neutrino decays to a longitudinal or transverse W, the lepton from the neutrino decay
has spin along or against the y-axis, respectively. For the W7}, case, figures 46(b) and (d) show the
decay into longitudinal and transverse W'’s, respectively. Therefore, for the decay into Wy (Wr)
case, the lepton prefers to move in the same (opposite) direction as the initial-state quark and ®
peaks at 0 (7). In the W] case, the direction of motion of /5 relative to the direction of motion
of the initial-state quark is reversed and the peaks in the ® distribution are shifted by w. This
explains the 180° phase difference in the angular distribution, Eq. (5.120), between the W] and
W}, cases, and between the neutrino decay to Wy and Wr. Also, notice that this argument only

relies on the W’ — q — ¢’ coupling and not the W/ — N — £ chiral couplings. Hence, measuring the
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Figure 47: ® distributions at the 14 TeV LHC with M{, = 3 TeV and my = 1.5 TeV for fully
reconstructed events (solid), the analytical result in Eq. (5.120) (dashed), and Monte Carlo truth
(dash-dot). Figure (a) is without energy smearing or cuts, (b) with energy smearing and cuts in

Egs. (5.96), (5.98), (5.104), and (5.105), and (c) with the same cuts as (b) without the AR;; cut
in Eq. (5.98).

distribution of the angle between the q¢¢ — N¥; production and the N — {3 W~ decay planes

can determine the chiral couplings of a W’ to light quarks independently from the chiral couplings

of the W’ to leptons.

Most of the angular definition and analysis depend on the initial state quark momentum direc-
tion. Since the LHC is a symmetric pp machine, this is not known a priori. However, at the LHC
u and d quarks are valence and antiquarks are sea. Hence, the initial-state quark generally has
a larger momentum fraction than the initial-state antiquark; and the initial-state quark direction

can be identified as the direction of motion of the fully reconstructed partonic c.m. frame. Similar
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techniques have been used for studying forward-backward asymmetries associated with new heavy
gauge bosons [234,255].

Figure 47 shows the ® distributions at the 14 TeV LHC with Mj;, = 3 TeV for both W} and W7,.
From Eq. (5.120), the amplitude of the ® distribution depends on the ratio my /M, and therefore
increase my to 1.5 TeV. The solid line is the ® distribution with the initial state quark moving
direction identified as the partonic c.m. frame boost direction; the dashed lines is the theoretical
distribution given in Eq. (5.120); and in (a) the dash-dot lines are the Monte Carlo truth, i.e. using
the known direction of the initial-state quark.

Figure 47(a) does not include cuts or smearing; as can be seen, the Monte Carlo truth and
theoretical calculation agree very well. The reconstructed distribution has a smaller amplitude
than the theoretical distribution due to the direction of the initial-state quark being misidentified.
Figure 47(b) shows the theoretical prediction and reconstructed distribution with smearing and
the cuts in Egs. (5.96,5.98,5.104,5.105) applied. For ® = 0, the SM W is maximally boosted and
its decay products are maximally collimated. Consequently, the AR;; cut in Eq. (5.98) causes a
large depletion of events in the central region. Figure 47(c) shows the reconstructed distribution
with the same cuts as (b) minus the ARj; cut. With the relaxation of this cut, the W} and Wy,
cases become reasonably discernible with the W; distribution nearly the same as the theoretical
prediction. The continued depletion of events at ® = 0 and ® = +x are due to the rapidity cuts

on leptons and jets, respectively.

5.7 UNLIKE-SIGN DILEPTON ANGULAR DISTRIBUTIONS

Intrinsically, Majorana neutrinos can decay to positively or negatively charged leptons, and there-

fore also contribute to the L-conserving process
pp — W' — (45 jj. (5.121)

These events can be reconstructed similarly to the method described in Section 5.5. However, the
SM backgrounds for this process, particularly pp — Zj7, will be larger. Our purpose here is not to
do a full signal versus backgrounds study, but to comment on the differences between the like-sign

and unlike-sign lepton cases. Again, ud has a larger parton luminosity than da, so we focus only
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on W'* production:

pp = W' = Net = i3 55 (5.122)

5.7.1 W' Chiral Coupling from Angular Distributions

For the unlike-sign case, we mimic our entire like-sign analysis and reconstruct the polar angu-
lar distribution of the lepton originating from neutrino decay in the heavy neutrino rest-frame
(App. 5.3.4). Respectively, the polar and azimuthal distributions are similar to those in Egs. (5.109)

and (5.120) up to a opposite sign in front of the angular dependence.

do G [, (5(Wo) = (W)Y (2= k) (g5 IYan| = gi?|Vinl?
1 cos by, | ,

dcos g, 2 &(W()) +&(WT> 2+:U'%V 922|YV€1N|2 +g€2|VZ1N|2
(5.123)
dé 500 2 A A q2 _ q2
ag _ OTot. 1— 3l MN2 <(A7(WO) (T(WT)> 9R2 ng cos®| . (5.124)

Figure 48 shows the ® distributions for the unlike-sign process and follows the identical procedure
as for the like-sign case. The solid line is the ® distribution with the initial-state quark propagation
direction identified as the partonic c.m. frame boost direction; the dashed lines are the theoretical
distributions given by Eq. (5.124); and in (a) the dashed-dotted lines are the Monte Carlo truth, i.e.,
using the known direction of the initial-state quark. Figure 48(a) does not include cuts or smearing.
Figure 48(b) shows the theoretical prediction and reconstructed distribution with smearing and
cuts in Egs. (5.96), (5.98), (5.104), and (5.105) applied. Figure 48(c) shows the reconstructed
distribution with the same cuts as 48(b) minus the ARj;; isolation cut.

To understand why the sign of the slope for the L-conserving distributions differ from the
L-violating distributions, we turn to spin correlations. For W'*, the spin correlations for ud —
W't — N{T are shown in Fig. 43 without yet specifying N’s decay. However, we only need to
analyze the angular correlation in the neutrino decay. The spin correlations are simply obtained by
replacing the right-handed antilepton in Fig. 39 with a left-handed lepton. Since the direction of
the spin of the lepton is completely determined by the neutrino spin, which is unchanged between
the two cases, the effect of the helicity flip is to reverse the direction of the final state lepton
momentum relative to the Z direction. Therefore, the slopes of the lepton angular distribution are
opposite for the like-sign and unlike-sign lepton cases. These same arguments can be made to show

that the phases of the ® distribution in Egs. (5.120) and (5.124) differ by 180°.
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Figure 48: For the opposite sign lepton case, the angular distribution of the charged lepton origi-
nating from neutrino decay in the heavy neutrino rest-frame with respect to the neutrino moving
direction in the partonic c.m. frame at the LHC with My, my set by Eq. (5.80). Distribution (a)
without smearing or cuts, (b) with energy smearing and cuts in Egs. (5.96), (5.98), (5.104), and
(5.105) , and (c) with all cuts applied to (b) except the AR;; cuts in Eq. (5.98). The solid lines

are for the Monte Carlo simulation results and in (a) and (c) the dashed lines are for the analytical

result in Eq. (5.109).
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The analysis of the two cases also reveals that, unlike the angular distributions, the total
cross section is independent of having like-sign or unlike-sign leptons in the final state. This may
be understood by recognizing that the difference between the two final states is tantamount to
a charge conjugation. Having integrated out the angular dependence, the total cross section is
invariant under parity inversion. Consequently, by CP-invariance, the total rate is invariant under
charge conjugation. This behavior is evident in Eq. (5.90) and Fig. 34, which show that N decays
to W~ and £~WT equally.

5.8 SUMMARY

The nature of the neutrino mass remains one of most profound puzzles in particle physics. The
possibility of its being Majorana-like is an extremely interesting aspect since it may have far-
reaching consequences in particle physics, nuclear physics and cosmology.

Given the outstanding performance of the LHC, we are motivated to study the observability
for a heavy Majorana neutrino N along with a new charged gauge boson W' at the LHC. We first
parameterized their couplings in a model-independent approach in Section 5.2 and presented the
current constraints on the mass and coupling parameters.

We studied the production and decay of W’ and N at the LHC, and optimized the observability
of the like-sign dilepton signal over the SM backgrounds. We emphasized the complementarity of
these two particles by exploiting the characteristic kinematical distributions resulting from spin-
correlations to unambiguously determine their properties. Our phenomenological results can be

summarized as follows.

1. The heavy neutrino is likely to have a large R.H. component and thus the W would likely
yield a larger signal rate than that for W;, governed by the mixing parameters as discussed
in Section 5.2. Under these assumptions, we found that at the 14 TeV LHC a 50 signal, via
the clean channels /*¢*;j, may be reached for My = 3 TeV (4 TeV) with 90 fb~! (1 ab™1)

integrated luminosity, as seen in Fig. 42.

2. The chiral coupling of W’ to the leptons can be inferred by the polar angle distribution of the
leptons in the reconstructed neutrino frame, as seen in Fig. 44, owing to the spin correlation

from the intermediate state N.
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3. The chiral coupling of W’ to the initial state quarks can be inferred by the azimuthal angular
distribution of the neutrino production and decay planes, as seen in Fig. 47.

4. The kinematical distributions for the like-sign and unlike-sign cases have been found to be quite
sensitive to spin correlations and are complementary. In particular, the angular distributions
differ by a minus sign and provide qualitative differences for a Majorana and a Dirac V. Thus
in addition to observing final states that violate lepton-number, comparison of the two scenarios

provides a means to differentiate the Majorana nature of V.

Overall, if the LHC serves as a discovery machine for a new gauge boson W', then its properties
and much rich physics will await to be explored. Perhaps a Majorana nature of a heavy neutrino

may be first established associated with W' physics.
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