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Abstract

Towards Precision Standard Model Calculations
by
Michael Girard
Doctor of Philosophy in Physics
University of California, Berkeley
Dr. Christian Bauer, Co-chair

Professor Yasunori Nomura, Co-chair

For many years the consistency of the Standard Model(SM) of particle physics has been
unflinching. The structure and content of the Standard Model has remained whole in the
face of shockingly many experimental tests. Predicting the existence of new particles and
yielding incredibly accurate calculations of fundamental measurements have been the hall-
mark of the Standard Model. Currently, experimentalists are testing several Standard Model
quantities to such precision that 5th order terms are needed in theoretical calculations to
match this precision. Never-the-less, the predictions of the Standard Model have kept pace
with experiment and have yet to be contradicted.

Unfortunately, this incredible stretch of experimental validation comes at a cost. Several
very large problems still are without solutions and finding them in the particle content of
the Standard Model alone is unlikely. The huge range of scales seen in nature, a dark matter
candidate, and the cosmic baryon asymmetry still loom as major flaws in the Standard Model.
In this manuscript we aim to increase the accuracy of several Standard Model predictions
to push the experimental limits of the Standard Model. We start with a brief introduction
to the Standard Model and its sector we will be mainly concerned with, namely QCD. In
Chapter 2, we will consider the Standard Model as an effective field theory for a new physics
model that resides at a mass scale much higher than the electro-weak scale. By interpreting
the SM as an effective theory it allows us to extend the Standard Model Lagrangian with new,
higher-dimensional operators that depend on the scale of new physics. We then calculate the
next-to-leading order corrections to these operators in QCD and combine these calculations
with parton showers via the POWHEG method. In the final section of Chapter 2 we present a
discussion of the bounds on the scale of new physics that can be drawn from comparing our
results to Large-Hadron-Collider(LHC) searches. In the third chapter of this manuscript, we
will briefly introduce the importance of W+charm events at the LHC followed by a discussion
of NLO QCD calculations and heavy meson fragmentation resummation. Next, we give a
general method for combining a fixed order, massive calculation with a massless calculation



with large logarithms resummed. Numerical results of resummation and an implementation
of the afore mention method are discussed followed by future outlook.



For William and Alice.
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Executive Summary for non-Experts

As the scales at which humans can probe the world around us become smaller and smaller,
the theories needed to describe phenomena at these scales have become more fundamental
and unifying. There might not be a better example of this pairing of scale and unification
than the history and slow formation of the theory of all known particles in the universe,
the Standard Model. The Standard Model has been precisely tested over and over again.
Virtually every attempt to experimentally disprove the Standard Model have failed. The
Standard Model is the basic theory underlying our understanding of three of the fundamental
forces of nature: the electromagnetic force, the weak nuclear force and the strong nuclear
force. In this work, the force that we will focus on, as it relates to precise calculations,
is the strong nuclear force. The strong nuclear force is the theory of its matter particles,
quarks, associated force-carrying particles, called gluons. The strong nuclear force, also
called quantum-chromodynamics, suffers from a unique difficulty not seen in the other parts
of the Standard Model. At high energies the theory of the strong force is well-behaved and
calculations can be carried out in ways similar to those of theories that describe the other
forces of the Standard Model. However, at low energy, the description of quarks and gluons
becomes unstable to the point of completely breaking down and yielding catastrophically
wrong results. Physicists have come up with very creative and novel ways to avoid this
catastrophe, some of which we discuss below, but, unfortunately, this problem is a constant
challenge to face whenever trying to make an experimental prediction of the strong force.

In what follows, we will discuss two ways in which the precision of Standard Model
calculations are increased to yield better experimental predictions.

Firstly, we have supposed a more fundamental theory of physics that exists at energies
much higher than those at which the Standard Model is tested today. The Standard Model is
now the result of this theory being mapped onto physical scales that we currently have access
to. Without adding any additional particles we extended the Standard Model to include more
complex interactions. This extension feels the effects of the more fundamental theory and the
scale at which it fully resolves. By comparing this enlarged theory’s predictions to current
experimental results we can gain some insight into the higher energy theory and what it
might mean for future discovery.

Secondly, we have combined two calculations, each dealing with the challenge of strong
force calculations in their own way. By carefully combining these two calculations we also
combine the regions in which the full calculation is valid where as the individual calculations
were valid in only one.

Both of these projects have the aim of increasing the precision with which we can predict
experimental results and push the limits of the Standard Model. By continually and more
effectively testing the Standard Model we can find its failures, and by exploiting these short-
comings we can discover the theory that will ultimately dethrone the Standard Model as the
fundamental theory of our universe as we know it.



Chapter 1

Introduction

1.1 History of the Standard Model

The history of physical science has regularly shown us that our current understanding of
the universe is, more than likely, merely an effective theory for an underlying and more
fundamental theory. As the scales at which humans can probe the world around us become
smaller and smaller the theories needed to describe phenomena at these scales have become
more fundamental and unifying. There might not be a better example of this pairing of scale
and unification than the history and slow formation of the theory of all known particles in
the universe, the Standard Model(SM).

The history of the standard model is closely linked to the history of quantum mechanics,
and later quantum field theory, as many of the discoveries in quantum mechanics lead to a
better understanding of particle behavior and vice versa. Simply noting the Nobel Prizes
awarded in the last 150 years one should have impressed upon them the importance of a re-
emerging pattern of tension between current theories of particle interactions and experiment
followed by theoretical insight leading to a unification of theories.

Starting with the discovery of the electron by J.J. Thomson and the apparent incompat-
ibility of a wave theory of light with experiment, Einstein’s 1905 resolution to the photo-
electric effect, for which he would win the 1921 Nobel Prize, was one of the first instances
of the tension/unification cycle. Another instance of this cycle can be seen in the 1930’s
after the discovery of the neutron. After it was discovered that nuclei were made of protons
and neutrons the issues of nuclei decay and binding forces now were main issues facing the
current theories of particle interactions. Enter Hideki Yukawa, who proposed a field theory
of nuclear forces and an accompanying new boson, named the pion. It would be more than
ten years, but his prediction was ultimately proven correct with the discovery of the pion in
1947 [3]. In 1969 the seemingly nonsensical pattern of baryons and mesons was resolved by
the discovery of the up, down and strange quarks and an approximate symmetry relating
them, predicted by Gell-Mann and Zweig [4]. The rate of discovery accelerated with the
advent of particle colliders and the explosion of discovery in the 1970’s with the J(v)) being
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the catalyst(coincidentally this is when the Standard Model got its name). The experimen-
tal discovery of the J(1)), simultaneously showed the existence of a fourth quark, the charm
quark, that would allow flavor conserving weak interactions. The necessity of this quark was
seen and predicted by Bjorken and Glashow several years before [5]. The SM continued to
grow and discoveries culminated in 2012 with the discovery of the capstone of the Standard
Model, the Higgs Boson [6].

What is needed now is another era of experimental tension on the Standard Model so
that a unifying breakthrough can be made.

1.2 SM and QCD in practice

1.2.1 SM basic building blocks

The SM is defined by its matter particle content and its Lagrangian’s invariance under a
local SU(3) x SU(2) x U(1) gauge symmetry group. Its matter content is composed of left
handed quarks, transforming as (3,2, %) under the SU(3) x SU(2) x U(1) gauge groups,
right handed quarks, (3,1,—%) and (3,1,%), left handed leptons, (1,2,%), right handed
leptons(non-neutrino), (1,1, —1) and a (1, 2,0) scalar field, which gives rise to Higgs Boson.
The force mediators of the SM are bosons that transforms as adjoint representations of their
associated gauge group and are: gluons (8) under the SU(3) color group, the Wy, Wy, Wy
and B, the gauge bosons of the SU(2) x U(1) gauge groups. Through the kinetic interaction
of the Standard Model Lagrangian the SU(2) x U(1) gauge bosons interact with the fun-
damental scalar field, (1,2,0), and when this field acquires a vacuum-expectation-value the
electroweak symmetry of the W’s and B is broken. Under this broken symmetry the W; and
W5 combine to become the W and W~ bosons while the W5 and B rotate into one-another
to become the Z boson the massless photon of an intact U(1)gy symmetry.

1.2.2 Quantum chromodynamics

An important sector of the Standard Model, on which much of the following projects are
based, is the strong interaction of quantum-chromodynamics (QCD). The QCD Lagrangian
is relatively simple to write down as

1 oy
EQCD - _2—92)51"{GM,/GMV} -+ Z@/Jj(l’}/uDu — mj)z/)j (11)

J

where
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1 v 1 a %
_Z_QQH{GMVGM } = _4_92(;WG5 7 (1.2)
G, = 0,AL — 0,A% +i f;CAZA; (1.3)
and
Dt =0t —igAH. (1.4)

Eq. has many interesting subtleties, one of the most important is the fact that the
gauge group describing the gluon interaction is non-abelian. As consequence f;. is non-zero
and leads to a very rich theory of self interacting gauge bosons. By calculating the scale
dependence of the coupling constant o, = ¢g*/4w, by

5 O0ag

e (as) (1.5)

one finds that the f(ag) function is negative and, in what might be the most fundamen-
tal 'minus’ sign in human history, the strong coupling constant tends towards zero as the
scale increases, gy — 0 as u — oo. This interesting result is can be rationalized by
comparing QCD to the eletromagnetic theory of electrons and photons, called quantum-
electrodynamics(QED). An electron, or any particle with electric change, is constantly sur-
rounded by a cloud of particle pairs, quickly coming into and out of existence as allowed
by the uncertainty principle. As charge attracts the opposite charge, the positively charged
particle in these short lived pairs tend to be closer to the electron and effectively screen the
electron’s charge. Because of this screening the S function of QED is positive. Contrast this
picture with QCD and the self coupling of the gluon plays a key role. A quark is surrounded
by a field of rapidly appearing and vanishing particles, just as the electron. However, now
this field contains quark/anti-quark pairs AND gluons. If the gluons were not present, the
result would be similar to that of QED. The gluons have an effect opposite to that of the
quickly vanishing quark pairs and, in the end, the gluon effect is larger leading to the neg-
ative beta function. This reasoning of QCD charge being anti-screened is made explicit by
calculating the vacuum polarization in QCD(a calculation too lengthy to be repeated here).
A fantastic result, for which Gross, Wilczek and Politzer won the 2004 Nobel Prize. Their
discovery of ”asymptotic freedom” means that at sufficiently high energies, a; is small and
fixed order perturbation theory can be utilized to calculate a wide range of physical observ-
ables. Unfortunately, this also leads to a phenomenon known as ”confinement”. Just as «;
becomes small at high energies, it also becomes large at low energies. As scale decreases, a;
grows until eventually it becomes larger than one, near a scale labeled Agcp. While confine-
ment is great for the formation of protons, neutrons and heavy nuclei it spoils perturbative
expansions in «; as higher order terms are now as large, if not larger, than lower order terms
and the theory becomes incalculable. As we bring the tools of QCD calculations to bear on
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hadron collider events, we will see that this divergence manifests in two ways that are critical
to collider observables. These are the quarks’ ability to couple strongly to soft and collinear
gluons. These divergent couplings to soft and collinear gluon radiation is a major hurdle on
the path to finite experimental predictions and in what follows we will discuss methods to
overcome this hurdle, and in some cases step around it.

1.3 Precision Tests

To say the Standard Model has been incredibly successful in providing experimental pre-
dictions would be understating its value to the science. Time and time again the SM has
provided robust predictions that withstand highly stringent experimental limits. Tests like
the prediction of the top quark mass [7], 8], flavor processes [9, 10} [11] and existence of the
Higgs Boson [6], all put forth the Standard Model as a highly tested theory. Not only are col-
liders allowing for direct measurements and tests of the Standard Model but recently atom
interferometry has allowed a measurement of agn that can probe corrections to the fine
structure constant to the fifth order in QED Feynman diagrams [12]. The inner workings
of QCD have also been tested to very high precision. The running of ay, Eq. (L.F), has
been measured in many different experimental settings and scales, see Figure m, [13]. The
precision tests of QCD are almost to numerous to point out but one such of QCD in collider
events can be seen in Figure [I.1b, which shows the total cross section of QCD radiation
production as a function of the energy scale of the underlying event [14].

1.4 Flaws and Missing Pieces

However, the Standard Model is most probably not the ultimate theory of particle physics
describing our universe. For all its success the SM has glaring flaws that are unlikely to be
resolved by the particle content of the SM alone. The observed cosmic Baryon asymmetry, a
dark matter candidate and the hierarchy of scales in the Standard Model are all major issues
that need explanations. Current searches for Beyond the Standard Model (BSM) physics
have failed to show any signals, beyond the occasional slight deviation, that would indicate
the scale of new physics is much below 107TeV. Such searches have pushed possible mass
scales of minimally super-symmetric extensions to the Standard Model, gluinos, light stops
and winos, above 1TeV in some cases [15], see Figures and [1.1dl

While exploring the space of BSM models is still important in the search for particles that
exist outside the realm of the Standard Model, another approach should also be employed
to test the Standard Model for experimental deviations. New and unforeseen physics is
manifestly hidden in those deviations and should be explored. By increasing the precision
with which calculations are made in the SM and also by utilizing the SM as an effective
theory we can push observable predictions into new experimental phase spaces where they
can be meaningfully tested. What follows are two projects that aim to do just this. We
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first discuss the Standard Model as an effective field theory, that is sensitive to the scale
of new physics , A, through its higher dimensional operators and coefficients. We further
consider its use to probe the corrections to several important collider observables. Secondly,
we present a method for increasing precision in collider events that produce a W Boson and
charm quark with very large transverse momentum. Events of this type probe a region of
phase space that simple fixed order calculations fail to describe and have direct effect on the
uncertainty of important Standard Model measurables.



Chapter 2

SM-EFT, QCD corrections and
parton showers

2.1 Theoretical Introduction

In the following chapter we present an extended theory of the Standard Model in order to
better investigate the scale of new physics at the Large Hadron Collider. In this extended
theory the Standard Model is taken to be an effective field theory of some higher scale physical
model. The heavier degrees of freedom of the high scale new physics has been integrated
out and at the low scale accessible by the LHC the Standard Model in only sensitive to the
heavy states through non-renormalizable, higher-dimension operators whose couplings are
suppressed by powers of the scale at which the new physics is realized. In the simplest version
of these type theories, it is assumed that there are no new fields in the low physics scale, that
is near the electro-weak symmetry breaking scale, and that the scalar boson observed as the
Higgs boson is part of a field that transforms as a (1,2, 0) in the SU(3) x SU(2) x U(1) gauge
group, than the new effective field theory created by integrating out heavy states from new
physics is called the Standard Model Effective Field Theory, SM-EFT, [16, 17, [18] 19, 20].

In this work we will utilize the full set of dimension six operators in the SM-EFT in the
basis used in [I7]. These operators yield the tree level corrections to Drell-Yan processes
in both the charged and neutral currents. Higgs production via Vector-Boson-Fusion(VBF)
and associated Higgs + Z or W bosons are also affected by these operators. To this we
include the next-to-leading order QCD corrections to the hard partonic process and match
with parton shower in the POWHEG method, from [211, 22] 23], and Refs. [24] 25] 26].

What follows is our analysis of including NLO QCD corrections to these collider events,
Drell-Yan, WH or ZH and Higgs production via VBF, using a broad set of operators in the
more general POWHEG method. By using the POWHEG method we allow for more flexibility
in experimental predictions. The results presented in this chapter is work from Ref. [27],
published by the author of this manuscript and others.
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2.2 The operator basis

Before discussing dimension-six operators, we define a few SM ingredients in greater detail
needed to establish our conventions. The SM Lagrangian is completely determined by the
invariance under the Lorentz group, the gauge group SU(3). x SU(2)r x U(1l)y, and by
the matter content. We consider here the SM in its minimal version, with three families of
leptons and quarks, and one scalar doublet. The left-handed quarks and leptons transform
as doublets under SU(2),

ur, vp
qrL = ; by = ) (2.1)
dL €r,

while the right-handed quarks, ur and dgr, and charged leptons, egr, are singlets under
SU(2). We do not include sterile right-handed neutrinos, but their effects on e.g. W
production can be straightforwardly included [28]. The scalar field ¢ is a doublet under
SU(2)r. In the unitary gauge we have

v 0
@ZEU(ZU) e ] (2.2)

where v = 246 GeV is the scalar vacuum expectation value (vev), h is the physical Higgs
field and U(z) is a unitary matrix that encodes the Goldstone bosons. By ¢ we denote
P = iT9p".

The gauge interactions are determined by the covariant derivative

D, =0, + @'gT W, +ig'Y B, + ig,Gt" (2.3)

where By, W and G are the U(1)y, SU(2), and SU(3). gauge fields, respectively, and ¢/,
g, and g are their gauge couplings. Furthermore, 7/2 and t* are the SU(2), and SU(3).
generators, in the representation of the field on which the derivative acts. In the SM,
the gauge couplings g and ¢’ are related to the electric charge and the Weinberg angle by
gSw = g'c,, = e, where e > 0 is the charge of the positron and s, = sinfy, ¢, = cosOy .
We will shortly discuss how these relations are affected in the presence of dimension-six
operators. The hypercharge assignments under the group are 1/6, 2/3, —1/3, —1/2, —1,
and 1/2 for qp, ur , dr , {1, , er , and @, respectively. The SM Lagrangian then consists of
the Lorentz- and gauge-invariant terms with dimension d < 4 that can be constructed from
the above fields.

The processes we aim to study, Drell-Yan, WH, ZH, and VBF, are affected by many
dimension-six operators. Following the notation of Ref. [17], we classify the relevant operators
according to their content of gauge (denoted by X), fermion (¢), and scalar fields (¢). The
operators that contribute at tree level fall in the following five classes

E - Lx2¢2 + £7,Z)2X4p + £¢2@2D + £w2@3 + £¢4. (24)
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Here Ly2,> contains operators with two scalars and two gauge bosons. At the order we are
working and for the processes we are considering, the only relevant operators are the ones
involving SU(2);, and U(1)y gauge bosons:

T
Lxape = Cow —Wf Wim 4 Ly Y f BuwB"™ + Cowp ks 2T lw! g
T T
90<P~1 Ipw PP s v 907'<P~1 v
+ Cow T Wi, W + Cop =B B + Cyyp =Wy, B (25)

where WI and By, denote the SU(2 )L and U(1)y field strengths, and XW = uapX /2.
The operators in the first line of Eq. (| are CP-even, while those on the second line violate
CP. Here, and in what follows, we deﬁne the coefficients of dimension-six operators to be
dimensionless. Thus, C,x and C ¢ scale as v? /A%, where A is the new physics scale. The
remaining operators in the class £yz2,2 involve the gluon field strength G,,. While these are
very interesting for Higgs boson production via gluon fusion, they contribute to the processes
we are considering — all of which are (anti-)quark-initiated — only at higher order, and we
neglect them.

The classes 12X ¢ and 1%2p?D both contain fermion bilinears. The former class consists
of dipole operators, of which we focus on the dipole couplings of quarks and leptons to the
SU(2) and U(1)y gauge bosons:

1 — v u u gp
£w2X<,o = __QLU'u (g/FBBuV + gFWT : W,uu)ﬁuR

V2

L d d '
_EQLUM (g/FBBuV + gFWT : W;w)v_QdR

1
—EKLUW(QTEBBW—FgF wT - W;w) eR+hC : (2.6)

Here T}/ 4¢ and T%™ are generally 3 x 3 matrices in flavor space, which we will discuss in
more detaﬂ shortly. In what follows we trade the couplings to the B gauge field, I'}; de , for
those to the photon field

Y =Tg+TY, TI=T%-Tf and TS =T%—I},. (2.7)

Ly2,2p contains corrections to the SM couplings of the quarks and leptons to the Z and
W bosons, which, in gauge invariant form, appear as

=
i D _
£¢2<p2D = _% (qL’y‘u CSLQL—FER’}/“ CU@UR—FCZR’)/“ CDde)

i D

w'e 2 B

- S e + ( =@ Do iny Edp + h.c.)
T'D - tg D

Pl 4 _ el D e

- U2 £ (ELP)/M CS;KL + eR’Y“ CegaeR> T g T W/MC%)gL (28)
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A= T 1 3 1 3
Here D, = D, — gu, D, =1'D, - g!ﬂ'l, and Cé?c)p’ 02230, CUpy CDyps c(L;, c(L;, Cep are

hermitian, 3 X 3 matrices, while ¢ is a generic 3 x 3 matrix. The operators c(Ll;, cgy, Cey
couple lepton bilinears to the weak bosons, thus affecting Z and W production at tree level.
However, these operators are strongly constrained by LEP measurements of the physics at
the Z pole [29]. Furthermore, the Z and W production cross sections induced by these
operators have the same shape as the SM, making it hard to identify them at collider. For
these reasons, we neglect them in what follows.

The remaining operators involving quark bilinears in the dimension-six SM-EFT La-

grangian are corrections to the quark and lepton Yukawa couplings

il _
£¢2<,03 = —\/5% (qLY;@uR + (jLYd/gOdR + ELYe/goeR) . (29)

These couplings are mainly constrained by Higgs boson production via quark-antiquark
annihilation and by the Higgs boson branching ratios, but we will see that the quark couplings
Y, 4 also give interesting contributions to WH and ZH.

Finally, we consider the following semileptonic four-fermion operators,

4G

Ly = 7 {C% (™l uyvege + C% Loy - G VgL + Cew €rY" R URYuUR

+ Ceaerter JR'YudR + Cru Lyl UpYuur + Cra Oy, JR%dR
+ Cge €rY''er q_L'Y,uQL} (2.10)

—4% {cLedQ Crerdrgl + Ol e er Qhur + Chop, €900 0" e )0, up + hic. }
Of these operators, only a few affect charged currents, introducing new Lorentz structures,
such as scalar-scalar and tensor-tensor interactions. All of the above operators modify neutral
currents and the couplings are, in general, four-indices tensors.

Having introduced the dimension-six operators of interest, we will first discuss how these
new interactions affect the SM couplings. The assumptions on the flavor structure of the
introduced couplings are discussed in Section [2.2.2]

2.2.1 Corrections to SM couplings

In the SM the gauge couplings g and ¢, the electric charge e, the Fermi constant Gp,
the Weinberg angle sinfy,, the gauge boson masses, and the Higgs boson mass and wvev
are not independent, but are connected by several relations, which hold at tree level, and
are modified in a testable way by radiative corrections. Including the higher dimensional

operators of Egs. (2.5)), (2.6), (2.8)) and (2.10) modifies these relations, making it important

to specify the input that is taken from the experiments. Here we use as experimental input
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the values of the weak boson and Higgs boson masses myz, my, my [30], Gg, the electric
charge, and sinfy, as extracted from the lepton asymmetries at LEP [30]. In the presence
of new physics, these experimental values would include contributions from dimension-six
operators, which we now describe.

The operators in Eq. affect the normalization of the gauge bosons, and their masses,
inducing, in particular, mass and kinetic mixing between Wg’ and B,,. Here we follow Ref.
[16], and diagonalize the gauge boson mass terms up to corrections of O(v*/A%), by rotating
the W3 and B, fields according to

Wj’ = Sow(l + O‘AA)A,u + (Cow(l + Oézz) — SOwO-’AZ) ZIM (2.11)
B, = cow(l+asa)A, — (sow(l+ azz) + cowaz) Z,, (2.12)

where we have introduced

apaa = S(2)w O¢W + ng C(pB — SowCow OgoWBa (213)
Ogy = ng wa + Sgw C@B + S0wCow CgoWB7 (2.14)
DAy — QSOwCOw(CgoB — C¢W) + (C%w — S(z)w) CchB- (215)

The subscript 0 has been introduced to stress that Eqgs. (2.13)-(2.15]) involve the Weinberg

angle in the SM

Cow = COS By, = S — (2.16)

In a similar way, we redefine W/}Q to ensure the kinetic term of the W boson is canonically
normalized. The weak boson masses are then given by Ref. [16]

mw = w4 Car), miy =2 (2.17)
v
my; = my(l+azyz), mY = 2’;—0, (2.18)

for which we use the experimental values my, = 80.4 GeV and myz = 91.2 GeV [30]. Notice
that here we focused on the subset of the complete dimension-six Lagrangian presented in
the previous section. The full expression of the W and Z boson masses in the SM-EFT are
given in Ref. [16, 20].

The Higgs vev is defined in term of the observed Fermi constant. Up to corrections

of O(v*/A*"), the operators in Egs. (2.5), (2.6), (2.8) and (2.10) do not affect the relation

between v and G, and we still have
v = (V2Gp)~? = 246.2CeV, (2.19)

where G is the measured Fermi constant, extracted from muon decay, Gp = 1.166 - 107°
GeV~2. Within the general SM-EFT the above relation receives corrections from additional
operators that we do not consider here [16]. For example, at dimension-six Eq. (2.19) is
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altered by the operator cf’; in Eq. (2.8), which modifies the leptonic couplings of the W.
Using the physical masses and G g, we define the effective couplings

gors = 2 — 0,653, (i) =97 _ o741, (2.20)
v Co/opf v

which are useful in expressing the couplings of the quarks to the W and Z bosons. The
electric charge is given by Ref. [30]

e(mz)?

€= ¢gSow (1 +aan), a(my) = =1/127.95. (2.21)

s

Finally, we use the lepton asymmetry parameter A., as measured at LEP [30], to deter-
mine the Weinberg angle. A, is related to the ratio of the electron vector and axial coupling,
and, since we are not introducing new eeZ interactions, this ratio is only affected by the
definition of the Z field,

e

Cow
g_g =1—4|Q.|s2, (1 + LaAZ) : (2.22)
ga Sow

Using ¢t /9% = 0.151 £ 0.002 [30], we define an effective s,
(Sw)eff = Sow (1 + CO—‘”aAZ) —0.231. (2.23)
Sow

With the above definitions, the SM couplings of the Z and W boson to quarks can be
written as

E= (Ci) {(jL (T3 - Q(S%v)eff) YL 2y — Qu<312u)eff upy*ur Z,
w/ ey
—Qa(sy)ess dry"dr Zu} - @%am“dLWj , (2.24)

where Tj is the third component of isospin, @ = diag(Q., Q) is the quark charge matrix.
The couplings of the Z and W boson to the Higgs boson are given by

m? m?
L = Twh (WEW, + WEW,,) + TZhZ“ZM. (2.25)

We will compute the effects of dimension-six operators with respect to these definitions.

Lastly, the Yukawa operators in Eq. (2.9)) affect the definition of the quark masses. We
define the Yukawa Lagrangian in the presence of dimension-four and dimension-six operators
as

h - h -
L= —vurY,up <1 -+ ;) —vd; Y dr (1 + ;) — ﬂLYéuRh, —dLYd,dRh + h.c. (226)



CHAPTER 2. SM-EFT, QCD CORRECTIONS AND PARTON SHOWERS 13

where ) )

and Y£ 4 denote the Yukawa couplings in the SM. The matrices Y, and Y; can always be
made diagonal and real by appropriate field redefinitions, and are determined by the observed
quark masses, M, 4 = vY, 4. In the mass basis, YlLd are generic 3 X 3 complex matrices. In
what follows we will neglect the contribution of Y, 4, which, for processes involving light
quarks, is always negligible, and we will focus on Y} ;, which, being unrelated to the light
quark masses, need to be independently constrained.

2.2.2 Flavor assumptions

Given the already large number of operators, keeping the flavor structure of Egs. (2.6)), (2.8))
and (2.10) completely generic is a daunting task. We therefore work under two simplifying
assumptions:

1. Lepton universality.
2. No tree-level flavor-changing neutral currents (FCNCs).

Lepton universality only affects the four-fermion and leptonic dipole operators in Egs.
and , implying that they have a trivial flavor structure in the lepton sector, with the
same couplings for the electron, muon and tau. This assumption can easily be relaxed by
setting the vdecaymode flag in the powheg. input file to separately only select electron, muon
or tau final states.

To enforce that there are no tree-level FCNCs we first rotate to the mass basis of the
quarks, by performing the following transformation

Ur, R — Uz,RuLJ% dL,R — Ug,RdL7R7 (228)
where Uz:i{ are unitary matrices that diagonalize the mass matrices
(UHT MU = diag(m,, me, my), (UDTM UL = diag(ma, ms, my), (2.29)

and the CKM matrix is Vo = (U)TUZ. The rotations affect the flavor structure
of the dimension-six operators. For most operators, the effects of the transformation can
be trivially absorbed by a redefinition of the couplings. For example, for the right-handed
W current &, the net effect of switching to the mass basis is to replace the matrix ¢ with
¢ = (UR)T€UL. Since € is an arbitrary matrix, the change has no practical effect. ¢y, cp,,
Yéw Ceus Ced; Cru, Crq and Cg, only affect neutral currents, and we simply define them to
be diagonal in the mass basis.

On the other hand, the rotation has nontrivial consequences for operators that

affect both neutral and charged currents. For example, for CSL and cg’; we find, in the
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unitary gauge and the weak basis,

AW 1 ©® g + 3
e = () {a‘m%( PG e = T G

g 5 - (3
—Edey“Wu cQ@uL}. (2.30)

Transforming to the mass basis, the left-handed couplings of the Z boson to u-type and
d-type quarks are

1 ! u 1 3 1
(Cézs)o _02230> = (Up)! <CQ30 CQ@) Up (Cézs)ﬂrcéz«)p) up)! (Cézs)oJch«p) Uy

If we now require all the Z couplings in the mass basis (the primed matrices) to be diagonal,
this induces some non-diagonal W couplings,

h\? 1 1
= % (1 + ;) ag W, (5 [VCKM,C(QIH t3 {VCKM;CSZ}) dr,

h 2 B 1 1
+% (1 + ;) "W, (—5 [V 5] + 5 {ngM,cg;f}) up. (231

Thus, when we assume no tree-level FCNCs are induced, the non-diagonal effects in the W
couplings are determined by the CKM matrix.

In a similar way, when we take the Z and ~ dipoles to be diagonal, this results in the
following couplings for the W dipoles

g h 7 U v — - v
L = — 20 <1 + ;) {dLV&(MFWO“ urW,, + urVexuliyo" dRW,jV} +h.c.(2.32)

Finally, for the four-fermion operators we again enforce all the neutral-current couplings to
be flavor diagonal in the mass basis, and we define the diagonal matrices

Cro,u = diag(Crg,u:Crg,e,Cro,t) = Cﬁ; - C%,
CLQ,D = diag(C’LQ,d, CLQ,s; CLQ,b) = Cég + ng (2.33)

Assuming C 40 ,CSQQH 7C§?Qu to be diagonal, the charged-current interactions are

4G
E = —W{VL’)/ eLdeyu (CLQ DVCKM VCJEKMCLQU) ur,

+ﬂL€R <CZRCLedQVcT'KMuL + CZLVCT'KMCSe)QuuR) —+ DLU‘“’eR CZLVCJEKMCS?QUO'“VUR}

+h.c. (2.34)



CHAPTER 2. SM-EFT, QCD CORRECTIONS AND PARTON SHOWERS 15

Hermiticity of the Lagrangian in Egs. and forces the couplings cyy, cpy,
0830, CQ3<,)0’ Ceus Ced, Cry, Crq and Cg. to be real. These matrices can acquire imaginary
components if one relaxes the flavor assumptions and allows for off-diagonal Z couplings. On
the other hand, the dipole couplings FW ~, the right-handed charge-current ¢, the Yukawa
couplings Y, ;, and the scalar and tensor interactions Cp 40, C’ge)Qu, C,g‘?Qu can have an
imaginary part.

One can explore additional flavor structures such as minimal flavor violation [31]. For
charge-current processes it is easy to allow more general flavor structures, by setting the non-
diagonal entries of the 3x3 flavor matrices of couplings in initcouplings.f to the desired
values. For neutral-current processes, non-diagonal Z couplings would require one to add
new partonic channels, which at the moment are not included but can be easily incorporated,
if necessary.

2.2.3 Renormalization

The coefficients of most operators in Eq. do not run in QCD at one loop. The exceptions
are the quark Yukawa couplings in Eq. and the scalar operators in Eq. , whose
coefficients Y, ; C&)Qu and Creqq obey the sarne renormalization group equation (RGE) as
the quark masses the dipole operators in Eq. ( , and the tensor operator in Eq. (2.10]).
The scalar and tensor operators satisfy

d o QT .
dlog o 47 - A7 Ts s s € f LeQu® “~ LedQ

d « QT ,
C = = (_5> (n)c , C { U 7I‘d 7Fu71‘\d70( ) } 7 2.35
dlog T 4 £ \dx Jr T TEVtwolwr by Cregu (2.35)

where the two loop anomalous dimensions are [32, [33] [34]

97 10
fyéo) = —6CF, ”stl) = (3CF R ?nf> Cr,
257 26
A= ocE, AW = (?NC —19Cp — 5nf> Cr. (2.36)

Here Cr =4/3, N¢ = 3 and ny = 5 is the number of light flavors. All the other coefficients
do not run in QCD, and we neglect electroweak loops.

By default, all dimension-six corrections are switched off in the POWHEG input card. To
investigate the effect of one or more dimension-six operator, the user needs to set the flag
dim6 to 1 and specify the values of the dimensionless coefficients defined in Eqgs. , ,
and in the input file. The notation for the coefficients of the operators that can
be set in the input file is listed in Table [2.1], while Table summarizes the processes we
considered, and which operator can be turned on and off in each process.
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Operator Operator

Cow, oB, oW B, CC_ww, CC_bb, CC_wb C@W,@B,@WB CC_wwt, CC_bbt, CC_wbt

', ReGUw_i i € {u,c,t} ry ReGUe_i i € {u,c,t}

ImGUw_i i € {u,c,t} ImGUe_i i € {u,c,t}

ré, ReGDw_j j € {d,s,b} re ReGDe_j j €{d,s,b}

ImGDw_j j €{d,s,pb} ImGDe _j j € {d,s,b}

% ReGEw, ImGEw s ReGEe, ImGEe
5. Qphila a € {11,22,33} ) Qphi3.a a € {11,22,33}
CUe Uphi_a a € {11,22,33} CDy Dphi_a a € {11,22,33}
13 ReXi_ ij i € {u,c,t}
ImXi_ij j €{d,b,s}

Y, ReYu_i i € {u,c,t} Y] ReYd_j j € {d,s,p}

ImYu i i € {u,c,t} ImYd_j j € {d,s,b}
Crou QLu_a a € {11,22,33} Cro.p QLd_a a € {11,22,33}
Ceu Ceu_a a € {11,22,33} Ced Ced_a a € {11,22,33}
Crau CLua a € {11,22,33} Clra CLd.a  a € {11,22,33}
CQe Qe_a a € {11,22,33} ClLedg ReledQ.a a € {11,22,33}
ImLedQ.a a € {11,22,33}
Ot ReLeQu a a € {11,22,33} V0. | ReleQud.a a € {11,22,33}
ImLeQu.a a € {11,22,33} ImLeQu3.a a € {11,22,33}

Table 2.1: Notation for the coefficients of the dimension-six operators that can be set in
POWHEG. The flavor structures reflect the assumptions discussed in Section [2.2.2]
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pp—Llv | pp— 00, vv | WH | ZH | VBF

CSDW’CQOW o N
CeB; CKPB - - -
Cown: Cuiwp - - -
u,d _

1

u,d
FW

€
IS w X X -

(1,3)
€Qy

CU(,O? CDy - -
(1,3) _
CLQD y Cegp X X X X

YY) - - -

C1LQ,U7 C’LQ,D - - -
Ceu7 Ced - - - -

CLu; CLd,Qe - - - -
1,3
CLedQ7 CéeQ)u - - -

Table 2.2: Contributions of the dimension-six operators in Eqgs. (2.5), (2.6)), (2.8), (2.9) and
(2.10) to NC and CC Drell-Yan, associated production of a Higgs and a weak boson, and

Higgs boson production via vector boson fusion. For each process, a v indicates that the
contribution has been implemented in POWHEG, a x that the operator contributes at tree level,
but has been neglected because of the reasons explained in the text, while a — indicates that
the operator does not contribute at leading order.
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The new physics scale A, at which the coefficients are defined, can be specified by setting
the flag LambdaNP to the desired value. Egs. and are then used to run the
coefficients from A to ug, the renormalization scale of the process of interest. By default,
LambdaNP = 1 TeV. For the coefficients that do not have QCD evolution, the flag LambdaNP
is irrelevant.

2.3 Neutral- and charged-current Drell-Yan
production

We start by analyzing the contributions of the dimension-six SM-EFT operators to the
processes pp — (v, 070y, £7¢~ and vi. The SM background to these processes is known
with very high accuracy, including fixed next-to-next-LO (NNLO) QCD corrections [35, [36],
37 and NLO electroweak (EW) corrections [38, [39, [40], 4], 42]. More recently, the interface
of the NNLO predictions with the parton shower has been presented in Refs. [43, 44, 45],
and a quantitative assessment of the size of different QCD and EW corrections has been
discussed in Ref. [46]. Contributions from SM-EFT operators, at LO in QCD, have been
considered, for example, in Refs. [28, 147, [48], 49] and rescaled by the SM NNLO K-factor in
Ref. [50, 5I]. In this work, we have calculated the NLO QCD corrections to the partonic
processes mediated by SM-EFT operators in Table and interfaced with the parton shower
according to the POWHEG method, extending the original work of Ref. [24].

If the invariant mass of the leptons is close to the weak boson masses, NC and CC Drell-
Yan production is dominated by the production of a W or Z boson, which subsequently
decays into leptons. In this region, these processes are in principle sensitive to modifications
of the SM W and Z couplings to quarks, represented by the operators cgf ), cuy and Cpe,
or to new interactions of the W and Z boson: the W coupling to right-handed quarks,
mediated by &, and the chiral-symmetry-breaking dipole couplings F}j{,‘fv’e. For W production,

the contributions of 085’ ) amount to a shift in the values of the CKM mixing matrix, which, in
the presence of these operators, is no longer unitary. Instead, £ induces couplings to quarks
with opposite chirality to the SM. If one considers observables that are symmetric under
the exchange of the charged lepton and the neutrino momenta, the contributions of these
operators are identical to those of the SM, making it difficult to obtain strong constraints
[52]. The right-handed nature of £ would manifest, for example, in a larger fraction of
right-handed polarized W bosons. Appreciable deviations, however, require large couplings
that are already ruled out by other collider and low-energy observables, such as associated
production of a W and a Higgs boson [52]. Similarly, in Z production, the cross section
induced by the operators c&f’ ), cu, and cp,, is qualitatively very similar to the SM, and thus
other processes, such as ee™ — ¢q at the Z pole, or pp — HZ, provide stronger bounds. In
the case of the dipole couplings F%’,flf, the cross section has a different shape, being enhanced
for large values of W boson transverse mass or the dilepton invariant mass. Furthermore,
the different chiral structure of the vertex could be identified by looking at the W and Z
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boson polarization.

When the dilepton invariant mass is much larger than the W or Z boson mass, NC and
CC Drell-Yan production receive important contributions from the four-fermion operators
in Eq. (2.10). Crouv: Cro.ps Credg and Cﬁi& contribute to the neutral and charged-current
processes, while the remaining operators in Eq. only contribute to neutral currents.
Most of the semi-leptonic interactions, namely Cro v, Cro.p, Ceu, Ced, Cru, Cra and Cge,
couple left- and right-handed quarks to left- or right-handed leptons, and therefore modify

the helicity structures which already exist in the SM. On the other hand, Cr.q and CﬁjQu

are scalar couplings, while C’f’e)Qu has the form of a tensor coupling, all of which give rise to
new helicity structures.

We computed the W and Z production cross sections in the presence of the dimension-
six operators in Table including NLO QCD corrections, and implemented them in the
POWHEG BOX V2. The cross section has the schematic structure

O = 0OsMm+ Z 0,C; + Z O'ijCiCj, (237)
% i

where o indicates a generic (differential) cross section in the fv, ¢T¢~ or v channels. If

one neglects light-quark mass effects, only the semileptonic four-fermion operator C'rg 7 and

Crg,p and the vertex correction c(Qlf ) interfere with the SM amplitude for pp — fv, due to

helicity considerations. In the case of Z production, the index ¢ in the interference term in

Eq. (2.37) runs over the operators

1,3
{Cég¢), U €Dy, Crou, Cro,n, Ceu, Ceds Cru, Cra, Cge -

We included dimension-eight effects to guarantee the positivity of the cross section even
for arbitrary large values of the couplings. For completeness, we also included interferences
between different dimension-six operators. The chiral structures of the effective operators
strongly limit the number of such interference terms and in practice one needs only to
consider the interference of the photon and Z dipoles in pp — ¢7¢~, and of the u-type scalar
and tensor operators, C’&g)u, in pp — ¢t0~ and pp — lv,.

When extracting bounds on the coefficients of effective operators, one should make sure
to be working in the regime of validity of the EFT. For the operators that interfere with the
SM one can check that the bounds are not dominated by terms quadratic in the new physics
couplings. For a clear discussion of this point, we refer to Refs. [53] 48]. For operators with
different chiral structures than the SM, the leading contribution to the W and Z production
cross sections is quadratic in the BSM coupling, and goes as A=*. One might then worry
that the constraints on these operators are not reliable because of missing A~* contributions
from the interference of genuine dimension-eight operators with the SM. This concern is
justified for bounds obtained from the total cross section, or from differential distributions
that are not sensitive to the quark/lepton chiralities. However, dimension-six operators with
different chiral structures than the SM leave clear signatures in observables such as the W
and Z polarization fractions, that cannot be mimicked by dimension-eight operators. Thus,
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Figure 2.1: Differential pp — e*v, + e~ 7, cross section as a function of m}¥, at VS =13
TeV. The middle panel shows the ratio of the differential cross sections in the presence of
dimension-six operators and in the SM, while the bottom panel the ratio of the NLO and
LO cross sections. The shaded regions indicate the theoretical uncertainties from PDF and
scale variations.

in the presence of deviations from the SM, it will be possible to disentangle dimension-six
operators with different chiral structure than the SM from genuine dimension-eight effects
by studying more differential observables.

We show the resulting pp — e, + e 7, cross section at /S = 13 TeV as a function of
the W transverse mass, my , in Fig. m, where mV is defined as

mlf = /20wl [yl (1 — cos Ady,). (2.38)

Here p% and pY. are the charged-lepton and the neutrino transverse momenta, respectively,
and Ay, is their azimuthal separation. In blue we depict the SM cross section, while the
remaining lines depict the contributions of the four-quark operators Crg ., — Cro.q (green),

C’ge)Qu (purple) and CS’E)QU (magenta), and of the dipole operator I'};, (red). The values of the
coefficients have been chosen to be close to the bounds discussed in Section [2.3.1 The down-
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Figure 2.2: Differential pp — e*e™ cross section as a function of the dilepton invariant mass,
at v/S = 13 TeV. The shaded regions indicate the theoretical uncertainties from PDF and
scale variations.

type and electron-type dipoles I'¢;,, I';, and d-type scalar operator Cf.qq induce corrections
with the same m}’ dependence as I'}, and C’&)Qu, respectively.

In Fig we show pp — ete™, as a function of the dilepton invariant mass. In addition
to the operators shown in Fig. 2.1} we also included the coupling of left-handed quarks to
right-handed leptons, Cge, which does not contribute to pp — fv. The photon dipole I'} gives
a correction to the cross section, which is roughly 70% of the weak dipole at large m+.-.
The remaining u-type couplings, C., and C7,, give rise to corrections to the cross sections
that have similar shape as Crg,, and Cg,. Not shown in the figure are d-type couplings, 'Y,
Fi‘i, Crg.d; Ceds Cra, Creag, which are qualitatively very similar to the corresponding u-type
operators, with some suppression from the d-quark PDF.

The cross sections were evaluated using the PDFALHC15 nlo_30 PDF set [54], with the
factorization and renormalization scales set to up = ur = myr, where myy is the invariant
mass of the charged lepton and the neutrino, or of the two charged leptons. The running
of the coefficients from the initial scale g = 1 TeV to ug is taken into account by solving
Eq. . The error bands in Figs. and include the 7—point scale variations, by
independently varying pup and pg between myy /2 and 2mypy excluding the extremes, and
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PDF variations, computed with the 30 members of the PDFALHC15 nlo_30 PDF set.

For both W and Z production, the uncertainties of the NLO SM cross section are about
2-3% at low m}¥ or mg+.-, and increase to about 10% at m% mg+.- ~ 1 — 2 TeV, where
they are dominated by PDF uncertainties. We find that the cross sections induced by the
dimension-six operators that couple to the light quarks are affected by similar errors. In
particular, the PDF uncertainties for both the SM and the dimension-six cross sections
dominate at large m} or me+.-, where they are about 10-15%. The scale variations for
operators with a similar chiral structure as the SM, such as Cf g, or Cge, as well as the
dipole operators and the semileptonic tensor operators are all very similar, being at most
around 5%. The scalar operators Cpeqq and CSQQH, on the other hand, have larger scale
uncertainties, close to 10% at high invariant mass.

The cross section induced by the four-fermion and dipole operators, as a function of my¥’
or my+;-, falls more slowly than in the SM, and thus the effects are more visible for large
invariant mass. This is evident from the middle panels of Figs. and [2.2] which show the
ratio of the differential cross sections in the presence of dimension-six operators and in the
SM. For the four-fermion operators that interfere with the SM, namely Crg ., Crg.d, Ceu,
Ced, Cru, Crq and Cg,, the ratio scales as (my¥ /v)? or (my+;- /v)?, whenever the interference
term dominates. The dipole operators Fiv‘{,iif do not interfere with the SM, and contribute
at dimension-eight. In this case, the amplitude contains a W /Z propagator, but it has an
additional factor of momentum with respect to the SM, so that the squared amplitude is
also enhanced by a factor of (m}Y /v)2. Finally, the scalar and tensor operators, C’gcfg)u and
Cleaqs do not interfere with the SM and lack the WW/Z boson propagator, causing the ratio
in the middle panel of Figs. [2.1] and [2.2] to scale as (m}) /v)* and (my+,- /v)* at high vector
boson transverse or invariant mass.

The bottom panels of Figs. and show the ratio of the NLO and LO Drell-Yan
cross sections. We see that for both the SM and the dimension-six operators the impor-
tance of the NLO corrections increases at high my or my+,~, being around 30%-40% in
the highest bins. Most dimension-six operators exhibit a behavior similar to the SM, with
the scalar semileptonic operators Creqq and C’&)QU receiving the largest NLO corrections.
Since the contribution of dimension-six operators is particularly relevant at high invariant
mass, the bottom panel of Fig. 2.1] and 2.2 highlights the importance of including NLO QCD
correctiondl]

2.3.1 Bounds on effective operators

We can take advantage of the enhancement at high m!} and my+,- by interpreting the
ATLAS and CMS searches for new high-mass phenomena in the dilepton or lepton and
missing energy final states [55] 56, 57, B8] 59, 60, 61, 2, 1] as bounds on the coefficients of
the effective operators. As an example of the kind of constraints one can obtain, we consider

'In the same high invariant mass region, higher-order EW corrections also become sizable and need to
be taken into account for accurate predictions.
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the analyses of Refs. [I] and [2], which used data collected by the ATLAS collaboration
during the LHC Run II at 13 TeV, with integrated luminosity of 36.1 fb~1. We calculated
the pp — eTv,, pp — e D, and pp — ete™ differential cross sections, interfacing to Pythia8
.219 [62], 63] parton shower and hadronization, using the POWHEG method. We used the
same binning as the ATLAS collaboration, which considers 7 bins in m}¥, between 130 GeV
and 7 TeV [I], and 10 bins in me+.—, from mz up to 6 TeV [2]. We applied the same cuts
as the experimental collaboration on the leptons and missing energy, but did not perform
a detailed detector simulation to determine acceptance and efficiency. In addition, we did
not simulate additional SM backgrounds, such as tf and diboson production, but used the
expected background events listed in Refs. [I] and [2]. For these reasons our bounds have to
be interpreted as a crude estimate of the reach of the LHC.

The resulting 90% confidence limits are shown in Table We turn on all operators at
the new physics scale pyp = 1 TeV, assuming that only the couplings to the first generation
of quarks are non-zero, and use the electron channels of Refs. [I] and [2], thus constraining
the electron component of four-fermion operators. The muon component can be analyzed
in a similar fashion. The bounds in the first column of Table are extracted using a LO
calculation of the correction to the cross section from dimension-six operators, while those
on the second column include NLO QCD corrections. We show the limits in two cases. The
first bound in each column includes all the bins of Refs. [I] and [2]. In this case, the limits
are dominated by the last bin in m}¥, m}¥ € [3,7] TeV, and me+e—, Meto- € [3,6] TeV. The
second bound excludes the highest bin, probing m!¥ and me+.- up to 3 TeV.

From Table [2.3] one can see that the processes considered in this section are not very
sensitive to the dipole couplings I‘“’d These coefficients are constrained at the 10% level.

If we translate these bounds to an estimate of the new physics scale A, using F Wo = = v?/A\?,
we see that the effective scale would be < 1 TeV. This is smaller than the scales dlrectly
accessed by the experiment, implying the EFT framework might not be applicable in this
region and the resulting limits should be interpreted with some caution. On the other
hand, the semileptonic four-fermion operators are strongly constrained, in several cases at
better than the permil level, corresponding to A ~ 10 TeV. For scalar and tensor operators,
the strong bounds suggest that the last two bins are in the regime of validity of the EF'T,
A > m¥ . me+.—. For the remaining operators we checked that for the values of the couplings
in Table [2.3| the interference term, linear in v?/A?, is larger than the quadratic piece.

Comparing the first and second column of Table we see that including NLO QCD
corrections impacts the coefficients of dimension-six operators at the 10% - 20% level. As
expected from Figs. and [2.2] the effect is larger for the analysis that uses all bins of Refs.
[1] and [2], which is dominated by the bin of highest invariant mass, and the scalar operators
Credq and C’ge)Qu are the most affected by NLO corrections.

It is interesting to compare the constraints of Table with complementary constraints
that can be extracted from low-energy observables. First, we point out that the imaginary
parts of several operators can be stringently constrained by electric-dipole-moment (EDM)

measurements. For example, the imaginary parts of Cge)cgu Leaq and Cﬁ)Qu are probed by
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LO x1074 NLO x107* A (TeV)

T | < 480 < 710 < 460 <640 || 1.1 0.9
T <1200 <1900 | <1200 <1900 | 0.7 0.6
T, | <510 < 730 < 470 <650 | 1.1 1.0
74| <1900 <2700 | <1800 <2600 | 0.6 0.5
Creaql | < 6.9 <12 < 5.7 <10 ||10 77
Chbal | < 4.6 <10 <39 <8 12 87
CP0ul | <18 <44 <16 <4 19 12
Crou | [-74,14] [-16,3.8] || [-6.9,1.2] [-14,3.0] || 9.3 6.6
Crga | [-7.1,11] [-14,20] || [-6.9,9.5] [-13,17] | 8.0 6.0
Cew | [-6.9,34] [-16,8.7] | [-6.4,3.1] [-14,7.7] || 9.7 6.6
Cea | [-89,10] [-17,20] | [-8.1,9.1] [-15,17] || 8.1 5.9
Cru | [-6.0,45 [-14,11] || [-5.5,4.0] [-12,10] || 10 7.1
Cra |[-9.0,9.9 [-18,19] | [-8.4,8.5] [-15,16] || 7.8 6.1
Coe | [-5.0,4.0] [-11,10] || [-4.8,3.4] [-9.6,8.6] || 11 8.2

Table 2.3: 90% CL bounds on the coefficients of SM-EFT operators that contribute to CC
and NC Drell-Yan production, and the corresponding estimates of the scale A, assuming
C; = v*/A*. The bounds on the first and second columns use, respectively, SM-EFT cross
sections at LO and NLO in QCD. A is extracted from the NLO bounds, and, for asymmetric
limits, the weaker limit is used. The bounds are obtained by turning on all operators at the
scale pp = 1 TeV, but with the assumptions that only the couplings to the u and d quarks are
non-zero. In each column, the first bound uses all the bins in Refs. [I] and [2], corresponding

to a maximum mY and mg+.— of (MY )mee = [3,7] TeV and (Mmete- maz = [3,6] TeV,
while the second bound excludes the last bin, corresponding to (Mm% )me. = [2,3] TeV and

(me+e*)max = [18, 3] TeV.
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measurements of T-violation in paramagnetic systems and in diamagnetic atoms, respec-
tively. Below the QCD scale, the scalar and tensor couplings induce spin-independent and
spin-dependent electron-nucleon interactions, often referred to as Cs and Cr, respectively
[64], 65, 66]. The scalar coupling is most sensitively probed in measurements of T-violation
in ThO, while the EDM of 9Hg is sensitive to Cy. The current experimental constraints
[67), [68] roughly imply Im Cge)cgu, Ledo S 1077 and Tm C(L?;)Qu < 107'°. Similarly, the imagi-
nary parts of the dipole couplings also induce EDMs at low energies. The resulting limits
are especially stringent for the couplings to the photon, Fg’d, which directly contribute to the

neutron EDM [69, [70]. Instead, the F}j{,d couplings induce the neutron EDM at the one-loop
level [20]. The current experimental constraints [71, 67, [72] give Im T'%" < 1075 and Im
F;L’d <1079,

The low-energy constraints that can be set on the real parts of the couplings are weaker,
and comparable to the direct limits in Table 2.3] Focusing on the four-fermion operators
C’geg)u and Cp 40, we can map them into the scalar, pseudoscalar, and tensor couplings
introduced in Refs. [28] [73], € = CEJQU + ClLedq, €p = C’&)Qu — ClLedqg and €, = g)Qu.
The pseudoscalar coupling ep is strongly bound by the leptonic decay of the pion, and, in
particular, by the ratio I'(m — ev)/I'(m — pv), which is suppressed by m?/m? in the SM. g
is constrained by superallowed § decays [74], while the tensor coupling er affects radiative
pion decays, such as m — ery and the neutron decay parameters [75, 28| [73]. The analysis
of Refs. [75] 28], [73], [76] shows that the bounds on the pseudoscalar coupling are at the level
lep| < 5-107*, while for the scalar and tensor |er | < 1072, thus making collider observables
very competitive with low-energy probes for the real parts of these couplings.

2.3.2 Disentangling dimension-six operators

In light of the comparable sensitivities of low- and high-energy observables, it is very im-
portant to construct collider observables that, in the presence of deviations from the SM,
are able to differentiate between the various dimension-six operators. Examples are angular
distributions. For pp — (v, we work in the W helicity frame, that is the frame in which the
lv, system is at rest, with the z-axis chosen to be in the direction of the sum of the momenta
of the charged lepton and neutrino in the laboratory frame. We consider the differential
distribution with respect to cos 8*, where 6* is the polar angle of the charged lepton in this
frame. When the charged lepton and the neutrino emerge from the decay of a W boson, the
differential cos #* distribution is related to the W boson polarization fractions, Fy, F, and
Fr [77,178]. We can write the differential distribution as

1 do 3 o Ay . )
sdcos* 8 1+ cos™¢ +7(1—3COS 0*) + Agcos0* + ... |, (2.39)

where the dots denote higher powers of cos#*, which can arise if the v, system has total
angular momentum J > 1. o denotes any differential cross section that does not depend
on the kinematics of individual leptons. If the process is mediated by a W boson, the W
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Figure 2.3: Polarization fractions Fy and F; — Fg in pp — et v,, for my > myy cur, where
my denotes the invariant mass of the neutrino and charged lepton, at v/S = 13 TeV. The
shaded regions indicate the uncertainties from PDF and scale variations.

polarization fractions are given by

Fy= %, FLZE(Q—A0¥A4)7 FR:%(2—A01A4), (2.40)
for W#, respectively. For electron-neutrino invariant mass far from the W mass, we take
Eq. as the definition of I 1, .

In Fig. mwe show the values of Fy and F, — Fr = —Ay/2, for my > myy cur, where myy
denotes the invariant mass of the lepton and the neutrino. The error bands include scale
and PDF variations. For illustration sake, we chose larger coefficients compared to Figs.
and [2.2] but we stress that even for values closer to the limits discussed in Section the
effect on Fy 1, g is significant. In the SM, for small values of p}¥', Ay ~ 0 and Ay is negative,
reflecting the fact that the W boson is mostly produced with left-handed polarization [77].
The values of Ay and A4 are not modified by the operators Cr,, and Crg 4, which have the
same chiral structure as the SM, and couple left-handed quark to left-handed lepton fields.
On the other hand, the dipole operators, and the scalar and tensor four-fermion operators
have a different chiral structure. In the case of the dipoles, the interaction of the W to
the quarks flips chirality. As a result the W boson is mostly produced with longitudinal
polarization, and, if the dipole operators dominate the cross section, Fy approaches 1, while
Ay should go to zero. This can explicitly be seen from the tree-level amplitude, that goes
as sin? 6*. Indeed Fig. shows that, in the presence of a non-vanishing I'jj,, as the W
invariant mass grows and the contribution of I'jj;, becomes more important, Fj increases and
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Figure 2.4: Longitudinal polarization Fy and angular coefficient A4 in pp — eTe™ for myz >
My cut, Where my denotes the dilepton invariant mass, at V'S = 13 TeV. The shaded regions
indicate the uncertainties from PDF and scale variations.

Fp, — Fr decreases. Since, for I'%, = 0.05, the total cross section is at most 50% larger than
in the SM, the polarization fractions shown in Fig. do not reach the values expected
when the dipole couplings dominate. The cross section induced by a scalar interaction, such
as CSQQU and Cp.0, 1s, at LO, independent of cos6*. In this case, when the cross section
is dominated by the scalar contribution, F;, — Fg goes to zero and Fy ~ 1/3, which is in
agreement with Fig. [2.3, Finally, for tensor interactions, the tree-level cross section goes as
cos? 0*, suggesting that Fy ~ —1 and A4 ~ 0, which is once again confirmed by Fig. 2.3

While measurement of angular distributions in the W rest frame are experimentally
challenging, because of the incomplete knowledge of the neutrino momentum, we hope that
the discriminating power shown in Fig. motivates the study of variables correlated with
cos 0* and my, [79], which might reveal similar information.

For Z production, we work in the Collins-Soper frame [80] and show Fy and A, as a
function of a cut on the leptons invariant mass in Fig. 2.4 In the SM Fy is very close to
zero, and does not significantly depend on the Z invariant mass. A, is also close to zero at
the Z peak, and its dependence on my is determined by Z/v* interference. As the dilepton
invariant mass grows, the SM cross section becomes dominated by the coupling to the SU(2),,
gauge boson, resulting in a larger A4. Crg, and Crg ¢ do not change this picture, while new
dipole, scalar, and tensor operators would dramatically change the value of Fj and Ay, in the
same way as in W production. The operator Cg., which induces new couplings of left-handed
quarks to right-handed leptons, does not change the longitudinal polarization, but, when it
becomes dominant with respect to the SM, causes Ay to flip sign. Additional information
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can be extracted from the remaining angular coefficients, which encode the dependence on
the azimuthal angle ¢*. This brief discussion shows that angular distributions can play a
very important role in understanding the origin of new physics, were a deviation from the
SM to be observed.

Finally, we note that it is straightforward to include the contributions of gauge-invariant
dimension-six operators involving light sterile neutrinos v [28], or lepton-number violating
(LNV) dimension-seven operators [81,[82, [83]. For example, in the presence of v, it is possible
to construct two more scalar (Og,, and Oy, in the notation of Ref. [28]) and one more tensor
operator ( fq). It is easy to see that, for charged-current processes, Oy, Zq and qu give

rise to corrections to the squared amplitude that are identical to those of Or.qq, O(Lle)Qu and

Oﬁ)Qu, respectively. Thus, were the cross section of Fig. and the angular distributions
of Fig. to show evidence of scalar or tensor operators, the effect can be attributed to
non-standard operators with either left- or right-handed neutrinos (or even to LNV charged-
current scalar and tensor operators). In the first case, however, one would expect to see
a correlated deviation in pp — ¢7¢~. On the other hand, if the scalar or tensor operators
involve vg, or are LNV, SU(2), gauge-invariance relates the corrections to pp — v, to
pp — v, while pp — ¢+¢~ is unaffected.

2.4 Associated production of a Higgs boson and a W/
or Z boson

Associated production of a Higgs boson and a W or Z boson is the third most important
Higgs boson production mechanism at the LHC. Theoretical predictions for the SM back-
ground are available at NNLO in QCD [84], [85] 86, 87] and are matched to the parton shower
up to the NNLO+PS level [88]. Contributions from sets of SM-EFT operators, including
NLO QCD corrections, have been studied in Refs. [89] 00, 0T, 92] 03]. Refs. [89, 00 OT], 02]
focused on couplings to the gauge bosons, such as Cyy, C,p and Cwp. Ref. [93] included
also the quark operators 08;)3 ), cue and cp,, with the well-motivated flavor assumptions of
universal couplings to the first two generations. Compared to Ref. [03], the SM-EFT oper-

ators of Table include the right-handed current operator £, the Yukawa couplings Y, ,

and the dipole operators Fl‘j[’/d,y. In addition, we adopt the less restrictive flavor assumptions,

discussed in Section , for cgf ), cyy, and cpy,. For all the operators in Table we include

NLO QCD corrections, and interface with the parton shower, building upon the original
NLO+PS POWHEG BOX code in Ref. [26].

W H and ZH are very sensitive to the modifications of the W and Z boson couplings to
quarks, written in a gauge invariant way in Eq. . These operators require two scalar
fields, which induce local quark-Higgs-gauge boson interactions that lead to a significant
enhancement of the cross section. Other operators that enter these processes are the dipole
operators, since once again SU(2)-invariance forces the presence of the Higgs field, and
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Single coupling Marginalized
Cow | [0.20,0.02] | C i | [0.09,0.09] || Cow | [-0.19,0.03] | Cy | [-0.15,0.15]
Cop | [0.28,0.15] | C,5 | [0.26,0.26] | Cup | [-0.06,0.01] | C,5 | [-0.05,0.05]
Cowp | [0.42,0.07) | Cipp | [0.24,0.24] | Cowp | [[0.22,0.03] | Cppp | [-0.18,0.18]
re, | 005,005 | I'% | [-0.060.06] || T% |[-0.13,0.13] | I'% | [-0.13,0.13]
coh | [:0.04,0.03] | &) | [0.01,007] | bl | [:0.06,0.07) | <) | [-0.03,0.10]
cup | [0.03,0.05] | cp, | [0.06,0.05] || ¢y, | [0.06,0.09 | ep, | [-0.11,0.09]
Y! | [0.04,004] | Y] |[-0.04004] | Y/ |[-0.08008 | Y, |[-0.080.08]
¢ | [-0.04,0.04] ¢ | [-0.06,0.06]

Table 2.4: 90% CL level bounds on the coefficients of effective operators that contribute to
WH and ZH production. For operators involving quarks, we turned on couplings to the
u and d quark. The table on the left shows the bounds obtained assuming that a single
operator is turned on at a scale A = 1 TeV. On the right, marginalized bounds, from W H
and ZH production and Higgs boson decays to vy, vZ, WW* and ZZ*.

operators of the form plp X X, and ppX w X uw- The contributions of these three classes
of operators to the cross section are greatly enhanced at large pr of the Higgs boson or
when the Higgs-weak boson invariant mass is large. W H and ZH production also receive
tree-level corrections from the non-standard Yukawa couplings Y, ;. Even though these
couplings are effectively dimension-four, they induce a correction to the cross section that is
not proportional to the mass of the vector boson, and thus is also enhanced by p%/ m%v 5 at
large pr.

We can appreciate the sensitivity of W H and Z H production to non-standard quark and
gauge boson couplings by considering the W H and ZH signal strengths, defined as

_ Ow+H T Ow-H _ OzH 9 41
HwH = O'SM +O'SM ) HzH = O'SM. ( . )
W+H W—-H ZH

We computed the signal strength at v/'S = 8 TeV using the PDFALHC15 nlo_30 PDF sets [54],
and extracted bounds using the combined results from the ATLAS and CMS collaborations
[94]

pw i (8TeV) = 0.8970 30,

iz (8TeV) = 0.7979:38, (2.42)

We estimated the scale uncertainties on the signal strength by varying the renormalization
and factorization scales g and pg between (my+my)/2 and 2(my+myg), where my denotes
the mass of the vector boson. The PDF uncertainties were estimated by evaluating the cross
section using the 30 members of the PDFALHC15 nlo 30 PDF sets. For the operators we
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considered, the theoretical uncertainties are approximately 10%. These uncertainties were
taken into account in the extraction of the constraints by following the Rfit approach [95].

The left panel in Table shows the 90% CL bounds on the coeflicients on effective
operators that contribute to W H and ZH production, under the assumption that only one
operator is turned on at the new physics scale A = 1 TeV. For simplicity we assumed that
only the couplings to the u and d quark are affected. We see that the 8 TeV data, despite
the large uncertainties, constrain non-standard couplings to light quarks at the 10% level
or better. The only exceptions are the photon dipole operators I' z’d, which give a small
contribution to ZH and are better constrained by NC Drell-Yan production. Constraints on
the couplings to gauge bosons Cyw, Cyp and Cyw g, and their CP-odd counterparts, C
C,p and C 5, are also weaker, ranging from 10% to 40%.

©
If we simultaneously turn on all the operators, the limits on the quark operators cgf ),

CUgs CDy» &, Y, g and qui{,d are weakened by a factor of 2. The bounds on the gauge operators,
in particular C,p and Cuwp, are more affected, becoming significantly weaker. On the
other hand, these operators give tree level corrections to the Higgs boson decays, both to
h — WW*and h — ZZ* as well as h — ~v and h — vZ. Since the former two decays
are generated at tree level in the SM while the latter two are loop-suppressed, the gauge
operators are relatively more important for h — vy and h — vZ.

In the right panel of Table we show the limits on the coefficients of dimension-
six operators from W H, ZH, and the Higgs boson branching ratios, obtained under the
assumption that all couplings are present at the scale of new physics. We used the combined
Run-I ATLAS and CMS results for i, pihsww+ and pp—zz+ [94], and the ATLAS bound
Ol fbp—~nz [96]

(2.43)
We see that the Higgs boson branching ratios provide better constraints on C,pz) and
C@WB(W p)» while they have no significant effect on the remaining operators, for which the
WH and ZH cross sections are more sensitive observables. Additional constraints on the
Higgs-gauge operators come from electroweak precision observables [20], while strong con-
straints on non-standard Yukawas, at the ~ 1% level, can be obtained from the total Higgs
boson production cross section and from the Higgs boson decays [97, 98], 99].

We have so far only made use of the total W H and ZH cross sections. More differential
information, such as the pr spectrum of the Higgs boson or the distribution in invariant
mass of the Higgs and vector boson, will allow to further tighten the constraints on the
effective operators. In addition, in the presence of deviations from the SM expectations,
such information would help to disentangle the possible new physics mechanisms. In Ref. [52]
we discussed in detail W H production, and suggested that the angular distributions of the
charged lepton in the W rest frame can be used to disentangle the different dimension-six
operators. We further identified two angular coefficients, As and As, which would pinpoint,
respectively, the coupling of the W to right-handed quarks of the first generation, £,4, or the
CP-odd operator o'W, W The same discussion can be extended to ZH production.
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Figure 2.5: Cumulative ZH production cross section for p% > p#4..., at v/.S = 13 TeV.

In Fig. 2.5 we show the cumulative ZH cross section, as a function of a cut on the Z
transverse momentum, for v/S = 13 TeV. The blue line denotes the SM cross section, while
we set the couplings of dimension-six operators so that the total cross section with no cut
on pZ is 20% larger than the SM. We see that for all operators the contribution increases
at large pr. The increase is most marked for the dipole operators I' %’,d. In this case, if one
neglects small SM Yukawas, there is no interference with the SM, and the contribution of
the dipole operators is dominated by diagrams in which the Z and Higgs boson are created
directly in the ¢ annihilation. These diagrams are enhanced by (s/v?)? with respect to the
SM, where /s is the partonic center of mass energy. Similarly, the interference of C i with
the SM does not contribute to the cumulative cross section. The correction is thus quadratic
in C_y, and, for large s, is enhanced by (s/v*)? with respect to the SM. In the case of

C,w and of the vertex corrections C&)p, c(Qg;, cup and cp,, there is competition between the

interference and the quadratic pieces, which are enhanced by s/v? or (s/v*)? compared to
the SM, respectively. Finally, the non-standard Yukawa cross section is also enhanced by
p7/mZy at large pp. Data on differential distributions from the LHC Run II would therefore
be extremely helpful in constraining the effective operators in Table [2.4] at the few percent
level.

As in the case of W H production, angular distributions of the leptons emitted in the
decay of the Z boson can help disentangle the effects of different dimension-six operators.
We work in the Z-boson rest frame, with the direction of the z-axis along the momentum
of the Z boson in the lab frame. 6* is the polar angle of the electron in this frame. The
x-axis is in the direction orthogonal to the Higgs boson and Z momenta & ~ (pz X py). In
this frame, we define the azimuthal angle ¢* as the angle between the plane containing the
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Figure 2.6: Longitudinal polarization of the Z boson in ZH as a function of p4_,, at v/S = 13
TeV.
Z and the Higgs bosons, and the plane containing the Z and the electron. That is

(ﬁz X ﬁH) : (ﬁz X ﬁe—)
|ﬁz X ﬁH’ ’ﬁz X ﬁe“ ’

cos ¢ = (2.44)

and we note that ¢* is invariant under boosts along the Z momentum pz. The angular
distribution of the Z boson in this frame is parameterized by 8 coefficients

1 do 3
odcosf*dy* 167
+ Az sin 6 cos ¢* + Ay cos 0 + Agsin 6 sin ¢* + Ag sin 20* sin ¢* + A7 sin® 0% sin 2¢* | . (2.45)

A A
1 + cos® 0% + 70(1 — 3cos? 0*) + A sin 20* cos ¢* + 72 sin? 6 cos 2¢*

The coefficients Ag and A, are related to the Z-boson helicity fractions [78] 43, [8§].

Fozﬁ, FL—FR:—%O& (246)
The difference between left- and right-handed polarization depends on A4 and on the ratio
a = (3 —c%)/(c3+c%), where ¢y, g are the couplings of the Z boson to left- and right-handed
leptons. The operators we study do not modify these couplings at tree level, and « is fixed
by the Weinberg angle, sin fy.

In Fig. 2.6 we show Fj as a function of a cut on the Z transverse momentum. The
figure shows that the Z boson is produced with a high de%ree of longitudinal polarization
in the SM, and if the SM is modified by the couplings Céglw CS’;, cu, (and cp,, which is
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Figure 2.7: Angular coefficient As as a function of p%_ ., at v/S = 13 TeV.

not shown in the figure). These couplings have the same helicity structure as the SM Z
couplings, and thus it is not surprising that they do not affect the polarization much. The
situation is quite different for dipole operators, that prefer the Z boson to have transverse
polarization, pushing Fj to zero at large pr. In the case of W H production, the operators
I, and I'Y, produce the W boson in an almost complete left-handed and right-handed
polarized state, respectively [52]. In the case of ZH production, the difference between left-
and right-polarization, captured by the coefficient A4, is always small, so that both I'{;, and
I'¢, produce a right-polarized Z boson approximately half of the times. The operator Cow
also prefers the Z to be transversely polarized.

The remaining coefficients in Eq. also carry important information. For example,
As is sensitive to CP violation. As vanishes in the SM, at NLO in QCD, but it receives a
large contribution from the interference of the operator C_y, with the SM, as shown in Fig.
2.7 The remaining dimension-six operators, at least with the assumptions of Sec. on
their flavor structure, do not contribute to As, thus making it a clean observables to pinpoint
CSOW- The uncertainties depicted in Figs. - only include the statistical error of the
Monte Carlo integration.
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Figure 2.8: Differential VBF cross section, as a function of the dijet invariant mass m;;, at
V'S = 8 TeV, with the standard VBF cuts described in the text.

2.5 Vector boson fusion

Finally we discuss the corrections to Higgs boson production via vector boson fusion. The
total cross section for Higgs boson production through VBF has been recently computed in
the SM at N*LO in QCD [100]. Fully-differential distributions are available up to NNLO [101]
and the interface with parton showering is available at NLO+PS accuracy [25]. For this study,
we computed the NLO QCD corrections to both the SM and the dimension-six SM-EFT
contributions to the VBF cross sections, building upon the POWHEG implementation presented
in Ref. [25]. The contribution of SM-EFT operators, including NLO QCD corrections, has
been considered in Ref. [89, 00, 93]. Here we study the operators in Table , with the flavor
assumptions discussed in Sec. [2.2.2]

As in Ref. [25], we neglect contributions from V' H production, with the vector boson
decaying hadronically, and, for channels with two identical quarks in the final state, we
neglect effects due to the interchange of identical quarks. These effects are suppressed in the
experimentally interesting region with two widely separated jets of large invariant mass. In
the implementation of Ref. [25], POWHEG generates events with the CKM matrix set to the
identity, thus reducing the number of Feynman diagrams and singular regions. The final
state quarks are then reweighted by the SM CKM matrix before they are showered by a
Monte Carlo program. One could use the same approach for dimension-six operators that
do not couple to quarks, such as Cyyy. On the other hand, if the SM-EFT operators couples
to quarks, such reweighting is not possible, and one needs to generate events with the proper
flavor configuration.
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Some of the operators described in Section , such as Fx’d or C,p, induce contributions
to VBF mediated by the exchange of a photon. These contributions can generate collinear
divergences, which are cut-off by the py and rapidity cuts in the experimentally relevant
region, but can make the generation of events extremely inefficient. In order to avoid these
singular regions, if the coefficients of operators involving photons are turned on, the gener-
ation of events should be performed setting the bornsuppfact flag to an appropriate value
in the powheg. input file.

In Fig. we plot the differential cross section with respect to the dijet invariant mass,
at V'S = 8 TeV. We applied the standard VBF cuts, requiring the invariant mass of the
two jets to be m;; > 600 GeV, the rapidity separation |y;, — y;,| > 4.2, and that all jets
have ppr; > 20 GeV and |y;| < 5. We computed the cross section at the renormalization
scale = 2my, and used the first member of PDFALHC15 nlo_30 PDF set. The error bars
in Fig. only reflect the statistical error of the Monte Carlo integration. The blue curve
denotes the SM cross section, while the remaining curves depict the effect of dimension-six
operators, turned on one at a time. The coefficients are chosen to be close to the values
excluded by V H production, shown in Table [2.4] For these values the correction to the VBF
signal strength goes from 10-15% in the case of Cows Iy, CS; and ¢y, to 40% in the case

of Cuy and 60% in the case of cg’?p. The VBF signal strength measured at the LHC Run I

[94] allows for such deviations, so that, with the exception of cg’;, including VBF does not
improve the constraints discussed in Section [2.4]

The lower sensitivity of VBF compared to ZH and W H production can be appreciated
from the bottom panel of Fig. which shows that the VBF cross section induced by SM-
EFT operators grows slowly as the dijet invariant mass increases. One advantage of VBF is
the possibility to flavor tag the jets in the final states, providing an additional handle on the
flavor structure of SM-EFT operators.

2.6 Brief Conclusion

In the previous section we have shown that the Standard Model as an effective field theory
can be a very powerful tool in providing general bounds on the scale of new physics. By
comparing corrections to Standard Model cross sections in charged and neutral Drell-Yan
production, production of a Higgs with associated W/Z and Higgs production via VBF we
have obtained several strong exclusion limits for the scale of new physics. See the end of this
manuscript for a more in depth discussion of the results and implications.
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Chapter 3

W+ Charm production

3.1 Introduction

To date, the strange quark parton distribution function, PDF, is one of the least well known
Standard Model physical quantities [102]. W+charm quark production is a calculation that
can directly probe the strange quark PDF, and a reduction in strange PDF uncertainty will
have an effect on many other Standard Model measurements. The process of W+charm
production has two physical scales, one of which can vary on a wide range of orders of mag-
nitude and another that is relatively fixed. The first widely varying scale is the hardness of
the event that is probed with the momentum of the final state charm quark, or, by proxy, the
momentum of a final state D meson that is well separated from other final state radiation.
The second scale is the mass of the D meson. As in most physical processes described by
two disparate scales, the scales enter into the calculation of a physical observable as a log of
scales. If the observable is the transverse momentum of the final state D meson than

= a; an | aslog — +a3 b, (aslo —) + ... 3.1
de Z ( g ) Z g (3.1)

mp

So that when pr > mp, and

o, log :;—T ~1 (3.2)
D

the perturbative expansion of Eq. is no longer valid as every higher order term is
as large, or larger, than the lower order terms. However, when pr ~ mp the logs of Eq.
are small, and a perturbative approach will yield a sensible result. What is needed
is a method to: 1.) Handle the large logs so that a perturbative expansion can still give
a physical result and 2.) Combine the two different regions of phase space, those of large
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and small logs, into one calculation that produces the correct perturbative expansion in the
correct limits. In the following sections we discuss such method with respect to W+charm
production.

3.2 Theoretical Setup

3.2.1 Fixed order cross section

In the regime where the pr of the heavy D meson is on the order of the heavy meson mass,
mp ~ pr, the logs of Eq. (3.1]) are small and fixed order perturbation theory can be used to
calculate the differential cross section. The fixed order cross section is written

dO'FO B - ) 2
dowp _/d¢chZ%fa<$aaM ) fo(@p, %)

D(Z7/’L2)£V/g > dé—ab%Wcé(g))
22 dofy.

Where the partonic cross sections are defined as a power series in «y

X

(¢wp — dwp(Pier 2)) - (3.3)

A6y e ag\nde
i 25 (34)

and differential phase space measures are, with p? = m?

_ d3pW dng 4 ¢(4)
déwp = dz.day (2r)%2 B (27)°2F dz(2m)"0" (ko + ky — pw — pp/2)
d3pW dgpc

do = dz,dz, (270)46@ (kg + ky — pw — pe) - (3.5)

(2m)32Ew (2m)32E,

Because the heavy quark mass acts to stop hard, collinear radiation emission, up to power
corrections of Agcp/mp, the charm quark momentum is identified with the momentum
of the observed D meson. The delta function d (gzﬁWD — ngD(qﬁ%c,z)) ensures the phase
space of the massive charm quark and W boson maps onto the phase space of the W and
observed D meson. The Dé\/]g(z) term is the non-perturbative model that is convolved with
the fragmentation function before resummation. This factor needs to be included in the
fixed-order calculation so that the two cross sections, fixed-order massive and resummed
massless, can cancel in the appropriate limits.
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3.2.2 Resummed cross section

In the region of final state phase space where pr becomes large compared to the heavy meson
mass, mp < pr, the mass of the charm can be ignored. As discussed above, this spoils the
perturbative expansion of the cross section and leads to infrared singularities associated with
radiation collinear to the final state charm quark. In a method analogous to the inclusion of
collinear singularities due to emission of radiation of massless initial state partons into parton
distribution functions, the final state collinear singularities can be absorbed into a fragmen-
tation function, which encapsulates the physics of the final state charm quark hadronizing
into a heavy meson. The cross section in which logarithms of pr/mp have been resummed
can be written as

do® . , 2
dowp _/d(bWCdZ%;fa(%,M ) fo(xp, %)
2 A
X D(z, 4t°)e/p " dUaHWc(s(n%)(beD — dwp(Bye: 2)) (3.6)

22 del.

and, as with the massive, fixed-order, partonic cross section, the massless, partonic cross
section is defined as a power series in oy

A6 apwe (as ) astn
—abolWe _ —° ) —aboWe 3.7
1o, — 2= a) Tag, (3.7

The massless case phase space measures, déwp and d¢ly,. are equivalent to the massive
phase space measures with the replacement that p? = 0.

3.2.3 Combining fixed order and resummed cross sections

To create a calculable cross section that will reproduce the correct physical behavior in
different regions of phase space we need to combine the two previously defined cross sections.
This is done by writing

do doF© do s doBE

Qowp ~ dowp | ddwn  ddwn (3:8)

In order that the sum in Eq. (3.8)) exactly recreates the fixed order result at low pr
and the resummed result at high pr, dof®® must be a quantity that, up to terms power
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suppressed by mp /pr, is equal to the fixed order cross section at high pr and the resummed
cross section at low pr. This quantity can be found in one of two ways. It can be found
as the resummed cross section expanded to the same order in «y as the fixed order OR the
result of the resummed cross section calculation with the resummed fragmentation function
replaced with its un-resummed initial condition. So that when mp < pr

do do’t N do O B do it
dowp dowp déwp dowp
d RS d FO d RS
=27 % [1—1+O(m§>] y 7 (3.9)
dowp  dowp Dr 20 déwp

In the limit pr ~ mp, there are no large logs, such that the expanded, resummed result
becomes equal to the resummed result and

do B doF© n doft doBE
dowp dowp déwp dowp
do O do® mp do O
= + 1-1+0|a)log" > . 3.10
dowp  dowp { ( s D )} 201 déwp (3-10)

There is overlap in the two cross sections that is not perfectly canceled by subtracting do®¥
that can be suppressed in one of two ways. One way, employed by [103], is to modify Eq.
(3.8) to include a suppression function G(mp, pr) so that

do doFO ( doft doBE

dowp - dowp " dewp d¢WD> x Gmp, pr). (3.11)

G(mp, pr) is chosen such that it approaches 0 as mp/pr — 1 and 1 as mp/pr — 0. The
authors of [I03] chose
s

___rr 3.12
P2+ c2mk ( )

G(mDJ?T) =

where ¢ is a constant chosen to set the energy scale at which the suppression switches on/off.
We discuss modifications to this suppression function in numerical implementation below.
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Another approach to deal with the double counting of terms in Eq. (3.8]) is to utilize a
profile scale in the resummation = p(pr) chosen such that it smoothly interpolates from
w(pr) = mp for pr < pmp to u(pr) = pr for pr > mp. One such profile scale function is

mp, 0 <pr<pmp
plpr) = § mp EPE gy PEERD gy < pp < ey (3.13)
pr, Heq < DT

Much like ¢ in the suppression function, here p is chosen to set the scale at which the
interpolation is performed.

3.3 Fragmentation Function

3.3.1 Definition of the Fragmentation Function

The fragmentation function describes the probability of a final state parton k with momen-
tum py to fragment into a hadron(a D meson in this case) with momentum pp such that
pr = pp/z. Fragmentation functions of heavy quarks are very important for the study of
QCD as they involve scales that span a range from p > Agep, where perturbative theory
can be used, and scales such that @ ~ Agcp where the physics is purely non-pertubative.
The main upshot of such a hierarchy of scales is that the quark mass acts as a lower energy
cutoff for collinear radiation and perturbation theory methods can be employed. The par-
tonic component of the fragmentation function can be written as a power series in oy as

Di;i(z, p*,m? i( > (z, 1%, m?). (3.14)

n=0

The fragmentation function to O(ay) are

Dég)(z, p?m?) = 6(1—2), (3.15)
DO (2, i m?) = CF{[lltZ;L <1og7‘;—2g - 1) _9 {11“ log(1 —Z)L} . (3.16)
Dé;)(z,p?,mg) = CF% (logﬁl—z — 1) , (3.17)
DY euplmd) = Tl + (1) log (3.18)

The evolution of the fragmentation functions is perturbative and governed by the DGLAP
equation
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d e p
T Do) =3 [ S0y () (3.19)
dlog 2 ;/ § ’ £

P;; (&) are the time-like Altarelli-Parisi splitting functions

g‘—;no( =)' PG, (3.20)
with, at one loop,
PO (2) = 6;Cr ((1 + 2%) L i Z] ) + 25(1 - z)) : (3.21)
POG) = Cp (—H(lz_ 2)2) , (3.22)
PO(z) = Tr(P+(1-2)%), (3.23)
POz = 20, (z [1 i ZL 41 . S (1- z)) @5(1 —2). (3.24)

The color factors in Eqgs.(3.21)—(3.24]) are Cr = 4/3, Cy = 3, T = 1/2, while [, is the
leading order coefficient of the beta function,

11 4
= —C4— Trny. 3.25
60 3 A 3 RTVf ( )

The space-like and time-like splitting functions at O(a?) are given, for example, in
Ref. [104]. The non-singlet components and the singlet splitting functions Pq(qQ) and Pg(ﬁ)
are given in Refs. [I05], 106] and the non-diagonal entries of the singlet matrix, Pg(g) and

Pq(gz), were calculated in Ref. [I07]. However, luckily, in the case of W+charm production, ex-
perimentalists use observables in which gluon splitting does not contribute, O(D.;p — Dz/p),
so that there is no gluon fragmentation function contribution.

3.3.2 Solutions to DGLAP

In general, the solution of Eq. (3.19)) can be done in several ways, namely: Mellin transfor-
mations, orthogonal polynomials methods and brute-force methods.
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3.3.2.1 Brute Force

The brute force method [108] was used in the evolution of the fragmentation function at
LO and NLO. In this method the derivative of Eq. (3.19)) is converted from continuous to
discrete by

d

[Di/p (2, pmni1) = Din (2, 17,)]
dlog p? '

Alog 2,

Dyyp(z ) = (3.26)

With this replacement and making the further assumption that the convolutional integral
varies slowly as a function of p then Eq. (3.19) becomes

d
Dy (2 12041) = Dy (2 122) + Alog 2, 3 / fﬂj@DﬂD (gum) S 32

We shall see shortly that this assumption is valid as the step size in p,, — 0. Now we have
a method for solving DGLAP evolution numerically, step-by-step. The major drawback of
this approach is that in order to provide a numerically stable solution the partonic fragmen-
tation function must also be convoluted with a non-perturbative model. For heavy quarks,
a common model is chosen to be, Ref. [109],

Dioa(2) = ; ic <5(1 _ )+ Cr(li(i :)10% b+> (- z)“zb) | (3.28)

Once a model is chosen however, it is relatively straightforward to implement Eq. . A
common method to reduce errors caused by the assumption that the integral slowly varies
is Heun’s method. Heun’s method is a variant of the Runge-Kutta second order method in
which Eq. is calculated for two steps in p before updating D;/p(z, p2,, ) and averaging
the results. This can be written as

_ d z
Do) = Dyl + Slogit, Y [ EPy©D; (g, ufn)
J

J‘Qlt\z
=
3[\')

N———

_ d _
Diyp (2, pia1) = Dijp(z, pa,) + Alog iy, Z/gﬂj(f)Dj/D (
J
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So that the final result for D;/p(z, u2, 1) is
1/— =
Dyyp(z i) = 5 ( Din(z ) + Dy i) ) (3.29)

One might also notice that Eq. for a given fragmentation function receives con-
tributions from all particles that can fragment into the heavy mesons initiating parton. In
a full treatment of the evolution of fragmentation functions Eq. is now a series of
coupled integro-differential equations. Explicitly writing the evolution equation as

,/f)} (3.30)
, /ﬁ)} (3.31)

(3.32)

d dé¢ »
dlog yi2 qu‘/D(Z’ / { Z 40, (§) Do, /D (Za ,U2) + Pyg(§)Dy/p (
d z
dlog p2 Dyl 1) = Z 9a; (€) Dy; /1 AL Pyg(§)Dy/p

RS

MmN

one can see that despite starting at zero D, p(z, u*) receives corrections from its coupling
to the quark fragmentation functions. While gluon splitting does not contribute to the
class of observables that we will consider one should still include its running while evolving

DC/D(z,/ﬁ).

3.3.2.2 Mellin Inversion

Another popular approach to DGLAP evolution is the Mellin transformation, where the
Mellin transform is defined as

F(N) = /0 dea™ 1 f(x). (3.33)

So that now Eq. (3.19) becomes
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Tog 7 Dp(N,1i?) =5O(N, i*)Dp (N, 1i?) (3.34)

with

2
OV 2 :Oés(ﬂ)
TON, %) = =

and Dp(N, 1i2) and PO(N) are the Mellin transformed fragmentation function and splitting
kernel respectively.

PO(N) (3.35)

Below we present a short derivation of the leading-log resummation equation, in Mellin space.
Using

dlog u® = (3.36)

and

Blas) = —bg a?(l + biog + b2a§ + (’)(ai)) . (3.37)

Using the above replacements and expanding to leading order in ay, (3.34]) becomes a more
recognizable form

dDp(N, 12 1 dey(p?) =
M S L'MQ) P(O)(N). (3.38)
Dp(N, 12) 2mby (1)
Eq. (3.38) has the solution
L
Dp(N,2) = Dp(N,p2) [ S2£00) 7 .
D( 7:u) D( 7/1“0> (as(NQ) (3 39)

With the above method it is relatively straightforward to derive higher order resummation
terms, again in Mellin space. Here, without derivation, the NLL result for Dp(z, u?) is
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~ PO ()

Dp(N i) _ (as(id)\ ™™ fas(®) = aultd) [5y ny _ 2™ 50
Dp(N, 13) (asw) p{ | W er <N>]}' (3.40)

Where ﬁ(l)(N ) is the Mellin transform of the next-to-leading order spilling functions and
Dp(N, i) is, as at LO, the fragmentation function initial condition or the fixed order frag-
mentation function before evolution. In this case Dp (N, p3) is

Dp(N, j5) = / dz 2N
x {6(1 —z)+ 0‘52(7;:@ O [1 + 22 (log (;—i) —2log(1 — 2) + I)L} (34)

1—-=2 :

After Mellin transformation, it is clear that Eqs. (3.39) and (3.40) are much simpler to
calculate numerically than Eq. . The difficulty with this approach, however, lies in
the return to z space required to use the evolved fragmentation function in cross section
calculations.

The inverse Mellin transform is defined as

o) = Qim / T AN VBV, (3.42)

—100

where the contour defined by fcizo should be choosen ¢ such that the poles of 2=V F (N) lie

to the left of ¢ in the complex plane.

Given the form of the inverse Mellin transformation it is clear that straightforward, nu-
merical solution to integration is not possible. A common approach to solving this inversion
equation is to deform the contour in Eq. and approximate the curve of steepest de-
scent of the contour. This approximation is done with a summation of Laguerre polynomials
which can be numerically evaluated for a fixed p? and z, [I10]. Unfortunately, this method
of Mellin inversion is unstable for the evolution of fragmentation functions beyond leading
order. Both parton distribution functions and fragmentation functions evolve according to
Eq. , and both scale as % for small N in Mellin space. While PDF’s are regular as
z — 1, fragmentation functions and their initial conditions beyond leading order are not.
Starting at next-to-leading order the initial conditions of D;,p (z/€, u*) involve plus distri-
butions, whose Mellin transforms tend towards negative infinity for large N. So for some
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values of p? and z the contour in Eq. has no saddle point and the numerical calcu-
lation is wildly unstable. So far literature on the subject has yet to yield a proof that such
ill-behaved functions at z — 1 do or do not have a stable numerical method for Mellin inver-
sion. While it is possible that one exists, it is beyond the scope of this work to investigate
further. Despite being only a LO method, the Mellin/Inverse Mellin transformation method
does have a novel use. In the case of the brute force method the fragmentation function
was first convoluted with a non-perturbative model in order for numerical convergence. In
the Mellin method no such model is needed. A purely partonic resummed fragmentation
function can be used to internally test numerical implementation and as a good cross check
on the brute force method.

3.3.2.3 Numerical Results

In Fig. [3.1a we plot the leading-log fragmentation function that was resummed by first
convoluting with a non-perturbative model then solving Eq. with the brute force
method. By comparison, Fig. |3.1b|is the leading-log fragmentation function resummed with
the Mellin inversion method with no need for convolution with a non-perturbative model.
Note that in the fragmentation function without a model the delta function initial condition
has been smeared out but still has a strong rise as z — 1. It is not surprising that the brute
force method struggles to numerically converge with such a feature.

In Fig. [3.1c¢/we have plotted a straightforward check on the charm fragmentation function.
The blue curve is the numerical value of the left-hand side of Eq. or the derivative of
the charm fragmentation function with respect to the scale u plotted over a range of z. The
orange curve is the numerical value of the right-hand side of Eq. or the integral of
coupled fragmentation functions convolved with their respective splitting kernels over a range
of z. This plot, Fig. [3.1d shows that indeed the resummed charm fragmentation function
solves the DGLAP running equation, Eq. . As a complement to the numerical result of
Fig. [3.1¢ we have also shown the same numerical check for the gluon fragmentation function
in Fig. 3.1d] This also clearly is a solution to the DGLAP evolution equation. As discussed
above even though the initial condition for the gluon fragmentation function was zero it was
made non-zero by its coupling to the charm fragmentation function.
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Figure 3.1: Numerical results for fragmentation function resummation and checks.
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3.4 LOLL implementation

What follows is a discussion of a numerical implementation of the calculation at leading-
order plus a leading-log resummation of the fragmentation function. By taking Eqgs. (3.3)),
(3.6)), (3.8) and using the leading-order terms in oy these become

oo Z/d¢ oo ) ol ) % SISO 60— (i)
d¢WD = a\Tq, U b\ Lh, U dgb WD WD\ Pwes
dA(O% c
[ S )l ) x e
X {D(2> Mz)c/D — D(z, Hg)c/D}5(5)(¢WD - ¢WD(¢?/vca z)). (3.43)

Notice that D(z, yi3)c/p is interpreted as the un-evolved fragmentation function.

The numerical calculation was implemented using GenEvA [I11],[112],[113], a Monte-
Carlo event generator with several advantages over other event generators, mainly: a novel
method of phase space calculation that avoids double counting of phase space regions and
a natural scale matching mechanism. The results generated here were run on a compute
cluster at Lawrence Berkeley National Lab. The center of mass energy of the hadronic col-
lisions E.,, = 8 TeV and the parton distribution functions used were the CT10NLO set, [114].
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Figure 3.2: Plots of three ranges of cross sections with respect to heavy meson pr. (Red
curve): Resummed cross section with non-perturbative model convolution occurring after
cross section calculation (Blue curve): Resummed cross section with non-perturbative model
convolution occurring before resummation and cross section calculation (Cyan curve): Re-
summed cross section using fragmentation function expanded to leading order with non-
perturbative model convolution occurring after cross section calculation (Green curve): Re-
summed cross section using fragmentation function expanded to leading order with non-
perturbative model convolution occurring before resummation and cross section calculation

Before analysis of the full numerical result it is good to notice an important check on the
resummation method and the numerical implementation itself. Because the Mellin method
for resummation allowed for numerical convergence without a non-perturbative model, we
can add back the convolution of this model to a calculation, which used the partonic fragmen-
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tation function in Eq. , but now doing the convolution after the cross section has been
calculated. This was done by multiplying the cross section by the non-perturbative model
when the differential cross sections were being calculated with respect to various observables.
In other words, the weights of the observables were multiplied by the non-perturbative model
before binning into histograms. This is a subtle difference but it yields a result necessary
for ensuring the non-perturbative models applied to calculations are correctly implemented.
In Figure the plotted quantities are as follows: The red and blue curves are the fully
resummed cross sections while the green and cyan curves are the resummed cross sections
expanded to leading-order. The blue and green curves, however, were calculated using the
fragmentation function convolved with a non-perturbative model before resummation. The
red and cyan curves, on the other hand, were calculated by first calculating the cross section
using a fragmentation function resummed without a model, then those cross sections were
convolved with a model before generating the plots differential in an observable, in this case
pr of the heavy meson. To within numerical uncertainty, these curves agree and this should
give us confidence that: 1.) The two methods of resummation agree on the running frag-
mentation function and 2.) We have correctly numerically implemented the non-perturbative
model convolution needed in later calculations.
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—— Fixed order cross section
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Figure 3.3: Plots of three ranges of cross sections with respect to heavy meson pr. (Blue
curve): LO+LL cross section (Green curve): Massive charm cross section (Red curve):
Resummed cross section

Figure [3.3] shows the results of a full leading order plus leading log calculation. Because
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heavy meson pr is of importance to experimentalists and it is one of the defining scales of the
underlying physics, we plot d%T to assess the calculations validity in various regions of phase
space. In this implementation the method that was used to ensure the merged fixed-order
plus resummed cross sections was that of the suppression function in Eq. . The main
takeaways from Figure are as follows: 1.) The full LOLL cross section reproduces the
massive cross section at low pr 2.) The full LOLL cross section reproduces the resummed
cross section at high pr 3.) The two cross sections are smoothly merged together with the
help of the suppression function.

3.5 Future inclusion of NLO QCD corrections

Although not numerically implemented in this work, we present all the necessary com-
ponents for a full NLO + NLL calculation. We begin with the matching of partonic cross
section coefficients and follow with explicit derivation of several subtractions and finite con-
tributions.

3.5.1 Matching coefficients

In the following we demonstrate the procedure for matching partonic to hadronic states
in a straightforward, QCD approach. Because the fixed order calculation is carried out
maintaining a massive charm quark, it is referred to as the “massive calculation”. In the
resummed calculation, on the other hand, a massless charm is used in the resummation
process and so it is referred to as the “massless calculation”. This is to ovoid confusion in
our naming convention, as a massless calculation can be carried out to fixed order.

3.5.1.1 Fixed order matching

In the following section we calculate the various components of the coefficients, d&, by calcu-
lating initial partonic states with parton distribution functions and expanding to the desired
order.

In the case of leading order matching in the massive calculation the zeroth order term is
simply

N ~ (0
do’abHWC _ dac(Lb)—>Wc (344)
d¢TV)I@/c d¢%c

At next-to-leading order the PDFs can be written as
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Fialr) = 6,0 6(1 — 2) — 2 (1Pm<x> ~ Ku(z) + 0(a§>> (3.45)

2 \e

where Pj,(x) are the Altarelli-Parisi spitting kernels. In the usual MS subtraction scheme,
Kio(z) = 0, [115].

Expanding Eq. (3.3]) to next-to-leading order the cross section is now

(1 L FO(1
dat(zb)—>Wc — do—ab—fﬂ)/c (33 :Ub)"i_
doyy, doyy., ’
la ds¥ ds¥
o [ S | Yaowe Ly pvp (o) 4 WCaiswe . p A (3.46
627T/ z;[ aon. (224, ) Pia(2) + aom (a, 2p) Pip(2) ( )

To continue in the calculation we determine do¥°™) by writing

LFO(1 . . m
do_ab—ﬁm)/c — do_(‘z/l;ﬁ\Wc + / Z d¢ ddeb—WVCj Wej (347>
Aoy, dof, j A0fye; AP drad

and the new phase space measure for 3-body final states is

Ppw d®p, d®p;

dowy.; = d%dxb(gﬂ)sz Ew (2m)32E, (27)32E;

(271')45(4)<ka + ]fb —Pw — Dec — pj) ) (348)

where do" is the contribution from 2-to-2 loop diagrams, which include so-called bubble,
triangle and box diagrams. The bubble and triangle diagrams are both UV and IR diver-
gent while the box diagrams are only IR divergent. The UV divergences in do"’s bubble
diagrams are canceled out by appropriate mass renormalization counter-terms while the UV
divergences in the triangle diagrams are canceled out by charge renormalization counter-
terms. From now on the term do" is assumed to have UV divergences canceled so only
IR singularities remain. These singularities will be canceled by terms in the expansion of
the PDF’s and real emission cross section. While for an IR safe observable the singularities
in do¥" are canceled by terms in do®, this cancellation is not trivial and lead to the main
difficulty in higher order QCD calculations. This is due to the fact that the cancellations
in Eq. occur after integration over do*. This means they arise from different phase
spaces and cannot cancel one-another out before numerical calculation. In order to proceed
with a numerical implementation, the divergences in Eq. must be made regular by a
suitable subtraction method. Using the FKS subtraction formalism, [22], we write
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/d¢ daab—>ch i daab—)ch
el d¢WC] d¢Wcj

gb—)ch ’nV[lfcj daab—>ch
d(chJ d(b d¢1‘ad

d¢ch W ¢rad d¢Wcj

aSbHWc dUIb w
/d¢WCJ dgbw 1 /dgb%cﬁw/c (349)

cj c

with
do-[bA)W / TI/?/ - doj b—W

aboWe _ [ g, el _—aboWe 3.50
d(b%c ¢ om Qbrad d(chj ( )

Adding Eq. (3.49) to Eq. (3.47), for an infrared safe observable O

dAFO 1) dAV dAI
OabsWe _/d¢m |: OapWe 4 Uab—)Wc‘| 5(0_0( %C))

do Aoy, dogy
dok dé?s
+ d » d . Wej ab—Wej ab—Wcj 50— O mc‘ (351
/Z a0l d%d[ T S 90 -0k (5

3.5.1.2 Resummed matching

As with the zeroth order massive matching, the massless term is also simply

~ ~(0
daab_)WC _ do’abﬁWc

dgdy. — déiy,

(3.52)

In the case where the charm can be considered massless, as with the massive calculation, the
PDFs are needed to absorb initial state singularities, however; now there is a new final state
collinear singularity, that is absorbed into the fragmentation function. The fragmentation
function, to the order we are working to, is written

Dyfe) = 8,601~ ) - 5= (L Re) + 0lad)) (35
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Now Eq. (3.46)) is modified by the addition of the fragmentation function

(1 L FO(1 (0
doly) e _ A6 e (Za, 23) + las %(;p xp) Pye(2)
= ay a c
Aoy, dof, 2 | doly(2) ‘1

~(0) ~(0)
do’ib%Wc daai—>Wc
ds g —dgb?,vc (224, ) Pia(2) + —dﬁb?/vc (a, zp) Pip(2)

} . (3.54)

3.5.1.3 Collinear subtraction

Here we calculate the initial state collinear subtraction term with the method of [IT5] by
first using the common parametrization of the momentum of the radiated parton j

_&vs

Dj 9

(1, f%),yj) (3.55)

where the new variables are

2F;
&= TSJ’ y; = cosbj, . (3.56)

So that soft singularities correspond to & — 0 and collinear singularities correspond to
y — £1. This means that all infrared divergences of the final state parton j are recreated
by the term

S 1 1 1
do ¢(zb)—>Wcj 1 g z(zb)—>Wcj . do z(zb)—>Wcj do z(zb)—>Wcj
T —m T lim T li T qam
d¢Wcj §-0 d¢Wcj y—1 d¢Wcj y—=—1 d¢Wcj
1) 1)
—_ lim daab%Wcj —1 daab%ch
51& d¢%cj &0 dqb%cg
:da ngwcj do sl?iLI?/cj dasgihv?/cj (3.57)

B d(b%cj d(b%cj dénﬂq}cj 7
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with the additional definitions

1
do—zgichg — lim daz(zb)—>Wcj
d¢wc3 £—=0 d¢%cj
1 1
do Sl?iLI;IA/CJ 1 dO_(SLbLWCj _ 1 dafszWcj
d¢Wcj y—1 dgb%cj 5:01 dqb%cj
1 1)
do gl?iLV]?/CJ — i dO-(ELbLWCj _ 5 do-((szWcj (3 58)
d¢Wc] y_)_l d¢%c] yg_?_ol dqsnvf{/cj
As in [115], the do“""’s can be calculated by
dos)"a A7 v e dol¥
—od = o Pyj(z, €)—22e (3.59)
d¢ch Z pj- k:a ’ d¢%c

with P,;(z,€) as the Altarelli-Parisi splitting kernels, away from one and in d = 4 — 2¢ di-
mensions.
Using

s\ 1-¢

1
ey = gmpma (3) 60— 4)7 d dy; A% 5. dof, (3.60)

one can show that

Aoy,
/dd)%cg il 6<¢%c - ¢%c(¢%q))

d¢W0]
oo log(1 — z) log “?2
=5 dz{ ;(1—2)1%(2,0) [2 [—1_2 L— [—1_Z )
17 1 AoV
~ = [ } — Pli(z,0) ] }Mma, ) . (3.61)
ell—z], —o We

An analogous formula can be calculated in the same manner for do®""2, while the soft
subtraction term is not presented here but can be found in [I15]. With these subtraction
pieces the full NLO differential cross section can be calculated.

As for the resummed calculation, all previous subtraction methods are carried over to
the massless regime with the addition of the subtraction of final state collinear singularities.



CHAPTER 3. W+CHARM PRODUCTION 56

3.5.2 Partonic cross sections
3.5.2.1 Fixed order cross sections

The Born cross section is easy to calculate in the massive case, and we turn to stating
several of the next-to-leading order contributions to the massive cross section. After using
the appropriate subtractions the remaining finite pieces of the cross section are given as
follows

~(1) VIRT, finite SOFT, finite

daab—>WC (Z’ xb) _ daab—>Wc daab—)Wc
m ay - m m
d¢wc d(ch d¢Wc
CoOLL 4, finite CoOLLp, finite REAL, finite
+ daab%Wc + daab%Wc + do_ab%Wc (3 62)
dott doi doi? ' '
We We We

The finite piece of the virtual diagrams was calculated and validated with FORM and the
Mathematica package FormCalc + LoopTools. The formula for the virtual matrix elements
are too lengthy to present in full but are straightforward to calculate in one of many NLO
programs. The finite contribution from the soft subtraction is

dO_SOFT,fim‘te

ab—=Wece 7045 dé_((zg)ﬁ\Wc( ) (C +C> 110 2”2_71-2
dem o2r dop, S oY ATE RS T TG
+Cr|—1o NZIO (mg—u)2_l( )+ 1o ”2—1-110 L+5
2 2
o m:—u 1 1
log = 1og ™ SL(w) — -1t b .
+C’A<ogs Ogmg—t+2 (u) 5 ())} (3.63)

with

1 1-0 m2—x 1 m?—xz 1
1. = —2( -log? —= +1 - — 1 ) —
) (4 oo T+ (N i) e (e 1)

+Liy (1 - %) + Li, <1 - %) ) (3.64)

where 3 = /1 —m?2/E2, and in the partonic center of mass frame, E. = (s + m? —
miy)/(2V/5).
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After subtraction the finite initial state collinear pieces are

dUCOLLA,fim‘te o, dJ(-O) . log(1 — 2
Dapowe ——/dZ%(zxa,xb) S (1= 2)Py(z,0) |2 [M}
+

dqbnl/;}c 2m We

1og“—s2
_ [1_2 — Pi(2,¢) 0]}
+ e=
dO_Cb(iI{/g,finite o dU(O) W 10g(1 _ Z)
—aboWe 2 [ QY00 (g, 2 1—2)P;(2,0 2{—}
o o | g s 20 - (0|2 HTE]
1og“—s2
_ [1 = — Py(2,€) ] } . (3.65)
+ e=0

Explicitly taking the Altarelli-Parisi splitting functions and inserting into the general collinear
subtraction form ({3.65)), the ¢gg and gg splitting channel finite contributions are

do SOtk fimite o do©@ log(1 — 2)
ab— W —Ops | gy laboWe 1-— 2(1+2%) | ———
or F27T/ 2 o (zxa, )4 (1 —2) +2(1 + 2%) .

2

— (14 22)) {ii log “—} (3.66)

S

and

d CoLLp, finite . d (0) 1 1 — 2)2 2
Uab—ﬂ/};c :OAO‘_ dzz%(xa, 22) og( _Z) s/p
d(ch ™ ¢Wc 1 4 +

+(1—2) (2 + z) log((1 — 22)3/M2)} | (3.67)

Finally, the finite real contribution is given by

o b [958y Ao e
—a—re d¢ra - ! 42— w 0 ¢mc - ¢mc mc' . 3.68
dqﬁ%c ddﬁbnv[l/cdﬁbrad d¢%cj d¢%cj ( w w ( W])) ( )

Now all finite next-to-leading order pieces, Eq. (3.62)) can be combined with the leading
order cross section, Eq. (3.44)) to give a full NLO cross section.
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3.5.2.2 Resummed cross sections

The Born, and initial state subtraction calculations are carried out in the same manner in
the massless case as in the massive case. With the finite massless integrated soft subtraction
piece being

SOFT, finite ~(0)
do Oab—sWe %daab

W o2
_“av—=We 92 | - _
a0, 2r o, (Ta,xp)S (Ca +2CF) ( og . )

2 N2
—2Ck (—logu—log(—u)2 — Lis (—£)>
S S—mW u
2 t
+Cy <1og“—10g L, % (——) - Lig( - 3)) } . (3.69)
S t U t

An important factor, not in the massive case as discussed above, is the final state collinear
subtraction and finite contribution to the cross section. In the massive case, Eq. , the
subtraction term do'®), is calculated by the usual method in [I15], while for the massless
case a subtle modification is required. In Ref. [I15], the authors assume a generic jet
function/algorithm that regulates final state divergences associated with collinear radiation.
This function is not present in this case as the final state logarithms are being resummed by
fragmentation function evolution. So now when numerically implementing Eq. , these
collinear divergences are regulated with plus distributions. However, because the collinear
region of phase space of the cross section is being modified, an extra term, called the collinear
remnant, must be added back to recover the full cross section. This takes the form of

Rer = CF/ e [(1 — 2)+2(1 + 2?) [%}

+ (1422 0 _12)+ log <4E2 y;”) ] , (3.70)

W

where E. is the charm quark energy, p2 is the fragmentation factorization scale and ye,; is
the cutoff of the collinear plus functions used to regulate divergences in Eq. (3.68]).
So that the contribution of the collinear remnant to the total cross section is

do COLLe, finite da_(O) ‘
a@%w / Z R Doz, 1) =52 (i, 2)

(3.71)
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and collecting all terms

~(1) VIRT, finite SOFT, finite COLL 4, finite
Ao we _ dog e do e dogwe
d¢0 ($a’ xb) - d¢0 + d¢0 + d¢0
We We We We
CoLLpg, finite COLLc, finite REAL, finite
do_ab%WC dgab%Wc dgab%Wc (3 72)
de? de de? ‘ '
We We We

3.5.3 Future Outlook

What we have presented is a way forward to include NLO QCD corrections to W+charm

processes. By taking Eqs. (3.3)), (3.6, (3.8) and keeping next-to-leading order terms, one
can show that now

dgNLONLL dz SN ) 9
d—¢WD :Z ?D<Z,,UJ )C/Ddgb%c fa(xawu“ )fb(xb7u )
a,b

Aol we as 465w <o)
X ab—We + s ab— c>5 (b o ¢ (bmc, >
( Ao " 2x do, ) w0 oweldlie®)

d
+/z_§d¢%/c fa(itaa;uz) fb(xbaMQ) X {D(Z’MQ)C/D N D(Z’M(Q))C/D}

A6 e as A6l < O
ab—>Wc S ab—We
<W+2_W)5 (9wb — 6w (9 ) (3.73)

where each component needed for the calculation is presented above.

With a suitable codebase for collecting terms and integrating Eq. one should be
able to achieve NLO precision in this process. It is useful to note that this approach to
include NLO corrections to heavy meson production is now fully differential in the final
W plus D meson cross section. This allows for analysis with heavy meson pr, as other
approaches have provided, but also has a way forward for predictions important in other
experimental observables. With the ability to calculate a wide range of physical observables
experimentalists can now more accurately test the Standard Model in regions of experimental
phase space in which such accuracy was not possible previously.
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Chapter 4

Conclusion

We have shown in this work that by utilizing the Standard Model as an effective theory we
can increase the precision of theoretical predictions and set stronger bounds on the structure
of new theories. With regards to the SM-EFT, our work has shown that it can be used
in several ways to probe the scale of new physics. By including NLO QCD corrections to
several SM-EFT operators and matching to parton showers using the POWHEG method, we
now have new method to calculate corrections to SM processes. The resulting POWHEG BOX
V2 computer code will be made publicly available on the powhegbox.mib.infn.it webpage.
We have presented several new constraints on SM-EFT operator coefficients extracted from
Monte-Carlo event generation matching to parton shower simulations.

Some of the results can be summarized as follows: In charged and neutral current Drell-
Yan processes, NLO corrections are on the order of 10—20% of the leading-order calculation.
These events are relatively insensitive to dipole couplings F%f{}fv and, as such, constraints on
these operators are not well constrained by measurements in the high m!¥ regions of phase
space. Conversely, the semi-leptonic four-fermion operators are very strongly constrained
by high W transverse mass. By utilizing these stronger bounds, the scale of new physics
is pushed to A ~ 10TeV. The bounds on the real parts of dimension 6 operators we have
presented are comparable to the current best limits set by low-energy experiments. However,
low-energy experiments, such as electric-dipole-moment measurements, set stronger limits
on the imaginary parts of these coefficients. In associated production of a Higgs Boson and
a W on Z boson, under some simplifying assumptions, we have constrained non-standard
couplings to light quarks on the order of 10% or better in some cases. By loosening these
assumptions, and allowing all operators to contribute simultaneously, constraints are indeed
weakened. However, there is an upshot in that the operators most affected by this loosened
assumption, contribute to a Higgs decay that is loop suppressed in the Standard Model,
namely the h — vy and h — ~Z decay channels. By combining associated Higgs and
W /Z production with Higgs branching ratios we still can provide a meaningful constraint on
several coefficients. Lastly, in Higgs production via vector-boson-fusion we have shown that
the sensitivity to SM-EFT operators is lower than in associated Higgs and W /Z production.
While measurements in sector does not increase the bounds on operator coefficients, it does
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provide a method for probing the flavor structure of SM-EFT operators through tagged dijet
final states.

We have also demonstrated the need for more precise measurements in W+charm pro-
duction and given the disparity of scales in these events a simple fixed order calculation is
not adequate. In this work we show a general method for combining a fixed order QCD
calculation in which the pr of the heavy meson is low and perturbation theory holds, to
a resummed calculation, where large logs that potentially spoil perturbative convergence
are effectively resummed. During this method several other important concepts have been
inspected. By utilizing two different methods for resummation we have validated both meth-
ods convergence as well as tested the overall consistency in the numerical implementation
of the calculation. One of several ways can be used to interpolate between the fixed order
and resummed calculation, resulting in a cross section that is valid in both low pr and high
pr regimes. By using the above method we combined a leading-order QCD calculation with
a QCD calculation resummed to leading-logarithm accuracy and provide a fully differential
cross section that can be used to calculate a wide range of observables. A way forward to
include next-to-leading order QCD corrections to W-+charm events was discussed and all
the necessary components provided. It is important to note that this NLO corrected cross
section would still be fully differential in final state momenta, thus giving great flexibility in
its uses in providing experimental predictions. Probably a more important feature of this
calculation is its ability to increase theoretical bounds in a region of experimental phase space
that can directly probe the strange PDF and, by extension, better constrain the theoretical
uncertainty in many other Standard Model measurements.
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