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Dilepton production in the SMEFT at O(1/A%)
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We study the inclusion of O(1/A*) effects in the Standard Model effective field theory in fits to the
current Drell-Yan data at the LHC. Our analysis includes the full set of dimension-6 and dimension-8
operators contributing to the dilepton process, and is performed to next-to-leading-order in the QCD
coupling constant at both O(1/A?) and O(1/A*). We find that the inclusion of dimension-6 squared terms
and certain dimension-8 operators has significant effects on fits to the current data. Neglecting them leads to
bounds on dimension-6 operators off by large factors. We find that dimension-8 four-fermion operators can
already be probed to the several-TeV level by LHC results, and that their inclusion significantly changes the
limits found for dimension-6 operators. We discuss which dimension-8 operators should be included in fits
to the LHC data. Only a manageable subset of two-derivative dimension-8 four-fermion operators need to
be included at this stage given current LHC uncertainties.
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I. INTRODUCTION

The Standard Model (SM) of particle physics has
successfully withstood rigorous tests across a wide range
of energies, from low-energy nuclear decays to high-energy
collisions. Despite its elegance and successes, the SM is not
the final theory of nature, as it does not accommodate
neutrino masses [1,2], it does not have a dark matter
candidate and it cannot explain the origin of the matter-
antimatter asymmetry in the universe [3—6]. Experiments at
the Large Hadron Collider (LHC) are probing the SM at the
TeV scale, looking for clues that might lead to solutions to
these three outstanding problems and to a better under-
standing of the mechanism of electroweak symmetry
breaking. Despite a few tantalizing hints of discrepancies
[7-11], no direct evidence for new particles has so far
emerged at the LHC, suggesting that the scale of new
physics A is larger than the electroweak scale.
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A powerful theoretical framework for investigating
indirect signatures of heavy new physics is the SM effective
field theory (SMEFT). The SMEFT is formed by aug-
menting the SM Lagrangian with higher-dimensional
operators consistent with the SM gauge symmetries and
formed only from SM fields. The higher-dimensional
operators in the SMEFT are suppressed by appropriate
powers of a characteristic energy scale A below which
heavy new fields are integrated out. Complete, nonredun-
dant bases for the dimension-6 [12—-14] and dimension-8
operators [15,16] have been constructed. Odd-dimensional
operators violate lepton-number and will not be considered
here. It is an ongoing effort to analyze the numerous
available data within the SMEFT framework, primarily in
partial analyses of individual SMEFT sectors [17-37].
Recent work has been devoted to performing a global,
simultaneous fit of all data available [38—49], and to study
the interplay between SMEFT fits and the extraction of
parton distributions from data [48,50].

Most of these global fits have focused on the truncation
of the SMEFT expansion to dimension-6 operators at
O(1/A?). An issue that must be addressed with such an
approach is the sensitivity of fits to O(1/A*) effects from
dimension-8 operators and the square of dimension-6
terms. Intuitively their effects should be suppressed, but
since many measurements at the LHC probe high energies
this assumption must be tested. Furthermore, dimension-8
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effects sometimes represent the leading SMEFT contribu-
tions in models with certain approximate symmetries
[51,52], and their identification will be crucial to determine
the UV model responsible for deviations from the SM in
LHC and low-energy data [53-55]. Previous analyses of
the impact of dimension-8 operators can be found in the
literature [56—64], and there is a growing body of work
devoted to study the constraints from basic principle of
quantum field theory, such as unitarity and analyticity, on the
allowed space of dimension-8 coefficients [53-55,65-70]

Our goal in this work is to explore the sensitivity of high-

energy Drell-Yan production of lepton pairs to dimension-8
effects in the SMEFT. Since it is calculated to high
precision in the SM and is measured with residual exper-
imental uncertainties approaching the percent level, it is
an ideal channel in which to search for such effects. In
previous work we have shown that a category of dimen-
sion-8 operators induce novel angular dependences not
generated by QCD, and which can be potentially measured
at the LHC [61]. In this work we study the impact of all
sources of 1/ A* effects, which can arise from either
genuine dimension-8 operators or from the square of
dimension-6 effects, on existing experimental measure-
ments. We include the SM next-to-next-to-leading order
(NNLO) QCD and NLO electroweak corrections in the
next-to-leading logarithmic approximation, as well as NLO
QCD corrections to the 1/A? and 1/A* terms. We note that
higher-order electroweak corrections to the (1/A?) terms
have recently been calculated [71]. We summarize below
the main messages of our analysis.

(i) Effects quadratic in the dimension-6 Wilson coef-
ficients have a significant impact on fits of the
current data. For dimension-6 four-fermion opera-
tors that interfere with the SM, including 1/A*
effects can shift bounds on the Wilson coefficients
by factors of 2-3 depending on the operator.

(i1) Genuine dimension-8 operators can be strongly con-
strained by existing Drell-Yan measurements at the
LHC. For example, existing high-precision measure-
ments of the Drell-Yan invariant mass distribution up
to 1.5 TeV can probe dimension-8 operator scales
approaching A ~ 4 TeV in the case of two-derivative
operators of the form 0, (Wy,w) 0" (xr*y ), withy (y) a
lepton (quark) field.

(iii) Dimension-6 scalar and tensor semileptonic four-
fermion operators, which contribute to the cross
section at O(1/A%), are currently probed at the same
level as four-fermion operators that interfere
with SM.

(iv) The inclusion of dimension-8 operators in the fit can
significantly change the allowed regions of dimen-
sion-6 Wilson coefficients.

In the light of these results, we advocate for the inclusion of
the dimension-6 squared contributions and of the most
relevant dimension-8 operators in the analysis of LHC

Drell-Yan data. At a minimum the two-derivative four-
fermion operators that give contributions to the cross
section scaling as O(s?/A*) in the high-energy limit should
be included in fits to the current data to avoid misleading
bounds. The number of such operators at dimension-8 is
only O(10), so that the complexity of including the full
dimension-8 operator set is avoided in this setup.

The paper is organized as follows. In Sec. II we provide
the definition of the dimension-6 and -8 operators relevant
for dilepton production. In Sec. III we sketch the calcu-
lation of the cross section and analyze the directions in
parameter space that can be probed by the Drell-Yan
process. In Sec. IV, we study the numerical impact of
O(1/A*) effects. In Secs. V and VI we perform a fit to the
dilepton invariant mass distribution, measured at the center-
of-mass energy of 8 TeV [72]. To assess the sensitivity of
existing data to O(1/A%) effects, we first perform a single
coupling analysis, in which only one operator coefficient
is turned on at the new physics scale A. We then study to
which extent dimension-8 effects can cancel dimension-6
contributions by performing a multiple parameter fit. We
conclude in Sec. VIL

II. OPERATOR BASIS

The SMEFT Lagrangian contains the most general set of
operators that are invariant under the Lorentz group, the
gauge group SU(3),. x SU(2), x U(1)y, and that have the
same field content as the SM, with the Higgs boson
belonging to an SU(2), doublet. SMEFT operators are
organized according to their canonical dimension, with
operators of higher dimension suppressed by higher powers
of the new physics scale A. The rapid advance of Hilbert
series methods [73] has allowed the derivation of the
complete SMEFT Lagrangian up to dimension nine
[15,16,74-76]. In this work we are concerned with
O(1/A*) contributions to the Drell-Yan cross section,
which arise from the square of dimension-6 operators
and from the interference of dimension-8 operators with
the SM. Here we list the relevant dimension-6 and
dimension-8 operators that we consider.

We first establish our notation. The left-handed quarks
and leptons and the scalar field ¢ transform as doublets

under SU(2),
ur 128 v 0
= ) f = ) =—7=U(x ’ 1

w(i) () e mrolin) 0
while the right-handed quarks, up and dg, and charged
leptons, eg, are singlets under SU(2),. v = 246 GeV is the
scalar vacuum expectation value (vev), h is the physical
Higgs field and U(x) is a unitary matrix that encodes the
Goldstone bosons. We will denote by ¢ the combination

@ = it,p*. The gauge interactions are determined by the
covariant derivative
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D, = 0, +igyB, +i5tW, +ig, Gt (2)
where B,, W} and G are the U(1)y, SU(2), and SU(3),
gauge fields, respectively, and ¢, ¢, and g, are their gauge
couplings. y denotes the field hypercharge assignment,
given explicitly by

Yu =

2 _
3" Ya =

1
37
ye = —L (3)

1
Yngv
1
Y1:—§,

Furthermore, 7//2 and ¢ are the SU(2), and SU(3).
generators, in the representation of the field on which the
derivative acts.

A. Dimension six operators

The dimension-6 SMEFT Lagrangian was constructed in
Refs. [12,14], and the operators that give the most

important contributions to Drell-Yan can be organized into
three different classes:

‘Cd6 = £W2X(/’ + £W2¢2D + £W4' (4)

(i) w?X¢ contains dipole couplings to the U(1)y,
SU(2), and SU(3), gauge bosons. Here we focus
on weak dipoles, which contribute at tree level:

Lox,= %{?LG”D(CeBB;w + Cowt' W}, )peg
+4.0"(CapBuy + Cawt' W), )pdg
+ 16" (CupBy, + Cuwt Wi, )pug +H.c.}.
(5)

(i) yw?@’D contains corrections to the W and Z boson
couplings to fermions

1 P2 1 - L2 3
Ly = P{Cﬂ lDﬂ(P(fL}’”C;[zﬂfL + 2gr*Cheer) + @ IDM(PL”LTIVFCL;L&L

(1)

+¢"iD,p(q,7" Cyyqr + dry* Cradg + gy Cpyitg)

(3

Lol P
+¢'iD,pa Ty Cildy + (71D, @ity Chuadi + Hee.)}, (6)

< o ol -
where D, =D, —-D,, D,=1D,—D,z". The right-handed charged-current operator Cp,, contributes to
pp — £v, but does not induce corrections to #"#~ production, at LO in electroweak interactions.

(iii) £+ includes four-fermion operators. The most relevant for Drell-Yan are semileptonic four-fermion operators,

1 > _ 3)> _ _ _ _ -
L= P{C(f;l’ﬂLyﬂfLQLyqu + C;;folyﬂquLTIYMQL + Couery”egitgy ug + Cogegy* egdry,dg

+ Col L' LRy g + Cogl Ly" € 1dgy,dr + Cpolry" erdry, gL}

+ 2 {Creag?ierdryq; + C;e)que”f’LeRqJLuR + C(fe)que”f’La””eRq’Laqu +H.c.}. (7)

Several additional operators not listed here lead to shifts
of the SM couplings once the electroweak gauge boson
mass matrices are diagonalized to O(1/A?). Although we
include these terms in our analysis, their impact is numeri-
cally small compared to the effects we focus on here. In the
SMEFT, the EFT expansion is a double expansion in
{2?,5}/A?, where we use the partonic center of mass
energy s to denote the typical kinematic variables in the
process. As the LHC probes higher and higher scales,
s > v?, different dimension-6 and -8 operators give con-
tributions of different importance to the cross section. The

. 13 1,3
seven vertex corrections CEM), quq >, Che> Chy» Chq and

. 13
the seven four-fermion operators C ; ¢ >, Cous Coas Crus Cpu,

[

and C,, interfere with the SM, and thus give corrections to
the Drell-Yan cross section at O(1/A?). The operators in
the first class shift the value of Z and W boson couplings to
quarks and leptons by O(v?/A?) with respect to the SM
expectation, and thus give rise to cross sections that have
the same energy behavior as the SM. Operators in these
classes can be sensitively probed by electroweak precision
data at the Z-pole [77]. In addition, they give important
contributions to diboson production or Higgs production in
association with W/Z, where they induce corrections that
grow with energy [37,78]. Four-fermion operators, on the
other hand, induce contributions that grow with energy and
scale as O(s/A?). If we neglect small quark and lepton
Yukawas, the dipole operators in Eq. (5) do not interfere
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with the SM and they thus contribute to the cross section at
O(v*s/A*), where the power of s arises from the additional
derivative in the dipole interaction with respect to the SM.
Finally, the scalar and tensor operators Cy,qy, C,(f;lej;)‘
Eq. (7) contribute at O(s*/A%).

The Wilson coefficients of the operators in Egs. (5), (6),
and (7) are in principle matrices in flavor space. Here, for
simplicity and to avoid stringent constraints from flavor
physics, we choose them to be universal in both quark and
lepton flavor.

in

(1) The two derivative operators are

B. Dimension eight operators

At dimension eight, we only consider operators that can
interfere with the Standard Model. We can split the
dimension-8 operators into four categories:

‘cd8 = ‘CW4D2 + [’V/4(ﬂ2 + [’y/zD3 + £W2¢4D' (8)

As in the dimension-6 section we do not explicitly list those
operators that shift the electroweak couplings at O(1/A%).

L 5 e 3 y .
51,/41)2:P{Cfazzzl)zau(fw”ﬁ)a (QL}’ML)+C,(,az)quzDu(fL7f”TIfL)D (CILJ’pTIQL)

1

+ Coohpe 0o (@rr" er) O (g u) + Clip 20, (B e ) (vl
+C(flz)uzDzay(ELyﬂfL)av(ﬁRVﬂuR)+C(flz)dzDzaz/(zLyﬂfL)ab(EZRyydR)+C(qz)ezDzav(éR}/ﬂeR)ay(QLyﬂQL)}' )

1

These operators interfere with the SM to generate a O(s?/A*) correction to the cross section. The other class of two-

derivative operators has the form [79]

2 _ ey - pig
C,Eﬂz)quz qry D CILKLY(”DV){L’

(10)

where the notation (uv) denotes symmetrization over the indices y and v

(n<>v)

<y <
vy D =("D +y'D).

(11)

(ii)

(iii)

These operators give rise to interesting angular distributions, which we considered in Ref. [61]. The interference with
the SM, however, vanishes once we integrate over the lepton angle cos §. While the cuts on the leptons transverse
momenta and rapidities prevent an exact cancellation, these operators cannot be efficiently probed with the
distributions we study in this paper.

There are several semileptonic operators with two Higgses:

1 - - 3 - AR -
Lopp =77 {C;szquLr”qumeL(pTrp + C})ququT’ 'l 7 Lot + C,i;szquLTI 'Ll Ly Lo

) y 5 _ y
+ C;Z)quzQL7”QLfLT]7ny(PTTI§0 + Cff;z)quze’” kg vt q ey Lo e
N _ 5 _ - v
+ ngLszMRV”MReRVﬂeRQDT(P + CizziszdRyﬂdReR}'ﬂeR(qup + C;z)quz Ry uRCLy,C L9 @
) y ) - y ) o y
+ C;z)quz iRy uRlry, o Lo o + C(szjZHZdRyﬂdeL}/ﬂngOTgo + C(KZLZHZdRyﬂdeLyﬂTJfL(pTTj(p

)

1 — _ 2 _ —
+ Cézlz i7" ALerYuer® @ + C 231y 7' qrery,ere 't o). (12)

C;SZ)qZ H?

in the 12 channels e;u;, e;d;, v u;, v;d; with i, j € {L, R}. The contributions of the operators in Eq. (12) to each
flavor and helicity channel are given in Eq. (A5).
The next class we consider are fermion bilinear operators with three derivatives. They give rise to vertices of the form

rfo*z,:

does not interfere with the SM. The net effect of the other operators is to provide an independent coefficient
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1 1 - 2 -
Lyp =73 (YY) s i DY EL (DD @) @ + CO s iZ ' DY€L DD,y

+c®¥

szzDngLyﬂr’D”fL( WDo@) T o + CL i1y DY E Lo T DD}

g 1O iz D er(DDyy) 0 + C i D ens Dy, Doy}

+ % {CE;z)Hz 03817 D*q1 (D Dyp) ' + C(qi)HzDzif‘m"D”qL(p*D(,,Dy)rp

+ €O i@y e DY gL (DD, @) T + CLL) iy T D gL DD, 0}

g {C i DA (D D) 9+ €y D DD, )

+ %{CS)HZD} iaRy”D”dR(D(ﬂ o) o+ CdszD;ldRy”D’“dR(pTD n@} +He. (13)

Only six linear combinations contribute to Drell-Yan. We introduce the coupling to left-handed electrons

(e) _ (D) (2) 3) (4)
Conp = Copp = Copp T Copp — Coppps (14)
The other linear combinations are de)ﬁz Dy~ C%)HZ p» With fr € {e,u,d}, and C ( 7)512 D= CE;)HZ iy

3 4
Céz)l_pD} - Cz(gz)HZD3'
(iv) The final corrections we consider are fermion bilinear operators with a single derivative. These give rise to

momentum independent corrections to the Z-boson vertices. We can write the relevant operators as

1 _ e B - Lo R
Lyrytn =13 {Conp(@rrer) @ D) (@'@) + CLi(Z0r"eL) (@ D,w) (07 )

I <~ <~
+ CRupi 2T 1) (0" D) (07 0) + (07 D) (07T 9)] + Cy (@11 91) (97 D,0) (9 )
+ C;i),mi(éw"f’n)[(cDTDﬂ(p)(co*fﬂ) + (@' D) (97 9)] + Coppip (ry"ur) (9" Do) (97 )

+ Comp(drrde) (91 D,0) (01 0)} (15)
|

This class of operators introduces seven independent ~ where we collectively denote by C® and C® the coef-
Wilson coefficients. Since they give rise only to  ficients of dimension-6 and dimension-8 operators, respec-
momentum-independent vertex corrections they are tively. As we already mentioned, the chiral structure of the

difficult to disentangle from similar effects at dimen- g\ implies that only a limited number of interference terms
sion-0, and are typically much smaller than other shifts ;¢ Similarly, if we neglect small lepton and quark

of the cross section 1nduced. by SMEFT operators. . Yukawas, the interference terms between different dimen-
The corrections to the cross section from the operators in ©)

Egs. (12) and (13) scale as O(v%s/A*), while those in sion-6 operators, b;;”, are limited to interference between

Eq. (15) scale as O(v*/A*). For dimension-8 operators we  the purely left-handed operators CI(/, q) and %)

Iso make th tion of fl iversalit -
50 Thake the assumption of Havor universafty. SU(2), and U(1), dipole operators, and between scalar

III. CALCULATION OF THE CROSS SECTION and tensor operators. The latter vanishes when integrating
) over the angular variables, leaving some small residual

between the

The Drell-Yan cross section has the structure effects due to the cuts on the lepton transverse momenta
©) ® and rapid.ities. _ . .

do  dogy n Z <a,~ (mgg) C(é) n a;”’(mgg) C(g)) A detailed discussion of the SMEFT vertices that enter

dmy,  dmy, A? i A? i the Drell-Yan cross section is given in Appendix A. We

summarize here the main points of this discussion. At the
m 4 . . . . _
n Z b; j ff c! C(-G), (16) O(1/A%) kwel, three d.1st1nct contributions to the Drell-Yan
J cross section are possible.
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(1) The most important class of corrections scales as
O(s*/A*). Examples of operators that lead to this
dependence are momentum-dependent four-fermion
operators at dimension-8, and scalar/tensor dimen-
sion-6 four-fermion operators. These terms have a
large effect on the cross section, and our numerical
fits in the next section show that they cannot be
neglected in fits to the current data.

(ii) The second type of correction scales as O(v?s/A%).
Dimension-6 dipole operators and momentum-
dependent Z-vertex corrections at dimension-8 lead
to this behavior. The impact of these terms on
fits to the Drell-Yan data is smaller than those in
the previous category.

(iii) Finally, the last type of correction scales as
O(v*/A*). These terms come from momentum-
independent Z-boson vertex corrections at dimen-
sion-8. Their effects on the Drell-Yan cross section
are small for all reasonable choices of parameters.

An enumeration of the Wilson coefficients that appear in
the Drell-Yan cross section at each order in the O(1/A)
expansion is given in the Appendix. The number of Wilson
coefficients that enters the Drell-Yan cross section does not
increase dramatically upon going from dimension-6 to
dimension-8, increasing from approximately 30 to 60.
One reason for this is that the dimension-8 scalar, tensor
and dipole operators do not interfere with the SM amplitude
and therefore have no effect at O(1/A%*). Such operators at
dimension-6 can interfere with themselves and contribute
at O(1/A*). We also note that not all of these Wilson
coefficients can be independently measured in the Drell-
Yan process. The simplest way to see this is to count the
number of vertex structures that appear at each order in
O(1/A). The number of such structures sets the upper limit
on how many combinations of parameters are in principle
distinguishable at each order. We note that not every term
may be distinguishable in practice given limited exper-
imental measurements, or approximate degeneracies
between the behavior of different vertices. We also
note that for some structures, such as the momentum-
dependent four-fermion vertices defined in Eq. (A3) that
first appear at O(1/A*), the number of Wilson coefficients
is greater than the number of independent interaction
structures. The vertices are given in the Appendix, and
include both four-fermion interactions and corrections to
gauge boson-fermion vertices. Structures with different
momentum dependence can be distinguished through
measurements of the invariant mass distributions, up-quark
and down-quark structures can in principle be distinguished
through their different rapidity dependence, while angular
distributions can disentangle vector from dipole, scalar and
tensor operators. A total of 14 structures contributes at
O(1/A?). An additional 32 enter at O(1/A*), including the
two-derivative operators discussed in Eq. (10) but not
explicitly considered here.

We compute a(®), a® and b(®) at NLO in QCD. A first
O(ay) effect arises from the renormalization group evolu-
tion of the Wilson coefficients of SMEFT operators. The
dimension-6 corrections to the Z and W boson couplings,
the vectorlike semileptonic operators and the dimension-8
operators in Egs. (9), (12), (13), and (15) do not run at one
loop in QCD. For the dipole, scalar and tensor operators,
we evolve the coefficients from the scale y, chosen to be
close to the new physics scale A, to the renormalization
scale pg, using two-loop anomalous dimensions [80—82];
see Appendix B and Ref. [29] for more details. The
2
I(fJZ)qZDZ’
and similar operators with different quark and lepton
chiralities, has been studied in the context of higher-twist
operators, and it is known to three-loops [83]. The second
effect arises from QCD virtual and real emissions. For the
dimension-6 and dimension-8 operators with the same
chiral structure as the SM, these corrections are identical
to QCD corrections to SM amplitudes. For dipole, scalar,
and tensor operators we use the calculation of Ref. [29],

renormalization of the two-derivatives operator C

while we compute the corrections induced by Cifz)qz e Our
calculation is complete at O(a,/A?). At O(a,/A*), we
include all corrections proportional to operators that con-
tribute at the Born level, and that thus generate contribu-
tions enhanced in the soft and collinear limits. We do not
include corrections from dimension-8 operators with
gluons, such as

1 — a Y a
C(fz)qu(ILf Ya Lyt Gy, (17)

While these operators induce small corrections to the
dilepton invariant mass distribution, and we can safely
neglect them, they might play a more prominent role in
studies of the dilepton transverse momentum distribution.

In the invariant mass bins we consider, NLO QCD
corrections increase the SM cross section by about 20%,
reaching 26% in the highest bin. SMEFT cross sections
receive contributions of similar size, about 30% for scalar,
tensor, and dipole operators.

IV. NUMERICAL IMPACT OF DIMENSION-6
AND DIMENSION-8 OPERATORS

Before discussing the constraints and the impact of
O(A™*) corrections, in Fig. 1 we show the linear (a(®))
and quadratic (b'®)) corrections to the SM cross sections for
the representative SMEFT coefficients C,, and C,,, for the
choice of UV scale A = 4 TeV. For this choice of UV scale
we have (s/A)> <1 since the maximum invariant
mass probed is 1.5 TeV, and we expect the EFT expansion
to be well behaved. In the case of C,,, we see that for
A =4 TeV the quadratic term is negligible up to about
my, ~ 500 GeV, while it becomes approximately 25% and
50% of the linear piece in the two highest invariant mass
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°
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©
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200 300400 600 103
my (GeV)

FIG. 1. a'© and b© coefficients for the

bins. The quadratic and linear terms become comparable in
the highest invariant mass bin, m,, € [1.0, 1.5] TeV, for
A =3 TeV, which we also expect to be in the range of
validity of the EFT. For C,,, b is even more important,
being, in the highest bin, larger than the linear term at A =
4 TeV and 70% of the linear term at A =35 TeV. The
values of the coefficients a(®) /A% and b(®) /A* induced by
the dimension-6 SMEFT operators that can interfere with
the SM are given in Tables II and III in Appendix C for
A =4TeV. In the highest invariant mass bin,
mg, € [1.0,1.5] TeV, the quadratic term ranges from half
to two times a(®). We thus expect quadratic contributions to
have a significant impact on the coefficient fits.

In Figs. 2, 3, and 4 we examine the behavior of vector-
like four-fermion operators, scalar, tensor and dipole
operators and dimension-8 operators, respectively. All
vector operators induce comparable corrections to the

200 300400 600 105 90

my (GeV)

operators C,, and Cy,, for A =4 TeV.

SM cross sections, with some enhancement for the oper-
ators that couple to u quarks. The size of the interference
with the SM is dictated by the SM Z boson and photon
couplings. Scalar and tensor four-fermion operators do not
interfere with the SM. However, the left panel of Fig. 3
shows that these operators induce large corrections to the
Drell-Yan cross section, comparable to (if not larger than)
vector operators. Since these operators always increase the
SM cross section and do not leave room for cancellations,
we will see that, in a single coupling analysis, the bounds
on scalar and tensor coefficients are stronger than on vector
operators. The dipole operators also do not interfere with
the SM. In their case, however, the correction to the SM
cross section grows as s/A” compared to s>/A* for four-
fermion operators. For A =4 TeV, the dimensionless
dipole coefficients Cyy and Cyp need to be larger than
four-fermion coefficients by about a factor of ten to cause

. 107!
S
[}
o
~
Qo
o 1073
S
3 — M
1] — cP=zx1 10-5
— Cp==1
2.5 —12.5
S 2 2
[%2]
815 —— 1.5
S 1 y 1
-
0.5 0.5

200 300400 600 103
my (GeV)

200 300400 600 103
my (GeV)

FIG. 2. Contributions of vector and axial operators to dilepton production. The colored bands denote the deviation from the Standard
Model cross sections, as the couplings vary between +1 for A =4 TeV.
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FIG. 3.

200 300400 600 103
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Contributions of scalar, tensor and dipole operators to dilepton production. The colored bands denote the deviation from the

Standard Model cross sections, as the couplings vary between 0 and 1 for C;lcj;,)l (1o) and between 0 and 20 for C,y .p(so), With
A =4 TeV. The Wilson coefficients are defined at the initial scale yy = 1 TeV.

comparable corrections to the cross section. The correc-
tions to do/dm,, induced by dipole, scalar, and tensor
operators, in the binning of Ref. [72], are given in
Tables IV, V, and VL

Finally in Fig. 4 we show the corrections induced by four
dimension-8 operators that couple right-handed quarks and
electrons: the two-derivative operator C,,2p2, the correc-
tion to the dimension-6 coupling C,2,252, and two deriva-
tive couplings of the Z boson to quark and leptons, C 2523
and Cppeps. We see that the derivative operator
induces sizable corrections to the cross section. At
A =4 TeV, a dimensionless coupling of order 10, corre-
sponding to a UV scale of 2 TeV, gives a 40% corrections to
the Drell-Yan cross section in the invariant mass bin
my, € [1.0,1.5] TeV. The corrections are smaller in the

case of C,,2 2. Its contribution to the cross section
becomes visible for C,2,2,2 = O(100), corresponding to
an effective scale of about 1 TeV. The Z-boson form factor
operators need very low scales, A ~400 GeV, assuming
Wilson coefficients of O(1), to induce large corrections.
For such a low scale, of course, a SMEFT analysis of the
data in Ref. [72] is not justified. We note that this
conclusion is valid only when assuming that the underlying
UV completion giving rise to the SMEFT is weakly
coupled. The dimensionless Wilson coefficients generically
behave as C; ~ gy, where gyy represents a coupling
constant of the UV model, and we have assumed that
the SMEFT operators are generated at tree-level. If we
assume that the UV completion is strongly coupled we can
have gyy ~4z. In the case of the Z-boson form factor

pp->LtL—

AN=4TeV

do/dmy (pb/GeV)
o
|

S=8TeV

M — s
1075 —— Cezy2w2 = £100 - CS;-{;D(? = +10* 10-5
—Copr=2 10 — cliad = 104

2.5 2.5

s 2 2
$'1.5 1.5

S - —
0.5 0.5

' 200 300 400 600 103 200 300 400 600 103 .

my (GeV)

my (GeV)

FIG. 4. Contributions of dimension-8 operators to dilepton production. The colored bands denote the deviation from the Standard

Model cross sections, as the couplings vary between £10 for C,,.2p2,

with A =4 TeV.

+100 for Cppppp and +10* for Cpppps and Cpopopo,
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operators being generated by strongly coupled UV physics
we would instead arrive at an effective scale of A = 1 TeV.
The corrections to do/dmy, induced by dimension-8
operators are given in Tables VII and VIIL

V. SINGLE COUPLING ANALYSIS

We now extract bounds on SMEFT coefficients from the
results of Ref. [72], which measured pp — £1¢~, with
¢ = {e,u} at 8 TeV with luminosity 20.3 fb~!. The data
are binned in twelve invariant mass bins with m,, varying
between m,, = 116 GeV and m,, = 1.5 TeV. The exper-
imental uncertainties go from 0.63% in the smallest
invariant mass bin to 17.31% in the highest invariant mass
bin. The uncertainty in the lower invariant mass bins is an
approximately equal split between statistical and systematic
errors, while in the highest bins it is dominated by statistics.
An important feature of the data set of Ref. [72] is that it
was originally intended as a SM measurement of the photon
PDF, and therefore a careful accounting of experimental
errors was performed and released publicly. This is an
important point that can outweigh the improvement in
constraints expected from 13 TeV collisions if those are not
done with the same level of detail.

We choose the UV scale A = 4 TeV, which is above the
highest invariant mass bin studied in the experimental
analysis, as a reference scale. We calculate the SM cross
section at next-to-next-to leading order (N’LO) in QCD
using the N-jettiness subtraction method [84,85] as imple-
mented in MCFM [86] and include next-to-leading-
logarithmic (NLL) electroweak corrections [87,88], which
become important in the high invariant mass bins. The
theoretical uncertainties in the SM arise from the parton
distributions (PDFs), from missing higher order corrections
and from uncertainties in the SM parameters. We estimate
PDF uncertainties by using the 100 members of the
NNPDF31 nnlo as 0118 PDF set [89]. The PDF error
ranges between less than 1% and 2.8%. PDF uncertainties
between different bins are strongly correlated. We estimate
the theoretical error from missing higher-order corrections
by separately varying the renormalization and factorization
scales in the range my,/2 < up p < 2my, subject to the
constraint 1/2 < up/pur <2. To provide a conservative
uncertainty estimate we vary the scales in the NLO cross
section. The scale uncertainty estimated in this way ranges
from 1.2% to 3.1% in the highest invariant mass bin. We
assume that the scale uncertainty is uncorrelated between
the experimental bins. The SMEFT-induced corrections are
calculated at NLO in the QCD coupling constant. We have
assumed no underlying hierarchy regarding the dimension-
6 and dimension-8 coefficients, and rely instead upon the
experimental data to determine their allowed ranges.

Figure 5 shows the comparison between the SM pre-
diction and the measurement of Ref. [72]. We see that there
is in general a very good agreement. For m,, > 300 GeV
the data lie below the SM expectation by about one sigma.

pp—L*L~
S=8TeV

da/dmy, (pb/GeV)
=
o
I

104
107>y — SM )
* data +
© 1.5
©
- 1.25
3 ——1—
5 1.0 B R I I
200 300400 600 103
myy (GeV)
FIG. 5. Comparison between the SM prediction (blue) and the

measurement of the Drell-Yan invariant mass distribution of
Ref. [72] (black). In the top panel, the grey shaded area and blue
error bars denote, respectively, the experimental and theoretical
errors. In the bottom panel, the error on the ratio oy, /data
is dominated, at high invariant mass, by the experimental
uncertainties.

Taking into account the experimental and theoretical
correlations, for the SM cross section we find a y> per
degree of freedom (dof) of 11.7/12 = 1.05.

The bounds from turning on only a single coefficient at a
time are shown in Figs. 6-10. We begin by discussing the
bounds on dimension-6 four-fermion coefficients in Fig. 6.
We compare the results obtained by keeping only O(1/A?)

Dimension-6 four-fermion bounds

Cpe e
Cea L e—
§ Ceu ‘|_|| VIH
%
s Cu o
=}
]
§ Ch, T |
B) Lo i .
C ["AZ4TeV |
e L H o oa/a%) ja—
q | — |
H O@1/AY) ‘
-8 =6 =7 = 0 2 4
95% CL range

FIG. 6. 95% CL intervals for the dimension-6 four-fermion
operators that interfere with the SM. Both the limits obtained by
considering only O(1/A?) effects, as well as those including the
O(1/A*) corrections, are shown.
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Dimensioq—6 dipole‘and scalqr operators
A=4Tev i
lequ (R
H

Wilson coefficient
Q

-15 -10 =5 5 10 15

0
95% CL range

FIG. 7. 95% CL intervals for dimension-6 dipole, scalar and
tensor interactions that first contribute at O(1/A*). The Wilson
coefficients are defined at the scale yy = 1 TeV.

corrections with those obtained by keeping the square of
dimension-6 operators that contributes O(1/A*) effects. In
general the fits to the data are good, with a y?/dof below
one for most operators, implying that the data prefer a non-
zero contribution from SMEFT operators, which interfere
destructively with the SM. The impact of O(1/A*) cor-
rections are significant for most operators, with the upper
and lower limits of the 95% CL ranges shifting by factors of
2 or 3 in most cases.

We proceed to discuss next the bounds on the dipole,
scalar and tensor couplings shown in Fig. 7. As explained
previously these enter the cross section quadratically, so the
bounds are symmetric around zero. The y? per dof is
slightly over unity, indicating a reasonable fit to the data.
Since these operators always increase the SM cross section
and no destructive interference is possible, their inclusion
does not improve the agreement with data. The scalar and
tensor operators give O(s*/A*) contributions to the matrix
elements squared while the dipole corrections only grow as
O(v%s/A*), leading to the order-of-magnitude difference
in the bounds observed for these classes of operators.
Defining the effective scale probed as A/,/C; for each
Wilson coefficient C;, we see that scales from 4.6 TeV to
7.7 TeV are probed for scalar and tensor operators, far
above the 1.5 TeV limit of the highest invariant mass bin.
Scales ranging from 1.0 to 1.6 TeV are probed for the dipole
operators.

It is interesting to compare these bounds with those
from flavor physics and low-energy experiments. The off-
diagonal components of the scalar operator Cj,.4o are
strongly constrained by flavor-changing-neutral-current
(FCNC) decays of kaons and B mesons, such as B —
£7¢~ or K g — ¢*¢~. These bounds can be converted
into scales A 2 150 TeV. In the case of the scalar operators

CE‘IE)QM, Dy — ¢*¢~ probes the uc component at the level of

20 TeV, while the limits on the tensor coupling C(L?Qu,

which contributes to D — #£¢~, are weaker, at the TeV
level. These very stringent limits (especially on operators
with d-type quarks) can be brought closer to the TeV scale
by assuming flavor symmetries, such as minimal flavor
violation (MFV) [90]. In MFV, chiral breaking operators
are proportional to quark Yukawa couplings, suppressing
both flavor-changing transitions but also the flavor-
diagonal components that give the largest contributions
to the Drell-Yan process. Here, to avoid relying too heavily
on specific flavor scenarios, we simply account for the
FCNC constraints by choosing the scalar/tensor couplings
Cge’;)u, Creap and the dipole couplings Cyg, Cy, with f €
{u, d} to be proportional to the identity in the quark mass
basis [91]. In this case, the strongest limit on scalar

operators arise from the ratios

[(Kt — etv)

R [(z" - e'v)
n (KT - uty)’

= T 7 R. —
oT(at - uty) K

(18)

which scale as m;/myj, in the SM, but are not suppressed in
the presence of pseudoscalar operators. Assuming flavor
universality, and, in addition, that the couplings are real,
one gets (100 TeV)?

0.2 1 ) 0.1
-——<—|[C -C <— 19
(100 TeV)? Az (Creao = Creoul (100 TeV)? (19)
The limits on A can be weakened by one order of
magnitude assuming quark flavor diagonal rather than
flavor universal couplings [92].
For the scalar and tensor couplings, the best constraints

come nuclear beta decays, R, and radiative pion decays
[18,92-94]. In this case one finds [93,94]

0.6 1 ) 0.5
- <—|C C =
@Tev)y < a2 (Creae + Creod < ey
0.5 v? (3) 0.3
<[V ] <
(4 TeV)? ~ A2 (Cieg (4 TeV)?

at 95% CL. These bounds are very close to those showed in
Fig. 7. Therefore, while the linear combination constrained
by R, and Ry is out of the LHC reach, we can conclude that
for the other two linear combinations of chiral-breaking
scalar and tensor coefficients there is a strong interplay
between low- and high-energy searches, as already pointed
out in Refs. [29,93-95]. Similar conclusions apply to the
real part of flavor-diagonal dipole operators. Electric dipole
moments put strong constraints on the imaginary part of the
coefficients of flavor-diagonal chiral-breaking operators, so
that for these the LHC is never competitive.
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Dimension-8 four-fermion bounds
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FIG. 8. 95% CL intervals for the dimension-8 momentum-

dependent four-fermion operators.

Finally we proceed to discuss the dimension-8 operator
bounds in Figs. 8, 9, and 10. The first plot discusses
operators of the form L5 that give momentum-
dependent four-fermion corrections that scale as
O(s?/A*), the second gives momentum-independent
four-fermion corrections from L ;2 that scale as
O(v*s/A*), and the third gives momentum-dependent
Vff vertex corrections, which also scale as O(v?s/A%).
These different scalings lead to vast differences in the
effective scales probed for each type of operator. Defining
the effective scale as A/+/C; for these dimension-8 terms,
UV scales ranging from 1.3 to 4.3 TeV are reached for
operators of the L+ class. Given that these are pure

dimension-8 effects that appear first at O(1/A%) this is

Dimension-8 four-fermion bounds
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FIG. 9. 95% CL intervals for the dimension-8 momentum-
independent four-fermion operators. A combination such as
(1) 4+ (2) in a superscript indicates that the indicated linear
combination of the two relevant operators has been considered.

Dimension-8 Z-vertex bounds
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FIG. 10. 95% CL intervals for a selection of dimension-8 Z-
boson vertex corrections. A combination such as (1) — (2) in a
superscript indicates that the indicated linear combination of the
two relevant operators has been considered.

striking. Since these scales approach those of the dimen-
sion-6 effects, these operators cannot be safely neglected in
fits to the data. We study this point further in the next
section. Bounds on operators from the L2 class are
weaker, with the maximum scale probed reaching 1.7 TeV
at most. The scales associated with the vertex corrections
do not reach 1 TeV, and these corrections can be safely
neglected in fits compared to the larger corrections arising
from dimension-6 effects.

We used in this analysis 8 TeV data, for which detailed
information about the experimental errors and their corre-
lations is available. Including the full correlation matrix is
particularly important for the constraints on operators that
interfere with the SM. Since for m,, > 300 GeV all bins lie
below the SM expectation, neglecting the experimental
correlations leads to a better SM fit and changes the
smaller side of the bounds in Figs. 6, 8, 9 and 10 by up
to a factor of two. The bounds on scalar, tensor and dipole
operators, which do not interfere with the SM, are
only marginally affected by neglecting correlations.
ATLAS and CMS have also published searches for reso-
nant and non-resonant phenomena in high-mass dilepton
and lepton plus missing energy final states based on
40 fb=! and 139 fb~! of 13 TeV data [96-102]. While
these datasets play an important role in further constraining
the SMEFT expansion, they are published with less detailed
error information, and the extraction of reliable bounds
requires a detailed detector simulation not available to
theorists. We note that the search for contact interactions
in Ref. [101] considers a subset of the dimension-6
operators that we included, and uses a signal region of
2 < my, < 6 TeV. The uncertainties on the background in
this region are quite significant, and the limits on the new
physics scale A, once converted into the conventions of
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TABLE L.

95% CL intervals for four operators with right-handed u quarks. The first and second columns show the bounds obtained

assuming that only one operator is on at a time, and truncating the EFT expansion at dimension-6 and dimension-8, respectively. The
third column shows the limits on a given coefficient obtained marginalizing over the other three. In the rightmost column, we
marginalize over the couplings, but allow dimension-8 coefficients to vary between 256, corresponding to an effective scale of 1 TeV.

dim-6 Single coupling Marginalized Marginalized*
Cou [0.08, 1.0] [0.1, 1.8] (39,39 [0.6,2.4]
Coppr [-1.5,13] [-17,9.2 x 107 [—14,18]
Cowpp (45, 555] [-1.9,1.2]-10* [-256,256]
- [—24,-1.8] - 103 [—1.2,1.8] - 10° [—256, 256]

Eq. (7), are about A ~7 TeV, stronger by only a factor of
approximately 1.5 compared to our analysis. This again
highlights the importance that precise data at all energies
can have on SMEFT analyses.

VI. MULTIPLE COUPLINGS SCENARIOS

We study in this section the impact of turning on several
dimension-6 and dimension-8§ SMEFT operators at the
same time. Since angular information can in principle
disentangle operators with different helicities [29], we
consider one specific helicity channel, with right-handed
u quarks and right-handed electrons. The dimension-6
operator that contributes in this channel is C,,. At dimen-
sion eight, we turn on C,2,.22, the derivative operator
C,,2p2, and one momentum-dependent correction to

e u
the Z-vertex, C(1> - C<2) (we note that Cilzzylm -

W2H2D? u?H2D?
C 1(;)[12 p» also contributes to the helicity channel with right-
handed quarks and left-handed electrons). With these four
couplings, we find a best fit y* /dof = 5.8/8, indicating that
multiple couplings do not significantly improve the fits. The
95% CL limits on the four SMEFT operators we considered
are shown in Table I. In the two leftmost columns we give the
limits obtained in the single coupling hypothesis, truncating
the EFT expansion at dimension-6 and dimension-8, respec-
tively. In the third column, we show the 95% CL limits
obtained by marginalizing over the remaining three cou-
plings. In this case, the correlation matrix of the four

couplings  (C,,, C,2,2p2, Co2 2 g2, C‘(IIZ)H2 Dy~ C1(422>1-12 o) 1S
given by
1.00 0995 -091 -0.02
0995 1.00 -0.92 -0.02
corr = , (20)
-091 -092 1.00 042
-0.02 -0.02 042 1.00

indicating strong correlations between dimension-6 and
dimension-8 four-fermion operators. The rightmost column
show marginalized bounds, but with the coefficients of
dimension-8 operators allowed to vary between 256, so
that the effective scale of the operators does not go
below 1 TeV.

From Table I, we see that the bounds on the dimension-6
operator C,, can be weakened by turning on dimension-8
operators with arbitrary coefficients. In the case that all
couplings are allowed to vary freely without enforcing
consistency of the EFT expansion for all non-zero cou-
plings, the bounds on C,, are weakened by more than an
order of magnitude. Even if we constrain the dimension-8
operators to have coefficients compatible with the EFT
expansion, the derivative operator C,,2p2 plays an impor-
tant role, and weakens the bounds on C,, by a factor of 2
compared to the single coupling analysis truncated at
O(1/A?). We conclude that fits to the Drell-Yan data that
truncate to dimension-6 operators only can be misleading
by a significant amount.

VII. CONCLUSIONS

In this manuscript we have studied the Drell-Yan process
at O(1/A*) in the SMEFT, including effects from both the
square of dimension-6 operators and genuine dimension-8
effects. Our calculation of the SMEFT contributions to this
process includes NLO QCD corrections through
O(a,/A*). Tt is missing only effects from dimension-8
operators containing explicit gluon fields that are not
enhanced in the soft or collinear limits. We have found
that corrections from O(1/A*) are significant, with the
terms quadratic in the dimension-6 Wilson coefficients
becoming as important as the linear effects far below the
UV scale A. Energy-dependent dimension-8 four-fermion
operators whose effects scale as s>/A* in the high-energy
limit also become nearly as large as the dimension-6 terms
for s < A.

To illustrate the impact of these findings we perform fits
to the ATLAS high-mass data from Ref. [72]. Our fits
include the full experimental correlated errors, as well as
the SM Drell-Yan cross section calculation through NNLO
in QCD and NLL in the electroweak coupling constant.
Inclusion of the quadratic dimension-6 effects can shift the
limits on the relevant Wilson coefficients by factors of 2-3.
The dimension-8 effects further shift the bounds by addi-
tional large factors. Our findings clearly show that trunca-
tion of the SMEFT expansion to O(1/A%) does not
properly account for the SMEFT effects on the Drell-
Yan process. We note that improved experimental precision
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in the higher invariant mass bins would reduce the impact
of O(1/A*) effects. In the last bin the ATLAS data
considered here allows for a 25% deviation from the
SM. Improving this precision would reduce the allowed
parameters to a region where the SMEFT expansion
converges more quickly.

Although the inclusion of the full dimension-8 correc-
tions in the SMEFT may at first appear to be a daunting
task, our results show that only the subset of dimension-8
operators consisting of two-derivative four-fermion inter-
action must be included. Other categories of corrections,
including energy-independent dimension-8 four-fermion
operators whose effects scale as v?s/A* and Z-boson
vertex corrections, can be neglected given the current data
precision. We believe that our findings provide a solid
foundation for future analyses of LHC Drell-Yan measure-
ments within the SMEFT framework. To this goal, on the
experimental side it will be important to have access to
more differential distributions, including rapidity and
angular distributions, at high invariant mass. These mea-
surements will allow to disentangle the flavor and helicity
structure of dimension-6 and dimension-8 operators, reduc-
ing the degeneracies that affect the dilepton invariant mass
distribution. On the theoretical side, a consistent dimen-
sion-8 fit will need to include the “positivity” constraints
that can be inferred by fundamental principles of quantum
field theory [53-55,65-70]. While the most naive elastic
positivity constraints do not apply to the operators in the
class £U,4 pe that are most relevant to Drell-Yan [67], a more
detailed analysis of elastic positivity and extremal positivity
bounds is necessary [67,68].

|

_lv%ﬂ_ldllz

[(0””PL>q(%uPL)
VR (PR (7, PL) 4 ViR (7" PL) (1, PR)]

+(6"'Pg)1(0,,P

As explained previously we have neglected operators of the

type E]Ly(”BD)qu Ly(”Bwf .- We note that this parametri-
zation holds for both up and down type quarks. The
coefficients S, T, and the V® all begin contributing
to the cross section at O(1/A*). The V© begin at
O(1/A?). They have the following expansion:

1 1
6 6a 6b
VIO = Ve 5 VI, (A1)
It is straightforward to use the operators listed in the
previous section to determine these vertex factors in terms
of Wilson coefficients. We begin with the scalar and tensor
couplings defined in L .:

(P*Pr)1 (7, PL) + V(P
8 8
R+ (P1+2)- (P34 pa) [V (7 PL) (7, PL) 4+ Visr (7 Pr)4 (v, Pr)!

6
VLL(}’”PL) (7.PL) +VR1;(}MPR) (y.Pr)'+V
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APPENDIX A: VERTEX PARAMETRIZATIONS

In order to discuss exactly which combinations of
Wilson coefficients can be probed in the Drell-Yan process,
it is helpful to introduce general parametrizations for the
gauge boson-fermion vertices and for the four-fermion
interactions. We begin with the four-fermion interactions.
We parametrize the four-fermion interaction as (quark
momenta incoming, lepton momenta outgoing):

V(7P +5 (PLPL+ PAPE)

SI = = Clopul A
S§ = =Choy/ A,
T = Creqal N,
T =0 (A2)

All three scalar and tensor Wilson coefficients can in
principle be determined since they appear in different
vertex factors, and lead to different angular dependences
in the cross section. The matrix element squared for these
interactions, which only appears interfered with itself,
scales as O(s?/A%).

We next consider the V(®) vertex factors which come from
L,+p2. These can be written in terms of Wilson coefficients as

095022-13



BOUGHEZAL, MEREGHETTI, and PETRIELLO

PHYS. REV. D 104, 095022 (2021)

8 1
vy, =

fzquz - fz 2D2)/A4
8)

V;L.d = (C(flz) 2p? + CquZDZ)/A47
V() _C7 2D2/A4
V;?Il,d =C 2d2D2/A4

8
VJ(’?IZ.M = fZ 71)2/1\4

8
»@gd::c;fm/A4

VEI% u = C 2 ZDZ/A4

Vggl%,d = quezDz/A4' (A3)

All seven Wilson coefficients appear in separate vertex
factors. We note that these contributions lead to different
energy dependences than the V© vertex correction factors
defined in Eq. (A1), and the effects of these two classes of
operators can in principle be disentangled in the Drell-Yan
process. Contributions from these vertex factors scale as
O(s?/A*) in the high-energy limit.

We now proceed to the momentum-independent four-
fermion operators that first contribute at O(1/A?). The first
terms in their expansion take the forms

Vi — -
Viin = Ceu
V(LR.u = Cyes
VESZ.)M = Cpy,
Vit~ + )

6a
VE?R)d - Ced ’
Vi) = Cye
Vi = Cea. (A4)

iVazr, = 180" —iD g, 0" pay}

iVgir = {Vz,PL + Vg Pr + p7 Wz, P + W PRl

The O(1/A*) terms in the expansion come from £
take the form

WA H? > and

2
6b v
V;?R?u = E Cezquz ’
2
6b
V;?R.)d — 5 Cezdsz ’
6b v 1 2
V%L ,)u ? (Cip;uz H? + C(fz)uz H2 ) s
U2

6b 1
V;R,)u - ? (C;2)32H2 C; eZHZ)
2
(6b v 1) 2
VLR,)d - ? (C;262H2 + C(z)esz)7
2
6b v 1 2 3 4
V(LL.)u = ? (C(fZLZ H2 C;ZLz m- C<fz)qz o C(fz)qz H? ),

—c? o+, 4t ),

(60) _ V" (1)
VLL.d = (C AP H APH? APH

quZHZ

(AS)

Only eight linear combinations of the twelve coefficients in
L4y appear in the vertex factors. These corrections scale
as O(v%s/A*). They do not grow with energy as quickly as
the V® contributions. We note that the overall A depend-
ence of these corrections has been extracted following the
definition in Eq. (Al). The remaining four linear combi-
nation appear in vertices with two neutrinos and right- or
left-handed u# and d quarks, and are therefore difficult
to probe.

We now proceed to parametrize the corrections to the
photon and Z-boson vertices. We express these vertices as

- iDZ,UWpZy}' (A6)

P,  are the standard left and right-handed projection operators, and Q; is the electric charge of fermion i. The normal SM
couplings receive corrections in SMEFT, and must be expanded in x = 1/A?:
e =eé+ke +K’e,,
9z = §+Kiz1 + K9z,
Sy = 8y + K51 + 5,
Vo, = Vo, + &V, + Vo,
Vg, = Vazro, + KV zri, + KV o, (A7)

We have shown as well the expansion of the momentum-independent Z-boson vertex factors. We note that the dipole
corrections, as well as the momentum-dependent vertex corrections factors W, contribute first at O(K‘z). The expansion of
the input parameters in x has been studied to all orders in the SMEFT [63,103].
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We can write all of these variables in terms of the input
parameters and Wilson coefficients. We begin with the
dipole terms:

PR .

Dz, = \/ip (SWCeW - CWCeB>7
Do, .

Dy = \fzp (ewCew + SwCep),

DA,, = \/EP(_SWCuW -

CWCuB)’
v
D, = \fzp (=CwCuw + 8wCup).

b, .
D,, = \/5—2 (BwCaw — ewCyap),

/\

Dy, = \/5 (ewCaw + SwCyp)-

d A2 (A8)

The O(x") weak mixing angle and Higgs vev are defined in
the (G, My, M) scheme used here as

_ My
MZ

_ 1
V26

Since the dipole terms first contribute at O(k*) we have
replaced the couplings with their O(k°) values. The
following six Wilson coefficients contribute to the dipole
terms:

(A9)

CeW7 CeB’ CuW? CuB’ CdW’ CdB' (AIO)
These corrections scale as O(v%s/A*) in the high-
energy limit.

We now present the momentum-dependent vertex cor-
rections. These can be written as

War, =008
War, = ZZ—Z}; [CE]ZZLPD‘ - C(ZZJ’D‘]

st = O s = Oy = s+ Ch)
War, = L0 = o)
Wt =0 (€0 = €+ € = )
Wik, = ffAf [Clihps = Cﬁ,?HzDs]- (A11)

where C;f)ﬂD‘ was defined in Eq. (14). The O(x%)

Z-coupling is

7 =2 x2*M;\/Gp, (A12)

Since these corrections contribute first at O(x?) we can use
the leading-order expressions for the Z-boson coupling. We
see that these couplings depend on the following six
combinations of Wilson coefficients:

C(flz)HzDz - Cfpzz)HzDs + CS)HzDs - CS)HZD3 ) CS;FD’ - CEE;-IZD3
(1) (2) 3) (4) (1) 2)

quHZD‘ Cq H2D3’ Cq2H2D3 - Cq2H2D3 ) Cu2H2D3 - Cu2H2D3 ’
(1) ()

Cd2H2D3 - Cd2H2D3 .

There are 14 Wilson coefficients in total, so multiple flat
directions appear in the parameter space. We enumerate the
eight directions that cannot be probed in neutral-current
Drell-Yan below:

(1) (2) 3) (4)
Cf2H2D3 - Cf2H2D3 - szHzDz + C£2H2D37
. +c® e e el
P H2D3 2H2D3 ~ A2HAD3 LH2DY © 2 H2D3 L2 HAD?
(1) (2) 3) (4) (1) 2)
Cq2H2D3 + quH2D3’ Cq2H2D3 + Cq2H2D3’ CquzDz + CquzDM
(1) )
Cd2H2D3 + Cd2H2D3'

The first linear combination is in principle accessible
in pp — vv or Z — vv. Probing the remaining combina-
tions requires processes with multiple Higgs and
gauge bosons. The W, terms induce corrections to the
Drell-Yan cross section that scale as O(v%s/A?) in the
high-energy limit.

We now proceed to study the momentum-independent
Z-boson vertex factors. The O(x°) pieces are given by

Vzro, = 92(—Qi8%).- (A13)

The O(k!) pieces contain two distinct contributions: the
expansion of the couplings §, and §%,, and the explicit
dimension-6 vertices. The explicit vertices can be obtained
from Ref. [15]:
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VZLll—gZI( QeSW) nge5w1 gzzﬁz(cg;_i_cgzﬂ)’
VZRII__gZIQeSW gZQeSW1 gzzv (CHe)
VL, —921( QusW) gZQuSWI ngfﬂ(ng_Cgé)’
Vari, = =0210u8% — §2Q.5%, _@Z_vz(CHu)’

2

e
_ o " - gzv 1 3
Vi, =25 — Qa8%) — 02045, ——22 (Cf,,; + CE‘I&)’

These vertices are dependent on the following six Wilson
coefficient combinations:

3)

CS; + CS;’CHe’CHu»CHd,CS;,C;}q. (A15)

There are seven Wilson coefficients total. The combination

CS; - CS’; cannot be probed in neutral current Drell-Yan.
It is accessible in the charged-current Drell-Yan process.
At O(k?) there are three distinct contributions: the O(x?)
corrections to the overall couplings, the O(k) corrections to
the O(k) explicit vertex factors, and the explicit O(x?)

Vri, = —Jz 048% — 0,045, _;1)2 (Cha). (A14) ;/;rlt{eexf ‘fa[lclzgo]r:s. The explicit vertex corrections can be found
J
Vo, = 923 — Q.8%) — 52055, — 921053, — W(CS} + CS}) - QZZJZ(C;z)m + C;2>H4 )
Vira, = 922(=0.5%) — 920055, — §210.5%, — 9271 ‘2921 s (Che) = @szJZ (Copep)
Vo, = 922l — Qud%y) — 020455 — 921Qu53, — M (Cg; - CSL)]) - % (Cf;z)mD - C((]ZZ)H4D)
Vire, = G22(=0u8%) — 520u5%5 — 9210455 — M(CHM) - gZT;DZ(CMZI‘ﬂ )
Vs, = 922y = Qad%y) = 520453 — G721 QaSiy — M (Cg-ll()] + CS)) - ng@z (C(z)HztD + CE, )H4D)
Vire, = G22(=Qa8%) — 52Q45%, — 9219453 — M (Cra) = 924—02 (Cmtp)- (Al6)

A total of seven new dimension-8 coefficients enter the
vertices at O(x?). These coefficients introduce corrections
to the cross section that scale as O(v*/A*), and are
negligible for typical parameter choices.

We comment here briefly on the number of Wilson
coefficients that enter our calculation. After accounting for
the redefinitions of the input parameters, a total of 28
dimension-6 Wilson coefficients and 54 dimension-8
Wilson coefficients enter our result in the flavor-universal
limit assumed here (we note that many enter only in linear
combinations, and cannot independently be probed). The
number of contributing dimension-8 coefficients is reduced
by the fact that since these couplings must interfere with the
SM amplitude, the contributions from all scalar and tensor
four-fermion operators, as well as all dipole operators,
vanish in the massless fermion limit. This removes approx-
imately 20 additional Wilson coefficients that would appear
if fermion masses were not neglected.

APPENDIX B: RENORMALIZATION GROUP
EVOLUTION OF SMEFT COEFFICIENTS

Most operators we consider are built out of quark vector
and axial currents, which do not run in QCD [104]. This is

I

the case for Cg';), Cya> Cyy, and Cy,y in Eq. (6), C(flqs),
Ceu> Cegs Cpys Cpq and C,, in Eq. (7) and all the operators
in Eq. (12) and (15). The additional derivatives in the

operators in Eq. (9) do not affect the renormalization of

(1234) ~(12)

these operators under QCD. The operators C 2t Carp

and C 2 H>2 e in Eq. (13) have a covariant derivative acting
on the quark field, which could in principle affect the
renormalization of these operators. In the combinations that
contribute to Drell-Yan, however, the covariant derivative
can be moved on the weak bosons and Higgs fields, so that
again these operators do not renormalize in QCD. For

example, we can write

1 . )
E(C;)WD3 - C(?HZDQMR}/”D Ug
<{(DyDy@) 9—"(DyD,yo) }
[SS (CI(412>HZD3 - CI(;)HZD3)ﬁRyﬂuRaD<8(DZﬂ)) +.. (Bl)
where the ... denote terms with more Higgs and weak
gauge boson fields, implying that C' Z)H’ D= CE‘%LZ o does

not run in QCD.
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The coefficients of scalar operators in Eq. (7), Cg}e)qu

and Cy,4y, Obey the same renormalization group equa-
tion as the quark masses. The dipole operators in Eq. (5)
|

d A ag \" (n)
R C — 2 _2 C ,
dlogu ° 4n Z (471') Ts ©s

n

d A o \" (n)
L =25 (%) ey,
dlogu " 4nj;:<4n) T

where the two loop anomalous dimensions are [80-82]

97 10
7§ ==6Cr, 1y =- <SCF +—Nc——nf> Cr.

3 3
257 26
y(To):+2CF, Y(Tl)—<TNC_19CF_?nf>CF' (B3)

Here Cr = 4/3, Nc = 3 and ny = 5 is the number of light
flavors. The limits in Fig. 7 are on scalar and tensor
coefficients defined at the arbitrary scale yy = 1 TeV. They
can be translated into limits at other scales by using
Eq. (B3).

Finally, two-derivative operators in the same class as

)
Cf2q2D2

Their anomalous dimension is known to three loops
[83,105,106], and, at one loop:

behave under QCD like twist-two operators.

d @ _16a,Cr )
dlogu 4D 3 4g 4D

(B4)

APPENDIX C: CROSS SECTIONS

We report in this Appendix the contributions to the
differential cross section do/dm,, from dimension-6 and

TABLE II.

and the tensor operator in Eq. (7) have the same QCD
anomalous dimension. The scalar and tensor operators
satisfy

Cs e {C,Eﬂle)qw Credq}

CT (S {Cuw, CltB’ CdW7 CdBa C(3) },

fequ (B2)

dimension-8 SMEFT operators, at V/§ =8 TeV and
using the invariant mass binning of Ref. [72]. In
Tables II and III we give results for the dimension-6
semi-leptonic vector operators in Eq. (7), which inter-
fere with the SM. For each Wilson coefficient, the first
and second column report the values of the terms
linear and quadratic in C, [a!® and b©® in Eq. (16)].
Tables IV, V and VI give the cross sections induced by
dipole, scalar and tensor operators. We do not show in
this case the interference terms between U(1), and
SU(2), dipoles. The interference between scalar and
tensor operators is negligible. In Table VII we show the
cross section from dimension-8 derivative operators in
Eq. (9), while in Table VIII the corrections from the

operators in Eq. (13). With the exception of sz)ez =5 the
contributions from the operators in the class L 42 can
be obtained by rescaling the a® terms in Tables II
and III according to Eqs. (A4) and (AS5). We therefore

2)

2 in the

only give the cross section induced by C
last column of Table VIIL

We do not give cross sections from the operators that
only modify the Z couplings, at dimension-6 in Eq. (6) and
dimension-8 in Eq. (15).

Contributions to the differential cross section from vectorlike four-fermion operators, in units of pb/GeV for the choice of

A =4 TeV. For each coefficient, the first column denotes the interference with the SM, the second column the term quadratic in the

SMEFT coefficient. The error denotes the PDF uncertainty.

Ceu Ced Cl]"

Bins al®/A? AONIN al® /A2 b /A al® /A2

116-130 —4.91(8) x 1074 2.25(5) x 107 2.54(3) x 1074 2.32(4) x 107° —-2.59(7) x 107*
130-150 -3.80(6) x 10~ 2.45(5) x 107° 1.91(2) x 107* 2.45(3) x 107° -1.90(3) x 10~
150-175 -2.87(5) x 10~ 2.61(5) x 107° 1.39(2) x 1074 2.52(4) x 107° -1.40(2) x 1074
175-200 —2.18(4) x 1074 2.73(5) x 1076 1.02(1) x 1074 2.55(3) x 1076 —-1.03(1) x 107*
200-230 -1.67(3) x 10~ 2.79(5) x 107° 7.54(11) x 107 2.53(3) x 10°° ~7.77(10) x 107
230-260 -1.29(2) x 107 2.84(6) x 107° 5.58(8) x 1073 2.48(4) x 107° -5.85(9) x 1073
260-300 -9.79(21) x 1073 2.84(6) x 107° 4.10(7) x 1073 2.37(4) x 107° —4.40(7) x 1073
300-380 —6.48(14) x 1073 2.78(6) x 107° 2.58(5) x 1073 2.21(4) x 107° —2.84(5) x 1073

(Table continued)
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TABLE 1I. (Continued)

Ceu Ced qu

Bins ©) /A2 bO) /A ©) /A2 ©) /A% al® /A2

380-500 -3.60(9) x 1073 2.57(6) x 1076 1.32(3) x 1073 1.89(4) x 1076 —-1.53(3) x 107°
500-700 —-1.61(4) x 107 2.12(6) x 1076 5.52(13) x 1076 1.45(4) x 1076 —6.72(18) x 1076
700-1000 -5.63(19) x 1076 1.47(5) x 1076 1.78(6) x 1076 9.28(29) x 1077 —2.30(7) x 107°
1000-1500 —1.41(5) x 107° 7.54(27) x 1077 4.18(17) x 1077 4.40(19) x 1077 —5.54(18) x 1077

C(;q) Coe

Bins al® /A2 ©) /A% al® /A2 (6) /A4 ©) /A

116-130 -0.2(1.9) x 1073 4.54(6) x 107° 1.73(2) x 1073 4.54(6) x 107° 4.61(5) x 107°
130-150 —4.57(1.31) x 1073 4.87(6) x 107° 1.21(1) x 1073 4.87(6) x 107° 4.86(6) x 107°
150-175 —-5.99(91) x 1073 5.14(6) x 107° 8.44(10) x 107* 5.14(6) x 107° 5.12(6) x 1076
175-200 —6.10(65) x 107 5.27(7) x 1076 6.06(8) x 107 5.27(7) x 107° 5.30(7) x 107°
200-230 —5.59(45) x 1073 5.32(8) x 107° 4.46(6) x 107 5.32(8) x 107° 5.34(7) x 107°
230-260 —4.97(34) x 1073 5.33(8) x 1076 3.33(5) x 1074 5.33(8) x 107° 5.31(8) x 107°
260-300 —4.22(25) x 1073 5.21(9) x 107° 2.46(4) x 1074 5.21(9) x 107° 5.21(9) x 107°
300-380 -3.15(16) x 107 4.98(10) x 1076 1.58(3) x 107 4.98(10) x 1076 4.98(10) x 106
380-500 —-2.01(10) x 107 4.46(10) x 1076 8.39(19) x 1073 4.46(10) x 1076 4.45(10) x 1076
500-700 —-1.00(4) x 1073 3.57(9) x 1076 3.66(10) x 1073 3.57(9) x 1076 3.57(9) x 107
700-1000 -3.81(19) x 1076 2.40(6) x 1076 1.23(4) x 107 2.40(7) x 1076 2.40(7) x 1076
1000-1500 —1.04(5) x 107° 1.19(4) x 1076 2.98(10) x 107 1.19(4) x 107° 1.19(4) x 1076
TABLE III. Contributions to the differential cross section from the operators C,, and C,4, in units of pb/GeV for the choice of

A =4 TeV. For each coeftficient, the first column denotes the interference with the SM, the second column the term quadratic in the
SMEFT coefficient. The error denotes the PDF uncertainty.

Cfu

Bins ©) /A2 bO) /A (©) /A2 ©) /A

116-130 -5.98(13) x 1073 2.23(5) x 107° 2.82(11) x 107 2.30(4) x 107°
130-150 —-9.42(19) x 1073 2.43(5) x 1076 4.80(9) x 107 2.42(4) x 1076
150-175 -9.60(17) x 1073 2.61(5) x 1076 4.60(8) x 107 2.51(3) x 107°
175-200 —-8.42(17) x 1073 2.73(5) x 107° 3.96(7) x 1073 2.55(3) x 107°
200-230 —-6.96(14) x 1073 2.80(5) x 107° 3.14(6) x 1073 2.53(4) x 107°
230-260 -5.65(12) x 107 2.84(6) x 107° 2.44(4) x 107 2.48(4) x 107°
260-300 —4.45(9) x 1073 2.85(6) x 1076 1.86(5) x 1073 2.37(4) x 107°
300-380 -3.05(7) x 1073 2.78(6) x 1076 1.21(2) x 107 2.20(4) x 107°
380-500 —1.73(4) x 1073 2.56(6) x 107° 6.38(14) x 1076 1.89(4) x 107°
500-700 —~7.95(24) x 107° 2.13(6) x 107° 2.71(7) x 107° 1.45(4) x 107°
700-1000 —2.77(7) x 1076 1.47(5) x 107° 8.81(29) x 1077 9.28(29) x 1077
1000-1500 ~7.14(34) x 1077 7.55(27) x 1077 2.06(10) x 1077 4.40(19) x 1077
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TABLE IV. Contributions to the differential cross section from the dipole operators C,y and C,3, in units of pb/GeV for the choice of
A =4 TeV. The error denotes the PDF uncertainty. We do not show the interference term between C,y and C,pz. The Wilson

coefficients are defined at the scale yy = 1 TeV.

CuW CuB

Bins ©) /A% ©) /A4

116-130 9.55(13) x 107° 1.27(2) x 1076
130-150 5.15(8) x 107° 8.96(14) x 1077
150-175 3.02(5) x 107° 6.39(10) x 1077
175-200 1.97(3) x 1076 4.75(8) x 1077
200-230 1.36(2) x 107° 3.54(6) x 1077
230-260 9.76(18) x 1077 2.68(5) x 1077
260-300 7.01(13) x 1077 1.99(4) x 1077
300380 4.38(9) x 1077 1.30(2) x 1077
380-500 2.28(5) x 1077 6.96(16) x 1078
500700 9.71(26) x 1078 3.01(8) x 1078
700-1000 3.26(10) x 1078 1.03(3) x 1078
1000-1500 7.78(27) x 107° 2.47(8) x 107

TABLE V. Contributions to the differential cross section from the dipole operators C,y, Czp, C.w, and C,p, in units of pb/GeV for the
choice of A = 4 TeV. The error denotes the PDF uncertainty. We do not show the interference term between C,y and C,p and C,y and
C,p. The Wilson coefficients are defined at the scale py = 1 TeV.

CdW CdB CeW CeB

Bins bO /A% (©) /A% bO /A% OFIN

116-130 9.54(11) x 107° 1.27(1) x 1076 2.07(2) x 107 9.86(11) x 1077
130-150 4.99(6) x 107° 8.65(10) x 1077 1.06(1) x 1073 5.40(7) x 1077
150-175 2.82(3) x 107° 5.98(7) x 1077 5.89(7) x 1076 3.27(4) x 1077
175-200 1.78(2) x 107° 4.29(6) x 1077 3.69(5) x 107° 2.28(4) x 1077
200-230 1.17(2) x 1076 3.05(4) x 1077 2.48(3) x 1076 1.62(3) x 1077
230-260 8.14(12) x 1077 2.23(3) x 1077 1.73(3) x 107° 1.21(2) x 1077
260-300 5.52(10) x 1077 1.58(3) x 1077 1.21(2) x 107° 8.75(17) x 1078
300-380 3.36(6) x 1077 9.87(18) x 1078 7.45(14) x 1077 5.76(12) x 1078
380-500 1.61(3) x 1077 4.92(10) x 1078 3.75(8) x 1077 3.01(6) x 1078
500-700 6.38(16) x 1078 1.99(5) x 1078 1.56(4) x 1077 1.31(4) x 1078
700-1000 2.02(6) x 1078 6.38(19) x 107° 5.14(16) x 1078 4.47(14) x 10~°
1000-1500 4.50(19) x 107 1.43(6) x 107 1.19(4) x 1078 1.06(4) x 107°
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TABLE VI. Contributions to the differential cross section from scalar and tensor four-fermion operators, in units of pb/GeV for the
choice of A =4 TeV. The error denotes the PDF uncertainty. We do not show the interference between the scalar and tensor operators

" " and Cﬁ, qu- The Wilson coefficients are defined at the scale yo = 1 TeV.

Lequ

Cfgdq C(fle)qu Cgf)qu
Bins AONIN bO /A% bO) /A
116-130 5.42(8) x 107° 5.28(10) x 1076 1.61(2) x 1073
130-150 5.53(7) x 107° 5.53(10) x 1076 1.79(2) x 1073
150-175 5.54(7) x 107° 5.76(11) x 1076 1.92(3) x 1073
175-200 5.46(8) x 107° 5.92(12) x 1076 2.00(3) x 1073
200-230 5.28(8) x 1076 5.94(12) x 1076 2.04(3) x 1073
230-260 5.07(9) x 107° 5.89(12) x 1076 2.05(4) x 1073
260-300 4.78(8) x 107° 5.77(12) x 1076 2.04(4) x 1073
300-380 4.29(8) x 107° 5.49(12) x 1076 1.97(4) x 1073
380-500 3.55(8) x 107° 4.88(12) x 107° 1.81(4) x 107
500700 2.60(7) x 1076 3.86(11) x 107° 1.52(4) x 1073
700-1000 1.59(5) x 107° 2.54(8) x 1076 1.08(3) x 1073
1000-1500 7.14(3) x 1077 1.23(4) x 1076 5.72(20) x 107°
TABLE VII. Contributions to the differential cross section from two-derivative dimension-8 operators, in units of pb/GeV for the

choice of A =4 TeV. The last column gives the cross section for the four-fermion two-Higgs operator C (%) 22 Which cannot be
obtained by rescaling the a(® term in Table II.

. . ) Clope Colope

Bins a® /A a® /At a® /A a® /A4 a® /A4
116-130 —4.64(7) x 1077 2.40(3) x 1077 2.40(9) x 1077 -0.7(1.8) x 1078 1.62(2) x 107°
130-150 —4.64(8) x 1077 2.32(3) x 1077 2.38(7) x 1077 -5.5(1.6) x 1078 1.47(2) x 107°
150-175 —4.70(8) x 1077 2.27(3) x 1077 2.25(3) x 1077 -1.00(15) x 1077 1.38(2) x 107°
175-200 —4.75(9) x 1077 2.22(3) x 1077 2.24(4) x 1077 -1.35(14) x 1077 1.33(2) x 10°°
200-230 —-4.81(9) x 1077 2.16(3) x 1077 2.25(3) x 1077 —1.61(13) x 1077 1.28(2) x 107°
230-260 —4.80(10) x 1077 2.09(3) x 1077 2.16(4) x 1077 -1.86(13) x 1077 1.24(2) x 107°
260-300 —-4.77(10) x 1077 1.99(3) x 1077 2.15(4) x 1077 —-2.05(12) x 1077 1.20(2) x 107°
300-380 —-4.61(10) x 1077 1.82(3) x 1077 2.02(4) x 1077 —2.26(12) x 1077 1.12(2) x 107°
380-500 —-4.23(10) x 1077 1.56(3) x 1077 1.80(4) x 1077 -2.36(11) x 1077 9.87(22) x 1077
500700 —3.48(10) x 1077 1.19(3) x 1077 1.45(4) x 1077 —2.18(10) x 1077 7.86(20) x 1077
7001000 —-2.41(8) x 1077 7.60(24) x 1078 9.71(29) x 1078 -1.65(8) x 1077 5.27(16) x 1077
10001500 —-1.23(4) x 1077 3.59(15) x 1078 4.88(16) x 1078 —-9.17(51) x 107% 2.62(9) x 1077

1 1 2

C(fz>uzD2 C)(/pz)dzDz C;ZLZHZ

Bins (8)//\4 (8)/A4 a(8>/,\4
116-130 -5.80(11) x 1078 2.80(12) x 1078 —1.09(1) x 1076
130-150 -1.16(2) x 1077 5.84(9) x 1078 —5.43(6) x 1077
150-175 -1.57(3) x 1077 7.64(10) x 1078 —-2.61(4) x 1077
175-200 -1.84(3) x 1077 8.61(13) x 1078 -1.31(2) x 107”7
200-230 -2.01(4) x 1077 9.05(13) x 107% —6.64(14) x 1078
230-260 —2.11(4) x 1077 9.15(14) x 1078 -3.37(10) x 107%
260-300 -2.17(5) x 1077 9.05(16) x 1078 -1.56(7) x 1078
300-380 -2.16(5) x 1077 8.57(16) x 1078 —3.81(47) x 107°
380-500 —2.04(5) x 1077 7.52(17) x 1078 1.23(26) x 107~
500-700 -1.71(5) x 1077 5.83(15) x 1078 1.62(13) x 107°
700-1000 —1.19(4) x 1077 3.76(12) x 1078 8.53(56) x 10710
1000-1500 —6.13(22) x 1078 1.79(8) x 1078 2.60(19) x 10710
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TABLE VIII. Contributions to the differential cross section from momentum-dependent Z couplings in Eq. (13), in units of pb/GeV

for the choice of A =4 TeV.

CL

2H2D?

-2 =)

qZHZDB q2H2D3

Bins a® /A (®) /A% a® /A4
116-130 7.79(7) x 1077 6.73(81) x 107% 7.16(6) x 1077
130-150 4.11(4) x 1077 2.63(43) x 1078 3.66(4) x 1077
150-175 2.34(3) x 1077 1.19(22) x 1078 2.03(2) x 1077
175-200 1.49(2) x 1077 42(1.3) x 107° 1.25(2) x 1077
200-230 1.01(1) x 1077 6.8(8.2) x 10710 8.37(11) x 1078
230-260 7.10(11) x 1078 —-2.9(5.9) x 10710 5.79(9) x 1078
260-300 4.97(8) x 1078 ~7.3(4.0) x 10710 4.08(7) x 1078
300-380 3.07(6) x 1078 —1.46(23) x 107° 2.46(5) x 1078
380-500 1.56(3) x 1078 —-1.13(11) x 107° 1.26(3) x 1078
500-700 6.61(17) x 107™° —6.74(54) x 10710 5.28(13) x 107°
700-1000 2.21(6) x 107 -2.97(22) x 10710 1.76(5) x 10~
1000-1500 5.21(17) x 10710 —8.48(72) x 107! 4.14(14) x 10710

Corp C.irri Cirriy

Bins a® /A% (8) /A4 PONIN
116-130 -3.83(3) x 1077 1.10(2) x 1077 -5.72(9) x 1078
130-150 -1.73(2) x 1077 5.32(9) x 1078 -2.70(5) x 1078
150-175 -8.54(9) x 1078 2.82(5) x 1078 -1.38(3) x 1078
175-200 -4.82(7) x 1078 1.73(4) x 1078 -8.06(21) x 107°
200-230 -2.97(4) x 1078 1.11(2) x 1078 —5.11(12) x 107°
230-260 -1.94(3) x 1078 7.80(24) x 107° -3.30(10) x 107°
260-300 -1.31(2) x 1078 5.54(16) x 107° —-2.26(7) x 107
300-380 -7.59(13) x 107° 3.37(7) x 107 -1.34(4) x 107°
380-500 -3.59(9) x 10~ 1.75(6) x 107° —6.49(17) x 10710
500700 —-1.44(4) x 107 7.41(20) x 10710 —2.54(7) x 10710
700-1000 —4.68(14) x 10710 2.56(8) x 10710 —8.14(25) x 107!
1000-1500 -1.07(4) x 10710 6.13(21) x 10711 -1.82(7) x 107!
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