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We study Drell-Yan production in universal theories consistently including effects beyond dimension six
in the Standard Model effective field theory (SMEFT). Within universal SMEFT and with C and P
conservation we find that 11 dimension-eight operators contribute in addition to the six contributing at
dimension six. We first work in an operator basis in which operators with higher derivatives of the bosonic
fields have been rotated by equations of motion in favor of combinations of operators involving SM
fermion currents. We derive the general form of the amplitudes consistently in the expansion to O(A™*) and
identify eight combinations of the 17 Wilson coefficients which are physically distinguishable by studying
the invariant mass distribution of the lepton pairs produced. We then introduce an extension of the
parametrization of universal effects in terms of oblique parameters obtained by linearly expanding the self-
energies of the electroweak gauge bosons to O(g°). It contains 11 oblique parameters of which only eight
are generated within SMEFT at dimension eight: S‘, T, wW,Y,U, X, plus two additional which we label W’
and Y’ and show how they match at linear order with the eight identified combinations of operator
coefficients. We then perform a combined analysis of a variety of LHC data on the neutral- and charged-
current Drell-Yan processes with the aim of constraining the eight combinations. We compare and combine
the LHC bounds with those from electroweak precision W and Z pole observables which can only provide
constraints in four directions of the eight-parameter space. We present the results in terms of limits on the
eight effective Wilson coefficients as well as on the eight oblique parameters. In each case, we study the

dependence of the derived constraints on the order of the expansion considered.

DOI: 10.1103/cktt-qgrmn

I. INTRODUCTION

The large statistics collected by the CERN Large Hadron
Collider (LHC) in its different runs have allowed for precise
tests of the Standard Model (SM) predictions as well as
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searches for new physics. A particular place in this quest is
held by dilepton production, the so-called Drell-Yan (DY)
process [1], which can proceed either via neutral current
(NC) or charged current (CC)

pp— ¢t~ and pp - £y,

with £ = e, p. Involving only leptons in the final state, this
process provides a clean environment for both experimental
studies and theoretical predictions. The LHC experimental
collaborations have taken advantage of this to perform
precision SM tests [2-6] and searches for new resonances
[7-10]. Presently there is no data that is at variance with the
SM, ergo there may exist a mass gap between the

electroweak and the new physics scales. In such a scenario,
hints on the new physics can first manifest through

Published by the American Physical Society
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deviations from the SM predictions. In this case, it is
natural to employ effective field theory (EFT) as a model-
independent approach to analyze the experimental results.

Under the minimal assumption that the scalar particle
observed in 2012 [11,12] is, in fact, part of an electroweak
doublet, the SU(2), ® U(1), symmetry can be linearly
realized and the resulting EFT is the so-called Standard
Model EFT (SMEFT). In this framework, deviations from
the SM predictions are parametrized as higher order
operators

fn,j

Lep = Lom + Z A4

n>4,j

O, (1.1)

where A is a characteristic energy scale and O, ; are higher
dimension operators. At the LHC the first sizable contri-
butions are of dimension six, i.e. O(A72). It is well known
that there are 59 independent dimension-six operators [13]
leading to 2499 arbitrary Wilson coefficients when flavor is
taken into account [14]. The situation becomes close to
untreatable when we consider the next order [O(A™)] in
the expansion that exhibits 44,807 possible operators [15].
As a consequence in the most general scenario, the number
of dimension-eight operators contributing to the present
observables is prohibitively large, which precludes a
complete analysis including all effects at that order. In
this context, Drell-Yan processes have been studied in the
SMEFT framework at O(A=2) [16-27] and partially at
order O(A™) [28-39] where due to the large number of
operators contributing the majority of the studies considers
just one or at most a few operators at one time.

Identifying physically motivated hypotheses to be able to
capture a large class of beyond the standard model (BSM)
theories while reducing the number of relevant operators
becomes mandatory for general studies. One such well-
motivated hypothesis is that of universality, which in brief
refers to BSM scenarios where the new physics either
dominantly couples to the bosons of the Standard Model or
if it couples to fermions, couples via SM currents allowing
one to express the EFT exclusively in terms of bosonic
operators. At O(A~?) under the assumption of C and P
conservation, this universal SMEFT (herein USMEFT)
contains 16 dimension-six independent operators [40].
Recently, Ref. [41] presented the basis for USMEFT at
O(A™*) which, without imposing C or P symmetries,
contains 175 dimension-eight operators.

In this work, we perform a complete study of the neutral-
and charged-current Drell-Yan processes and electroweak
precision observables (EWPO) in the framework of C and
P conserving universal new physics beyond O(A72).
Within the USMEFT framework there are 17 operators
that contribute to the EWPO and Drell-Yan. They are
presented both in the purely bosonic form and in the rotated
form in which the bosonic operators with higher derivatives
are traded for fermionic operators involving the SM gauge

currents. We identify eight combinations of the 17 Wilson
coefficients which are physically distinguishable in the
EWPO and Drell-Yan analyses. Furthermore, we introduce
an extension of the parametrization of universal effects in
terms of oblique parameters obtained by linearly expanding
the self-energies of the electroweak gauge bosons to O(g°).
It contains 11 oblique parameters of which only eight are
generated within the USMEFT at O(A™*).

In these studies, we compare and combine the constraints
derived from the analysis of LHC DY processes with those
from the W and Z pole observables which can only provide
bounds in four directions of the eight-parameter space. We
present the results in terms of constraints on the eight
testable effective Wilson coefficients as well as on the eight
oblique parameters. In each case, we study the dependence
of the derived constraints with the order of the expansion
considered. Our results show that the present data, which
favors no deviation from the SM predictions, can robustly
constrain six of the eight parameters while strong corre-
lations and cancellations are still present for three of the
combinations.

The outline of the paper is as follows. In Sec. II we
present the part of the USMEFT basis up to O(A™*)
employed in this work. This section is complemented with
Appendix A where the full USMEFT at O(A~*) basis and
its properties under C and P are listed. Section III contains
some analytic expressions of the corrections of the Drell-
Yan amplitudes as derived in the rotated basis, which is
most convenient for numerical implementation in phenom-
enological studies, consistently accounting for the effect
induced by the renormalization of the SM inputs at
O(A™). In Sec. IV we introduce an extension of the
oblique parameters to take into account O(g®) contribu-
tions and this section is complemented with Appendix B
where we show the relation between those eight oblique
parameters and the eight effective combinations identified
in Sec. III. We then proceed to make a combined analysis of
the experimental results presented in Sec. V. The quanti-
tative results of the analysis are presented in Sec. VI, while
Sec. VII contains our summary.

II. OPERATOR BASIS

Within the SMEFT predictions for observables at order
1/A* require evaluating the SM contributions, the inter-
ference between the 1/A2 amplitude (M) with the SM
amplitude, the square of the dimension-six amplitude, as
well as the interference of the 1/A* amplitude with the SM,
which we represent as

Mgy 2 + MEM© + MO 4+ Mg M©?)

+ MEM®), (2.1)

M®) includes amplitudes with one dimension-eight oper-
ator coefficient while M(©?) includes the contribution of
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TABLE I

C and P conserving dimension-six operators for universal theories and their respective Wilson

coefficients. H stands for the SM Higgs doublet and W}, and B, are the SU(2), and U(1)y field strength tensors

respectively. 7/ stands for the Pauli matrices.

Bosonic basis Coefficient Rotated basis Coefficient
Oo.1 (D,H'H)(H'D"H) be Qo (D,H'H)(H'D*H) Cor
Oww HTWIWWI”“’H bww Oww HTWIWWI’””H Cww
Ops H*BWB’”’H bpp Ogp HTBWB””H Cpp
Opw H*BWTIWI’””H bpw Ogw HTB#DTIWI’”"H Caw
Raw -3 (D*Wl,)? row Oryw J{WJ]W” Cow
Rap -1(p*B,,)? rap 0y5 Tl 2B

the insertion of two dimension-six Wilson coefficients in
the amplitude.

In order to perform our analyses we must choose a basis
of independent operators. Universal theories in the context
of the SMEFT refer to BSM models for which the low-
energy effects can be parametrized in terms of operators
involving exclusively the SM bosons, herein referred to as
bosonic operators [40]. In the EFT framework not all
operators at a given order are independent. In USMEFT,
integration by parts and Bianchi identities allow for the
selection of a basis of independent operators still involving
only bosonic fields. In what follows we refer to this as the
bosonic basis. Generically some of these operators contain
higher derivatives of the bosonic fields. As is widely
known, operators connected by the use of the classical
equations of motion (EOM) of the SM fields lead to the
same S-matrix elements [42—45]. Furthermore, for the top-
down approach, the low-energy effects of a UV model are
encoded by the Wilson coefficients of some effective
operators. Additionally, some extra care is needed since
trading a given operator for another in the basis using field
redefinitions gives rise to Wilson coefficients of the same
and higher orders of the rotated operator [46]. While for the
bottom-up approach, the truncation of the low-energy
expansion at a given order carried out by equations of
motion spans the space of S-matrix elements, and so at each
order the basis of operators is complete. Thus, it is possible
to trade those bosonic operators with higher derivatives for
operators involving fermions in the form of combinations
of SM currents herein called fermionic operators. We will
refer to this basis as the rotated basis.

A. Dimension-six basis

The complete list of universal dimension-six operators is
presented in Ref. [40]. Assuming that the fermion masses
(Yukawa couplings) are negligible as well as requiring C
and P conservation one can identify six independent
bosonic operators contributing to the weak boson propa-
gators, hence contributing to EWPO and/or Drell-Yan
processes, of which two can be rotated into fermionic
operators by the EOM. Thus we have the bosonic and

rotated basis of operators relevant for Drell-Yan listed in
Table I.

In the rotated basis the operators involve the SM fermion
currents

Jl;? = g/ Z Z ij_cayﬂfa’

fe{qlude} a

fefql} a

(2.2)

with Y, standing for the fermion f hypercharge, g and [/ are
the quark and lepton doublets and u, d, and e represent the
fermion singlets, and the sum over a is over generations.
The SU(2), and U(1), gauge couplings are g and ¢'.

As mentioned above, the coefficients in both bases are
related by EOM as

”
Co1 = bo +7”23,
2
cww = bww —Zrzw,
2
cgp = bpp —77’237
/
Cpw = bpw —%(”23 + row),

1
Coyw = —Erzw,
1
CyB = _§r2B- (2-3)

These relations are derived by identifying operator relations
from the EOM and reducing the set of equations.

B. Dimension-eight operators

The full basis of dimension-eight operators for universal
theories was presented in Ref. [41] and contains 175
operators. It consists of 89 bosonic operators already
included in Murphy’s basis [47] and 86 additional bosonic
operators with higher derivatives which can be rotated into
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TABLE II. Independent dimension-eight C and P conserving USMEFT operators relevant for Drell-Yan.
Bosonic basis Coefficient Rotated basis Coefficient
Q(}fﬁ (H*H)(H*r’H)(D”H)Tr’D"H bgg Q(;e) (H*H)(H*r’H)(D,,H)TrID”H ng
(1 f el 1y (1) (1 f ol I By o)
O\ i (H'H)(H''"H)W,,B bt O\ s (H'H)(H'<'H)W,,B e
ov). (H'<'H)(H't H)W}, W’ b 0 (H'<'H)(H't H)W}, W’ )
0 DA B H
Rgz)m D’D"B,,D,D;BM r E;lz)m Qx<//24>D2 D IpDa CIE/Z“‘)DZ
sz)HzDz i(D" T + D" ) X (DDyH'H - HTD(ﬂDV)H) Cl(,/l°)H2m
1. 1)
Rsalzzm DpDaermDﬂDﬁW ! ;1/204 Qx<//34>D2 D*JyD J{V/‘ CS“‘)DZ
1
0 e I(DMIYg + DHI) x (D Dy H'e'H — H'T' DDy H) - 0. .
R(U . U '8 —r(_)h’ + (1> Q(l) . TH T T C<1>
WH*D? l(D W”U)(H D H)(H H) WH4D WZH-’iD lJB(H D”H)(H H) l,l/2H4D
1(2) LK (el v K 12) 2 . ol ) L . 2
Rypipe € (H'T H)D*(H'T H)(D* Wy, ) "wetp2 Q,,(,/Z)I#D l‘l%[(hﬂDyH)(HWH)"‘(HtDuH)(HkT’H)] Ct<//2>H4D
1 r
RSIQDz i(DB*)(H'D H)(H'H) S},D Qf;?m VK1 (H'?' H)D,(H' X H) C.fz)mn
Ry (D'BDBOHHE) 9 ol T, (H'H) s
1 1, 1 t
R;?ZHZDZ (D*W! ) (D,W »a)(mH) E;ZHZD ny?m Ty iy, (H H) Cs;)HZ
1, I
RS;BHZDZ (D”Bﬂ )(D w Da)( ) g;,)HzDz Qx(;/74)H2 JW”JBIJ(H*T’H) Cl(//74)H2

fermionic operators by the EOM as shown in Ref. [41]. We
list in Appendix A the full list of 175 operators in the
bosonic basis together with their C and P properties. From
those we identify 11 independent bosonic operators con-
tributing to the weak boson propagators of which eight can

be rotated into combinations involving 10 fermionic oper-
ators by the EOM. We list the final bosonic and rotated
basis of independent operators relevant for Drell-Yan in
Table II. The coefficients of the two bases are related by the
EOM as

7.(1)

9 Jd
BWH2D2 9T g2 W

(1) 2 rw2D47

BWH* — b

(2)
+ 9 pn € BWH*

/
A13)

BWHZDz’

H2D2a

gq” g? 99 |
Db I i L 8
CE}?/ZH“ = b&;,zm,
1) | 9 13
Cl(//zH“D J9 rWZD“ - rl(wlr“Dl +9g riﬂ)sz +5 ) E?W)HZD ’
3
@ _990 ¢ m Lo 9.
WHD T 4 BZD4 + 4 "wpt T3 "waip? +5 > "'wrp? +2 4
3 /
(4) g.n _Lw 2) 9,0) g (13)
CV/ZH“D 4 7 Tweps _EFWH“Dz Twatp? +5 2 Twerepr — 4 71 'sw
Cl(;t')Hz =7 1(992)11202’
Cl(/154)H2 = ri,‘g/;Hsz
(7 _ (13)
Syt = TwHrp?
C!(//Z“)D2 =r 1(912)1)4’
Cn(;“)DZ = ri,‘l/lDzw

In addition the EOM imply two relations connecting the c

013

(2.4)

oefficients of the following operators in the rotated basis
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/
Q) g @ ) ~_9.0

CW2H2D3 = T % CW-H2D3

III. CORRECTIONS TO THE DRELL-YAN
AMPLITUDES

In total, we have identified six dimension-six and 11
dimension-eight operators entering the Drell-Yan produc-
tion in USMEFT. As mentioned above, one can choose to
work with the fully bosonic basis of operators containing
some with higher derivatives of the bosonic fields, or with
the rotated basis in which these operators have been rotated
into fermionic operators. In order to consistently include
the new effects into realistic simulations of the experimen-
tal observables up to order O(A™*), we numerically
evaluate the corresponding event rates with standard
numerical tools: MadGraph5_aMC@NLO [48] with UFO files
generated with FeynRules [49,50] including all relevant
operators. For this purpose it is more convenient to work
with the operators in the rotated basis including in addition
the indirect effects induced by the finite renormalization of
the SM parameters [51].

In this work, we adopt as input parameters {@, Gy,
M ~} and consider the following three relations to define the
renormalized parameters:

o !
V2Gy'

252 = lem 31
V2G5 5

where § () is the sine (cosine) of the weak mixing angle 0.
For convenience we parametrize the contributions of
fermionic operators to the muon decay width as

M

&)
\/EGF fermionic A2

6
{2{HTH>— Ay + 4A£§F>, (3.2)

where Aup (Aﬁ)) contains the dimension-six (-eight)
contributions. In USMEFT there is just one fermionic
dimension-six operator that contributes:

é2

- 232 Coyw-

(3.3)

A. Z and W couplings

After finite renormalization of the SM inputs and
accounting for the direct contribution from the fermionic
dimension-eight operators containing two fermion fields
we can parametrize the Z coupling to fermion pairs ff as

e

©>
o

2
14
Ad
M% gl)

[@{R (1 + AG + Agf + =

2
_ p
+0f (Agz +Ags + i Ag’zﬂ : (3.4)
and the W coupling to left-handed fermions as
1é<+A‘ +AD+p2A’> (3.5)
= gw Jw T ¢ Iw |- :
V2 My

where Q’; = TJ; - 5%0/, @}2 = 5207, Tg is the fermion’s
third component of isospin, and Q/ is its charge. In the
expressions above p? is the square of the four-momentum
of the corresponding gauge boson.

The Ag, , w pieces contain corrections which are dimen-
sion-six at leading order with additional contributions from
either Qyw and QBBl or dimension-eight operators which
are only resolvable with Higgs observables. They read

>
(S}

Ag, = ~1 [2A4F + Co1] e (3.6)
B K »?
Ag, = 82, (322845 + Co1) + 45w]— A2 (3.7)
L. . 21y o

AQW = _4_6'2[2SZE.BW +26‘2A4F + ,C\'zéq)’l]

N2 WH A
(3.8)

with &, = cos(nf) and 3, = sin(nd). In addition we have
introduced the effective coupling combinations

i &2 P & 5 ¥
M}ﬁw@%W%@%W’W
@2
Cpw = CBW<1 _F(CWW + CBB))
1 e 1 2 P?
+§ |:CE/V39H4 +—= 2% C(z)H4 + = R x(llz)H“ :| P? (310)
R R )
_ 2 € () A®) € v
Cop,1 = Co, + |:CH° _5C'I/2H D §(CW7H4D_C 2H4D):| A2s
(3.11)

"The coefficients of operators Qpp and Qyy induce an overall
renormalization of the W/ and B field wave functions that can be
absorbed by a redefinition of the gauge boson coupling constants
at all orders. However, this does not apply to dimension-six
operators that involve powers of the gauge couplings without
corresponding powers of the W! and/or B gauge fields. In
particular, for Q,;w, Qayp, and Qpy the field redefinitions give
rise to O(A™*) terms proportional to ¢,y Cyw, CoypCpp, and
cwg(cww + cpp), respectively.
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-03) ©)

Sy = S 5% Cx(//zz)H4D - Csfz)H4D)' (3.12)
We collect in Ang’2 the additional contributions which are quadratic in the dimension-six Wilson coefficients:
o 11 5 5 R D
Agl = ﬁg [168 (A4F) + 3C2(4(A4[:) + (CCD,I) ) + 4A4FC¢_] + 16SZA4FCBW] P, (313)
2
O §% a2Aa 2 A 2 2 2 @4
92 = 1783 328225 (A4r)” + (1 + 384)(4(Asp)” + (co1)?) — 32(cpw) ]F
2
5 - 4
8_&% [4(=1+ &83) Aypepw = 85¢o1cpw — 3782 84pCo ] NG (3.14)
[ETVOR JUPIR . .
Agy = 3023 [43585(A4p)® +24(58, = 2)(4(Ayp)* + (co.1)?) +4(=385 + (&2 = 2))(cpw)?
2
o
0
+ 882858y — 2)Aypcpw — 48288 + 2)cpwea + (82 + 1)((582 = 2) = &3)Aypco,] (3.15)

F .

Furthermore Ag , y contain the coefficients of momentum dependent corrections to the gauge boson couplings arising

from Q g H7 ,. Their coefficients are related with those of y*D

2 operators by the universality condition as Eq. (2.5) so

& (1w Lo & (2 e )P
Ag/l = _46'2§2 (gcwszDz +§CW2H2D3 AL = Qoish (S Cuin? + &%c 4Dz) Ad (3.16)
& (@ a0 ’ & (o _ o\
Ag, = T 4232 (SCWZH2D3 —CCppps XA = 80232 (CW4D2 - CW4D2> VR (3.17)
& o ¥ & o ¥
Ag/W:_ECWZHZD3F’ :@CW4D2F; (318)
Lastly the W mass correction is
AMW 1 U2 1'[) (AMw)D
W 23 2527 _v BMw)
i, TS Az[ $y8pw + 287 Ayp + &°Co 1] A Corpge i,
AM 1 A A n . .
) e I65es(A)” = 484(30s + D)4 + €156 =2+ (-3 + (02 D) e
w
- 4S Sz(C2 + 2)CBWC(D.1 — 46’2(7 - 196'2 + 146'4)A4FC¢,J - 83'2(6 - 176’2 + ]464)A4FCBW]7 (319)

where My, = 5.

B. Four-fermion contact amplitudes

In addition to the corrections to the couplings of Z and W
bosons to fermion pairs, there are seven contact contribu-
tions to four-fermion amplitudes in the rotated basis:

(1) two at dimension Six: ¢, and c¢,;p; and

s : : ot A(2) 3) 4) (5)
(i) five a&;hmenswn eight: Coipr> Ciprs Cpips Capns

and €

However, in Drell-Yan processes the contribution of ¢,;p
4 5 .
and Cl(//4>H2 (coyw and Céﬁ)HZ) always enter together in the

same combination. Furthermore, as before, the dimension-
six Wilson coefficients czp and ¢y induce a shift on the
gauge coupling constants which results in an associated
shift on the four-fermion operator coefficients. Hence, we
find that the four-fermion contact amplitudes depend upon
the two combinations:

013009-6
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_ v 5 7 252

Cogw = Cogw (1—2pcww> + C,(,,4>Hz A2 _?A4F’ (3.20)
_ 0 5 9
C2jB = CoyB (1 - 2@%3) + cl(,/?m AL (3.21)

In addition QS}HZ contributes to a different combination of the momentum independent four-fermion contact amplitudes.

Moreover, Q5124)DZ and QS4)D2 generate distinctive momentum-dependent four-fermion vertices.

Altogether we can parametrize the four-fermion contact amplitudes in Drell-Yan NC and CC processes with p?, the
partonic center-of-mass energy, as

1 1 1 - 2
DYNC _ _ 42 S\ f o, P
M = = [ UYL (W + N, + £ 22

1 / N g
3 (URPGE) + GOP D (R 4 5 + 27
Z

o

2
. f! - D
+(iH) (D), <Nyy + N+ N;yﬂ : (3.22)
z
DY.CC e 1 f f N 0 P’

s _ . ) !

MBI = =S G (R + Ny + o Vi ). 52
where we have made use of the following currents:

L = GLFur " fr + Ghfr" fre (3.24)
(fp) = Q' Fr'f, (3.25)
(V' = fu?"far. (3.26)

Keeping our conventions as before, we defined the N pieces containing corrections which are dimension-six at leading
order with additional irresolvable contributions

N e (82¢2w + &2¢2sp) Lo b (3.27)
=— s°c cec — c —, .
522\ TV HBIAZ T g5 v QNG
AD A2 AD ~d
- e v e v
_ A2~ 2= (7)
Nzz = T 5522 (&“Coyw +3 C2‘IB)F_4§€.CW4H2F’ (3.28)
) A2 AD Al
T _ [ € N
N,z = % (Coyw = Coym) A2 + G 3222 Cyirn pB (3.29)
~2 ~2
- e _ v
NWW = ——2§2 CZJWF. (330)
In addition AP contains the terms quadratic in the Wilson coefficients of the dimension-six operators
q p
| e 1 A2A2 2 a242 A3 a24
Nyy = _4§2628_[e e (cayw)” — coyw(8°C°co, + 488 cpy —48°Crcyw) (3.31)
2
2 2 2 O
+C CQJB<—6 CQJW — 4C2CBB + 4CS CBW + S CCD,])] F, (332)
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52
e . . . o n a A
N7, a2 ¢, 228 (cw)? = 2 coyw(Bcoy + 48 ey + 8287 cyyp + 28,87 cy) (3.33)
2
;[}4
+8%c2y5(285cpw + 821 — 4220p5)] NG (3.34)
A2 >
N 432@2 §¢, [_@252(62”)2 + gzczjw(@20<1>,1 +4éeww + 2805w — @202/19)7 (3.35)
,@4
+82¢2y5(285cpw + 8ot — 422¢p5)] N (3.36)
e 1 242 ot
Nw :4A2 S [—ée (coyw)* + @282 coyw(Ecoy +28cww + 282¢pw)] 7 (3.37)
§° 8¢, A
and N contains the coefficients of the momentum-dependent four-fermion couplings
|
N AR NP 338 ol _ S
7y__8§464(s i ,+C C.,/‘DZ) ) (3.38) Ag _A92+A£/2:_8_82[S2(2A4F+C¢'1>
/ &0 2@ b +4¢ ]@—2 (3.43)
1 = =g (el + Pelp) 1s = =, (3.39) ml -
@ _ . 01 Agy™" = Agy + Agyy
J/’Z =~ 85343 (C.I,4DZ - CW4D2) P = _ﬁAg/Z’ (340) 1 2
. . - —4—&2[23‘253‘)‘/ +26‘2A4F +625¢’1]P
__¢ 6B v _
/WW - _@CW“DZF - _AgW’ (341) _15(3> 1’)_4 (3 44)
2 W2H4 A4a .
where, in the rightmost equivalence, we used )
Egs. (3.16)—(3.18). with
In summary, at the linear level neglecting quadratic [i.e. A )
proportional to (dimension-six)?] coefficients, we have Rip = Agn &0 U
identified eight combinations of Wilson coefficients which 4 454 D A2
can be distinguished by studying the invariant mass _ B 2 3) P2
distribution of the lepton pairs produced in Drell-Yan Cpw = Cpw + 85303 (‘],,402 + CW4D2> A2’
processes. They can be chosen to be the five combinations o4 2
Aur, Tpws Coys Chppger and Ty in Egs. (3.9)~(3.12) and Cor = Co1 ~ 3oz (c(%?Dz +é c@Dz) et
(3.21), together with the coefficients of the dimension-eight "
. _ e
operators c:(//74)H2’ 6512“)02’ and cl(;sz. In what follows we refer c(vf,l S 0543/2 Iy 13202 Cl<,134>D2, (3.45)
to this set of variables as overline coefficients.
while it still holds that
C. Corrections to the Z- and W-pole observables Al LR
In our analyses we include the constraints from EWPO W T 12 (28,8 + 282 Ayp + &2 Col
on the Z- and W-pole. The predictions for these observables My €
can be obtained from Eq. (3.4) with p?> = M2 and (3.5) _li (3) (AMy)- (3.46)

with p? :M%V respectively, with the quadratic pieces
remaining the same. We can conveniently write these
couplings at the linear level as

[iS]

| D
A Zpole — Ag] + Ag’l = _Z[2A4F + E(D’I]P’ (342)

2 4 ~
2 A4 ey MW

In summary, the corrections to the Z and W pole
observables to order O(A™*) which are dominant can be
expressed in terms of four combinations (herein refereed to

. - ~ ~ ~(3 ~ .
as tilde coefficients) Cpy, Co.1> ¢ and A,y which

W2H49
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involve six of the eight overline coefficients: Cgy, Cg 1,

~(3) A ) 3)
Congss Ayp, Cl//“DZ’ and cl//4D2'

IV. PARAMETRIZATION IN TERMS OF OBLIQUE
PARAMETERS

Corrections to electroweak observables from universal
theories can be described in terms of the so-called oblique
parameters defined in terms of the corrections to the gauge
boson self-energies [40,52,53] by expanding the vacuum-
polarization amplitudes as

1
Myye(q?) = Tyyr (0) + Ty (0)g7 + 5117, (0)¢*

1
+-T1",(0)g% + ....

I (4.1)

To order g* one can define seven independent such oblique
parameters for the weak gauge bosons

WE
W = =TI (0).

(4.8)
Within the dimension-six SMEFT only 3‘, T, W, and Y are
generated of which only three combinations enter in the
electroweak gauge boson pole observables.

Because the corrections to the amplitudes are expressed
in terms of the oblique parameters only at linear order, in
the context of the USMEFT such approach is only con-
sistent with the operator expansion at first order, i.e. at
O(A7?). Nevertheless, the parametrization in terms of
oblique parameters can be considered more general than
USMEEFT as it can be applied also to other expansions like
the HEFT as well as specific universal theories. With this in
mind one can extend the formalism by expanding the self-
energies to order ¢°. This involves four additional param-
eters which can be defined as

)
_ My

o, v =S, 0) - TEO), (49)
S = ——35(0), (4.2)
o x = M ), (4.10)
T = FoR [HWW(O) —1Il33 (0)]’ (4-3) 6
My,
M3y
/ "
U = T4 (0) = iy, (0), (4.4) V= - M (0). (4.11)
iy it
V === My (0) — T135(0)), (4.5) W' =~ =TI (0). (4.12)
X — %H” (0) (4.6) Including the above self-energy contributions one can
2 YD ' write the Drell-Yan amplitudes in terms of the modified
. propagators for the NC and CC interactions extending the
Y = _@ I1%,5(0) (4.7) expressions in Ref. [24] to include the additional oblique
2 ’ ' parameters as
|
1 2Ag? _ (SZZJFE%S/ZZ) _ e, Agzo _ (8ZV+EL25/ZV) _ 8/2, 2
[ P A (P (i sew—Ml;) ) 2 P (4.13)
1 ZAggV _ Eww + 2“:’JWW _ SIWW 2 (4 14)
p* =My, p* - M, M3, My,

Written in this form one can identify the pieces of the modified propagators exhibiting (p> — M%)~! as generated by the
amplitude with the standard model V propagator and with modified vertices to the fermions. In terms of oblique parameters

they read
1], 2 23 2 $ 2
AP == |T=(wWrow )+ (x+ox ) -2 (v +=7 )|, 4.15
o =3[ (weaw)+ % (eax) -5 (7). @19
2 R R 1 1_2'\2'\2
Agzozf—{eiT—S%—@z(W—i-A—zW’)— e <X+A—2X’>+62<Y+A—2Y’>}, (4.16)
e, s¢ ¢
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1 1 1 1. 3
N T — 2328 — (1—3&2)(W+2W’)+§2<Y+?Y’>—2§6<X+§X’>}—§U+V+§V’. (4.17)

- 2C2

Moreover, the pieces proportional to M;? (¢*/My,) are
linear combinations of the W, Y, X, and V (W', Y, X’, and
V') parameters,

gy = S2WU + &2V 258 X0, (4.18)
&) =W 4 2y0 — 256 X0, (4.19)
ey = (2 —8)X0 +5e(W0 — Y1), (4.20)
ey = W0 — v, (4.21)

and they are generated by the contact four-fermion oper-
ators in the rotated basis. Additionally, the correction to the
W mass is

,@2 54

1
— V2V —W-2w). (4.22)

The relation between the parametrization in terms of
oblique parameters and the USMEFT expressions in terms
of coefficients of the operators in the rotated basis can be
made explicit by computing the oblique parameters in the
bosonic basis and then applying Egs. (2.3) and (2.4). We
list those expressions in Appendix B. As seen in
Appendix B, within USMEFT up to dimension-eight
operators, there are eight nonvanishing oblique parameters:
S, T, 0, W, v, X, W, and Y'. Introducing the resulting
expressions of these oblique parameters in terms of the
coefficients in the rotated basis in Egs. (4.15)-(4.29) one
finds

4

1 - _ e 2 3 '1}> _
Aglo = _Z [2A4F + Ccp’l] P + Qa4sd <S2Cl(//4)D2 +¢ C<4)D2) A_ =Ag + Agllv (423)
o_ 52 0x o P A O BB N
Agy = 82, [S2(2A4F + CQ’I) + 4CBW] A2 + YTy (cl//4D2 c 4D2) A =Ag, + A§/2» (4.24)
1 n < ar_ 1)2 1_ 3 @4 é4 3 P _
Ag§ = ~1, [28,Cpw + 282 Agp + &%Cq ) el §C<WZH4 ICRETS C1514>DZ N Agw + Agy. (4.25)
e A2 An2 o
° ce” () D o
8}’}/ = 2,\2 (S CZJW + C ngw> A2 + 4§ CI([/4)H2 F = CZN},},, (426)
AD ~2 A2 ~4
er o v cet () b ay ©
€22 = "5a (&e2w + 82C2pw) A” 4_3,C1(//4)H2 AT &N zz, (4.27)
D A2 22 ~4
e v e m v A2 N
EZ}/ — S (C2JW - Csz) A2 =+ C2 8"2 cl<//4)H2 A4 = 2./\/-]/27 (428)
e -
Eww = T Cuw s TN wws (4.29)
et ot
_ 2.3) 2.(2) _
Elyy = 8s4 (S CV/ZD, + C CwoD ) P =C N;y, (430)
oo (2 Lo B (4.31)
72 = T st w?D? WD) A% T 7z = 91 '
4 nd
_ . G @ \T oy gl
=% <cw2D2 - C«ﬁDZ) A= N = A (4.32)
A4 o
e 3 v
Eyw = —WC;Z)Dz N ww = —Agy (4.33)

013009-10



DRELL-YAN PRODUCTION IN UNIVERSAL THEORIES BEYOND ...

PHYS. REV. D 112, 013009 (2025)

TABLE III. Neutral- and charged-current Drell-Yan data considered in our analyses.

Channel  Distribution ~ No. of bins Ranges Dataset Integrated luminosity
NC #‘ﬁ-‘lf/ 48 116 GeV <myr <1.5TeV 0 <y, <24 ATLAS 8 TeV 20.3 b1 [2]
NC di’:’:_ 20 250 GeV < m,+,- <5 TeV ATLAS 13 TeV 139 b= [7]

NC diff;, 20 250 GeV < my+,- <5 TeV ATLAS 13 TeV 139 fb~! [7]

NC d:sz 20 300 GeV < m,+,- <6 TeV CMS 13 TeV 137 b= [8]

NC diﬁ; 20 300 GeV < myi,- <7 TeV CMS 13 TeV 137 fb~! [8]
CcC df”—r"’T 20 200 GeV <myy, <5 TeV ATLAS 13 TeV 140 b= [6]
CcC jTNT 20 440 GeV <my,, <7 TeV CMS 13 TeV 138 fb~! [10]
CcC ;TNT 20 600 GeV < my,, <7 TeV CMS 13 TeV 138 fb=! [10]

The equalities above hold exactly when, in the most right-
hand side, only the linear O(A~2) from dimension-six
operators and O(A™*) from dimension-eight operators are
included in the overline coefficients. In the same form the
correction to the W mass obtained from Eq. (4.22) coin-
cides with Eq. (3.19) when the dimension-six square terms
are not included.

We finish by stressing that in the context of USMEFT,
the parametrization of the universal effects in terms of
oblique parameters obtained by linearly expanding the
gauge boson self-energies does not provide a consistent
series in (1/A) beyond (1/A?). The consistent expansion
requires the inclusion of the terms quadratic in the Wilson
coefficients as presented in Sec. III and, therefore, to go
beyond the expansion of the amplitudes in terms of oblique
parameters at linear order. Nevertheless, as expected, the
amplitudes obtained in terms of oblique parameters match
the full expressions for the terms linear in the operator
coefficients and allows for a clean identification of the
number of independent combinations of operator coeffi-
cients. Furthermore this analysis allows to compare the
constraints derived on the oblique parameters when includ-
ing all those generated at dimension-eight in USMEFT to
those that had been derived in the literature including only
the oblique parameters generated at dimension six.

V. ANALYSIS FRAMEWORK

In this work, our goal is to study the constraints on the
USMEFT Wilson coefficients imposed by neutral- and
charged-current Drell-Yan processes in combination
with EWPO.

Regarding the Drell-Yan processes, the larger LHC
energy of the 13 TeV runs implies that these runs are
more sensitive to the presence of anomalous couplings, as
expected. Unfortunately only very recently the ATLAS
Collaboration has presented a dedicated study of Drell-Yan
CC process at 13 TeV [6]. No dedicated study of Drell-Yan
NC process at this energy has been published with detailed
enough information on the differential cross sections to allow

for analysis outside of the collaborations. Determination of
the Drell-Yan NC cross sections has been presented only
using 8 TeV data [2,3]. However, both ATLAS and CMS
have searched for new resonances in the #*#~ and £/*v,
channels with the full 13 TeV luminosity. These searches can
be recast into bounds on the USMEFT by studying their data
on the lepton pair invariant mass distribution and the trans-
verse mass spectrum respectively. As such, we have included
the high invariant mass part of those distributions in the
analyses, and for convenience, we have also rebinned the data
to guarantee a minimum number of events. We present in
Table IIT a summary of the data included in our analyses as
well as provide further details on our analyses in Appendix C.

As discussed in Sec. III a total of six dimension-six
operators and eleven dimension-eight operators contributes
to the amplitudes at order 1/A* of which we have identified
eight combinations of Wilson coefficients entering linearly,
the five overline coefficients Ay, Cpw, Cols EiVZH“’ and
Coyp in Egs. (3.9)—(3.12) and (3.21), together with the
l([;74)H2’ Cl(//24)D2,
In addition there are contributions purely quad-

coefficients of the dimension-eight operators ¢
3)
wiD?
ratic in the four dimension-six coefficients Ayr, cgw, Co 15
and ¢, p.

The theoretical predictions needed for the analyses were
obtained with MadGraph5_aMC@NLO [48] at leading-order in
QCD and QED, with the UFO files for the effective
Lagrangian with the seventeen operators of the rotated
basis generated with FeynRules [49,50] including also the
O(A7?) and O(A™) terms from the finite renormalization
of the SM inputs. Parton shower and hadronization was
performed using PYTHIAS [54], and the fast detector
simulation was carried out with DELPHES [55]. Jet analyses
was done using Fastlet [56]. Exclusively for the ATLAS NC
data [7], the detector response was simulated using Rivet
[57,58], with the analysis code provided by the experi-
mental collaboration. For the ATLAS 8 TeV data [2], QCD
NNLO corrections for the SM predictions were incorpo-
rated using MATRIX [59]. When required, we corrected

and ¢
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these predictions bin by bin by the SM correspondent k-
factors for higher order QCD corrections.

In order to address the dependence of the results on the
order of the expansion, we have performed the analyses at
different orders. We label the different analyses as follows:

(i) O(A™): Including contributions from dimension-
six and dimension-eight operators and keeping their
effects in the observables up to quadratic order in the
dimension-six operator coefficients and linear order
in the dimension-eight operator coefficients. This is
the main focus of our work. In addition we make the
following analyses for comparison.

(ii) O(A7?): Including only contributions from dimen-
sion-six operators and keeping their effects in the
observables at linear order in the operator coeffi-
cients—that is, considering only the first two terms
in Eq. (2.1).

(iii) Dim-6 + (Dim-6)?: Including only contributions
from dimension-six operators and keeping their
effects in the observables up to quadratic order in
the operator coefficients, i.e. not including the last
term in Eq. (2.1).

(iv) Dim-6 + Dim-8: Including contributions from di-
mension-six and dimension-eight operators and
keeping their effects in the observable only at linear
order in all operator coefficients. This means in-
cluding neither the third nor fourth term of Eq. (2.1).
We present the results of this analysis also in terms
of the generalized oblique parameters.

At O(A™*) we find that even including the quadratic
contributions, the analysis cannot break the degeneracies
between the different Wilson coefficients entering in the
overline coefficients. Thus we proceed by substituting Ay,
Cpws Cao,1>» and CoJB with 54}:‘, EBW’ E(D,l’ and EZJB in the
quadratic terms and in the process neglect terms of O(A™°).
With this we define a > function which depends on the
eight Wilson coefficient combinations,

2 N S @ 6 0
XDy Ne(Cow: Ca 12 Bup. o € apas € ipes € i)

3) ).

I S
+ Xby.cc(Caw: Cor. Dar, CE,VQH“ Cpip? (5.1)

With respect to the EWPO, we include 12Z-pole
observables [60]: T'z, o9, A/ ("), R%, A,(SLD), A%
RY, Rg, A A, A%]g , and Agﬁ and two W pole observables
My and T'y taken from [61]. Notice that the average
leptonic W branching ratio is not included because it does
not lead to any additional constraint on universal EFT’s. We
include in our analyses the correlations among these inputs,
as given in Ref. [60], and the SM predictions and their
uncertainties due to variations of the SM parameters were
extracted from [62].

As discussed in Sec. III the Z and W pole observables to
order O(A™*) which are dominant can be expressed in

L ~ - ~(3 ~
terms of four combinations Cpy, €1, C;VEH“ and Ayp

which involve six of the eight combinations testable in

Drell-Yan: ¢y, Co 1, Z*(;,l o .(,/24)02’ and C$4)DZ' As with
the Drell-Yan observables, the dimension-six square con-
tributions to EWPO are not able to break the degeneracies,
thus we can proceed by neglecting terms of O(A~%) and we
write the couplings relevant to the EWPO as Eqs. (3.4) and
(3.5) where we substitute Ayg, ¢y, and cq; With Ay Cpw
and Cp,; in Agy and (AMy)". With this, the EWPO chi-
squared function is

A4F9 c

2 - - A =03) () 3)
)(EWPO(CBwv Co. 15 Ayp,C 2pp4s Cy/4D2’ cn//4D2)

) ~ ~ ~(3) <
=)(EWP0(CBW, Co15 Cppapss A4p),

(5.2)
which can effectively only constrain the four tilde coef-
ficients in Eq. (3.45).

VI. RESULTS

We start by studying the complementarity and improve-
ment on the sensitivity between the DY results and the
EWPO. In order to do so we project the results of the
analysis over the tilde coefficients. The result is shown in
the left in Fig. 1 which contains the one- and two-dimen-
sional projections of Ay? functions for the O(A™*) analyses
of the EWPO and DY separately and their combination as a
function of the four tilde parameters. The top row contains
the one-dimensional marginalized projections of Ay>’s as a
function of the four combinations of Wilson coefficients.
From the analysis we obtain the 95% CL allowed ranges for
the coupling combinations taking part in the EWPO listed
in Table IV.

The lower panels of Fig. 1 depict the two-dimensional 1o
and 20 allowed regions for the different analyses. For
comparison we show the equivalent results for the O(A~2)
analysis on the right which involves only three coefficients.
First, comparing the result from the analyses of the EWPO
(blue regions) in Fig. 1 we observe the wider allowed range
of parameters &g, Ayp in the O(A™*) analysis, and the
well-known strong correlations among &g, A,r and
their linear contributions to the Z couplings and W mass
when

These correlations are due to the cancellation of

- ~ ~(3) P2
Co1 = —284p = =2C )40 ek (6.1)

Along this direction the bounds on these three combina-
tions dominantly come from I'y, which is less precisely
determined. This correlation weakens the limits on the
Wilson coefficient combinations shown in Table IV by a
factor of 2-3 with respect to the order O(A~2) analysis.
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One- and two-dimensional projections of Ay? from the analyses of EWPO and Drell-Yan data performed to O(A™) on the left

[O(A2) on the right] for the coefficients &y 82/ A%, Ty 02/A% Rypd? /A%, and E0)) 0%/ A* (Egy 07 /A2, To 97 /A2, and Ay 02 /A2),
as indicated in each panel after marginalizing over the 7/6 (2/1 at O(A™2)) undisplayed parameters for one- and two-dimensional
projections respectively. Notice that the second column in the left figure is a magnification of the results on the first column for better
visibility as well as the change of scale in the axis between the panels on the left and on the right figure.

In Fig. 1 we also see that the analysis of Drell-Yan data
by itself provided a two orders of magnitude stronger
constraint on the coefficient A, which contains the four-
fermion dimension-six operator coefficient c,;y. This
effect of energy helping accuracy discussed in Ref. [24]
in the context of an O(A~2) analysis arises from the
contribution of the operator Q,;y to the Drell-Yan four-
fermion contact amplitudes; see Eqgs. (3.27)-(3.30), or
equivalently to the modified propagators (4.18)—(4.21)
which dominate at higher invariant masses. Interestingly,
in the O(A*) analysis the resulting effect in the combi-
nation of the DY with the EWPO is quantitatively more
relevant because DY results contribute to breaking the very
strong degeneracy present in the EWPO analysis. As a
consequence, as seen in Fig. 1 and in Table IV the inclusion
of DY results not only in a better determination of Ayp, but

also constraints on ¢4 ; and 5543,2 o+ Of a factor ~20 stronger.

The results of the full analyses in terms of the eight
overline coefficients introduced in Sec. V are shown in
Figs. 2 and 3 and summarized in Table V. First, from Fig. 2
we see that for none of the analyses presented do we find
any favored deviation from the SM predictions, and the
zero value for all of the parameters lies at Ay?> < 1. With
respect to the allowed ranges, comparing the results in the
two left-most columns in Table V we see that for the
analysis performed including only dimension-six operators,
the constraints on the coefficients ¢y, €1, Coyyw (OF
equivalently A,r), and ¢, are robust under the inclusion
of the dimension-six square contributions to the observ-
ables. Furthermore comparing these results with those of
the analysis performed including the dimension-eight
operators (see two right columns in Table V and red curves
in Fig. 2) we learn that the bounds on gy, € 1, Coyw» (Ayr)
become slightly weaker while the constraint on ¢,;p

TABLE IV. 95% CL allowed ranges for the effective couplings entering the EWPO analysis.

95% CL allowed range

O(A?) O(A™)
Coupling EWPO EWPO + DY EWPO EWPO + DY
B Zaw [-10,8.4] x 107# [-8.5,6.1] x 10~ [-10,8.4] x 107 [-9.3,9.1] x 10~
Aiz ol [-2.1,1.8] x 1073 [-2.2,1.7] x 1073 [-8.0,8.1] x 1072 [-4.6,2.7] x 1073
2 Agp [-1.7,1.4] x 1073 [-10,7.6] x 107> [-3.9,4.1] x 1072 [-1.3,2.1] x 107*
2 5(;31{4 [-3.8,4.3] x 1072 [-1.2,1.9] x 1073
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TABLE V. 95% CL allowed ranges for the Wilson coefficients from the combined analysis of EWPO and DY for
the different analysis assumptions. In all cases the ranges are obtained after marginalization over all other
coefficients entering the analysis. For convenience we list in the third and fourth lines the bounds on the
contributions from the Q,,, operator in terms of both &, and Ay = —%2252 W

95% CL allowed range EWPO + DY

Coupling O(A™?) Dim-6 + (Dim-6)? O(A™) Dim-6 + Dim-8
Cow i [-8.5,6.1] x 107* [-8.4,6.1] x 107* [-9.3,9.1] x 107* [-9.3,9.1] x 107
Con [2.2,1.7] x 1073 [<2.2.1.7] x 1073 [4.6,2.7] x 1073 [~4.6,2.7] x 1073
Ayl [~10,7.6] x 1075 [10,7.8] x 1075 [1.3,2.1] x 107 [-1.3,2.1] x 1074
Copw [—3.6,4.8] x 107 [-3.7.5.0] x 107 [10,6.1] x 104 [—10,6.1] x 10~
Cup s [-17,7.9] x 107# [-21,7.9] x 1074 [-3.9,2.9] x 1072 [-6.2,3.9] x 1072
200 it [-1.4,2.0] x 1073 [-1.4,2.0] x 1073
W2H* A
)it [-1.1,0.93] x 107! [-1.8,1.1] x 107!
yrH? A
C.(,/24)DZ i [—14,0.54] x 104 [—9.0,54] x 107
CI<//34)D2 fud [-6.1,13] x 107° [-5.9,13] x 107°
becomes much weaker. This is a consequence of cancella- _ 8 g A
tions between dimension-six and dimension-eight contri- €28 A2 = 28 Coimn A4 ~0.3 Coim A4’ (6.2)

butions which results into corelations between the allowed
ranges.

The correlations in the determination of the coefficients
is explicitly shown in Fig. 3 where we plot two-dimensional
projections of the y? function after marginalizaiton over the
other six coefficients. In the figure we see correlations
between Cpy and Cg g, between c¢g; and E?/VZ 4+ and
between ¢y and Z‘?,VQ 4+ They are related to those already
observed among the corresponding filde coefficients in the

O(A™*) results on the left of Fig. 1. We also observe a
(34> ,. We
W'D

can trace its origin to the fact that linear combinations of
these two coefficients enter in both the pole observables
[see Eqgs. (3.42)—(3.44)] and in the four-fermion contact DY
amplitudes in Eqgs. (3.23) and (3.22) [see also Eqgs. (3.27)—
(3.30) and (3.38)—(3.41)]. However the relative effects are
different at the Z and W pole than in the DY amplitudes

G) con-
W4D2

tribution. Consequently the combination of EWPO and DY
from both NC and CC processes can independently bound
the two coefficients leaving only the correlation shown.
From Fig. 3 we also see that the most correlated bounds
correspond to the coefficients ¢,;p, cl(,;)Hz, and c(szz. We
first observe a very strong positive correlation between

moderate correlation between Ayr (¢,yy) and ¢

because of the momentum dependence of the ¢

Coyp and c5174>H2. These two operators do not contribute to

EWPO and only enter DY in the four-fermion NC contact
amplitudes in Eq. (3.22) [see Egs. (3.27)-(3.29)], of

which N v 1s numerically larger. Consequently, the

analysis provides the weakest bounds when N 4y cancels
which occurs for

leading to the very strong correlation observed and the
substantial weakening of the bounds on ¢,;;3 when com-
pared to the analysis performed at O(A~2). In addition we
find very highly correlated nonelliptical allowed regions for

5/74)H2 15/24)1)2‘ We trace this
behaviour to possible cancellations in the Drell-Yan NC
distributions between the linear contribution from negative
because both enter at O(A~*). We illustrate this behaviour
in Fig. 4 where we show the predicted invariant mass
distribution for DY NC cross section at 13 TeV for a set of

values of ¢,p, 65174)1_]2, and cl(/?DZ within the 2¢ bounds from

the O(A™*) analysis. As seen in the figure the full O(A™#)
prediction (red line) is very similar to the SM in the range of
invariant masses shown. Conversely once the dimension-
six square contribution is not included (dotted blue line)
the prediction departs substantially from the SM.

2
f,ﬂ)DZ are much

stronger if the dimension-six square contribution is not
included as seen in the dashed lines in Fig. 2 and the last
column in Table V. This degeneracy in the DY event rates
can only be broken with larger statistics at the highest
invariant masses.

Recent theoretical work on positivity bounds [16,63-65]
can restrict the values of operator coefficients. Nevertheless,
a more complete analysis taking into account positivity
constraints in the context of USMEFT may modify our
statistical results, but is beyond the scope of the current work.

We finish by presenting in Fig. 5 the results of an
analysis performed in terms of the generalized oblique

_ 2
Coyp and 0;4)02 and also for ¢ and ¢

values of ¢ and the quadratic contribution from ¢,;p

Consequently, bounds on negative values of ¢
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TABLE VI. 95% CL allowed ranges for the oblique parameters
from the combined analysis of EWPO and DY for the different
analysis assumptions. In all cases the ranges are obtained after
marginalization over all other coefficients entering the analysis.

95% CL allowed range EWPO + DY

Parameter O(A™?) Dim-6+Dim-8

S [-1.5,1.2] x 1073 [-2.3,3.6] x 1072
T [-8.4,11] x 107* [-9.0, 15] x 1073
w [-10,7.6] x 1075 [-1.3,2.1] x 107*
Y [-1.7.3.7] x 107* [-8.2,13] x 1073
U [<7.7.12] x 1073
X [-9.4,6.3] x 1073
Y [-12,2.0] x 1077
W’ [-3.0,1.3] x 1077

parameters introduced in Sec. IV. As discussed, in the
framework of the operator expansion this corresponds to an
analysis which neglects the dimension-six square effects.
Therefore, by construction the y? statistics are quadratic
functions of all the oblique parameters and the two-dimen-
sional projections, are elliptic regions. In this figure we see
strong correlations among several of the allowed ranges of
the oblique parameters. The correlations among S,7,and U
dominantly stem from the same effect as the correlation
among Cpy, Co, and E%Vz - observed in Fig. 3, or
equivalently among Cpy, C¢ 1, and E:;V2H4 in Fig. 1. The
anticorrelation between W and W’ arises from the same

effects as Ayr (Coyy) and Cz(//34)D2 discussed above. In

addition we see a somewhat weak anticorrelation between
W’ and Y’ stemming from their dominant contribution to
the tail of the invariant mass distributions induced by ¢,
€,7> €77, and €y, (4.18)~(4.21). The correlations observed
involving X and Y mostly result from the cancellations
equivalent to that in Eq. (6.2); see Appendix B for the
expressions of the oblique parameters in terms of the
operator coefficients. For the sake of comparison we also
show in the figure the one-dimensional projection of an
analysis performed in terms of the oblique parameters
which are generated by USMEFT dimension-six operators,
:S’, T, W, and Y. From this figure we can see that as a
consequence of the above correlations, the bounds on these
four oblique parameters relax considerably when including
the effects of U, X, W/, and Y’ as quantified in Table VI.

VII. SUMMARY

We have studied Drell-Yan production in universal
theories consistently including effects beyond those of
USMEFT at dimension-six. We have focused on effects
which are C and P conserving and found that eleven
dimension-eight operators and six dimension-six operators
contribute to our analyses. The chosen bases are listed in

Tables I and II. Working in the rotated basis in which
operators with higher derivatives of the bosonic fields have
been replaced by the equations of motion in favor of
combinations of operators involving SM fermionic cur-
rents, we have identified the eight combinations of the 17
Wilson coefficients which are physically distinguishable by
studying the invariant mass distribution of the lepton pairs
produced: Ayp, Tgw, Coy» Cop, and &5, given in
Egs. (3.9)—(3.12) and (3.21), together with the coefficients

(7) 2) 3)
wiH? CW4D25 and C(//4D2 .

Of those eight, the four tilde coefficients in Eq. (3.45)
contribute EWPO at the Z and W poles.

In Sec. IV we have introduced an extension of the
parametrization of universal effects in terms of 11 oblique
parameters obtained by linearly expanding the self-energies
of the electroweak gauge bosons to O(g%). Of those, eight
are generated by the USMEFT at dimension-eight: S, T, W,
Y, U, X, plus two additional which we label W’ and Y’. The
correspondence between these eight oblique parameters
and the operator coefficients is given in Appendix B.

We have performed combined analyses to a variety of
LHC dilepton data and the EWPO in order to quantify the
constraints on the full parameter space and studied the
dependence of the derived constraints with the order of
the expansion considered. We first have quantified how the
DY results can complement the constraints from EWPO on
the four tilde coefficients. We found that in the O(A™#)
analysis the resulting effect of the combination of the DY
with the EWPO is quantitatively more relevant than at
O(A™?) as, besides constraining the coefficient A, better
from contact four-fermion DY amplitudes, DY results
further contribute by breaking the very strong degeneracy
present in the EWPO analysis when including the dimen-
sion-eight operators. As a consequence, as seen in Fig. 1
and in Table IV the inclusion of the DY results results not
only in the better determination of A, but also in a factor

~20 stronger constraint on ¢g ;, and 5;3,2 oy

The results on the full eight parameter space are shown in
Figs. 2, 3, and Table V. They show that, when consistently
including all effects to O(A~*), the combination of EWPO
and DY provides robust constraints on the three coefficients
with leading dimension-six contributions ¢gy, € 1, Coyw
which are only weaker by at most a factor ~2 with respect
to the O(A~?) bounds. Robust bounds are also obtained for
2, and O,
which are not affected by possible cancellations with
dimension-six square contributions. Conversely, the
bounds on the leading dimension-six coefficient ¢,;5 is
weakened by more than one order of magnitude with

respect to the O(A~?) limits due to cancellations with the
5174)112 and cl(;)Dz. Consequently,

two dimension-eight Wilson

of the dimension-eight operators ¢

the dimension-eight operator coefficients ¢ and ¢

O(A~*) contributions from ¢

the bounds on these
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)
wD?
we have quantified the constraints on the eight oblique
parameters in Fig. 5 and Table VI.

coefficients, in particular ¢ are the least robust. Finally
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APPENDIX A: UNIVERSAL BOSONIC
OPERATOR BASIS AT DIMENSION EIGHT

Murphy’s basis contains 89 bosonic operators in total.
We list them in Table VII together with their transformation
properties under C and P. In addition there are 86 bosonic
operators present in universal models which contain higher
derivatives and which can be rotated into fermionic
operators by the SM EOM. We list them in Table VIII
together with their transformation properties under C and
P. For convenience we indicate the 38 + 50 operators that
violate either C or P with a lighter shade.

TABLE VII. 89 purely bosonic operators present in Murphy’s basis.

1:Xx* X3 CcC P CpP 1:X2X7” cC P CpP
ng (G4,GY¥)(GB,GBr) v v/ Qgng (W{,DWI’“’)(GA GA’”’) v v/
0% (GAG™)(GLG") S QR (W) (GG S
Q(G34) (GA GB"”)( GB/"’) 7/ Qgng ( },,,GA””)( A/’”) v v/
0% (GAG™)(GALG™) Ol (WG (WG S
Qg) (GA,GM)(G BGB/m) OX X Q<GS2>W (W, W[,w)( GA/m) JSOX X
0 (GAG™)(GAG™ COX K QO (W W)(GA,G) /XX
Q(G74) dABEdCDE(GA GBm)(GS,GPro) S/ S Qgng (W GA;;;,)(WI &) JOX X
Q(684) dABE gCPE (GA B;w)( ¢ GDro) SIS/ Q(GIZ)BZ (B”DBﬂ )(GA,G7) S/
Qg) dABEJCPE (G AGBW)(GC GPro) OX X Q(Gzz)B2 (Byu “)(GA, GAr) S/
o) (W{,DW’/‘”)( W’P") L0, (BuGY)(BGY) AN
o) (WL, W) (W, Wre) ol (BLGM) (B, G a4
Q(WS/Z (W W) (W wre) v v/ QSZ)BZ (B”DB””)( 4,GAP?) X X
ol (WL (W) Q0 (BuB(GLGY) /XX
Opt (LW W) SN X QDL (BuG(B,GM) /XK
ol (Wl ) COK K QUL (BB (Wi W) s
Q;\) (B”bBﬂ )(BMB”") VARV A4 Q;Z/ZBZ (B,,DB"”)( WI/’”) S S
Qf;) (B,,B")(B,,B") v/ Qiﬁlgz (BWW'W)(B S W1o) O/
Qﬁ? (B,,B")(B,,B") XX Q%z (B, W)(B,, W) A
Q(Gl3)3 d*8¢(B,,G*)(GE,G ) 7/ Q;S,ZBz (BWB”)( - W1Po) X X
QE?B dABC(BWGA’“’)(GIIfJGC/’") a4 QSQB’ (B,,B*)(W), W”"’) XX

(Table continued)
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TABLE VII. (Continued)

X4 X3X C P CpP 1:X2X"? C P cpP
0, ABuG)(GLCP) XX QDL (BuWE)E, ) /XX
Q(és)B dABC(BWGA”V)(GIIi,GC/m) XX
2:H8 4:H*D*
Ops (HTH)* o/ QS} (D,H'D,H)(D*H'D"H) e
3:H°D? Qgg (D,H'D,H)(D'*H'D"H) I/
QSQ (H'H)*(D,H'D*H) I/ QS} (D*H'D,H)(D*H'D,H) e
QSQ (H'H)(H'<'H)(D,H"<'D"H) /7
5:X3H?
oY,  [YCH'H)GIG Gy ol R HIH)WE W W XX
Q(C?})H2 fABC(HTH)Gﬁ”Gf’}Gg” v X X Qi};I/ZBHZ GHK(HTTIH)BZW,{‘)WK” S/
oV,  EK(HH)WEW] W, Lol R (HTTH) (B WL, WE + B wl, W XX
6:X2H*
ng)m (H'H)*G4, G i Q%ﬂ (H't'H)(H't H)W., W XX
0%,  (HH)*GuGM X X o) (HH)B,B" s
o, (HH?W, Wi v/ o0 (H'H)PB,B" X X
Qg;m (H'H)*W!, Wi XX Q$3H4 (H't'H)(H't H)W!, W/ 7O/
o) . (H'H)H'H)W,,B" o/ QB (HTH)(HTH)W, B oxox
7:X*H?D?
Q((,}z)muz (DMHTDDH) A Q5312>HZD° (D”HTDUH)BHPB{‘) A
ng)HzD (D*H'D,H)G! GA”’ O/ Q?gHIDZ (D*H'D,H)B,,B*” /L
oY) . . (D'H'D,H)G],G" X x o0, ., (DH'D,H)B,B” XX
Q;I/EHZDZ (D*H'D*H)W/, v/ QS’LH’DZ (D*H''D,H)B,,W"" v v/
o) .. (D”HTD”H)W’ W’”ﬂ /ol (D'H'DH)B,, W XX
0¥ .. (D'H'DH)W,,W" XX oob . i(D'H'TD'H)(B,,W.) - B,W/) X v X
oW ... i€’K(D'H ! D"H)W], S oW . (D'HTIDYH)(B,, W + B, W) =i
o) e”’((D/‘HTr’D”H)(Wlf,,W W, W) XX ol . i(D*H'TD'H)(B,,W. - B, W) x x v
0 . . i€/K(D'HY D H) (W), Wi + Wi, wi?) v X X ol (D'H'e'D'H)(B,, W + B, W) XX
8:XH*D?
o\ ., (H'H)(D'H't'D'H)Wj, L g R (H Y H) (DY Y DY H) W X X v
Q(vi)muz (H'H)(D*H<'D*H)W!, XX ng)mz (H'H)(D*H'D"H)B,, /7
Q%W e"K(H't'H)(D*H't' D*H)WK) X v X Q532;4D2 (H'H)(D*H'D'H)B,, X X

013009-19



TYLER CORBETT et al.

PHYS. REV. D 112, 013009 (2025)

TABLE VIII. Additional 86 bosonic operators present in universal theories.
HSD? CPCP H°D? CPCP
R/[;)DZ (D*H'H + H'D*H)(H'H)(H'H) a4 R;(,z(,)[,z i(H'D>H — D*H'H)(H'H)(H"H) Xv X

H*D*
R;(,i)m (D*H'<'H + H't'D*H)(D*H''D,H) YV R F<13>D . 1 (H'D’H-D*H'H)(D'H'D,H) Xv X
Rlz(j)m (D*H'D,H)(H'D*H) + (D,H'D*H)(D'H'H) V'V V/ Rggm (D*H'D*H)(H'H) a4
R;g)m i(D,H'D*H)(D*H'H) — (D*H'D,H)(H'D"H)) X / X R'I§§>D . (D’H'H)(D*H'H) 4+ (H'D*H)(H'D*H) vV vV V
R/I<1§>D4 i(H't'D’H — D*H"'H)(D,H't'D"H) Xv X RSJW (D’H'H)(H'D*H) Va4
R/IS§>D4 (D*H'H + H'D?H)(D,H D"H) a4 Rgm i(H'D*H)(H'D*H) — (D*H'H)(D*H'H)) X V/ X
H?D® X?D*
R\ . (D'D’H'D'DH) Vv VR, D'D'B,D,D'Bj 4
R . D’D*W.L.D,DIWy" &%
RY),. DD'G;D,D’Gy* a4
X3D?, X*X'D?
R, Win(DW ) (D WP )el K VRN Gu(DaGE)(DyGE) fARE &4
R Wi (D) (DyWE P el ¥ VXK RE L, GLDLGP) (DG e VKK
R%Dz WLUWZ,D(DHDGWK.ap)elJK SV Rgf,)z G/AIUGII})’.I/(DMD(ZGC,ap)fABC VA4
RY) . WLW,* (D*D WK — DPD WK )elK VXX RY . GLGH(D'D,GO — DPD,GEH) AR /KX
RE;V)VZW (D"BMD)VY’-”"(D"W!’W) Xv X RSG)ZDZ ?ﬁU(DaGA~“”)(DﬂBﬂ”) Xv X
R, . (D'B, )W (DW,) XXV R, . Gu(DGY)(DyBY) Xx v
R, . BuWy" (DD W — DPD W) X/ X R, . BuGy*(D'D,G* — D'D,G*) XV X
R .. BuWy" (DD W — DPD W) XX/ RY, . B.G(D'D,G — D’D,GN) Xx v
X?H?D?

R, BuB"(D*H'H + H'D*H) VR GLGY(DH'H + H'DH) V4
Rgf})qZDz l'BWBMu(H+D2H — DZHTH) X/ X RgZ)HZDZ iGﬁbGA””(HTDzH _ DzHJrH) XV X
RS . . BuB"(D*H'H + H'D’H) XX RS ., GuLGY(DH'H + H'D*H) XX
R, . iB,B"(H'D*H — D*H'H) XXV RS .. GGV (H'D*H — D*HH) XX v
R, . (D'B,)B“Dy(H'H) Vv /RS, (D'GL)GA D, (H'H) 4
Ry i(DB,,)B* (H'D,H) KV X Ry i(D'GA)GA(H'D,H) XX
R, (D'B,,)BD,(H'H) XK RD . (D'GL)GAD,(HH) VXX
Rytyere i(D'B,,)B*(H'D,H) KX R i(DHGA)G ™ (H' D H) xxs
RE_;)HZDZ (D*B,,)(D,B**)(H'H) a4 Rg)HZDZ (D*G4,)(D,G*)(H H) a4
R/v(vlz)HzDz W, W (D?H'H + H'D*H) I ngmm B, W' (H't!D’H + H't'D*H) a4
R'V<V22)H2Dz iW!L, Wi (H'D*H — D°H'H) Xv X Rg@mf iB,,W'*(D*H't'H — H't'D>H) Xv X
R .. WiW!'(D*H'H + H'D*H) VXX RO B, W (H'TDH + D2H'7 H) XX
R'V(V?HZDZ iw,, W' (H'D*H — D’H"H) XXV RS iB,, W' (D*H''H — H'<'D>H) Xx v
RIV<V52>H2D2 (D*W!L, ) W'D, (H"H) 4 Rgv)yzm (D"B,)W!'D,(H''H) a4
Rype i(DFWL )W (HT D H) KX R i(D¥B,) W' (H'D, H) XX
R\ . . (D'Wi,) WDy (H'H) XX R (DB )W D, (H 7' H) XX
R o i(DAWL,) Wl (H D H) KX Ry i(D”B,m)W”“”(HTBiH) xxs
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TABLE VIIL (Continued)

H®D? C P CP H°D? CPCP
RO e (D" Wia)(D,W!) (H'H) SR (DMWL)BD,(H T H) &4
RN, KD W)W D, (H'Z¥H) XV xglo i(D'W) Bm(HTB’ H) Xv X
Ry i€!K (DFW! )W/ o (H' D), H) VR (D"W’ )B**D,(H''H) XX
RU2), K (D WL, ) W7D, (25 H) XKL R e i(DMWL) B (H D) xxv
RV(V1222D2 iel/K (DA, )iju(HTD H) XX Rg\i/)HZDQ (D*B,,)(D,W"*)(H't'H) Vs

XH*D* XHAD?
Rg}}zw (D*H'D*H + D*H'D*H)(D"B,,) XV X Rgf)mz i(D, Baﬂ)(HTBﬂH)(HTH) S
R;;i;z,,. i(D'H'D*H — D*’H'D*H)(D"B,,) a4 R%mz i(DW1,)( HTB”H)(H* H) a4
RS)#D i(D,D*B,,)(D*H'D*H — D*H'D'H V4 Rl&mz eVK(H'!'H)DY (H ' H)(D*WK)) Va4
R'V%zm (D*H't'D*H + D*H'<'D"H)(D*W!,) Xv X R'&W iclIK HWH)(H*BJ”H)(Dﬂwﬁ ) Xv X
R, . (D'H'<'D’H + D’H'<' D'H)(D*W},) V4
R%zm i(D,D*WL,)(D*H't'D*H — D*H 7' D"H) A4

APPENDIX B: OBLIQUE PARAMETERS FROM DIMENSION-SIX AND DIMENSION-EIGHT OPERATORS

At linear order in the coefficients of dimension-six and dimension-eight operators in SMEFT eight nonzero oblique
parameters are generated. We first compute them explicitly in terms of the coefficients of the operators in the bosonic basis.
Subsequently we express the results in terms of the coefficients in the rotated basis by applying the relations in Egs. (2.3)

and (2.4):
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APPENDIX C: ADDITIONAL INFORMATION ON
THE DRELL-YAN DISTRIBUTIONS

We considered the cross-section measurements for the
NC channel at 8 TeV [2] and for the CC channel at 13 TeV
[6], both provided by the ATLAS Collaboration. The
HepData record for the NC data is available at [66], while
the auxiliary material containing the experimental infor-
mation for the CC data can be found at [67]. In both cases,
we constructed the covariance matrices for the measure-
ments using the experimental information provided on the
pages mentioned above, and used them to build the
following y test statistic for each of the channels as

2 =) (O -ohv(or o, (Cl)

ij

where O and O™ denote the measured cross section and
the theoretical prediction for bin i, respectively, and V
denotes the covariance matrix. For each bin i, the pre-
dictions O include the SM signal simulation, which is

provided by the ATLAS Collaboration, along with the new
physics contributions parametrized by the dimension-six
and dimension-eight Wilson coefficients.

Moreover, we also reinterpret the experimental searches
for heavy new particles in the NC and CC channels. In
these cases, we rebinned the distributions to ensure at least
ten events per bin. Our binning choices are summarized in
Table IX, along with references to the corresponding
HepData records for the original distributions. For each
of these channels, the limits on the Wilson coefficients were
extracted by means of a y’-test statistic,

(Ndal _ Nth _ Nb)2
1 1 1
NS (ND)?

, (C2)

i

where N9 N’ and N denote the observed number of
events, the background prediction, and the EFT contribu-
tion for bin i, respectively. The values of the background
predictions N? and their corresponding uncertainties SN?
were extracted from the HepData records listed in Table IX.

TABLE IX. Additional information on the binning and distributions of the Drell-Yan data from experimental searches for heavy

particles considered in our analysis.

Channel Distribution Binning (GeV)

NC Vo 24938, 497.07. 536.66, 579.41, 625.56,
o 675.39, 729.18, 787.27, 849.97, 917.68,
990.77, 1069.7, 1154.9, 1246.9, 1346.2,
1453.4, 1630.5, 1760.4, 2052.0, 2391.9,
4588.4
NC _av, 269.24, 460.40, 497.07, 536.66, 579.41,
W
625.56, 675.39, 729.18, 787.27, 849.97,
917.68, 990.77, 1069.7, 1154.9, 1246.9,
1346.2, 1453.4, 1569.2, 1760.4, 1974.8,
4588.4
NC N 300, 420, 460, 500, 540, 580, 630,
. 690, 750, 810, 870, 950, 1050, 1150,
1250, 1370, 1490, 1680, 1890, 2210, 6070
NC v, 266.25, 429.49, 465.12, 503.71, 545.49,
W
590.74, 639.75, 692.82, 750.29, 812.54,
879.94, 952.94, 1032.0, 1117.6, 1210.3,
1310.7, 1419.4, 1537.2, 1952.4, 2289.7,
7000.0
cc e, 440, 520, 600, 680, 760, 840, 920,
T.ev
1000, 1080, 1160,1240, 1320, 1400, 1480,
1560,1640, 1760, 1880, 2040, 2400, 7000
cC N, 610, 708, 806, 904, 1002, 1100, 1198,
mr .,

1296, 1394, 1492, 1590, 1688, 1982, 2276,
7000

Data set Integrated luminosity HepData record reference
ATLAS 13 TeV 139 tb~! [7] [68]
ATLAS 13 TeV 139 tb~! [7] [69]
CMS 13 TeV 139 fb~! [8] [70]
CMS 13 TeV 139 tb~! [8] [71]
CMS 13 TeV 138 fb~! [10] [72]
CMS 13 TeV 138 fb~! [10] [73]
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