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Heavy neutral gauge bosons arise in many motivated models of beyond the Standard Model Physics.
Experimental searches require that such gauge bosons are above the TeV scale in most models which means
that the tools of effective field theories, in particular the Standard Model effective field theory (SMEFT), are
useful. We match the SMEFT to models with heavy Z’' bosons, including effects of dimension-8 operators,
and consider the restrictions on model parameters from electroweak precision measurements and from Drell
Yan invariant mass distributions and forward-backward asymmetry, Arg, measurements at the LHC. The
results demonstrate the model dependence of the resulting limits on SMEFT coefficients and the relatively
small impact of including dimension-8 matching. In all cases, the limits from invariant mass distributions are
stronger than from Apg measurements in the Z' models we consider.
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I. INTRODUCTION

The search for new physics at the LHC is one of the
major efforts of the high luminosity run. New physics can
manifest itself through the discovery of new particles or
in deviations from Standard Model (SM) predictions.
Precision measurements are often sensitive to very high
mass scales above those that can be probed by direct
particle production, motivating an effective field theory
program of probing for small differences from SM pre-
dictions. In the scenario when no new particles are
discovered, the SM effective field theory (SMEFT) [1] is
a useful tool where new physics is described by an effective
Lagrangian £ that is an expansion around the SM,

(d) ()
Ca Oa
L= Lov + E T (1)

a,d>4

Any new physics is entirely contained in the coefficient

functions, C,(,d), and the operators Of,d) contain only SM
particles and respect the SM SU(3) x SU(2), x U(1),
gauge symmetry. The expansion is then in inverse powers
of a heavy scale A. The odd dimension operators violate

lepton number [2] and will not be considered here.

. d
A nonzero measurement of a coefficient, C((, >, would be

direct evidence for new physics and the goal of the LHC

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(1)/015002(17)

015002-1

SMEFT program is to make precise measurements of
these coefficients.

Experimental observables are often computed using
the SMEFT Lagrangian truncated at dimension-6. At this

order, the only sensitivity is to the combination, Cl(»ﬁ) /A%
A complete basis for dimension-6 and dimension-8 oper-
ators exists [3—11], but there are too many operators for a
general study of most processes to be feasible [12—15], and
typically only a small subset of the dimension-8 operators
are studied [16-20]. One approach that has proven useful is
to match the SMEFT to a specific UV complete model with
non-SM particles at the high scale A which generates a
relatively small number of operators whose effects can
then be studied in low energy and weak scale processes.
Different UV models have different patterns of coefficients
and the hope is that by exploring these patterns, informa-
tion about high scale physics can be obtained [21-24].

The matching of dimension-6 operators to scenarios with
a single new heavy particle is a solved problem, both at tree
level and at one-loop [25-28]. The matching to more
complicated models, including dimension-8 contributions
at tree level, has been performed for only a small number of
cases: the two-Higgs doublet model [29,30], singlet [30-32],
top vectorlike quark [33], and scalar triplet models [34].
Here we extend this program to include heavy neutral
gauge bosons.

Heavy vector bosons are particularly interesting because
they appear in many theoretically motivated extensions
of the SM [35-59]. We match Z' models with no SM
hypercharge and arbitrary SU(3) x SU(2), x U(1),
invariant couplings to SM particles to the dimension-6
and dimension-8 SMEFT Lagrangians and study the
resulting patterns of coefficients that arise. We also include
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an arbitrary kinetic mixing term in these models which
turns out to have important phenomenological conse-
quences. Direct searches for heavy Z’ models at the LHC
give model dependent limits of O(2 —5) TeV [60,61],
suggesting that the SMEFT framework is applicable.
Restrictions on heavy Z' models matched to the SMEFT
come primarily from electroweak precision observables,
along with Drell-Yan invariant mass distributions and
forward backward asymmetries at the LHC and we study
the interplay of these constraints and examine the sensi-
tivity to the specifics of the Z' models.

The paper contains a description of the Z’' models we
consider in Sec. II and presents results for the SMEFT
matching to dimension-8 in Sec. III. The phenomenology
of Drell-Yan production and the forward backward asym-
metry at the LHC are compared with Z pole observables
in Sec. IV and the numerical relevance of dimension-8
contributions to the computation of these observables is
considered, along with the model dependence of our
results. Section V contains our conclusions.

II. MODELS WITH A HEAVY 7'

While there are many models extending the SM with
new U(1)" symmetries, we focus on a select few in this
work and assume that the Z’ is a singlet under all SM gauge
groups. The models are distinguished by the charges of the
SM particles under the new symmetry, and if the U(1)’ is
spontaneously broken, also by the breaking scale. An
analysis of how to differentiate between models in the
case of a direct discovery at a future collider has recently
been presented in Ref. [62]. Note that in principle a mass
term for the associated Z’' boson of a U(1)’ model can also
be generated via the Stiickelberg mechanism [63-66]. The
Z' in this case behaves like a heavy dark photon and the
distinction between the two is arbitrary and the U(1)
remains unbroken. Below we give a brief summary of the
models studied in this paper in order to set the notation.

a. Secluded U(1)": If the new symmetry belongs to a dark
sector that is completely decoupled from the SM, the Z'’
interacts with SM particles only through kinetic mixing.
This model is fully characterized by the strength of the
kinetic mixing ¢ and the mass M.

b. Hypercharge mirror: In hypercharge mirror models
it is assumed that the additional U(1)" is a simple copy of
the SM U(1), hypercharge gauge symmetry. The U(1)’
charges of the SM fermions are therefore their respective
hypercharges, and they couple to the Z’ with the coupling
constant gp, which is often assumed to be comparable in
size to the electroweak coupling constants, though smaller
or larger values are not forbidden in general. The values
considered in this work always respect the perturbativity
limit, gp < 47. Note that we do not include an analysis
of the sequential Standard Model (SSM) in our work.
The SSM assumes that a copy of the whole SM gauge
structure exists at a higher scale. Since the Z’ is naturally

accompanied by W’ bosons of similar mass, their
contributions would need to be taken into account when
matching the SSM onto SMEFT and examining phenom-
enological restrictions [52,67-70].

c¢. Gauging SM accidental symmetries: The SM features
four accidental U(1) symmetries, the individual lepton
numbers (L,, L,, and L;) and baryon number (B),
respectively. However, the requirement of Adler-Bell-
Jackiw anomaly cancellation dictates that only the
differences of two lepton numbers L; — L; or the difference
of total baryon and lepton number B — L, with L =
L,+L,+ L, can be gauged in a consistent manner,
assuming right-handed neutrinos are also added to the
matter content. Under a U(1) L,-L, Symmetry a lepton of

generation 7 has charge +1 and a lepton of generation j has
charge —1. In the U(1),_, case all quarks have U(1),_,
charge +1/3 and the leptons have charge —1. All other
particles are uncharged under the U(1) symmetry in both
cases. Note that for Drell-Yan processes a heavy Zj,_, will,
once integrated out of the theory, give rise to mixed quark-
lepton four-fermion operators, while a Zj _ L will only alter

the couplings of the SM Z boson to leptons.

d. Models based on Eq symmetries: In the literature, Eg
models have played an important role as possible GUT
symmetry candidates [35,36,40,41]. Their general breaking
pattern is given by

Eg — SO(10) x U(1), — SO(5) x U(1), x U(1),.  (2)

In Eg models, the left-handed SM fermion families are
promoted to a fundamental 27-plet, eventually decompos-
ing into 27 — (10 + 5* + 1) + (54 5*) + 1. Each 27-plet
furthermore contains a conjugate of a right-handed neutrino
v¢ and a new scalar S, both of which are singlets under the
SM gauge groups. We will consider them as examples of
anomaly-free models incorporating additional U(1) sym-
metries, while being agnostic about the underlying grand
unifying theory. Furthermore, we assume that there is only
one Z' boson present corresponding to the linear combi-
nation of Eg charges

Qp, = cosO Q, +sinbg Q,, (3)

and 0 < 0, <« is the mixing angle between the two U(1)
symmetries. Note that all £ models feature an implemen-
tation of two-Higgs doublet models (2HDM). Since the
exact realization of the 2HDM affects the Higgs charges
and couplings and hence the matching of the heavy Z’ onto
SMEFT operators, we will assume a type-I implementation
of the 2HDM [71].

In previous works several benchmark models of Eq have
been studied. The y and y models assume that only one
of the U(1) symmetries is actually realized, and correspond
to the mixing angles 6, = z/2 and 6, = 0, respectively.
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TABLE I.

Charges, Of, of SM particles under the new gauge symmetry associated with the Z’ corresponding to

the models described in the text. 7, j, k are generation indices with f¥ = (gk, %), (f& = uk, d%, e%). Here, Y, is the
mirror hypercharge, hence the charges under this symmetry are exactly the SM hypercharges. In this table we omit
the case of pure kinetic mixing, where all particles are uncharged under the new symmetry.

SM particle Y, B-L L;—-L; Es,w Eg,y Eg.n  Eg inert Eg, neutral  Eg, secluded
1 -1 1 1 1 -3 -7
H 0 0 % Vi W 2 Wi I
¢ 1 1 0 I 0 1 =h
L 6 3 2V6 2V10 V15 2V10 415
uk 2 1 0 1 = =L 0 1 =
R 3 3 2V6 2V10 V15 2V10 4/15
dk _1 1 0 1 _3 1 _1 1 2
R 3 3 2V6 2V10 2V15 2 V10 Vis
LS _1 —1 S0 — 0 1 3 L 1 L L
L 2 ik Tk 26 W 2V p V10 V15
k _ _ 5. 1 -1 -1 1 -1
43 1 1 Oik — Ok NG oI 7 0 T il

The 7 model is an example of Eg directly breaking to SO(5)
via the Wilson line mechanism, and occurs in Calabi-Yau
compactifications of the heterotic string [39]. It corre-
sponds to the mixing angle 6, = 7 —arctan /5/3. The
orthogonal case, where Ej breaks to SO(10) which is then
directly broken to the SM gauge group, is called the inert
model, and the mixing angle is #; = arctan /3/5 [41]. In
the neutral model with mixing angle @y = arctan /15, the
right-handed neutrino v has zero charge, hence allowing a
large Majorana mass and the see-saw mechanism to take
place [37,72-74]. Essentially the roles of the new scalar S
and ¢ are interchanged with regard to the y model.
Additionally, it can be regarded as an implementation of
alternative left-right models [38,75]. Lastly, the secluded
sector model with mixing angle 65 = arctan(v/15/9) was
inspired by supersymmetric extensions of the SM [36,76].

In principle, other exotic models featuring heavy Z'
realizations are feasible, like models where the Z' is a
Kaluza-Klein excitation of a SM field [42-45,77-83], but
they will be omitted in this work for simplicity. In Table I,
we collect the U(1)’ charges, O/, of SM particles in the
different models considered here, where g%, ¥ are the left-
handed fermion doublets, H is the SM Higgs doublet, and
uk, d%, and I% are the right-handed quarks and charged
lepton, with k a generation index.' The U(1)’ charges only
depend on the generation for the leptons and we will often
omit this index in the quark sector.

Note that since a kinetic mixing of the Z’ with the SM
hypercharge gauge boson of strength € is always possible,
we will always take it into account in our results. In the dark
matter literature, € is often thought to be small, motivated
in part by stringent experimental bounds (see for example
[84]). However, since we consider heavy Z' models, this is
not necessarily the case for us. If we assume thate = 0 ata

lDepending on the model, f% may also include right-handed
neutrinos v%. This is not relevant for the phenomenology we
consider and so we ignore it.

high scale, which must be the case if the U(1)" or U(1), is
embedded in a non-Abelian group such as in the £4 models,
e will necessarily be generated by renormalization group
evolution since the SM fermions are charged under both.
This can easily generate € ~ O(1072 — 1), depending on
the values of the U(1)" gauge coupling, the charged matter
content, and the relevant UV scale. If the two U(1) gauge
groups are not embedded in any non-Abelian gauge group,
then there is no a priori reason to take € to be small even at
the high scale. Since we only have access to low energy
information, we will take a bottom-up perspective, allowing
for € ~ 1 in our results.

III. SMEFT AND MATCHING

In this section, we review the basics of SMEFT that are
relevant for the matching to Z’' models. We begin with the
SMEFT Lagrangian of Eq. (1) truncated at dimension-8.

The goal is to compute the coefficient functions CE6)

and CES) that arise from integrating a heavy Z' out of
the theory [85]. We add a real spin-1 boson Z’ that is a
singlet under all SM gauge groups and consider the most
general renormalizable Lagrangian,

1 1 €
L, = _ZZ;”ZW + §M2,Z;4Z’” — EB;WZ/W
+ (9n2)*Z,Z¥|H'H| - Z,J*, (4)

where B* is the U(1), hypercharge gauge field and B,, =
0,B, — 9,B,, is its field strength. We define the current,

Jh = (igH)(HTBﬂH) + Z( LR fl + fﬁey"ﬁ}),
7
(5)

where H'D"H = H'(D*H) — (D*H")H with D, =, +
igY gBy + igW,T" the usual covariant derivative. The
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couplings of Egs. (4) and (5) can be determined for each of
the models described in the previous section in terms of the
U(1)" gauge coupling gp, and the particle charges of Table I,

k
g?f = Q% gpd;;
= Qdf*gD‘sij- (6)

9H2 = 9H = QHQD

uk k d*
gin = Q"gpd;; g,f

For all of the models except U(1) Li-L;»

llz 1k el;.‘, ek
9ij = Q'tgpb;; 9ij = Q°rgpbij, (7)

while for U(1), _; lepton flavor dependence enters,

lk

I <k e
glJ Qing 9ij = Qij 9p- (8)

Before any simplifications, after integrating out the
heavy Z' we immediately have, up to dimension-8,

€

1 €2 1 2
= ———TH —_——
==z " In= 21, e M2 Rl +M4 {(2

/23
4
£f22

4 1 2 g€
- (avBlw)azjy + <_ - _> j PTH + ]'uazjﬂ +

4
9/262
—|—<2€g§2+ 1 )(HTH)(a B*)J, + (gH2+ 1

At dimension-8, we may use the SM equations of motion
to simplify terms since any additional contributions appear
at O(M?). We have already used this above to eliminate
any terms of the form d,;* and 9,J* for brevity. Using
d,B" = j* and integration by parts, this yields the simple
Lagrangian
oL = —

(Tu+ €)= )[0,(T, +ej))?

1
- —(1-
2M2, 2M3,

5 g/2€2 ! 0
+ gH,2+ 4 (H H)(jﬂ+€]ﬂ> > (12)

M,

where the first term corresponds to the dimension-6
operators and the remaining two terms correspond to the
dimension-8 operators. We note that we have made no

ywmﬂ@+

1 €2
H d,B" —
2M§,j Tu= M2 (9, )‘7" 2M2

2

2M4

5L = —

(9,B")?

€
+ gt OBF B + 4o (0BT,

7'

gH

TET i+ "2H'H(0,B")

2M4 :

291—12 gHZ
HH@B"” , 9
+ 22 411, ) 7, + 82 ©

7 7

where 6L = L — Lqy. We first make a field redefinition to
remove the dimension-6 terms involving d,B**,

2

€ i €
B/l g Bll —M[(WBW) +Jﬂ] _M—éjﬂv
¢ 2 ¢ 2 2
d,B*" — 0, B* + 0-(0,B") + o H +—0-JH
14 - 14 2M%/ ( 14 ) 2MZ J M2 j

(10)

where j, = i (HTD”H) + ¢ > ;Y fr"f is the SM hyper-
charge current with fe€(Q;,L;,ug, dg,eg), ¢ is the
SM hypercharge gauge coupling and we omit generation
indices for simplicity. Including the newly generated
dimension-8 terms, this gives us

4
36) (0,B")0*(0"B,,) + (e — €%)(9,B")* T,

4264
16
2.4 2 4

ge o 9

(H )T, + (gH n —) (HH)(0,8%)?

<H*H><ay8ﬂ">jﬂ}

(11)

assumptions about the relative size of e. In the pure kinetic
mixing limit, gy, = 7, =0, Eq. (12) clearly matches
Eq. (6.9) of Ref. [86].

It is worth pointing out that in all of the models we
consider, the Z’ arises from a UV gauge group, and so the
quadratic and linear couplings to the Higgs are forced to be
equal by gauge invariance, gy, = gy. This assumption
may be relaxed in more complicated scenarios where there
is no such constraint, such as composite models. However,
the only place gy , enters is at dimension-8 in the final term
of Eq. (12), where it always multiplies another coupling
that appears at dimension-6. The contribution to any
observable we will consider from gy, is therefore always
going to be suppressed by a factor v?>/A? compared to the
leading contribution, making it a small correction even for
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large values of gy . It would be interesting to see how this
coupling appears when matching at 1-loop, which we leave
for future work.

An alternative approach to matching a generic Z’
Lagrangian onto the SMEFT is to transform Eq. (4) into
the canonically normalized basis by removing the kinetic
mixing term. This is achieved by the field redefinition

B I 7=\ [ B
<Zﬁl> - ;l (Z/”> 13)
H O 1_52 H

where the superscript ¢ denotes gauge fields in the
canonical basis. Specifically, this rotation transforms

g o g zm Lz m
=g BB =g Bl =32

- —%B;DBC”” - %Z;,CUZ’C"”. (14)
When matching onto SMEFT, this procedure has the
advantage that terms involving d,B** are not present after
the Z' has been integrated out, removing the necessity for
further field redefinitions. Note, however, that additional
contributions arise from the SM Lagrangian, because
terms like (D“H)*(DSH) now contain Z' terms from
the redefinition of Eq. (13). Hence, the clear separation
between the SM and the new physics Lagrangian is
dissolved when eliminating the kinetic mixing. We have
confirmed that both approaches lead to the same matching
onto the SMEFT Lagrangian of Eq. (12).

The physical mass of the Z' boson is not equivalent to the
parameter M, in the Lagrangian, Eq. (4), in the presence of
nonvanishing kinetic mixing € # 0 or coupling to the Higgs
gy # 0. Transforming to the canonically normalized basis
according to Eq. (13) and taking corrections from the neutral
W3 and B bosons of the SM weak and hypercharge gauge
symmetries into account, we find that the physical masses of
the neutral gauge bosons of the SM along with the Z’ boson
after electroweak symmetry breaking are given by

2

my; =0

2
()2 = (m3M)? (1 — (et 20p0n)?

v
— | +O(M})
4M§,> “

My v’ Qhgph +9°€

physy2
(m2™) (1-€?) 4 1—¢?
1}2 mSM 2
+der200n? S M Lo, )
Z/

Here, (mM)? = 2 (g% + ¢) is the SM (mass)? of the Z.
The expansion is valid for large Z' masses and arbitrary
mixing parameters ¢ between the Z' and the hypercharge
bosons. The SM Z couplings and mass are shifted from their

SM values due to this mass mixing, an effect that is captured
in the SMEFT through the operators Oy, Oyp, as we will
see. We will always work in an expansion in the Lagrangian
parameter M, though studies have suggested that expand-
ing around the physical mass may lead to improved agree-
ment with the full UV model [87].

A. Dimension-6

While Eq. (12) is compact, the expressions for the
Wilson coefficients are not immediately evident. Here
we include them, starting at dimension-6 in the Warsaw
basis [88] and using the notation of Ref. [89]. Inserting the
expressions for the currents J#, j* and expanding, we find
for LLLL type coefficients (we omit the superscript (6) in
this section),

Cylijkl 1
Hl[\z ] Yy (gff +eg'Y16,;) (g +eg' Y 16k),
Z/

). .
Cy, lijkl] 1
qu s (géjL'+€g/Yl‘$ij)(ngL+€g/Yq5kl)v
Z/
). .
Cyq lijkl 1
qqiz ]:_2M2 (giqu+€Q/Yq5ij)(QZIL+€9/Yq5k1)- (16)
Zl

Denoting right-handed fermions by f = uk,d%, €% with
i, j, k, | generation indices, we obtain the RRRR type
coefficients,

Colijkl] 1
f]i,\z RYYE (gfj'R4'69/Yf5ij)(9‘1/3e +eg'Y 16y).
Z/
Coolijkl] 1 ,
ffAz :_M—z(giij+€g/Yf5ij)(gI}:lR+69/Yf’6kl)v f#r.
Z/
Clalijki]

1
= (g;‘]-R +eg'Y 5, (gl +eg Y ad).  (17)
ZI

The mixed LLRR w* coefficients are

cilijk] 1 .
fAz =T (gf,L + EQ/Yléij)(g]{zR +eg'Y 16),
Z/
CE{lf) [ljkl] 1 qL / R /
A2 e (g +eg Yq‘sij)<gl£1 +eg'Y6). (18)
Z/

In the operator class w?H?D, we find the coefficients,

().
Cyi i) 1
¢A2 = oM (29u + €9 ) (gl +egYi5;),  (19)
Zl
(1)rs
Coqlij 1
QXE I EYYE (2gm +eg) (gl +eg¥,6;).  (20)
Z/
Cylij] 1
qxz Y (2gu +ed) g} +eg¥;5;). (21
Z!
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Finally, we obtain the coefficient,

o 1
~GT (29 + €9 )*(H'D,H)? = ~ o (2on + eq)*Or,
Z/

(22)
where O =1 (H'D,H)? is the operator that generates the

oblique 7 parameter. This may be decomposed into a
combination of O, and O,p via the relation Op =

—%O(ﬂg -20,p to yield
C,o 1
/{02 8M2 (2gH + 69) (23)
C(/,D 1
—=—(2 2, 24
A2 ZM%,( 9H+€§f) ( )

Note that since T o« C7 &« —(2gy + €¢')?, the contribution
to the oblique T parameter is always negative. In general,
we see that the presence of an e contribution allows for
many directions with vanishing 4-fermion coefficients.

B. Dimension-8

Since all operators come from terms of the form
(7, +¢€j,)? the operators at dimension-8 may be con-
structed in terms of the dimension-6 coefficients of the
previous section in an obvious way. We define our notation
for the generated operators in Table II, using the notation of
Ref. [7] for operators corresponding to that basis and a

TABLE II.

Definitions for the dimension-8 operators generated in this paper. Here /¥ =

superscript (8) for the remainder of the operators. To keep
the connection to the dimension-6 operators manifest, we do
not attempt to fully translate into the basis of Ref. [7]. We
suppress flavor indices throughout since they are the same
between the dimension-8 and dimension-6 pieces. Starting
with the four-fermion operators with H'H factors, we find

Clp ~ <4g%1,2 + g’2€2> Cu
At 2M2%, A?
CEZI;Z H2 4 )+ 9/2 2 CE})
A 2M§, A%
(1)
Cq4H2 B 49%_1.2 + 9,262 %
A 2M2, A%
C i 4% + 2¢2 C
s (9T Y Crr
A 2M2, A%
szf/sz 3 49127_,’2 + g% Crp
A* 2M2, A2
Cilzzlzhﬂ _ 491",2 + 9/26‘2 Cglld)
At 2M2%, A%
1
Cjz;sz ~ 4gt 5 + g€ @
At 2M§, A%

1
L+ g% 2> Cf(if)
2

—ar (25)
2M§,

(€%, uk, d%) denotes right

handed fermions with generation index k, and f # f’. We use the notation of Ref. [7] for operators already in that

basis, while others are indicated by the superscript (8).

ijkl] (L") Ly, o) (H'H)
(@i q;)(qer,q:) (H H)
(7i}/”lj)(zlk7;4QI)(H+H)

014H2[
ol [ijkl]

¢ H?
(952 )2H2 [ijkl]

O e [ijkl] (]_Ciyﬂfj)(ZkVyfl)(HTH)
O prpp [ijKI] (Firf )P k) (HH)
o o e 1K) (@iy"u;)(diy,d)) (H'H)
ng)sz [ijkl) (L") (Frvuf 1) (HTH)

Off}zﬂz [ijkl] (ZIiV”CZj)(]_Ck}’pfl)(H+H)

Opreolii] i(F " f;)(H'D,H) (H' H)

ol il i(Ty"1;)(H D, H)(H' H)

O\prpapli] i(aur" ;) (H' D, H) (H'H)
of’ V(HTH)(H'D,H)?
O% (H'H)*O(HH)

054102[ j k] D*(Liy*1;)D, (Ly i)
4 L lijkl] D*(g:r"q;)D, Gy 1)
(9& e[k D*(Liy*1;)Dy (qxy 1)
Oap2ijkl] DY(fir* f1)D,(frr,uf 1)
O pepeijkl] D*(fir" f)Du(f k7))
o\, Llijkl] D*(itiy*u;) D, (dyr,dy)
O e iK1 D*(Liy*1)Dy(firuf1)
Of}i}zm [ijkl] D*(Giy"q;)Du(firuf 1)

(8) . . - <
Opigrlid] iD,(fir"f;)D*(H'D,H)
sz)¢l[ij} iD, (I,y"1;) D (H' D, H)

8 .. <
OE)Z)‘/’G[U} iD,(g,7"q;)D*(H'D,H)
Ofhs ! (H*BMH)D(HTB”H)

o} (H'H)|H'D,H|?
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Similarly, for the four-fermion operators with two deriva-
tives, we have the matched coefficients,

C%Z _ (1 _€2> Cu C§21;2D2 _ <1 —€2> C;;
AT\ )N A M2, ) AT
C[(;t)l)z _ (1 —€2> C(qlq) Cpip2 B <1 —€ ) Cyr
AT\ ) A T\ ) A
Cpepope (1 _62> Ol <1 -62> cll
A? Mé, 27 A? Mé, A*’
ngl}zDz B (1 _€2> CEfU CE;Z)JZW B <1 _62) C((Ilf)
A\ ML) A A\ ML) A?

(26)

Moving on to two-fermion operators, we find the following
coefficients:

®)
Crup__(4iat9°\Cor - Copr _ (1€ Cyy
A 2M2 A M3, ) A*

A2

1 (8) 1

Cobep (49%” g Q)Cfﬁ sz:(l—@)%
A2

A* 2M2, A 2 ) A
1 8
CEIZ)H‘*D _ [Agy, g€ C( C(Dz)qﬁq (1€ C((plq)
At 2M2, A A\ ML) NP
(27)

where we should emphasize that the operators with a
superscript (8) are not written in the basis of Ref. [7].
Finally, there are two bosonic operators that are generated,
with coefficients given by

c <4g%,,2 + d262> Cr
2

A M2, AY
8

Cogt _ <1 - €2> Cr (28)
A* M%) AT

where C7 is defined by Eq. (22). Of these two operators,
only (’)(TS ) contributes to the observables we will consider. In

terms of the operators in Table II, (’)(Tg) is redundant due to a
similar relation to that we used for O at dimension-6. In
particular, we have

OF) = _(H'H)(H'D,H),

NI>—*

—2(H™H)

—% (H'H)*O(H H)

1 ) ®)
=~ 1040~ 204 (29)

Since the relationship at dimension-6 is identical to that of
Eq. (29) other than a factor of 2, we have

8
CE/;I%I _ 49H » + g%\ Cym
A4 4M 2 A2

8
Cip _ <4gH 2+ g% 2) Cop

AY 2M2, A2 (30)

IV. RESULTS

We are now in a position to present our numerical results
and compare constraints from electroweak precision
observables (EWPOs) and invariant mass measurements
and forward backward asymmetries from neutral Drell-Yan
production at the LHC. For each dataset, we obtain limits
for the matching scenarios presented in the previous section
corresponding to the UV complete models of Sec. II.
SMEFT observables are expanded as

1
do = do™ + 5> "a,”'C}"
! (©) (6 - (6) (8) (8)
+-3 (Zbu I+ e ). G
ij i
where the numerical factors, a,((’), bfj(’) , and a,(-s) are process

dependent.

Bounds on SMEFT coefficients can be derived from fits
to the EWPOs [90] and in many UV models, these provide
the most stringent constraints. The Z and W boson pole
observables that we consider are

Mw, Fw, Fz, O'h, Re, RM’ RT, RL., Rb’Ae7
A;u AT’ Ac’ Abv Ae,FB’ AM.FB’ AT,FB’ AL‘,FB’ Ab,FB’ (32)

We perform a y? fit to the data in Table III of Ref. [91],
using as the SM contribution the most precisely known
theoretical values given in this table. Both the

(dimension-6)? contributions (the b ) /A% terms) and the

dimension-8 contributions (the al- / A4 terms) are included
at tree level for each Z' model described in the previous
section. Following Ref. [91], we allow for an arbitrary
flavor structure in the leptonic sector and take as our input
parameters, G, = 1.1663787(6) x 1075 GeV=2, mh™ =
91.1876 +.0021 GeV, phyg = 80.379 £ 0.012 GeV

af(m%hys) =0.1181 £ 0.0011, Mh = 125.25 £ 0.17 GeV,
and M, = 172.69 + 0.5 GeV.

In addition to EWPOs, we include high invariant mass
Drell-Yan data from four LHC datasets in our SMEFT fits.
Drell-Yan (DY) is a sensitive probe of 4-fermion inter-
actions since at dimension-6, these interactions are
enhanced by a factor of (energy)? relative to the SM tree
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level result [19,92-95]. This is in contrast to the EWPOs

results, where SMEFT effects scale as (m5>*)2/A2. The
SMEFT limits on Z’ models are often interpreted in terms
of oblique parameters [96-98], although the complete
SMEFT fit can yield additional information. The DY
data we include consists of do/dm,, measurements at
8 TeV [99] and 13 TeV [61], as well as high invariant mass
forward-backward asymmetry (Apg) measurements at
8 TeV [100] and 13 TeV [101].2 These datasets were
recently considered in Ref. [102] as well. Note that while
we will refer to both measurements simply as Apg, the
8 TeV and 13 TeV CMS studies use different definitions.
The forward backward asymmetry Agg is defined by

Ao op—op
App=—=—"—,
c Of + o

(33)
where of and oy are the total cross sections for forward and
backward events, defined by cos@ > 0 and cosf < 0,
respectively, where 6 is the angle between the incoming
quark and outgoing negatively charged lepton in the
dilepton center of mass frame. In the lab frame, this angle
is given by

2(P{P; — P{P;)
K*(K*+K})

cos@* = (34)

where P = (E; & p?)/v/2, with E; and p; the energy
and four-momentum of lepton i = 1(2) for #~(¢7), and
K = p; + p,. However, to define the positive axis, this
definition requires the identification of the quark direction,
which is only accessible in simulation. In the 8 TeV study,
CMS approximately identifies this with the z-component of
the dilepton invariant mass,

‘I
cosf =

e cos 0%, (35)
while in the 13 TeV study, CMS identifies it with a template
fit using Monte Carlo simulations where one has access to
truth level information.

Owing to this complication, we use the SM predictions
and associated uncertainties provided by CMS for the
13 TeV Apg measurement. For our SMEFT predictions,
we will manually pick out the truth-level quark direction
from our Monte-Carlo as an approximation for their
procedure, which was seen in Ref. [102] to yield reasonable
agreement with CMS for the SM prediction. Likewise, for
the 13 TeV do/dm,, measurement, the results are not
unfolded by CMS, and so we cannot directly compare with

*We assume these datasets to be uncorrelated. Note that any
nonzero correlation should have minimal impact on our final
results since they are driven primarily by the 13 TeV do/dm,,
distributions.

our own predictions without background estimates for the
non-DY backgrounds. We use the CMS SM predictions
for this dataset as well. For the 8 TeV do/dm,, and Agg
measurements [99], we compute the SM predictions to
NLO QCD using MCFM [103] with NNPDF 3.1 parton
distribution functions [104].3 While the NNLO SM QCD
corrections are also available, we have checked that
their impact is numerically small, so we neglect them.
Electroweak Sudakov logarithms become important at high
invariant masses and must also be included. We use the
exact electroweak corrections as computed by MCEFM,
multiplying our SM NLO QCD distributions by k-factors
defined bin-by-bin as k; = (o} o + St ) /04 o for bin i. For
the invariant mass distributions and the 8 TeV Agp dataset
we use a scale up = pp = myp, while for the 13 TeV Agg
we use a scale ur = pur = Hp following Ref. [102], where
Hy is the sum of the final state transverse momenta. Our
theory uncertainties for the 8 TeV datasets are computed by
a 6-point scale variation around the central scale value
prr = (1/2mgp,mzp,2my,) and turning the maximum
deviation for each bin into a symmetric uncertainty.

We compute the SMEFT contributions for the DY
observables at LO QCD using MadGraph5 [105]. We
obtain our SMEFT model files using a combination of
SMEFTsim [106] and SmeftFR [107], modified to add the
relevant fermionic dimension-8 operators. The forward
backward asymmetries are computed to O(1/A*%),

~(6)  ~(6)
1 6 Aai a; AGSM
App = AR +FZC§ )<O’SM )

Osm
7(6) 7(6) ~(6) A ~(6)
1 (6) (6) Ab” b AGSM+ai Aal
+F;Ci |-

2

SM Tim
&56)&5-6)A65M
-
SM
~(8) _ A (8)
1 ®) [ OsmMAd;~ —a; Aogy
+PZC,. - , (36)

where Aogy is computed as in the previous paragraph,
A(a, b) are defined analogously to As, and we note that the
§6>, lgff) ) are specific to the DY process
and depend on the energy and experimental cuts. For the
osmv and Aogy appearing in the SMEFT expansion of
Eq. (36) we use LO predictions to match the order of
our SMEFT predictions, while for AN we use the full
NLO + EW MCFM or CMS predictions.

Other than the pure kinetic mixing model, all of the
models discussed in Sec. II are three-parameter models,

. N ~ (8
coefficients a and al(-

*We find small differences of O(3 — 5%) in our results when
using NNPDF3.0 parton distribution functions.
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95% lower limits, gp = 1
T T T

‘ ‘ semileptonic four-fermion operators relevant for Drell-Yan.

Kinetic mixing (¢= 1) IEEG—— In the pure kinetic mixing case (¢ = 1), the lower con-
Mo hyperi:rg:: __ .strain%ng power compared to the mirror hypercharge modgl
y-— is entirely from ¢’ ~ 0.3, (as opposed to g, = 1 shown in

&, o I the figures), since the pattern of operators is the same.

B, Qf| | Likewise, the small fractional charges in the E4 models lead

B, qf T to a significantly weaker mass reach compared to the mirror

Ey, inert| | | hypercharge and B — L models. The L, — L, model does

By, neutraly ] not generate any semileptonic four-fermion operators, and

Fo Secmded'(‘l) : : ‘ - - " so the constraining power is much weaker. We do not show

My [TeV)

FIG. 1. The 95% confidence level (CL) exclusion limit on M,
for our considered models assuming the associated coupling
gp = 1 and kinetic mixing ¢ = 0. For the case of pure kinetic
mixing we set ¢ = 1 instead. Note that M, is smaller than the

phys

physical mass m,”~" when there is a nonzero € or Q.

corresponding to the mass M, the gauge coupling gp, and
kinetic mixing e. To begin, we first show the 95% lower
limits on M, in Fig. 1, where we set ¢ = 1 for the pure
kinetic mixing case, and gp =1 with ¢ =0 for other
models. This includes the combination of EWPOs,
and Agg, and do/dmy, from our DY datasets, with all
SMEFT contributions computed up to O(1/A*). The
mirror hypercharge and gauged B — L models are strongly
constrained to M = 10 TeV, since they both generate the

95% lower limits, gp = 1, e=+0.5

the L, —L, or L, — L, models in Fig. 1, as they are
completely unconstrained by the observables we consider
when e = 0. In Fig. 2, we set ¢ = £0.5 to show the impact
of kinetic mixing on the M, exclusion limits. In this case,
constraints on the L, — L, and L, — L, models emerge at
the 4-5 TeV level, and the constraints on the other models
either strengthen or weaken significantly depending on the
sign of e.

These limits on M, can be compared to those obtained
through general SMEFT fits derived in the literature using
EWPOs, Higgs data, diboson production, and top data
[23,108-113]. In a global fit, all SMEFT operators of the
Warsaw basis are taken into account, and the new physics
model is unspecified. These fits can be extended by
assuming that the coefficients have the pattern correspond-
ing to a single new heavy particle with general couplings to
the SM particles [109,114-116]. Performing a global fit
with these restrictions on the Wilson coefficients, it is

T
Kinetic mixing (¢=0.5) | prorard ‘ W= +05
Le—-L. m 3 v e=-05

Lol | P |

Lol | TS wwa

Mirror hypercharge

B-L | ‘FJ[f[UJ[77:UJ 3
By Q |88 2 8
B, Qy } : : w
Eg, inert :} ‘ ‘ ‘
Eg, neutral %l :
Eg, secluded L ‘ ‘ : > : ‘ ‘
(‘]IHQI‘I4I‘I6I“8”‘1()”‘12”
My [TeV]

FIG. 2. The 95% CL exclusion limit on M, for our considered models assuming the associated coupling gp = 1 and kinetic mixing

e = 0.5, where the solid (hatched) bars have positive (negative) e. Note that M, is smaller than the physical mass m

phys

nonzero € or Q. With |e| = 0.5, m},

hys .
%y * when there is a

~ 1.15 x M, for the models shown here.
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possible to derive a lower mass limit for the Z’, where the
limits come almost exclusively from EWPOs. One typically
finds M5 > O(1 —few) TeV. We are able to derive
slightly stronger constraints, i.e. higher lower mass limits,
than these SMEFT fits, because in our framework where
specific Z’ models are examined, the couplings to the Z’ are
not arbitrary, but are related as in Eqs. (6)—(8) and also
because of the inclusion of the DY contributions which has
a significant impact. Since most of our Z' models still
induce a plethora of SMEFT operators, our constraints
are of the same order of magnitude as the fits derived
with generic couplings to a heavy neutral gauge boson
[114,115]. Higher M, constraints derived from individual
operator fits where only one SMEFT Wilson coefficient
is assumed to be nonvanishing at a time are to be taken
with caution, because a realistic new physics scenario is
very unlikely to generate only one nonvanishing SMEFT
operator.

Figure 3 shows constraints on the B — L and mirror
hypercharge models for M = 4 TeV, including all con-
tributions up to O(1/A*). For both models, the strongest
limits come from measurements of do/dm,, and the
weakening of the limits for nonzero e and the flat direction
in the mirror hypercharge model when 7, = —¢j, are
apparent. For the B — L case, we show in Fig. 4 the same
plot when considering only dimension-6 pieces to O(1/A?)
and O(1/A*). Since the EWPO SMEFT contributions scale
as (mY™*)2/ A2, they are mostly insensitive to the inclusion
of O(1/A*) terms. On the other hand, the DY constraints

B-L, My = 4 TeV

exhibit significant changes in shape owing to additional
energy enhanced four-fermion operator contributions.
However, these deviations occur primarily in a region
already excluded by EWPOs, and so the combined con-
straints are accurately captured by using only dimension-6
operators. This is further illustrated in Fig. 5 where we
show the combined results at two different values of M,
for the B — L and mirror hypercharge models. There are
significant shifts when going from 2 TeV to 4 TeV,
although the linear, O(1/A?), approximation using the
dimension-6 operators is sufficient to describe the physics
in these models at both mass benchmarks. As the LHC
collects more data and the DY observables become more
precise, the inclusion of the O(1/A*) terms will become
more important.

Figure 6 compares the results in the various Eq scenarios
including all terms up to O(1/A*), where the allowed
regions span distinct parameter spaces for the different
models. As before, in all cases, the tightest limits come
from do/dmy,, with Apg playing very little role. This is to
be compared with the results of Ref. [102], which found
significant constraints from Agg on specific dimension-8
coefficients that are not generated in the Z’' models we
consider. This suggests that any conclusion about the
importance of dimension-8 contributions is model depen-
dent. The largest deviations from the dimension-6 only fit
for the E¢ scenarios are in the cases of the # model and the
Q,, model. We show the breakdown for these two cases in
Fig. 7, where the (dimension-6)? contributions eliminate an
approximate flat direction and make a meaningful impact.

Mirror Hypercharge, My = 4 TeV

6 ; . . 6 . . .
\ — EWPO
— do/dmy
At 4t 1
Arp
\ J
Combination 1
2¢ 2¢ 1
€ Of € 0Of .
-2r — EWPO _9t J
— dO’/dmll \ N
—4r Arp —4r :
Combination \
e N 6L ‘ L ‘
-2 -1 0 1 -2 -1 0 1 2
9D 9o

FIG. 3.

95% CL constraints in the (gp,¢) plane for the B — L and mirror hypercharge models with a benchmark mass of

M, = 4 TeV. We show both separately and in combination current constraints from EWPO, DY do/dm . and high invariant mass Agg,

including all terms up to O(1/A%).
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B-L, My = 4 TeV, Dim-6, A~

L — T T

-2[ — EWPO K/\\
[ — do/dmy

B-L, My = 4 TeV, Dim-6, A~

1 -2r _ EWPO 1
| — do/dmy
—47 ArB \ ) -4r Arp 1
I Combination ] Combination
B T S e S -6 . T T N |
-2 -1 0 1 2 -2 -1 0 1 2
9D )

FIG. 4. 95% CL constraints in the (gp,€) plane for the B — L model with a benchmark mass of M, =4 TeV when neglecting
dimension-8 terms. The left plot shows the constraints including dimension-6 SMEFT contributions up to O(1/A?), while the right also
includes (dimension-6)> O(1/A*) terms. We show both separately and in combination current constraints from EWPO, DY do/dm,,,

and high invariant mass Agg.

Mirror Hypercharge

T —T

es Mz =2 TeV — Dim-6, A2
— My =4 TeV — Dim-6, A™

Dim-8 1

B-L
4 T T T T T T T T T T T T T T T T T T T 4
. My =2 TeV— Dim-6, A2 |
— My =4 TeV— Dim-6, A™* |
2 Dim-8 1 2K
€ 0r B € 0 L
9t 1 =27
4 . . . 4
-1.0 -0.5 0.0 0.5 1.0 -1.0

9D

-0.5 0.0 0.5 1.0
9D

FIG.5. Comparison of the 95% CL constraints in the (g, €) plane when keeping up to linear dimension-6, (dimension-6)?, and linear
dimension-8 contributions to the electroweak precision and Drell-Yan observables. We show results for B — L (left) and mirror
hypercharge (right) Z' models for a benchmark mass of M, = 2(4) TeV as dashed (solid) lines.

However, dimension-8 contributions are still small correc-

tions, even at M, = 2 TeV.

For an example where we relax flavor universality, we
show results for the L, — L, model in Fig. 8 in the (gp, €)

plane. In the left plot, we show for a benchmark mass of

Mz = 4 TeV, the breakdown of the limits from EWPOs
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Es (Qy), Mz =4 TeV Es (Q), Mz =4 TeV Es ), Mz =4 TeV
6 6 6
—EWPO —EWPO —EWPO
7da'/dm” —dU’/dm” 7d0'/dmu
4 4r 4
Arp Arp /
— Combimation — Combination / — Comblnatl
’ I 2 \
€ 0 € 0 € 0
-2 ) -2¢ -2 \
—
4 4 7 4
-6 -6 -6
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
9p 9p 9D
Eg (Inert), My = 4 TeV Eg (Neutral), My = 4 TeV Eg (Secluded sector), My = 4 TeV
6 6 6
—EWPO —EWPO —EWPO
4 —dU’/dmll 4t —dU’/dmll 4 7d0'/dmu
Arp Arp Arg
) — Combination — Combinatio — Combination
€ 0 € 0 € 0
2 -2t -2
4 _af -4
-6 -6 -6
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
9p 9p 9D

FIG. 6. 95% CL constraints in the (g, €) plane for the Eg models we consider with a benchmark mass of M, = 4 TeV. We show
both separately and in combination current constraints from EWPO, DY do/dm,,, and high invariant mass Agg including all terms
up to O(1/A%).

Es (1) Es (Qy)
3 T T T 3 T T T
— Dim-6, A2 ... My =2 TeV — Dim-6, A2 ... My =2 TeV
2,—Dim—6,A‘4 — My =4TeV ] 2 — Dim-6, A™* — My =4TeV]
Dim-8 Dim-— 8
1t
€ € Or
-1r
—_2r ]
_3 . . . _3 . . .
-2 -1 0 1 2 -2 -1 0 1 2
9o 9D

FIG.7. Comparison of the 95% CL constraints in the (g, €) plane when keeping up to linear dimension-6, (dimension-6)?, and linear
dimension-8 contributions to the electroweak precision and Drell-Yan observables. We show results for the 7 (left) and Q,, (right) Eq
models for a benchmark Z' mass of M, = 2(4) TeV as dashed (solid) lines.
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Le-L,, My = 4 TeV

2 ‘
— DY efe” \
— DY ptu”

1+— EWPO
— Combination
%
€ 0Or

FIG. 8.

e My =2 TeV
L —_ MZ' =4 TeV
-1.0 : : ‘ ‘
-1.0 -0.5 0.0 0.5 1.0

Le-1,,

9o

95% CL constraints in the (gp.€) plane for gauged L, — L,. (left) We show current constraints from DY e"e™ and 't pu~

production (combining do/dm,, and Agg) and EWPO for a benchmark mass of 4 TeV. (right) For the combination of EWPO’s and DY,
we show the impact on the constraints when keeping SMEFT contributions up to linear dimension-6, quadratic dimension-6, and linear

dimension-8.

L—=L., My = 4 TeV

Le~L., My = 4 TeV

4 ‘ : 4 ‘ ‘
—DY ete t —DY ete
—DY p'ym I —DY ptu”
EWPO I —EWPO
2[ __Combination / 1 21" __Combination / 1
€ 0 0
/ | [/ |
y | | | . / |
-4 -2 0 2 4 -4 -2 0 2 4

9D

FIG.9. 95% CL constraints in the (gp. €) plane for gauged (left) L, — L, and (right) L, — L,. We show current constraints from DY
ete™ and uTpu~ production (combining do/dm,, and Agg) and EWPO for a benchmark mass of 4 TeV.

Since only the leptons are charged under the U(1) L1, N

this model, the only contributions to DY have a factor of ¢,
generating a flat direction when ¢ = 0 that is bounded by

EWPOs from the operator C;ll ) [1221]. The contributions to

(1)

DY are dominated by contributions from the operators C;’,

Cye» Cou» and C,4. For the DY e"e™ and p*pu~ channels

separately, when gp = Q,,de, the contribution to C,,,

C,., and C,; cancels, while when gp :%Qe#g’e, the

contribution to Cg;)

the approximate flat directions seen in the DY e*e™ and

cancels. These cancellations lead to
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upu~ channels separately, which are removed when com-
bining the two since the charges Q, , of the electrons and
muons are different under U(1), _ 1,- The right plot shows

the impact of the (dimension-6)*> and the dimension-8
contributions for M, = 2 TeV and M, = 4 TeV, where
consistently including up to O(1/A*) leads to a 2¢
constraint on ¢gp up to ~30% tighter that from the
O(1/A?) result when ¢ =0, even for My =4 TeV.
Once again, this shift is driven primarily by the
(dimension-6)? terms, while the dimension-8 terms are a
small correction.

Results for the other two lepton number difference
models, L, — L, and L, — L., are shown in Fig. 9. In

these cases, the operator Cgll )[1221] is not generated, so

¢ = 0 is a true flat direction. However, if there is a nonzero
€, constraints on gp quickly reemerge, leading to con-
straints of a similar size as the L, — L, model. Inclusion of
DY t"7z~ data may improve the bound on ¢, but would
not resolve the flat direction when e = 0. Inclusion of
additional observables sensitive to lepton flavor such as
¢~ — vt at a future lepton collider would be neces-
sary to fully remove this flat direction.

V. CONCLUSION

We have considered SMEFT matching to Z' models
including all terms of dimension-6 and dimension-8. An
arbitrary kinetic mixing term is also consistently included
and leads to approximate blind directions. Restrictions
on the model parameters are then derived in the SMEFT
framework from EWPOs and from DY my,, and Agg
distributions at the LHC. In all cases, Agg plays little role.

The impact of the dimension-8 contributions is small,
while the O(1/A*) terms from the (dimension-6)> coef-
ficients have a significant numerical effect, as does the

presence of a nonzero kinetic mixing. Our limits on a heavy
7' mass range from 2—12 TeV and demonstrate the model
dependence of the SMEFT fits. Our results are of the same
order of magnitude as SMEFT fits to a heavy Z’' with
generic couplings to SM particles and illustrate the impor-
tance of considering complete UV models for obtaining
precise limits.

Of course, the operators we have considered may be
probed in other datasets as well. For example, a number of
other low-energy probes of four-fermion operators at
dimension-6 were studied in [117], where they can some-
times be dominant. Low-energy parity violation measure-
ments were shown in [118] to break some flat directions
present when considering Drell-Yan data alone, as well as
to disentangle dimension-6 and dimension-8 effects. It
would be interesting to see how the Z' model constraints
are impacted when including these additional constraints in
a global fit.
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