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1 Introduction

The ongoing exploration of the high-energy frontier at the LHC strongly suggests that
the only fundamental degrees of freedom at the weak scale are the Standard Model (SM)
ones. Moreover, their perturbative interactions are well described by the most general
renormalizable SM Lagrangian invariant under the SU(3) x SU(2) x U(1) local symmetry.
A large number of precision measurements has been performed in order to test the SM
predictions. The motivation is that some unknown heavy particles may affect the coupling
strength or induce new effective interactions between the SM particles.

One framework designed to describe such effects in a systematic fashion goes under
the name of the SM Effective Field Theory (SMEFT). In this approach, the SM particle
content and symmetry structure is retained, but the usual renormalizability requirement
is abandoned such that interaction terms with canonical dimensions D > 4 are allowed
in the Lagrangian. These higher-dimensional operators encode, in a model-independent
way, the effects of new particles with masses above the weak scale. One can then analyze
experimental searches once and for all within this framework. The output of such analysis,
namely numerical values for the Wilson coefficients of higher-dimensional operators, can
then be applied to any new physics model covered by the SMEFT. Significant progress
has been recently achieved concerning the automation of this EFT matching [1-6]. The
efficient SMEFT program should be compared with model-dependent studies where non-
trivial hadronic effects, PDFs, radiative corrections, experimental errors, cuts, etc., have
to be taken into account for each model.

Assuming lepton number conservation, leading SMEFT contributions are expected to
originate from dimension-6 operators [7, 8]. There is a vigorous program to characterize the
effects of the dimension-6 operators on precision observables and derive constraints on their
Wilson coefficients in the SMEFT Lagrangian [9-49]. Most of these analyses assume that
the dimension-6 operators respect some flavor symmetry in order to reduce the number of
independent parameters. On the other hand, refs. [32, 43] allowed for a completely general
set of dimension-6 operators, demonstrating that the more general approach is feasible.

This paper further pursues the approach of refs. [32, 43|, providing new constraints on
the SMEFT where all independent dimension-6 operators may be simultaneously present
with an arbitrary flavor structure. We compile information from a plethora of low-
energy flavor-conserving experiments sensitive to electroweak gauge boson interactions with
fermions and to 4-fermion operators with 2 leptons and 2 quarks (LLQQ) and 4 leptons
(LLLL). There are two main novelties compared to the existing literature. First, precision
constraints on the LLQQ operators have not been attempted previously in the flavor-generic
situation. Therefore our results are relevant to a larger class of UV completions where new
physics couples with a different strength to the SM generations. Note that, in particu-
lar, all models addressing the recent B-meson anomalies (see e.g. [50-54]) must necessarily
involve exotic particles with flavor non-universal couplings to quarks and leptons. Our
analysis provides model-independent constraints that have to be satisfied by all such con-
structions. Second, we include in our analysis the low-energy flavor observables (nuclear,
baryon and meson decays) recently summarized in ref. [55]. At the parton level these pro-



cesses are mediated by the quark transitions d(s) — ufw,, hence they can probe the LLQQ
operators. We will show that for certain operators the sensitivity of these observables is
excellent, such that new stringent constraints can be obtained. Moreover, the low-energy
flavor observables offer a sensitive probe of the W boson couplings to right-handed quarks.

Our analysis is performed at the leading order in the SMEFT. We ignore the effects of
dimension-6 operators suppressed by a loop factor, except for the renormalization group
running within a small subset of the LLQQ operators. Moreover all dimension-8 and
higher operators are neglected, and only the linear contributions of the dimension-6 Wilson
coefficients are taken into account. The corollary is that the likelihood we obtain for the
SMEFT parameters is Gaussian. All in all, we provide simultaneous constraints on 61 linear
combinations of the dimension-6 Wilson coefficients. In this paper we quote the central
values, the 68% confidence level (CL) intervals, while the correlation matrix is provided in
the attached Mathematica notebook [56]. That file also contains the full likelihood function
in an electronic form, so that it can be more easily integrated into other analyses.

The outline of the paper is the following. section 2 introduces the theoretical framework
and the necessary notation. section 3 presents the experimental input of our analysis.
section 4 contains the results of our fit, in the general case and in some interesting limits.
Finally section 5 discusses the interplay with LHC searches, and section 6 contains our
conclusions.

2 Formalism and notation

2.1 SMEFT with dimension-6 operators

Our framework is that of the baryon- and lepton-number conserving SMEFT [7, 8]. The
Lagrangian is organized as an expansion in 1/A2, where A is interpreted as the mass scale
of new particles in the UV completion of the effective theory. We truncate the expansion
at O(A~?), which corresponds to retaining operators up to the canonical dimension D=6
and neglecting operators with D > 8. The Lagrangian takes the form

Ci ~D—

where Lgy is the SM Lagrangian, v = (v2Gr)~1/? ~ 246 GeV, each OP=6 is a gauge-
invariant operator of dimension D=6, and ¢; are the corresponding Wilson coefficients that
are O(A=2). OP=% span the complete space of dimension-6 operators, see refs. [57, 58] for
examples of such sets.

In order to connect the SMEFT to observables it is convenient to rewrite eq. (2.1) using
the mass eigenstates after electroweak symmetry breaking. Then the effects of dimension-6
operators show up as corrections to the SM couplings between fermion, gauge and Higgs
fields, or as new interaction terms not present in the SM Lagrangian. The discussion
and notation below follows closely that in section I1.2.1 of ref. [59]. We define the mass
eigenstates such that all kinetic and mass terms are diagonal and canonically normalized.
We also redefine couplings such that, at tree level, the relation between the usual SM input
observables G, a, myz and the Lagrangian parameters g, gy, v is the same as in the



SM. See ref. [59] for complete definition of conventions and the complete list of interaction
terms with up to 4 fields. In the following we only highlight the parts of the mass eigenstate
Lagrangian directly relevant for the analysis in this paper.

One important effect from the point of view of precision measurements is the shift of
the interaction strength of the weak bosons. We parametrize the interactions between the
electroweak gauge bosons and fermions as

LD eA” Z Qr(f1o,f1 + fionfi)

f=u,d,e

+% [Wﬂ*pfau((su + 60V )es + WHE G, (VU + [@M U) dy+ h.c.}

-1—% [W‘“Lufau [592/‘1} . 15 + h.c.}

+1\/97 + 93 2" f:%:e Vfﬁu ((T;f — 83Q )01 + [&(Jff] U) fr

g+t 2" S fiou (~s3Qson + 09| ) TS (2.2)
f=u,d,e

Here, g1, gy are the gauge couplings of the SU(2)z x U(1)y local symmetry, the electric cou-
pling is e = gr.gy/1/97 + g3, the sine of the weak mixing angle is sy = gy /4/ g7 + 9%, and
1,J =1,2,3 are the generation indices. For the fermions we use the 2-component spinor for-
malism and we follow the conventions of ref. [60], unless otherwise noted.! The SM fermions
f7, f§ are in the basis where the mass terms are diagonal, and then the CKM matrix V'
appears in the quark doublets as qr = (ur, V7jdy). The effects of dimension-6 operators

are parameterized by the vertex corrections dg that in general can be flavor-violating. For
Vs
L/R’
The vertex corrections can be expressed as linear combinations of the Wilson coeffi-

flavor-diagonal interactions we will employ the shorter notation [5g‘L//f R] JJ = 6g

cients ¢; in eq. (2.1), see appendix A for the map to the Warsaw basis. We find more
transparent to recast the results of precision experiments as constraints on dg’s. This
is completely equivalent, provided one takes into account that not all dg’s in eq. (2.2)
are independent.? Indeed, the mapping between the vertex corrections and the Wil-
son coefficients implies the relations [0gZ¥];; — [0gZ¢]1; = [69¥ €17, and ngVq]U =
697116 Vics — Vi 697k s-

In this paper we focus on flavor-conserving observables that target flavor-diagonal
Wilson coefficients. We will express the experimental constraints using the following set of
independent flavor-diagonal vertex corrections:

Z Z W 4 Z Zd Zd W
697", 0gr™t, dgy ', 097", 0gR™, 091", 0gR™, dgp . (2.3)

!Compared to [60], we use a different normalization of the antisymmetric product of the o matrices:
O = 5(0u0y — 00Gu), Guv = 5(Tuoy — Tuop).

2More generally, it is often convenient to parametrize the space of dimension-6 operators using dg’s and
other independent parameters in the mass eigenstate Lagrangian that are in a 1-to-1 linear relation with
the set of Wilson coefficients ¢; [24]. One example of such parametrization goes under the name of the

Higgs basis and is defined in ref. [59].



Chirality conserving (I,J =1,2,3) | Chirality violating (I, J = 1,2,3)

(Ol 1105 = (£15,41)(qs5"qy) [Otequlirsy = (Ee$)ein(dhas)

[Og’)]nu = (016,01)(gs6"0"qy) [Oézu]ny = (06,8 €j1(T55,,T5)

(uSohas) [Otedgl 1177 = (@éfr) (dCJqJJ')

Table 1. Flavor-conserving 2-lepton-2-quark operators in the SMEFT Lagrangian of eq. (2.1).

One flavor (I =1,2,3) Two flavors (I < J =1,2,3)
[Oudlr11r = 5(€16,07)(€15+4r)

[Ocelr1rr = (£16,Lr)(e50"€5)

(
[Ocelrrr = (efouei)(ejore]) | [Oceliry = (efouef)(eGores

Table 2. Flavor-conserving 4-lepton operators in the SMEFT Lagrangian of eq. (2.1).

The vertex corrections correspond to 24 linear combinations of dimension-6 Wilson coef-
ficients, 3 of which are complex (those entering 5921(1). We consider only CP-conserving
observables, thus the imaginary part enters at the quadratic level and is neglected. To
simplify the notation we will omit Re in front of complex Wilson coefficients.

In this paper we will also discuss constraints on flavor-diagonal 4-fermion operators in
the SMEFT Lagrangian of eq. (2.1). We work with the same set of 4-fermion operators
as in ref. [57] and employ a similar notation.?> The main focus is on the flavor-conserving
2-lepton-2-quark dimension-6 operators (LLQQ) summarized in table 1, and defined in
the flavor basis where the up-quark Yukawa matrices are diagonal. Overall, there are
10 x 3 x 3 = 90 such operators, of which 27 (the chirality-violating ones) are complex.
In the latter case the corresponding Wilson coefficient is complex, and the Hermitian
conjugate operator is included in eq. (2.1). For the sake of combining our results with
those of ref. [43], we also list in table 2 the 27 flavor-conserving 4-lepton operators (LLLL),
3 of which are complex ([Oye]rs1)-

30ne difference is that for operators with the SU(2)r, singlet contraction of fermionic currents we omit
the superscript 1) We also rename Qge — Qeq so that the first (last) two flavor indices of all LLQQ
operators correspond to the leptons (quarks).



All in all, our analysis eyes 147 linear combinations of dimension-6 operators displayed
in eq. (2.3), table 1, and table 2. The observables discussed in this paper will not depend
on all of them, and thus we will be able to constrain only a limited number of the com-
binations. In particular the operators involving the 3rd generation fermions are currently,
with a few exceptions, poorly constrained by experiment. Nevertheless, the constraints we
derive are robust, in the sense that they do not involve any strong assumptions about the
unconstrained operators, other than the validity of the SMEFT description at the weak
Wﬁ) corrections, which
arise at one loop in the SMEFT and inevitably introduce dependence of our observables on

scale. We assume that our results are not invalidated by (’)(

other D=6 Wilson coefficients. We will also treat V' as the unit matrix when it multiplies
dimension-6 Wilson coefficients. This ignores all contributions to observables where the
Wilson coefficients are multiplied by an off-diagonal CKM element.*

Last, we will also particularize our results to more restrictive scenarios, such as the
so-called flavor-universal SMEFT, where dimension-6 operators respect the U(3)® global

flavor symmetry acting in the generation space on the SM fermion fields ¢, ¢, u¢, d°, e°.

2.2 Weak interactions below the weak scale

Precision experiments with a characteristic momentum transfer Q < myz can be conve-
niently described using the low-energy effective theory where the SM W and Z bosons are
integrated out. In this framework, weak interactions between quark and leptons are me-
diated by a set of 4-fermion operators. Within the SM, these operators effectively appear
due to the exchange of W and Z bosons at tree level or in loops, and their coefficients
can be calculated by the standard matching procedure. Once the SM is extended by
dimension-6 operators, these coefficients may be modified, either due to modified propaga-
tors and couplings of W and Z, or due to the presence of contact 4-fermion operators in
the SMEFT Lagrangian.

Below we define the low-energy operators that are relevant for the precision measure-
ments we include in our analysis. We follow the PDG notation [61] (section 10), and we
present the matching between the coefficients of the low-energy operators and the param-
eters of the SMEFT.

2.2.1 Charged-current (CC) interactions: qq’fv

The low-energy CC interactions of leptons with the 1st generation quarks are described by
the effective 4-fermion operators:

W

Lt > -3 (1 —I—E‘lf") (@15 ,0) (@5"d) + 4% (2 55 ) (uCo™d°) (2.4)
EdeJ +€d€J edeJ_EdEJ - .
%(GSVJ)(UCCZ) + %(BSVJ)(ﬂdC)+€TEJ (ejouwvy)(uoud)+h.c.

4Such an approach is not completely satisfactory, since the Cabibbo angle is not small enough to always
justify neglecting it. However, including the new physics contributions suppressed by the Cabibbo angle
would require extending our analysis to include flavor-violating observables, which we leave for future
publications. On the other hand, one naively expects the neglected operators to be severely constrained by
other observables where the CKM suppression is not present, which would justify our approximation.



To make contact with low-energy flavor observables, we defined the rescaled CKM matrix
element ffud [55]. Tt is distinct from the actual V4, i.e., the 11 element of the unitary matrix
V that appears in the Lagrangian after rotating quarks to the mass eigenstate basis. The
two are related by V,q = f/ud(l + 6Vyuq) where 0V,4 is chosen such as to impose the relation
ele = —€d¢ in eq. (2.4).5

Let us note that in general V4 is also different from the phenomenological value ob-
tained within the SM, which we will denote by VUP;DG. Currently this value comes from
superallowed nuclear beta decays [62] that depend on the vector couplings via the com-
bination E”Lle + edRe. By setting €dL€ = —ER, this nonstandard effect has been conveniently
absorbed into the definition of V4. However, the relevant transitions also depend, each
in a different way, on the scalar coefficient e‘é‘f. Thus V4 and VU}ZDG only coincide if edse
vanishes, whereas in general it is not possible to redefine away all new physics contributions
through ‘N/ud. For this reason we treat f/ud as a free parameter that is fit together with the
EFT Wilson coefficients [55]. In principle the difference between V,q and V.PPS must be
taken into account every time the latter is used to calculate any given SM prediction. In
practice, this effect will be negligible in most cases, given the strong constraints on efée from
the same nuclear decay data, cf. eq. (3.17).

At tree level, the low-energy parameters are related to the SMEFT parameters as

1
Wua = 59Wq1 - 59Wq1 =+ 59L - 5[635]1221 + [Cl(s)]nn,

w
6c}l%e — _6%6 — 693 q17
3 3
e = —5gp ™+ 5g) " — gy + [cl(q)]un — [Cl(q)]2211,
deJ 1
€s" = 75 ([ctequl 711 + [ciedql711) -
1
d *
€p’ = 9 (lctequl 711 — letedgl 7 11) »
1
d 3
er’ 5[ z(egu]uua (2.5)
As indicated earlier, at O(A~2) we treat the CKM matrix as the unit matrix. In this limit,

the effective parameters in eq. (2.4) depend only on flavor-diagonal vertex corrections and
4-fermion operators. See appendix B for more general expressions where non-diagonal
elements of V' are retained. Note also that the rescaled CKM matrix is no longer unitary.
In particular we have |V,q|? + [Vus|? & 1 + Ackm, where

Ackm = —26V,q = %qul + 259Wq1 259}5{/“ + [coel1221 — 2[61(2)]1111- (2.6)

Although the extraction of the V,s element is also affected by dimension-6 operators, their
contribution to this unitarity test is suppressed by V,,s and therefore it can be neglected in
our approximation (V = 1 at order A=2). See eq. (B.5) for the complete expression.

®The bar in the E‘lf“’ coefficient reminds the reader that this coefficient is not the usual edLeJ (see e.g.
ref. [55]) where the shift of new physics effects into Vi,q is not carried out. These two are trivially related
by Vua (14 €57) = Via (1 + 7).



2.2.2 Neutral-current (NC) neutrino interactions: gquv

The low-energy NC neutrino interactions with light quarks are described by the effective
4-fermion operators:

2 J— 14 —— 14
Log D —?(VJO'NVJ) (977109 + 9773 q o) - (2.7)

At tree level, the low-energy parameters are related to the SMEFT parameters as

91 = % - 223 + 097" + ( - 4?) g7 — %([Clq]JJll + [ng)hjll)a

grn = —2353 + 6gat — 43359?'" - %[Clu]JJll,

91 = —% + bf +g7? — (1 - 2;3) 597" — %([clq]JJll ~ [ 7m),

9k = 833 + 697" + 2383595"" - %[Cld]JJlL (2.8)

The experiments probing these couplings usually normalize the NC cross section using its
CC counterpart. Thus, it is convenient to define the following combinations of effective

couplings:
(97, LR)2 + (gZJLCiLR)Q 9221;LR
(92§R>2 = / — , GZ?R = arctan | — - , (2.9)
ey g
(1 +€; ) LL/LR

where we took into account that SMEFT dimension-6 operators modify in general both
NC and CC processes. Let us notice that additional (linear) effects in the normalizing CC
process due to edRe and eféfj;,T can be neglected because they are suppressed by the ratio
mymq/E? and me ,/ E respectively. The effect due to the possible difference between Vi
and VuIZDG can also be safely neglected here, given the limited precision of the neutrino
scattering experiments included in our fit. Last, the same holds for the 6V, 4 contribution

that appears if the unitarity of the CKM matrix is used in the SM determination.

2.2.3 Neutral-current charged-lepton interactions: gq#¢

We parametrize® the 4-fermion operators with 2 charged leptons and 2 light quarks as

1 . - . )
LD — (gt Emsen) @) + 974 (Ervues) (@vusq)]

202
1 _ _ _ _
t5,2 (9 eryuer)(@rua) + 954 (erurser)(@vunrs9)] » (2.10)

%For the parity-violating electron couplings, another frequently used notation is g% = Ciq, g%y = Caq.



where we momentarily switch to the Dirac notation with vsv¢; = =1, vs¢¥r = +¢g. At
tree level, the parameters gggg, are related to the SMEFT parameters as

eju 1 4 2 Zu Zu 3— 853 Zey Zey
gav = 5 T35~ (697" + d9R") + 3 (59L —0g9p )
+1 [6(3) — Clg — Cly + Ceq + ceu}
2 [l 4 1 JJi’
1 2 3 —4s2
d Z Z
o = 5= g = (k! + k') = == (d0f" — 8a”)
—l—l —0(3) — Clg — Cld + Ceqg + C
9 lq lq Id eq ed JJ11’

1
Gt = 24253 — (1 - 4s3) (607" — aaF") + (807 + )

L1
t5 Gy — Clgt Clu— Ceqgt Ceu

2 Ji’
1
d Z A
9V = 5 — 285 — (1 4s)) (697~ 895") ~ (0977 + 8977
Lr @
+§ [—clq —Clg+Cd— Ceqg T ced} .
1 [
gi&ﬁl’ =5+ 5-95“ - 5gIZ%u - 5.9%6] + 59]Z%EJ + = [_Cl(q) + Clg — Cly — Ceq + Ceu] 5
2 2 JJ11
1 173
9if = =5 + 00" — S9F! + 07" — g5t 4 5 [y g — - eeq +ea] |
(2.11)

We do not display the expressions for g‘e}"q/ here because they will not be needed in the
following.

2.2.4 Four-lepton interactions: ££6¢ and £lvv

Although the main focus of this work are the LLQQ operators, in this section we provide
a few expressions concerning 4-lepton operators that will be needed in our subsequent
phenomenological analysis. First, we parametrize the v-e interaction in the effective theory
below the weak scale as:

r,_ _ _ _
L2 =5 wsouws) [(9537 +97i") (€ropen) + (977" — 9r4") (efoued)] . (2.12)
Matching to the SMEFT one finds
vjer 1 2 Wer We Wu 1
gry' =015 — 3 +2sp + 675 | 209, " —dgp € —dg; " + 5[@%]1221

y 1
— (1 —483) 897" + 897" + 6975 — = (w15 + [ceegarr)

2
1 1
QZTI = (SIJ - 5 + (5IJ (2695/81 - 692/6 — (59}}}/” + 2[0[@]1221)
1
—6g7" + 097 — 897 — 5 (w1s — leeelsann), (2.13)

2

where Trjg = [Cg[][[]J if 1 < J or Trjg = [ng]]][[ otherwise.



Last, we parameterize the parity-violating self-interaction of electrons in the effective
theory below the weak scale as

1
LD 272926\/ [—(eoye)(eaye) + (e‘ouef)(e‘ouel)] , (2.14)

with the following SMEFT expression

1

1 1
giev = 5 — 255 -2 (1 — 283) 6956 — 45359]%6 — 5[0%]1111 + 5[666]1111 . (215)

2.3 Renormalization and scale running of the Wilson coefficients

In general the Wilson coefficients display renormalization-scale dependence that is to be
canceled in the observables by the opposite dependence in the quantum corrections to the
matrix elements. Let us first discuss the QCD running, which can have a numerically
significant impact due to the magnitude of the strong coupling constant «g. This effect
is further enhanced by the large separation of scales of the experiments discussed in this
work (from low-energy precision measurements to LHC collisions). Among the coefficients
involved in our analysis, only the three chirality-violating ones, cjequ; Ciedq, cgu (i.e. edstj PT
in the low-energy EFT), present a non-zero 1-loop QCD anomalous dimension, namely [63]

B} 40 0
Zi’;(“) :O‘;(:) 0 —4 0 | &), (2.16)
s 0 0 4/3

where Z refers to the SMEFT coefficients ¢ = (ciedq, Ciequ, cl(ggu) if the scale u is above the
weak scale or to the low-energy EFT coefficients € = (e¥, ¢X, ¢¥) below it. We find that
higher-loop QCD corrections to the running are numerically significant, and we include
them in our analysis.”

On the other hand we neglect in this work the electromagnetic/weak running of the
SMEFT Wilson coefficients, which is expected to have a much smaller numerical importance
simply due to the smallness of the corresponding coupling constants. There is however one
exception to this, namely the chirality-violating operators discussed above, for two reasons:
(i) contrary to the QCD running, the QED/weak running involves mixing between these
operators; (ii) pion decay makes possible to set bounds of order 10~7 on the pseudoscalar
coupling e%(ulow), which can give important bounds on scalar and tensor via mixing
despite the smallness of ap,. In order to take into account this effect, eq. (2.16) has to be

replaced by

Zlaf;(gu; _ <ae72nTEM)% I 045255)%> #(p), (2.17)

"We use the 3-loop QCD anomalous dimension [64], and we include the threshold corrections at my and
my extracted from refs. [65] and [66] for scalar and tensor operators respectively. See ref. [67] for further
details.

~10 -



where we will use the 1-loop QED (electroweak) anomalous dimension, 7, = VYem(w)s tO
evolve the coefficients € (¢) below (above) the weak scale [67-70]:

4
20 4 5z 0 0
— 2 — 1L 549
Yem=| 0 3 4 |, 7w 0 6c2 2tz | (2.18)
1 1 _ 20 0 5 4. 38 1 _ 3
2424 9 16c2 " 1657 93 2s2

where we neglect terms suppressed by Yukawa couplings [70, 71]. Integrating numerically
the coupled differential renormalization group equations we find

edf 0.58  1.42x10750.017\ [ ¥
e = | 142x107% 058  0.017 e , (2.19)
dl —4 —4 dl
T ) (11 = my) 1.53 x 107* 1.53 x 10~* 1.21 ) (4= 2Gev)
Cledq 0.84 0 0 Cledq
Clequ — 0 084 016 clequ . (220)
(3) -3 (3)
Clequ (1 =1TeV) 0 3.3x107° 1.04 Clequ (1 = my)

These results use the QCD beta function and anomalous dimensions up to 3 loops, and we
included the bottom and top quark thresholds effects, see ref. [67] for details. The diagonal
entries would change by ~ 12% if just 1-loop QCD running were included, while two-loop
results differ by only ~ 1.5%. In our subsequent analysis we will use the numerical results
in eq. (2.19) and eq. (2.20).

3 Low-energy experiments

3.1 Neutrino scattering

Neutrino scattering experiments measure the ratio of neutral- and charged-current neutrino
or anti-neutrino scattering cross sections on nuclei:
O'(ViN—>I/X) O’(DZ'N—>DX)

R, = . Ry = . 3.1
" 0N = [ X) " o(iN — [T X) (8:1)

At leading order and for isoscalar nucleus targets (equal number of protons and neutrons)
one has the so-called Llewellyn-Smith relations [72]:

Ry, = (%) +7(d%)% R = (g¥)* +r7Ygh)%, (3.2)

where r is the ratio of v to v charged-current cross sections on N that can be measured
separately, and the effective couplings gzi/ p are defined in eq. (2.9). In some experiments
the beam is a mixture of neutrinos and anti-neutrinos, and the following ratio is measured

o(vuN - vX)+o(;N - vX)
o(viN = €; X) + o(;N — (7 X)
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Experiment Observable | Experimental value | SM value | Ref.
R, 0.3093 + 0.0031 0.3156 [74]

CHARM (r = 0.456 :
(r ) Ry, 0.390 £ 0.014 0.370 [74]
R, 0.3072 £+ 0.0033 0.3091 [75]

CDHS (r = 0.393 "
(r ) Ry, 0.382 £0.016 0.380 [75]
CCFR K 0.5820 + 0.0041 0.5830 [76]

Table 3. The results of muon-neutrino scattering experiments most relevant for constraining
dimension-6 operators in the SMEFT. The SM values of R,, and x include subleading correc-
tions [77], whereas those of R;, are the tree-level values, which should be sufficient taking into
account the larger experimental errors.

ve data. The CHARM experiment [73] made a measurement of electron-neutrino scat-
tering cross sections:

RVeDe = 0406t8%§g7 (34)

where the uncertainties quoted here and everywhere else in this work are 1-sigma (68%C.L.)
errors. To avoid dealing with asymmetric errors we approximate it as R, 5, = 0.41 +£0.14,
and we estimate the SM expectation as Rls,i\f[—,e = 0.33. To our knowledge, this weakly
constraining measurement is currently the best probe of the electron-neutrino neutral-
current interactions.

v, data. For the muon-neutrino scattering the experimental data are much more abun-
dant and precise. We summarize the relevant results in table 3. The observable k measured
in CCFR probes the following combinations of couplings [76]:

v vud v vud
0.0916 | (g7")% = (9732 | +0.0782 [ (g7)% = (975)?
(1+e)?

K= 1.7897(g}*)*+1.1479(g4)* —

(3.5)
The additional small dependence on the difference of the up and down effective couplings
appears when one takes into account that the target (in this case iron) is not exactly
isoscalar. For the reasons explained in ref. [61], in our fits we do not take into account the
results of the NuTeV experiment.

The observables in table 3 constrain 3 independent combinations of the SMEFT coef-
ficients. Rather then combining these results ourselves, we use the PDG combination [61]
that also uses additional experimental input [78] from neutrino induced coherent neu-
tral pion production from nuclei [79, 80] and elastic neutrino-proton scattering [81, 82].
Although their precision is quite limited, their inclusion allows one to constrain the 4
muon-neutrino effective couplings to quarks [77]. The results of the latest PDG fit are [61]:

(97)? = 0.3005 £ 0.0028, (g4)? = 0.0329 = 0.0030,
07" = 2.50 + 0.035, O = 4.561032. (3.6)

The correlations are quoted to be small in ref. [61] and in the following we neglect them. We
symmetrize the uncertainty on g taking the larger of the errors, so as to avoid dealing with
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asymmetric errors. The corresponding SM predictions are given in table 4. To evaluate
their dimension-6 EFT corrections in eq. (2.8) we will use sj = 0.23865, which is the central
value in the MS scheme at low energies [61]. We neglect the error of the SM predictions
when it is much smaller than the experimental uncertainties; otherwise we combine it
in quadrature.

We note that LLQQ (and 4-lepton) operators can also be probed via matter effects in
neutrino oscillations, see e.g. [83, 84]. However, the resulting constraints are not available
in the model-independent form where all 4-fermion operators can be present simultane-
ously. Moreover, neutrino oscillations probe linear combinations of lepton-flavor-diagonal
operators and of the off-diagonal ones (which we marginalize over). For these reasons, we
do not include the oscillation constraints in this paper.

3.2 Parity violation in atoms and in scattering

Atomic parity violation (APV) and parity-violating electron scattering experiments access
the parity-violating effective couplings of electrons to quarks g%}, and gi/,. In particular,
APV and elastic scattering on a target with Z protons and N neutrons probe its so-called
weak charge Qy that is given by

Qu(Z,N) = =2 (22 + N)gily +(Z +2N)gsiy ) . (3.7)

up to small radiative corrections [61, 77]. The most precise determination is performed
in 133Cs, where Qw (55,133 — 55) ~ —376g%%, — 422¢%%,. Taking into account recent re-
analyses [85] of the measured parity-violating transitions in cesium atoms [86], the latest
edition of the PDG Review [61] quotes

QS = —72.62 £ 0.43, (3.8)

where the SM prediction is Q%ESM = —73.25 4+ 0.02 [61]. Other APV measurements, e.g.
with thallium atoms, probe slightly different combinations of the g%, couplings, although
with larger errors.

Instead, a very different linear combination of g}, and gf;ﬁ/ is precisely probed by
measurements of the weak charge of the proton, QEV = Qw (1,0), in scattering experiments
with low-energy polarized electrons. The QWEAK experiment [87] finds

Qb, = 0.064 4 0.012, (3.9)

where the SM prediction is Qy; gy = 0.0708 £ 0.0003 [61].

In order to access the effective couplings gf/q 4 one needs to resort to deep-inelastic
scattering of polarized electrons. Currently, the most precise of these is the PVDIS ex-
periment [88] that studies electron scattering on deuterium targets. The experiment is
sensitive to the following two linear combinations of effective couplings [88]:

APVDIS _ 1 156 x 1074 (2g§,“v — g%+ 0.348(205% — gsdA)>

AEVPIS — 2,022 5 107" (2051 — g5t + 0.594(205% — gi)) - (3.10)
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The measured values are [88]
APVDIS — (91,1 £4.3) x 1076, APVPIS — (—160.8 £ 7.1) x 1079, (3.11)

where the SM predictions are A7¢pf® = —(87.7+0.7) x 1076, AR = —(158.9 +£1.0) x
1076 [88].

The PDG combines the results of APV, QWEAK, and PVDIS experiments into cor-
related constraints on 3 linear combinations of gi?, and g%, [61]:

9%, + 29, 0.489 £ 0.005 —0.94 0.42
2% — g5, | = | —0.708+0.016 [,  p= —0.45 | . (3.12)
2¢8% — g¢y —0.144 £ 0.068

To disentangle gi, and g‘e/dA one needs more input from earlier (less precise) measure-
ments of parity-violating scattering. We include two results provided by the SAMPLE
collaboration [89]:

g — g8y = —0.042 £ 0.057,  g¢%y — gt = —0.12 £ 0.074, (3.13)
from the scattering of polarized electrons on deuterons in the quasi-elastic kinematic

regime at two different values of the beam energy. Combining the likelihood obtained
from eq. (3.12) with the SAMPLE results we find the following constraints:

595, 0.0033 £ 0.0054 —0.98 —0.37 —0.27
ed _
5g£uv _ | —0.0047+0.0051 | . 0.37 027 | (3.14)
595 —0.041 £ 0.081 0.94
59, —0.032 £0.11

Here 0g%, are shifts of the effective couplings away from the SM values, whose dependence
on the dimension-6 Wilson coefficients can be read off from eq. (2.11).

There are also results concerning effective muon couplings to quarks. A CERN SPS
experiment [90] measured a DIS asymmetry using polarized muon and anti-muon scatter-
ing on an isoscalar carbon target. The results can be recast as the measurement of the
observable bgpg defined as

3 d d
bsps = 5e202 <9ZA —2¢%% + )\(95,4 - 296&1)) ) (3.15)

where A is the muon beam polarization fraction. Two measurements of bgpg at different
beam energies and polarization fractions were carried out [90]:

bsps = — (1.47 £ 0.42) x 1072 GeV =2 for A = 0.81 = M = —1.56 x 1074 GeV 2,
bsps = — (1.74+0.81) x 1074 GeV =2 for A = 0.66 = baby = —1.57 x 1074 GeV 2 .
(3.16)
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3.3 Low-energy flavor

The partonic process d; — u;f¥, underlies a plethora of (semi)leptonic hadron decays.
Ref. [55] studied d(s) — ufp, transitions, such as nuclear, baryon and meson decays,
within the SMEFT framework and obtained bounds for 14 combinations of effective low-

energy couplings between light quarks and leptons (eff ).

Ignoring the CKM mixing
at O(A~2), the effective couplings of strange quarks depend only on flavor-off-diagonal
Wilson coefficients (see appendix B). Marginalizing over them, we obtain the likelihood for

6 combinations of effective couplings together with the V,,; CKM parameter:®

Vi 0.97451(38)
B a4 1. 088 0. 0.82 001 0. 0.01

AC;ZM (1.2+8.4) 10_2 088 1. 0. 073 001 0. 0.01

R —(1.3£1.7)-10 0. 0. 1 0. —0870. —0.87

ede =| (1.4£13)-1072 |, p=]08207 0. 1 001 0. 001 , (3.17)
e (4.0 +7.8) - 10~ 0.01 0.01 —0.87 0.01 1. 0. 0.9995

de a4 0. 0. 0 0 0 1 0

‘T (1.0£8.0)- 10 0.01 0.01 —0.870.01 1. 0. 1.

Al (1.9+3.8) - 1072

in the MS scheme at u = 2GeV. The effective couplings € were defined in section 2.2.1,
and A¢, ~ el — E%“ + 246?)“ . See appendix B for the complete likelihood [55] that also
involves the effective couplings of the strange quarks and allows one to constrain some
off-diagonal Wilson coefficients. Using eq. (2.19) we can run these results up to the weak

scale, where the matching with the SMEFT is carried out, cf. eq. (2.5) and eq. (2.6).

It is useful to recall the physics behind these bounds [55]. Roughly speaking, V,,4 and
e‘}{& pr were obtained comparing the total rates of various superallowed nuclear decays
and m — er,, as well as using various differential distributions in # — ery and neutron
decay. The co~mparison with I'(m — pv,) provides us with AdLP, and the combination of
the obtained V4 with Vs, extracted from (semi)leptonic kaon decays, makes possible to
extract Ackm.

3.4 Quark pair production in eTe™ collisions

Electron-positron colliders operating at center-of-mass energies above or below the Z mass
provide complementary information about 4-fermion operators containing electrons. Unlike
the low-energy experiments discussed above, they also probe flavor-conserving operators
with strange, charm and bottom quarks. Typically, the experiments quote the total mea-
sured cross section for o, = o(ete™ — ¢g) and the asymmetry A% B= %, where 05 B s
the difference between the cross sections with the electron going forward and backward in

the center-of-mass frame. In the presence of dimension-6 operators, at O(A~2) these cross

8There is a small (but nonzero) correlation with the effective couplings of strange quarks that we
marginalized over. This must be taken into account when going to specific scenarios. The full likelihood is
available in ref. [55].
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sections are modified as follows

S
2 (5AFq+5ABq) + (91%"’9}2’)2

1
00 = =— [—62(91%4'9%)5_% GG—m2)? (5BFq+5BBq)]

8rs

S R A R N4 R 7 R 7
+8 5 (g7 + 9%)72 (gfequCLL + gfegRqCLR + g}dequcRL + gIdegchRR)
) s —m%
1
802 €2Qq (cLr + cLr + ¢RL + CRR) (3.18)
2
oofB — —e2(g? 2;514 _SA 2 225753 5B
% 327s [ € (9L+9y)5_m22 (0AF Bg)+ (92+9v) (5 — m2)? (6Brq Bq)
2 2 S ~Zerd ~Zerd " ZenZ e~
"’m(gL + gy)is 3 <gLequCLL + 9595 crRr — 7GR cLr — gRequcRL>
3
_3271.1)2 eQQq (CLL + CRR — CLR — CRL) , (319)

where /s is the center-of-mass energy of the ete™ collision, §%7 = T})’ — ngf (i.e., the SM
values), and

6Arg = Qq (907°57" + 00% 35" + 97097 + 97 095") (3.20)
6Any = Qq (3075970 + 00%ea7" + 47097 + 350977

5Brg = 7 (577) o0t + o (957) 60+ (07)° 975077 + (o)’ 950002
5By = a7 (5727) 07" + o (577) oafic + (aF°)” 420077 + ()" 970607

For the up-type quark production, ¢ = uy, the four-fermion Wilson coefficients cxy in
eq. (3.18) and eq. (3.19) are given by

3
cLr = [ceglingg — [ng)]llJJa cLr = [ceu|1177,  CRL = [Cegl1177,  CRR = [Ceul1147, (3.21)

while for the down-type quark production, ¢ = d,
3
crr = [ceglingg + [Céq)]lley cLr = [cedhgg, Crr = [Ceqlitgg,  CRrRR = [Ced1107. (3.22)

ez . and Oyeqq do not enter at O(A~2) because they do not interfere

The operators Oyequ, o)
with the SM amplitudes due to the different chirality structure.

The LEP-2 experiment studied e*e™ collisions at energies above the Z-pole, ranging
from /s = 130 Gev to /s = 209 GeV. Available data includes the total cross section
0(99) =D y—uds.cpTq [91]; as well as the total cross section and forward-backward asym-
metry for the charm and for the bottom quark production [92]. This amounts to 5 distinct
observables, each measured at different /s. From eq. (3.18) and eq. (3.19), given the
energy dependence, each of these observables should resolve 4 different combinations of
dimension-6 Wilson coefficients.” In practice, the energy range scanned by LEP-2 is not

large enough to efficiently disentangle these different combinations. Therefore, in our fit

9Note that two of these combinations involve only vertex corrections though.
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we also include earlier, less precise measurements of heavy quark production below the
Z-pole. Specifically, we include the measurements from the VENUS [93] and TOPAZ [94]
collaborations of the c¢ and bb pair production at /s = 58 GeV (total cross sections and
FB asymmetries).

3.5 Other measurements

To increase the power of our global analysis, in this section we will combine the observables
described above with those considered previously in refs. [32, 43]. At this point there are
more parameters than observables, hence more experimental input is needed. The SMEFT
corrections to low-energy observables typically depend on linear combinations of 4-fermion
Wilson coefficients and vertex corrections dg. The latter can be independently constrained
by the so-called pole observables where a single W or Z boson is on-shell. We use the
set of pole observables described in ref. [32]. As advertised in that reference, all diagonal
§g can be simultaneously constrained with a very good precision.'? Moreover, we use the
low-energy and etTe™ collider observables probing 4-lepton operators. Our analysis closely
resembles that in ref. [43] with the following differences:

1. Instead of combining ourselves the results of different experiments measuring the
scattering of muon neutrinos on electrons, we use the PDG combination for the low-
energy v,-e couplings from table 10.8 of ref. [61]:

g = —0.040 £0.015,  g¥¢ = —0.507 + 0.014, (3.23)
with the correlation coefficient p = —0.05.

2. Instead of recasting the weak mixing angle measured in parity-violating electron
scattering [95], we use the PDG result for the parity-violating effective self-coupling
of electrons [61]:

9%y = 0.0190 + 0.0027. (3.24)

3. To evaluate SMEFT corrections to eTe™ collider observables we use the electroweak
couplings at the scale my (instead of 200 GeV).

4. We add the measurement of the 7 polarization P, and its FB asymmetry Ap in
ete™ — 7777 production at /s = 58 GeV by the VENUS collaboration [96]:

Pr =0.012 £ 0.058, Ap =0.029 £ 0.057. (3.25)

The analytic expressions for P, and Ap in function of the SMEFT parameters and
\/s are easy to obtain but are too long to be quoted here. Instead, we give the
numerical expressions at /s = 58 GeV:

6P, = —0.875g7° — 0.930g%°¢ + 0.175g7™ + 0.250g47

+0.21[cee) 1133 + 0.32[cre]1133 — 0.34[cre3311 — 0.20([crr] 1133 + [cee)1331),
§Ap ~ 0.136¢7° 4 0.196g%°¢ — 0.650g77 — 0.700g47 (3.26)

+0.16[cee]1133 — 0.25[ce] 1133 + 0.24[cre]3311 — 0.15([cee]1133 + [cee]1331).

10The observables in ref. [32] do not constrain 8gZt, which is however not needed in our analysis.
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5. We include the constraints from the trident production v,v* — v,u™p~ [97-99].
Dimension-6 operators modify the trident cross section as

,SM ,SM

wident g 00V O9Ly + LA O9Ld (3.27)
~ M M :

Otrident, SM (gZ‘{/u’S )2 + (gz‘jélms )2

The first 3 modifications lead to negligible numerical differences compared to the fit in
ref. [43]. The 4th one allows us to break the degeneracy between [cge]1133 and [cge3311 and
improve constraints on other 4-lepton operators involving 7. The last modification leads
to a constraint on one linear combination of 4-muon dimension-6 operators.

4 Global fit

4.1 Scope

The main goal of this paper is to provide model-independent constraints on flavor-diagonal
2-lepton-2-quark operators summarized in table 1. Among the chirality-conserving ones,
most of the observables considered in this paper probe the operators involving the 1st
generation leptons. There are 21 such operators and for an easy reference we list here their
Wilson coeflicients:

[cegl1177, [Céz)]llJJa (ceul1177, [cealingg, [cegliigr, [Ceulinag, [cedlings s J=1,2,3.
(4.1)
Scattering of muons and muon neutrinos on nucleons gives us access to chirality-conserving
operators involving 2nd generation leptons and 1st generation quarks. There are 7
such operators:

[Céq]2211, [ng)]zml, [CZu]zzna [Cﬁd]22117 [Ceq]2211> [Ceu]22117 [Ced]2211- (4-2)

Finally, the likelihood in eq. (3.17) summarizing the constraints from low-energy flavor
observables gives us also access to chirality-violating operators involving 1st and 2nd gen-
eration leptons and 1st generation quarks. There are 6 such operators:

[Clequlgg11 s [Cledqlaa11 5 [Cl(jgu]yn, J=12, (4.3)

which should be understood as evaluated at the renormalization scale u = myz unless
otherwise stated.

We will use the observables summarized in section 3 to constrain as many as possible of
the 34 Wilson coefficients in egs. (4.1)—(4.3). We will also present simultaneous constraints

on these parameter, together with the vertex corrections and 4-lepton Wilson coefficients.

4.2 Flat directions

Not all linear combinations of the parameters eqs. (4.1)—(4.3) can be constrained by the
observables we consider. Before venturing into a global fit, we need to count the indepen-
dent constraints and determine the flat directions in the parameter space. In table 4 we
have the following probes of LLQQ operators:
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Class Observable Exp. value Ref. & Comments SM value
Veleqq Ry 5. 0.41(14) CHARM [73] 0.33
(97)? 0.3005(28) 0.3034
2 0.0329(30 0.0302
Vulugq 9r) (30) PDG [61], p= 1
07" 2.500(35) 2.4631
o 4.561052 5.1765
9% + 2953, 0.489(5) 0.4951
2%, — g%, —0.708(16) PDG [61], p # 1 —0.7192
PV low-E —
ceqq 2054 — g4 —0.144(68) —0.0949
, —0.042(57)
g5 — gty SAMPLE [89] —0.0627
—0.120(74)
PV low-E bsps(\ = 0.81) | —1.47(42) - 104 —1.56-10"*
oW SPS( ) ( ) SPS [90]
HHaq bsps(A = 0.66) | —1.74(81) - 104 -1.57-107%
d(s) — uly et eq. (3.17) Ref. [55] 0
o(qq) LEPEWWG [91], p # 1
ete™ = qq e, Oh f(V/5) LEPEWWG [100], f(Vs)
c VENUS [93], TOPAZ [94
A Al (93] [94]
e —0.040(15 —0.0396
vV ee v 15) PDG [61], p #1
g —0.507(14) —0.5064
ee” —see” 9%y 0.0190(27) PDG [61] 0.0225
. L , 1.58(57) CHARM [97]
VY =Vt oSM 1
0.82(28) CCFR [98]
G2,/G2 1.0029(46) 1
T = vy PDG [61], p~ 1
G2,/G% 0.981(18) 1
do(ee
doee) LEPEWWG [91], p~ 1
ete™ — (0 0y, 0r, Py F(V/3) LEPEWWG [100], f(Vs)
. VENUS [96
AII?B’ AFB [ ]

Table 4. Summary of experimental input (sensitive to LLQQ and LLLL contact interactions) used
in our fit. The correlations that are taken into account in our fit are specified. Each observable
in efe™ — ff is measured at various c.o.m. energies, which we denote in the table by f(y/s).
The specific numerical values can be found in the corresponding original references. We also use
the set of pole observables described in ref. [32] in order to independently constrain the vertex

corrections dg.
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1 combination of the parameters in eq. (4.1) is constrained (poorly) via the only
VelVeqq measurement (R, . );

4 combinations in eq. (4.2) are constrained via v,1,qq measurements;

4 new combinations in eq. (4.1) are constrained via PV low-energy eeqq measurements
eq .
(gV A/ Av)a

1 different combination in eq. (4.2) is constrained (poorly) via PV low-energy uuqq
measurements (bspg), which also probe a second combination already constrained by
v,v,qq data;

5 additional combinations in eqs. (4.1)—(4.3) are constrained by low-energy flavor

observables (d(s) — ufv, transitions);'!

10 additional combinations in eq. (4.1) are probed by eTe™ — ¢ data, through the
measurement of the total hadronic cross section and heavy flavor (b and ¢) fractions
and asymmetries.

All together we have 25 constraints on 34 parameters, which leaves 9 flat directions. These

can be characterized quite concisely:

(F1): [Ceu) 1133,
(FZ) : [Ceu]11337
(F3): [Céz)]nas = —[crgl1133,
3) 397
(F4): [egy T122 = [ceglinze,  [cualiize = | =5+ e [ceqli122,
Y
3 2
[Ced]1122 = <3 - g2L> [cegl1122,
9y
(F5) : [cegliin = —[ceu] 1111 = —[cralinn = —[cegliinn = [Ceu]1111 = [Ced)i111,
(F6) : [Ceqlo211 = —[Ced]2211,
(F7): [Ceql2211 = 2[Ceu)2211,
(FS, F9) : 0.86[Cledq]2211 — 0.86[Clequ]2211 + 0-012[C§S;q]2211 =0. (4.4)

The flat directions F1, F2, F3 arise because low-energy precision measurements do not

probe the top quark couplings, which may be amended one day by e*e™ collider operating

above the tt threshold. F4 is due to the insufficient information about the strange quark

couplings, and it could be lifted by off Z-pole measurements of the strange asymmetry. F5

is the consequence of the fact that the parity conserving operator (év,vse) Y q(qW%q) and

the axial neutrino-quark interaction (vry,vr) ) q(cﬁ,ﬁg)q) are unconstrained by low-energy

"The likelihood in eq. (3.17) also independently constrains 691‘?‘“.
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measurements and by ete™ colliders. F6 and F7 are due to little data on muon scattering
on nucleons. Finally, F8 and F9 appear because, with our approximations, the low-energy
flavor observables probe only one combination of light quark couplings to muons (through
7 — uv). The low-energy constraint on €% = ([ciedqlao11 — [Clequl2211)/2 at = 2 GeV (via
A%, in eq. (3.17)), after taking into account the running up to my, becomes a constraint
on the linear combination in the last line of eq. (4.4).

In order to isolate the flat directions we define

[Cegli111 = [Ceglir11 + [cegli111,
[Coul1111 = [coul1111 + [Cogli111 — [Cegl1111,
[Ceali111 = [ceali111 + [cegli111 — [Cegl1111,
[Ceu]1111 = [Ceuli111 — [Cog)1111,
[Ceali111 = [Ced]1111 — [Ceg]1111,

[62)]1122 = [ng J1122 — [cegl1122,

[é§3)]1133 = [Clgq)]n:a?, + [ceg)1133,

[Ceal1122 = [ced)rize + | 5 — > [ceqlitoz — [Ceglin11,

[Ced)1122 = [Ced)1122 — | 3 — > [ceqlitoz — [Ceglin11,

[éeq]2211 = [Ceq]2211 + [Ced]2211 - 2[C€U]22117

€B(2 GeV) = 0.86[credql2211 — 0.86[crequl2211 + 0.012[c}) J2211,
2

[Coelazo2 = [cue]az22 + [Cre]2202- (4.5)

9y
g7, + 39
The last variable projects out the flat direction among 4-muon operators in the trident ob-
servable. Using these variables, the global likelihood depends on the Wilson coefficients on
the right-hand sides of egs. (4.5) only via the ¢ and ejlg“ (2 GeV) combinations.'? Moreover,
the dependence on [écq|1111 appears only thanks to the loose R, p, constraint, and thus we
know beforehand that there is no sensitivity to [¢eqli111 S 1.

4.3 Reconnaissance

We start by presenting the constraints in the case when only one of the LLQQ operators is
present at a time, and all vertex corrections and 4-lepton operators vanish. We stress that
this is just a warm-up exercise and not our main result. Indeed, one-by-one constraints are
basis dependent and could be different if another basis of dimension-6 operators was used.

2Let us stress that the LLQQ coefficients in the r.h.s. of €/*(2 GeV) in eq. (4.5) are defined at p = mz.
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(ee)(qq)

[62)}1111 [ceql111 [cou]1111 [ceal1111 [Ceql1111 [ceu]1111 [ced]1111
CHARM | —80+180 | 700 =£ 1800 | 3704880 | —700 = 1800 x x X
APV 27+19 16+1.1 34+23 3.0+20 -16+11| -34+23 | -3.0+£20
QWEAK 7.0+£12 —23+40 | -3.5+6.0 —7+12 2.3+4.0 3.5+£6.0 7T+12
PVDIS —8+12 24+ 35 38 +48 —77T+£96 —77+£96 —12+17 24435
SAMPLE —8+45 X —174+90 17£90 X —174+90 17+ 90
dj — ulv | 0.38 £0.28 X X X b x X
LEP-2 3.5£2.2 —42 £+ 28 —21+14 42 £ 28 —-18£11 —9.0£5.7 18+ 11
(i) (qq)
[02)}2211 [cegl2onr | [ceul2211 | [cealo211 [Ceqla211 [ceu]2211 [ced]2211
PDG vy, 20£ 15 4+21 18+19 | —20+£ 37 X X X
SPS 041000 | 0£3000 | 0+1500 | 043000 | 40+390 | —20+190 | 40 £+ 390
dj - wly | —0.4+1.2 X X X X X X

Table 5. 68% C.L. constraints (in units of 1073) on chirality-conserving (ee)(qq) and (uu)(qq)
operators from different precision experiments. The bounds are derived assuming that only one
operator is present at a time. See table 4 and main text for further details about the different
experiments. The best constraint in each case is highlighted in blue, while ‘x’ signals that the
operator is not probed at tree level by that experiment or combination.

Only the global likelihood encoding the correlated constraints on all Wilson coefficients in
a given basis has a model-independent meaning. The main purpose of this exercise is to
compare the sensitivity of various experiments to a few particular directions in the space
of Wilson coefficients.

The one-by-one constraints on chirality-conserving LLQQ operators involving 1st gen-
eration quarks are shown in table 5. One can see that atomic parity violation is the most
sensitive probe for most of the operators with electrons and the first generation quarks.

(3)
Llq
probed in d — uer, decays.'> We stress however that the less sensitive experiments will

The exception is [0, ’]1111, which contributes to charged-current transitions and can be
be absolutely crucial to probe more independent directions in the space of dimension-6 op-
erators. For the operators involving the 2nd generation lepton doublet the muon-neutrino
scattering is a fairly sensitive probe. Again, [Oéz)]ggn is very precisely probed by the
low-energy flavor observables because it affects the charged current. The sensitivity of
low-energy experiments to the operators involving the right-handed muons is very poor.
However, this is not a pressing problem, given these directions are very well probed by the
LHC [22], as will be discussed in section 5. The (ee)(gg) bounds shown in table 5 are in

13The single-operator bounds from d(s) — uf, data shown in this section are obtained using the like-
lihood of eq. (3.17), which was marginalized over strange-quark couplings. Using instead the full likeli-
hood [55] given in appendix B slightly stronger constraints (and central values closer to zero) are obtained.
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excellent agreement with the 1-by-1 results of ref. [22], whereas our (uu)(gqq) bounds are
more stringent due to the inclusion of additional experimental input.

The LEP-2 constraints on operators involving 2nd generation or bottom quarks are
similar as those shown in table 5. We also give 1-by-1 constraints on the chirality-violating
LLQQ operators from the low-energy flavor observables:

[Clequliinn —(0.8£2.9)-1077

[Ctedglinn | = | (0.8£2.9)-1077 |,

[ef?) Jiin (0.5 +2.0) - 1075

[Coequl2211 (1.7+£5.8)-107°

[Cledglons | = | —(1.7+5.8)-107° |. (4.6)
[ef2) Jaa11 —(1.2+4.1)-1073

This exceptional sensitivity arises because these operators violate the approximate symme-
tries of the SM, leading potentially to a large enhancement of several decays of low-mass
hadrons.'* In particular, new physics generating the pseudo-scalar (ee)(qq) operator is
probed up to A/g. ~100TeV. Let us note that they dominate the céi;u bounds shown
above, despite the fact that they probe them only via 1-loop QED mixing [67, 101]. For
consistency with the rest of this work, these individual limits are obtained using V =1 at
order A=2. Working instead with the full non-diagonal CKM matrix the limits are slightly
modified, but more importantly one can set strong 1-by-1 limits in a long list of other
(offdiagonal) operators.

Finally, for the sake of completeness we show the 1-by-1 bound on the W coupling to
right-handed 1st-generation quarks

Sgp ™ = —(3.9+2.9)-107%, (4.7)

which is completely dominated by its contribution to the CKM-unitarity test of eq. (2.6).

4.4 All out

We now combine all the experimental observables summarized in table 4 along with the
pole observables discussed in ref. [32], which represent a total of 264 experimental in-
put. These provide simultaneous constraints on 61 combinations of Wilson coefficients of
dimension-6 operators in the SMEFT Lagrangian (21 vertex corrections dg, 25 LLQQ and
15 LLLL operators) and on the Via SM parameter. Marginalizing over Via we find the

M More specifically they violate the approximate flavor symmetry of the SM U(1), x U(1). that suppresses
the decay m — fv; by a factor m?/AQQCD. Thus, their bounds benefit from this large Agep/me chiral
enhancement. This does not apply however to the tensor operator 0221117 whose tree-level contribution to
this specific decay is zero by simple Lorentz invariance considerations.
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following constraints:

Sy e ~1.00+0.64
gy " —1.36+0.59
Sgp'™ 1.95 4 0.79
Sg7e ~0.023 +0.028
gt 0.01 =+ 0.12
5977 0.018 = 0.059 o PP
Ze o Aq . .
gg% 8 83 ijaol'jw [Cegliinn 100 + 180
98 ' ' é —5+11
A 0.042 + 0.062 el
P [Geal1111 — 5423
(;ngc _001? i 3;6 [Ceu]i111 —1+12
5g%t ; O g4 3.8 [55;1]1111 — 4421
" R [52;)}1122 — 61432
o9R" 14£5.1
dg4ce —0.35+053 [ceu] 1122 2.4+8.0
ggd ' ' [éedl1122 — 310+ 130
dg7 —09+44
5\ Zs 0.9 +28 [Ceqhuz — 21 £28
géb . ‘ [Ceu]1122 — 87+ 46
g7, 0.33£0.17 )
§aZd 3416 [Ced)1122 270 + 140
B = -2 ) _ 2
59}%5 - 34449 x 1077, [Ceq J1133 = —8.6+8.0 x 107,
SgZb 2.30 &+ 0.88 [ceal1133 —1.4+10
e 3 — 2 i 1
dgp 13417 [ceqlr133 32+£5
[Ced)n133 18 4 20
[ceel1111 1.01 £0.38 o i
[cee]1111 —0.2240.22 leg, Jo211 —1.2+3.
[cee)1111 0.20 + 0.38 [ceql2211 1.3+7.6
[cee]1221 —48+16 [ceul2211 15+ 12
[cee) 1122 1.5+2.1 [fed]zzn 25 4+ 34
[cee]1122 1.542.2 [Ceql2211 4+41
[619]2211 —1.4+22 [Clequ]llll —0.080 £0.075
[cee)1122 34426 [Cfglq]uu —0.079 4 0.074
[ceel1331 1.5+1.3 gceequ]llll —0.02+0.19
[cec)1133 0411 €p'(2 GeV) —0.02+0.15
[CZe]1133 —23+7.2
[Cze]3311 1.7+7.2
[Ceel1133 —1+12
[Cee)2222 —2421
[cee)2332 3.04+2.3

(4.8)
The correlation matrix is available in the Mathematica notebook attached as a supple-
mental material [56]. The complete Gaussian likelihood for the Wilson coefficients of
dimension-6 SMEFT operators at the scale y = myz can be reproduced from eq. (4.8) and
that correlation matrix. For user’s convenience, in the notebook the likelihood is displayed
ready-made for cut and paste, and we also provide a translation to the Warsaw basis. That
likelihood is relevant to constrain the masses and couplings of any new physics model whose
leading effects at the weak scale can be approximated by tree-level contributions of vertex
corrections and LLQQ and LLLL operators in the SMEFT.
The model-independent bounds on the vertex corrections are practically the same as
the ones obtained from the pole observables only in ref. [32]. This is due to the fact
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that there are more 4-fermion operators than independent off-pole observables. Hence
the latter serve to bound 4-fermion Wilson coeflicients but cannot further constrain dg.
Nevertheless, there are non-zero correlations between the constraints on vertex corrections
and 4-fermion operators that are captured by our analysis. It is worth stressing the CKM-
unitarity test Agg s of eq. (2.6), which actually provides stronger one-by-one limits on the

1

vertex corrections 5gzvq and 5g}-jV“ than all pole observables combined.

Furthermore, the low-energy flavor observables provide a percent level bound on the W
boson coupling to right-handed light quarks 592/‘11 [55]. Recall that 592/‘1 are not probed
by the pole observables at tree level and O(A~2) in the SMEFT expansion, therefore the
model-independent limit in eq. (4.8) (from ref. [55]) is a new result. It is weaker than the
one in eq. (4.7) because in the global fit the strong constraints from the CKM-unitarity test
of eq. (2.6) are diluted by marginalizing over less precisely probed dimension-6 parameters.

@ will typically be stronger in specific new physics

Nevertheless, the constraint on § g};v
scenarios, unless they predict that the particular linear combination on the r.h.s. of eq. (2.6)

approximately vanishes at the sub-per-mille level.

The bounds on LLLL operators involving only electrons and/or muons are also similar
to the ones previously obtained in ref. [43], with the exception of [cg]a222 Wwhich is now
bound due to the inclusion of neutrino trident production data. For the eerT operators
the bounds are much stronger thanks to including the VENUS 77 polarization data, which
resolves the degeneracies present in the fit of ref. [43].

The model-independent bounds on LLQQ operators in eq. (4.8) are new. Previous
global SMEFT analyses targeting these operators [9, 10, 39] were carried out assuming
some simplifying flavor structure, such as the U(3)® symmetry [9], which greatly reduces
the number of independent Wilson coefficients. On the other hand, previous analyses
working in a flavor general setup provided 1-by-1 bounds (see e.g. ref. [15, 22]). Thus,
the global bounds applicable for a completely arbitrary flavor structure are obtained for
the first time in this paper, and they represent our main result. They are relevant for a
large class of new physics scenarios with or without approximate flavor symmetries. In
particular, models addressing various flavor anomalies necessarily do not respect the U(3)5
symmetry, and therefore the global likelihood we obtained may provide new constraints on
their parameters.

We find several poorly constrained directions in the space of LLQQ operators. As
discussed earlier, [¢e4]1111 is currently constrained only by very imprecise measurements
of electron neutrino scattering on nucleons, such that the experiments are insensitive to
[Cegliin S 1. More surprisingly, another practically unconstrained direction emerges in
our fit, which roughly corresponds to the linear combination [¢eq + 0.6 ¢gg]1122. This can
be traced to the fact that the LEP-2 collider was scanning a fairly narrow range of /s in
ete™ collisions. For this reason, not all theoretically available combinations discussed in
section 4.2 are resolved in practice. Again, it is should be noted that constraints in typical
scenarios generating these LLQQ operators will be stronger unless the operators acciden-
tally align with the flat directions in our fit. We stress that the global likelihood provided
in the supplemental material [56] retains the full information about the correlations.
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4.5 Flavor-universal limit

The general likelihood presented in section 4.4 can be easily restricted to a smaller subspace
relevant for any particular scenario. We present here the results for the flavor-universal
limit, where dimension-6 operators are invariant under the global flavor symmetry U(3)°.
The symmetry implies that 1) all off-diagonal and chirality-violating operators as well as
0 ggq are absent, 2) the remaining operators do not carry the flavor index. The only subtlety
concerns the [cy]rsk coefficients, since two independent contractions of flavor indices
are allowed by the U(3)% symmetry. We follow the common practice of parametrizing
them in terms of the two U(3)5-symmetric operators Oy = %ZLJ(E[&HE[)(Z]&HZJ) and
Og) =1 Zu(fjaic_ruf])(EJaiﬁufj). All in all, with the parameterization of the dimension-
6 space used in this paper, the U(3)® symmetry corresponds to the following pattern:

sgy dgp [Céz) 1797 Cg)
8g7¢7 sg7e lceel 1777 coe + CEZ’) [ceg)1ray ceq
5912236‘] Sg4c lcee) 1701 2053 [Ceqlrr g Ceq
59%ZJ = 59§u ) [CM][[JJ = Cop — Cg)) ) [Céu]IIJJ = Cou )
593 J 59Ru [Cge] 11JJ Cpe [Céd] 11JJ Ced
5gfdj 59§d [Cee] 11JJ Cee [ceu] 11JJ Ceu
Sga Sgac [Cedl 1100 Ced

(4.9)
and all the remaining vertex corrections and 4-fermion Wilson coefficients vanish. This
setup corresponds to the SMEFT limit studied in the pioneering work of ref. [9].1°

It turns out that the global likelihood constrains the entire restricted parameter set
introduced in eq. (4.9). Thus, unlike in the flavor-generic case, there is no need to define
new variables ¢ in order to factor out the flat directions. Marginalizing over V,q, we find
the following constraints:

gy ~1.22 4+ 0.81
sg7e ~0.10 &+ 0.21
SgZe —0.15 &+ 0.23
g7 | = | —1.6 £ 20 | x 1072, (4.10)
598" 2.1 + 41
g7 1.9 + 14
g2 15 + 7
ey —48 +£23
6(3) 304+ 1.7 Ceq —154 £ 9.1
CM 72 + 3.3 Ceq —14 + 23
cﬁg | 02 Li1g | X077 Jew | = 4 24 [x1070 (411
Cee —2.5+ 3.0 Z’éd Z i ﬁ
eu
Ced 26 + 18

5Let us note that the more recent analysis of ref. [39] corresponds to a more restricted scenario, since

the two independent coefficients c¢qy and c‘g‘z) are controlled by one single coefficient Cy¢ in that work.
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The correlation matrix reads p =

1. -0.5 02 0.1 0.1 0. 0. 1. -05 0. -0.1 04 -0.1 0. 0.1 0. 0.1 O
-05 1. 03 -0.1 0. -0.2-02-05 02 0. 01 —-0.1 0.1 O. 0. 0. —0.1 -0.1
0.2 03 1. 0. 0. -03-03 02 -02 0. 01 03 0. 01 01 01 0. -01
0.1 -0.1 O. 1. 08 02 0.1 01 0. 0. 0. 07 -03 0. 01 0. 05 01
0.1 0. 0. 08 1. 01 02 01 0. O 0. 07 -03 0. 01 0. 05 0.2
0. -02-03 02 01 1. 09 O 0. 0. 0. -04-0.2-0.1-0.1-02 02 04
0. -02-03 01 0.2 09 1. 0. 0. 0. 0. -05-0.2-0.1-0.1-0.2 0.2 04

1. -0.5 02 0.1 0.1 0. 0. 1. -05 0. -0.1 04 -0.1 0. 0.1 0. 0.1 O.
—-0.5 0.2 -0.2 0. 0. 0. 0. =05 1. -0.2 -0.6 -0.2 0. 0. 0. 0. 0. 0.
0. 0. 0. 0. 0. 0. 0. 0. -0.2 1. —-0.2 0. 0. 0. 0. 0. 0. 0.
-0.1 0.1 0.1 0. 0. 0. 0. —-0.1-0.6 -0.2 1. 0. 0. 0. 0. 0. 0. 0.
04 -0.1 03 07 07 —04-05 04 —-0.2 O. 0. 1. -0.1 0.1 0.2 01 03 —-0.1
-0.1 01 0. -03-0.3-0.2-0.2-0.1 O. 0. -0.1 1. -0.2 -0.7 -0.6 —0.5 —0.9
0. 0. 0.1 0. 0. —-0.1 —-0.1 o. 0. 01 —-0.2 1. 07 09 —-0.5 05
01 0 01 01 01 -0.1-0.1 0.1 0. 02 -07 07 1. 09 —-0.1 0.8
0. 0. 01 0. 0. —-0.2-02 0. 0. 01 -06 09 09 1. -0.2 0.7
01 -0.1 0. 05 05 02 02 0.1 0. 03 -0.5-0.5-01-02 1. 0.3
0. -0.1-0.1 01 0.2 04 04 O. 0. -0.1-09 05 08 07 03 1.

(4.12)

where the rows and columns correspond to the ordering of the parameters in eq. (4.10)

e e
P e e

and eq. (4.11). The correlation matrix with more significant digits (necessary for practical
applications) is given in the Mathematica notebook attached as supplemental material [56].

Thanks to lifting the exact and approximate flat directions, in the U(3)% symmetric
limit typical constraints on the dimension-6 parameters are at the per-mille level. We
note that the vertex corrections are constrained slightly better than when only the pole
observables are used [32], thanks to the precise input from low-energy flavor measurements.
Most of the LLQQ operators are constrained at the percent level.

Also working in the flavor-universal limit, ref. [40] obtained bounds on 10 additional
SMEFT coefficients using Higgs data and WW production at LEP2. The only flavor-
universal SMEFT coefficients unconstrained by these two fits are those that are either
CP-violating, or contain only quarks, only gluons or only higgses.

4.6 Oblique parameters

In the literature, precision constraints on new physics are often quoted in the language of
oblique parameters S, T, W, Y [11, 102]. These correspond to a further restriction of the
pattern of the dimension-6 parameters in the U(3)® symmetric case [43, 103]:

2 2 2 2 2_ .2
2 L T=W=5Y 23T — (g} +g})S + 263 W + Y-y
29/r = ) Ties 2 T (g% — 9%) ’
2 2
o g; +g
Sgr ¢ = 2 a2 <— = YS+9%T—(9%—29%)W+9§Y>,
g, — 9y
2
3 3 g
céé) = C§q) = Cl(lz) = —aly, Cfifa = _4Yf1Yf2éaY> (4'13)
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where Y7, is the fermionic hypercharge. With this pattern, all vertex corrections and 4-
fermion operators can be redefined away, such that new physics affects only the electroweak
gauge boson propagators. Restricting the U(3)% symmetric likelihood using eq. (4.13) we
find the following constraints on the oblique parameters:

S —0.10£0.13 1. 0.86 0.70 —0.12
T .02+0. . 1. 0.39 —0.
_ 0.02 £0.08 7 o= 0.39 —0.06 . (4.14)
Y —0.15+£0.11 .. 1. =049
w —0.01 £0.08 . . 1.

The constraints on the oblique corrections are dominated by the pole-observables and
lepton-pair production in LEP-2. The new observables probing LLQQ operators do not
affect these constraints significantly. In particular, the low-energy flavor observables do
not probe the oblique corrections at all. Compared to the fit in ref. [43], we only observe

a small shift of the central values.!®

5 Comments on LHC reach

Four-fermion LLQQ operators can be probed via the qg — ¢*T¢~ processes in hadron
colliders. Previously several groups set bounds on their Wilson coefficients through the
reanalysis within the SMEFT of various ATLAS and CMS exotic searches (see e.g. [22, 104,
105]). In this section we derive analogue bounds using the recently published measurements
of the differential Drell-Yan cross sections in the dielectron and dimuon channels [106]. Our
main goal here is to present a brief comparison between the sensitivity of the LHC run-1
and of the low-energy observables discussed in this paper.

Precision measurements in hadron collider environments are challenging. Individual
observables are typically measured with much worse accuracy than in lepton colliders or
very low-energy experiments. However, the effect of 4-fermion operators on scattering
amplitudes grows with the collision energy F as ~ C4fE2 /v2.  As a consequence, the
superior energy reach of the LHC compensates the inferior precision in this case [22, 104].
This message was recently stressed in ref. [107] in the context of the determination of the
oblique parameters, which encode new physics corrections to propagators of the electroweak

gauge bosons. It turns out that the effect of the oblique parameters W and Y [11] on
£ do(pp—£1e7)
dmygg

more familiar S and T parameters [102]). The current LHC constraint on W and Y

the high invariant-mass tail o also grows with E (as opposed to that of the
are already competitive with those obtained from low-energy precision experiments, and
will become more accurate with the full run-2 dataset at /s ~ 13-14TeV [107]. In the
SMEFT framework, W and Y correspond to a particular pattern of vertex corrections and
4-fermion operators [43, 103], cf. eq. (4.13). Therefore we expect that similar arguments

apply, and that competitive bounds on the LLQQ operators can be extracted from ATLAS
£ do(pp—€167)

and CMS measurements o p:
Myee

. Below we present some quantitative illustrations
of this message.

The O(10%) increase of some errors compared to [43] is due to using different values of the electroweak
couplings to evaluate the dimension-6 shifts of the LEP-2 observables.
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(ee)(qq)

[02?]1111 [Clq]llll [Clu]llll [Céd]llll [Ceq]llll [Ceu]llll [Ced]llll
Low-energy | 0.45+0.28 | 1.6+ 1.0 | 2.8+2.1 | 3.6+2.0 | —1.8+1.1 | ~4.04+2.0 | 2.7+ 2.0
LHC, 5 —0.70755% | 25722 | 29725 | —1.673 1.6725 1.6732 -3.1138
LHCyo | —0.8470%5 | 3.6735 | 44797 | —2473%8 2.4739 19725 —4.6751
LHCy 7 ~1.071% | 59472 |74+£90 | -36+87| 38+59 | 21738 —8+10
(ki) (qq)
[Cg)}ﬂll [CEq}2211 [Cfu}2211 [Céd]2211 [Ceq]2211 [Ceu]2211 [Ccd}2211
Low-energy | —0.2+1.2 | 4421 | 18+£19 | —20+37 | 40+£390 | —20+190 | 40+ 390
LHCy5 | —1.2270%2 1 1.8+13 | 204+1.6 | ~1.14+2.0 | L.1+£1.2 | 25718 | 22420
LHCyo | —0.727380 | 32730 | 39738 | —23%10 | 23731 16733 | —44+53
LHCo 7 —0.771% | 3.250%3 | 4.370%° | -3.6+£9.0 | 38+6.2 | 16757 -8+11
Chirality-violating operators (p = 1TeV)
[Ctequliin [Ctedqlina [chopliis | [otequloons | [cteaglzon | [efo, oo
Low-energy | (—0.6 £2.4)107* | (0.6 +2.4)107% | (0.4 +1.4)1072 | 0.014(49) | —0.014(49) | —0.09(29)
LHC; 5 0+2.0 0+2.6 040.91 0+1.2 0+1.6 0+ 0.56
LHC\ 0£2.9 0+3.7 0+1.4 0+2.9 0+3.7 0+1.4
LHCy.7 0+5.3 0+6.6 0+2.6 0+5.5 0+6.9 0426

Table 6. Comparison of low-energy and LHC constraints (in units of 1073) on the Wilson coef-
ficients of the chirality-conserving (ee)(qq) and (uu)(gq) and chirality-violating operators defined
at the scale u = 1TeV. The 68% CL bounds are derived assuming only one 4-fermion operator is
present at a time, and that the vertex corrections and [cg]1221 are absent. The low-energy con-
straints combine all experimental input summarized in table 4. The LHC; 5 constraints use the
myge € [0.5-1.5] TeV bins of the measured differential e*e™ and p*p~ cross sections at the 8 TeV
LHC [106]. We also separately show the constraints obtained when the my, € [0.5-1.0] TeV (LHC; o)
and my, € [0.5-0.7) TeV (LHCy.7) data range is used.

In the situation when only one LLQQ operator is present at a time and all other
dimension-6 operators are absent, the sensitivity of the LHC run-1 and of the low-energy
observables is contrasted in table 6. To estimate the LHC reach we use 3 bins in the
range my; € [0.5-1.5] TeV of the ATLAS measurement of the differential e™e™ and pu™p~
cross sections at the 8 TeV LHC (20.3 fb~!) [106]. This is shown under the label of LHCj 5
constraints in table 4, and it is compared to the combined constraints using the low-energy
input. For the chirality conserving (ee)(qq) operators the two are indeed similarly sensitive.
For the chirality conserving (uu)(qq) operators the low-energy bounds are relatively weaker,
especially for the operators that do not affect the muon neutrino couplings. With the
exception of [Oég)]ggn probed by the flavor observables, the LHC sensitivity is superior
by at least an order of magnitude. Therefore in these directions in the parameter space
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of dimension-6 SMEFT the LHC is in a completely uncharted territory. The situation is
quite opposite for the chirality-violating (ee)(qq) and (uu)(gq) operators. There the light
quark transitions offer a superior sensitivity with which the LHC cannot compete in most

(3)

Lequ
An important difference between the LHC and low-energy constraints should be em-

cases. The exception is the [0, ]ao11 operator where the LHC reach is comparable.
phasized. The latter are obtained in the energy regime where it is very plausible to assume
the validity of the EFT. Here, by validity we mean that the SMEFT with dimension-6
operators adequately describes the physics of the underlying UV completion. First of all,
if such completion contains new states at ~ 1TeV then clearly the LHC bounds in table 6
cannot be applied and a model-dependent approach becomes necessary. This is however
not the case for the SMEFT bounds derived from low-energy data in the previous section,
which are still valid. On the other hand, even in the absence of such “light” states one
should analyze the sensitivity to O(A™*) terms. The precisely measured low-energy ob-
servables are dominated by O(A~2) contributions of dimension-6 operators, whereas the
quadratic terms in the Wilson coefficients, formally O(A~*), are negligible. In contrast,
the one-by-one LHC constraints on 4-fermion operators in table 6 have in general a similar
sensitivity to linear and quadratic terms.'” Notice that this problem becomes much more
severe in a global fit and that in the particular case of the chirality-violating operators
there is no interference at all. This may undermine the SMEFT 1/A? expansion for generic
UV completions, and it is not clear whether the dimension-8 and higher operators can
be neglected in the analysis. As discussed in ref. [108], in such a case the EFT is still
valid for strongly coupled UV completions, where the dimension-6 squared terms are para-
metrically enhanced with respect to the dimension-8 contributions by a large new physics
coupling. On the other hand, for weakly coupled UV completion one should use weaker
LHC bounds obtained by truncating the /s range of the analyzed data at some M, above
which the SMEFT is no longer valid. For illustration, in table 4 we show the analogous
LHC constraints with M, = 1 TeV (LHCy ) and My = 0.7 TeV (LHCq 7).

Another practical consequence of the quadratic terms domination at the LHC is that
the likelihood for the Wilson coefficients is not approximately Gaussian. That means it
is not fully characterized by the central values, 1 ¢ errors, and the correlation matrix, as
is the case for the low-energy observables. This makes the presentation of the global fit
results more cumbersome.

Last, let us notice that the dilepton-production cross section is also sensitive to SMEFT
coefficients that are flavor non-diagonal in the quark bilinear if we go beyond the V =1
approximation at order A=2. This was exploited in ref. [55] to set bounds on the Wilson
coefficients of chirality-violating ££21 operators.

6 Conclusions

This paper compiles information from a number of experiments sensitive to flavor-
conserving LLQQ operators. The main focus is on experiments probing physics well below
the weak scale, such as neutrino scattering on nucleon targets, atomic parity violation,

n fact, in a few LHCy.7 entries in table 6 there is an additional (not shown) second solution far from
the origin.
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parity-violating electron scattering on nuclei, and so on. Information from e*e™ collisions
at the center-of-mass energies around the weak scale is also included. This is combined
with previous analyses studying 4-lepton operators and the strength of the Z and W boson
couplings to matter. The ensemble of data is interpreted as constraints on heavy new
physics encoded in tree-level effects of dimension-6 operators in the SMEFT. The main
strength of this analysis is that we allow all independent operators to be simultaneously
present with an arbitrary flavor structure. Another novelty is the inclusion of low-energy
flavor constraints from pion, neutron, and nuclear decays, recently summarized in ref. [55].
The leading renormalization group running effects from low energies to the weak scale are
taken into account.

We obtain simultaneous constraints on 61 linear combinations of Wilson coefficients in
the SMEFT. The results are presented as a multi-dimensional likelihood function, which
is provided in a Mathematica notebook attached as supplemental material [56]. The likeli-
hood can easily be projected onto more restricted new physics scenarios. As an illustration,
we provide constraints on the SMEFT operators in the U(3)5-symmetric scenario, and on
the oblique parameters S, T, W, Y. The likelihood can be used to place limits on masses
and couplings in a large class of theories beyond the SM when the mapping between these
theories and the SMEFT is known.

Finally, a brief comparison of the sensitivity of low-energy experiments to LLQQ op-
erators with that of the LHC is provided. For many directions in the SMEFT parameters
space, dilepton production at the LHC is exploring virgin territories not constrained by
previous experiments. This is especially true for the chirality-conserving 2u2q operators,
where ¢ are light quarks, while for the chirality-conserving 2e2q operators the LHC and
low-energy probes are similarly sensitive. It would be beneficial to recast the LHC dilep-
ton results in a model-independent form of a global likelihood on the SMEFT Wilson
coeflicients. We leave this task for future publications.

The SMEFT constraints summarized in this paper should be improved in the near
future. Measurements of the differential Drell-Yan production cross sections at the LHC
run-2 will provide a more powerful probe of LLQQ operators, thanks to the increased center-
of-mass energy of the collisions and higher luminosities.'® Progress is imminent on the
low-energy front as well, e.g. thanks to more precise measurements of low-energy electron
scattering in the Q-weak, MOLLER and P2 experiments. In this paper we have stressed
the importance of probing new physics in multiple low- and high-energy experiments. The
huge number of independent SMEFT operators requires a rich and diverse set of observables
in order to lift flat directions in the global likelihood. In fact, several poorly or not-at-all
constrained directions in the SMEFT parameter space persist, as is evident from eq. (4.8).
This is especially true for operators involving the second and third generation quarks or the
third generation leptons, but some flat directions involve the first generation fermions. The
existence of these unexplored directions could be an inspiration to design new experiments
and observables.

18 A5 the recent recast of 13-TeV ATLAS data carried out in ref. [105] shows, this is already the case with
the currently available luminosity (36.1fb™"). Expected bounds with 3000fb™" of data can also be found
in that work.
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A Translation to Warsaw basis

In this paper we parametrize the relevant part of the space of dimension-6 operators using
an independent set of vertex corrections dg and Wilson coefficients of 4-fermion operators.
The latter are directly inherited from the Warsaw basis, such that the translation is trivial.
The former are related to the Wilson coeflicients of dimension-6 operators in the Warsaw
basis by the following linear transformation:

gV = &)+ F(1/2,0) — f(—~1/2,-1),
1 1
(59%6 = —70(3) —CcHy + f(—1/2, —1),

2 HE 9
S0 = —geme + F(0, 1),
5912/(] = _%CHuda
Saf" = ekt — Semg + 1(1/2,2/3),

5% = —%VTCSEIV - %VTchV +f(=1/2,-1/3),

S0 = —gema+ £(0,2/3),

Soft = —gemat 1(0,-1/3), (A1)
where

FT%,Q) = ~LQ—" 5 cnws (A.2)
gr, — 9y
1 1. 3 1. (3 1 3 952/
+13 <4[Cze]1221 — i[cgdll - 5[61”]22 — 4 CHD T° + QH )

and I3 is the 3 x 3 identity matrix in the generation space. Using eq. (A.1) one can
easily recast the results of this paper as a likelihood for the Wilson coefficients in the
Warsaw basis. See ref. [59] for the dictionary between dg and the Wilson coefficients in the
SILH basis.

B More general approach to low-energy flavor observables

The low-energy flavor observables discussed in ref. [55] also probe precisely 4-fermion oper-
ators with a strange quark. In the framework of the SMEFT the corresponding observables
receive contributions from flavor off-diagonal dimension-6 operators, and in this paper we
marginalized our likelihood over them. We also approximated the CKM matrix as V =1
when acting on O(A~2) terms in the Lagrangian. For completeness, in this appendix we
provide the formalism that allows one to take into account the constraints from strange
observables and retrieve the terms suppressed by off-diagonal elements of the CKM matrix.

~32 -



First, the effective low-energy Lagrangian in eq. (2.4) is generalized to

2f/u e e BT
LgD— Y. ! [ (1 +ep J) (esa,v5)(uotds) + €5 (e 5,m.0) (uCohds)

,02
1,J=1,2
drey drey drey drey
€ + € € — € _ =
+-2 5 P (eSuy)(uedy) + 2—L— 5 E—(evy)(udg)
+ ) ) + e, (B.1)

such that it also includes charged currents with the strange quark (s — wlvy). At tree
level, the low-energy parameters are related to the SMEFT parameters as

1
Ec]l%e = —E([i/e == ﬁéggql,
u
1
€p = —€1 = v [6gp ‘12,
us
a1 ow W W (3) (3) Vi
el = _@593 Ty 59, " =691 ¢+ ([clq Ji1s = [q ]221J> Vo
1 3 3 Vy
ef = ———[8gp iz + dgp * — g}V + ([Cl( Niiws — [Cz( )]221J) =, (B2)
Vus ! ! Vus
1
d * *
€g’ = — (Vialiequl 71 + [Cledq)1011) »
2V,4d
de 1 * *
ep’ = —5— (Vkdlciequl 7 i1 — [Cledq)7.11) 5
2Vud
1
ﬁfqu = - (Vis [Clequ]?}JKl + [Cledq]3J12) ’
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sey 1 * *
€p” = — (VislClequl 11 — [Cledgl712) +
2Vius
dey _ _ VEd, (3)
eTeJ - _m[clequ]j}‘]Kl’
VK 3) 7
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In addition to Vud we also introduce the rescaled CKM matrix element parameter Vus.
Both are distinct from the elements of the unitary matrix V', to which they are related by
Vud = Vud(l + 5Vud)7 Vus = Vus(l + 5Vus)7 where

b w1 cwe cown L @)y Vi
Wy = —m@L — m@R + 09, " — 5[055]1221 + [, ]111Jﬁ,
1 1 1 \%4
OWus = T [592‘/‘1]12 T [592/(1]12 + 592/“ — 5[022]1221 + [Cl(g)hll‘]ﬁ]z . (B.4)
The purpose of this rescaling is to impose the relation E‘é’ €= —e?{e in eq. (B.1). After the

rescaling, Vi,q and Vj,, are no longer related by the standard unitarity equation. In the limit
where the mixing with the 3rd generation is neglected we have |‘~/ud\2 + |1~/us|2 =14+ Ackw,
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where

ACKM = _2Vud6Vud - 2Vus5vus

= 2V <5QEVQ1 +Ogp T — | 1(2)]111JVJd>
+2Vis ([5gzvq]12 + 09 12 — [Cl(j)thVJs)
—2592/“ + [Ceg]lggl. (B.5)

As before, V,; may be affected by new physics contributing to edse and should be treated as
a free parameter in the fit. Ref. [55] obtained the following constraints on the low-energy

parameters

Ve, 0.97451 £ 0.00038 0

Ackm —1.2+£84 —4
A3 1.0£25 -3
A p 1.9+38 -2
ede 4.0+78 —6
e ~13+1.7 -2
€5 ~0.4+2.1 -5
x| = —0.7+4.3 x 10N | =3 |, (B.6)
€% 0.1+5.0 —2
e —-3.9+49 —4
e 0.5+5.2 -3
ede 14+13 -3
ede 1.0 £8.0 —4
€ ~1.6+3.3 -3
€5¢ 09+1.8 -2

in the M S scheme at p = 2GeV. Here Aj = & — € and A¢, ~ el — E‘i" + 24edP“. The
associated correlation matrix is given in ref. [55]. We note that some entries in this matrix
are very close to one, so it is crucial to take it into account.
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