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1 Introduction

Run 1 of the LHC has taken probes of the Standard Model to a new level, not only by
the discovery of the Higgs boson H(125) [1, 2] and the absence of other new particles,
but also via the new constraints imposed on the couplings of vector bosons and the top
quark [3-41]. Now is an appropriate time to assess the global constraints placed on possible
new physics by LHC Run 1 in conjunction with the Tevatron, LEP and other experiments.
In view of the kinematic reach of the LHC, it is natural to suppose that the threshold for
any new physics may lie substantially above the masses of the Standard Model particles.
In this case, the new physics may be analyzed in the decoupling limit [42], and its effects
may be parameterized in terms of higher-dimensional operators composed of Standard
Model fields [43]. Using the equations of motions reduces the number of independent
operators [44-49], with a complete non-redundant set first categorised in [50].

This is the effective Standard Model approach adopted in a large number of recent
papers! [53-83], and there have been many analyses of the constraints imposed on new
physics via upper limits on the coefficients of a complete dimension-6 operator basis [84—
89], in particular. Several different classes of measurements make important contributions
to these constraints. LEP and other experiments contribute via electroweak precision tests
(EWPTs) [90], which are often presented as constraints on the S and 7" parameters that are
defined in terms of oblique radiative corrections due to vacuum polarization diagrams, and

'For earlier studies of dimension-6 operators in triple-gauge couplings and Higgs physics see for
example [51, 52].



via measurements of triple-gauge couplings (TGCs). The Tevatron experiments contribute
via measurements of (constraints on) production of the Higgs boson H in association with
massive gauge bosons V' = W*, 7% [91]. Finally, the LHC experiments contribute via many
Higgs measurements including signal strengths [92, 93], branching ratios and kinematic
distributions [94], and also via TGC measurements [95-97].

We demonstrated in previous work [89] the power of the constraints provided by mea-
surements of kinematic distributions in V 4+ H production at the Tevatron and the LHC,
showing that measurements of the V + H invariant mass My g at the Tevatron and the
transverse momentum p¥ at the LHC could close off a ‘blind’ direction in the parameter
space of dimension-6 operator coefficients that had been allowed by previous analyses of
LEP and LHC data [98].> Subsequently, new data on TGCs from LHC running at 8 TeV
have been published [95-97]. In this paper we make the first complete analysis of the
data from LHC Run 1 and the Tevatron, in combination with the EWPT constraints, con-
sidering only CP-even operators and assuming minimal flavour violation. We consider a
complete set of operators in a non-redundant basis, and the 95% CL ranges that we find
for their coefficients are listed in tables 1 and 2.

We confirm previous findings that the EWPTs place very strong constraints on certain
(combinations of) operator coefficients. On the other hand, we also find that the Higgs
observables (signal strengths and associated production kinematics) and the TGC mea-
surements at the LHC also have complementary roles to play. Some operator coefficients
are better constrained by the TGC data, and some by the Higgs data. One coefficient in
particular only affects TGCs and nothing else. Only their combination provides a complete
picture of the constraints on the dimension-6 operator coefficients after LHC Run 1.

The outline of this paper is as follows. In section 2 we discuss the EWPTs, first review-
ing a general expansion formalism for EWPTs, and then demonstrating that it reproduces
the constraints on the vacuum polarization parameters S and T found in other analyses
before illustrating its use in capturing the effects of a complete basis of dimension-6 opera-
tors. In section 3 we discuss the constraints imposed by measurements of Higgs couplings,
associated Higgs production kinematics and TGCs at the LHC, demonstrating their com-
plementarity. Section 4 illustrates the application of these combined constraints on the
coefficients of dimension-6 operators to the two-Higgs-doublet model (2HDM). Section 5
summarizes our conclusions and assesses some future prospects, and an appendix discusses
aspects of kinematics and the applicability of effective field theory in our analysis.

2 Electroweak Precision Tests at LEP

Electroweak precision tests (EWPTs), particularly those provided by LEP, are amongst
the most sensitive observables for constraining new physics beyond the Standard Model.
EWPTs are typically summarized via constraints on the S and T parameters [99, 100]
and their generalization to include the W and Y parameters [101, 102] that are relevant
for custodially-symmetric and weak isospin-preserving new physics, which characterize the

2Contribution to G. Brooijmans et al., Les Houches 2013: Physics at TeV Colliders: New Physics
Working Group Report, arXiv:1405.1617.
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Standard Model vector boson self-energy corrections.® If new physics affects only the
Standard Model gauge sector and does not couple directly to Standard Model fermions, this
approach may be sufficient for placing bounds on such ‘universal’ models, but the effective
Standard Model also includes fermionic operators that affect electroweak precision tests.
Thus a more general framework is required to capture all the possible effects of decoupled
new physics in a model-independent way.

There have been many studies considering individual or subsets of bounds for all
dimension-6 operators entering in EWPTs, for example [104, 105], and full analyses in-
cluding simultaneously a complete basis of dimension-6 operators affecting these EWPTs
have been performed in [86-88], but a full calculation of the effects of propagation of cor-
rections to input observables and self-energies as well as direct contributions to observables
was needed in each different basis. Here we employ instead the recent expansion formalism
of [106], which separates the calculation of the corrections’ effects on the EWPT observ-
ables and the calculations of the contributions to the corrections from new physics. This
framework facilitates any y? analysis that seeks to go beyond the S, T parametrization and
renders more transparent the origin of the effects from each operator.

2.1 The expansion formalism

For convenience, we briefly summarize here the analysis of [106]. The principle is that,
given the Standard Model with Lagrangian parameters psy = {9, ¢, 9s, Yt, v, A}, one may
calculate theoretical values (’A)zth(pSM) for the observables

A . 9
0, = {m27GFaa(mZ)amtaasamvaVVaFlquaUhadaRlasln aeffa AfaAé‘Ba . }

that are measured by experiments with errors A@EXP. To compare the theoretical predic-
tions @Zth (psm) with the experimental measurements, @pr, we must first choose 6 of these
observables as ‘input’ observables @i/, typically the most precisely measured ones,* such as

@i/ ={mz,Gp,a(mz), my, as,mg}.

These assign values prs‘i\f/l to the Lagrangian parameters such that the @Zt,h (pgel\f/[) agree well
with measurements, and numerical values for the other ‘output’ observables can then be
obtained in terms of pgﬁ\f/[

In the presence of new physics characterized by parameters p,, the theoretical expres-

sions for the observables are modified by a correction 6N O; (PsM;, Pa):

O (psu, pa) = OFM(psmt) + 6~ Oi(psm, Pa) -

Since the relations between input observables and Lagrangian parameters are modified in

general, a different prsel\f/[ value would normally be preferred to compensate for non-zero

3See also [103] for another parametrisation of EWPT fits that includes vertex corrections in a set of ¢
parameters.
4 Another convenient choice of input observables is to use mw instead of Gp [107].



values of p, so as to remain in agreement with experiment. This may be quantified by a
x? analysis that varies the parameters (psy, Po) S0 as to minimize the function

X (psaspa) = (O =07) (o), (O = 05) . (07);; = AOTPp A5,
2%

where p;; is the correlation matrix.

To avoid recomputing the full expression @fh(pSM, Po) for each value of pgy and pg,
the expansion formalism involves expanding about the Standard Model reference values for
the Lagrangian parameters:

OM (pgn) = O@SM( ref> +Z OSM (pSM pg‘iﬁl> T+
pPsm

~ Oref [1 + M, (pSM)] ,

where Orf = oM (pislh), OMO;(psm) = > peu GipsyOpsm, and the quantities Gy =

ref ASM _
’ésg@ %(;;M are expansion coefficients that need only to be calculated once. Here dpsy =
(pSM pgel\f/[) / pgﬁ\f/[, and the fractional shift 6 is defined in general as 50, = ((’A)Z —@fef) / (’A);ef.

The reference values for the SM observables are taken from table 1 of [106], to which we

refer the reader for more details on the numerical calculation including the higher-order
loop corrections, which were obtained using ZFITTER [108]. This is also used for the
numerical differentiation involved in evaluating the expansion coefficients, which assumes
that the new physics contribution factorizes out of the SM loop expansion.

Furthermore, to emphasize that the pgy are not directly measurable, but are de-
termined from the input observables O;, we note that the Lagrangian parameters can
be eliminated in favour of the input observables by inverting the relation SMO, =

ZPSM Gi/PSMSpSMy so that

SSM (A -1 SSM SSM A

MO = Gipey (Z(G ) peryit 0 O, ) = digd™MO;
i’ PSM 4

The expansion coefficients for the output observables in terms of input observables are then

given by the matrix d;; = EPSM ipsm (G_l)pSMi,.

The theoretical predictions for the output observables can now be written as @fh =

Ot (14 60), with
5OM = de Oy +& = de (508 - &) + &,

where we used S@E’,M = S@Zt,h — & and defined & = (5NP@1-/ @;ef. The d;7 matrix is
pre-calculated and encapsulates the dependence of each output observable on each in-
put observable, so that one needs only to plug in the contribution due to new physics
that affect the input observables, &, and those that directly affect the output observ-
ables, &. We note that, for the case of vector boson self-energy corrections, the myy =



o . Coefficient LEP Constraints
petator octcien Individual Marginalized
. g
Ow =Y (H'¢*DIH | DPW¢
W=7 < g ) v %(CW—‘,-CB) (—0.00055,0.0005) | (—0.0033,0.0018)
., >
Op=1% (HTD“H> 9" By
~ 2 2
Or=1 (HT DMH> Ler (0,0.001) (—0.0043,0.0033)
0¥ — (Lpooy L) (L L 2 (3] 0,0.001 ~0.0013,0.00075
YWLL) (Lro®yuLr) AZCLL (0,0.001) (0. » U )
A
08, = (iHTDHH> (eryter) e (—0.0015,0.0005) | (—0.0018,0.00025)
<>
oY = (iHTD“H) (wpy" uR) o (—0.0035, 0.005) (—0.011,0.011)
<~
04 = (z’HTDHH) dry"dR) Xi;c;g (—0.0075,0.0035) | (—0.042,0.0044)
0¥ _ (imteaD, 1) (Qpo" v (B 0.0005,0.001 0.0044, 0.0044
., — (o, (QLU Y QL) A2 (_ . 9,0. ) (_ : » )
x4 _
01 = (z’HTD,LH> (Qry*Qr) ) (—0.0015,0.003) | (—0.0019,0.0069)

Table 1. List of operators and coefficients in our basis entering in EWPTs at LEP, together
with 95% CL bounds when individual coefficients are switched on one at a time, and marginalized
in a simultaneous fit. For the first four coefficients we report the constraints from the leptonic
observables, while the remaining coefficients also include the hadronic observables.

{mz2,7,, Ty Zy Ty Ty 9w} are defined as in [106], and the contributions to output
observables through &;; and ; are summarized by the given b; v coefficients. We then have

Oth Z d“/(g(/)th 5NP O’L ’

i’

where

NP0 =& = dinko + Y bivvs Ty, (2.1)
i vV

and it remains only to determine the &/, &; and NPy from the dimension-6 operators in
the effective Standard Model.

2.2 Dimension-6 operators in EWPTs

We begin with the familiar S, T parameters before generalizing to a complete dimension-6
operator basis. The universal parts of new physics contributions are often parametrized as
oblique corrections to vector boson self-energies, which can be written in terms of gauge

eigenstates as

1. . 1
Lyy = -Wr _(p*) W, - §W5M7f33 (") W2 — Wnsp (p*) By — §B”WBB (p®) Bu



where Ty (p2) = W‘S}\(} (p2) + dmyy (p2). Making a Taylor expansion at the quadratic

order to which dimension-6 operators can contribute:
1 2
VYV (p2) = 7rvv(0) +p27r(/v(0) + 5 (p2) WGV(O) +...,

the usual S and T parameters® can be defined as

B

m55(0) 7 — ™+=(0) — m35(0)

S :
gy 71-(0)

~—

Q

Since U(1)g symmetry is conserved, which requires 7.(0) and 7,7(0) to vanish by gauge
invariance, the following relations must hold:

2
g’ 7T33(0) + 927TBB(0) + 299’7‘(’33(0) =0
gWBB(O) + ngrgB(O) =0.
After normalizing the W+ and B fields so that the kinetic terms are canonical and 7, _(0) =
—m%,V, we obtain the following S and T corrections in the gauge mass eigenstates for the
quantities 6NF 7y defined in [106]:

NPry, = —T + 2Ssin” Oy (2.2)
NPrl,, = 28 sin? Oy (2.3)
5NP7rVZ = —S cos 20y tan Oy (2.4)
(SNPW’W = —28sin? Oy . (2.5)

Inserting these expressions into (2.1) and performing a x? analysis in the expansion for-
malism, using as output observables the EWPTs at the Z peak and the W mass:

A 0 0 PO PO 40, . 2pe 0 p0 A0b 0,c s 2n09b i 2 pc
Oz‘ = {FZ70'had7ReaRuaRﬂAFBvSln eefva 7RC7AFB7AFB7Ab’AC’Sln eeﬁ’ S eeﬁ’ mw},

we obtain the 68%, 95%, and 99% CL allowed regions for S vs T shown in figure 1, denoted
by dotted, dashed and solid contours respectively. We treat the observables as uncorrelated
but have checked that including the correlation matrix, for example in the leptonic subset
as given in [90], does not affect substantially our results, which agree reasonably closely
with those of [109].

The S and T parameters are equivalent to a subset of the full set of dimension-6
operators that can affect the EWPTs. In a redundant basis those entering in oblique
corrections to vector boson self-energies are

CWB Ccw CB cr Cow C2B
Ldim-6 D —5 Owp + —5 Ow + —5= Op + - Or + —5 Oow + —5 Osp,
m m m v m m
w w w w w

"These are related to the S and T parameters defined in [99, 100] via S = L’ 0w & 1198 and

- N a(mz)
T = WT ~ 129T.
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Figure 1. Results of a x? analysis of ST parameters in EWPTs using the expansion formalism
of [106]. The dotted, dashed and solid contours denote the regions allowed at the 68%,95%, and
99% CL, respectively, which may be compared with those of [109].

while those that affect the leptonic and hadronic Z-pole measurements directly through
modifications to the gauge boson-fermion couplings are
Cs %y s
L L R
Laims DD | 2505+ 505, |+, 505
fr fr
The sum is over the left-handed lepton and quark doublets, fr = Ly, @1, and right-handed
lepton and quark singlets, fr = er, ur, dr, and we assume minimal flavour violation. The

Fermi constant G defined by the muon lifetime, which we take as an input observable, is
3L,

modified by E;:? as well as the four-fermion operator O; ;'
c 3)1
Ldim-6 O %Oég .
We note that the coefficients are defined such that
M2
A2

where M = v, my depending on the operator normalization, and ¢ ~ 912\IP is a coefficient

c

C

(2.6)

proportional to a new physics coupling gyp defined at the scale M. These are related to
the coefficients at the new physics scale through RGE equations [110-117].

These operators form a redundant basis that is reducible through field redefinitions,
or equivalently the equations of motion, that have no effect on the S-matrix [44-49]. Fol-
lowing [88], we may eliminate the operators Op,, , (’)(L3L) that affect the left-handed leptonic
Z couplings, and the operators Osyr, Osp, Osg corresponding to the Y, W and Z parame-
ters [101, 102] in the generalization of the universal oblique parameters.® The coefficients

5The U,V and X parameters correspond to higher-dimensional operators.



cwp and the combination ¢y + ¢g are related to the S parameter, and we eliminate the
former using the identity

1 1
Op=0up+ ZOBB + ZOWB-

The operators Ogp, Opp affect Higgs physics and triple-gauge couplings, as we shall see
in the next section. Finally, the T parameter is equivalent to the ¢p coefficient. This
choice of basis minimises the correlation of operator combinations among EWPT and
LHC measurements. These operators are listed in table 1, and the remaining operators
eliminated from our basis are defined in [118].

The corrections to the self-energies are then as in (2.5), with § = &y +ég and T = ¢
We also have the input observable correction

gGF_ 2<L£?

and direct contributions to the output observables,

Fl Fhad
fl“z ZSF §Fhad )
é-ah d - §Fe + thad - 2§Fz )

§Rl = gl"%ad - gl“lz )
§r, = &re, — Ephaa
a0 = 8. +8a;,

which can be written in terms of shifts to the Z-fermion couplings,

A (e’
§ay = (g?)4 ( fR) (gg? _ggﬁR) ’
2
§rs Q(g?) § i+ 2(9?) € fr
2 2 2 2 )
(g () () (e
where ) - -
_ 3-(3)  Cfp _ Cfr
ggéL = géj‘ <TfoL 9 ) , ggéR - QQfR

and gé = T})’ — Qfsgw. Using these expressions and the expansion formalism in a x?
analysis, we obtain 95% CL limits for the operator coefficients.

The left panel of figure 2 shows our results for fits to the coefficients Ef’gl, cr,cw +¢B,
together with the coefficient ¢%, that affects the leptonic observables {I‘ Z, O’had, RY, RO RY,
AOFE, mW}. The upper (green) bars indicate the ranges for each of the coefficients varled
individually, assuming that the other coefficients vanish, and the lower (red) bars show
the ranges for a global fit in which all the coefficients are varied simultaneously. In both
fits, the coeflicients are all quite compatible with zero, with ranges ~ £0.001 in the single-

coeflicient analysis, increasing in the global fit up to ~ +0.004 for the coefficient ¢y in the
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Figure 2. The 95% CL ranges found in analyses of the leptonic observables (left panel) and
including also the hadronic observables (right panel). In each case, the upper (green) bars denote
single-coefficient fits, and the lower (red) bars denote multi-coefficient fits. The upper-axis should
be read x =¥ ~ 1/3 for éw + Cp.

multi-coefficient analysis.” The legend at the top of the left panel of figure 2 translates the
ranges of the coefficients into ranges of sensitivity to a large mass scale A. We see that all
the sensitivities are in the multi-TeV range, including in the global analysis.

The right panel of figure 2 shows the effect of including the hadronic observables,
{ RY RO, AOF’g, AOF’]CS, Ap, Ac}, and the coefficients that contribute directly to them, namely
(?i,é(;’)q,c”j% and édR. The ranges for the single-variable fits to E(L?%Z,ET,EW + ¢p and ¢
(upper,green lines) are the same as in the left panel, but the horizontal scales are different,
as seen immediately by comparing the separations of the vertical black dashed ‘tramlines’.
The ranges of these coefficients are altered significantly in the global 8-coefficient fit (lower,
red lines) and we see significant tension with the null hypotheses for ES%I, ¢r,cw + ¢ and
€%, which reflects the well-known tension between the Standard Model and heavy-flavour

measurements at the Z peak. However, values of E(L?’zl, cr,cw + cp and c§ between 0 and

—0.01 are favoured, corresponding to A > 2.5 TeV. The ranges of ¢, Ef)q, Ck and 5(11? are
considerably broader in both fits, particularly in the global 8-coefficient fit, most notably

cf and 5%, with values of the latter approaching —0.05 being allowed at the 95% CL.

3 Triple-gauge and Higgs couplings at the LHC

In previous work [89] we used LHC measurements of Higgs signal strengths together with
differential distributions in Higgs associated production measurements by ATLAS and DO
to constrain all the dimension-6 operators affecting Higgs physics. The associated produc-
tion information was vital in eliminating a blind direction, which can also be closed by
including TGC measurements. These are most precisely measured by LEP, but it has been

"We note that larger marginalized ranges for ¢% and E(ngl are found in [88], warranting further
cross-checks.



Operator Coefficient . LHC Constraints L
Individual Marginalized
. o
Ow =% (HTJGD#H> bW ’X—EV(CW —cp) | (~0.022,0.004) (—0.035,0.005)
Op =% (HT5“H> 0" By
Onw = ig(D*H)te®(DVH)W, "g—%VcHW (—0.042,0.008) (—0.035,0.015)
Oup = ig (D*H)'(D"H)B,, ";—%VCHB (—0.053,0.044) (—0.045,0.075)
Osw = g19€abc Wi W, WePH TX—%"ng (—0.083,0.045) (—0.083,0.045)
0, = g2|H]PGA,GAm e (0,3.0) x 1075 | (—3.2,1.1) x 10~
O, = ¢*|H|*B,, B" ’X—Evc7 (—4.0,2.3) x 107% | (=11,2.2) x 1074
On = & (0#|H[?)? Ben (—0.14,0.194) (=, —)
Of = yf|H2FLHO fr + h.c. Ly (—0.084,0.155)(cy, ) (—,—)
(—0.198,0.088)(cq) (=, —

Table 2. List of operators in our basis entering in LHC Higgs (including D0 associated production)
and TGC physics, together with 95% CL bounds when individual coeflicients are switched on one
at a time, and marginalized in a simultaneous fit.

recently pointed out that the LEP TGC constraints® have a direction of limited sensitiv-
ity due to accidental partial cancellations [98]. Meanwhile, TGCs have been analysed at
8 TeV at the LHC by both the CMS and ATLAS experiments [95-97], and here we study
their potential to complement Higgs physics in constraining a complete set of dimension-6

operators.
3.1 TGC constraints on dimension-6 operator coefficients

The operators affecting Higgs physics and TGCs in the basis we adopt are listed in table 2,
with the Lagrangian given by

cw CB cHwW CHB @ c
Laime D —5Ow + —5-0p+ —5Opw + —5-Op + —5 0y + —5-0Oy
My My My My myy myy
C3W c CH Co
+ 2 O+ > v—gof + 2oy + 20
w f=tb,T

The constraint at the per-mille level on the combination ¢y + ¢p obtained in the previous
section allows us to set ¢g = —¢y (or equivalently to constrain the direction ¢y — ép).
Ignoring the unconstrained operator Og that affects the Higgs self-couplings and (for sim-
plicity) setting ¢, = ¢; = ¢4 then reduces the number of independent coefficients to nine.
The coefficients ¢y, ¢rw, cgp and csy affect TGCs, with ¢3i being limited only by TGC
measurements, since it does not affect Higgs physics.

8See also [119] for a recent discussion on the use of TGC observables as reported by LEP for constraining
dimension-6 operators in different bases.
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Figure 3. The same-flavour pr distribution of the leading lepton after the TGC analysis cuts for
ATLAS at 8 TeV. The Standard Model distribution is shown in blue with solid lines, and the effect
of ¢gw = 0.1 is superimposed in green with dashed lines.

Note that our parametrization in terms of dimension-six effective operators are related
to the anomalous coupling characterization [120-122], and the translation in written in
the tables in ref. [118]. The kappa-formalism [123] can be linked to the EFT and AC
characterization only at the level of total cross sections.

We calculate the TGCs in the presence of dimension-6 operators using the FeynRules
implementation of [118] in MadGraph v2.1.2 [124], interfaced with Pythia [125] and
Delphes [126]. In the case of ATLAS, we implement the analysis given in [97]. This requires
events that pass the selection cuts to have exactly 2 opposite-sign leptons with no jets, pr >
25(20) GeV for leading (sub-leading) leptons, my > 15(10) GeV and ERisS > 45(15) GeV
for same-flavour (different-flavour) lepton pairs, as well as |my — mz| > 15GeV for the
same-flavour case. Similarly, following [95, 96], for the CMS cuts we require 2 opposite-
sign leptons with ppr > 20 GeV, total lepton pr > 45GeV and 75 GeV < my < 105 GeV,
Emiss > 37(20) GeV and my; > 20(12) GeV for same-flavour (opposite-flavour) pairs, and
no jets with |n| < 5, Ep > 30 GeV.

The resulting pr distribution of the leading lepton for the ATLAS 8 TeV analysis is
shown in figure 3 including ¢y = 0.1 as well as the Standard Model contribution.” We
focus on the number of events in the last (overflow) bin, since this has the highest signal-
to-background ratio and grows rapidly as a function of this and the other dimension-6 co-
efficients.'? We prefer to keep only the linear dependences on the dimension-6 coefficients,
considering that it is not consistent to keep terms that are quadratic in the dimension-6
coeflicients if one does not have reason to expect that the coefficients of dimension-8 op-
erators would be suppressed. As an example, we note that the signal-strength dependence
of the overflow bin on ¢y for the ATLAS 8-TeV same-flavour distribution is found to be

pTUASS — 1 4 3 45emw + 234chy

9The applicability of the effective field theory approach to this TGC analysis is discussed in the appendix.
9The validity of the effective field theory at such high pr may be restricted only to certain models [127,
128], but the range of validity will increase as the current precision of LHC TGC measurements is improved.
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Figure 4. Comparisons between the x? functions from fits to the same-flavour ATLAS distribution
including only linear (solid lines) and also quadratic (dashed lines) dependences on the dimension-6
coefficients ¢y (left panel) and ¢y (right panel).

and we keep only the linear term in our global fits. The constraints obtained using this
linear (quadratic) dependence on the dimension-6 coefficients are plotted as solid (dashed)
lines in figure 4. The left panel is for ¢gw, and right panel is for ¢syr. When deriving
constraints we use the background and Standard Model signal Monte-Carlo (MC) distri-
butions of the leading lepton pr provided by the experiments, and marginalize over the
MC error. This is given along with the observed number of events and their errors in [97]
for ATLAS and [95, 96] for CMS. We see that the quadratic and linear fits for ¢gy are
quite similar, whereas the constraint from the (preferred) linear fit for csp is significantly
weaker than that from the (deprecated) quadratic fit.

For the full global fit we use the same-flavour and different-flavour distributions for
ATLAS at 8 TeV and the CMS 7 and 8 TeV data. In figure 5 we compare the constraints
from the combination of the ATLAS and CMS TGC measurements with the LHC Higgs
signal-strength data on each of the dimension-6 coefficients ¢y, cyw and ¢gp (top row),
¢g, ¢y and czw (middle row), and &, ¢ and ¢ (bottom row).!t The purple line represents
the combination of LHC signal-strength constraints with the ATLAS 8-TeV TGC mea-
surements, the blue line the combination of CMS 7- and 8-TeV constraints, and the red
line uses all the sets of LHC TGC constraints. We use the signal-strength information on
the W+W_(*), Z7Z%) 4~ Z~, and 77~ final states, whose likelihoods are obtained as ex-
plained in [89]. We observe that the constraints on the coefficient ¢sy, which only affects
TGCs, is at the same level as some of the other coefficients whose operators also affect
Higgs physics.

The results in figure 5 are summarised in the marginalised 95% CL ranges displayed in
figure 6. Again, the LHC signal-strength data are always included, in combination with the
ATLAS 8-TeV data (purple bars), the CMS 7- and 8-TeV data (blue bars) and all the LHC
TGC data (red bars). As already mentioned, the LHC TGC data enables a competitive
model-independent bound on the coefficient ez .

1YWe note that the constraints on the last three operators are relatively weak, but include them for
information.
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Figure 5. Comparisons of the constraints on the dimension-6 coefficients ¢y, ¢gw and ¢yp
(top row), &g, ¢y and s (middle row), and &, ¢ and ¢y (bottom row) provided by the LHC
signal-strength data together with the ATLAS 8-TeV (purple lines), the CMS 7- and 8-TeV TGC
measurements (blue lines) and their combination (red lines).

3.2 Inclusion of Higgs associated production constraints

We now include in our analysis the constraints from the kinematics of associated Higgs pro-
duction, following the analysis of [89].12 Figure 7 displays the marginalised x? distributions
for each of the dimension-6 coefficients ¢y, ¢gw and cgp (top row), ¢4, ¢, and éy (middle
row), and &, ¢ and ¢y (bottom row).'® In each panel, the dashed blue line includes the
Higgs signal strengths measured at the LHC and the constraints from the kinematic distri-
butions for associated H + V' production measured by ATLAS and DO, whereas the solid
red line includes the signal strengths and the LHC TGC measurements. The solid black
lines include all the constraints: the signal strengths, the kinematic distributions and the
TGCs measured at the LHC. We see that the LHC TGC measurements are the strongest
for ¢y and ésw: in particular, they are necessary to obtain any meaningful constraint
on c3y, which cannot be constrained at all by Higgs physics along as the marginalized

12The applicability of the effective field theory approach to this associated production analysis is discussed
in the appendix.

13We note again that the constraints on the last three operators are relatively weak, but include them
for information.
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Figure 6. The marginalised 95% CL ranges for the dimension-6 operator coefficients obtained by
combining the LHC signal-strength data with the ATLAS 8-TeV TGC data (purple bars), the CMS
7- and 8-TeV TGC measurements (blue bars), and their combination (red bars). Note that ¢, 4 are
shown %100, so for these coefficients the upper axis should therefore be read x10.

likelihood (shown as a dashed blue line) fluctuates stochastically over a range larger than
that displayed. On the other hand, the Higgs constraints are more important for ¢z,
c¢up and ¢4, whereas the TGC and Higgs constraints are of comparable importance for the
other coefficients.

The results of our fits are summarised in figure 8. The individual 95% CL constraints
obtained by switching one coefficient on at a time are shown as green bars. The other
lines are the marginalised 95% ranges obtained using the LHC signal-strength data in
combination with the kinematic distributions for associated H + V production measured
by ATLAS and DO (blue bars), in combination with the LHC TGC data (red lines), and
in combination with both the associated production and TGC data (black bars). We see
again that the LHC TGC constraints are the most important for ¢y and 3y, whereas the
Higgs constraints are more important for ¢yw, ¢gp and ¢4,. Our numerical results for the
95% CL ranges for these coefficients are shown alongside the operator definitions in table 2.
Results for the coefficients ¢, ¢; and cp are shown in the case of one-by-one constraints,
but once other Higgs-gauge bosons are included in the global fit the sensitivities to them
is reduced to current limits on h — bb in associated production and tth.

4 Application to the Two-Higgs Doublet Model

We now discuss an example of the application of our constraints to a specific ultra-violet
(UV) completion of the effective field theory. The case of a singlet scalar and stops con-
tributing to dimension-6 operators was recently considered in [129]. Here we briefly look at
applying our constraints to the 2HDM scenario, which is worth further investigation [130].
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strengths measured at the LHC and the constraints from the kinematic distributions for associated
H + V production measured by ATLAS and DO (dashed blue lines), the signal strengths and the
LHC TGC measurements (red lines), and all the constraints (black lines).

We will be interested in particular in the case of the 2HDM in the alignment limit [131,
132], where the light Higgs couples to fermions and gauge bosons as the SM-Higgs, and all
new effects are then through loops of the heavy scalars in the 2HDM, as opposed to the
usual limits coming from deviations of the Higgs couplings through mixing.

In a large range of models, including the 2HDM in this limit, the only coupling of the
Higgs to massive vector bosons has the following Lorentz structure

hW,, WH (4.1)

The translation between this Higgs anomalous coupling and the operators is given in [118]
(see also [133]). The following constraints

CHW = — Cw, CHB = —CB (4.2)

are then satisfied at the UV scale. We recall from section 2 that, in addition, the EWPTs
impose the constraint ¢y ~ —¢p, implying that, to a good approximation

cCw = —Cp = —CHw = CHB, (43)
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Figure 8. The 95% CL constraints obtained for single-coefficient fits (green bars), and the
marginalised 95% ranges for the LHC signal-strength data combined with the kinematic distri-
butions for associated H + V production measured by ATLAS and DO (blue bars), combined with
the LHC TGC data (red lines), and the global combination with both the associated production
and TGC data (black bars). Note that ¢, 4 are shown x100, so for these coefficients the upper axis
should therefore be read x10.

with corrections due to renormalization-group running effects that are negligible compared
to the precision of the current LHC constraints. Moreover, in the 2DHM one also finds
generically that csp is suppressed [130]

éw ~ 0(0.1)g*cyw , (4.4)

so that it can be an order of magnitude smaller. In our application to the 2HDM we set it
to zero, as well as using the constraints (4.3). Note that in this case, the fit to electroweak
data would be complementary to the LHC constraints, as the same operators involved in
the Higgs data would be affecting TGCs, LEP and LHC [88]. Below we give the results of
the fit using LHC diboson and Higgs data only, as with the combination of diboson ATLAS
and CMS data, the inclusion of LEP data does not substantially affect our results.

Examples of models in this class include a general two-Higgs doublet model
(2HDM) [130], supersymmetry with electroweakino/sfermion loops [134], and the exchange
of a radion/dilaton particle [133]. In the former two models these operators are generated
at loop level, whereas in the third case the operators appear at tree-level through the ex-
change of the radion/dilaton particle. In the loop-induced cases, the validity of the effective
theory is typically v/ ~ 2M, where M is the mass scale of the heavy states. In 2HDMs
one would usually finds modifications of the coupling of the H

Figure 9 shows the y? distributions we find in a global fit to the three indepen-
dent dimension-6 coefficients of the 2HDM, ¢y, ¢, and ¢, obtained under these assump-
tions. These distributions have been obtained including all the constraints from the signal
strengths measured at the LHC, the constraints from the kinematic distributions for asso-
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ciated H +V production measured by ATLAS and D0, and the LHC TGC measurements.
We find the following 95% CL ranges

ew € —(0.02,0.0004)
¢, € —(0.00004, 0.000003)
&, € —(0.0006, —0.00003) (4.5)

in this particular class of models. The translation between the coefficients and the 2HDM
will be presented in ref. [130], but let us comment here how these values relate to the
validity of the effective theory. Roughly speaking, we find that ¢ ~ 192%;\’722, with A a
quartic coupling in the 2HDM scalar potential and M the mass of the heavy particles.
Hence, a limit of the order of 107 would lead to a mass limit of 2 TeV for A = 4, and
decrease as the the coupling becomes smaller.

5 Conclusions

The main lesson learned from Run I of the LHC is that, to a first approximation, we
seem to have a Standard Model-like Higgs sector. Taken together with the fact that
there is currently no clear evidence for any new physics beyond the Standard Model, it is
natural to consider the Standard Model in its complete effective theory formulation. Such
a (relatively) model-independent framework parameterises all the possible ways in which
decoupled new physics may affect measurements at different experiments in a correlated
and motivated way.

We have analysed in this paper the constraints imposed on the coefficients of dimension-
6 operator extensions of the Standard Model by EWPTs and LHC data. We first analysed
the EWPTs using the expansion formalism of [106], which is particularly appropriate for
models where the dominant corrections to the Standard Model predictions are not neces-
sarily present only in the vector-boson self-energies, as is the case for general dimension-6
extensions of the Standard Model. We confirm previous findings that the EWPTs provide
particularly important constraints on some of the operator coefficients, as shown in figure 2
and table 1.
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We then analysed the TGC data now available from ATLAS at 8 TeV and from CMS
at 7 and 8 TeV. We find that the most important aspects of the data are the highest-
energy (overflow) bins in the lepton pr distributions, as illustrated in figure 3, and use
these together with Higgs signal strength measurements to obtain constraints on a set of
nine operator coefficients, as shown in figures 5 and 6. We then combined these LHC TGC
constraints with the constraints provided by measurements of the kinematics of Higgs pro-
duction in association with massive vector bosons at the Tevatron and the LHC, obtaining
the results shown in figures 7 and 8 and table 2. As seen there, we find that completing the
Higgs signal strengths constraints on dimension-6 operators using the LHC TGCs provide
the strongest LHC constraints on some of the coefficients, whereas the Higgs differential
distributions in associated production are more important for some others, with both mak-
ing important contributions in some cases. In particular, we obtain the first bounds on
the coefficient ¢sy for a complete basis in the effective Standard Model. It is only by
combining the TGC and Higgs constraints that one can obtain a complete picture of the
possible ranges of the dimension-6 operator coefficients after LHC Run 1.

It is to be expected that Run 2 of the LHC will provide important improvements
in the sensitivity of LHC probes of possible dimension-6 operators. These improvements
will come not only from the greater statistics, but also from the greater kinematic range
that will strengthen the power of the associated Higgs production kinematics and the
TGC constraints, in particular. At the moment we know that the Standard Model is very
effective: LHC Run 2 data will give us a better idea just how effective it is, and perhaps
provide some pointers to the nature of the new physics that surely lies beyond it at higher
energies.
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A Kinematics and the validity of the effective field theory

We use in section 3 triple-gauge couplings and information on kinematic distributions in
Higgs production in association with a vector boson production constraints, finding that
typical 95% CL constraints on the dimension-6 coefficients are O(10~1-1072). For example,
for the operator ¢y our limits are

cw € (—0.022,0.004) [one-by-one] and (—0.035,0.005) [global] . (A.1)
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Figure 10. (Left) The kinematic distribution in the vector boson p¥. vs my g plane for associated
Higgs production at the LHC that would by induced by éy = —0.025. (Right) The kinematic
distribution in the leading lepton pr vs pgg plane for diboson production at the LHC that would by
induced by ¢y = —0.025.

Recalling the definition of the barred coefficients in eq. (2.6), one can interpret these limits
in terms of new physics at scale A coupled to the SM with strength gnp,

= 2
‘w _ 9np A9
m%{/ A2’ ( : )

upto a factor g from the conventional definition of Oy,. The value of A corresponding to
a value of ¢y can be read off the upper x-axis in figure 8 assuming 91%1}) = 1, where we see
that the marginalized range for ¢y corresponds to A ~ 400-800 GeV. However gnp may
vary to be less than 1 in weakly-coupled scenarios, in which case the new physics scale is
lowered, or up to 4m for strongly-coupled new physics, which raises A. In general we have
Asy = (%P) 10 TeV. (A.3)
The question can be asked whether the effective Standard Model approach is justified.

In this appendix we address this question by considering the region where the most
sensitivity is obtained, i.e., the last bin. First of all, it is important to note that the last
bin is an overflow bin, containing all the events with pr above a specified cut. For example,
in the TGC analysis shown in figure 3 the last bin corresponds to pr > 135 GeV.

For a given value of A, one expects the effective theory to break down at parton
energies V5 ~ A, namely myy and my g in the diboson and VH production respectively.
To illustrate this point, in figure 10 we show the kinematic distribution that would be
induced by ¢y = —0.025 (our most conservative limit in ¢y) in the plane defined by the
transverse momentum of the vector boson, p¥, and the invariant mass, my g, for associated
Higgs production at the LHC in the 2-lepton channel. This plot corresponds to the last
bin of the distribution, which has a cut p¥ > 200 GeV. We see that in this bin typically
p¥ < 250 GeV, i.e., there is not a large spread of events at large values of the distribution,
and V5 = my gy < 550 GeV.
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One can perform a similar analysis in the di-boson production case. For comparison,
we show in the right panel of figure 10 the pr distribution of the leading lepton in the
pp — WHTW ™ — 20+ Fr production at LHCS versus the transverse mass distribution of
the two vector bosons, p% For comparison with figure 3, we infer that the overflow bin of
pr > 135 GeV extends to about 160 GeV, and is correlated with ppfl < 250 GeV.

Thus, in both the associated production and TGC cases, for gnp = O(1), equa-
tion (A.3) reassures us that the most important regions of the kinematical distributions
are well within the ranges where one may expect the effective field theory to be a good
enough approximation for our purposes.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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