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Abstract We study the impact of dimension-six opera-for new anomalous interactions, it is fully complementary
tors of the standard model effective eld theory relevant forto direct searches for new particles. Interpreting data in the
vector-boson fusion and associated Higgs boson productiarontext of the SMEFT hence allows us to be sensitive to new
at the LHC. We present predictions at the next-to-leadingphysics beyond the current energy reach of the LHC in a
order accuracy in QCD that include matching to parton showmodel-independent way.
ers and that rely on fully automated simulations. We show The formulation of the effective Lagrangian restricted to
the importance of the subsequent reduction of the theoretperators of dimension of at most six relies on the de ni-
ical uncertainties in improving the possible discriminationtion of a complete and non-redundant operator bakis [
between effective eld theory and standard model results3] and should additionally include the translations among
and we demonstrate that the range of the Wilson coef cienthe possible choiced]. This has been intensively discussed
values allowed by a global tto LEP and LHC Run | data and will be soon reported by the Higgs cross section work-
can be further constrained by LHC Run Il future results.  ing group B]. Moreover, since we try to observe small
deviations from the SM, precise theoretical predictions are
required both in the SM and in the SMEFT framework.
1 Introduction The accumulation of LHC data and the subsequent preci-
sion obtained indeed call for a similar accuracy on the the-
The LHC Run | and early Run Il data have not yet put forwardoretical side, which demands the inclusion of higher-order
any strong evidence of physics beyond the standard modebrrections.
(SM) and limits on new states have instead been pushed to What we present in this paper is a part of the cur-
higher and higher energies. As a consequence, the effectivent theoretical activities aiming for precision predictions
eld theory (EFT) extension of the SM (SMEFT) has becomefor electroweak Higgs-boson production at the LHC, i.e.
increasingly relevant. The SMEFT is built from the SM sym-Higgs boson production in association with a weak boson
metries and degrees of freedom (including the Higgs secto{VH) and via vector-boson fusion (VBF). In this con-
by adding new operators of dimension higher than four tdext, NLO+PS (next-to-leading order plus parton-shower)
the SM Lagrangian. Being a tool to parameterise the searomatched predictions for VH and VBF production in the SM
have been released both in the MC@NL&§] and Pow-
heg [9-11] frameworks and merged NLO samples describ-
ing VH production including up to one additional jet have
been generated in both tiR®wheg [12] and Sherpa [13]
platforms. NLO QCD corrections along with the inclu-
sion of anomalous interactions have been further investi-
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gated for VH [L4] and VBF [15] Higgs boson produc- 2 Theoretical framework
tion, and matched to parton showers in the Higgs charac-
terisation framework 16,17]. Finally, electroweak correc- 2.1 Model description
tions as well as anomalous coupling effects for VH pro-
duction have been included in thdawk program [L§] In the SM of particle physics, the elementary particles and
that also contains NLO QCD contributions. In contrast,their interactions are described by a quantum eld theory
xed-order predictions are known to a higher accuracybased on th&U(3)c x SU(2). x U(1)y gauge symmetry.
for both VH and VBF SM Higgs production processesThe vector elds mediating the gauge interactions lie in the
[19-22]. adjoint representation of the relevant gauge group,

In the SMEFT framework (in contrast to the anoma-
lous coupling approach), the VH process has been studiegu(3)c G = (8, 1,0),
at the NLO+PS accuracy within tieowheg-Box frame-
work [23], where a subset of the 59 independent dimension-su(z)'- W= (1,30),
six operators was taken into account. In this paper, simit (1)y B=(110), (1)
larly, we consider ve operators which are relevant for VH

production. Firstly, we independently provide NLO+PS pre-here the notations for the representation refer to the full

dictiop; for the VH process by using a different frameworkg), symmetry group. The chiral content of the theory is
via a joint use ofFeynRules [24], NIoCT [25] and Mad-. de ned by three generations of left-handed and right-handed
Graph5_aMC@NLO (MG5_aMC) [26] programs. This quark @, ur and dg) and lepton [, and eg) elds

approach provides a fully automatic procedure linking the,hose representation under the SM gauge group is given
model Lagrangian to event generation matched to partop

showers at NLO. Our work hence not only independently

validates the previous results obtained witbwheg- Box uL 1

but also includes the additional bene ts stemming from theQL = d - 32, =,

exibility of the FeynRules program. As a result, one can

exploitgenerators likMlG5_aMCfor simulatingany desired yg= 3,1, E , dr= 3,1,8

process atthe NLO+PS accuracy (i.e. the VBF process in our 3

case) for which the same opgrators play a role. This is thef_ = L - 12 g} . er= (L131) )

second part of our paper, which presents the rst SMEFT 2

results for this process. Although we only present results

for a couple of benchmark scenarios motivated by globallhe Higgs sector contains a sing&J(2). doublet of elds

t results, our predictions can be straightforwardly gener-thatis responsible for the breaking of electroweak symmetry,

alised to any scenario by using our public Universayn-

Rules Output (UFO) model 27] within MG5_aMC [28- SiG*

30]. - Lv+h+icY
We emphasise that, following some recent results in the

ttH channel 81], this work represents a step towards 4where the components of thedoublet are given in terms of

complete SMEFT operator basis imple'men'tation for Higg%e physical Higgs eldh shifted by its vacuum expectation
physics at the NLO QCD accuracy, which will be bene cial valuev and the Goldstone boso@ andGP that are eaten

to both the theoretical and experimental communities. . yhe \weak bosons to give them their longitudinal degree of
In Sect.2 we provide the necessary theoretical 'ngred"freedom

ents to calculate NLO-QCD corrections for VH and VBF In the EFT framework, new physics is expected to appear

Higgs production in the SMEFT. We also discuss current, - <ale large enough so that the new degrees of free-
constraints on the Wilson coef cients originating froma LEP dom can be integrated out. As a result, the SM Lagrangian

and bLHChRunkI glgbal : an.alys:s VSV'tg Wh'zh wegnform L st is supplemented by higher-dimensional operatrs
our benchmark point selection. In Se8twe describe our parameterising all effects beyond the SM,

setup for NLO computations matched to parton showers.

We present our numerical results in Sedtand5, and also Chi

assess the validity of the EFT given the current constraints = Lsm+ — Oni- (4)

on the Wilson coef cients. We assess the future LHC reach n=1i

in Sect6, before concluding in Sect. Practical information  Restricting ourselves to operators of dimension six, the most
for event simulation and model validations are provided in theyeneral gauge-invariant Lagrangiarhas been known for a
appendix. long time B2-34] and can be expressed in a suitable form by

1
3 1

1
12 3 3)
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choosing a convenient basis of independent oper@pf&—  We have introduced in this expression the sine and cosine of
3]. In this work, we focus on ve specic, bosonic oper- the Weinberg mixing angls,  sin  andcy  coS ,
ators! which are relevant to the VH and VBF processeswhich diagonalise the neutral electroweak gauge boson mass
taken from the strongly interacting light Higgs (SILH) basis matrix. The higher-dimensional operators of Eg).icduce
[2,36,37],2 a modi cation of the gauge boson kinetic terms that become,

5 in the mass basis and after integration by parts,

9" = t
L=Lgu+ C B, B
4 2°°B H 1 . g™, ., 5y
ig " K Lkin=S= 1S 3 WH W
+ —Cy 'TxDyp DW H 2 4
2 2 1 g 2v2c;
| _ &~ & BB M
+ 29208 T Dl.l Bu S 4 18 2CW 2 Au A
. 2\2G. 2y2¢ 2=
|g_ t k, "1 ng "gv gS\NVCBB U
* —5Chw D, 'TxD W H S 2 1S 12 RS > 2 52 Zy Z
i 2 2e ~ 2
+ gchB Dp TD BH . (5) + V_ g9 SWCWSg CWCB g SWCWCBB Ap Z“
2 16cy 8sw
The Wilson coef cientsc are free parameter3y are the ©)

generators o8§U(2) (with Tr(ToT21) = i/ 2) in the funda- .
mental representation and the Hermitian derivative operatoMhere W , Zy and A, denote theW-boson, Z-boson

are de ned by and photon eld strength tensors, respectively. Consequen-
tly, canonical normalisation has to be restored by rede ning
D W = T(Du ) $ (Dy T) ’ the electroweak boson elds,
"TaDy = "Ta(dy) SOy HTa. (6) g?v2cy
In our conventions, the gauge-covariant derivatives and the 5 > > o
gauge eld strength tensors read 7 14 IVCw  Q7VC 9 2SiV*Cas 7
H g 2 4 2 4 2 H
W = WS wi + g wwd, . V2 OPSwoulu  97SwCules A
- S 2 :
Bu = uB S By, 2282_ 4
k — k ki VeC
D Wy = Wu+g'JWVXu' Ay 1+%A“
- & k& = _ _ _
Dp = u SigTaWy S §|g By, @) . V2 QZS\?VCW < 92c,Cs & 925 CwCos .
- "
2 8cy 4sy 4
where i; X are the structure constants®if)(2). In addition g (10)
andg denote the coupling constants®8(2) andU(1)y,
respectively. We have made use here of the freedom related to the removal

After the breaking of the electroweak symmetry downof the photon andZ-boson mixing terms induced by the
to electromagnetism, the weak and hypercharge gauge e&iigher-order operators. This mixing can indeed be absorbed
genstates mix to the physicslV-boson,Z-boson and the either in a photon eld rede nition, or in aZ-boson eld

photonA, rede nition, or in both (as in Eq.10)). In order to minimise
the modi cation of the weak interactions with respect to the
Wﬁ = i_(v\/& iW&), SM, we additionally rede ne the weak and hypercharge cou-
2 pling constants
Zy _ ow Ssy Wff‘ ®)
. 2= 2=
Ay Sw Cw By . e s ez\;c\,2v g e s ezvchZB 1)
Sw SSW Cw 4CW

1 The relevant fermionic operators are also considered in, 85., [

? Although thew-boson massn,y andv are usually used as expansion As a result of this choice, the relations between the mea-
parameters in this basis, our model explicitly uses a cutoff scafor -0 alyes for the electroweak input and all internal elec-
all our numerical results, we set = m,,. We also point out a relative . i .
factor 2 difference in our de nition oD,, and Oy with respect to troweak parameters are simpli ed. T@eboson masgn; is

Refs. P,36,37]. now given by
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Table 1 New physics effects in three-point interactions involving a Higgs boson and electroweak gauge bosons. The loop-induced SM contributions
to the Higgs-boson couplings to two photagsand to oneZ-boson and one photax, have been explicitly indicated

Equation (.6) Our conventions Referencd1] (HEL) Reference 6] (HC)
-~ _ ~ 80s2, —

Ohn ay S eichB au S ,?17370 C 4 Ou

1 — J — _ — x —
gr(\z)z g}vz% C\%/CHW + ZS\/ZVCHB S ZS\‘/\lchB C\zNZr?]W [C\%/CHW + S\/Z\/CHB S 45\‘/\1/0 1 1lc HZzZ

2 — — — — — — — —
o2 221G (G + T + 253 (Ge + Co)] 75 16B (G + ) + (G * )] = E

3 2 43 _ _ 8 —
o) S+ e Chw + 26s] o 1+ e C SMOhzz
gr(\? a,t 43Ne§\\,\ll 5 [Chw S 2Cis + 45\%/EBB] Q%S:n'vw [Chw S Chg + 85\%,5] C Hz Onz
gﬁf) %[EHW +Cy S 2(Cgp + Cs)] %[EHW +cy S (Chs + Cs)] ic H
gr(wlv)w ZsiezzNivzan %C_HW 1 www
S 4:%2\/ 2[Cuw + Cu] %[EHW + Cu] e oww

2,
gr(wav)w gTV gmy C  smOnww
ev e?v? _ _ he Z- n .Th nstrain n nonethel
m, = 1+ = (Ca,Cw*' %) (12) the bgso_ decay Qata 'hose co straints can nonetheless
25 Cw 8cg 2 be modi ed if other dimension-six operators are added to the

. _ Lagrangian of Eq.5).
while the photon stays massless and the expression of the In unitary gauge and rotating all eld to the mass basis, all
W-boson massy is unchanged respect to the SM one.  three-point interactions involving a single (physical) Higgs

We de ne the electroweak sector of the theory in terms ofhoson and a pair of electroweak gauge bosons are given by
the Fermi coupling consta@g as extracted from the muon

decay data, the measur&dboson mass; and the electro- & =1
magnetic coupling constantin the low-energy limit of the Low =S 7200 A ATRS FRIZE ' h
Compton scattering. The vacuum expectation value of the
Higgs eld can therefore be derived from the Fermi constant
asinthe SMy2 = 1/( 2Gg). After the eld rede nitions

of Eq. (10), the electromagnetic interactions of the fermions
to the photon eld turn out to be solely modi ed by th@,,

=

L 1
S$g2z uZh h+ Egﬁflzuz“h

(0p4

1 .
Liz, w0 S g2z LA

.1 5 - &
ly moci : S SohmWi WO hS gl (W' yWSH h+ hel
operator, so that the electromagnetic coupling constést 2 .
related to the input parameteras + g,gfv)WWJ WSHh, (16)
2 . .
e= 41 1+ V. “Cw (13) where integration by parts has been used toreduce the number

2 2 7 of independent Lorentz structures. Tabkhows the relation
o _ _ ~ between the couplings in Eq.) and the Wilson coef cients
Furthermore, the shift in the cosine of the Weinberg mixingj, Eq. 6). As a reference, we also compare our conventions

: 1 2 . o= )
angle cos can be derived, at rstorder il < fromthe {5 those of the previous SILH Lagrangian implementation

Z-boson mass relation of Edl2) along with Eq. {3), of Ref. [37] and of the Higgs characterisation Lagrangian of
Ref. [16].
<2 SV o,
2 _ 2 2
=285 MW 2¢,+Cs (14)
Gw= G mg Tr Gl Ce 2.2 Constraints from global ts of LEP and LHC Run | data

withc,y, cos2w,sw sin wand In this section we summarise the current bounds on the Wil-

son coef cients associated with the effective operators under
4v ? (15) consideration.
m We start from the results of previous world8[39], where
a global tto LEP and LHC Run | data has been performed.
As a consequence, thg, and cz parameters are con- The results imply constraints on several linear combinations
strained by the measurement of ti¢boson mass and by of the ¢ coef cients appearing in Eq5j that we present in

1 .
c2 coszwzE 1+ 18
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Table 2, each limit having been obtained by marginalising Ourbenchmark scenarios are de ned in Tebl the rst
over all other coef cients. Leading-order (LO) theoretical setup, we only switch on th®, operator (which induces
predictions have been used and in addition, the modi canhew physics contributions to both t %,)v and gt(f,)v struc-
tions of the electroweak parameters computed in Eg) ( tures). With the second point, we additionally oy to an
and Eqg. 14) have not been considered for LHC predictions.equal and opposite value relying on the constraint relation
We have nevertheless checked that the corresponding effedisought up in Sec.2 This allows for turning on solely the
are small compared with the LHC Run | sensitivity, as alsog%,)v coupling (see Tabl#).
noted by the ATLAS collaboratiord[].

In many classes of SM extensions (featuring in particu-
lar an extended Higgs sector), certain relations among thg Setup for NLO+PS simulations
coef cients appear. For instance, it is common that matching
conditions such tha;r(]i)lw “cyw + cw = Oappear4l].In  Our numerical results are derived at the NLO accuracy in
this case, the global tgeneratesthe more stringent constraigCD thanks to a joint use of theeynRules/NIoCT and
Chw = Scw = [0.0008 0.04] when one sets the effective MG5_aMC packages. The EFT Lagrangian of Ef) has

scaleto = my [3§]. been implemented iffeynRules [24], while the compu-
tation of the ultraviolet counterterms and the ratiofal
2.3 Benchmark points terms necessary for numerical loop-integral evaluation has

been done bNIoCT [25] that relies onFeynArts [42].
For both production processes of interest, we consider twdhe model information is then provided MG5_aMC [26]
benchmark scenarios in the Wilson coef cient parametein the UFO format 29]. Within MG5_aMC, loop-diagram
space. These two points are selected to be compatible wigPntributions are numerically evaluate¢8[ and combined
the global t results discussed in Se@t2 with the real emission pieces within the FKS subtraction

We rst make use of the fact that, as seen in TaBle Scheme44,45]. Short-distance events are nally matched to

electroweak precision observables strongly constrain a paparton showers according to the MC@NLO prescriptiéln [
ticular linear combination of theyw andcg Wilson coef- We generate events for 13 TeV LHC collisions using the
cients beyond a precision than can be hoped for at thd-O and NLO NNPDF2.3 set of parton densitiés] for LO
LHC. We therefore imposeég = Scw/2, which in turn ~ and NLO simulations, respectively. Events are then showered
leads to an allowed range (setting = my,) for cw of  andhadronised withintHeythia8 infrastructure47], which
[$0.035 0.005, as obtained from the second constraint onis also used for handling Higgs-boson decays. This latter
these two parameters. In order to highlight the impact of th&tep relies oreHdecay [48] that computes all branching
two new Lorentz structures appearing in the interaction verfractions of the Higgs boson into the relevant nal states to
tices of the Lagrangian of Eq16), we allow for non-zero the rst order in the Wilson coef cients. This procedure has
values for both theyw andcy coef cients. the advantage of providing a correct normalisation for the

production rates that includes all effects originating from the

EFT operators. For the two adopted benchmark points, the

Table 2 Current 95% con dence level constraints on the consideredqjeviations from the SM branching ratios are found to be very
effective coef cients marginalised in a global tto LEP and LHC Run |

data B§] small. _ _ _

_ Event reconstruction and analysis are performed using the
Coef cients Bounds MadAnalysis5 [49] framework, which makes use of all jet
" ls &5 %0.035 0.00 algorithms implemented in theastJet program pQ]. Jets
m; (20 S Ce) [v > E are de ned using the ant algorithm 1] with a radius
Y (3Cw + Ca) [S0.00330.0018  parameter of 0.4.
™ G [50.07,0.03 Thgorgtical uncertaintie; dye to renormalisatipp)and
e . factorisation (1) scale variations are accounted for thanks
¥ Ce [S0.045 0.075

to the reweighting features MG5_aMC [52]. At the event

generation stage, nine alternative weights are stored for each

Table 3 EFT benchmark points under consideration, withe my. event, corresponding to the independent variation of the two

We additionally se€gg = CHg = O for simplicity scales by a factor of two up and down with respect to a cen-
— — tral scalepg. Since the parton shower is unitary, this could

Benchmarks CHW cw CB . .

be used to reweight the events after showering and recon-
Aglh g = 0.03 0 0 struction, saving a great deal of computational time and stor-
B =0 ¢, =0 0.03 £0.03 0.015 @age. The scale variation uncertainty is taken to be the largest

difference between the central scale and the alternative scale
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choice predictions. We use as a central spgle Hy/2and  In the last band, we additionally show differenti@ifactors
my for VH and VBF processes, respectively, whéte is  de ned as the binned ratio of NLO to LO predictions taking
de ned at the parton-level as the scalar sum of the transversanly the total NLO uncertainty into account.
momentum of all visible nal-state particles and the missing The predictions are found to be stable under radiative cor-
transverse energy. We refer the reader to the appendix foections, as expected for any process with a Drell-Yan-like
further technical details on event generation. topology. The obtained -factors are indeed relatively at
and independent of the EFT parameters, with the exception
of the observables that rely on the leading-jet kinematics
4 Higgs production in association with a vector boson ~ which turn out to be much harder at NLO. Hard QCD radi-
ation contributions originating from the matrix element are
Higgs-boson production in association with a vector boson i# this case included, in contrast to the LO setup where QCD
an excellent probe for new physics, as the momentum trangadiation is only described by the parton shower and thus
fer in the process is directly sensitive to the Lorentz structurénodelled in the soft-collinear kinematical limit.
appearing in the interaction verticés]. The use of differen- LO predictions are found to be inaccurate and do not over-
tial information at the LHC Run | has therefore enhanced théap with the NLO results even after considering scale vari-
sensitivity of Higgs data to possible new physics effeg.[ ~ ation uncertainties. This is particularly true at high trans-
Those Run | studies have, however, relied on predictiongerse momentunpr, transverse mashlt and total trans-
evaluated at the LO accuracy in QCD but, with the improvedverse energfr. This behaviour is once again expected for
capabilities of the LHC Run Il, NLO QCD effects become a Drell-Yan-like process that does not depend gat xed
more relevant and more precise predictions are in order. LO. If one were to use the difference between the LO and
To showcase our NLO simulation setup for associated VHNLO results as an error estimate for the LO predictions and
production, we study various differential distributions in thethe scale variation only for the NLO, then the reduction of
the theory error would be better re ected by Fify. The
pp HW' bb*+E (17) iSM ratios also remain stable with respect to QCD correc-
tions, except at very high energies for the benchmark point
channel, wheréE stands for the nal-state missing energy. A where small differences appear between the LO and NLO
We impose the requirement that bathets and leptons have predictions. These would, by construction, be covered by the
a pseudorapidity,, and a transverse momentupy;, satis- aforementioned improved de nition of the LO theoretical
fying | | < 2.5 andpr > 25 GeV, respectively, while non- uncertainties.
b-tagged jets are instead allowed to be more forward, with All distributions strongly depend on the value of the
| | < 4, for the samept requirement. We select events by EFT Wilson coef cients. For the adopted scenario A, large
demanding the presence of one lepton andijetis basedon  enhancements are observed in the tails oftheMt andEt
truth-level hadronic information, & tagged jet being de ned  distributions, which correspond to a centrally produbéd
by the presence oftahadron withinacone ofradilR = 0.4  system (with a small pseudorapidity). In contrast, event rates
centred on the jet direction. are only rescaled by about 15-20% with respect to the SM
In Fig. 1, we present the transverse momentum spectrurfpr the scenario B. This originates from tlgéa, coupling
of the bb system (upper left), of the leading (upper centre)that vanishes in this scenario, so that onlygﬁé‘, coupling
and next-to-leading (upper rightt}jets, of the lepton (mid- drives the EFT behaviour in the high-energy tails. However,
dle left) and of the leading jet (middle centre). We then focusghis latter coupling is known to yield a smaller impact than
on the distribution in pseudorapidity for the system (mid-  the gffl)v coupling [L7,23] and it is therefore the presence of
dle right), in the transverse mass of #ieboson and Higgs  the g,(fl)v interaction vertex in scenario A that leads to the
boson (lower left) and of th&V-boson, Higgs boson and |arge observed deviations. This constitutes a very promis-
leading-jet system (lower centre) and in the total transverSﬁqg avenue for setting limits on EFT parameters fravH
energy (lower right). In each sub gure, the results are shownst,dies and similar behaviour can be observedzer pro-
both at the LO+PS and NLO+PS accuracies, together witQyction, where the&yg andCgp coef cients additionally
uncertainties related to scale variation. play a role. In this case, the gluon fusion initiated contri-
For each studied observable, we investigate inthe rsttwaytion should, however, also be considered, as discussed in
lower bands of each sub gure the relative difference betweegafs. P3,54].

the predictions in the SM and in the case of both considered \while such large enhancements can be exploited to obtain

benchmark points A and B, powerful constraints on the SMEFT Wilson coef cients, they
_ _ do raise the question of the validity of the EFT approach at
AV ﬁ S1 for i= A B. (18) large momentum transfeB9,55-57]. This question could
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Fig. 1 Selection ofW H differential distributions at the (N)LO+PS accuracy in which the SM predictions are compared with results obtained for
the two benchmark scenarios discussed in Se8tOur predictions include the theoretical uncertainties stemming from scale variation
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Fig. 2 Selection ofwW H differential distributions at the LO+PS accuracy in which the EFT squared contributions are either included or not. The
results are presented for both benchmark scenarios described i2 Sect.

be addressed with the use of dedicated benchmark modelspg > 20 GeV. We moreover include a standard VBF selec-
compare the breakdown of the EFT framework against welltion on the invariant maddlj; and pseudorapidity separation
motivated ultraviolet-complete modeld1,58]. At a more jj of the pair of forward jets,

simplistic level we can also make use of th&s5 aMC

ability to select only interference contributions (at LO) to

assess the impact of the squared EFT terms given our benchflii > 500 GeV  and
mark choices (technical details are described in Appendix A).

F.|gL-1re2 shpws a sellectlon OT distributions, overlaying P Several kinematical observables are sensitive to the momen-
dictions with and without this squared term. We observe:[um ow in the VBF process, for which EET contributions
signi cant differences between the two choices which are eviate from the SM predictio’n We consider in Fighe dis-
greater than the scale uncertainty of the predictions. Depen&ﬁbution in the transverse momentum of the diphoton system
i 0

ing on the observable, the_se_ can range from 40 to 100% Qupper left), in thept of the leading (upper centre) and sub-
the interference-only prediction for the benchmark scenari eading (upper right) jets, in the invariant mass of the dijet

A, while they are much milder for the benchmark scenario B'system (lower left), as well as in its pseudorapidity (lower

Thls suggests_ that current sensitivities on this region of tht?:entre) and azimuthal angular (lower right) separations. The
Wilson coef cient parameter space may not yet lend them

. ) o . ‘consistent de nition of scale uncertainties that are possible
selves to an EFT interpretation within the validity of the P

. . with the NLO predictions helps to quantify the discrimina-
framework. A reduction of the production rate from the SMtory power between the new physics benchmarks and the

;/r?lude,risinsenen fofr tbheniil r:rr;?r:( icentarrlr?li, Tv?resvtﬁr 'g?\'/lca;?\/\. Similarly to the VH process, the NLO corrections are
€ dominance ot Ine interierence te etween the an dependent ofthe EFT parameters and cannot be completely

EFT contributions given that the squared terms are pOS't'Vedescribe d by an overak -factor.

de nite (Fig. 3). In contrast to the VH process, we observe a depletion
of the production rate for both benchmark scenarios, which
mainly impacts the high-energy tails of the differential dis-
tributions. This indicates that our predictions may be safer
with respect to the validity of the EFT, as it implies that
Another powerful probe of anomalous higher-derivativeihe interference term dominates over the EFT squared one.
interactions between weak and Higgs bosons consists of thg particular, the effects for the benchmark scenario B are
VBF Higgs production mode where it is produced in associyore pronounced with respect to the SM compared to the
ation with two forward jets, V H production case and show some different shape defor-
mations. This illustrates the complementarity between the
VH and VBF processes in disentangling the possible EFT
sources for any potential deviation. Although the correla-
Our event selection requires the presence of at least two jet®ns between the forward jets as well as between the jets and
with a pseudorapidity | < 4.5 and a transverse momentum the Higgs boson are known to be sensitive to new physics
pr > 25 GeV, and we additionally impose the requirementeffects p9,60], those are less sensitive than the individ-
thatthe Higgs boson decays into a pair of photons with a psewal Higgs and jetpr distributions for our two benchmark
dorapidity satisfyind | < 2.5 and a transverse momentum scenarios.

5 Higgs production via vector boson fusion

pp (H )t (19)
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We also repeat the simple EFT validity analysis performedmable 4 Information necessary to estimate the 13 TeV projections of
for the V H case and assess the impact of the EFT squarehe tted background yieldshokg, in thepy > 200 GeV over ow bins

_ quotedinthe analysis of Re6]]. We showthet ducial cross sections
terms at LO, as shown in Fig. As suggested by the deple after the kinematic selection of Appendix B for 8 and 13 TeV collisions

tion effect of the EFT operators in the high energy bins ofynq assuming a 29.2% semi-leptonic branching fraction, along with the
the differential distributions, the squared terms appear mucherived transfer factof;,

more under control in this process compared tohé case.
Within the ranges of our predictions the impact of the squared
term is again most pronounced for the benchmark A, reacto-jet 74 0.94 fb 3.921fb 4.17
ing at most 5-12% , while for benchmark B their effect is1-jet 143 3.20 fb 8.05 fb 2,52
much smaller.

i overf. overf. i
Categoryi) Nokg 8 13 fy

gories) by generating large statistics of SM semi-leptonic
events at centre-of-mass energies of 8 and 13 TeV on which
we apply the kinematic selection of the Run | analysis sum-
Tharised in Appendix B. The transfer facté} is de ned as

6 Future LHC reach

Before concluding, we attempt to estimate the reach of the

LHC Run Il with respect to the Wilson coef cients consid-
: ) the ratio of the two ducial cross sections and we deduce the
ered in our benchmark scenarios. Our results so far suggest

make use of the high energy tails of differential distributions'g)un Il analysis background contributions by multiplying the

_ 8 TeV SM expectation |, inferred from the Run | back-
as handles for new physics. For concreteness, we focus on 9 &1
the associated production process ground event countslbkg assuming 25 " of 8 TeV data.

These should not depend much on the actual composition of
pp HW* bb *+ Et 7 and 8 TeV data analysed, particularly in the high transverse

momentum over ow bin which is dominated by 8 TeV data.
which has already been searched foratboth LHC R64]l [ Taple4 summarises the information obtained and used in
and Il [62). In both analyses, a large number of signal antihe subsequent analysis. Our theoretical predictions for the
control regions are de ned according to the lepton and addit; contributions to the 0- and 1-jet signal regions at 8 TeV,
tional jet multlphcmes as well as to the vector boson trans- Et;verf lie within a factor 2 of the cross-sections inferred from
verse momentunpy . These are combined in a global tt0 the post-selection, tted background decomposition pre-
obtain the corresponding SM Higgs signal strength. In thisented in Table 5 of Ref6[l]. Due to the multi-variate nature
tting procedure, several dominant components of the backyf the recent Run Il analysis, its tted background yields can-
ground, namelytt and W-boson production in association not be used to validate the results of our projection, which
with heavy- avour JetS are left free to oat. We consider rather represents the scenario in which a cut-based analysis
as signal regions they over ow bin in the single lepton  similar to the Run | counterpart were performed at 13 TeV.
channel for both the O-jet and 1-jet categories. The Run Il The signal predictions have been generated using the pre-
study, however, makes use of multivariate methods in thgjously described UFO implementation, and bothtthand
event selection process that are dif cult to reproduce a tasky H contributions have been simulated at the NLO accuracy
that de nitely lies beyond the scope of the simple estimatan QCD as described in previous sections, the xed-order
we are intending to derive. We therefore choose to considgggyts being matched wifPythia 8 for both handling the
only the cut-based signal selection procedure employed ifhp decays and the parton showering. A grid of points span-
the Run | analysis and then project the results for variou;;,ing the allowed region of th&C,w, Cw) parameter space,

Run Il integrated luminosities. including the SM prediction, was simulated and the generated
events were passed through the same kinematic selection of
6.1 Signal prediction and background estimation Appendix B. Following the previous discussion on the exist-

ing constraints, we assume the simpli catiop = Scg/ 2.
In order to estimate the number of background events in th8uch a relation would not be retained in a complete global t
single lepton signal regions of a possible cut-based, LHGncluding, e.g., LEP data. However, it is instructive to follow
Run Il analysis, we extrapolate the results of the correspondhis simpli ed path as it assesses the sensitivity of the LHC
ing Run | analysis. We rst consider the dominatitigcon-  to the direction in thécy,, Cg) plane that is orthogonal, and
tribution which arises from semi-leptonic top-antitop decayghus complementary, to the one tightly constrained by pre-
and which makes up 54 and 85% of the total background iision measurements at tlZepole. We have derived least-
the O-jet and 1-jet categories, respectively. As a crude estsquares- tted quadratic polynomial forms for the 0- and 1-jet
mate for the corresponding 13 TeV yields, we compute aver ow bin cross sections in the two-dimensional param-
transfer factorf;, (withi = 0, 1 for the O-jet and 1-jet cate- eter plane WH(CHW, Cw). Our results, moreover, embed a
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O-jet bin, p¥¥ > 200 GeV 1-jet bin, p¥ > 200 GeV Combined, p}¥ > 200 GeV
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Fig. 5 95% con dence intervals in théc,w, Cy) plane depicting the  We consider three different choices for the integrated luminosities, and
projected reach at the LHC Run Il extracted from data inp\ﬁ’eover— thedashed lineindicate the previously obtained marginalised limits on
ow bin of the corresponding Run | analysis performed in R&f1][ the Wilson coef cients from the global t of Refs38,39]

b-tagging ef ciency of 70%, and more information (in par- the 1-jet category suffers both from a larger background and
ticular on the explicit coef cients of the ts) is given in smaller signal contribution, its relative impact on the over-

Appendix B. all reach is small. The blind direction associated with this
measurement lies very close to g, = S'cy line, corre-
6.2 Results sponding to the benchmark choice B of the earlier sections.

This is consistent with the very mild expected impact of this

Our results have been derived from the tted functional formsParticular new physics scenario in the high energy tails of the
for the signal cross sections in combination with the pro-differential distributions for theop ~ W* H process (see
jected background yields. We have performed & analysis Sect.4). Nevertheless, our results suggest that in the general
to extract 95% con dence intervals assuming= 30,300  Case, taking the full integrated luminosity of LHC Run I
and 3000 51 of integrated luminosities of 13 TeV proton— will individually allow to constrain Wilson coef cients with
proton collisions. Denoting b’ and S the event counts 2 precision of a few per-mille and the results presented in
in the signal region in the background-only and signal-plusS€ct-5 indicate that combining VBF and WH studies may

background hypotheses, respectively, we have break this degeneracy.
B'= L(fy gt wn(0 0);
S = L(fy pg* wh(Crw, Cw)); 7 Conclusions
) (B'S §)2
Bi ' We have presentedreynRules and UFO implementa-

tions of dimension-six SMEFT operators affecting elec-
troweak Higgs-boson production, which can be used for
NLO(QCD)+PS accurate Monte Carlo event generation
within the MG5_aMC framework. We have considered ve
The 95% con dence intervals are obtained at the boundargILH basis operators and have accounted for all eld rede -
of 2= 5.99 which equates to the correspondimgalue  nitions that are necessary to canonically normalise the theory.
for a 2 distrbution with two degrees of freedom. Figulse Moreover, the ensuing modi cations of both the gauge cou-
depicts these con dence intervals for the 0- and 1-jet bin sepplings and the relationships between the electroweak input
arately as well as their combination, for the three integratednd the derived parameters have also been included. We
luminosity points. For comparison, the marginalised singlehave showcased the strength of our approach by simulat-
parameter exclusion regions established in T&xed the ing both associated VH and VBF Higgs-boson production
benchmark discussion of Se2t3are indicated. at the 13 TeV LHC, selecting a pair of benchmark scenarios
This simpli ed projection shows that this type of analysis informed both by recent limits from global tstothe LEP and
is likely to substantially improve the existing limits on these LHC Run | data and by theoretical motivations originating
Wilson coef cients in combination with existing data. Since from integrating out certain popular ultraviolet realisations.

. o . _ _ 2
_ L wn(0,00S {n(Chw, Cw) 1)
i ftlr tlxkg + \IN H(O’ 0)
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We have found that EFT predictions and deviations from Finally, our work has demonstrated a proof-of-concept
the SM are stable under higher-order corrections. Overall, wior automated NLO+PS simulations in the SMEFT frame-
have also observed a signi cant reduction of the theoreticalvork. To this aim, we have limited ourselves to a small set of
errors, which would have an impact on the future measuredimension-six operators and a pair of benchmark points. This
ments aiming to unravel dimension-six operator contribuis characterised as a rst step towards a complete operator
tions. basis implementation, with which the renormalisation group

Furthermore, as a test for the validity of the EFT approachrunning of the Wilson coef cients31,65-69] could also be
we have proposed to compare distributions that either includsupplemented in the future.
the full matrix element (embedding all SM and new physics
contributions) or account solely for the interference of theAcknowledgements We would like to express a special thanks to Fabio
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ter handle org®-type (Vu VM h) structure, since several ' Nded by SCOAR
1]

key distributions display deviations that may be more eas-
ily distinguished from the background. Although the QCD
K -factors have been observed not to depend on the EFA Simulation in MadGraph5_aMC@NLO
parameters, the reduced theoretical uncertainties are crucial
for disentangling a non-vanishing contribution of &-  A.1 Technical details
type structure to the predictions from the SM. This has been
singled out in our study of the benchmark point B. More-Our HEL@NLO UFO model can be downloaded from the
over, our results exhibit an interesting complementarity of~eynRules model database[]. It can be used for generat-
the two Higgs production channels, since the interferencéng events at the NLO accuracy in QCD using software such
pattern between the SM and the SMEFT contributions is quités MG5_aMC via to the automated procedure detailed in
different and benchmark-dependent. Sect.3. Event generation foww* H production is achieved

In order to estimate the reach that might be possible ddy typing in theMG5_aMCinterpreter
LHC Run Il, we have performed a simpli ed analysis pro-
jecting the Run | SM background expectations in a searcimport model HELatNLO
for W H associated production and combining this informa-generate p p > h ve e+ [QCD]
tion with LHC Run Il signal predictions obtained using our output
implementation. Using the over ow bin of the reconstructedlaunch
W-boson transverse momentum distribution in the single lep-
ton channel as a probe for EFT effects suggests that the LHSjince the usual decay syntaxMf35_aMC is not available
Run I will signi cantly improve the current limits obtained  for NLO event generation, we directly request the presence of
from global ts. Clearly both thev H and VBF processes theW-boson decay products in the nal state. An alternative
deserve further investigation including detector effects angyay would require one to simulate the production of a Higgs
an analysis strategy to reject the SM backgrounds. In thigoson in association with an on-shéftboson that is subse-
case, the new physics contributions to the SM backgrounguently decayed within thiladSpin infrastructure 70,71]
processes should also correctly be accounted for, since effegefore invoking the parton showering. On the other hand,

tive operators affecting electroweak Higgs-boson productio/BF Higgs-boson production is achieved by typing in the
also impact the normalisation of the triple gauge-boson intergeneration command

actions both directly and indirectly via the aforementioned
eld rede nitions [23,38,41,63,64]. generate p p > h jj $$ w+ w- z a
QCD=0 [QCD]
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