I

~ [=)] o w

10

11

12

LHC HXSWG interim recommendations to explore the coupling gructure
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and M. Zanetti.

Abstract

This document presents an interim framework in which thepling structure
of a Higgs-like particle can be studied. After discussinifledent options and
approximations, recommendations on specific benchmadnpetrizations to
be used to fit the data are given.
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1 Introduction

The recent observation of a new massive neutral boson by ATaidd CMS [1, 2], as well as evidence
from the Tevatron experiments [3], opens a new era wheractaization of this new object is of central
importance.

The Standard Model (SM), as any renormalizable theory, ma&ey accurate predictions for the
coupling of the Higgs boson to all other known particles. Seheouplings directly influence the rates of
production and decay of the Higgs boson. Therefore, meamunteof the production and decay rates of
the observed state yields information that can be used teeprdether data are compatible with the SM
predictions for the Higgs boson.

While coarse features of the observed state can be infemwedthe information that the experi-
ments have made public, only a consistent and combinedrtegdiof the data can yield the most accurate
picture of the coupling structure. Such a treatment mustitato account all the systematic and statistical
uncertainties considered in the analyses, as well as thelatitons among them.

This document outlines an interim framework to explore tbapting structure of the recently
observed state. The framework proposed in this recommiendstiould be seen as a continuation of the
model-independent analysis of the Higgs couplings imidah Refs. [4—11]. It bears many resemblances
to the original studies on the LHC sensitivity of the Higgsiptings [12—15] and follows closely the
methodology proposed in the recent phenomenological wagks18] which has been further extended
in several directions [19-56] along the lines that are fdized in the present recommendation. While
the interim framework is not final, it has an accuracy thatales the statistical power of the datasets that
the LHC experiments can hope to collect until the end of thE220HC run and is an explicit attempt
to provide a common ground for the dialogue in the, and beatwtbe, experimental and theoretical
communities.

Based on that framework, a series of benchmark paramétrizaare presented. Each bench-
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mark parametrization allows to explore specific aspecthi®fcbupling structure of the new state. The
parametrizations have varying degrees of complexity, ildddcover the most interesting possibilities
that can be realistically tested with the LHC 7 and 8 TeV d&ttasOn the one hand, the framework and
benchmarks were designed to provide a recommendation &rimgnts on how to perform coupling fits

that are useful for the theory community. On the other haedtieory community can prepare for results
based on the framework discussed in this document.

Finally, avenues that can be pursued to improve upon thisiintframework and recommenda-
tions on how to probe the tensor structure will be discussedfuture document.

2 Panorama of experimental measurements at the LHC

In 2011, the LHC delivered an integrated luminosity of sligless than 6 fo! of proton—proton 1¢p)
collisions at a center-of-mass energy of 7 TeV to the ATLA8 &MS experiments. By July 2012, the
LHC delivered more than 6 ft' of pp collisions at a center-of-mass energy of 8 TeV to both expents.
For this dataset, the instantaneous luminosity reachextddevels of approximately - 1033 cm—2s~1,
almost double the peak luminosity of 2011 with the same 50umgl spacing. The 2042p run will
continue until the end of the year, hopefully delivering at®0 fb~! per experiment.

At the LHC a SM-like Higgs boson is searched for mainly in femclusive production processes:
the predominant gluon fusiagg — H, the vector boson fusioq’ — qq’'H, the associated production
with a vector bosorq — WH/ZH and the associated production with a top-quark gajfgg — ttH.
The main search channels are determined by five decay mottestidiggs boson, thgy, ZZ™*), WW*),
bb andtt1~ channels. The mass range within which each channel is iefieahd the production
processes for which exclusive searches have been devedogadade public are indicated in Table 1. A
detailed description of the Higgs search analyses can balfouRefs. [1, 2].

Table 1: Summary of the Higgs boson search channelsfgr< 130 GeV in the ATLAS and CMS experiments by
July 2012. The/ symbol indicates exclusive searches targetting the inggg, — H production, the associated
production processes (with a vector boson or a top quarkeatine vector boson fusion (VBF) production process.

Channel my( GeV) ggH VBF VH ttH
ATLAS CMS | ATLAS CMS | ATLAS CMS | ATLAS CMS
H—vyy 110-150 Vv v vV Vv - - - -
H—o 7t 110-145 | v V| Vv V| Vv V - -
H — bb 110-130 | - - - - NV - v
H — 72Z%) — ¢te—¢t¢- 110600 | - - - - - -
H—-WW® -tz 110600 | v V| v V| v V - -

Both the ATLAS and CMS experiments observe an excess of @fenHiggs boson mass hy-
potheses near 125 GeV. The observed combined significancesfage for ATLAS [1] and 5.Qr for
CMS [2], compatible with their respective sensitivitiesotB observations are primarily in thé — vy,
H— 772%) — ¢te—¢+— andH — WW® — ¢+u0-7 channels. For thel — yy channel, excesses of
4.50 and4.10 are observed at Higgs boson mass hypothes&86$ GeV and125 GeV, in agreement
with the expected sensitivities of aroudoc and2.8c, in the ATLAS and CMS experiments respec-
tively. For theH — ZZ*) — ¢+¢=¢*+¢~ channel, the significances of the excesses are &%l 3.2 at
Higgs boson mass hypothesesi2f GeV and125.6 GeV, in the ATLAS and CMS experiments respec-
tively. The expected sensitivities at those masses atei@ ATLAS and 3.8 in CMS respectively. For
the low mass resolutioH — WW®) — ¢+~ channel ATLAS observes an excess of2(8.3r ex-
pected) and CMS observes &.@.40 expected) for a Higgs boson mass hypotheses 025 GeV. The
other channels do not contribute significantly to the exdasgisare nevertheless individually compatible
with the presence of a signal.
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The ATLAS and CMS experiments have also reported compatitdasurements of the mass of
the observed narrow resonance yielding:

126.0+0.4(stat.)+0.4(syst.) GeV(ATLAS),
125.3+0.4(stat.)+0.5(syst.) GeV(CMS).

3 Interim framework for the search of deviations

The idea behind this framework is that all deviations from 8M are computed assuming that there is
only one underlying state at 125 GeV. It is assumed that this state is a Higgs boson, i.e. tbita¢ion

of a field whose vacuum expectation value (VEV) breaks aedeatak symmetry, and that it is SM-like,

in the sense that the experimental results so far are cdoipatith the interpretation of the state in
terms of the SM Higgs boson. No specific assumptions are madeyadditional states of new physics
that could influence the phenomenology of ¥ GeV state, such as additional Higgs bosons (which
could be heavier but also lighter th&ana5 GeV), additional scalars that do not develop a VEV, and new
fermions and/or gauge bosons that could interact with tie stt125 GeV, giving rise, for instance, to
an invisible decay mode.

The purpose of this framework is to either confirm that thitligarrow, resonance indeed matches
the properties of the SM Higgs, or to establish a deviatiomfthe SM behaviour, which would rule out
the SM if sufficiently significant. In the latter case the nggrhl in the quest to identify the nature of
electroweak symmetry breaking (EWSB) would obviously béeti the compatibility of the observed
patterns with alternative frameworks of EWSB.

In investigating the experimental information that can béamed on the coupling properties of
the new state nedr25 GeV from the LHC data to be collected in 2012 the followinguesptions are
madé:

— The signals observed in the different search channelésnat@from a single narrow resonance
with a mass neai25 GeV. The case of several, possibly overlapping, resonanc#ss mass
region is not considered.

— The width of the assumed Higgs boson nezir GeV is neglected, i.e. the zero-width approxima-
tion for this state is used. Hence the produck BR(ii — H — ff) can be decomposed in the
following way for all channels:

i L
o x BR(ii »H — ff) = 240 1)
I'y
whereo;; is the production cross section through the initial stajd’; the partial decay width
into the final statgf andI'y the total width of the Higgs boson.

Within the context of these assumptions, in the followingnapdified framework for investigating
the experimental information that can be obtained on thelomy properties of the new state is outlined.
In general, the couplings of the assumed Higgs state i#aGeV are “pseudo-observables”, i.e. they
cannot be directly measured. This means that a certain ftinfp procedure” is necessary to extract
information on the couplings from the measured quantities ¢ross sections times branching ratios
(for specific experimental cuts and acceptances). Thisgige to a certain model dependence of the
extracted information. Different options can be pursuethis context. One possibility is to confront a
specific model with the experimental data. This has the ddganthat all available higher-order correc-
tions within this model can consistently be taken into aot@und also other experimental constraints (for
instance from direct searches or from electroweak pratidaia) can be taken into account. However,
the results obtained in this case are restricted to thepirgttion within that particular model. Another

1The experiments are encouraged to test the assumptions shthework, but that lies outside the scope of this document
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possibility is to use a general parametrization of the dogpl of the new state without referring to any
particular model. While this approach is clearly less matigendent, the relation between the extracted
coupling parameters and the couplings of actual modelsnftance the SM or its minimal supersym-
metric extension (MSSM), is in general non-trivial, so ttie theoretical interpretation of the extracted
information can be difficult. It should be mentioned that tesults for the signal strengths of individual
search channels that have been made public by ATLAS and CM#ig veferring just to a particular
search channel rather than to the full information avaddbbm the Higgs searches, are nevertheless
very valuable for testing the predictions of possible meadIphysics beyond the SM.

In the SM, once the numerical value of the Higgs mass is spdcidill the couplings of the Higgs
boson to fermions, bosons and to itself are specified withénrhodel. It is therefore in general not
possible to perform a fit to experimental data within the egnhbf the SM where Higgs couplings are
treated as free parameters. While it is possible to testubeat compatibility of the SM with the data,
it is not possible to extract information about deviatiohshe measured couplings with respect to their
SM values.

A theoretically well-defined framework for probing smalMiktions from the SM predictions —
or the predictions of another reference model — is to usetdte-sf-the-art predictions in this model
(including all available higher-order corrections) andstpplement them with the contributions of ad-
ditional terms in the Lagrangian. In such an approach anceiregal, not only the coupling strength,
i.e. the absolute value of a given coupling, will be modifiedt also the tensor structure of the cou-
pling. For instance, thEW W~ LO coupling in the SM is proportional to the metric tengsit, while
anomalous couplings will generally also give rise to otlesrsbr structures, however compatible with
the SU(2xU(1) symmetry and the corresponding Ward-Slavnov-Taydentities. As a consequence,
kinematic distributions will in general be modified when quared to the SM case.

Since the reinterpretation of searches that have beenrpertbwithin the context of the SM
is difficult if effects that change kinematic distributiomse taken into account and since not all the
necessary tools to perform this kind of analysis are availgét, the following additional assumption is
made in this simplified framework:

— Only modifications of couplings strengths, i.e. of absohdlues of couplings, are taken into ac-
count, while the tensor structure of the couplings is asslimbe the same as in the SM prediction.
This means in particular that the observed state is assunrtseld CP-even scalar.

3.1 Definition of coupling scale factors

In order to take into account the currently best available@&flictions for Higgs cross sections, which
include higher-order QCD and EW corrections [57-59], whitehe same time introducing possible
deviations from the SM values of the couplings, the predi@M Higgs cross sections and partial decay
widths are dressed with scale facters The scale factorg; are defined in such a way that the cross
sectionso;; or the partial decay widthE;; associated with the SM particlescale with the factor<i2
when compared to the corresponding SM prediction. Tablst &ll relevant cases. Taking the process
gg — H — yy as an example, one would use as cross section:

K2 . K2
(c-BR)(gg — H—vyy) = osm(gg — H) -BRsu(H — vyy) - gKQ ! ()
i

where the values and uncertainties for bety(gg — H) and BRsmH — yy) are taken from Ref. [59]
for a given Higgs mass hypothesis.

By definition, the currently best available SM predictioms &ll 0 x BR are recovered when
all k; = 1. In general, this means that fey # 1 higher-order accuracy is lost. Nonetheless, NLO



Production modes Detectable decay modes

OggH K2 (Kb, K¢, M) 3) Iyyw :
. K SM w
ggH g Fww(*)
OVBF 2
oSM. Kver (kw, Kz, mu) — (4) L2z 2 )
VBF s T Kz
FSM
oWH 9 zz()
WH bb 2
2k 10
oz _ (6) o -
A 2 bb
O7n
OttH FT_T+ K2 (11)
2 p—
SSM T K¢ (@) FTS’NTI+ T
ttH 2
Iy B Ky(Kb,KmKraKW’mH) (12)
-
Fzy

1“—%"" see Section 3.1.4
Y

Currently undetectable decay modes

th
2
SM t
th
| . .
—sni see Section 3.1.2
Fgg
FCE 2
SE (14)
e
Fs§ 2
SM
| R——
= e (16)
ot
Total width
FH K2 (K'7mH)
_Ho_ ) (17)
'y Kg

Table 2: LO coupling scale factor relations for Higgs boson crossiees and partial decay widths relative to the
SM. For a givenmy hypothesis, the smallest set of degrees of freedom in thimdwork comprisesy , Kz, Ky,

K¢, andk;. For partial widths that are not detectable at the LHC, sgab performed via proxies chosen among
the detectable ones. Additionally, the loop-induced eedican be treated as a function of otkieor effectively,
through thex, andk, degrees of freedom which allow probing for BSM contributian the loops. Finally, to
explore invisible or undetectable decays, the scaling eftthial width can also be taken as a separate degree of
freedomky, instead of being rescaled as a functiefj(k; ), of the other scale factors.
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QCD corrections essentially factorize with respect to diogpescaling, and are accounted for wherever
possible. This approach ensures that for a true SM Higgshosartifical deviations (caused by ignored
NLO correactions) are found from what is considered the Siigkliboson hypothesis. The functions
Kygr (Kw, Kz, i), K3 (Kp, Ky, mi), Ko (Kp, Ke,Ke, Kw,mi) and kg (k;, mi) are used for cases where
there is a non-trivial relationship between scale fackgrand cross sections or (partial) decay widths,
and are calculated to NLO QCD accuracy. The functions ar@elfin the following sections and all
required input parameters as well as example code can bd folRefs. [59, 60].

3.1.1 Scaling of the VBF cross section
kige refers to the functional dependence of the \#BFoss section on the scale factefs andk3:
k& - owr(mu) + Kz - ozr(mn)

2
_ 18
Kver (Kw , Kz, mi) owr(mu) + ozr(mu) 1o

The W- andZ-fusion cross sections,w » ando -, are taken from Refs. [61,62]. The interference term
is < 0.1% in the SM and hence ignored [63].

3.1.2 Scaling of the gluon fusion cross section and of the H — gg decay vertex

Kg refers to the scale factor for the loop-induced producti@wss sectiomw,,y. Since the decay width
'y, is not observable at the LHC, its constribution to the totaltvis also considered.

Gluon fusion cross-section scaling

As NLO QCD corrections factorize with the scaling of the #leweak couplings withx; andky,, the
function Kg(Kb, K¢, mpr) can be calculated in NLO QCD:

tt bb th
K - O (M) + KG - 01y (1) + KiKb - Oy (1)

2
K> (Kb, Kg, mp) = (19)
g ’ tt bb th
OggH (mH) + Ogoll (mH) + OgoH (mH)

Here, o,y a'gogH and ag;H denote the square of the top-quark contribution, the sqoftke
bottom-quark contribution and the top-bottom interferrespectively. The interference terngg(H) is
negative for a light mass Higgsyir < 200 GeV. Within the LHC Higgs Cross Section Working Group
(for the evaluation of the MSSM cross section) these cautiohs were evaluated, where f@E;“H and
ot the full NLO QCD calculation included ifIGLU [64] was used. For,,; the NLO QCD result

of HIGLUwas supplemented with the NNLO corrections in the heavyetiogrk limit as implemented in
GGH@NNLO[65], see Ref. [57, Sec. 6.3] for detalils.

Partial width scaling

In a similar way, NLO QCD corrections for thié — gg partial width are implemented HDECAY [66—
68]. This allows to treat the scale factor f0g, as a second order polynomialkp andk:

| k? - Dgg(mu) + k2 - Tgg (mu) + Kekp - Dia (ma)
'SM - it bb tb (20)
z (") Lgg(mu) + Tgg (mu) + Tgg (mur)

The termsTy,, Iy, andT'y, are defined like the,y terms in Eq. (19). Th&?, correspond to the

partial widths that are obtained fef = 1 and all othex; = 0,j # i. The cross-ternfgg can then be
derived by calculating the SM partial width by setting= k; = 1 and subtracting’fgg andl“lg]g from it.

2\ector Boson Fusion is also called Weak Boson Fusion, astbelyveak bosonV andZ contribute to the production.
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Effective treatment

In the general case, without the assumptions above, pessdi-zero contributions from additional

particles in the loop have to be taken into account laéms then treated as an effective coupling scale
factor parameter in the fito i /agé\"H = Kg. The effective scale factor for the partial gluon width
Iy, should behave in a very similar way, so in this case the safieetiee scale factok, is used:

Ty /TEM = k2. As the contribution of", to the total width is <10% in the SM, this assumption is

believed to have no measurable impact.

3.1.3 Scaling of the H — yy partial decay width

Like in the previous sectiongg refers to the scale factor for the loop-induddd— yy decay. Also for
theH — yy decay NLO QCD corrections exist and are implementeHHECAY. This allows to treat
the scale factor for thegy partial width as a second order polynomiakif k¢, kK, andkyy:

kK T (m
K&(Kbﬂ(thﬁKvaH) - ZZ,J ‘ ]ij W( H) (21)
Zm Ly (mm)

where the pairgi, j) arebb, tt, 11, WW, bt, bt, bW, t1,tW,TW. The I“\% correspond to the partial
widths that are obtained fe; = 1 and all other; = 0, (j # ). The cross-termsy, (i # j) can then

be derived by calculgting the partial width by setting= k; = 1 and all othe; = 0, (I # 4,5), and

subtractingl’y}, andI'j from them.

Effective treatment

In the general case, without the assumption above, possiniezero contributions from additional par-
ticles in the loop have to be taken into account a@@b then treated as an effective coupling parameter
in the fit.

3.1.4 Scaling of theH — Zy decay vertex

Like in the previous sectionsx(?Zy) refers to the scale factor for the loop-induced— Zy decay for
which NLO QCD corrections exist and are implementedHBECAY. This allows to treat the scale
factor for theZy partial width as a second order polynomiakif Ky, Ky, andkyy:

> Kikj - T, (mar)
K(2Zy)(Kba Kt, Ko, Ky, mH) = ) ! i Y (22)
Zi,j 112\,(7"'”LH)

where the pairgi, j) arebb, tt, 11, WW, bt, bt, bW, t1, t W, TW. TheFiZjy are calculated in the same
way as for Eq. (21).

Effective treatment

In the general case, without the assumption above, possibleero contributions from additional parti-
cles in the loop have to be taken into account a@g) is then treated as an effective coupling parameter
in the fit.

3.1.5 Scaling of the total width

The total widthl'y is the sum of all Higgs partial decay widths. Under the asgionphat no additional
BSM Higgs decay modes (into either invisible or undete@dinial states) contribute to the total width,
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I'y is expressed as the sum of the scaled partial Higgs decakisaioltSM particles, which combine to
a total scale factox; compared to the SM total widtig™:

L' (ki, mu)

M (m) (23)

K%I(Kiva) = Z
j=WW®, 7270 pb,ttt,
VY, Zy, gg, tt, cc,ss, ppt

Effective treatment

In the general case, additional Higgs decay modes to BSNclesrtcannot be excluded and the total
width scale factok? is treated as free parameter.

The total widthl'y for a light Higgs withmy ~ 125 GeV is not expected to be directly observable
at the LHC, as the SM expectationlig; ~ 4 MeV, several orders of magnitude smaller than the experi-
mental mass resolution. There is no indication from theltesibserved so far that the natural width is
broadened by new physics effects to such an extent thatlid d@udirectly observable. Furthermore, as
all LHC Higgs channels rely on the identification of Higgs agroducts, there is no way of measuring
the total Higgs width indirectly within a coupling fit withéusing assumptions. This can be illustrated
by assuming that all cross sections and partial width ane@sed by a common factef = r > 1. If
simultaneously the Higgs total width is increased by theasgof the same facte; = 2 (for example
by postulating some BSM decay mode) the experimental @slgnatures in all Higgs channels would
be indistinguishable from the SM.

Hence without further assumptions only ratios of scaledfaat; can be measured at the LHC,
where at least one of the ratios needs to include the totahveidale factok?. Such a definition of
ratios absorbs two degrees of freedom (e.g. a common sadte fa all couplings and a scale factor to
the total width) into one ratio that can be measured at the LUHGrder to go beyond the measurement
of ratios of coupling scale factors to the determination lmaute coupling scale factoks additional
assumptions are necessary to remove one degree of freedssibleé assumptions are:

— No new physics in Higgs decay modes (Eqg. 23).

— kw < 1,kz < 1. If one combines this assumption with the fact that all Higgetial decay widths
are positive definite and the total width is bigger than tha s all (known) partial decay width,
this is sufficient to give a lower and upper bound orxaknd also determine a possible branching
ratio BRinv. undet. iNtO final states invisible or undetectable at the LHC. Thisést illustrated with
theVH(H — VV) process:

K2 . O'SM . K2 X PSM
ovi-BRH—-VV) = L YV 'V
'y
and Ty > g TPV (24)
K2 . gSM | 2 SM
give combined:  oyy -BRH — VV) < — VI; 51?4/ -
Ky - IV
-BR(H— VV
— K%/ > ovi (SM — ) (25)
ovH

If more final states are included in Eq. (24), the lower bourgtsome tighter and together with the
upper limit assumptions okyy andky, absolute measurements are possible. However, uncertain-
ties on allk; can be very large depending on the accuracy obth@ecay channels that dominate
the uncertainty of the total width sum.

In the following benchmark parametrizations always twasigis are given: one without assump-
tions on the total width and one assuming no beyond SM Higgaydmodes.
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3.2 Further assumptions
3.2.1 Theoretical uncertainties

The quantitative impact of theory uncertainties in the Kiggoduction cross sections and decay rates is
discussed in detail in Ref. [57].

Such uncertainties will directly affect the determinatiohthe scale factors. In particular, the
uncertainty from missing higher-order contributions carldrger than what was estimated in Ref. [57].

In practice, the cross section predictions with their utadeties as tabulated in Ref. [57] are used
as such so that far; = 1 the recommended SM treatment is recovered. Without a densislectroweak
NLO calculation for deviations from the SM, electroweakrections and their uncertainties for the SM
prediction ¢ 5% in gluon fusion production and- 2% in the di-photon decay) are naively scaled
together. In the absence of explicit calculations this ésdhrrently best available approach in a search
for deviations from the SM Higgs prediction.

3.2.2 Limit of the zero-width approximation

Concerning the zero-width approximation (ZWA), it shoulel iioted that in the mass range of the nar-
row resonance the width of the Higgs boson of the StandardeM@&M) is more than four orders of
magnitude smaller than its mass. Thus, the zero-width appation is in principle expected to be an
excellent approximation not only for a SM-like Higgs bosa@idw ~ 150 GeV but also for a wide range
of BSM scenarios which are compatible with the present ddtavever, it has been shown in Ref. [69]
that this is not always the case even in the SM. The inclusiaffahell contributions is essential to ob-
tain an accurate Higgs signal normalization attbeprecision level. Fogg (— H) — VV,V =W, 7Z,
O(10%) corrections occur due to an enhanced Higgs signal in themeliyy > 2 My, where also
sizeable Higgs-continuum interference occurs. Howevigh thie accuracy anticipated to be reached in
the 2012 data these effects play a minor role.

3.2.3 Signal interference effects

A possible source of uncertainty is related to interferesifects inH — 4 fermion decay. For a light
Higgs boson the decay width into 4 fermions should always dleutated from the complete matrix
elements and not from the approximation

BR(H — VV) x BR*(V — ff) (26)

This approximation, based on the ZWA, neglects both offtgffects and interference between diagrams
where the intermediate gauge bosons couple to differems gdifinal-state fermions. As shown in
Chapter 2 of Ref. [58], the interference effects not incthidte Eq. (26) amount to 10% for the decay
H — ete"ete™ for a125 GeV Higgs. Similar interference effects of the order of 5% faund for the
ety eV, andqqqq final states.

The experimental analyses take into account the full NL@r#afon partial decay width [70-72].
The partial width of the 4-lepton final state (usually ddsed asH — ZZ*) — 41) is scaled withk2.

Similary, the partial width of the 2-lepton, 2-jet final stqusually described & — ZZ*) — 212q) is
scaled withkZ. The partial width of the low mass 2-lepton, 2-neutrino fisalte (usually described as

H — WW® — 1vlv, although a contribution dfi — Z*)Z — 1lvv exists and is taken into account) is
scaled withk, .

324 Treatment of I'cz, I'ss, I'—,+ and light fermion contributions to loop-induced processes

When calculating? (k;, mz) in a benchmark parametrization, the final statess andp—u* (currently
unobservable at the LHC) are tiedkpscale factors which can be determined from the data. Based on
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weak isospin symmetry considerations, the following cesiare made:

PCE 2 2
——— = K. =K (27)
I (mn) ‘
PS§ 2 2
—av, v = K =Kj (28)
F%M(mH) °
|-
HTH 2 2
L — (29)
oS o) T

Following the rationale of Ref. [57, Sec. 9], the widthseofe™, u, dd and neutrino final states are
neglected.

Through interference terms, these light fermions alsoidmrit to the loop-inducedg — H and
H — gg, vy, Zy vertices. In these cases, the assumptiQns «, ks = K}, andk, = k; are made.

3.25 Approximation in associated ZH production

When scaling the associatéttl production mode, the contribution frogg — ZH through a top-
quark loop is neglected. This is estimated to be around 5%eofdtal associatedH production cross
section [57, Sec. 4.3].

4 Benchmark parametrizations

In putting forward a set of benchmark parametrizations thasethe framework described in the pre-
vious section several considerations were taken into axtcoO@ne concern is the stability of the fits
which typically involve several hundreds of nuisance patars. With that in mind, the benchmark
parametrizations avoid quotients of parameters of inter@sother constraint that heavily shapes the
exact choice of parametrization is consistency among teertainties that can be extracted in different
parametrizations. Some coupling scale factors enterrlyn@aloop-induced photon and gluon vertices.
For that reason, all scale factors are defined at the samer,peading to what could be misconstrued
as an abundance of squared expressions. Finally, the barnclparametrizations are chosen such that
some potential physics cases can be probed and the paramwigtgerest are chosen so that at least some
are expected to be determined.

For every benchmark parametrization, two variations aogiged:

1. The total width is scaled assuming that there are no Iileigir undetected widths. In this case
k# (k;) is a function of the free parameters.

2. The total width scale factor is absorbed into the paramadion. In this case no assumption is
done and there will be a parameter of the formn= k; - k; /K.

The benchmark parametrizations are given in tabular formreseach cell corresponds to the scale
factor to be applied to a given combination of production deday mode.

For every benchmark parametrization, a list of the freerpatars and their relation to the frame-
work parameters is provided. To reduce the amount of symbdlee tablesny; is omitted throughout.
In practice,my can either be fixed to a given value or profiled together witlephuisance parameters.

4.1 One common scale factor

The simplest way to look for a deviation from the predicted Sidgs coupling structure is to leave
the overall signal strength as a free parameter. This ieptlysdone by the experiments, with ATLAS
findingu = 1.4 £ 0.3 at 126.0 GeV [1] and CMS finding = 0.87 £ 0.23 at 125.5 GeV [2].
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In order to perform the same fit in the context of the coupliogle factor framework, the only
difference is tha, = k2 - k2 /k? = k2, where the three term& in the intermediate expression account
for production, decay and total width scaling, respecyi@hble 3).

Common scale factor
Free parametek (= ks = K, = Ky = Kw = Kz).

Hoy |[H-2Z® [H-WWY [H-bb |[H— 1ttt
ggH
ttH
VBF K2
WH
ZH

Table 3: The simplest possible benchmark parametrization wheraglesscale factor applies to all production
and decay modes.

This parametrization, despite providing the highest expental precision, has several clear short-
comings, such as ignoring that the role of the Higgs bosomawiging the masses of the vector bosons
is very different from the role it has in providing the maseégrmions.

4.2 Scaling of vector boson and fermion couplings

In checking whether an observed state is compatible wittSifieHiggs boson, one obvious question
is whether it fulfills its expected role in EWSB which is intately related to the coupling to the vector
bosons W, 7).

Therefore, assuming that the SU(2) custodial symmetryshaftthe simplest case two parameters
can be defined, one scaling the coupling to the vector bosqrns; kw = kz), and one scaling the
coupling common to all fermions (= k¢ = K, = K). Loop-induced processes are assumed to scale
as expected from the SM structure.

In this parametrization, presented in Table 4, the gluotexdoop is effectively a fermion loop
and only the photon vertex loop requires a non-trivial spligiven the contributions of the top-quark,
bottom-quark, an@V-boson, as well as their (destructive) interference.

This parametrization, though exceptionally succinct, esak number of assumptions, which are
expected to be object of further scrutiny with the accuniabf data at the LHC. The assumptions
naturally relate to the grouping of different individualuggings or to assuming that the loop amplitudes
are those predicted by the SM.

4.3 Probing custodial symmetry

One of the best motivated symmetries in case the new stassomsible for electroweak symmetry
breaking is that which links its coupling to tiW& andZ bosons. Sinc8U(2)y or custodial symmetry is
an approximate symmetry of the SM (efyp # 0), it is important to test whether data are compatible
with the amount of violation allowed by the SM at NLO.

In this parametrization, presented in Table\f;z (= kw/kz) is the main parameter of interest.
Though providing interesting information, bath andk - can be thought of as nuisance parameters when
performing this fit. In addition to the photon vertex loop haing a trivial scaling, in this parametriza-
tion also the individuaW andZ boson fusion contributions to the vector boson fusion petida process
need to be resolved.
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Boson and fermion scaling without invisible or undetectabg widths
Free parametersy (= kw = Kz ), Kr(= K¢ = Kp = Kq).

H — vyy H—7z® |H—-WW® |H—bb | H— 11"
ggH K2 kZ (Kp K KKy ) k% k%, K2k,
ttH K (ki) D) k2 (kq)
\\/7$HF K k2 (K K p K F Ky ) k2 k3 k2, k2,
7H K (<0) kg (ki) kg (i)

Boson and fermion scaling without assumptions on the total wdth
Free parameterx'vv(: Ky - Kv/KH), }\FV(: KF/Kv).

H—vyy H—-7z® |H->WW® |H—-bb |H—1 1"
ggH 2 2 2
erp | Kvv o Aey Ky (v ARy, ARy, 1) Kiy - Aby Ky - Aby - Aby
VBF
WH K%/V . Ka()\FV7}\FV7>\FV7 1) K%/V K%/V . )\%‘V
7ZH
2=y, /I3M

Table 4: A benchmark parametrization where custodial symmetry ssimgd and vector boson couplings are
scaled togethek( ) and fermions are assumed to scale with a single parameter (

4.4 Probing the fermion sector

There are extensions of the SM where different Higgs bosongle differently to different types of
fermions.

Given how the gluon-gluon fusion production process is d@t@d by the top-quark coupling,
and how there are two decay modes involving fermions, one afagplitting fermions that is within
experimental reach is to consider up-type fermions (toplquend down-type fermions (bottom quark
and tau lepton) separately. In this parametrization, prteskin Table 6, the relevant parameter of interest
iS Aqu (= Kq/Ky), the ratio of the scale factors of the couplings to down-tigseions,k; = k(= k) =
Kp (= Ks), and up-type fermions,, = k(= K).

Alternatively one can consider quarks and leptons seggrdtethis parametrization, presented
in Table 7, the relevant parameter of intereskig= k,/k,), the ratio of the coupling scale factors to
leptonsky = k(= ky), and quarksk, = k¢ (= Kc) = Kp (= K).

One further combination of top-quark, bottom-quark andliégaion, namely scaling the top-quark
and tau-lepton with a common parameter and the bottom-quidinkanother parameter, can be envisaged
and readily parametrized based on the interim frameworkshut put forward as a benchmark.

4.5 Probing the loop structure and invisible or undetectabé decay of new particles

It is possible that in nature there are particles not predidty the SM. Depending on their properties,
new particles may influence the partial width of the gluon/anghoton vertices.

In this parametrization, presented in Table 8, each of thp-laduced vertices is represented by
an effective scale factok, andk,.

Particles not predicted by the SM may also give rise to iblésor undetectable decays. Invisible
decays might show up as a MET signature and could potenbelipeasured at the LHC with dedicated
analyses. An example of an undetectable final state wouldnbeltijet signature that cannot be sepa-
rated from QCD backgrounds at the LHC and hence not detedtid sufficient data it can be envisaged
to disentangle the invisible and undetectable components.



€T

Probing custodial symmetry without invisible or undetecteble widths
Free parametersyz, Awz (= Kw /Kz ), Kr (= K¢ = Kp = Kq).

H— vy H— 77® H— WW® H—bb | H—otth
ggH K% kZ (<P Kp K KzAwz) K3 K k2. (kzA\wz)? K2 K3
ttH K (ki) KZ (ki) D) K§ (k)
VBE K3 (KZ KZAW2) K] (KF K P KR Kz AWz ) KYpr Kz KzAwz ) K7 KEpp (Kz,kzAwz)- (kzAwz)? K3 pr(Kz Kz wz) K,
kg (ki) K (ki) kg (ki) kg (ki)
WH (kzAwz)? K3 (K K F K F Kz AWz, (kzAwz)? K7 (kzAwz)? (KzAwz)? (kzAwz)? k%
KZ (<) K7 (k) Ky (ki) Ky (Kq)
7H K2 -KZ (Kp K K KZAWZ) K7, K7, K2 -(KzAwz)? Ky K3
kZ (kq) kg (ki) K (ki) KE (k)
Probing custodial symmetry without assumptions on the totawidth
Free parametersyzz (= Kz - Kz /Ku ), A\wz (= Kw /Kz), A\rz(= Kr /Kz).
H — yy H — z7™) H— WW® H—bb| Hottt
H
gé%H KyzMoz - Ky (AFz, Arz, APz, A\wz) K7z N\bz KzzAb 7 Myvz KzzA bz Moy
VBF | k7,K3pr (1, A7) - K\%(}\FZaAFZ,AFZ,AWZ) KzzKver (L AMyv2) | %72Kr (1, Nvz) - Myz | K2zkver (1 Myz) - Mgy
WH Kz Mvz - Ky (AFz, Apz, A\pz, Awz) K7z - Mz K72Mvz - Mz K7zMvz Mz
ZH Kzz - Ki(Apz, Apz,Apz, Awz) Kz K77 - Mz K7z - Ny

2 SM

Table 5: A benchmark parametrization where custodial symmetryaded through théyw z parameter.




Probing up-type and down-type fermion symmetry without invisible or undetectable widths
Free parametergy (= Kz = Kw ), Adu (= Ka/Ku), Ku(= Kt ).

H — yy H—-7z" [H-WW® [H—-bb |H-1 1t
ggH KZ (Ku)\du7Ku)‘K\%(Ku)\duaKuyKu)‘duaKv) K§ (Ku)\duaKu)'K\Q/ K§ (Ku)\duaKu)'(Ku)\du)2
K7y (;) K7y (;) K7 (;)
(TH K2 K2 (KuAdu K Kuhdu KV K22, K2 (Kuhga)?
K2 (ki) k2 (ki) K2 (Kq)
VBF
WH K2, K2 (Kuhdu sKu Kukdu K V) K2 k2, K2 (Kuh gy )2
7H Ky (ki) Ky (ki) K7y (q)

Probing up-type and down-type fermion symmetry without assimptions on the total width
Free parameters,. (= Ku - Ku/Ki ), Adu(= Ka/Ku), Avu (= Kv /Ky).

H — vy H-7z" |[HoWW® [H—bb [Hotth
ggH KiuKé ()‘dlu 1) : Ka ()‘dlu 17 Adzu >\Vu) KiuKé ()\du7 1) : A%/u K%qu O\dzu 1) . }\zu
ttH Kiv - Ky (Ndus 1, A, Ava) K2, - A3, K2, - A3,

VBF
WH KoMy Ky A 1 Adus Ava) K2 AL, A, K2, A2
ZH

2 SM
Kj :F“/F“ , Ki = Kp = K¢

Table 6: A benchmark parametrization where the up-type and dowe-$ymmetry of fermions is probed through
the\y, parameter.

Probing quark and lepton fermion symmetry without invisibl e or undetectable widths
Free parametersy (= Kz = Kw ), Aeg(= Ke/Kq), Kg(= K¢ = Kp).

H —yy H-7Z% [H-WW® [H—bb | Ho1th
ggH Kg'Kg(Kq,Kq,Kqu,Kv) Kg-K%, Kg-K(QI Kg~(Kq)\[q)2
ttH ki (ki) K7 (;) kg () kg (i)
VBF
WH KKy (Kg.Kg,Kqheg Kv) K% K2, kg k2 K% (Kgheg)?

71 kg (ki) D) kZ (ki) kg (i)

Probing quark and lepton fermion symmetry without assumptions on the total width
Free parametersy, (= Kq - Kq /K ), Aeg(= Ke/Kq), Avg(= Kv /Kq).

H—vyy H—-72z2% |[H-WW® |H—bb | Ho1th
ggH 2 2 2 2 2 2
tTH Kaq - Ky (1 1, Mg, Avg) Kag " AVq Kgq Kaq * Mg
VBF
WH | kK2 AL, - Ky (1,1, A0, Avg) KeArg - Mg Koy - Mg | KoMty - M,
ZH

2 SM
Ki =T /T30 ke = K

Table 7: A benchmark parametrization where the quark and lepton stnynof fermions is probed through the
A¢q Parameter.
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In order to probe this possibility, instead of absorbing tibtal width into another parameter or
leaving it free, a different parameter is introducB®,,. undet.. The definition ofBRi,y. undet. IS relative
to the rescaled total widtlkZ (k;), and can thus be interpreted as the invisible or undetecfedution of
the total width.

One patrticularity of this benchmark parametrization id thshould allow any theoretical predic-
tion involving new particles to be projected into the, k) or (kg, Ky, BRiny. undet.) SPAces.
It can be noted that the benchmark parametrization inctpBiR;,,, undet. Can be recast in a form

that allows for an interpretation in terms of a tree-levallsdactor and the loop-induced scale factors
with the following substitutionsk; — ’; /Kiree (With j = g,y) @nd(1 — BRiny_undet.) — K2 oo-

4.6 A minimal parametrization without assumptions on new ptysics contributions
Finally, the following parametrization gathers the mospariant degrees of freedom considered before,
namelykg, Ky, Ky, Kp. The parametrization, presented in Table 9, is chosen fiatlsome parameters
are expected to be reasonably constrained by the LHC dalt& ingar term, while other parameters are
not expected to be as well constrained in the same time frame.

It should be noted that this is a parametrization which ontyuides trivial scale factors.

With the presently available analyses and defg, = «: - ki /kj; seems to be a good choice for
the commork;; parameter.
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Free parameters, Ky.

Probing loop structure without invisible or undetectable widths

H— vy H—72% |H—-WW®W | H—bb |H—1 1t
2 K2 2
ggH K2Hg(.<:) Kgl(gki)
ttH
VBF K2 1
WH K2 (k7) K (ki)
7ZH

Probing loop structure allowi

Free parameterss, Ky, BRinv.,undet. -

ng for invisible or undetectable widths

H— vy H—-72z" |[H-WW® |H—-bb [H-1th
K2 k2 Kz
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2 SM
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Table 8: A benchmark parametrization where effective vertex coggliare allowed to float through thg andk,
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Probing loops while allowing other couplings to float withou invisible or undetectable widths
Free parameterss, Ky, Ky (= Kw = Kz), Kr(= K¢ = K, = Kq).

H—yy H—7z% |H—>WW® [ H—bb H— 1ttt

Kg Ky KK, KEKE

ggH K%{ (kq) KIZ{ (ks) KIZ{ (k4)

— KwaKZ |(2 -|(2 K2 -K2

teH 2w <4 k) )
VBF

WH K%/-K‘? Kg/-K%/ K§/~KF

ZH KIQ_I (Kz) K (Kl) K (KL)

Free parameterg,y (= Kg - Kv

/K1), v g (= Kv [Kg), A (= Ky /Ky

Probing loops while allowing other couplings to float allowng for invisible or undetectable widths

),)\Fv(: KF/Kv).

H— yy H—27z% [H—-WW® [H—bb | H-tth
ggH sz : )\3\/ KZV K;v by
B | kgAY A gy Ay Kov AV Ay Kov Ay A by - Aby
VBF
WH | KAy, My K2UAY, K2UAY g - Moy
ZH

2 SM
ki =i /T5, Kv = Kw = Kz, KF = Kt = K, = Kq

Table 9: A benchmark parametrization where effective vertex coggliare allowed to float through tkg andk,
parameters and the gauge and fermion couplings throughifiediparameters,, andk .
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Appendices
A Maximal parametrization

Table A.1 presents the relations in a fit only with simple edattors. It should be noted that the number
of degrees of freedom is too large to make such a fit feasitileeimear future.

Several choices are possible &j. With the currently available channeks,; = k, -kz/ky seems
most appropriate, as shown in table A.1. The more appealiwices using vector boson scattering
Kww = Kw - Kw/Ki Of Kzz = Kz - Kz /K Will not be as good until more data is accumulated.

B LO SM-inspired loop parametrizations

This appendix collects LO SM-inspired relations that cam&ed as scale factors of couplings involving
loops.

These are not recommended and are considered obsolete.

B.1 Gluon vertex loop
Under the assumption that the only relevant contributiang .,y andI'y, are from top-quark and
bottom-quark Ioops;é(xb, K¢, myr) IS @ scaling function depending on the scale fackgrandk:
kp Ap (mm) + K Ag (mm)|?

| Ap (mar) + Ag(mar)|?

whereAy, ; denotes the bottom-quark and top-quark amplitudes in th¢/SIVE(Q. (21)].

Ké(KbaKtamH) (Bl)

B.2 Photon vertex loop
Under the assumption that the only relevant contributian$'{, are from W-boson, top-quark, and
bottom-quark |OOpS§3(Kb, K¢, Kw, ) IS @ scaling function depending on the scale fackprs; and
Kyw -

[k A (mi) + ke Af (man) + kw Ay (m)

) | | _ B.2
Ky (Kb, Ke, Ky, 1711 AL (mar) + A (my) + Afy, (mp) 2 o

whereA{O’t’W denotes the bottom-quark, top-quark, aWdboson amplitudes in the SM, including color
and charge factors [73, Eq. (1)].

B.3 Zy vertex loop

Under the assumption that the only relevant contributian§ 4, are fromW-boson, top-quark, and
bottom-quark |OOpSK%Zy)(Kb, K¢, Kyw, mp) IS @ scaling function depending on the scale factgrsk;
andkyy:

|Kp By, (mir) + K¢ By (mar) + kw B (m)|?
| By, (mu) + By (mu) + Bw (mu)|?
whereB;, ¢ w denotes the bottom-quark, top-quark, aWdboson amplitudes in the SM [74, Eq. (7)]. In

the SMk?,, ) ~ ki to within 10%.

K%Zy)(Kvat7KW7mH) (B3)

B.4 Treatment of my,

Wherever théb-quark massyny,, appears in theg andK?Zy) above (Egs. (B.1) and (B.3), respectively),
the pole mas3/;, = 4.49 GeV is used.

Based on the results of Ref. [73], fxﬁ Eg. (B.2), the running massy, (1), 1 = my /2 is used.



T¢

Maximal parametrization allowing other couplings to float

Free parameterxgz(: Kg * Kz/KH), )\yz(: Kv/Kz), )\wz(: Kw/Kz), )\bZ(: Kb/Kz), )\Tz(: KT/Kz), )\Zg(: Kz/Kg), )\tg(: Kt/Kg).

H— vy H— 77® H— WW® H — bb H—tth
geH | K3y 1 Nz | Ky 1 1] k3, 1 Mz | Koz 1 Ny | K2y 1 A2,
ttH ng N )‘32 ng N 1 ng N Mvz ng N Aoz ng N Ny
VBF KgZ)\%gK%BF(L}‘WZ))‘aZ KEZA%gK%BF(l’)‘WZ)l ng)‘%gK%BF(L)\WZ))\%VZ ng)‘%gK%BF(L)\WZ))\%z ng}‘%gK%BF(l,AWZ))‘;Zz
WH | Kz MgMve Nz | Kez MMz LKz MeMvz Mz [ Koz MgMvz Nz [z MMz Ay
ZH ng }\%g 7\32 Kéz )\%g 1 Kéz )\%g )\%vz Kéz )\%g )\}Q)Z Kéz )\%g A

Table A.1: A benchmark parametrization without assumptions and maxirdegrees of freedom. The colors denote the common fadamiand the factors related to

2 SM
ki = i /15

the production (blue) and decay modes (red). Ones are uskzhtiie the trivial factor.




