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1. Introduction

In this work, following Independence Day [1, 2], we summatize status of theoretical uncer-
tainties (THU) associated with the Higgs boson lineshape récent observation of a new massive
neutral boson by ATLAS and CMS opens a new era where charzatien of this new object is
of central importance. Interim recommendations to exptbeecoupling structure of a Higgs-like
particle can be found in Ref. [3]. A recent note by ATLAS Coliaation [4], using data taken in
2011 and 2012, reports that, within the current statisticadertainties, no significant deviations
from the Standard Model couplings are observed. Nevedhelhis is only the beginning of the
program of “identification”; we will assume that the new [ield is a CP-even scalar. As shown in
Ref. [5] one can classify the couplings of a neutral CP evatas¢coW andZ bosons according to
its properties under custodial symmetry. The possibditiee: the scalar is an electroweak (EW)
singlet, is not an EW singlet (but is a custodial singlety slealar is the neutral member of a cus-
todial 5-plet, mixtures of the above. The Higgs boson is tarial singlet in the decomposition
(2L,2r) =1®3.

The search for the coupling structure of the light Higg®ligarticle, as well as for new
heavy states, will continue. The huge uncertainty used istofethe heavy Higgs searches [6]
(1.5(My/TeV)3) was supposed to cover both the effect of the incorrectrireat of the lineshape
and the missing interference. However, this uncertaintyd ATLAS and CMS to stop the search
at 600 GeV, where the uncertainty is 30%.

In the following we will review recent improvements on esditimg the THU. We do not dis-
cuss uncertainties coming from QCD scale variations ana ffF+as [6].

2. Limitsof Zero-width approximation for alight Higgs boson signal

In the mass range of the new Higgs-like state the width of tlaad&rd Model (SM) Higgs
boson is more than four orders of magnitude smaller than éssnThe zero-width approximation
is hence expected to be an excellent approximation. the wbkkef. [7] has shown that this is
not always the case. The inclusion of off-shell contribosids essential to obtain an accurate
Higgs signal normalization at the 1% precision level. §gr(— H) —VV,V =W,Z, 0(10%)
corrections occur due to an enhanced Higgs signal in themédy > 2My, where also sizeable
Higgs-continuum interference occurs.

It is worth noting again that the whole effect on the signad hathing to do with /My
effects; above th&Z-threshold the lineshape is higher than expected (althdunyhw.r.t. the
narrow peak) and stays constant till thartt-threshold after which we observe an almost linear
decrease. This is why the total cross-section is affectedZifinal state) at the 10% level.

3. The Complex-Pole Scheme

Until recently, the Higgs boson invariant mass distribati®liggs—boson-lineshape) has re-
ceived little attention. In the work of Refs. [8, 9] we havedaan attempt to resolve the problem
by comparing different theoretical inputs to the off-shelis of the Higgs boson. There is no ques-
tion at all that the zero-width approximation should be dedi, especially in the high-mass region
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where the on-shell width becomes of the same order as thealhrsass, or higher. We have shown
evidence that only the Dyson-resummed propagator shoulgsée, leading to the introduction of
the H complex pole, a gauge-invariant property of tBenatrix. It is convenient to describe the
Complex-Pole scheme (CPS) as follows: the signal crodsesefor the processj — F can be
written as

o (s)—la-- iﬂBR H-F), T'=ST (3.1)
ij—H—F = T ij—H ‘ 2 \/§ ( - ) - (Z: H—F- .
S—SH‘ €

wheres is the Higgs virtuality,sy is the Higgs complex pole and we have introduced a sum over
all final states.

Note that the complex pole describing an unstable partictinventionally parametrized as
S = U?—iy. It would we desirable to include two- and three-loop cdmttions inyy and
for some of these contributions only on-shell results hasenbcomputed so far. Therefore, it is
very useful to give a rough estimate of the missing orderdlowing the authors of Ref. [10] (as
explained in Sect. 7 of Ref. [9]) we can estimate that the ¢ostection toyy is roughly given by

Gr 14

oy = 0.350119W. (3.2)
Changes ing range from 23% at 400GeV to 9% at 750GeV. In general, we do not see very
large variations up to 1 TeV with a breakdown of the pertuvea¢xpansion around when74 TeV.
Therefore, usingsy (1+ &) we can give a rough but reasonable estimate of the remaimng u
certainty on the lineshape. To summarize our estimate ofttheretical uncertainty associated to
the signal: the remaining uncertainty on the productiorssigection is typically well reproduced
by (04 + 1)[%], omax (the peak cross-section) changes approximately with thes rexpectation,
204[%).

The factorr$'(,/s) in Eq.(3.1) deserves a separate discussion. It repredemton-shell”
decay of an Higgs boson of mag&s and we have to quantify the corresponding uncertainty. The
staring point ig ' computed by ROPHECYAF [11] which includes two-loop leading corrections
in GFM,%, whereMy is now the on-shell mass. Next we consider the on-shell widthe Higgs-
Goldstone model, discussed in [10, 12]. We have

r—H( S AT =X A _CFS (3.3)
\/§ HG - nzl = \HG» - 2\/27_[2 .
Letlp, = Xy +/sthe width computed by ROPHECYAF, we redefine the total width as
Mot _ X s AP 3.4
%—(Xp_ HG)+XHG—ZOan ; (3.4)
n=

where nowag = X, — Xng. As long asA is not too large we can define @ < 80% credible
interval as (following fromay 3 < a;)

Fot(v/S) = Mp(v/S) £Al, Al = g max{| ag |,a1} p%A*\/s. (3.5)
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4. Interference signal - background

In the current experimental analysis there are additionakses of uncertainty, e.g. back-
ground and Higgs interference effects [13, 14, 15, 16, 18 aAnatter of fact, this interference is
partly available and should not be included as a theoraticedrtainty; for a discussion and results
we refer to Refs. [18, 19, 20].

Here we will examine the channglj— ZZ and discuss the associated THU. The background
(continuumgg — ZZ) and the interference are only known at leading order (LG-lmop) [21].
Here we face two problems, a missing NLO calculation of thekgeound (two-loop) and the NLO
or NNLO signal at the amplitude level, without which therengsway to improve upon the present
LO calculation.

A potential worry, already addressed in Ref. [18], is: skdoué simply use the full LO calcula-
tion or should we try to effectively include the large (factawo) K -factor to have effective NNLO
observables? There are different opinions since intanteresffects may be as large or larger than
NNLO corrections to the signal. Therefore, it is importamguantify both effects. Let us consider

any distributionD, i.e.

do
D=— x=Mz or x=p5 etc. (4.1)

whereMzz is the invariant mass of théZ-pair and pﬁ is the transverse momentum. We intro-
duce the following options, see Ref. [223,B and| are shorthands for signal, background and
interference):

e additive where one computes

dgé\lfl}lLO doNNLO dol© dol©
i~ dx (S + ax )+ dx (B) 4.2)

e multiplicative where one computes

dgNNLO dglo dgt© dglo do"™0 (g
o —Ko| - 90 ko= D 4y
dx dx dx dx dgx (S

whereKp is the differentialK -factor for the distribution. Note thafp accounts for both
QCD and EW higher order effects in the production and in theagle

e intermediate It is convenient to define

do-NNLO
e H 7
KD — Kgg_|_ KBeSt, Kgg _ dXdaL(ogg — (g) — (g)) (44)
ax (99— H—Z2)
dge'\#'}lLO dol© 12 dgt© dol©
- S) + (K99 Y | B 4.5

Oour recipe for estimating the theoretical uncertaintyhia éffective NNLO distribution is as fol-
lows: the intermediate option gives tleentral value while the band between the multiplicative
and the additive options gives the uncertainty. Note thatdifference between the intermediate
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option and the median of the band is always small if not faryain@n the peak where, in any case,
any option becomes questionable.

For an inclusive quantity the effect of the interferencetbvar without the NNLOK -factor
for the signal, is almost negligible. For distributionsstlis radically different; referring to th&z
invariant mass distribution we can say that, closkl{o = uy, the uncertainty is small but becomes
large in the rest of the search winddwy — Wy, Un + Vu]. The effect of the LO interference, w.r.t.
LO S+ B, reaches a maximum af16% before the peak (e.g. at = 700 GeV) while our estimate
of the scaled interference (always w.r.t. IS3-B) is 86+7—3% in the same region, showing that
NNLO signal effects are not negligidle

5. EW correctionstogg— H and H — VV

The NLO EW corrections to gluon fusion have been computedafs §24, 25]. The orig-
inal results have been produced up to a Higgs invariant mia3eV. If one is interested in the
lineshape corresponding to a Higgs mass of 600GeV - 1Te\éthdl be some non-negligible
fraction of events with invariant mass up to 2TeV. In thisecagtrapolation will give wrong re-
sults; for this reason we have provided additional valulgsy = +19.37%(+34.53%, +53.90%)
for puy = 1.5TeV(2TeV, 25 TeV). Also % of Eq.(3.1) needs some attention. The best results
available are from Ref. [6] where, however, tables stop aeY. Tf one wants go go above this
value, it is better to include few additional points, €' = 3.38(15.8) TeV for uy = 1.5(2) TeV.
Note that, at 2 TeV, one ha§H — ZZ) =5.25TeV and’ (H — WW) = 10.52 TeV.
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