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Motivations

So far,
@ 1964 = Brout-Englert-Higgs mechanism was introduced.
@ 2012 = Discovered by ATLAS and CMS experiments with the pole mass ~ 125 GeV.

Still we need to look for,

@ Off-shell Higgs production — sizable negative interference between Higgs (— VV) and
the continuum background < Unitarity

@ Measurent for decay width (and thus life time) of Higgs boson. Resolution of direct
measurement of the decay width is ~ 1 GeV > SM expectation of ~ 4.1 MeV

@ BSM interactions in Higgs physics.
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Off-shell Higgs production
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Higgs width measurement

As pointed out in ref. [arXiv:1307.4935] for a process such as
i(initial state) — H — f(final state), the differential cross section is:
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we can approximate the total cross section by integrating over on-shell region (a small
region around my) and over very off-shell region (My > mu),
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Therefore the measurement of relative productions in both regions, provides us direct

information on 'y
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https://arxiv.org/pdf/1307.4935.pdf

ion anomalous couplings

Anomalous couplings of HVV interactions may
change the line-shape of myv and other kinematic
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- €¢; and qé‘ are polarization vector and 4-momentum of gauge boson V; respectively.

FOny — el'q) —€jqlt, f}(fu) = eu,,paf(’)p" — field and dual field strength tensors.
- aYV are SM leading tree-level contributions in which only aZZ ww # 0 and from
custodial symmetry we have aIZZ = aWW

We consider extreme scenarios of anomalous couplings as, as, A1, to constrain their strengh
fai = fai cos(Pqi) assuming a; > 0, cos(Pqy;) = £1 where,

1

aj = a1,az, 93, 5 (4)
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https://arxiv.org/pdf/1307.4935.pdf
https://arxiv.org/abs/2002.09888
https://arxiv.org/abs/1610.07922

® In this analysis we study the 2¢2v final state at high p'*® values and we consider
off-shell Higgs production in H — ZZ — 2¢2v as signal channel where £ = e, u. The
analysis is based on data collected by CMS experiment during LHC run 2 (2016-2018)

at v/s = 13 TeV and with integrated luminosity of ~ 138fb™ 1.

@ Since 2/2v and 4/ final states have the same sensitivity in the off-shell region, we
combine the results from off-shell 2¢2v with off-shell 4¢ analysis [arXiv:1901.00174] to
have a better precision on measurement of cross sections.

@ For interpreting the results in terms of I'y and constraining anomalous couplings

strength (fa:), the results from this analysis (2¢2v final state) are combined with 4¢
on-shell analyses from [arXiv:1707.00541, arXiv:2104.12152].

CMS Physics Analysis Summary: HIG-21-013
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Event selection and categorization

Events are categorized into 6 (3x2),
- Njet = 0, Njet = 1 and Njey > 2
- pp and ee

Event selections ("miss” = p5i**, j = jet with pr > 30 GeV and £ = e, p):

Exactly 2 well-identified e/p
— pé > 25 GeV leptons to be within acceptance
— In*] < 2.4 (for p) and < 2.5 (for e)

— |mge — 91.2| < 15 GeV . .
_ pka > 55 GeV Requiring at least on on-shell high pr Z boson
— No b-tagged jet}To reduce the background from tt

— P > 125 GeV if N; < 2, else > 140 GeV

— A¢h > 1.0

‘ To reduce the background from Drell-Yan
— Aglite 5 05

“miss

— minA¢ . >0.25if N; = 1, else > 0.5

miss

ell Higgs production, Decemb



Kinematic observables

@ Due to the 2£2v final state in this analysis, we can not reconstruct the invariant mass
of the ZZ system (mzz), so instead we use ZZ system transverse mass m%z defined as,

2 - 2 . 2
Y44 2 miss2 .y _ miss
mo = (\/plTe + mﬁe + \/pTlss m% ) (p 7 nss) (5)

@ We use pi}““ as the other oservable since different backgrounds behave differently

along pi'** moreover, The shape of this variable is also sensitive to the presence of
SM or BSM Higgs signal.
@ In N; > 2, matrix element likelihood ratio discriminants (D;;]zta’

discriminate VBF production mechanism from ggH:

) are used to

ag

Pypp

- pLi PSM ©
VBF + QCD H+2jet

where P is the matrix element probability density computed by MELA package [Github)]

using four momenta of

— the two leading-pr jets
— Higgs boson by utilizing 1, = n¢¢ approximation.

n, December


https://github.com/JHUGen/JHUGenMELA/tree/master/MELA

Signal and interfering background modeling

Signal, interfering backgrounds and interference components for SM/BSM hypotheses are
obtained using simulation samples at NLO QCD and reweighting techniques:

1) Using samples with different Higgs pole mass (from 125 GeV to 3 TeV) produced via
POWHEG NLO QCD for Higgs production and JHUGen for Higgs decay.

2) Reweighting POWHEG/JHUGen samples by ratio of matrix element probability
densities computed by MELA package by approximating LO topology from NLO
topology.

3) Stitching the reweighted samples to obtain final distributions.

Corrections on ggH production mode
— NNLO k-factor(myy) x1.1 flat N3LO QCD corrections are applied.

— The same corrections are applied on all interfering components with additional 10%
uncertainty applied to the continuum gg — ZZ production component

horrami Bv e >duction, December
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@ qq — Z7Z, WZ are the dominant backgrounds at high m?rz

- Estimated from simulation
- EW correction at NLO are alpplied as k-factors
- Joint fit with 3¢ WZ control region (CR) to improve the estimation.

miss

@ Events in Drell-Yan process with high fake p7'®® coming from instrumental sources

(instrumental ppiss)

- Can not be well estimated from simulation
- Estimated from data-driven method in single-photon CR
miss

- Real p'®° contained processes (Zy, Wy, W-+jets) in this CR are estimated and
subtracted from the reweighted data

@ Nonresonant backgrounds (top, WW, W+jets processes)

- Estimation from simulation is not optimal in our phase space
- Estimated from data-driven method in ep CR
- Events are reweighted for lepton ID/isolation and trigger efficiencies,

@ Minor contributions from e.g. tZ + X processes are fully estimated from simulation

n, December



m%z distributions
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Figure 2: Shows the postfit distributions of m%!

} Observed
Total (I',=0 MeV)
Total (I',=20 MeV)
g9 SM total

EW SM total (off-shell)

- EW SM total (on-shell)

o

 [—
@-wz

[wz

. 1Z+X

ZZ in the N;j = 0 (left), = 1 (middle), and > 2 (right)

sategories 202v signal region. Postfit refers to a combined 2£2v + 4£ fit assuming SM H boson parameters.

c
The middle pads on the bottom panels show the ratio of the data or dashed histograms to the stacked

histogram, and the bottom pads show the relative contributions of each process in the stacked histogram
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CMS Preliminary <138 b (13 TeV)
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Figure 4: Distributions of postfit ratios of the number of events in each 2/2v and 4( off-shell
signal region bin. The ratios are taken after separate fits to the I'y = 0MeV hypothesis and the
best overall fit. The stacked histograms display the contributions after the best fit, and the gold
dashed line shows the distribution of these ratios for a fit to the I'y; = 0 MeV hypothesis.




Results on off-shell signal strength parameters
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Presence of Higgs off-shell production can be quantified by measuring the signal strength
parameters (u = 0°% /o™) such as p@*"! for ggH and pF*2°! for EW, or a common
pofshell width different conditions on R?,f,fffhe“ = pffshell joffshell 46 he = 1 or

unconstraint.

Param. Cond. Observed Expected
potfshell — g (Rofshell — 1y j5 excluded with off. off. T0.68 T11
more than 99.9% C.L (3.6 standard deviations) Hr wy (W) 0625755 100 00005

WE ) os0rtl, 1%,




Results interpretations on Higgs total de

Table 2: Summary of results on the signal strength and I'y. Results for I'y (in units of ) are
obtained with the signal strengths unconstrained. Tests with anomalous HVV couplings are
distinguished by the denoted cross section fractions.

Param. Cond. Observed Expected

. 0 0+2.4 +4.0
Iy SM-like  3.27%% 41759
Ty faz (w)  3.4FT5 41750
I'y faz (W) 273 4ty

-

Ty far (w2780 41758
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Results interpretations on BSM HVV coupling
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Figure 6: Shows the likelihood scans of fay (left), faz (middle), and fp, (right) are shown with the

constraint Ty = I}y’ (blue), Iy unconstrained (violet), or based on on-shell 4¢ only (green). Observed

(expected) scans are shown with solid (dashed) curves. The horizontal lines indicate the 68% and 95% CL

regions.
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VBEF /VBS candidate from the N; > 2 category in the 202v SR

Run: 316240
Lumi. section: 755
Event: 1062964357

Jet2
pr:42 GeV
n:3.61
$:1.16

Adriss: 1.73
Aias 5311

min Ad) . 1.18

Figure 1 : Shown is a VBF/VBS candidate from the Nj = 2 category in the 2¢2v signal regi
The two jets pointed at opposite hemispheres, the high piss value, and the central, high-pr
dilepton system make this event one of the ideal candidates for this topology, as also evident
by the high D, F — 0.87 value cor puted for this event.

Mostafa Mahdavikhorrami Evidence for off-shell Higgs production, December 22, 2021



The CMS 2¢2v offshell analysis of 2016-2018 proton-proton collision data at /s = 13
TeV was completed and shows good sensitivity to offshell (mvyv > 2my) H production.

The combination of 2£2v off-shell analysis with published 4¢ analyses resulted in

finding an evidence for the first time for off-shell Higgs production and I'y is measured

(T = 3.2'5‘;"4; MeV) based on this evidence.

Constraints on anomalous couplings shows no significant deviation from SM.
The CMS Physics Analysis Summary of this analysis (HIG-21-013) can be found [here]
CMS Physics briefing of the analysis can be found [here]

We are aiming to publish the results in Nature Physics journal.

s product


https://cds.cern.ch/record/2784590?ln=en
https://cms.cern/news/life-higgs-boson

Backup




Event yields

Table 2: Comparisons between the number of observed events in the 2£2v channel with expec-
tations from the SM and no-off-shell scenarios as a function of N; for low and high m#Z. An

additional requirement of piss > 200 GeV has been imposed for N; > 2.

méz N;=0 Nj=1 N;>2
SM <450GeV 111878 66073 9277
Nooff. <450GeV 1127735 66673 9377
Data  <450GeV 989 643 95
SM >450GeV 241733 166719 6817

Nooff. >450GeV 25271} 178M1) 7573
Data  >450GeV 217 151 66




Sensitivity she channel, CMS

Table 4: Constraints on the pff—shell, yoff=shell anq parameters are summarized. The

constraints on yoﬂ shell are obtained with R"“ shell ynconstrained or = 1. The measurements
are presented usmg the 2£2v analysis alone, or with the inclusion of off-shell 4¢ events. The
designation ‘c.v.” stands for the central value obtained in the likelihood scan, and the expected
central value is always unity, so it is not quoted explicitly.

off—shell

. Observed Expected
Parameter Condition
cv. 68% | 95% CL 68% | 95% CL
}lnff shell
(2;2 1) pSff-shell yunconst. 062 [0.17,1.3] | [0.0060,2.0] [2-107%,2.1] | < 3.0
L2V + 4L
}lnff shell
(FM ) pffshell ynconst.  0.41 [0.014,1.4] | < 2.6 <25|<37
CLV
Poff shell
(2[‘2’ " plt-shell ynconst. 090 [0.31,1.8] | [0.051,2.9] [0.11,3.0] | < 45
(2v +4f
}lnff shell
(\’M ) pftshel ynconst. 1.1 [0.28,2.4] | [0.016,3.8] [0.07,3.2] | < 4.8
LalV
poff-shell Rfshell—1 074  [036,1.3] | [0.13,1.8] [0.16,2.0] | [0.0086,2.7]

@e2v +40) RY e unconst. 0.62  [0.17,1.3] | [0.0061,2.0]  [4-107%,2.1] | [1-1075,3.0]

poft-shell ROl =1 074  [0.25,1.5] [ [0.043,2.3] [0.11,2.3] | [2-107%,3.2]
(2¢2v) Ry e unconst. 041 [0.014,1.4] | [2-1075,2.6] [3-1075,2.5] | [6-107¢,3.7]
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Sensitivity of off-shell 4¢ channel, CMS

Table 10: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (in

square brackets) intervals for poffshell yoffshell apng yoffshell ghtained from the analysis of the
combination of Run 1 and Run 2 off-shell data sets.
Parameter Observed Expected

poffshell 0 787072 10 02, 2.28]  1.00*129 [0.0,3.2]
poftshell 0867992 10.0,27]  1.0713[0.0,3.5]
pgfEshell 0674126100, 36] 1,038 [0.0,8.4]

arXiv:1901.00174



https://arxiv.org/abs/1901.00174

ATLAS latest results

Table 2: The 95% CL upper limits on fof-sheit, L'/ FzM and Rg. Both the observed and expected limits are given.
The 1o (207) uncertainties represent 68% (95%) confidence intervals for the expected limit. The upper limits are
evaluated using the CL; method, with the SM values as the alternative hypothesis for each interpretation.

Expected
Observed Median irl) o +2 0
ZZ — 4¢ analysis 4.5 43 [3.3,5.4] [2.7,7.1]
Hofishell ~ ZZ — 2£2v analysis 5.3 4.4 [3.4,5.5] [2.8,7.0]
Combined 38 34 [2.7,4.2] [2.3,5.3]
Ty /T3M  Combined 3.5 37 [2.9,48] [2.4.6.5]
Ry Combined 43 4.1 [3.3,5.6] [2.7,8.2]

arXiv:1808.01191v2



https://arxiv.org/abs/1808.01191v2

Results on off-shell signal strength parame

4 CMS Preliminary <138 fb™ (13 TeV)
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Figure 4: Shows the two-parameter likelihood scan of M‘I;H’She“ and H‘\’/H’She“. The dot-dashed and solid
contours enclose the 68% and 95% CL regions. The cross marks the minimum, and the blue rhombus mark
is the SM expectation




Results intery

CMS Preliminary <140 b1 (13 Tev)
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Figure 5: The likelihood scan of I'yy with different constraints on 'y are shown with and without

anomalous HVV couplings. The horizontal lines indicate the 68% and 95% CL regions.

The width of the H boson is observed to be 'y = 3.2 MeV and is constraind within the
interval [1.5, 5.6] and [0.62, 8.1] at 68% confidence for observed and expected respectively.
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matic uncertainties

Most of the systematics affect both the shape and normalization

@ Theoretical uncertainties:

— Renormalization scale and Factorization scale (up to 30%)

— ag(mgz) and PDF variations (up to 20%)

— Simulation of the second jet in gg samples (up to 20%)

— Scale and tune variations of PYTHIA

— NLO EW correction (qq — ZZ, WZ)

— Uncorrelated uncertainties on Nj =0 (2.7%), N; =1 (6.0%) and N; > 2 (7.6%)
in q@ — Z7Z,WZ derived from the 3¢ CR

@ Instrumental uncertainties on the simulations:
— Luminosity (between 1.2% and 2.5%, depending on the data taking period)
— L1 prefiring scale )
— Pile-up, JES, JER and p1'*° resolution correction
— Uncertainties in lepton, trigger, pile-up jet identification, and b-tagging
efficiencies (typically 1% per lepton)

Statistical uncertainties on simulations are also taken into account.
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