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The A can be measured directly in double

Higgs potential: Higgs boson production processes.
V(@)= 11, *DH)D* Dl
ALY H
P4
expanding around minimum: H™™ ‘\ H
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V(h):EmHh tAUR ARy
4/ Probably beyond LHC - h \’\,‘:\,

- -.- - data from LHC will be collected H H
mu

Kx =MAsw, if Ky > 1 could indicate processes beyond SM.

The measuring of A is not the only way to probe the electroweak symmetry-breaking mechanism. Exist
many scenarios with the extended Higgs sector - see Anna's talk

Bartlomiej Zabinski, March 28" ,DIS 2023 2


https://indico.cern.ch/event/1199314/contributions/5189802/

ggF: osm~31.5fb

Coupling modifier Kx =M Asm
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diagram interferes destructively

VBF: osm ~ 1.72 fb

Access to HHVV coupling via Kav
coupling modifier

Two extra forward jets, unique
signature
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HH
decay mode

Multiple diHiggs production channels:
- 4b — largest BR, huge background
- bbtt — small BR with relatively low background
- bbyy — very small BR, but clean channel with low
background,
- the channels listed over will be discussed in this
talk
- combination of the sensitive channels provide
more precise results



Event selection:

- 4 b-tagged jets

- Forward jets used to separate ggF and VBF regions

- Cut on HH and ttbar sensitive variables Xnun and Xwt

- |AnuH| and XuH categories to improve K and Koy sensitivity

Analysis strategy:

- Jets paired to minimize AR for pr leading dijet system

- Data from 2b region reweighed to 4b SR (data-driven bkg
estimates)

- muH distribution used to final results

Non-resonant production
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https://arxiv.org/abs/2301.03212
https://cds.cern.ch/record/2845544/plots
https://cds.cern.ch/record/2845544/plots
http://www.onet.pl/

OHH (KA=1,KV=1) < 5.4 oswm observed
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https://arxiv.org/abs/2301.03212
https://cds.cern.ch/record/2845544/plots
https://cds.cern.ch/record/2845544/plots

Event selection:

¢ Exactly 2 b-tagged jets

¢ 1 hadronic T and 1 e/p or 2 hadronic 1
¢ ThadThad — pPass single-Thad-vis triggers STTs ,pr > 100-180 GeV or Di-Thad-vis triggers (DTTs) pr > 40 (30)GeV

¢ TiepThad - pass Single lepton triggres SLT or Lepton-plus-thad-vis (LTTS) pr > 30 GeV
¢ mr > 60 GeV using Missing Mass Calculator (arXiv:1802.08168v2)
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Multiple techniques for background

estimation:

- MC shape and normalization from fit:

# Top-quark processes

- MC shape and normalization from Z - yu/ee+HF CR

# Z - 11 + heavy flavor
- Data-driven method
# Fake 1 background
- Estimate from MC
# Single Higgs and others

arxXiv:2209.10910


https://arxiv.org/abs/1802.08168
http://arxiv.org/abs/arXiv:2209.10910
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Events /0.14

Data/Pred.

Multivariate techniques (BDTs, NNs) were used to
distinguish signal from background and used as the final

signal/background discriminant.

ATLAS Preliminary ® Data

s=13Tev,138f0" —x.=2
Top-quark | Jet — 5, fakes

[ Other Z - <+ (bb,be,ce)

= SM HH

— k=10

Events /0.07

SMHiggs [ Jet — <, fakes (t)

1 | I S P
E' T | ELALIRSE BE 757 ) AL % BN -y
1§:o.--.¢o’++§ o
0'85Hl..‘\.‘.1..‘|H.|.H|‘..|“.| L 80
-1 -08 06-04 02 0 02 04 06 08 1 g
BDT score

e o e
Preliminary ® Data

ATLAS

—SMHH
(s=13Tev, 139" =—x=2  =xK=10
TiepTrad SLT Top-quark | Jet — Tyaq faKeS

M other Z - 1+ (bb,be,cc)

SMHiggs [Uncertainty
Pre-fit background

HDBS-2018-40

T T T T T T T T T T T[T T

T
i—.»» o o o »».m.»\\.\\\b\\\\’\\w‘\\\*\\%\\\\{\\\\*\\\

09 1

NN score

Results

— 1“5: T T T T T T T T T 7
= - ATLAS Preliminary —— Observed limit (95% CL) |
£ | - _y ---- Expected limit (95% CL) |
= ﬁ:ggff_;.‘agm == Expected limit +10
u 10%F Expected limit +20 3
-~ i E== Theory prediction
s Y7 SM prediction
(=]
108
10% o 3
- Observed: k), € [-2.4,9.2) ]
Expected: k; & [-2.0,9.0]
10! it T
-10 -8 -6 -4 -2 0 4 6 g8 10
K
OHH < 4.7 Osm observed ~ Observed: -2.4<Ky<9.1
(3.9 Osm expected) Expected: -2.0< Kx<9.0
.

Bartlomiej Zabinski, March 28" ,DIS 2023

HDBS-2018-40

ATLAS-CONF-2021-052


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Event selection:

- 2 photons with 120 GeV < myy <130 GeV

- The leading (subleading) photon pr is larger than
35% (25%) of the mass of the diphoton system.

- Exactly 2 b-tagged jets

- No e/p in event
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2 regions for increase sensitivity to:
- | —large k), BSM, (low masses)
- Il — small ky, SM, (high masses)
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Fraction of events / 0.04

HDBS-2018-34

Combination of 2 BDT trainings for separate signal
from single Higgs and continuum background

0.7k
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0.1F

Two new categories, loose (L) and tight BDT (T).

——— HH ggF, x,=1
Vs =13 TeV, 139 fb’! HH ggF, «,=10

High mass region

— yy+jets

HDBS-2018-34

-I:t:l-]“lllI]IIIIIIIIIIIIIIIllJJ_LI_L]IJ

03 04 05 06 07 08

Phys. Rev. D 106 (2022) 052001


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

Signal extraction by fitting myy distribution in
each category and signal strength allowed

to float
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Observed: -1.5< Kx< 6.7

Expected

D 2A4A< K< 7.7

Phys. Rev. D 106 (2022) 052001

Phys. Rev. D 106 (2022) 052001


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

Three most sensitive HH channels have been combined.
Increased sensitivity by a statistical combination of HH channels
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“HDBS-2022-03
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https://arxiv.org/abs/2211.01216v1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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The K) can be measured through loop correction in single Higgs boson production.
By combining HH and H searches additional constraints can by achieved.
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https://arxiv.org/abs/2211.01216v1
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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HL-LHC energy Vs =14 TeV
HH 6°Mggr = 36.7%%%_239
HH oSMver = 2.1%903%_0 049

Expected integrated luminosity 3000 fb*

the signal strength
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Run 2 distribution scaled by factor 1.18 and 1.19 for ggF
and VBF HH signals respectively
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Expected significance (o) for baseline scenario is 3.4
and observation is expected while 0 > K) or Kx> 5.8
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

¢ HH searches are one of the most attractive in particle physics
+ Not offering the unique channel — a combination of searches are necessary
¢ HH production provides insight into the Higgs mechanism
¢ Good probe for searching processes BSM:
- Heavy resonance searches - see Jem'’s talk
- DiHiggs production enhancement
¢ Interesting HL-LHC prospects
¢ New interesting results covering not mentioned channels in the near future...
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https://indico.cern.ch/event/1199314/contributions/5189801/
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25m

Tile calorimeters

LAr hadronic end-cap and
, forward calorimeters

LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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Final state Obs. 95% CL Exp. 95% CL Obs. value* |7

Final state Obs. 95% CL Exp. 95% CL  Obs. value*|”
HH — bbyy ~14<K1 <65 -32<ki <81 k=282
HH — bbr*t~ 27 <x; <95 -3l<k <102 & =1537
HH — bbbb -33<my<lld4 -52<k <116 K =621
HH combination -06<x; <66 -21<x; <78  xk =317

Summary of kKA observed and expected constraints and corresponding
observed best fit values with their uncertainties for the HH - bbyy, HH -
bbt+1-, HH - bbbb analyses and for the double-Higgs combination.
Limits are obtained using the test statistic (-2 InA\) in the asymptotic
approximation. The expected constraints are derived under the SM
assumption. The kA parameterisation of NLO EW corrections on the
Higgs boson self-energy and decay have been included in the
measurements. All other coupling modifiers are fixed to the SM value.

HH — bbyy ~08 <kay <30 -lb6<ky <37 xay=LI1"0
HH = bbt't =06 <kay <27 =05<ky <2.7 Ky = 1.5‘:{;"1
HH — bbbb 00<ky <21 00<ky <21 oy = LOY]

HH combination 0.1 <xy <20  00<ky <21 &y = L1720

Summary of K2V observed and expected constraints and corresponding
observed best fit values with their uncertainties for the HH - bbyy, HH -
bbt+1-, HH - bbbb analyses and for the double-Higgs combination. Limits are
obtained using the test statistic (-2 InAA) in the asymptotic approximation. The
expected constraints are derived under the SM assumption. All other coupling
modifiers are fixed to the SM value.
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Event selection:

- two light leptons (e,u) with opposite charge

- two b-tagged jets with pt> 20 GeV and |n| <2.5
-mye (20, 60) GeV

- mpp € (110, 140) GeV

- dun > 5.45 SF and dur > 5.55 DF
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Parameter Expected Constraint Observed Constraint Source of Uncertainty Apfu
Lower Upper Lower Upper Theory uncertainties
Cr -20 11 —-22 11 Theory uncertainty in signal cross-section —9.0%
CHEG —0.056 0.049 —0.067 0.060 All other theory uncertainties —1.4%
CH0 -9.3 13.9 -8.9 14.5 Background modeling uncertainties
€1l —10.0 6.4 ~10.7 6.2 Bootstrap uncertainty —7.1%
Cic —0.97 0.94 —1.12 1.15 CR to SR extrapolation uncertainty -7.5%
The extracted upper and lower limits on the SMEFT parameters to 3b1f nonclosure uncertainty —2.0%

which the analysis is sensitive. For each parameter, the constraints are
provided assuming the other parameters are fixed to 0. The VBF HH
process is ignored for this result. Bartlomiej Zabinski, March 28" ,DIS 2023 21
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HegF +VBF 5.4 4.3 2.8 B.1 12.2 19.1

arXiv:2301.03212

The observed and expected upper limits on the SM ggF HH production cross-
section aggF, SM VBF HH production cross-section cVBF, and combined SM
ggF and VBF HH production cross-section oggF+VBF at the 95% CL, expressed
as multiples of the corresponding SM cross-sections. The expected values are
shown with corresponding one- and two-standard-deviation error bounds, and
they are obtained using a background-only fit to the data. When extracting the
limits on oggF+VBF, the relative contributions of ggF and VBF production to the
total cross-section are fixed to the SM prediction.

VBF Selection
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ravival 2in Yog Ierayd g
ggF Selection

A flowchart summarizing the nine selection criteria used for the VBF and ggF
analysis selections. Events must satisfy selection criteria 1-3 in order to be
considered for either analysis signal region. Events failing to satisfy any of
the selection criteria 4-6 are considered for inclusion in the ggF signal
region, while those satisfying selection criteria 4-6 are considered for the
VBF signal region.

Bartlomiej Zabinski, March 28" ,DIS 2023

22


https://arxiv.org/abs/2301.03212

Ogqr + ver(HH) [fo]

10°

ATLAS Preliminary Expected limit (95% CL)
VE =14 TeV, 3000 fb-' = Expeded:mlllﬂu
HH - bbyy + bbT* T~ + bbbb = E“"““:m;‘;lﬁ"
Projection from Run 2 data Yr  SM prediction
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2 =

Expected 95% CL limits on the HH cross-section for

different kA hypotheses at Vs = 14 TeV, 3000 fb-1 at the HL-
LHC with the baseline uncertainty scenario for combination
with bbyy and bbt+t- channels. The expected cross-section

limits assume a complete absence of HH production. The
theory prediction curve represents the situation where all

parameters and couplings are set to their SM values except

for kKA. The SM hypothesis corresponds to kA=1.
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Expected 95% CL limits on the HH cross-section for different k2V hypotheses
at Vs = 14 TeV, 3000 fb-1 at the HL-LHC with the baseline uncertainty
scenario. The expected cross-section limits assume a complete absence of
HH production. The theory prediction curve represents the situation where all
parameters and couplings are set to their SM values except for k2V. The SM
hypothesis corresponds to k2V=1.
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95%

%-168%

Negative log-profile-likelihood as a function of kA evaluated on an Asimov dataset constructed under the SM hypothesis of kA=1, for bbyy, bbt+1- and bbbb
projections, and their combination assuming the four different uncertainty scenarios described in the text. The intersections of the dashed horizontal lines with the
profile likelihood curve define the 68% and 95% confidence intervals, respectively.
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Thad Thad Channe]

08, 2 b-tagged jets 58, 1 betagged jet 58, 2 b-tagged jets
10 SR A 1 1D
Tiep Thad channel + Ty
mys < 150 GeV MJ CR: Anti-lso  #f CR: myy > 150 GeV Anti-1D SR Template FF1 b-tag
v % * * + & ———FF= F[:l betag ™ F-['.Fl—rz b=tags
[ + + D Non-multi-jet subtracted
Anti-1Dy SR Template FFy; FF,; Anti-ID

[—~ FF comb = raaa % FEpg + (1 — ryg) % FFyp

:I TrueTmi-vis Subtracted

Schematic depiction of the fake-factor method to estimate the multi-jet
background with fake-thad-vis in the thadthad channel. Backgrounds that
are not from multi-jet events are simulated and subtracted from data in all
the control regions. This is indicated by "Non-multi-jet subtracted' in the

il Fraction of multi-jet Iegend.
events in the template
ThadThad TlepThad
Schematic depiction of the combined fake-factor method used to estimate multi-jet
and tt backgrounds with fake-thad-vis in the tlepthad channel. Backgrounds which STTs DTTs SLTs FTTs
are not from events with fake-thad-vis originating from jets are estimated from No e/ pre> 25,27GeV  18GeV< pre< SLTs

simulation and are subtracted from data in all control regions. Events in which an
electron or a muon is misidentified as a thad-vis are also subtracted, but their
contribution is very small. Both sources are indicated by “True-thad-vis subtracted'
in the legend.

Two loose Thad-vis
P> 100,140, p; >40 (30)GeV

180 (25) GeV

pr*>21,27GeV  15GeV <p*< SLTs
one loose Thad-vis

P, > 30 GeV
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