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Electroweak Symmetry Breaking

* In the electroweak sector of SM, fermions and Higgs fields respect the SU(2)xU(1)
symmetry.

* However, the ground state of Higgs field does not. This leads to spontaneous
electroweak symmetry breaking (EWSB). At the same time, W/Z bosons and
fermions acquire non-zero masses.

« EWSB is directly driven by the special shape of nggs potentlal With the discovery of

Higgs boson, we know the key parameter 1 = Z (mH) . It describes the Higgs
self-interactions, i.e. hhh and hhhh couplings, in the SM

V4 — _on?2|AH|2 Y 4
 Di-Higgs production is a crucial mean (9) = —m |9| & \||

to probe Higgs potential directly. .H Z
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Overview of Higgs boson pair researches in ATLAS

* In SM, Higgs pairs are mainly produced in the gluon-gluon fusion process (Non-
Resonant production, NR). Vector-boson fusion is also included.

 New Physics, e.g. SUSY, may appear as new loop-contribution in non-resonant HH
productions or predict new scalar resonances decaying to two Higgs bosons.

« For Non-Resonant production, SUSY may enhance the rate or modify the kinematic
properties (e.g. my, ) and measured in the kappa formalism/EF T paradigm.

 All main decay modes are used in the searches.
v"High branching fraction
v’ Precise Higgs reconstruction
v'High background suppression
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Overview of Higgs boson pair researches in ATLAS

v We will cover the following researches in this talk.
v We’'ll present latest results based on full Run2 data in ATLAS (139 fb").

Process _________|Finalstate ____________________|Reference

HH->bbbb
HH->bbbb
HH->bbtt
HH->bbyy

HH combination
HH+H combination
HEFT interpretation
HL-LHC prospects

>=4 jets (>=2 b-jets)

>=4 small-R jets or 2 large-R jets

2b+>1 had. tau

2b+2y

HH->bbbb/bbtt/bbyy
HH->bbbb/bbtt/bbyy, H>WW/ZZ/xt/yy
HH->bbtt/bbyy

HH->bbbb/bbtt/bbyy

** Many more results will be published soon!
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https://arxiv.org/abs/2301.03212
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://arxiv.org/abs/2209.10910
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf
https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://cds.cern.ch/record/2806411/files/ATL-PHYS-PUB-2022-019.pdf
https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://cds.cern.ch/record/2798448/files/ATL-PHYS-PUB-2021-044.pdf
https://cds.cern.ch/record/2799146/files/ATL-PHYS-PUB-2022-001.pdf

Search for nonresonant pair production of Higgs Arxiv:2301.03212

bosons in the bbbb final state in p p collisions at H H
Vs = 13 TeV with the ATLAS detector He! ) -
\‘H
« Consider both ggF and VBF productions modes. R Siptssassians s asne ne .
: . “ " o ATLAS Tr— 1 W50
» Select events with at least 4 central b-tagged jets ("4b”). For :* gewee, oo § C
VBF, 2 additional jets are required with m;>1TeV and An;>3. ’ L
* They are paired to form 2 Higgs candidates. Use the one with .t el o
smallest AR for the higher-pT jet pair. S N
» Further require X,,<1.6 and sub categories are defined - 7 [ oo
based on X, and Any, to improve the sensitivity. Bl
v _|[mEL—124GeV 2+ myy = 117GeV |’ 3o s | D e
HH 0.1m Hl 0.1 Mpyy E 2500%_ £:=8§1Tev,201857.7fb“ \\+\ j;a;;aBootstrapError _%
« Multijet bkg iIs dominant and estimated in a data-driven way. a
» Events selected as SR except requiring =2 b-tagged jets (“2b”) and o0 E
reweight them to the 4b SR. .. .
 Reweighting functions are obtained via a Neural Network in CR. (I SO St
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Search for nonresonant pair production of Higgs , . 5301 03212
bosons in the bbbb final state in p p collisions at
Vs = 13 TeV with the ATLAS detector
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* Main results: - ; A N e
i TN el I o? AT i A\
* K;IN ['3-9, 11 1] (eXp ['4.8, 108]) B v [GOV] 0% 6 e 700 @0 'm::o[GeV]
* Ky, INn[-0.03, 2.11] (exp. [-0.05, 2.12])
» Constraints on HEFT benchmark models and SMEFT parameters are also provided!
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Search for resonant pair production of Higgs bosons in the bbbb final state pRrp105092002(2022)
using pp collisions at \/s =13 TeV with the ATLAS detector

* Two complementary channels:

* Resolved. b-quarks =» individual small-R jets, targeting low-mass X up to 1.5 TeV
« At least 4 b-tagged jets
» b-jets are paired to form 2 Higgs candidates via a BDT training g H
* Boosted: H->bb = single large-R jet, targeting high-mass X up to 5 TeV g
» Atleast 2 large-R jets with pT>450, 250 GeV

« 3 SRs defined based on b-tagging status of the associated track jets e \
g ¥ 4
» Multi-jet bkg. is dominant e gA‘TL{TSh”? = iz"
and estimated with the  _ 3 o Seeerany
same method as the ... T
non-resonant HH->bbbb % Bt ’
(previous slide).

10~
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Corrected m(HH) [GeV] m(H) [GeV]
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Search for resonant pair production of Higgs bosons in the bbbb final state PRD105,092002(2022)
using pp collisions at \/s =13 TeV with the ATLAS detector

* myy is used to obtain signal sensitivity. e reo-roow T St
* Resolved channel is limited by background estimation. =z i
« Boosted channel is limited by statistical uncertainties. j
« Main results: i
No significant evidence of a signal my = 251~5000 GeV!
Upper limits on the production XS in two models are provided. 1°25'0 SN A———

« Exclude the bulk Randall-Sundrum model with mg = 298~1460 GeV A

TLAS ' b ' " o 5 ATLAS + Data 105} ATLAs - Observed limit (95/ CL)
108 \/E Z13TeV, 126 fb~' t Data ] ATLAS ¢ Data {s=13TeV, 139 fb" [ Multijet Vs=13TeV, 126-139fb~" ___ Expected limit (95% CL)
Background-only fit = Background 5 Vs =13 TeV, 139 fb’! [ Multijet Background-only fit Pt Spin-2 .
104 Resolved channel Uncertainty ] Background-only fit it Boosted channel, 4b Uncertainty 10tl Expected limit 10
% ....... m(X) = 280 GeV 4 Boosted channel, 2b Uncertainty m(X) =1TeV = Expected limit +20
G g8 ---- m(X) = 400 GeV | q: m(X) = 3 TeV m(X) = 2 TeV = - == Resolved expected limit
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Search for resonant and non-resonant Higgs boson
pair production in the bbt*7~ decay channel using
13 TeV p p collision data from the ATLAS detector

« Select events with 2 b-tagged jets and 2 tau candidates
* T,qThag: tWO Oppositely charged t,.4: single tau triggers (STT), di-tauhad triggers (DTT)

* TiepThaq: @N electron/muon and an oppositely charged t,,4: single lepton triggers (SLT), lepton-
plus-tauhad triggers (LTT)

 Further conditions: MMC mtt>60 GeV (to suppress Drell-Yan), m,,<150 GeV (to reject tt bkg.)
« Fake 1,4 background (tt/Multi-jet) estimated with semi-data-driven methods

* Machine Learning methods (BDT NN,PNN) are used to extract signals.

Arxiv:2209.10910
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Search for resonant and non-resonant Higgs boson
pair production in the bbt*7~ decay channel using
13 TeV p p collision data from the ATLAS detector

Arxiv:2209.10910

* Obs. upper limit of HH production XS to SM value is 4.7 (3.9).
« HH resonance is searched from 251 GeV to 1600 GeV.

* A broad excess observed between 0.7 to 1.2 TeV with a local significance 3.1c
(globally 2.00).
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Search for Higgs boson pair production in the two bottom quarks plus two prp106.052001(2022)
photons final state in pp collisions at \/s =13 TeV with the ATLAS detector

« Select events with 2 b-tagged jets and >=2 photons

* Non-Resonant selection: M5, = Mpbyy = Mpp = My + 250 GeV
* 2 regions: My, >350 (SM signal), my,,, <350 (BSM signal e.g. k;=10)
* Dedicated BDT trained between benchmark HH signal and a combined background
» For each mass region, two categories defined based on BDT score.

» Resonant selection:

 Joint BDT for all resonance masses (reweighted to the same mHH as bkg.) and background.
« Two BDTs trained against 1) continuum bkg. (yy) and 2) peaking bkg. (ZH,ttH) and combined.
» Events must pass a minimum BDT score value and be in my window +/-2 o.
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= r Yr+jets 3 e — Yy+jets et —SMHH ]
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Search for Higgs boson pair production in the two bottom quarks plus two prp106.052001(2022)
photons final state in pp collisions at \/s =13 TeV with the ATLAS detector

- Signal sensitivity obtained from a simultaneuous fit to the aras g
myy distributions. o RSB S e

E== Theory prediction
ﬁ SM prediction

« Dominant systematic uncertainty due to functional from for
the continuum background (spurious signal).

oggF+verF (HH) [fb]

s ’
~
Tl

102}

) Main reSUItS: t  Observed: x; € [-1.5,6.7]
« Constraint on K, in [-1.5, 6.7] (exp. [-2.4, 7.7]) | Expected: 5, < 24,77

. R . 1 01 1 1 1 1 1 1 1
* No significant evidence for HH resonances -0 8 6 4 -2 0 2 4 6 8 10
K)
« X->HH cross section upper limits: 640-44 fb for my=251-1000 GeV.
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Combination of searches for non-resonant and
resonant Higgs boson pair production in the bbyy, gfg&ﬂgggﬁ%ﬁfg
bbtt~ and bbbb decay channels using p p
collisions at Vs = 13 TeV with the ATLAS detector

 All signal regions are orthogonal!
« Simultaneous fit to data with uncertainties from common source fully correlated when possible
* Main results:

. . § 1 LI | 1 I 1 T I 1 I 1 L L L II 1 [

« Obs. (exp.) U.L. on HH signal strength is 2.4 (2.9). — 10tk ATLAS Preliminary E
. B — _ -1 g
« Exclude kK, outside [-0.6, 6.6] ([-2.1, 7.8]) = | Ny g TR :
 HH resonances with mass = 251GeV~3TeV are searched. =, —— Observed limit (95% CL) |
S . : . ©10°F —--- Expected limit (95% CL) =
* No significance evidence, cross section U.L. provided EEm Comb. oxp.limittlc

ATLAS E— — S S S S—— [ Comb. exp. limit £ 20

T bservedim L2 - —— Observed limit (95% CL)
\EA =13TeV, 126—139fb-! .. (E;(fiztgwggihesis) ; ; 27_'11.;43\/ . — C;:pecteg"mn ((ss% gL)) ; J02k ]
Ogar+ver(HH) =32.7 b 1 Expected limit +10 I 10tk HH:»bBr*’r— +bbyy + bbbb g;l;g:iﬂr;s:) i =
[ Expected limit +20 E S [0 Expected limit +20 3
?’ BE== Theory prediction i
Obs.  Exp. Lé 1
: o] 10 = - - =
bbyyl \ 4.2 57 F — Egb:)
i — bbt
b6 { 47 39 I —— bbyy
bbbk ' { 54 81 10°F —— Combined =
—||||| 1 | 1 [ R A A A 1 =
Combred- NS 24 29 200 300 500 1000 2000 3000

0 5 10 15 20 25 30 mX [GeV]

95% CL upper limit on HH signal strength tny
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https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf
https://www.sciencedirect.com/science/article/pii/S0370269323000795

Constraints on the Higgs boson self-coupling from single- and

) ; : : .. PLB843(2023)137745
double-Higgs production with the ATLAS detector using pp collisions (2029)

g

* |t also contributes to single Higgs production XS and BR via NLO electroweak |
corrections.

at /s =13 TeV 7 100000 N
tA t :’T-c;'
 Higgs self-coupling 4,4, can be directly accessed in HH productions. /'

« 3 HH channels and 7 single H channels are considered.
* Negligible overlapping among the signal regions

Analysis channel

HH — bByy :
i * Exclude k;outside [-0.6, 6.6] (HH only) . Exclude K,y outside [0.1, 2.0] (HH)
HH — bbt™t . ’
- - outside [-0.4, 6.3] (HH+H)
HH — bbbb
< e T T T N ———
c i —— Hkyon 2 s —— Observed limit (95% CL)
H - y y KII I g;se;ev’ 2etee — ZH Ka olily i § i \21:-’1-::4 va 126—139 b1 - F*pef'g‘:,“mgih((g’ifg C")) ]
H — ZZ* — 4€ 8—_ — HH+HKyonly ] 1:, 1035- HH—PbET+,'l'_+b5yV+b5b5 == ;('lagted)l/i?nitﬂc
B HH + H K, only: HH + H K, generic é = [ Expected Iin?it.:2c
H—ttr- of 6555 0453 i : o
a HH + H K generic: 2L .
H—> WW* — evuv (ggF,VBF) : 5% € 14,61 i e
— 4=\ N\ R | S A 95%
H 9 bb (VH) : | 101:
H — bb (VBF) o " f
H — bb (ttH) 0-,,1 777777777777777777777777777777777777777777777777777777777777777777 f00k = combinag

SUSY 2023, Southampton University, UK


https://www.sciencedirect.com/science/article/pii/S0370269323000795

HEFT interpretations of Higgs boson pair searches

in bbyy and bbrt final states and of their

combination in ATLAS

» Effective Field Theories: describe the effects of New

physics in terms of effective couplings at low-energy scale

* 5 Wilson Coefficients and 7 HEFT benchmark models are
Cggh

considered!

Chhh Ctth

g H
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https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf

HL-LHC prospects for measurements of HH production

PUB-HDBS-2022-11 (bbbb, comb.)
* High Luminosity LHC project: ﬁ% Emg EBE ggg; 881411 (EE“)
. C.m. energy=14 TeV, Int. lumi.=3000 fb-1, Starts in 2029 _ (bbyy)

 Extrapolate the latest Run2 results
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https://cds.cern.ch/record/2841244/files/ATL-PHYS-PUB-2022-053.pdf
https://cds.cern.ch/record/2798448/files/ATL-PHYS-PUB-2021-044.pdf
https://cds.cern.ch/record/2799146/files/ATL-PHYS-PUB-2022-001.pdf

Summary

- Latest searches for Higgs boson pair production using full Run2 dataset are
presented. No significant excess above SM prediction is observed.

 Stringent constraints are obtained on the Higgs self-coupling from individual
measurements and also combined measurements (k;in [-0.4, 6.3])

« Resonances decaying to Higgs pair are searched for mass from 251 GeV to 5 TeV.
U.L. of production XS are provided.

« HL-LHC expects to see SM Higgs self-coupling with 3.40.

* More and more exciting experimental results will be public soon!
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BACK UP for bbbb (NR)
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BACK UP for bbbb (R)
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BACK UP for bbtata
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back up for bbyy 1
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BACK UP for HEFT combination
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Overview of Higgs boson pair researches in ATLAS

bb WW 1T Z7 14%
bb
WW | 25% 4.6%
Tt | 7.4% |25% |0.39%
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vy |0.26% | 0.10% | 0.09% |0.013% | 0.0005%
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