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A Brief History of the Higgs Boson

Significant progress in our understanding of the Higgs boson since its discovery in 2012.
All the main production modes established: ggF, VBF, VH, and ttH+tH
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But we still know very little about the shape of the Higgs potential.

Babar Ali



Electroweak Symmetry Breaking

1
V(h) = Av?h? + Avh3 + Z?\h4
i m¥% = 2Av?

1 1
V(h) =~ Em%{hz + 2vh® + Z}‘h4

TN

Symmetric:

mw=mz=my =0 Higgs boson

= Broken . H . H
Wz symmetry! My -7
polarisation . my, =0 (, e oL
Higgs field, h M, Mz # 0 "H-"'x '

Directly measure Ay via HH production
Strength of Ay relative to SM prediction «, = Ay / Agm

Probing the Higgs self-coupling is key to understanding the shape of the potential
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HH production at LHC

Gluon-gluon fusion
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HH at the HL-LHC

LHC

End of Run 6

HL-LHC
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13.6 TeV LS3 13.6 - 14 TeV
inner triplet : HL'LH(_:
pilot beam radiation limit installation

/ﬁ‘
x noeminal Lumi

integrated LY b
luminosity JEHITE{ g

ATLAS - CMS

2 x nominal Lumi HL upgrade

https://project-hl-lhc-industry.web.cern.ch/content/project-schedule
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We are here

OnH increases with Vs
13TeV = 136 TeV: +11%
13.6TeV = 14 TeV:.+7 %




The challenges

Destructive interference between myy shape strongly depends on k
the triangle and box diagrams K, ~ 2.4 max. destruction at my; ~ 350 GeV
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Excellent experimental performance and advanced analysis techniques are crucial
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-58/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/
https://indico.cern.ch/event/1389632/attachments/2865711/5034942/ATLAS_HH_KLeney.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-007/

How do we search for HH production

bbbb (34%):
 The most abundant final state

No single "golden channel"
sF 8 * Challenging multi-jet backgrounds

Large
fractions

(7.3%): Happy medium

(0.26%):
* Low decay fraction
 Excellent m,, resolution

All channels have trade-offs between
branching ratios and backgrounds.

Large
branching

Clean final ratio

state
Clean

states %A
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How do we search for HH production

No single "golden channel"

Large
fractions

Multilepton (6.5%):
* Targeting all the other final states
e In total, 9 sub-channels

bbe# (2.9%)

Combining all the channels:
* Covering > 50% of HH decay

Clean
states
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Object reconstruction highlights

All HH analyses are using same objects.
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https://link.springer.com/article/10.1140/epjc/s10052-021-09402-3
https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1
https://link.springer.com/article/10.1140/epjc/s10052-019-7500-2
http://cds.cern.ch/record/2688062
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bbyy

JHEP 01 (2024) 066

Run: 329964
Event: 796155578
2017-07-17 23:58:15 CEST


https://link.springer.com/article/10.1007/JHEP01(2024)066

bbyy selection and categorization

mbb—w + (125 - mbb—) + (125 - mW) GeV

/ N\

¥ Diphoton triggers
¥r 2 b-jets and 2 photon b
* 105 <m,, <160 GeV

' //Y >350 GeV <350 GeV
High mass BDT Low mass BDT
SupI‘?SS ttH and tt : \Y 3 categories defined 4 categories defined
¥r Light lepton veto b y by BDT score by BDT score
¥r < 6 central jets J 1

Fit 7 m,, spectra

BDT training against background: single H and yy-continuum
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optimise for large value «, (soft spectrum)
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bbyy results

% 1 8 - R e -

HH and single H g 16 ATLAS p =

Modelled by double-sided Crystal Ball o q4f '5=13TeV.140f7 ¢ Daa E

. i - - HH—>bbyy 0 T Cont. background -

function. Parameters estimated from MC 2 ok —— Total background ]
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. D 10F =
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Modelled using exponential function. 8: E
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*» Theory uncertainties on HH xsec ey R

High Mass 1 High Mass2 High Mass3 Low Mass1 Low Mass2 Low Mass3 Low Mass 4

Total background 12.8*1¢ 3.79%% 3.410% 38.913% 1.3 4799 1.340-3

Data 12 4 1 29 8 5 4

95% CL limit pypy < 4.0 (5.0 exp)
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ATLAS

EXPERIMENT

Run: 350013
Event: 1556168518
2018-05-11 01:39:26 CEST

bbbb

Resolved: Phys. Rev. D 108 (2023) 052003
Boosted: Phys. Lett. B 858 (2024) 139007



https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub

bbbb selection and results

Sort by AR

>
Resolved Possibility 1 Possibility 2 Possibility 3

¥r b-jet trigger
¥r >4 b-jets, pT > 40 GeV
¥ Veto top quark

200
100

Leading Higgs Candidate
J my, — 124GeV\>  [my, — 117GeV\’ Subleading Higgs Candidate
XHH = ) + )
0.1 0.1 .o . . .
T 2 * Minimal AR;; in leading Higgs (H1)
goF & VBF categories based on | Ang| & X * No mass information used to avoid sculpting
the HI-H2 mass plane
EBOO? ATLAS [ PostFitBackorond-
Major background: 10 700 - VS =13TeV, 126 fb-! AN Stat. + Syst. Eror
. . . . iy 6005— ggF Signal Region +  4pData 3
¢ QCD multiJet estimated using gor 05 <|Ankl < 1.0, Xuw > 095 T woxsui
NN transfer factor D 400 200xK,=6HH ..
200 E- 2 195% CL limit pyy < 5.4 (8.1 exp)

Dominant uncertainties:
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-
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S . . . o] 15 [ | ‘ 1T I T | I I I T3
¢ Signal cross section calculation g 4+ 13
1.0 b S8 N
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https://indico.cern.ch/event/1403072/attachments/2865219/5014751/LHCseminarHH20240528RuiZhang.pdf

Run: 339535
Event: 996385095
2017-10-31 00:02:20 CEST

n
I,\\ - / \ . s

bbtt

Phys. Rev. D 110 (2024) 032012



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012

bbtTt selection and categorization

i Tiep T
¥ Tau or leptons triggers b Thad Thad lep Thad

Y 2Tq0rl Tt 1eu 4] .

37 2 b-jets, m, > 60 GeV
3 types of triggers

A

B ——— T

9 signal regions b & b i
channel: Thad Thad bb ovent | channel: £€bb ‘I SLT + DLT I | 5;;2:::," ’ [ CR ]
_____________________________________________________ e s T Background sources
E ’S_'I'I'" oTT no : STT: single Thad-vis triggers
; & : di-Thad-vis triggers
z;:nglelepto:?rigers TOp quark
e . = overt ot on s Shape for MC, normalization from fit
selection : selection selection
o | e — | e Z—tt + heavy flavor
No i No T : Shape for MC, normalization from
L 2 ' L 2 ' v ' 5
— ; — N S — * : .
. MHH ggF-like | categorisation MHH ggF-like | categorisation MAH ggF-like | categorisation ' Zﬁee/ Mu + HF ContrOI reglon
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[ () ) (e | () O Fake Ty,
............................. Data-driven fake factor method
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Myy <350 GeV — IOW'mHH
myy > 350 GeV — high-myy
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bbTt results

* BDT is trained in each signal region — 9 BDTs
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bbtl + E miss

JHEP 02 (2024) 037



https://link.springer.com/article/10.1007/JHEP02(2024)037

bblf + E;miss selection and results

Same final state as dileptonic tt background

bb
HH—bbWW tt—=bWbW

bb '

¥r Single or dilepton triggers
Ww . .

¥r 2 light lepton (e/u), opposite charge
TT ¥ Same or different flavours
L ¥r 2 b-jets
YY

MVA training against backgrounds tt background
Shape for MC, normalization from control regions
Mpp A el + pe o
‘é:: I IAT!I.Jf-'ISI I I ¢ Data [ Bkg. Unc.
T Vs=13TeV, 140 fo" [IZ+jets (HF) @Rt _
. EOHSI—_;nzmznsT"s = ::'Valkes E 3;’,19;? Higgs
210 GeV + tt CR - “+HH (1=9.7)
my < 250 GeV
--------- 1o ggF
"""""""" 10°
Wt CR
40 GeV —+
my > 250 GeV b

> -
m

15 GeV 110 GeV

o @ W //t/%*

T TR Yoty e 2 —'//)/// * /%‘;4 <
/

Data / Bkg. pred.
RO RO

000 ——a

=

T T
Cp Sy Ve B T8 B B 8 [y Sty Yo %0k, Jor, S0k, Jor, Jor: Jor, Jor.
Wi Co ™ (1,55 SR _SH SR SR (000 Co ¥ 5 SR 55 'SR -5 SR SR 'SR
By /9,,,&;8,95 ¢ T3 27Ty Vo f‘?@ggg@ 6 T8 g ey

> 2 VBF jets with pT > 30 GeV,
max(An;;) > 4, max(my;) > 600 GeV

95% CL limit pypy < 9.7 (16.2 exp)
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ATLAS Multilepton

EXPERIMENT D — JHEP 08 (2024) 164



https://link.springer.com/article/10.1007/JHEP08(2024)164

Multilepton

 ~6.5% of HH events decay to final states where
the HH system 1s not fully reconstructible.

* Categorise events based on number of light
leptons, hadronic taus, and photon

* Single or dilepton triggers
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Number of hadronic taus
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0 1 2 3 4
Number of light leptons
ATLAS Simulation Vs =13 TeV, 140 fb!
[bbzZ] I [40+20 ]
40 [4r] —
S
8351
©
3
S 30- —
(%} g
8 254 A
3 201 " 4
315 wwzz '
kS
: -
E
z [20SC+Tud]
///"’}i [2¢:20..

HH decay mode

Analysis channel



Multilepton
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40 77 Uncertainty | a0l --- Pre-fit bkg.
i ----Pre-fit bkg. %
30
30
20 ] 00
10 10
< {25t ‘ < 44} X
SR o T S e w/i////i//%/ % E 1f{fff{{fffffﬁf{{ﬁf(%WJf%W/W%f%W E
s YT i g
055 0.6 065 0.7 075 08 085 09 095 1 1 0.8 -06 -04 -02 0 02 04 06 08 |
BDT score BDT score
ATLAS e Observed = *1o
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HH combination
Phyvs. Rev. Lett. 133 (2024) 101801



https://link.aps.org/doi/10.1103/PhysRevLett.133.101801

HH production combination

95% CL limit

Uy < 2.9 (2.4 exp) ATLAS e (E)bserved imit (95% CL)
........... xpected limit (95_% CL)
Wygr < 44.3 (47.5 exp) VS =13 TeV, 126—140 fb-! (ki =0 hypothesis)
SM _ [0 Expected limit 10
Ogor+ ver(HH) =32.8 fo [ Expected limit +20
Oyy < 85.8 (711 eXp) fb Obs. Exp.
. . . bbif + EMissi— * 10 14
deficit observed in bbbb, bbyy, bb{{+E miss -
excess observed in bbtt, multilepton Multilepton|— i 17 11
bbbb— { 5.3 8.1
¢ Dominant uncertainties: HH theory cross section bhyyl- * 40 50
uncertainty +6% —23% in scale + m, S
bbrit |- * 59 33
¢ Modelling of single H associated with b-jets Combined|— 29 24
| Ié | I L1 1 I L1 1 I L1 | I L1 1 I L1 1 I I I L1 | I |
0 5 10 15 20 25 30 35 40
% Experimental uncertainties: 4b background estimation 95% CL upper limit on H{H signal strength 1
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Couplings: likelithood scans

Best ﬁt K = 3 . 8, Koy = 1 0 Remember myy changes when k;, i,, moves away from SM
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* bbrtt and bbyy channels dominate sensitivity at low k, values, where Vs-13Tev, 126—t40f6" PR T P
. . . gl HH combination _ . . _
kinematics closely resemble the SM and these channels are most effective. | Obs.95% 0L & Bastit(43,092)
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* bbyy is sensitive at high k, values — best sensitivity in the low myyy region.

* bbbb channel (boosted) provides dominant sensitivity to K,y values.
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HH 1n Effective Field Theories (HEFT)

» Effective Field Theories provide new physics in a model-independent.
* They help us explore the broader impact of new physics across various measurements.
* Introduce new couplings that are forbidden 1n the Standard Model.
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HH search can put constraints to the coefficients

1-5_|||| LI L R BB B

. ATLAS
| Vs =13TeV, 126—140 fb!

[ HH-bbT*1~ + bbyy + bbbb
L All other c fixed to SM

Cgghh

—_

I T T T T I T T T T I T T T T
Observed 68% CL
-- Observed 95% CL
+ Bestfit (6.6, -0.45)

Expected (SM) 68% CL _|
Expected (SM) 95% GL

¥  SM prediction
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Ctthh

- ATLAS
\/_ 13 TeV, 126—140 fb!

HH - bbTt*T™ + bbyy + bbbb,
AII other c fixed to SM

4’_||||||||||||||||||

l T T 1 T I 1 T T Ll I T T
—— Observed 68% CL

- Observed 95% CL
+ Bestfit (-3.5, 0.74)

i Expected (SM) 68% CL |
Expected (SM) 95% CL |

% SM prediction

Ctthh

N

1.5

—
L ATLAS

| Vs=13TeV, 126—140 fo
|_HH - bbt*T~ + bbyy + bbbb,
[ All other c fixed to SM

- Observed 95% CL

T T I T T Ll I T T T
Observed 68% CL 7]

Best fit (-0.42, 0.49)
Expected (SM) 68% CL—
Expected (SM) 95% CL |
SM prediction




Resonant production

* Many BSM models predict new particles that decay to a pair of Higgs bosons.

* Many models also predict additional Higgs-like scalars

KALUZA-KLETN
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g Light scalar

X—HH and X—SH searches are closely connected to non-resonant HH
searches, both in the physics they explore, and in their analyses.

X—SH search in VVTT
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https://link.springer.com/article/10.1007/JHEP10(2023)009

HH in Run 3

* Improved object identification, b-tagging algorithms,

dedicated triggers and many more refined analyses....

FTAG-2023-01

70 - o Conn L e
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C FHF i — o i
: tt jets, ep =70% 2000 ~
c 90 ] o
o - ) 3]
:'8' 40 :_ Run 3 reco _: 1500 g)—).
ot ] =
—_ r | ©
% 30F ] o,
% DL1d 11000 £
20F ) -
105 4500
ot 10

2017 2018 2019 2020 2021 2022 2023
Year
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults

HH at the HL-LHC

* Combination of bbbb + bbtt + bbyy.
* HH discovery significance of 3.4c; k, constrained within [0.0, 2.5] at 95% CL.
* Based on previous round of full Run 2 results.

Baseline scenario rely on assumptions in ATL-PHY S-PUB-2021-023 ATL-PHYS-PUB-2022-053
E7ZIIIIIII_II'IIIIIIIIIIIIIIZ Q . IIIII‘llllll‘IllllllIll”ll”llll”lllIIIIH:
g [ ATLAS Preliminary No syst. unc. ] S 20 ATLAS Preliminary 3
E 6 [ Vs= 14:I'eV L _ _ —e— Baseline ] C\I‘I E \/§= 14 TeV, 3000 fb_1 , E
EE [ HH—=bbyy+bbt™ 1" +bbbb Theoretical unc. halved ] 17.5— Non-resonant HH ' 3
2 gl Projection from Run 2 data —+—Run 2 syst. unc. — : Baseline .
@ [ Asimov data (k; = 1) ] 15 Asimov data (k; = 1) =
: ] : —— bbT*T" ]
4 E 12.5F ; =
N ’ ~E —— bbyy ]
- i b —— bbbb E
3 . - —e— Combined ]
N i 7.5 A
2 . 4 S u ]
- ' ] 5K A

i :_ _: E ——————————————————————————————— -—; 95%

0_ A I T T AT S ST N S SR AT NN SN S S R :— ““““ o e I—-—-—-—: 68%
1000 1500 2000 2500 3000 Q2 -1 ; —— ' 7 S 8
Integrated Luminosity [fo~'] K

Combination of ATLAS+CMS projections
5¢ for SM HH
~30% on K,

* Sensitivity driven by theoretical uncertainties on HH cross-section.
* b-tag performance in bbbb, and background modelling uncertainty in bbyy.
 additional heavy-flavour jet radiation in single Higgs background.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-023/
http://cds.cern.ch/record/2841244

© DiHiggs production is a rare and unique process to probe the Higgs potential.
® Significant improvements in various aspects of the analyses compared to previous results.
®© Excellent performance of ATLAS detector and LHC in Run 2.

© ATLAS searches for HH production in final states covering 50% of decays:
® Reached the best expected sensitivity to date i;;;; < 2.9 (2.4 exp.)
® Higgs self-coupling —1.2 <1, 7.2 (—1.6 <, < 7.2 exp.)

. . ATLAS —e— Observed limit (95% CL)
® Promising prospects for both Run 3 and HL-LHC |~/ Expected limit (95% CL)
Vs =13TeV, 126—140 fb" (HHH=0 hy_pqtheSIS)
omti-zen = SR
Obs. Exp.
bbef + Efiss|— * 10 14
Multilepton— ’ 17 11
Looking forward to exciting Higgs pair production il * - cs o
results in the near future from Run 3 and the HL-LHC! il * so 5o
bbttT |- * 5.9 3.3
Combined|— 2.9 2.4
1 1 I | I . I I I L1 1 | | L1 1| | L1 1 | I 111 | I L1 11 I 1
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength Lyy
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Multilepton selection

Channel { Thad-vis Jets b-jets

4¢642b 4£(B) N:=0 Niet22 1< Npjer <3
pT(fl) >20GeV
pT(fz) > 15GeV
pT(fg,) > 10GeV
{3 or {4 pass loose PLV
2 SFOC pairs

50 < mSFOC . < 106 GeV

5 <mSEO 0 < 115GeV

All 4 pairs AR(¢&;,¢5) > 0.02
|m4g —mz| > 10GeV

Channel | t Thad-vis Photons Emiss b-jets
3¢ 3¢, sum of charges = +1 N =0 Nijer 2 1 Npjer =0 Yy +2(€,1ha) | New) + Ne =2, 0C N, =2 ENS > 35GeV
toc(L) My (.ey > 12GeV Er(y1) >35GeV
ESCI(T)Q pT > 15 GeV 105 GeV < m,y, < 160 GeV yy+e: E%liss > 35GeV Nb—jel =0

’y’y+f NE(P) =1 N-,— =0
tsca(T), pr > 15GeV

All m3E0C > 12 GeV

Y1t pr/niy, > 0.35

Yy+u —
Y2 i pr/my, >0.25

YY+Thad | Nepy =0 Ne=1 ERSs > 35GeV
Z-veto
|m35 —mz| > 10GeV
265C 26(T), pr > 20GeV, SC N:=0 Ni22  Npjer =0
Mep > 12 GeV
2USC+Thg | 26(T), p1 > 20GeV, SC Ne=1 Niw22  Npju=0
Mep > 12 GeV pPT > 25 GeV
OCtof
20427 26(L), OC Ne=2,0C  Njg>0  Npjer =0
m55>12GeV AR(TI,T2)<2
Z-veto
£+2Tha 1£(L) N:=2,0C  Njg>2  Npju=0

AR(TI,TQ) <2
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bbbb selection

Resolved
(1) (&)
Pass trigger class (Tpiir < 65 Gev .,_ii‘-‘\
+ 3 (7.vBR) | B.veR | i9.vBR
Ves Yes Yo > 1.5 M xwsts 2| > 400 Gev > VBFSR
d Yes Yes Yes
(5
(2) WVBF Jets No
z 4 central jets langl = 3,
m = 1 Tev
r N
o]
Yes Yes
k4 (7. geF) - (8. gF) - (. geF) >
__________--—> |arml < 1.5 Tl K> 15 Tl K< Llé 88F SR
3 (4l Yes Yes Yes
= 4 b-tagged > = bcentralor No
central jets Yes forward jets
ggF Selection
Boosted
&)
1) o Hig?s boson caMtl:I!ate jet kinematics UB;JI"“ I;i;qmmlu
- Higgs boson candidate jets % T = 20 Gev
Mt"gw zzwlﬂ!]mlﬂ,i‘ﬂ PEI 345“ GEV,MJ' Esu GeY d.R{J',j] = 1.4
Py = 250 GeV,m’: > 50 GeV |An Gy )| > 3,m ;) > 1TeV
7
(3) (5) Signal-region
0% WPH?;“E“ VBFjets my, =124 GeV D Fmyy 117 Gev
of Xy, (J), Xpp(J3) = 2 small-R jets (i), j5) 15007, + 1900/my, <L6
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Combined results

Babar Ali

Obs. -20 -lo Exp. +loc +20 | Exp. SM
bbtt~ 59 1.8 24 33 50 8.1 4.3
bbyy 40 27 36 50 7.8 13 6.4
bbbb 53 43 58 81 12 19 9.1
Multilepton 17 6 8 11 17 27 12
bbtt + EX™ 10 7 10 14 20 30 15
Combined 2.9 1.3 1.7 24 36 56 3.4
K2 K2y
Channel 68% CL 95% CL 68% CL 95% CL
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

bbyy 3.0%22 LOYSL [-1.4,69]  [-2.9,7.8]  1.1x08  1.0°%  [-0.52.7] [-1.1,3.3]
bbttT~ 0.043-3 1L0%6  [-3.2,9.0] [-25,92]  0.4%L% 1L0*S  [-0.5,2.7]  [-0.2,2.4]
Multilepton ~ [-4.4,0.6] U [4.3,9.8] 1.0*55  [-6,12]  [-4.5,9.6]  —0.4%) 1020 [-2.5,46]  [-1.9,4.1]
bbbb 5.87%9 LOTLS [=3,11] [-5,11]  1.01£0.23  1.00°0%  [0.5,1.5]  [0.4,1.7]
bEff+E,‘r“i55 36 1+ [-6,13] [-10,17] 1.1+£0.7 104 [-0.2,2.4] [-0.5,2.7]
Combination 3.875% LOYT [-1.2,7.2]  [-1.6,72] 1022 100004  [0.6,1.5]  [0.4,1.6]




	Slide 1: Searches for DiHiggs production in ATLAS
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34

