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Motivation

Why is it important to measure Hi

Higgs potential field: V(¢) = 12(¢1¢) + A(¢T$)?
¢ Spontaneous symmetry breaking when VEV: v # 0

° A>0, u? < 0minimum atv = —% = 246 GeV

Re(¢)

Rewriting the ¢(x) as a function of the mass scalar Higgs field:

V(H) = I H? + \oHP + 2H* — 20, gy = 25 ~0.129
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What could we tell about the shape of the Higgs potential?
® Higgs boson couplings to SM particles are known = but not Higgs self coupling, Az

¢ Its form determines minimum, electroweak phase transition, and stability of the universe
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Higgs self-coupling measurement at LHC

Direct measurement

¢ Higgs-pair production to probe the Aypy

2 — Experiment

© Very rare process, ouy ~ 15550H

¢ Dominant production mode: aggg ~31fb

AHHH
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https://www.sciencedirect.com/science/article/pii/S2405428320300083

i Higgs self-coupling measurement at LHC

< VBF P . ! 0.50 fb
" owga =~ 0.
oy ~ 1.73 fb v ozua ~ 0.36 fb

v

Direct measurement

¢ Higgs-pair production to probe the
AHHH Via Kx, Ky, K2y

N—m Others
® r,y could indirectly probe quartic VHH

Higgs coupling VBF

IE" Otherwise not sensitive at the LHC!
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Higgs self-coupling measurement in ATLAS

\

Anga measurement in ATLAS:
e Di-Higgs to bbbb, bbrt, bb~y~y via ggF and VBF with full Run 2
dataset of £ =126 — 139fb ™"
® VHH and indirect measurement via single Higgs production

¢ In addition, their combinations will be covered in this talk!

Most sensitive!

7V TT 75 Y .
= bb  Ww Zz 77 bbbb Highest BR, large background
33% _
bbrr Medium BR, good rejection of
WIW | 25% CeR background

e 7.4% 24%  0.39% .
I | bb~~ Small BR, very clean signature

ZZ  |34%|  12%  034%  0.076% )
(— , ]

7Y 0.26% ' o.1%| 0.029%  0.013% lo.ooos%] =

) Today, these decay channels
will be discussed!

ATLAS measures these decay channels!
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Non-resonant HH —s bbbb

HH — bbbb (highest BR ~ 33%) via ggF & VBF

* Suffer from large background multijet ~ 90% & fully hadronic # ~ 10% events

® 4 b-tagged jets paired to H-candidates via min AR

¢ Data-driven background estimation for multijet using neural network
<+ NN trained in CR to reweight 2b data to 4b region

CERN-EP-2022-235 (2023)
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https://arxiv.org/abs/2301.03212

95% CL Limit on 0ggr . ver HH [fb]
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Vs=13TeV, 126 fb! Expected Limit -
Combined ggF and VBF Regions I Expected Limit 10

Expected Limit +20
= Theory Prediction
¥ SM Prediction

ATLAS
Vs=13TeV, 126 fb'

Combined ggF and VBF Regions I Expected Limit 10

= Observed Limit

=== Expected Limit

Expected Limit +20
= Theory Prediction
Y SMPrediction

o Lol

1o’ rarurrns PPN P IR PR B P RN RN IR
-20 -15 -10 -5 0 5 10 15 2 -2 -1 0 1 2 3
K (Kov=1.0, ky=1.0) Kov (Ka=1.0, kKy=1.0)
HH — bbbb results @ 95% CL
o ggF + VBF, £ =126fb "
° Observed cross section upper-limit: 5.4 x 0P}
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https://arxiv.org/abs/2301.03212

HH — bbbb results @ 95% CL, ggF + VBF, £ = 126fb ™"
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¢ HH couplings limit in SMEFT interpretation:

—22 <cg <11 & —0.067 < cyg < 0.060 = First time measured in ATLAS

CHG VS CH

T T T

Vs=13TeV, 126 fb!
cnn=0.0, ¢,g=0.0, c=0.0 Expected Limit +10

— Expected Limit +20

#  SM Prediction

T T T T
- ATLAS —— Observed Limit (95% CL) _ |

rrrrrr Expected Limit (95% CL)

30
CH

Non-resonant HH — bbbb: SMEFT

(€£202) S€2-T20C-da-NIID
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https://arxiv.org/abs/2301.03212

Non-resonant HH — bbrr

p
— . Tlep Thad © Single Lepton (SLT)
HH — bbrT (BR ~ 7.3%) via ggF + VBF TheoThad * Lepton — 7 (LTT)
Thad Thad : Single & di — 7(DTT)
® 3 SRs defined based on di-7 system and trigger selection™ ™
® 1lepton(e/p) and 1 7 in TiepThad , 27 iN Thad Thad & 2-b-tagged jets
° Main backgrounds: {f — bbWW — bbr7, Z+Heavy Flavour jets - modelled
in MC, & Jets are misidentified m,q from tt, & QCD multijet data-driven
-
CERN-EP-2022-109 (2022)
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To separate the signal from the background:

® MVA method employed for Thad Thad (BDT), Tiep Thad (NN)

8/16 Daariimaa Battulga o.b.o ATLAS Collaboration

HH in ATLAS



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

Non-resonant HH — bbr7: Results

HH — bbrT, L =139fb!

CERN-EP-2022-109 (2022)

¢ Final-discriminant bins from the ThagThad, TiepThad SLT and 7iepThag LT T
categories are combined into bins of log;, (S/B).

o 10 ETTTITTT e e e e e ..
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

Non-resonant HH — bby~

HH — bby~ (BR ~ 0.26%) via ggF + VBF Phys. Rev. D 106, 052001 (2022)
¢ Requiring 2 photons & 2 b-tagged jets; 11, € [105,160] GeV

¢ Signal region is subdivided low & high mass, targeting xx = 10orx) =1

¢ Main backgrounds: vy + jets with data-driven and single Higgs with MC
based background estimation via analytical functional forms
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Non-resonant HH — bb~y~: Results

HH — bl_yy»y . ggF o VBF Phys. Rev. D 106, 052001 (2022)

* Observed upper-limit on cross section: 4.2 x o7y

10° T T T T T T T T T
ATLAS —— Observed limit (95% CL)
Vs=13TeV, 139 flo~1 ---- Expected limit (95% CL)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001

Search for non-resonant VHH

Non-resonant HH production of Aypy via VH production

R . .
Higgs self coupling via kv, Kx, K2V Eur. Phys. J. C 83 (2023) 519 Unique in VHE!

“» VHH is sensitive to WWHH, ZZHH couplings separately compared to VBF!
® 3 SRs: 4 b-tagged jets with (OL, 1L, 2L) of Z — vv, W — fv, Z — U

T T

ATLAS e Data | Vhh
Vs =13 TeV, 139 f5' Wi+ Mt+=1b

Events

10° == Vi like in SM ti+>1c @V +21c
SR Post-Fit - V> Sb.V +]j
10° = S+B Hypothesis o mm WOther Uncertainty
. ™ BDT for signal and bkg.
, separation
10°

= Simultaneous fit to BDT
distributions to extract potential
signal contributions

B-only Hypothesis

Significance

1.2 3 4 1.2 3 4 1.2 3 4 1 2 3 4
BDT Bin
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https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y

Search for non-resonant VHH: Results

arXiv:2210.05415
Results @95% CL.:

® 183(87) x osm observed(expected) upper-limit on cross section

® Observed limit:

® 344 < k) <333 S ate]y‘.
d Z separ
° —8.6 < ryy < 10.0 . o the Koy for Wan
Measuring :
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/

Di-Higgs combination with full Run 2 data

ATLAS —— Observed limit
Vs= — -1 Expected limit a . . - = -
o 13::‘,’,')12:2 o (1= 0 hypothesis) Combination of HH with bbbb, bbT, bby~ :
aoF VBRI = Expected limit +10 _q
JAHH 1 Expected imit +20 ® ggF+ VBF, L =126 —139fb

Higgs self coupling constraint @95% CL:

Obs.  Exp.
° _0.6<ky <66
bbyy|- 42 57 °
vy 0.1 < Koy < 20 - straints on AHHH
_ L Most sttmgent (o
bbt*T- | 47 39
Less model-dependent combination of HH + H
bbbbr- 54 81 = —-14 < k) <6.1@95%CL
Combined|- 24 29
| | |
5 70 5 20 25 3 Phys. Lett. B 843 (2023) 137745
95% CL upper limit on HH signal strength i
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https://www.sciencedirect.com/science/article/pii/S0370269323000795?via=ihub

HL-LHC prospects for the HH measurement

Non-resonant HH production of A\yyy at the £ = 3ab~ 1, Vs =14TeV

® 20x more data at High-Lumi LHC
— High pile-up environment = detector upgrade
° Extrapolations of Run 2 Higgs self coupling measurements from bbbb, bbrr, bby~y

A . . . )
»C Predicted Higgs self coupling constraint @ 68% CL:
® 05« Ky < 1.6 '¥" Large improvement from analysis
° 07< Koy < 1.4 techniques: b-tagging, T-identification

N ATL-PHYS-PUB-2022-053
compared to previous projections!

Ky=1. Koy = 1 Asimov Data

I [T I O] 4 48 e e e e 1 Aoy Date
Z L ATLAS Preliminary 1 s E 1
3T VS-14Tev,3000f0" { g0 ATLAS Preliminary 95%
bt HH - bbyy + bbT* T~ + bbbb 1 9 F E
L i 1 35 VS=14TeV,3000 fb! =
16 Projection from Run 2 data — E  Projections from Run 2 data 3]
Asimov data (kj = 1) R 30F HH—bbbb (VBF) =
H —— No syst. unc. 1 = E|
o —— Baseline b = E
C Theoretical unc. halved ] E —— Nosystunc. E
L —— Run 2 syst. unc, ] 20f- —— Baseline E
8- — 15 E Theoretical unc. halved E
[ ] E—— Run2syst 1
E yetune 68%
. o 101 B

[ ] 05—

I\ / 68% E

A AR SN i I =

L N R R S-S R 0o

Ka
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-053/

i Conclusions

HH search and trilinear coupling of Higgs boson measurements in ATLAS:
¢ Measures many possible decay channels of the HH
¢ No observation of HH process with Run 2 datasets
/¢ Most stringent coupling constraint up-to-date .y € [—0.4,6.3] by combining
three most sensitive decay channels of 4b, bby-~y, bbrT
¢ New interpretation of SMEFT using 4b channels
¢ New HH results in VHH probing kow & k27!

Significance [o]
SN SN S S S S

N

T T T T T T T T T
ATLAS Preliminary
Vs=14TeV
HH - bbyy + bbt* T~ + bbbb
Projection from Run 2 data
Asimov data (k; = 1)

—— No syst. unc.

—— Baseline
Theoretical unc. halved

—+— Run 2 syst. unc

|

P T N B B ]
7000 7500 2000 2500 3000

Integrated Luminosity [fb~"]

HH search HL-LHC:
¢ At HL-LHC, expected to 3.40

evidence for HH production!

Due to improved b-tagging,
T-identification with better
projection analysis methods:

No syst. ky € [0.7,1.4] @ 68& CL

Before ky €[0.4,1.7]
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Thank you!



Backup



Direct measurement

¢ Higgs-pair production to
probe the Ay via

KX, kv, Rev

® 1,y could indirectly probe
quartic Higgs coupling
Zz
h o h.

¥ Otherwise not

sensitive at the LHC!

VBF

oga ~ 1.73 fb

J

arXiv:1401.7340

Solfbl

T T T T T
HH production at 14 TeV LHC at (N)LO in QCD
My=125 GeV, MSTW2008 (N)LO pdf (68%c)

~

MadGraph5_aMCONLO

VHH
owng =~ 0.50 fb

\

3/21

Daariimaa Battulga o.b.o ATLAS Collaboration

HH in ATLAS


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.093004
https://arxiv.org/pdf/1401.7340.pdf

B Non-resonant HH — bbbb
M Event preselection

HH — bbbb via ggF & VBF CERN-EP-2022-235 (2023)
° Trigger selection: 2b2j + 2blj, pjy(j3) > 170(70) GeV
* Suffer from large QCD multijet ~ 90% and fully hadronic tf ~ 10% events

1) (6)
Pass trigger class (Spi)T < 65 GeV. Yes\
(7.VBF) (8.VBF) (9.VBF)
Yes Yes Xu> 15 Xun< 16 M > 400 GeV NERER
Yes Yes Yes
(s) No
)] VBF Jets
2 4central jets 14n;| > 3,
mj>1TeV
No
Yes Yes
(7.88F) (8.88F) (9.88F)
|| enwis Xw> 15 X< 16 88F SR
] @ Yes Yes Yes
24btagged [—>| = 6centralor No
central jets Yes | forwardjets

paired to H-candidates via min AR

2
=y 2+ =y X = iy —124 GeV 2+ iy —115 GeV ) 2
0.T-mj; 0.T-mjp, ) HH = 0.1-mm 0.1-mpp

Xy = min
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https://arxiv.org/abs/2301.03212

Non-resonant HH — bbbb

ggl categories

HH — bbbb via ggF CERN-EP-2022-235 (2023)

® 6 categories to improve the sensitivity < ggF: 6 categories using | Anpg|, &XuH,

> T T T T T J > T T T T T T T T > T T T T T T T T
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S - e { < AN T PR, o o, e B = 1
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o ggF Signal Region + sooam o qgF Signal Region + bbam < QgF Signal Region + sopaa
a |8l <05, Xeps>0.95 @ 600 E 05< AN/ <1.0, Xy >0.95 2 500 [Anu>1.0, X, >0.95 E
2 2
H [ acoxsun £ 50 [ acoxsun § o o [ «coxsunm
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https://arxiv.org/abs/2301.03212

Non-resonant HH — bbbb

VBF categories

HH — bbbb via VBF CERN-EP-2022-235 (2023)

® 2 categories to improve the sensitivity < VBF: 2 categories using|Ang|

] 10xxv=0HH [ 40xKkey=0HH

S g T T T T T T T T T T > T T L e LA I
8 " ATLAS [ Post-Fit Backgmun E 8 o - ATLAS [ Post-Fit Backgmundé
3 Vs=13TeV, 126 fb~' N Stat. + Syst. Eror 3 Vs =13TeV, 126 fb~" N Stat + Syst. Emor 3
60 VBF Signal Region = - 50 VBF Signal Region —
@ |Bnusl <15 + 4oData E @ |Bnusl>15 + 4bData E
< 50 [1isooxsmbH = Sa0 | [ 1000xsMHH 3
D 40 Soxk-6HH o @ T 200xK,-6HH ]

_;:F
S

—

P S O B B s == ==

L

Data/Pred
Data/Pred

i L [ AL .
500 600 700 800 300
myy [GeV] My [GeV]
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https://arxiv.org/abs/2301.03212

Non-resonant HH —s bbbb

HH — bbbb (highest BR ~ 33%) via ggF & VBF CERN-EP-2022-235 (2023)
® SR, CR defined in the 2D mass plane of H-candidates R\ N
¢ Data-driven background estimation for multijet using neural network p

> NN trained in CR to reweight 2b data to 4b region

n
S
8

s T T T T T ] m 5200 T T T T T T m
@ L sl " ] 2 % s s "m ] 2
8 I ATLAS ggF sk | W03 8 [ ATLAS VBF sk 1 W.2
o 180 /5 13 Tev, 126 1! -== CR17] @ 80 513 Tev, 126 1! === GR1¥ 2
£ ggF selection, Xwi> 15 __ _._ ] & E [ WBFselection, Xu> 15 _ o >
o mm— sesee cre] M © E [ABFsdectonXw>15_ _o—o ... CR2 4B
160 4bdata ’;‘ o = 400@ 160 = (Guj
] =< 1S
140 — 14
J 300 10
120 | 12 8
100 - 200 10 6
80 - N
b Data 1| | .
60 3
R o
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
my; [GeV] my [GeV]

To reject £t

2 2
=N 2 — mp —124 GeV mppp —115 GeV
Xw = min (mjjimw)z + (mj"h_mt) : Xin = 0.Lompyy + 0.1-mppp
- ’

Tom; Tm . . .
0-1-1m 0Ly Signal region selection
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ggF

VBF

. log(pr) of the ond leading Higgs boson

candidate jet

. log(pr) of the 4" Jeading Higgs boson

candidate jet

. Maximum dijet mass from the possible

pairings of the four Higgs boson candi-
date jets

. Minimum dijet mass from the possible

B8 Non-resonant HH — bbbb
M Inputs for NN reweighting

3. log(AR) between the closest two Higgs pairings of the four Higgs boson candi-
boson candidate jets date jets g
4. log(AR) between the other two Higgs . Energy of the leading Higgs boson can- E
boson candidate jets didate z
5. Average absolute 77 value of the Higgs . Energy of the subleading Higgs boson N
boson candidate jets candidate §
6. log(py) of the di-Higgs system . Second-smallest AR between the jets 2
7. AR between the two Higgs boson candi- in the leading Higgs boson candidate |8
dates (from the three possible pairings for the
8. A¢ between jets in the leading Higgs leading Higgs candidate)
boson candidate . Average absolute 7 value of the four
9. A¢ between jets in the subleading Higgs Higgs boson candidate jets
boson candidate . log(Xy,)
10. log(Xy,) . Trigger class index as one-hot encoder
11. Number of jets in the event . Year index as one-hot encoder (for years
12. Trigger class index as one-hot encoder inclusive training)
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Non-resonant HH — bbbb

NN reweighting

[ T e T L o e e B o e
3500 £ 350 =i
8 ATLAS [] Normalized 2b Data 5] ATLAS [] Reweighted 2bData
10 w© 3
R 3000E s—13 TeV, 201857.7 fb"' NN Stat, Error R 300 v s—13TeV 201857.7 b A\ Stat. + Bootstrap Error - ™4
£ 2500 4b Data 2 2501 4bData =
2 9oF + @ 9oF + E|
] E|
2
w 3
= I Y I e A I I P B W . rrn)
E L o o B L L o o R L
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—- E
8 F T N £ ;
> e t = ez
§ B — 3 v
£ 3 = N}
08 300 400 500 600 700 800 900 1000 08 300 a0 500 600 700 800 800 {000 |
R
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N
@
9 T T T T T T 3 9 T T T T T T by
2 [ Normalized 2b Data 2 200 [ Reweighted 2b Data N
a0 ATLAS 3,0 ATLAS - S
s VE=13TeV, 126 fb! NN\ stat. Error S 175E Vs=13Tev, 12616 AN Stat. + Bootstrap Error @
3 VBF CRI + 4bData 3 150 CR1 4b Data
f=+__+_ 125
+ + 100
7%
<+t 50
25
A IS A IR R Bifira E P B I WA I i
15 T T 15““‘ T
£ a £ _®
a £ [ £ N
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a0 E L +r [ e S e
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P N N N = T FEREE == N K T N ) "05-Hmu‘\HH\HH\HH\HH\Huwumm
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8 Non-resonant HH — bbbb
M Results

Source of Uncertainty Aulu & N R,
Theory uncertainties | Expected
Theory uncertainty in signal cross-section  —9.0% 201~ +io —
All other theory uncertainties —1.4% 20
Background modeling uncertainties 10 % Standardosel
Bootstrap uncertainty =7.1%
CR to SR extrapolation uncertainty -7.5% o |
3b1f nonclosure uncertainty -2.0%
-10 ATLAS 7
\Ejaa TeV, 126 fb~'
CERN-EP-2022-235 (2023) _oo " -
I | | |
-2 0 2 4
Kav
Observed Limit —20 -1o Expected Limit +1lo +20
HggF 5.5 44 59 8.2 12.4 19.6
HyBE 130 70 100 130 190 280
HgoF4VBE 5.4 43 5.8 8.1 12.2 19.1
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SMEFT interpretation in HH — bbbb

SM Effective Field Theory (SMEFT)
L Linearly: Lsmerr = Lsm + % Zk CI((G)O}E@ + % Z/\, (;\g)o;\g) =+

. O,EE') higher dimensional local operators in the Warsaw basis = provides set of
operators allowed by SM gauge symmetries

° c(é) Wilson coefficients are free parameters; & they are correlated
® SMEFT constraints 1nclude linear - (1nterference between SM & new physics),

and quadratic term - Wthh is pure new physics; (A is fixed at 1 TeV)

arXiv:2301.03212 (2023)
_ T T T

ows—IATLAIS fansle mmu!mcn
Vs=13TeV, 126 fb™" B % CL
. . €k=0.0, €i=0.0. ci=0.0
Wilson Coefficient Operator 010/~ -
I3
CH (H H) 0.05— _
i f
CHo (H H)D(H H) l i
N _ .
Cin (H'H)(QH1)
Ty A A 005— .
cuG _H HGKVGA .
G (QO"UVT I)HG#V 70“]74':0 B R T 0 i IR
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40

Parameter Expected Constraint  Observed Constraint & /7 - 5 T | — beevstimoonch
Lower Upper Lower Upper sl vE=13Tev, 126t T posciadtimi@sncy) _|
Crr=0.0, ¢16=0.0, CG=0.0 Fxpocted Limit £10
cy —20 11 —22 11 Expeced Lint 220
20— *  SMPredicion
CHG —0.056 0.049 —0.067 0.060
Cho —-93 139 —8.9 14.5 10~
Ciy —10.0 6.4 —10.7 6.2 oL
(e —0.97 0.94 —1.12 1.15
-10—
arXiv:2301.03212 (2023) wl
L | | Il | L L L
-40 -30 -20 -10 0 10 20 30
g T T T T T T T o T T T T T T
S 50— ATLAS —— Observec Limit (85% CL} —| S 25— ATLAS = Observed Limil (5% CL) |
Js-13TeV, 1260~ T Expected Limit (95% CL) VE=18TeV, 1260~ | T Expected Limit (95% CL)
401— ¢31=0.0. Cig=0.0, C}ig=0.0 Expected Limit 1o 20/ ¢, =00, c41=0.0, Cye=0.0 Bxpecied Umitz1o | |
Expected Limit 20 15l Expecied Limit 420
30— #  SMPregiction 1 # M Prediction
20— — 10— —
10— — 05(— —
of— — 00— —
_10}— — ~05(— —
_20— — ~10{— —
~ | | | | | | | | _ysld | | | | | | |
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Non-linear Higgs Effective Field Theory (HEFT)

* No correlation between free parameters

HEFT interpretation in HH — bbbb

0
Benchmark Model | cyyy  ¢ym Coqn Cooun  CrtH %
M 1 1 0 0 0 £
BM1 394 094 1/2 /3 -1/3 5
BM2 6.84 0.61 0.0 -1/3 1/3 B
BM3 2.21 1.05 1/2 /2 -1/3 =

BM4 279 0.61 -1/2 1/6 1/3

BMS5 395 1.17 1/6 -1/2  -1/3

BM6 5.68 083 -1/2 1/3 1/3

BM7 -0.10 0.94 1/6 -1/6 1
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95% GL Limit on Oggr ww [fo]

T
— Observed Limit

ATLAS === Expected Limit .
Vs=13TeV, 126 b B Expected Limit £10 1o
Expected Limit +20
—— Theory Prediction
108

[ Observed: cogu €[-0.55, 0.51]

L Expeclsd Caght €

Y SM Prediction

[-0.46,0.40]
\\\\\\\\\\\\\ L

ATLAS

/s=13TeV, 126 o'

Observed: G €[-0.36,0.78]

LA B s e s s sy
—— Observed Limit

=== Expected Limit
I Expected Limit 10

Expected Limit +20

—— Theory Prediction

Y SM Prediction

(€£202) S€2-T20C-da-NIID

=

|
0 ~05

0.0 05 0
CgghH (CHun=1.0.Ciin=1.0,Ciiun=0.0, Cqq=0.0)

=

Expected: ojuy €H042.0.75]
.
0

\\\\\\\\\\\\\\
0. 1.0

CuHH (Curn=1.0,ciin=1.0, ngHH =0.0, Cggn=0.0)

ATLAS ‘o Observed [ | t‘a
O Expected 420
Vs=13TeV, 126 fb"! +  Theory Prediction

Obs. (Exp.)
SMi— + « o 170 (230)
BM1[- ] 290 (200) |
BM2[— « es 360 (250)
BM3— e s - 110 (74)
BM4|— . - 130 (130) —
BM5|— [ e 110 (95)
BM6|- [ ] 190 (180)
BM7— s - 88 (71)

TR | L Lo ‘1\03 L

Oggr, HH [fb]
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Non-resonant HH — bbrr

Background discrimination

To separate the signal from the background: CERN-EP-2022-109 (2022)
35Rs Single lepton trigger (SLT) & Lepton-7 trigger (LTT) for 7y, Taq
Single- and di-r triggers for 7,44
® BDT for 7y,,4Tha4, NN for Tlep Thad
¢ High ranked input variables for trainings: mypy, m’_\ﬂwc, Mpp
¢ MVA discriminants are used to extract possible signals
% ATLAS © Data E g ATLAS * Data I% ATLAS o Data
i =13 TeV, 139 15" - ?:'L::::k’x"' timit I 5=13TeV, 139 16" - $:L::::k"‘" fimit I 5= 13TeV, 13916 - f:‘;::::'"’ fimit
e Jot >, fakes (W TaTrag SLT Jet 5, fakes ToTras LTT Jot -7, fakes
Signal Region 2 1t + (bb,be,ce) Signal Region 2 70+ (bb,be,cc) Signal Region 2 0+ (bb,be,cc)
[ Jet > 7, fakes (t) B Other B Other
I Other SM Higgs 'SM Higgs
SM Higgs [ Uncentainty ) Uncertainty

[ Uncertain +-e- Pre-it background ++-- Pre-fit background

Pre-fit background

< 15] 1 5 15 7
8 .. f & t + g . i
%‘... o o.¢6‘++ §| A R N + o 3 +\l{.
5 05! g 0l 5 05

S T3 T s 7 B 90121814 S 23T s E 7 89012131415 S 23 e e 7 890112131415

BDT score bin NN score bin NN score bin
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Non-resonant HH — bl_oqq

- ~
7 . Phys. Rev. D 106, 052001 (2022
HH — bby~ (BR ~ 0.26%) via ggF + VBF ys: Rev. (2022)
® Requiring 2 photons & 2 b-tagged jets; m.~, € [105,160] GeV
® Signal region is subdivided low & high mass, targeting k) = 10orxy =1
¢ Main backgrounds: v+ + jets with data-driven and single Higgs with MC based
background estimation via analytical functional forms
3 J ' ' ' ' +I Data | atLas
8 wof ATLAS , ¢ owa 16F a L =
% 140) i -'J:;D m;E’Y’Y =My = My — Ty + 250 GeV § 12F Total Background High mass BDT loose—|
§ mf ity o e ok .
122 T_i+ { DataDriven j adasaaand P 2 Z
s 07F ATLAS  HHggF, et 4 2
60 i *‘*’%TL E (s=13TeV, 139" — HHggF, x=to 3 *
40| 9 3 06 [ High mass region Single H 2
2 S GE —— ysets 3 0120 T30 140 T80 160
1o 120 130 140 150 160 % E i t Data E| m,, [GeV]
MGVl 2 0ak - Signal is extracted from 71~ ~ spectrum!
5 F 3
£ 03F =
s f E
& o2f £
N
AN E e
. ) Bt ittty - oS m e -
Train dedicated BDT for 01 02 03 04 05 06 07 08 09 1
high & low mass SRs BDT Score
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0.25

0.2

0.15]

Fraction of events / 20 GeV

2!

Fraction of events / 0.04

HH-bbyy ggF

3 | (TLaS Simulaion To separate the signal and background:

R ® BDT training used with inputs: 1,

© Signal region is subdivided low & high
mass in tight & loose BDT scores

0 300 350 400 450 500 550 600 650 700 750

ms;, [GeV]

T T T T T T E ‘o" F T T T T T T B
ATLAS — HHggF, k=1 S 07 ATLAS —— HHggF, k=1
(s=13TeV, 139 fb" —— HHggF, x,=10 [ 2 E Vs=13TeV,139fb" —— HHggF, k=10 [
Low mass region Single H = © 06 High mass region Single H =

] o F =
Yr+ets 1 B o5 | — yy+jets
¢ Data = s , ¢+ Data
ERN.- ! ﬁrﬁ
a ER o hg ’T[T“L”‘“[}
§ "
1 S5 thtoks osE okt

of I I I I P

=<K
E I } e e r I T TR Awen mmars = o= = et
0 01 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08 09 1
BDT Score Phys. Rev. D 106, 052001 (2022) BDT Score
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Non-resonant HH — bby~

Results
e )
HH — bl_J’Y’Y o ggF + VBF Phys. Rev. D 106, 052001 (2022)
® Observed limit on cross section:
® ogH ~ 4.2x SM
® Higgs self coupling constraint @ 95% CL:
* —15< k) <67
- v
< SETTAMAS T 1 108 e
N. 7:7 {5 = 13 TeV, 139 fb”, HH — bbyy E = ATLAS —— Observed limit (95% CL)
E B T Vs=13TeV, 139 flo~1 ---- Expected limit (95% CL)
£ — Expected ] s HH%bBYy 3 Expected limit +1c
6:7 — Observed = w 104 [0 Expected limit +26 E
5:7 E > E=S Theory prediction
E 3 Ud’ ﬁ SM prediction
E —20- o
45 El © 403
s 1 N ]
2 = 102+ |
£ Ep Observed: &) e [-15,6.7]
1= 4
F B Expected: x; € [-2.4,7.7]
(T Y R
=2 0 & 8 10 W86 4 2 0 2 4 6 8 10
K K,
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Combinatipn of HH+H

gs self coupling via single Higgs

Indirect measurements of Ay via single Higgs production LY
ZZ* — eeee
® Probe Aypy via precision measurement of single Higgs boson T

i i . ) WW* — evpv (ggF, VBF)
<~ NLO EW correction via Higgs self coupling loop bb (VH, VBF, H)
,_b\ a vy t
/ N ) H
H === ¢ | e H ! L bom--- H
N P ‘jg\ "
i q SH i
2 | A
| ATLAS —— 68%CLHH+H ]
[ Vs=13TeV, 126—139 fb-' - z:/gt:'“” ]
1.3 Allother k fixed to SM e Combination of HH & H:
b Observed — 68%CLHH 1 1
F —= 95% CLHH 1 ° £ =126—-139fb™ g \/g =13 TeV
1.2j Y% SMprediction ] .
[ R & BestiithH+H | ° K, Ky, Kp, KT ﬂoatmg

Higgs self coupling constraint:

* —14 < k) <6.1@95%CL
® Less model-dependent *

Phys. Lett. B 843 (2023) 137745
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HL-LHC prospects for the HH measurement

Non-resonant HH production of Ay at the £ = 3ab~ 1, Vs =14TeV
® 20x more data at High-Lumi LHC ATL-PHYS-PUB-2022:053
— High pile-up environment = detector upgrade
° Extrapolations of Run 2 Higgs self coupling measurements from bbbb, bbrr, bby~y

B I T T T T T ] , . Seale factors for
8 E ATLAS Preliminary —— No syst. unc. E Systematic uncertainties HL-LHC baseline scenario
5 6 VS=14TeV _ _ —— Baseline = N N
% E HH.—»bbyy+bbr*T'+bbbb Theoretical unc. halved E Theoretical uncertainty 0.5
'(%’ 5:_ i;‘i)::g\t/‘zna:;o(TAR::‘)z data —+ Run2syst. unc. _: b-jet tagging efficiency 0.5
I ] c-jet tagging efficiency 0.5
4 :_ _: Light-jet tagging efficiency 1.0
s Z_ //./ _Z Jet energy scale and resolution 1.0
r ] Luminosity 0.6
2 :— —: Background bootstrap uncertainty 0.5
L _— ] Background shape uncertainty 1.0
= E
okt v 1 Baseline scenario: 3.40 predicted
1000 1500 2000 2500 3000

svidence of . ol
Integrated Luminosity [f6-1]  C" idence of HH at HL LHC!
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HL-LHC prospects for the HH measurement

Non-resonant HH production of Ay at the £ = 3ab~ 1, Vs =14TeV
° Extrapolations of Run 2 Higgs self coupling measurements from bbbb, bbrr, bby~y

¢ Predicted Higgs self coupling constraint @68% CL:

° 05<ky<1l6
° 0.7<kyy<l4

ATL-PHYS-PUB-2022-053

Ky=1, Koy = 1 Asimov Data

S T . 48 P S s
T 0l ATLAS Preliminary 1 2 F E|
g7 VS =14 TeV, 3000 fb-! { g0 ATLAS Preliminary 95%]
bt HH - bbyy + bbT* T~ + bbbb 1 roE ]
L i 1 35F V§=14TeV,3000 b =

16 Projection from Run 2 data - [ Projections from Run 2 data ]
Asimov data (k) = 1) B 30:_ HH — bbbb (VBF) =

r —— No syst. unc b “E k|

1ol —— Baseline ] 250 4

L Thearetical unc. halved i [ == Nosystunc. |

H —+— Run 2 syst. unc 4 20f —— Baseline E
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[ ] [ —— R y |

E un 2 syst unc. o

[ A 101~ —

4 95%)| £ ]

[ ] 05 4
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