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Why look for Higgs boson pairs?

Experimental probe of the Higgs boson self-interaction

An alternative
potential

o [ittle knowledge about the Higgs potential shape

Standard Model

® Substantial differences away from minimum possible
potential

based on current data

® Crucial to measure the Higgs boson self-coupling V (¢)

Higgs field value
iIn our Universe

InSM: V(¢p) = — p?p* + Ap* D Ww*H* + 1’ + ... / Current
o experimental
trilinear self-interaction ’ knowledge
Mibm 0 1
o . »
) Nature 607, 41-47 (2022)
My
Agppg = AV = E .

H
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HH production at the LHC

Dominant ggF production mode R [N S i
® Elusive process according to SM ngA 4 :ﬁt ________ )
® Destructive interference between the two diagrams o X

® New physics parameterised with coupling moditiers | 5
IS H

_ SM
Ky = AHHH/AHHH
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HH production at the LHC

9 09998009990

Dominant ggF production mode

® Elusive process according to SM

9 0999009990

® Destructive interference between the two diagrams AITITITITIT TN

® New physics parameterised with coupling modifiers

9 980099990998~

® HH cross-section and kinematics vary with k;
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Any deviation of
k, from 1 is a sign
of new physics

Phys. Lett. B 800 (2020) 135103



https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub

HH production beyond the SM

... through Effective Field Theories (EFTs)

® EFTs may reveal high-energy phenomena through precise measurements at low energy

® They introduce higher-order operators or point-like anomalous couplings to model the new physics effects

SM

£ A < LHC reach
A > O(TeV)
.
g BSM
(resonant)

>
Invariant mass
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HH decay modes

Multiple topologies but 3 most sensitive search channels

o HH — bbbb plenty of signal <&, but challenging multijet background &

° moderate signal rate, relatively clean final state @

¢ very clean signature <&, but tiny branching ratio @

ATLAS

EXPERIMENT

Run: 362619
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HH decay modes

Branching ratios

Multiple topologies but 3 most sensitive search channels bb | W | ot | 2z |
bb
o [H — bbbb plenty of signal <&, but challenging multijet background @ | ww- [ as%
® moderate signal rate, relatively clean final state QIQ -
° very clean signature <=, but tiny branching ratio @ T

ATLAS

EXPERIMENT
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HH decay modes

o /H — bbbb plenty of signal <&, but challenging multijet background @

¢ moderate signal rate, relatively clean final state QJ@
o very clean signature <&, but tiny branching ratio @

Branching ratios

ttr~ 77%

Yy

bb WHW-
bb
WTw- 25% 4.6%
v~ 7.3% 2.7%
/% 3.1% 1.1%

0.39%

0.33% 0.069%

ATLAS

EXPERIMENT




Overview of the HH—bbTtt search

Spoiler: strongest limits on HH production, tight constraints on &,

® bbThadThad and bbflepfhad ﬁnal states

® 3 regions driven by triggers

® -+ further event categorisation for each region = 9 SRs

event
selectlon

VBF candldate
> 2 extra jets

MHH ggF-like categorlsatlon
BDT
< o0eey = 350 GeV VBF like

low-muH { high-mpH VBF }

category category

category
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Overview of the HH—bbTtt search

Spoiler: strongest limits on HH production, tight constraints on &,

® bbThadThad and bbflepfhad ﬁnal states

® 3 regions driven by triggers

p p (
® + further event categorisation for each region = 9 SRs e/
T }\I/Zd from 7 decay
® 1 CRto constrain the Z+bb/cc background
Thad. Thad
® Signal extraction: BDTs in the 9 SRs, mj in the CR
> e e _ _
event 82500 a1 as 4 oat ] 5 1OF arias g 20
selection — _ i > - — VBFHHx200 1
- _ {s=13TeV, 140 fb’ / Z + (bb,bc,cc) | £ 5[ Vs=13Tev, 140 15" ¢ Data N
£ pogof HH— bBe'e ¢ Top-quark 2 "0 E i 2btass o Top-auark =
|.|>J — Control region A Y I other 7 - ggF SR, m. =350 GeV Jet — 1, fakes -
L Y ; — a4l —
VBF Ca"d'date Yes [ e 2 R Uncertainty 7] 0F 5 Jot - g ok )
> 2 extra jets 1500 = e Pre-fit background— e g [l Other _
- i e . 3L igns Single Higgs _|
B * : i 10°E * Uncertainty =
B : | e == Pre-fit background J
! 1000~ % ' — (o2 w _g
ggF-like categorlsatlon - 5 c i .
BDT 500 ,O :“?E“, — 10 L —
< 350 GeV > 350 GeV l VBE-like :'. Cat o _.-;-.Q.o.aa.....,.'.% | -
_| L1 | T I—L—' P R I—l §
N L B e e e e e B 1.5F 1 I I I I I I 3
low- MHH hlgh MHH VBF g 1.2 |+ | | | | | — 8 { 7
[ category category category e ¥ te e L te o‘“‘“""“““‘“‘”‘”"!*;“**‘*’gﬂ*%? % o . . + 77 ;;
% O.8;_| 1 1 1 | I¢I 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 11 1 I_; -'c_u' 0'5_ | | | | | | | | | T (//1//;:
0o 75 80 85 90 95 100 105 110 - i 2 3 4 5 6 7 8 9 10 11
m, [GeV] BDT score bin

L L. . Phys. Rev. D. 110 (2024) 032012
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Combination of HH searches

—e— Qbserved limit (95% CL)
AltAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb- (MHH =0 hypothesis)
® Each analysis uses the full Run 2 dataset oM., yer(HH) =32.8 fb == Expectedimit £10
1 Expected limit £20
.o . ce Obs. Ex
® Combining them all maximises sensitivity p ------
bbif + EMiss — } 10 14
O ’ -
Strongest expected constraints to date on pyy Vutisoton * 7 iy
® 1/% improvement wrt previous Run 2 combination bbbb— * 5.3 8.1
pbTtT- | + 59 3.3
Combined|— } 2.9 2.4
| Iél | I I I I I I I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I I I I |
0 3) 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength gy



Combination of HH searches

Constraints on the Higgs boson self-coupling

® Each analysis uses the full Run 2 dataset

® Combining them all maximises sensitivity

¢ Complementarity of channels to cover full k; (mun)

spectrum

® Observed:-1.2<k,<7.2

® Expected:-1.6<k;<7.2

Christina Dimitriadi
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= ATLAS

- HH combination

|,’I|||||||||||

|
7

— All other K fixed to SM

~ Vs =13 TeV, 126—140 fb~’

—— Combined —— bbyy

—— Multilepton =—— bbbb

—— bblf + EMiss —— bbT*T"
—— Obs.:  95% CL[-1.2,7.2]

——- Exp. (SM): 95% CL [-1.6,7.2]

Phys. Rev. Lett. 133 (2024) 101801
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Beyond the Higgs boson self-interaction
Higgs EFT (HEFT) interpretations of HH searches

® \ary anomalous couplings in the HEFT formalism

® Seven HEFT benchmarks are used, with representative E104—‘A'II'LAS | | | e  Observed limit (95% CL)—
- = [ Expected limit (95% CL) -
X |HH-=>bbT* T~ +bbyy+bbbb mmm Expected limit +10 .
. . . . o)
® More stringent upper limits on the HH cross-section for S [ Expected limit +20 -
. . A . .
benchmarks with higher myy values on average 1031 * Theoryprediction
- A A Exp. bbbb .
i o v Exp.bbyy -
g JH Benchmark ¢y, Cith  Cuhh  Cggh  Cgghh A © e O Exp.bbt*t™ ]
cgg_h____cf”:ff SM 1 1 0 0 0 . ) ¥ i s .
. =F \%
" \ 1 511 110 0 0 0 10° ¢ ¥ . A 2 v E
. - O [ 0 ° o A -
g H 2 6.84 103 : —3 0 i 0 o 0 B
g H . n 3 221 105 -1 1 1 . © . o ]
Coghh \\ 4 279 090 -%f -3 —J : i
: A g _1 1 _1
/ 5 395  1.17 I M o | | | | | | | |

) . . - 6 -068 090 -1 1 4 SM 1 2 3 4 3} 6 / |

7 ~0.10 094 1 L 1 Benchmark point

Phys. Rev. Lett. 133 (2024) 101801
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https://scipost.org/SciPostPhysCommRep.2

C gghh

Beyond the Higgs boson self-interaction

1.5

0.5

® Setthe most stringent 1-dimensional constraints on cyghh and cehh UP to date

® Also, probe the 2-dimensional HEFT phase space

® [ ow compatibility with the SM due to low mass excess in the HH — bbbb analysis

IIIIIIIIIIIIIIIIIIIII
- ATLAS

| Vs =13 TeV, 126—140 fb™!

| | I | | | | I | | | | I
Observed 68% CL B

Observed 95% CL
Best fit (6.6, -0.45)
Expected (SM) 68% CL _|
Expected (SM) 95% CL 7
SM prediction |

_ _ .
" HH - bbt*T~ + bbyy + bbbb
_ All other ¢ fixed to SM
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+ Bestfit (-3.5, 0.74) —
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%  SM prediction
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5 10 15
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Conclusions

Searches for Higgs boson pairs are at the core of the LHC physics program

Impressive results from
the combination of HH

searches

HL-LHC

Projections of the HH—=bbTt
sensitivity to HL-LHC show evidence
is possible from just an individual
channel

Discovery is at reach!
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Other results

8 B I | | | | I | | | | I | | | | I | | | | I 'l | | | I | | -l | I |
ATLAS o . ooos
7 - o 4~ Multilepton = bD
- Vs =13 TeV,1 26—140 fb bbil + E%niss bbttT
- HH combination 7
6 — All other K fixed to SM —— Obs.: 95% CL [0.6,1.5] —
- — == Exp. (SM): 95% CL[0.4,1.6]
S -
< - -
- [\ Z
: ]
3 /-
o —
e :
oL -
-0.5
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nghh

Ctthh

Observed 68% CL
-i== Expected 68% CL

Observed 95% CL
- == Expected 95% CL
—— SM prediction

|
ATLAS
Vs =13 TeV, 126—140 fb™!
HH combination

K Framework

HEFT Framework

H= = 0.00%343

0287513

[HE == 0.00%3%3

0.4675:1

| 1 | 1 | 1 | PR I I T I
-2 -1 0 1 2 46 10 2
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HL-LHC projections [new]

bbtautau

Signifiance upy [O]

&)

~ oo

o

ATLAS Preliminary

Vs =14 TeV

HH - bbt* 1~

Run 2 legacy projection
Assuming SM

No syst. unc.

Baseline

Baseline, MC scaled |
MC scaled '

Theo. unc. 50%
Run 2 syst. unc.

1000 1500
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2000
Integrated Luminosity [fb™?]

2500 3000

Signifiance uyy [O]

—

N W ~ O1 O N 00 © O

—

ATLAS Preliminary

Vs = 14 TeV, 2 ab™!
HH - bbt*t~
Run 2 legacy projection

—4— No syst. unc.
—#— Baseline

Theo. unc. 50% |
== Run 2 syst. unc.

Assuming Koy =1

N W &~ O O N 0 ©

—

o

—
o
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Other HH search channels

Multilepton

w
o

® bb//

o VWWV (V=W orZ)

—
(&)

Number of SM HH events passing preselection
o

o \/\/TT

o
o

©
o

® TTTT

® YYTT

Number of SM HH events passing preselection requirements
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w
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1

N
o
1

N
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1

ATLAS Simulation

Vs =13 TeV, 140 fb

HH decay mode Analysis channel

ATLAS Simulation Vs =13 TeV, 140 b

HH decay mode Analysis channel

4/ + bb

3/

21SC

2[SCH+ Thag

21 + 2Thaqg

{ + 2Thag
YY + 2({, Thag)
Yy +1

YY + Thad

Combined ML

Combined yy + ML

Combined

ATLAS e Observed [ #1o
o Expected (uyy=0) 1 20
Vs =13TeV, 140" . Expected (Uppy = 1)
Oggr + ver(HH) =32.8 fb Exp.
0P8 (P =0) |
39 35
19 29
32 42
79 63
41 37
46 46
953 41
51 29
112 60
"""""" 14 14
45 21
I A L
200

95% CL upper limit on HH signal strength uyy
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Events / bin

Results

Post-fit plots 1
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MmHH distributions
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HEFT in HH

- 5 independent effective coupling coefficients, where ¢,,, = K, and ¢,,;, = K,

h h\ _ A h h*
~ZHEFT D —m, (C”h; i 2 = Chnn 7y Cggh— T ngh/zv_z ﬁvGa’“"

2v 8T V
E 0000008840 H CANCTTTTTTTITS, > Q-------- H
Ctth Chhli ,',
| N . s
g 000000000~ \H g 000000009 < .--”- ..... H
g H

Cggh Chhh ,’,
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HEFT in HH

- 7/ benchmarks
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