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Why \otofli_lncg?for Higgs
pairs a .
:

* In the SM, Higgs pair production is driven by the (still
2

m

unmeasured) Higgs self-coupling Aypy = = - SM Higgs mass production mechanism

(with my = 125 GeV and v = 246 GeV) can be tested!

* Ayyy plays a crucial role in the Electroweak Symmetry
breaking mechanism.

 New Physics can cause resonant Higgs pair production
and/or introduce modifications on the effective Higgs
self-coupling enhancing DiHiggs production rates.




How to measure Higgs pair production at the LHC

Production Decay

N —
2 = (X/yy bb WwW T 77 Yy
}

H bb

_ ww 25% 4.6%

T 7.3% 2.7% 0.39%

| \ zz | 31% | 11% | 033%
‘ \ \ !

\ Yy 0.26%

== g x Y y,
\ +2Z, W ortt ]\

Then combine all production and decay modes together 3




Full Run 2
ATLAS
searches

In this talk

Decay channel

Target production
mode

Reference

Release date

Non-resonant (ggF*) &

Phys. Rev. D 106

bbyy resonant 052001 22 Dec 2021
Non-resonant (ggF*) & | | i 5509.10910 22 Sep 2022
resonant

bbtt : ( r

esonant (merge
HoTT & Hobb) JHEP 11 (2020) 163 29 July 2020
Phys. Rev. D 105
Resonant 092002 15 Feb 2022
Non-resonant (ggF & arXiv:2301.03212

bbbb VBF) NEW! 30 May 2022
VHH (leptonic V. res. & | | xv:2210.05415 11 Oct 2022
non-res.)

Phys. Lett. B 801

bblvlv Non-resonant (ggF) 135145 19 Aug 2019
Non-resonant & ATLAS-CONF-2021-
resonant (ggF*) 052 16 Oct 2021

Combination N "
non-resonant ¥ sing'e | axivi2211.01216 | 3 Nov 2022

iggs

Interpretations HEFT ALL-PHYS-PUS- 18 Mar 2022

interpretations

2022-019

* VBF accounted for, but not specifically targeted s



https://doi.org/10.1103/PhysRevD.106.052001
https://doi.org/10.1103/PhysRevD.106.052001
https://arxiv.org/abs/2209.10910
https://link.springer.com/article/10.1007/JHEP11(2020)163
https://doi.org/10.1103/PhysRevD.105.092002
https://doi.org/10.1103/PhysRevD.105.092002
https://arxiv.org/abs/2301.03212
https://arxiv.org/abs/2210.05415
https://doi.org/10.1016/j.physletb.2019.135145
https://doi.org/10.1016/j.physletb.2019.135145
https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf
https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf
https://arxiv.org/abs/2211.01216
https://cds.cern.ch/record/2806411
https://cds.cern.ch/record/2806411

HH—bbTT Resonant/Non-resonant search

Three signal regions considered:
* 7,7y (fully hadronic)

* 7,7, (semi-leptonic), single lepton and lepton+tau triggers

considered separetely

Multiple background sources are important for this analysis,
most of them are estimated from simulation.

Background sources containing fake-t;,4 in tt and multijet
production are estimated by the fake factor method, by using
template distributions obtained in fake enriched regions.

Parametrized neural networks (PNN) are trained as a function of
the resonant mass in this search.

95% CL limits on ¢ (pp — X — HH) [fb]
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The largest deviation is found for the resonant case at a mass
of 1 TeV, corresponding to a global significance of 2.0 o
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arXiv:2209.10910
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resonant search

Tn,Tr/T;TH channels Respectively.

only assumption.

by bbyy atm!

g 10°F T
% g 1ok ATLAS
TT nesonan ON- & “Faumvime
© 10 g All Signal Regions
L 6 =SMHH (u=1.0)
10 =SM HH at exp. limit (1=3.9)
10° .
10* -
* For the non-resonant analyses a BDT/NN is trained for the
* The data is found to be compatible with the background- _
T
* The non-resonant limits are the second better, only beaten *
Observed 20 -l Expected +1o0 +20
0 geF+VBF [fb] 150 70 95 130 180 240
hedThad G bvBE TS g 50 24 32 4.4 6.1 82
OgeF+VBF [fb] 280 120 170 230 320 430
ferthad o pver /O gy 97 42 56 78 11 15
) O ggF+VBF [1b] 140 62 83 110 160 210
Combined o rvor /oM gy 47 21 28 3.9 54 12

Top-quark

jet — 1, , fakes

Z — 11 + (bb,bc,cc)

jet — 1,_, fakes (tt)
[ Other

SM Higgs

log, (S/B)

arXiv:2209.10910
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Vhh (hh = bbbb) Resonant and non-resonant search
FIRST time ok LHC

‘/7

’/z

* 0,1 and 2 lepton selections for Z = vv
(MET), W — lv and Z — [l associated
production.

* Interpreted in:
e Two resonant benchmark models:

,]’

‘h

Narrow scalar and 2HDM [ \
_ —34.4 < K, < 33.3 @ 95% CL
* SM-like k framework (ky, Koy, K3)

. iccrimi Assuming ky = 1
BDT discriminant construct_ed for each 86 < K,y < 10.0 @ 95% CL v
number of leptons categories and for each
signal model. —123 < Koy <135 —99< k,, <113, @95%CL

* Main backgrounds from top and V+jets, \Separated results for Z & W /

constrained in dedicated CRs. -
arxiv:2210.05415

SM-like signal strength limit set at 183 (87) times ggyy @ 95% CL 0
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/s =13 TeV, 139 fb" Exvected /s = 13 TeV, 139 b  Expocted ]
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95% CL limit on 6(WH)xB(H—shh—sbbbb) [i
95% CL limit on 6(ZH)xB(H—shh—sbbbb) i

Vhh (hh — bbbb)

Resonant and non- Cross section limits on the narrow scalar benchmark model
resonant search arXiv:2210.05415

10


https://arxiv.org/abs/2210.05415

Vhh (hh = bbbb)

Resonant and non-
resonant search

e Setting limits on 2HDM model
through

A—->ZH - Zhh

* Narrow and Large (20%) Pseudoscalar
widths considere

* Largest excess (Z,opq = 2.80)
found in large-width scenario @
(my, my) = (420,320) GeV

arXiv:2210.05415
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Fully hadronic channel with the largest BR, but a difficult to

estimate background from multijets (90%) and tt (10%).
hh > bbbb non- v’ Fully data driven method

v" NN based (trained) extrapolation from 2 b-tag to 4 b-tag

resonant search data CRs.

ggF and VBF signal regions optimized separately
v' Using my,;, as discriminating variable

4
;200 L [P e L Y L B %10 m %200_lllllllllllllllllllll"'I'] r3n
) o, = ] = = imi e oR ] 500 =.
o, ATLAS Preliminary SR 7 = S B {\_TLAS Prelllmmary /1 2
== o s = -——
o 180 5 13 Tev, 126 fb-! === CR{~] e I T "SF‘1|3TSV’1X%'D15 CR1 1 =
= - ggF selection, Xy > 1.5 L ) = = R oction, Awee 1. e e g CR2 3 w
a . % -~ CR2 - 4b data b ~
160 = 2b data g X o) o 160 — ’, SO = 400@
: . N | o o 7’ : .
o Train —» - —= = p-Train 7 i =
) : o = V4 1
140 EENAN — 140 o N s ]
: C 1 300
5— L=\ =
120 5 15 B -
1 Reweight - 1
= B 200
100 5=} 100 = & ]
‘ ¢ . N 3| 1.0 = ¢ 4% ul
BUTrain — - - < Train > i
4 m ] 100
5 05 -
60 & 60 S
e T (S T T N ST T | o i S (SRR TN [N YRR TN W R N N
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200
mys [GeV] my; [GeV]

arxXiv:2301.03212 12
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hh — bbbb non-

resonant search

j10|IIIIIIIITIIIIIIIIIINIININNIIIIIWII
€ [ _ — Observed |
J | ATLAS Preliminary c g
I g\ vs=-13Tev, 12610 xpecte
|\ Combined ggF and VBF Regions I
i Expected 20 constraints:
6l Ky €[-5.4, 11.4]
= Observed 20 constraints:
- Kx €[-3.5,11.3]
= Best fitk) = 6.2
4
21— _|
07 L 1 1 1 | I 111 ]
-5.0 -25 0.0 25 5.0 75 10.0 12.5
K (ng=1 .0, Ky=1 0)
arxiv:2301.03212

Observed Limit —-20 -10 Expected Limit +10 +20
O yer /| Tont 55 44 59 8.2 12.4 19.6
OvBE/OVNE 130.5 71.6  96.1 133.4 1929  279.3
O o+ VBR/ O ogis VEE 5.4 43 58 8.1 122 19.1

New signal strength limits for SM—like production are:
2.5 (ggF) and 4.1 (VBF) times better than the previous result

—~ 35

30

_2AIn(L

25

20}

15

10

IIIIIIIIIlIIIIl\[]\I\[I\

ATLAS Preliminary

Vs =13 TeV, 126 fb~!
Combined ggF and VBF Regions

Koy €[-0.1, 2.1

Kov €[-0.0, 2.1

Expected 20 constraints:

Observed 20 constraints:

Best fit Koy = 1.0

II[IIIIIlIIII

— Observed ]

Expected |

+20

]
]

|III\|\\II|\\\

1.0

L1000 IR B J|AM||||||11_
2.0 2.5

1.5 3.0

Kov (Kx=1.0, ky=1.0)

Limits are also set on k; (HHH coupling) and k,, (HHVV couplings)
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HH+H
combination

Adding EW first order corrections to single Higgs

production involving the HHH coupling, and

combine with direct HH searches

PR 9
; \
\
H ----- o i H t
A\
\ /
N e
H g
()
q - - q
H
Ve lse---- H
“H
q - > q

arXiv:2211.01216

Combine the three most sensitive channels for
SM-like signal strength limits.

ATLAS —— Observed limit (95% CL)

Vs =13 TeV, 126—139 fb! Expected limit (95% CL)
"""""" =0 hypothesis)
M er(HH) =32.7'2} fb W
agr +ver(1H) 72 Expected limit +10
1 Expected limit £20
E== Theory prediction

0]

Obs. Exp.
bbyyl { 130 180
bbT*T | } 140 110
bbbb |- { 160 240
Combined 0; 73 85
] | |§| | | ] | | |

50 100 200 500 1000 2000

Oggr + ver(HH) [fb]

Getting closer in SM cross section!
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Combination provides the strongest constraints to date

HH_I__l on K, and K,y

* K, limits dominated by HH channels

complin at 10N * K,y limits driven by HH—bbbb, as it has a dedicated

VBF selection

10 1 1 1 | I I 1 | | | 1 | | | I 1 1 | 1 | 1 1 1 |
S I ATas | ' | — bbbb <WOrT T T T T
~ VS=13TeV, 126—139fb~" —— bbttT- S /S 213 TeV. 126—139 fb- —— H Ky only
| 8 HH-bbT* T~ +bbyy+ bbbb —— bbyy A gL Observed —— HH K, only
Observed — Combined = HH + H k) only
Combined: HH + H K, only: HH + H K, generic
6 68%: Koy € [0.4,1.7] 6 95%: k) € [-0.4,6.3]

HH + H k) generic:
95%: Ky € [-1.4,6.1]

95%: Koy € [01 , 20]

1 | 1 I 1 1 1 I 1 1 1 I | 1 1 I 1 1 1
| | | I | | | I | | | I | | l I | l l
I I I I I I I I T I 1 1 I I 1 I I
| | | | | I | | | I | l | I | l |

4 4
2 2
| | | | I | l | | L I L | | | | i I ! - 1 1 1 |
92 —1 0 1 2 3 4 0 -5 0 5 10 15
Kav KA

arXiv:2211.01216
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e Single Higgs + HH combination produce stronger
_l constraints on K, k; plane compared to single-H
only.

1L
1L
+

* K, limits are obtained in a variety of combination

combpination Zssumptions

+ 1.4

& B UL AL I L L L L L L L B B B Combination assumption Obs. 95% CL Exp. 95% CL Obs. valuefll‘;
. ATLAS — 68%CLHH+H | -
inati _ _ — +1.
- VS=13TeV, 126—139 -1 ——. 95% CLHH+H . I;H lcorlr;blndtll?n . ‘(1)(? <Ky < 16(.)63 z; <Ky < Z.ISS K2 ;;ﬁg
_ — @89 - t -4.0 < k3 < 10. 52 <Ky <l1l. 1=2.5"%
1.3 Al other « fixed to SM 68% CL H ] e Com. m? o “ “ “ e
B =-=: 95%CLH 1 HH+H combination -04<k;<6.3 -19<k;<7.6 ky=3.0"10
- Observed 0 . o . 18
i — 68% CL HH i HH+H combination, «, floating -04<k1<6.3 -1.9<k1<7.6 ka=3.0"7%
1 2 - ==+ 95% CL HH ] HH+H combination, k;, Ky, Kp, kK floating —1.4 < ky < 6.1 —22<ky<77 Ky = 2.32’2)
=L Y% SM prediction ] -
B Eﬂ:‘ BeSt ﬁt HH + H N > 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
i ] x - ATLAS ]
11F — 2~ vs=13TeV, 126—139 fb-" ]
i ] | Allotherk fixedtoSM  ________ |
| . Observed ~ __--"77 ,,/ |
i L | 1 L I 1 L | 1 ] __
-10 15 20 68% CL HH i
+ 95% CL HH
K/\ SM prediction 1
1 Best fit HH ]
- 1 | | | | I | | | | 1| | 1 | | I | | | | I 1 | | | |
arxiv:2211.01216
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fb)]

(X = HH)

o 103

Resonant searches combined

1 LI I 1 I T 1 T T | T T T T T II| T I g 0_ ]
104 ATLAS Preliminary 3 s 10F
5 Vs =13 TeV, 126 - 139 o 1 T - :
i Spin-0 ) Q N ’
—— Observed limit (95% CL) T 10 'k -
3 ---- Expected limit (95% CL) 3 9 = 3
- [ Comb.exp.limit+1c - ]
i Comb. exp. limit+20 ] 2 i ]
10 F 3
1025— 3 - ]
E E Sf oo
1 10 F o —— Dbbbb E
10 E - ATLAS Preliminary -
- D ] - _1 —— bbTt'T .
- —— bbt*t- . - \/§_=13TeV,126—139fb _ -
b — bbyy L/ 10 ' Spin-0 —— bbyy 4
10%F —— Combined - 4 — Comblned .
E ] | ] oo bl ] 1 Lo 1 | ] ] N A R B B B AN AR A N | ] | ]
200 300 500 1000 2000 3000 200 300 500 1000 2000 3000
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ATLAS-CONF-2021-052 4b extended (Phys. Rev. D 105 092002 )

No major updates to this picture since a while Good complementarity in sensitivity between channels


https://cds.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf
https://doi.org/10.1103/PhysRevD.105.092002

Summary & Outlook

* ATLAS has developed an extensive search program for double Higgs production using the
full Run 2 dataset obtaining plently of new results.

* The double Higgs (+ single Higgs) analyses combinations provide the best limits to date in
K, and K,y found by ATLAS, getting closer to the SM expected values and providing
strong constraints in a wealth of BSM models.

* A bunch of new results using the full Run 2 data expected to appear soon and with the
advent of fresh data from Run 3 improved limits can be expected.
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