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+ Dl-nggs (HH) and trlple nggs (HHH) production are
rare / extremely rare processes predicted by the SM

g

9 9090090990900~ H

9

g

+ Key predictions to consolidate our understanding of
the EWK symmetry breaking and look for BSM effects
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+ Di-Higgs (HH) and triple Higgs (HHH) production are

rare / extremely rare processes predicted by the SM HH production at 14 TV LHC at (N)LO in QCD

My=125 GeV,|MSTW2008 (N)LO pdf (68%cl)
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+ Key predictions to consolidate our understanding of #

the EWK symmetry breaking and look for BSM effects 4 3 2 A 0 1 2 3 4

Mhsp
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+ Direct sensitivity to Higgs boson self couplings: | '
understanding the shape of the Higgs potential: 100: i
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https://arxiv.org/abs/2505.20463
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+ Dl-nggs (HH) and trlple nggs (HHH) production are
rare / extremely rare processes prediction by the SM
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+ Key predictions to consolidate our understanding of
the EWK symmetry breaking and look for BSM effects
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+ Strong sensitivity to
anomalous couplings

Why muIt:-nggs productlon7
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HH production at 14 Tg
M,=125 GeV,[MSTW2008 (N)LO pdf (68%c¢l)

V LHC at (N)LO in QCD
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B(HH—xx yy)
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+ A large variety of analysis strategies:

+ Both experiments have a broad physics
program to cover many decay modes:

+ only 22% of HH decays are completely
uncovered

+ VV channels mainly exploited through
electron / muon decay channels

+ require excellent performance from all
physics objects

+ very complex analyses with multiple SR targeting multiple production modes simultaneously

+ usually relying on (H)Higgs decay products to collect events

Dab .Valérior ‘ |

* only partly exploited
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HH production at 14 TeV LHC at (N)LO in QCD
My,=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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‘Inclusive’ | ‘main’ (ggF+VBF) HH searches




+ 3 main channels: bbtt, bbyy, bbbb CMS CMS-HIG-20-011 o fo! (13 TeV)
K—Kt—KV—KZV—1 '
—e— Observed

Phys. Rev. Lett. 133 (2024) 101801

# 68% expected

nercecee: | B 0B s e Median expected ------ 95% expected
ATLAS —e— Observed .lm.lt (95% CL) W*W-W - —
........... Expected limit (95% CL) Obs. (Exp.): 95 (54)
Vs =13 TeV, 126—140 fb™! (MHH =0 hypothesis)
SM . [ Expected limit +10 bbZZ, 4| B 7
Aok« verlfiH) =328 b 1 Expected limit +20 Obs. (Exp.): 33 (41)
Obs. Exp. i B n
Obs. (Exp.): 31 (26)
bbit + EMiss — 10 14 , o i
b + o é Multilepton
| Obs. (Exp.): 22 (20)
Multileptonf— g * 17 11
bBW*W
bbbb + ' 5.3 8.1 Obs. (Exp.): 16 (18)
bbyy - ]
bbyy } 4.0 5.0 Obs. (Exp.): 8.4 (5.6)
5 1 bbt*t B bl
bbt*t™ - }; + 5.9 3.3 Obs. (Exp.): 3.4 (5.3)
Combined | bbbb B B
YT FREE R R Obs. (Exp.): 7.5 (4.3)
0 5 10 15 20 25 30 ; .
95% CL upper limit on HH signal strength Ly ‘ gbZTEBg,]fgs (2.5)I
1 Lol .} ] 1 1 1 1 | W) . l
1 10 100
95% CL limit on o(pp — HH) / O oy
+ Much more than a single number: >

+ Upper limit on inclusive SM production, upper limit on VBF production, constraints on ki and kay

+ hierarchy amonq analyses (and experiments) chanqges with the fiqure of merit

+ > factor 3 jump in sens:tlwty w:th respect to 2016 results w:th 1/4 of the stat

Dao Valerio — Moriond EWK 26 7


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-18/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-011/index.html

Statistical combination of Run 2 results: CERN-EP-2026-011 (submitted to PRL)

+ harmonising signal predictions among

H . ATLAS and CMS —e— Observed
experiments [ Powheg as main MC | | HC Run 2 - Expocted (uASmoY < )
. . [ Expected +10
+ understanding correlated uncertainty sources: Vs =13 TeV 1 Expected 20
HH XS (leading contribution), Higgs Br, single H o%F | GVBF Z32.8 fb - E;pected (uﬁﬂf:“ﬂ)
+ EXPp. EXp.
background XS, ggH+HF OBS. v o) e - 1)
+ reproducing results with each-others frameworks
CMS|- . 3.5 26 3.6
o MHH = 1.0 *1-3_ 4,
ATLASH i ® ’i’ 2.9 2.4 3.5
i i MHH = 0.5 *1-2_4 4
Combinedf

1 2 3 4 ) 6 7 8 9 10 11 12
95% CL upper limit on HH signal strength upy

=
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-18/

Statistical combination of Run 2 results:

CERN-EP-2026-011 (submitted to PRL)

+ equalising signal predictions among experiments

: ATLAS and CMS —e— Observed
[ POWheg aS maln MC ] LHC Run 2 —_—e Expected (uﬁls_'imov=0)
. . [ Expected +10
+ understanding correlated uncertainty source: HH Vs =13 TeV [ Expected 20
XS (leading contribution), Higgs Br, single H 099 4 GVEF Z32.8 fb - Expected (™ =1)
background XS, ggH+HF OBS.  permor gy utmen —1)
+ reproducing results with each-others frameworks
CMSH A 3.5 2.6 3.6
L MHH = 1.0 *1-3_ 4,
Assuming SM HH prediction: |
I o/ : ATLASH- ¢+ 29 2.4 35
+ best limit on HH XS: 30% improvement over | P = 0.5 1.2, 1 1

single experiment results

+ significance: | 1.1 (1.3) o obs. (exp.) *

+ still statistically limited

Ry e e c———) {12
95% CL upper limit on HH signal strength upy

" w.r.t. B-only predictions S
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-18/
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Statistical combination of Run 2 results:

CERN-EP-2026-011 (submitted to PRL)

4+ equalising signal predictions among experiments
[ gOWhe gangaianC g p ATLAS and CMS —e— Observed
g ] LHC Run ? ---- Expected (uf§iM°Y = 0)
. . [ Expected £10
+ understanding correlated uncertainty source: HH Vs =13 TeV =1 Expected +20
XS (leading contribution), Higgs Br, single H o%F 4 GVEF _30.8 1o -~ Expected (™ = 1)
background XS, ggH+HF OBS. e ) (i o 1)
+ reproducing results with each-others frameworks
CMSH L & 3.5 26 3.6
| MHH = 1.0 *1-3. 4
Assuming SM HH prediction: |
.. _ ATLASH | ¢ + 2.9 2.4 3.5
+ best limit on SM XS: 30% improvement over | Pk = 0.5 +1.2. 14
single experiment results B
+ significance: | 1.1 (1.3) o obs. (exp.) * Combined— 25 1.7 28
L IIHH = 0 8 +0.9 47

-
o
TF]

95% CL limit on o/og,,

<5
B e

ATLAS + CMS Prellmlnary \s =7 TeV
L = 1.0-2.3 fb"/experiment

—— Observed

- Expected + 1o
Expected + 20
""" = Tevatron Observed
Tevatron Expected

'1 £ 1 1 |llli|l]|§]l
10010 120 130 140

150

o g gy
160

lli‘l
170

180

Higgs boson mass (GeV/c?)

11 I 11 I 11 I L1 1| I L1 11 I L1 11 v," AT ; SR A Sl S ~‘\:
T 12 [3 4 5 6 7 8 9 10 11 12
95% CL upper limit on HH signal strength upy

For single Higgs production expected
and observed limits started diverging
14.5 years ago

11i1 (| IS e e A e S T S
190 200
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-18/

Anomalous couplings

CERN-EP-2026-011 (submltted to PRL)

-2 In A

7

driven by bbyy and bbtt

AL L B B B BN BN
- ATLAS and CMS T ATLAS
- LHC Run 2 — CMS
E\/_=13Tev — Combined
F Allotherk fixedto SM | —— Obs. 95% CL: [-0.71, 6.1]
- Exp. 95% CL: [-1.3, 6.7]
- 68% CL:
:I l l I l l l I\I\:§P§-L e l l l l I:

) 0 10

Ka

-21In A

7

dr/ven by (boosted) bbbb

ATLAS and CMS
— LHC Run?2
- Vs =13 TeV

- All other k fixed to SM

IIIIIIIII
-

~ N
IIIIIIIIIIIIII\l\‘f—\L

ATLAS
CMS
Combined

—— Obs. 95% CL: [0.73,1.3]
Exp. 95% CL: [0.66, 1.4]

95% CL-

~
IIIIIIIIIIIII

68% GCL -

‘/ ////
I’{—l”l’IIIIIIIIIIIIIIIIII
1.2

0.6 0.8

1.4 1.6 1.8

A
N
< n

> L

< [ ATLASand CMS
35 LHC Run2

sE VS =13TeV

 All other k fixed to SM

I I I I I I I I I I I I I I I I I I I
— ATLAS

— CMS
— Combined_:

Very little correlation between k; and kay 251 — Obe.SHOL b Besti(is,10) 3
thanks to dedicated optimisation for gluon 2 T Beseo T Sipedaon
fusion and VBF production 158 .

o.5€— —
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-18/
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+ Challenges and opportunities:

+ opportunities: new data, upgraded detectors, more powerful Al-powered algorithms, new triggers

+ challenges: harsher conditions, understanding detector performance, aging detectors, bookkeeping

LRSS RARRN RERES RERRN RER RN RLEAEE RLEREE RAREE RARE

Nature Comm. 17 (2026) 541

g 1.2F -

80ATL]AS P ll_' S NG RSN T T""34000 _g “LCMS HH — 4b

3 reliminary O CGj . — 4

Jof V3 =13TeV, pr €[85,110] GeV GN2 3500 = _Slmulatlon Preliminary g

- (£8% = 74%) ] = o i g

= 60 - c-jet rejection in simulated (Pythia8) top-pair events 43000 = o N —_— d

w - #  c-jet rejection in top-pair data events ] o D g8l e —— T e —

— - light-jet rejection in simulated (MadGraph) Z + jets events ] — e (I i

E’ 50 :_ §  light-jet rejection in Z + jets data events + 2500 T_: = B e —— ]

2 g S - S —— s

_§_ 401 Reco Software Update A + 52000 % 0.6~ i ™ —Run2:2018 ]

£ sk | 41500 - ’ - T . : ]

L2 a0 - Reference: DL1r | (e"*’?"ngs %) . ] 1500 2 04 = Run 3: 2022 =

Y ook DL1 (€P=75%) 1 TP T B J10005 [ B — Run 3: 2023 .

p (e =77%) N | ;51{—4 ] - F ~ = Distrib.ution before ]

- —_—i : : 3 - o —

10F e g x4z x1.5 1500 0.25 s trigger requirements -

: 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 ] B = 7]

0 2017 2018 2019 2020 2021 2022 2023 9 OW

S — CMS-PAS-HIG-24-010  Generator-level m,,, distribution
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2023-05/
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CERN-EP-2025-140 |

Coherent (re) analysis of Run 2 and of 2022+23+24 data
(first ATLAS analysis with 2024 data):

+ loose b-tag WP thanks to new algorithm: +20%

+ kinematic fit to improve b-jet resolution: +5%

+ correlating bkgd shape between Run 2 and Run 3: +10%

+ x2 more data: +40%

Factor 2 improvement over previous Run 2 result,

and still stat. limited

ATLAS
Vs =13/136TeV, 140/ 168 fb~1
HH - bbyy

0.8 (1.0) o obs. (exp.)

—2InA\

—e— Observed limit
-- Expected limit (uyy =0
Expected limit (uyy = 0) £20

- Expected limit (Upy =1

Expected limit (uyy =0
JHEP 01 (2024) 066

( )
( )
Expected limit (uyy =0) £10
( )
)

Exp. Exp.
% wm=0wwn=1| | prev Run 2
N result
Run 2} i \of 48 42 5 r
L
Run 3f i | \
o
Combined i ;
H i
0 o4 6 8 10 12 14 16

95% CL upper limit on uyy

12

10

Sum of weights / 2.5 GeV

Run 3-only result from CMS (22+23):
CMS-HIG-25-007

5:' T T T — 1 T T T 1 UL ]

45 ATLAS ¢ Data E

AF-Vs=13/13.6 TeV, 140/ 168 fo ****** Cont. background 3

= v~V LLLLL Total background 3

— HH — bb =

3'55 " _ - Signal + background 3

3:_Iog(1+SSM / B) weighted sum 4 =

: w = 0-9_1 1 -

2.5F m ' =

oF 14 categories -

1.5F -

1E \ t

o I N i e e 104 T , o s

05§ I I + I + l . + | I + (] + | * * E
010120 130 140 _ 150 160

I I I I I I I I I I I I I I I I I I I I I I II
- ]
- ATLAS ---- Expected [/ ]
| I ]
L VS=13/13.6 TeV, 140 / 168 fb-" Observed [/ ]
1 -
1
HH - bBYY, Koy = 1 Observed I,’ i
\ 68% CL: Ky & [-0.3,5.1] ;o]
B 95% CL: k) € [-1.6, 6.6] i .
|\ -
[ Expected l,’ ]
-\ 95% Run 2 g% cL:, € [-06,5.4] / -
- \\ ATLAS-CMS 95%CL:k) € [-18,6.9] / ]
1
- 7 -
= 95% CL / _



https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-007/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2025-10/

-

HH->4b:

+ greatly profiting from new Run 3 triggers using
advanced b-tagging algorithms

+ both ggF and VBF enriched regions

+ resolved analysis:

- extracting background shape from 2b->4b CRs
- final DNN for signal discrimination

+ merged analysis: (p1>300,250 GeV)

- background predictions extrapolated across
sublead. H (H2) tag score

- final discriminat: DNN (ggF SR), mn2 (VBFCR)

Rung3 results (’22-°23):

+ Performance very similar to full Run 2 result
with half the dataset

+-33<ki<9.7@ 95% C.L.
+ 0.63<ka <143 @ 95% C.L.

+ alternative approaches giving compatible results

Dao Valerio

driven by resolved

driven by merged

resolved merged
0 4107 (136 TeV) . 6207(13.6TeV
c 10'=CMS ¢ Data c [ CMS ¢ Data WZH 1
Q Preliminary Q  ° preliminary MQCD  —ggHHu =10 ]
Lﬁ 10° SR,, I Background Lﬁ i /4 Wt —quH,uqq::ﬂOO i
—— 8M ggHH,pggHH=10 6_— V+j, VW [7]Bkg. Unc. N
— SM quH,p.quH=1 00 - -
107
g 1_4;— ! ’ v ' + -8 2_ ...........
% 1'21éa—r&J---maa---f14-¢-#¢-+-+-+- - % 15@% _____________________________ % ______ g
8 8:25: +Post-flit L‘rPre-ﬁtl . . g o.5t_ ¢ Postiit  Pro-fit B
gg T M S Vi i R (R A R gm ;—l : - |1 | . , i
I Opmanmosrommmmsran o n s e oy i O R OO,
a2 .I?Rslt..fl.t.l...,l....|.l,.1...,1....|..,.1....l....d gb o} Post-it
0 0102 03 04 05 06 07 08 09 1 6030 To0 " Te0gan 6o 180 50d
Transformed DNN score Subleading H|ggs mass (GeV)
- —
62 fb" (13.6 TeV)
p CMS — SM —Observed 't
HH Preliminary =~~~ Expected 2o
Resolved | S,
Obs. 6.43 | Ce £ Koa,, :
Exp. 5.53 | V.S'/: talk €Ny’
| I{
O
Merged | fo,- m da y
Obs. 6.83 | Ore
Exp. 8.09 |
l
|
Combination |
Obs. 4.38 |
Exp. 4.39 | :
1 10
95% CL upper limit on e
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https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
https://indico.in2p3.fr/event/39055/timetable/?view=standard#108-improved-results-on-higgs
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2 opposite-sign leptons: u*w, e‘e;, e*u*
g H I invariant dilepton mass mi?

o

f{,t K A ,/ b my <70 GeV, plw’“‘ss > 40 GeV 70 < my < 110 GeV My > 110 GeV
| } }
=== ( analysis region | | DY validation region | | tt validation region
H \ / I
g » W o T muliclassification NNew for categorization 1
H Vy YTttt I v v b v
\ ¢
[« ] [ewen] [on] [n]
;e boosted H - bb jet? boosted H - bb jet? lb;osled H - bb jet? lb;os‘ed H - bb jet? [ﬁed H-bb jet? @ed H-bb jet?
W yes no yes no no ves .l.'IO ves .l.10 v .r.m e
V e I/ 1 b-tagged jets? I/ 1 b-tagged jets? l b-tagged jets? l b-tagged jets? l b-tagged jets? l b-tagged jets?
> 22 112 1L 22 1122 1L
< H H b b I I = 7 I 2 L 3 3 3 3 2 3
-> - [boosted|| 1b || =2b ||boosted|| 1b || =20 | [ b ][ 220 || 1 || =20 |[ 1 || =20 || 1b || 22b | [boosted]
S R EE - LI ____T°_
. | binary NNgge [ binary NNver [
+d ted by bb\WW d y I S S S S S \ \ J \ J \ \ \
ominate ecays 5 EEEE YN ENEEE O
Distribution in template fit: binary NN output (O), event yield (Y)

+ NN-based categorisation and final
discriminant

+ considering both ggF and VBF and 10 CMS Prefiminary _ _

-1
!  ewrussT
boosted / resolved SRS G:') 107f postfit ¢ Data W tt B Single t/t ttv —— HHggrx-3300

c 3
m [~

DY+HF W B H —— HHygrx-95000 3

108 W DY+LF mm VV B other XX Syst. unc. R
gluon-gluon fusion (HH ggF) vector boson fusion (HH VBF) | tt | t [DY| H | :

105% 1b ! 2b Boost 1b ! 2b 'Boost2 @regie Qe

+ Run 3 (’22-°23) analysis: o1}

+ MHH< 13 (19) x SM at 95% CL [ ATLAS expected 2
full Run 2 result ppr< 14 x SM ] " --_"-.

+-97<k1<15.8@ 95% C.L. 100
2nd best

+ -03<kxn<23@95% C.L. CMSanalysis

on k2v

.JBoosted &

1.5}

Data / Bkg.
e

e —_—_———
[
[ )
R T ——

+ stat. limited

0‘”‘5””10””15“20””25‘ “30” ‘35 40 45
Bin number
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-25-018/

Other production modes:

ttHH

kHuH
-____’::
A
gw&%\\
3

Dao Valerio

+ VHH searches also performed: Eur. Phys. J. C 83 (2023) 519 , JHEP 10 (2024) 061

Moriond EWK 26
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HH production at 14 TeV LHC at (N)LO in QCD 1
____________ M,,;=125 GeV, MSTW2008 (N)LO pdf (68%cl) .
102 ~~~~~~~~~~~~~
S m\)HH(Em. ~~~~~~~~ - -
~~~~~~~~ ’000 ~~\~ e
‘‘‘‘‘‘ Imp’Ov \“s — J"'t
: e %) N : B
§ 10 = m\,HH” T o
9 ‘
=] 0
-
g g
£
[*¥
]
M
v}
o)
L]
=



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-006/index.html

arXiv:2603.13113

==

+ Search w:th Run 2 + Partlal Run 3 ( 22 - 23 )

+ Exploit several HH and ttbar decay channels:

+ bbbb: 1 electron/muon from ttbar decay
+ 5 and 6 b-jets SRs
+ main bkgd.: ttbar+HF

+ SSML: mainly HH->bbWW
+ 2| SS / 3L selection: >=6 (5) jets , >=2 b-jets
+ main bkgd.: &tW, ttH

+ bbyy: >=3 b-jets selection, 3 SR defined by
multiple BDTs against yy+bb, ttH, tt+yy, H+HH

+ Strong synergies with other flagship analyses:

HH, ttH, 4-tops

ttHH: ATLAS_

. ATLAS
VS = 13TeV, 140 fb~
tEHH 1L, Post-it

//////

77,

%7

ttHH SSML, Post-fit
[ SR

Muli-top
VS = 136TeV, 56! fw,tz

ttHH: 4b | b 5+15

" ATLAS
[ V5= 136TeV, 56 fb!
ttHH 1L, Post-fit

[ SR

@

SR1 - Signal + Background

> T T

Q

o | ATLAS

" 8 v5=13/136TeV,140/56 -1 Ot Dbackgroun
< | tiHH bbyy, postiit == Total background
[%2]

<

Q

w 6

Events / 2.5 GeV

D
T

T T
ATLAS _
" VS =13/136TeV, 140/ 56 fb~!
ttHH bbyy, post-it

Ol Data

Cont. background |
- = Total background
SR2 — Signal + Background

[ V§=13/136TeV,140/56 fo~?
t tTHH bbyy, post-fit

—~ Total background
— Signal + Background -
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-33/

=

Search w:th Run 2 + Partlal Run 3 [ 22 23 ]

Exploit several HH and ttbar decay channels:

+ bbbb: 1 electron/muon from ttbar decay
+ 5 and 6 b-jets SRs
+ main bkgd.: ttbar+HF

+ SSML: mainly HH->bbWW
+ 21 SS / 3L selection: >=6 (9) jets , >=2 b-jets
+ main bkgd.: {tW, ttH

+ bbyy: >=3 b-jets selection, 3 SR defined by
multiple BDTs against yy+bb, ttH, tt+yy, H+HH

Strong synergies with other flagship analyses:

HH, ttH, 4-tops

No significant excess over bkgd-only
predictions:

+ Uy < 20 x SM at 95% C.L.

+ CMS result [CMS-PAS-HIG-23-004]:
UHH < 120 (86) x SM 95% UL
only using the bbyy decay alone

Dab .Valér)'ov S ‘MOrlOI’ld.EWR 26

“E arXiv:2603.13113 | ttHH ATLAS e —————

ATLAS —e— QObserved limit
————— Expected limit
ttHH 1L + SSML + bbyy Expected limit =10
Exp.
Obs. (UtzH = 0)
bbyy| \i 75 79
SSMLr i\ 40 38
1L 26 29
: Combinedr

c Data EXI ‘+X ot
Q501 ATLAS tt+1b Others ] °>> ATLAS
Vs = 13TeV, 140 fo~t g’;z"ab EEHH (i = =5 [ VS= 136TeV, 56!
ttHH 1L, Postfit G4+ moll et ttHH 1L, Post-fit
= ===- Bkg. (Pre-fit)
F 6b SR

95% CL upper limit on UiiHy nespresmmme
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-33/
https://cds.cern.ch/record/2930494/files/HIG-23-004-pas.pdf
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar
https://indico.in2p3.fr/event/39055/timetable/?view=standard#110-probing-the-top-higgs-quar

HHH
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CMS analysis: Obh3h = 0 boosted 3 resolved H ~ 1bh2h 2bh1h 3bhOh

1
+ every event counts — 2 I 4
+ categorising events using both boosted
and resolved Higgs
+ also considering events when only 2 H3\ / H3\ / Hs\ " .
Higgs can be reconstructed (+25% eff.) H2 H2 H2
+ final classifier: SpaNET 3 reconstructed Higgs bosons
10° CMS Preliminary 138 fb! (13 TeV)
% 107 3 reconstructed H bosons, u(HHH)= -87
3 106 b || G HHH posti n 2:"(’8’“)
 soptMSPelmnay _____ 1SSWOSTN || ok —ormmonncn 0D,
CMS Run 2 result: b HHH— 8D, 1 (koK) b, () BpoeNcl ] e
400: Exp.95%CL 3 10°E 3phoh . 2bhth . 1bh2h . Obh3h
+ 7 SRs 300F Comeskol | | '
200 f_ ? leaitarity bound _.:_
+ UuHH < 570 (590) x SM 100F 3
@ 95% CL o .
+-190 < k4 <190 (exp.) ! : EN
- 3 ~ 3
—300;— _; § (2;
B A T T S S T T 05 10 15 20 25 30 35
Ky SPANET bin

ATLAS Run 2 result [ Phys. Rev. D 111 (2025) 032006 ] (1 SR): y < 760 (750) x SM @ 95% CL

First HHH->4b2y from CMS [ CMS-PAS-HIG-2024-015 |: MuHH < 3400 (2100) x SM @ 95% CL

Dao Valerio — Moriond EWK 26 20


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-32/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-015/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-24-012/index.html

2 o = 2 - N ==
. oy o e U e -

CMS: X->H(bb)Y(ZZ) [ CERN-EP-2026-020 ]

. . 138 fb™ (13 TeV)
+ Considering llqq and S s L e o
llvv Y decays 2L T — A
. Lﬁ - T o B nonprompt |
+ resolved selection and o A omos e S over |
SR qqOM SM H boson
merged H->bb and Z- - " 3
10*

>Qq selection

+ final discriminant: i ]
“mass average” BDT s
(resolved), mX mass i T

A " I B

(merged)

138 fb™ (13 TeV) 138 fb! (13 Tev)

1020 | T | 105 ‘
10 CMS 95% CL upper limits 102 CMS 95 % CL upper limits |
Nl —— Observed ] F —— Observed ]
10° = e Median expected | 10° L e Median expected |
10 B 68% expected _: 10" :_ I 68% expected _:
= [ 95% expected 1 = E 95% expected .
o 10" \F"'“""'mxﬂoo GeV 10" o 10"} |m—1800 GeV (109
S 10'8 |\t 1, 750 Gev g 10 . ﬁ 10" ;P__,m,(:zooo GeV (< 10" -
O 1073 Nt 1, 500 GeV (x 10") =4 2 10%F s =200 GeV (x 10'%) =
>T_ 10" E \pmmataiaiabelelel m -850 GeV (< 10" - >1: 10" - m,=2400 GeV (x 10 -
1 10° \ el m, =900 GeV’ (x 10" = 1 10° -y e 1, =2500 GeV (x 10'%) =
? 107: \F__.-u-u-vmxﬂso GeV ( 10°) i >’<F 107 :, s 1,,=2600 GeV (x 10%) |
& 10° : v____-—u—f m,=1000 GeV {x 10%) i & 10° i}f m,=2800 GeV {x 10%) i
© 403 \ e m,=1200 GeV (x 10%) ~ ® 10 s =300 GV (x 10%) —
— = o gk =
10 my=1400 GeV (x 10%) = 10 __’r* s My =3500 GeV (x 10°) —
10—‘: ,' m,=1600 GeV (x 10°) :: 107! ::& —-mx=400068V¢<10°)::
i | | l 1 3l I | | . i
107 10
0 500 1000 1500 2000 0 2000 4000 6000
my [GeV] my [GeV]

Also mcludmg Ilmlt on X->HH

Dao Valerlo

Resonances

o 10—
: <+ - & ATLAS ¢ Data
3 Tand2b JetS M 10°F {5=13.6TeV, 58,610 —m,(575,200) (Pre-fit) ]
k 1 1 [ X—)SH—)bBY'Y .yy+jets
selection to improve o} XSHesn =
10°} Postit []Single Higgs
acceptance mo
10 B Z(— qg/bb)yy
72 Uncertainty

¢ + resolves and merged 0

: + PNN for signal

See also A. Agapitos'
talk for more fmal states

ATLAS Y >S (bb)H( yy) [ CERN-EP-2025-204 ]

Run 2 + Partial Run3 (22-23) analysis

¢

bb selection to cover
low ms values

—
<

-
<
n

-
(@J¢) )|

.,m.cm..y%/*////

Data / Bkg.

G55555555555755555 ////%/)(///;/%/ 7

) 0.
extraction 01 02 03 04 05 06 07 08 09 1
PNN(m,_= 575 GeV, m, = 200 GeV)
e —
— — : : 3.0
> 5001 ATLAS
S, | Vs=13/13.6 TeV, 140/ 58.6 fo-1
g - X — SH — bbyy 25

400}

300}

- [\
(6)] o
Observed local significance

200}

100F

4000
[GeV]

Previous excesses from ATLAS and CMS
not confirmed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGP-2024-34/
https://arxiv.org/pdf/2602.18223
https://indico.in2p3.fr/event/39055/contributions/170257/attachments/100424/155700/1_AAgapitos-v1.pdf

___ Summary and conclusions

Broad and very active program by ATLAS and CMS collaboratlons on HH searches
discovery can't come from one channel

Major milestones already hit with approx 5% of the LHC program data:

+ covering the majority of HH decays and production modes down to sub fb processes

+ increased level of sophistication and precision (following lessons / conventions from single H)
+ ATLAS+CMS full Run 2 combination: passing the 1-sigma bar

ATL-PHYS-PUB-2025-018

Bright future ahead (HL-LHC _ ¢ [ ATLAs+cMs B perexperiment(MTer
; ; . § s L CMS Profections ' Projections ESPPU 2026 .
Pr OjeCtlonS ) . :gw_ gf:’ =:§4pI§;/¢3tiZ!:\‘:Kgirjf)xtperimEeSnPtPU 2026 Z . r .
+ Solid observation of HH (if SM) in 3 R ; 1 j!
reach by the end of HL-LHC s — : 1l |
E 6F = bETT' i )
+ <50% precision on k; active for any - S of o1
. =1 4 i 95%Cl ]
possible anomalous value -2 | 68%cl
2r I =501 T 3 4 5 ¢ 7 8
+ a lot of room for improvements but LI s 12
8 Ei R 3
also a lot of challenges to get there PP don EsPPY 202 ot 1 FVERE AERRERRRRE

—-'-2-1012345678

Kgrue

Early Run 3 analyses are showing impressive gains exceeding these projections:

Stay tuned for more upcoming results
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/

BackUp
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QY HHsearchesATIASVSCMS

A2 =1.070% = 1.070 % (stat.) *03 (theory) "33 (exp.)
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Observed limit (95% CL) CuMS T ?38 fo” (13 TeY)
—e— Observed limit (95% T T T T
ATLAS Expected limit (95% CL) K = Ky =Ky = Koy =1
Vs =13 TeV, 126—140 -1 (UnH = 0 hypothesis) —— ObSQrved ae-ee- 68% eXpeCted
oSN (HH) =1.73 fb [ Expected limit +10 I Median expected === 95% expected
[ Expected limit +20 Multilepton
Obs. (Exp.): 343 (463)
Obs. Exp. -
bBW* W
Multilepton— 670 430 Obs. (Exp.): 272 (289)
i | bbbb B
bbyy~ * 100 150 Obs. (Exp.): 226 (274)
bbbb— 120 130 bbyy B
Obs. (Exp.): 225 (208)
bbit + Eis + 100 120 bBet B
Obs. (Exp.): 126 (154)
st 1B 93 72 .
bbT*T Combined
Obs. (Exp.): 79 (91)
Combined|—4 44 47 i | o C . Ll
[ T S HN (N TN T SN NSNS S S NN T S 1 10 100 1000
0 200 400 600 800 1000 -
95% CL upper limit on VBF HH signal strengi ATLAS and CMS —e— QObserved 95% CL limit on o(pp — qqHH) / OTheory
— LHC Run 2 """ Expected —
/513 TeV [ Expected t10
s=1ote [ Expected +20
oVBF =1.726 b
Obs. Exp.
i =1
i
i
CMS : 75 92
1
1
_ !
!
ATLAS 44 48
1
1
if
Combined E 35 41
1
i
1
l I l l l I l l l I l l l I l l l I l l l I l l l
40 80 120 160 200 240
VBF
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< \@ 52 g s < v o S

95% CL upper limit on HH signal strength 3y

* Moriond EWK 26

< S = : ~ 8 S . \ETE i 2 < ) v Sl

25



a

- ATLAS and CMS
LHC Run?2
7FVs=13TeV

Expected

All other k fixed to SM

\ Lo 1! 1 '

\ (ST ,' ," 1 I'

\ (I 11 1 ]
\ SR P / ]
[ o, ]
4 | (R Ll ! 95% CL3
B \ [T ,r H] 1 H n
B \ [N 1ol 1 , ]
B \ [} 11 ! 1 , ]
3_ \ 1 1\ ! ! 1 —
N \ [ ol / ]

\ Voo o) 1 /
" \ ‘v [ ! / n
- \ Voo [ ! / ]
= \ [T I ! / ]
2— \ A\l 1" I 1 7 —
- \ ‘i Y} N 1 Vi -
= \ \‘\‘ n h II / .
- \ 1\ 1 -
‘i / ’ o
- N vl / / / 68% CL -
1 P ——————— L 2 e | Uitttk bbb bl e e e 1
B < N ) e ]
[ ~ v W roqy . ]
~ NS A\ Ay i ’
- Y S . ael 7 -7 ]
B == n
L1 R B R AN NERP Y St s - oSt RN S RN RN A B SR

9IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

ATLAS bbbb
ATLAS bbtT
ATLAS bbyy
ATLAS bb{f + Eniss
ATLAS multilepton

-21In A

20 25

K

10 15

- ATLAS and CMS
- LHC Run 2
7EVs =13 TeV

-21In A

»

I
m
x

©
(%)
O
—
D
[oX

All other K fixed to SM

(&)
I LR

ATLAS bbbb
ATLAS bbtT
ATLAS bbyy
ATLAS bb{f + Eniss
ATLAS multilepton

-21In A

1 [ 1 . 1 ’
\ \ [ 1 I " ,' 1 ,I
\ \ Vo \ ! 1ol ] 1 .
1 1 1
\ \ [ 1 1 ! K ! o B
4 \ A oo / 95% CL4
i Ao B Wi il Sl W i riale ittty | ity ittt ittt =
= (I 1 1 -
| \ \ [ 1 " l’ 1 1 -
B \ \ (I I ] ] / n
3 \ Voo ! I ! ! —
[ \ \ (B 1 Y ] / ]
= \ \ 1 1 i 1 1 ]
\ \ 1 1 I 1 /
B \ \ (W 1 Y / / B
[~ \ \ LY I i ! ! ]
2_ \ \ A 1 ] / Il —]
= \ vV 1 1 ! / B
= \\ \ “ \‘ " 11 ,’ / -
= \ I / B
B \ \ 1 o 7
o S NN 68% GL 1
X T
" AN NN ‘\ ] s / ]
B N NNy [} KAy ]
= ~ AN 1 02 1
= Se PSSy e |
AN INERERENE ANER AR ENEETI RS IS N I AN TP o At A ANEN AN ANEN AN AN AR ANEN |

2 3 4 5 6
Kov

9_IIIIIIIIIIIIIIIIIIIIIIIIIIIII

F ATLAS and CMS
- LHC Run 2

- Vs =13TeV

Expected

All other K fixed to SM

CMS bbbb

CMS bbtTt
CMS bbyy
CMS bbWW
CMS multilepton

\ 1 g
Vo (Ll I 11
Vo L ] !
v o P ! B
Tl ] E

4 Vo 1 P! ! 95% CL4

R O L T T B SRR F T S -
vV 1o r 1! 1

B Vo Yl o ! ]

- Vo ! P / ]

3 Ao W ool ! —
- L o 1 ] ] i
o vy " 1 11y 1 ]
n MY W il , .
= N (1 Y ! -

v I / /

2 . v\ \‘\‘\ h 1 / —
B LY \ \ 1 11y / -
| LY 1\ 1 11y Vi -
N N WY A / o n
- v\ W LI iy /, 68% CL‘

1 [ A i ey 1 ittt -~
- oL W P , E
- \ W / , —
N N Jogr 3
- R / ]

o) SRR | TR T\‘M}l‘iu R S s AR RN RN AR

Ka

- ATLAS and CMS
E LHC Run 2
7EVs =13 TeV

»

T
m
x

©
D
Q
—
D
o

All other K fixed to SM

(62}
| RN RS B

IIIIIIIIIIII_
CMS bbbb

CMS bbtTt
CMS bbyy
CMS bbWW
CMS multilepton

25

\ LI | 1 ;! 1

\ (S H H HE /

\‘ \ \\ \ 1 1 I 1 1 '
\ VoA Lo i '95% CL]

] I
4= N L W W T [ [ RASNA o L+
[~ \ [ ! T [ ! ]
- \ R 1 1 [ ! I B
N \ \ [ ! I 1 " 1] .
- \ Vo ! ! o ! .
3 — \ \ (Y 1 1 [ | / ]
- 3 Vo ! ! ' ! B
L \ PO 1 1 1y / i
L \ \ [ 1 ] 1 h / ]
B \ \ [ 1 1 [ h / .
2 . N v 1 1 1 / —
B \ \ LY l| : I’ 1 ’ _

\ RN 1 1 /
B AN \ \\ \ | ll II r / ]
B \ \ \ 1 7 Vi le) .
= \ AN 1 1 ] / -
1 e~ R P UL P I_I_l.__./i _____ I A Q_S_ZQ_Q_L._
[ N SRR H H S L i
= N N \\\ 1 [} S . 7
B S~ AN ‘\ I’ AL e n
- ~ N —
AT ENER AN AN BEEREE RN BN S UK 0] i ENENENEN EEN AN A |

Moriond EWK 26

4 5 6




m;)Eyy /]

350 GeV

Run 2+3

High Mass Regions

M1

Low Mass Regions

LM 2 LM3

M4
N

a

<

o Valerio

BDT Score”

Fraction of events / 0.025

10

10"

10°¢

MLELBLALL

o 1.4
(8]
} [ aras =
€127 VS =13/136TeV, 140/ 168 fb~?
> | HH-bbyy
3 4ol
3 1.0
2
©
% 0.8+
=
7]
0.6
1.01
04 | o073 075 | 080 i
049
0.2
0.0 .
Run 2 Run 3 Combined
- T T 1] I T 1 1 I T 1 T I 1 1 (] I T 1 1 :
. ATLAS —— HH (SM)
~ =+ HH (BSM)
- » -1 o
E V§-13-/13.6TeV,140/168fb Single H :
- HH - bbyy pre-selection Yy +jets ]
| Low-mass region ¢  Data sidebands |
i | |
e ',—F‘TFE
E .;"vow I |E
: T, i~ i
tety = ¢
- ; EASWX XL LX)
N TR LA AR

Moriond EWK 26

LM1 LM2 LM3 LM4

Fraction of events / 0.04
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‘\\\\ EF T ATL-PHYS-PUB-2025-034

=

g H H
+ HEFT interpretation of ATLAS Chnh,
2 S s — — .\
bbyy analysis: 7 -
. 9 ) H TH
+ focusing on operators where HH
brings unique sensitivity
g
+ both individual and simultaneous T
3-operators fit
g
ATLASPrelminary o osserved 6% GL
Vs=13/13.6 TeV, 140/ 168 fb~ " —m= Expected 68% CL 3
HH - bbyy 1 Qoserved oo o from ttHH
HEFT —— SM prediction : analySiS alone
non-scanned c fixed to SM 3
hinh e fr— G - 1 1 s 2134 = | reliminary — ] - ; ]
. | - ~ [ V5=13/136TeV — Expected ~ | ATLAS interal A — ?fmbmed |
0.00+152 | 8F L =140 /168 fb! . | Vs =13/13.6 TeV, 140/56 fb~!
5 Caghh 0.09:154 L=140/ tEHH 1L + SSML o SSML
o - HH — bbyy -
] 0.00%322 oL HEFT, i, cqgnn floating, cggn,cun fixed to M| Observed
x Cithh ! B 7]

Combined:
95%: CttHH € [-3.9, 3.3]
68%: Cryy € [-2.5, 2.0]

. . e q
. .- 0.02+348 i —
l L l L L L L l L l L l L l

I i I i I i I i I i I i I i I i I B N
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[ + Fonnun 1 1.0%0 | 1
Chhh Foosnap o b runns [ _0_7’:;:; | |
| o ]
k- q | 0.00*18 L |

5 x Cggnn ke # . 0.0stzgg‘? 68% CL

| X aua] 0-00t4'55 TR T R N - | L
5xcﬁhh F===} O TEEX | 049£§E O _1 _0 5 0 0 5 1 1.5 2 O —6 _4 _2 0 2 4 6
| 1 | 1 | 1 1 | 1 | 1 | 1 | 1 |
6 4 -2 0 2 4 6 8 10 Cithh CttHH

+ Also interpreted with SMEFT framework including effects on backgrounds
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Non resonant HHH —5 6b

Number of reconstructible Higgs in 2 AK4

Oh 1h 2h 3h
]
X
- 3bh | 1.7%
5
2 2bh | 125% 5.9%
2
E: 1bh | 8.6% 17.5%§ 7.9%
5 Obh | 13%  1L1%  220% 11.1%
(]
oz

OHiggs 1Higgs

19.7% 52% 27%

1.3%

Classification

- wigs

Categorization

Events after pre-selection:
>= 4 jets
Trigger
Hr > 450 GeV

4 jets + 3 btag trigger ProbQCD
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e Hard to make concrete
projections

New challenges at the
HL-LHC (pileup, trigger,
detector performance)

New opportunities! (we’ve
already seen huge .
iImprovements due to object
and event reconstruction,
ngv;el analysis techniques,
etc.

e n.b. Despite m
won’t get this !
requires work in detector
upgrades, trigger, ...

O

Realistic approach

Dao Valerio

' Reasons for optimism
John: “we typically outperform predictions”
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_kappa_L from single Higgs

Phys. Lett. B 843 (2023) 137745 CMS-HIG-21-018
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