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How are Higgs pairs produced?

Searching for a pair of Higgs boson is directly connected to probing the Higgs potential, more particularly to the trilinear
coupling A, one of the two free parameters of the SM theory:
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How are Higgs pairs produced?

The nature of the couplings of the Higgs to particles beyond the standard model makes it a natural probe, but the HH final state
allows also to explore new topologies:

> Spin-0: for exemple predicted by > Spin-2: for example predicted by a Kaluza—-Klein
completed by an Electroweak Singlet: graviton in the context of the bulk Randall-
» Beware that ATLAS and CMS have different convention to Sundrum (RS) model of warped extra dimensions.

denote the extra scalar (S vs Y);
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A > <
X ~
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g 2099990999999 ~ H \ H
-
At , & @ Most of the time, only the narrow
o~ ) width approximation is used, neglecting
Xl the interference with the SM production.
g 2090000909099 ~ ) H
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How to look for Higgs pairs?

There is no clear Golden channel for the non-
resonant search, but several promising signatures:

>

ATLAS: Phys. Rev. D 108 (2023)

+ ATLAS-CONF-2024-003 (VBF, boosted) ¢—————— NEW
BR(HH — XXYY) (gluons, ¢, muon not shown) + Eur. Phys. J. C 83 (2023) 519 (VHH)
CMS: Nature 607 (2022)

+ CMS-PAS-B2G-21-001 (VBF, boosted)
bb WW T 27 YY + CMS-PAS-HIG-22-006 (VHH)
bb >
>
5 o 6o ATLAS: ATLAS-CONF-2023-071
WW CMS: Phys. Lett. B 842 (2023)
HH — bbyy
T 0.39 % » H — bb: High BR
» H — yy: Good mass resolution
77 319 1 1 % | 0.33 % ATLAS: JHEP 01 (2024) 066
: CMS: JHEP 03 (2021) 257
HH — bbVV and friends (with leptons)
YY 0.26 % » Decent BR from H — VV

' » High number of leptonic and hadronic channels

‘ ATLAS: JHEP 02 (2024) 037 (bb(ZZ/WW/17), 21+MET)
+ ATL-CONF-2024-005 (bbZZ/4V/2V2t/41/2y2V/2y21) <— N

CMS: JHEP 07 (2023) 095 (4VV_/WWTT/4T, >2|)

DFuII Run-2 analyses: A for ATLAS only

Combining the results is necessary for observation. +JHEP 06 (2023) 130 (hbZZ, 4))
+ CMS-PAS-HIG-21-005 (bbWW, =1])
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+ HIGG-22-012 (yy77) <+— NEW



http://dx.doi.org/10.1016/j.physletb.2022.137531
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
http://dx.doi.org/10.1007/JHEP03(2021)257
https://link.springer.com/article/10.1007/JHEP01(2024)066
http://dx.doi.org/10.1038/s41586-022-04892-x
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-001/index.html
https://cds.cern.ch/record/2853338
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/
https://link.springer.com/article/10.1140/epjc/s10052-023-11559-y
http://dx.doi.org/10.1007/JHEP07(2023)095
http://dx.doi.org/10.1007/JHEP06(2023)130
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/

How to look for Higgs pairs?

BSM Searches with Higgs pairs and friends are also
covering a wide range of signatures:

BR((S/H)H — XXYY) (gluons, c, muon not shown)

bb WW TT ZZ YY

o 2

DFuII Run-2 analyses: C for CMS only
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. ATLAS: X

>
>

ATLAS: Phys. Rev. D 105 (2022) (X->HH)
+ JHEP 07 (2020) 108 (VBF X->HH)

CMS: CMS-PAS-B2G-20-004 (X->HH, boosted)
+ Phys. Lett. B 842 (2023) (X->SH)

>
>

ATLAS: JHEP 07 (2023) 040 (X->HH)
CMS: JHEP 11 (2021) 057 (X->SH)

HH — bbyy
» S/H — bb: High BR

» H — yy: Good mass resolution

ATLAS: Phys. Rev. D 106 (2022) (X->HH)
+ ATL-CONF-XXX (X->SH) = NEW

CMS: Sub. to JHEP (X->SH and X->HH) /I?\g_eLSthed in
HH — bbVV and friends (with leptons) wildcard talk

» Decent BR from H — VV
» High number of leptonic and hadronic channels

CMS: JHEP 07 (2023) 095 (X->HH->ML, >2I)

+ JHEP 05 (2022) 005 (X->HH->bb(W W/ 7))
+ HIGG-22-012 (X->HH and X->HH) <«— NEW



https://link.springer.com/article/10.1007/JHEP11(2021)057
https://link.springer.com/article/10.1007/JHEP07(2023)040
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://link.springer.com/article/10.1007/JHEP07(2020)108
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-004/index.html
http://dx.doi.org/10.1016/j.physletb.2022.137392
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-011/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
http://dx.doi.org/10.1007/JHEP07(2023)095
http://dx.doi.org/10.1007/JHEP05(2022)005
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html

Limits on HH production

One of the key figure of merit is the limit on either the HH cross-section to its SM prediction, or the signal strength p. The

later incorporates the theoretical uncertainties on the SM prediction.

The leading 3 channels (bbyy, bbrz, bbbb) are very close by with expected limits around
~ 5 x SM prediction. The global combination leads then to a limit ~ 2.5-3 x SM.

> ATLAS hasn't published a
combination with their latest
bbyy and bbrz results;

> CMS is showing a
combination between their
resolved and boosted

analyses for the bbbb results.

This limit is dominated by the
ggF, but some analysis have

also shared specific VBF limits:

130
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124

* Only the resolved analysis is considered

ATLAS

Vs =13 TeV, 126—139 fb~
Ot . ver(HH) =32.7 fb

—— Observed limit

Expected limit
(UHH =0 hypothesis)

[ Expected limit £10
1 Expected limit £20

Phys. Lett. B 843 (2023)

______________________________________________________________________________________ Obs. B
bbyy } 4.2 5.7
bbt*T | * 4.7 3.9
bbbb - | { 5.4 8.1
Combined — ______ + ___________________________________________________________________________ 24 ____________ 2 9 ______
S [ R - O RS |

95% CL upper limit on HH signal strength upy
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WW vy

Expected: 52
Observed: 97

bb WW
Expected: 18

Observed: 14

bb ZZ &
Expected: 40

Observed: 32

Multilepton &

Expected: 19
Observed: 21

bb yy &
Expected: 5.5
Observed: 8.4

bb Tt &
Expected: 5.2

Observed: 3.3

bb bb &
Expected: 4.2
Observed: 7.2

Comb. of &

Expected: 2.5
Observed: 3.4

log scale —/

CMS Preliminary 138 fb' (13 TeV)
I l I I I L l I I I L l I I I L l
K =K =1 —— Observed @ ----- Median expected
Ky =Kpy =1 B 689% expected

----- 95% expected

CMS Summary

. | CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

I I

100 1000
95% CL limit on o(pp — HH)/OTheory


https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Higgs_PAG_Summary_Plots

NEW ATLAS results: HH ML

For the first time, ATLAS is analysing data in with a holistic way considering all the H — WW, ZZ, 7 lepton decay modes, In
addition with H — yy. No b-jets are expected, except for the HH — bbZZ channel.

(%)
§ ( Legend \
Q 9
§ 1+21 2(+2T1 ML
§ channels
g 1 yy+ML
2 1 ) channels
E YV+T YY+2(£,1) 2¢tSC+T1 L\ /)
z W,
0 yy+£ '2£’SC ( o j ( 44+bb )
0 1 2 3 4 ]

Number of light leptons

A set of kinematic and BDT cuts are set in each
channel, except in the yy + 2(/, 7) one where the
number of preselected events is too low.

Kinematic

cuts .

Kinematic
cuts

NEONE N
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ATLAS-CONF-2024-005
ATLAS Preliminary e Observed 3 1o
o Expected (uyy=0) 1 *20
Vs =13TeV, 1400 .. Expected (Upy = 1)
Ogot . ver(HH) =32.7 fb Exp.
o Obs. (MeR=0)
41 + bbl- de 40 36
3 e d 21 32
205CH ¢ d 33 42
205C+1H d e 83 65
20 + 27 de 41 37
¢+ 21 ‘ 44 45
Yy + 2, 1) C:i ® 93 41
Y+ - M d 30 From CMS (no yy channel)
wrT i @ - @ 14 80 | Combined
Combined ML~ @ 14 14 n<21.3(19.4 exp)
Combined yy+ ML~ @ o 45 21 JHEP 07 (2023) 095
Combined|- C‘é J | | | 18 | 11
0 50 100 150 200

95% CL upper limit on HH signal strength gy

The result is interpreted in terms of limit on the signal strength.
No single channel is dominating, and the combination yields an

observed (expected) limit of 18 (11).



http://dx.doi.org/10.1007/JHEP07(2023)095
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/

Interpretation in x framework: «,

Both collaborations are gradually

moving from deriving limits from the

cross-section, to providing the
likelihood limits.

> ATLAS hasn't published a
combination with their latest

HH — bbyy and HH — bbztt results;

> CMS is showing on the same plot the
95% CL from cross section limit, and
the best fit value from likelihood with

10 error.
E : | | | | | | | | | | | | | | | | | | | | | | | :
= B A TL A S m— Observed limit (95% CL) g
T | VE=18Tev, 1261301 == el hecs)
L 104k HH-bbT*T~ +bbyy+bbbb  E= Expected limit+io 4
% - 1 Expected limit +20 =
?_ B Exemple Of ? ;Pl:/leorygrci.diction ]
,, . prediction
'S limits from XS
2 103
o 10
10%E E
- bbttT" ]
B bbbb 7
i Combined ]
1 [ R N N [ I R R N
1015 °5 0 5 10 15
K

Phys. Lett. B 843 (2023)

Combined:
68%: K) € [-0.8,6.3]
95%: K) € [-2.1,7.8]

0 —— —— —— ——
- ATLAS | — bbbb -
| Vs=13TeV, 126—139 fo- — bbTtT™ |
8 + bbyy + bbbb —— bbyy
- §Expected SM § —— Combined

4=\ N\ 95% _—
2 —
_____________________________________________________ 68% _|

O | | |

-5 0 5 10 15

Ka

U I | | | | I | | | | I | | | | I | I_ _I |
I ATLAS —— bbbb i
| Vs=13TeV, 126—139 fb-" — bbTtT™
i 'Osr\(ed ‘ —— Combined |
= Combined: .
6 68%: K € [1.0,5.0] —

95%: K, € [-0.6, 6.6]
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(VHH) bb bb
K, =-25.1707

CMS-PAS-HIG-22-006

WW yy

+5.5
K, = '|4.8_13_3

CMS-PAS-HIG-21-014

bb WW
Ky = 4'2-+55.'73

CMS-PAS-HIG-21-005

bb ZZ &

+5.6
K, =23,

Acc. by JHEP (2206.10657)

Multilepton o
K = 2'3-+55.22

Acc. by JHEP (2206.10268)

bb bb &
K, = -0.2;9_ '89
Nature 607 (2022) 60

bb yy o
K, =3.6700

JHEP 03 (2021) 257

bb Tt &
K, =-0.2'2°

Acc. by PLB (2206.09401)

Comb. of ¢
Ky = 1'7:2.;3

Nature 607 (2022) 60

From
XS limit

CMS Summary

CMS Preliminary
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https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Higgs_PAG_Summary_Plots

NEW CMS results: HH—=yyrr

Despite the very low branching ratio, this channel benefit CMS-HIGG-22-012
from the very good di-photon mass resolution and the clean o | o _
lepton decay from taus. The result is interpreted in terms of limit on the Cross section,
with an observed (expected) limit of 33 (26) times the SM.
Thus these type of
search are exploiting The observed (expected) constraint on «; rejects values outside
the yy mass as a of the interval [-12, 17] ([-9.4, 15]).
N ast discriminant variable. 1
and All the processes are e e B (13 TeV)
di-Higgs A parametrised with =105tk CMS o 95% CL upper limits -
contributions functional forms T | Preliminary | |neenvpredicion __ opserved :
. :I% *  SM prediction --- Median expected |
m)’}’ % B 68% expected
The selection is performed in 2 phases: B 10%¢ Io% expected
> Finding 2 good photons and a di-tau candidate (from :

leptons and hadronic taus);
> A BDT is used to further reject backgrounds: 2 categories 10°F

are defined to maximise the XS expected limit.

2 good vy CatO 10} _
e — BBl ; :

77 candidate Cat 1 | :
\.n. \ 10

u" -15 -10 -5 0 5 10 15 20
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html

Interpretation in x framework: «,,

Phys. Lett. B 843 (2023) CMS Summary
1 0 | | | | | | | | | | | | | | | | | | | | | | | |
: : < | | | | T
The k,,, parameter is well constrained by £ [ ATLAS — bbbb ]
-7 : iy Vs =13 TeV, 126—139 fb’ —— bbTtT™
N - _ ’ _ _ _ ] —]
the HH — bbbb boosted anaIyS|S from I 8 E’H - bf;: MT - +bbyy + bbbb —— bbyy  — CMS Preliminar 138 fb™ (13 TeV)
u — u — Xpecte —_— C b. d = I I I I I I I I I I I I I I I I I I I I I I I I I I I
CMS, excluding «,,, = 0, with a I . ombined 1 Bt atom oL
: £ r ' N K.=1 7/ Observed —e— Best fit value
significance of 6.3 standard deviations. 6\ 68%: Ky € (0.3, 1.7] - 21 K Exected o oredtstion
I 95%: Kay € [0.0,2.1]
Phys. Rev. Lett. 131 (2023) ] v / N _
. 25 a= NN N 95%/={  (VHH) bb bb N
¢ i i Koy =9.972% U [-10.5, -6.5] ‘
B 7 CMS-PAS-HIG-22-006 :.:é\ \\“\\
2 i | :::::::\0:0, IR QRRRRHRRRARIKKLRIRKKS
2r 1 boww
SN ) S 6 ?_OZO___: Koy = 1'0:1.:3,3
| | | CMS-PAS-HIG-21-005
1 '5 O ] ] ] ] I ] ] ] ] — el ] ] ] I ] ] ] ] .
i) —1 0 1 2 3 4 Multilepton &
Ky = 3507
1 ¢ K2 4 Acc. by JHEP (2206.10268)
1V | | | | I | | | | I | | | | I | | | | I | | | | _I _I | |
E -~ ATLAS — bbb | bbyy & §
~ | Vs=13Tev, 126—139 fb"' —— bbTttT™ | ok, =2100 %
05 | g HH-bbT* T~ +bbyy+ bbbb —— bbyy — JHEP 03 (2021) 257 §,
Q
- Observed —— Combined ] bb Tt & X
0 - Combined: - Koy = 1105
6 | 68%: Koy € [04, 1 7] — Acc. by PLB (2206.09401)
i 95%: Koy € [0.1,2.0] 1 bbbb &
0.5 B 7 Kov = 1'5:?.;12
Vi T W W 1 WY | A A 95% — Nature 607 (2022) 60
- - Comb. of &
- . Kpy = 1.00%
Both collaborations have also | Natreso7 (2022) 60
: : . 68% _ _
published other 2-D plots, including S A : 10 >
" ” " ] ] ] ] I ] ] ] ]
the limit with «, . > 3 4
Kav
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https://www.sciencedirect.com/science/article/pii/S0370269323000795
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG#Higgs_PAG_Summary_Plots
http://dx.doi.org/10.1103/PhysRevLett.131.041803

NEW ATLAS results:

VBF 4b

q q
Ry R
\%4
---0®
7 H
q

This new analysis is focussing on VBF production of

HH — bbbb in the boosted regime where the Higgs

decay products are reconstructed in single large
radius jets, using dedicated X — bb tagger.

The analysis is also combined with the previous non-

ATLAS-CONF-2024- 003@

» The constraints on k,,, are greatly improved, with an exclusion
of i,y = 0 with a observed (expected) significance of 3.4c (2.90).

» No significant gain is observed on the XS limit or «,.

resonant analysis, using resolved topology (Phys. =
Rev. D 108 (2023)).
L B L I L R L R L R L R R
§ - ATLAS Preliminary ¢ Data .
W 14— Vs=13TeV, 140 fb™ — 500 x SM ggF  —
. VBF HH bbbb — 1000 x SM VBF -
1o SR — K,, =0 VBF _]
It uses a -~ Post-Fit Background i
combination of 101 77 Uncentainty
. . — o [ J
Kinematic cuts on ol / i
the reconstructed - .
. 6 —
Higgses masses i 7 |
and a BDT trained 47,z » i
to select events oF Wf/ _
WIthKZVZO' 5 0!!!!:!!!!,!!!!!!!!!!!!!!!!!!.!!!!!!!!!!,!!!!,!!!Z
§ 1.50 E
5 g )f” ////f A 555
O 0.5
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https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://link.aps.org/doi/10.1103/PhysRevD.108.052003
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/

9 9999999099909 H g H
| u g
A > ~<
Limits on BSM X—-HH -
TN ITIIT IS H g H
arXiv:2311.15956 (Sub. to: Phys. Rev. Lett.) 138 fb' (13 TeV)

The different searches are often
complementary for different mass
ranges. They are presented in a model
agnostic way and often reinterpreted Iin
the 2HDM and MSSM models.

» ATLAS also found a small excess with
combined local (global) significance of

3.20 (2.1 0)at 1.1 TeV.

» CMS released new combinaison,
setting stringer limits bellow 320 GeV
and above 1 TeV.

arXiv:2311.15956 (Sub. to: Phys. Rev. Lett.)
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https://arxiv.org/abs/2311.15956
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://arxiv.org/abs/2311.15956

NEW ATLAS results: VBF 4b

The same VBF analysis of HH — bbbb in the boosted
regime presented before is also providing limits to
resonant VBF models considering masses > 1 TeV.

ATLAS-CONF-2024-003

> This analysis set limits on a mass range never explored before;

» No significant excess observed, the tighter observed limits after 1.6
TeV are due to lack of data.

» Interpretations are provided in the narrow and broad (I'y = 0.2m,) width
approximation.

On top of the same combination of kinematic cuts on
the reconstructed Higgses masses as for the «,;,

result, a parametrised BDT is trained on 13 different

resonant mass hypothesis. 102 R
o) — ]
it —  ATLAS Preliminary —— Observed limit N
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https://link.springer.com/article/10.1007/JHEP07(2020)108
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/

NEW CMS results: X=2>HH—=yyrr

A similar strategy as for the non resonant is chosen for these search: CMS-HIGG-22-012
> Instead of a BDT, a Parametrised Neural Network is using the information on the mass of the new scalar(s):

 The output is transformed to get a flat background distribution;

* The categorisation is based on the expected number of background events, with a lower limit set at 10 events.
> The signal and background modelling are adapted to get a continuous description in between interpolation points.

No significant excesses beyond 1.7 ¢ are found in data and limits are set in the context of the Randall-Sundrum model for both

spin-0 radion and spin-2 Kaluza-Klein graviton. p
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
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Summary of BSM (S/Y)H
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-011/
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-23-002
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-23-002

NEW CMS results: X2 YH—=yyrr

9 9090999999999~ S/Y

CMS-HIGG-22-012
/ Similarly limits are set for X—YH processes, where both Y and H are allowed to decay to yy and zr:
A X« » Given the different trigger strategies, the search for Y —=yy is split into two, with my = 125 GeV.
\ > In the low mass region, the Drell-Yann background is taken into account via an ABCD method.

g 9999999999999~ T
No significant excess is observed. The highest excess local (global) significance for (my, m(S/Y)):
> Y(z7)/H(yy): 2.6 6 (2.2 06) at (320 GeV, 60 GeV);

> Y(yy)/H(z7), low mass: 3.4 06 (0.1 0) at (525 GeV, 115 GeV);
» Y(yy)/H(z7), high mass: 3.2 6 (0.3 0) at (462 GeV, 161 GeV).
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html

Summary: New results

ATLAS-CONF-2024-005
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html
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Why searching for di- nggs ?

The full expression of the Higgs potential is encoded with

parameters ¢ and A as:
V¢'h) = — 1" + 2 'Y @

When linearising the Higgs field after the EWSB around
the vacuum expected value v one gets:

» Direct access to A through Higgs pair creation:
» Coupling strength denoted as «;, = A7/ Ay,

2 12 3 > At tree level: production of pair of Higgs bosons —strong
VIH) 5 H He\+Av H effect on XS.
Im? > At loop level: effect on the single Higgs cross-section and

deviations in kinematics.
Where the potential parameters are linked by :

g 0990990090999 H
S 1035' LI L O B L 3 . ) P
Q. - — . A
A= x =y’ \/5 G o | o o | A > o
2 H 4 " ~Over " On ] Ho %
1% 10 Owy  —Ouh E .
"MH - . g L
L — 099999999999~
_______ '______. ~ -1
H H 10 E

» The first piece of information came from the Higgs boson
discovery:

» Existence of a new particle with couplings according to .| ke
prediction from EWSB; : :

> First measurement of Higgs mass: 107 Lol bbb

my = 125.09 GeV & p = 88.45 GeV o 4 =0.13 <,
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The LHC: a (double) Higgs factory ?

/ LHC \
450 GeV
ALICE 450 GeV LHCb

SPS
TI8

ATLAS

T2

112

PS
LINAC 2 /4 26 GeV
—— 26GeV_

LEIR
LITJO/?](; 3

Run-1
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Run-3*
HL-LHC*

*estimated
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CMS
e 6.5/6.8 TeV

Located under the French-Swiss border, the Large Hadron Collider is the
final piece of a staged acceleration chain allowing high luminosity proton-
proton collisions.

With a 13 TeV center-of-mass energy, it has allowed the ATLAS and CMS

collaboration to record of (physics) data during the
phase of the LHC.
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The phase is now ongoing at an unprecedented energy of 13.6 TeV,
allowing to record of data so far.




Exploring alternative scenarios

The measurement of the Higgs potential is a key element to answer the nature of its mechanism.
The exact value of A can lead to very different shapes and could help us to understand better the type of transition that
occurred from the high temperatures to the current situation.

Equiprobable shapes of the
potential given our current
knowledge.

,,//\ |
LHC (Now)

Taken from Nathaniel Craig's talk
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https://indico.fnal.gov/event/56615/contributions/255033/attachments/162423/214683/Craig_Fermilab_MuonColliders.pdf

Exploring alternative scenarios

The measurement of the Higgs potential is answering the fundamental question of its nature.
Several other models can show a non zero vacuum expected value with a different second order contribution:

’

—m?H'H + \(H'H)? + %2 (H'H)3,  Elementary Higgs

pseudo Nambu-Goldstone boson emerging from strong
dynamics at a high scale

Coleman-Weinberg Higgs| EWSB is triggered by renormalization group (RG) running effects
Tadpole-induced Higgs |EWSB is triggered by the Higgs tadpole

minimal composite Higgs model/

composite twin Higgs model : SMEFT with 0,
different coupling to top quark | i

1907.02078
Beware of ecm Models
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https://arxiv.org/pdf/1907.02078.pdf

ATLAS-CONF-2024-XXX

NEW ATLAS results: HH ML

ATLAS Simulation Preliminary Vs =13 TeV, 140 fb! ATLAS Simulation Preliminary Vs =13 TeV, 140 fb!
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These plots show the signal HH event migration from the different final states to the analysis categories.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-XXX/

NEW ATLAS results:

HH ML

ATLAS-CONF-2024-005

Channel 4 Thad-vis Jets b-jets
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NEW ATLAS results: HH ML

ATLAS-CONF-2024-005

14

12

Events/2.5GeV

10}

Data/Bkg.

ATLAS Preliminary
Vs = 13 TeV, 140 fo
vy +2(,7

Signal region
Post-Fit

e 2

¢ Data i
== SM HH x 100
Single Higgs
I yy-continuum
7~ Uncertainty

i

Louis D'Eramo (LPCA) -

110 120 130

140 150 160

m,, [GeV]

Events/2.5GeV

Data/Bkg.

Events/2.5GeV

Data/Bkg.

ATLAS Preliminary

50f (s =13TeV, 140fb™
L yy +L

40f BDT Loose
| Post-Fit

¢ Data
= SM HH x 100 ]
Single Higgs
I yy-continuum
72-Uncertainty

120F T~~~ 1~ 1 — T T T T T T 3
. ATLAS Preliminary ¢ Data
100l {s = 13TeV, 140fb — SM HH x 100
Yy +T Single Higgs
BDT Loose I yy-continuum
80 Post-Fit 77 Uncertainty !
60 1

40

0
1.25
+A+r *yﬂ///yt/;*y-ﬁ// /4///,//4/ v+1//,//*//+// />+/ Sl N
0.75 * { *
0.5 ;

'

110 120

130

140 150 160
m,, [GeV]

24/03/2024 - DiHiggs searches (HH, XH) at ATLAS and CMS

Events/2.5GeV

Data/Bkg.

Events/2.5GeV

Data/Bkg.

20F  ATLAS Preliminary ¢ Data ]
18f Vs =13TeV, 140fb" —SMHHx100 ]
16:_ vy +1 Single Higgs ]
. BDT Medium I yy-continuum
14r  Post-Fit 722 Uncertainty 1
12F -
10F ]
8 ]
6}
4f
2
0
1.25¢
1 G
0.75}
05570 120 130 150 160
m,, [GeV]
18F ATLAS Preliminary ¢ Data ]
16k Vs = 13TeV, 140fb — SM HH x 100
F oYY +T Single Higgs
14r  BDT Medium I yy-continuum ]
{ol Post-Fit 22 Uncertainty
10f ]
8t -
; [ ] [ ] ]
6r ]
4t ¥ ) -
2
0 ANIAY /\
1.25 l
1 , //// / f O /,///]7/ ) /i/ b //////// ‘

05

120

130

140 150

160

m,, [GeV]

Events/2.5GeV

Data/Bkg.

Events/2.5GeV

Data/Bkg.

14—

16

12

12

10

1471

ATLAS Preliminary
\s = 13TeV, 140fb™

vy +1
BDT Tight J_
Post-Fit

¢ Data
= SM HH x 100 ]

Single Higgs
I yy-continuum .
772 Uncertainty

ATLAS Preliminary
(s = 13TeV, 140fb™

YY +T
BDT Tight

Post-Fit

ZOF X2V (2

[\
L7
140 150 160
m,, [GeV]
¢ Data ]
- SM HH x 100 ]
Single Higgs
I yy-continuum ]
72 Uncertainty

g
(IR XX]

1 40 150 160
m,, [GeV]



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-005/

An overview of EFT

The results can be further interpreted using Effective

Field Theories:

>

>

In the : the SM
Lagrangian is supplemented with a set of extra

operators, respecting gauge symmetries of the SM.

In the Higgs EFT (HEFT): is following the same

strategy, but recasting the operators to have a one-

to-one correspondance between operators and
effective interactions.
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The pure extra EFT operator effect
can be studied in the so-called
quadratic case (~ 1/A\%), while the
interaction with the SM is taken
into account in the linear one (~ 1/
A2). In all the results released, the
linear+quadratic terms are
considered.



http://dx.doi.org/10.1007/JHEP07(2023)095
https://doi.org/10.1007/JHEP03(2020)091
https://arxiv.org/abs/1507.02245
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.aps.org/doi/10.1103/PhysRevD.108.052003

NEW ATLAS results: VBF 4b

ATLAS-CONF-2024-003

» No significant excess observed, the tighter observed limits after 1.6 TeV are due to lack of data.
» Interpretations are provided in the narrow and broad (I'y = 0.2my) width approximation.
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Extrapolation to HL-LHC: BSM
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Extrapolation to HL-LHC: BSM

3000 fb™' (14 TeV)

B2G-23-002
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Extrapolation to HL-LHC: BSM
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Extrapolation to HL-LHC: BSM
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List of results CMS (full Run-2):

» Summary: https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryResultsHIG

» Combinaison: https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-22-001/index.html

HH:

» HH->4b (PRL 22) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
 VVBF Boosted search (PRL 23): https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html

* Superseeded by the combination result;
 VHH->4b (PAS) https://cds.cern.ch/record/2853338

vV v v v v Vv %
|
|

X->HH
> X->F
> X->F
> X->F

> X->H
X->SH
> X->S
> X->S
> X->S
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HH->bbtautau (PLB 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html

HH->bbyy (JHEP 21) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html

HH->ML (4W,2W?2taus, 4taus) (JHEP 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html
->WWyy (PAS) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/index.html

HH->bbWW(l+) (PAS) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html
HH->bbZZ(41) (JHEP 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-004/index.html

HH->yytt (CONF) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-012/index.html

->bbyy (submitted to JHEP) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-011/

->4b (PLB 22) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-004/index.html
->bbWW/bbtt (JHEP 2022) https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-007/index.html
->ML (JHEP 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html

->4b (boosted) (PLB 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
->bbtt (JHEP 21) https://link.springer.com/article/10.1007/JHEP11(2021)057
->bbyy (submitted to JHEP) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-011/
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List of results ATLAS (full Run-2):

Combination:

> Non resonant: (PLB 23) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
» Resonant: (Sub. PRL) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/

» EFT bbyy+bbtautau (Pub Note) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-019/

HH:
» HH->4b: (PRD 23) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
 Boosted VBF (CONF) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-003/
 VHH->4b (EPJC 23) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31
HH->bbtautau (Conf) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
HH->bbyy (JHEP 24) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10
HH->bbll (WW,ZZ tautau) (JHEP 24) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02/
HH->ML (CONF) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONENOTES/ATLAS-CONF-2024-005/
To be noted there are some partial Run-2 analysis not available with full Run-2

vV v v VY

X->HH

» X->HH->bbyy (PRD 22) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/

» X->HH->4b (PRD 22) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
 Resonant VBF (JHEP 20) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
 Boosted Resonant VBF (CONF) XXX

» X->HH->bbtautau (JHEP 23) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/

X->SH
» X->SH->bbyy (CONF) XXX
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