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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 ", one of the two free parameters of the SM theory:

o 014
5 - ATLAS Simulation Preliminary -
s 0.12_— e —
# Destructive interference between triangle g o (s=13Tev :
. . 2 0.1— = ': ..... "= ]
and diagrams makes the cross-section < i A :
tiny (1000x smaller than single Higgs);! A e, =5 E
# Coupling strength denoted as 006 1 .
Ky = Apn /A ! ooa- i :
e = # 11,4 shape very dependent on the k. 0.02- |
@00 200 e S0P el Joo &P ot= 300 400 500 600 700 800 :
muw[GeV] my,, [GeV]
And many more productlon modes to probe
;H_‘ Vector Boson Fusion (VBF) VBF — 1 72 fb T — | HH productlon at14TeV LHC at (N)LO i |n QCD |
1 ' ; B My=125 GeV, MSTW2008 (N)LO pdf (68%cl)
Second order contribution to total production, but direct
handle to vector boson coupling modibers and Ky
q q
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H ¥ Kz\// H %l
H H 15
q q L 1 1 1 1 1 ™

Louis D'Eramo (LPCA) - 24/03/2024 - DiHiggs searches (HH, XH) at ATLAS and CMS *aty/S 13 TeV




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 Pnal state
allows also to explore new topologies:

41—

":ﬁ Spin-0: for exemple predicted by fSpin-Z: for example predicted by a KaluzabKlein
completed by an Electroweak Singlet:! graviton in the context of the bulk Randall-
! Beware that ATLAS and CMS have di*'erent convention to Sundrum (RS) model of warped extra dimensions.
denote the extra scalar (S vs Y);

0 2000999999999 ~ H H
B H
) U S —— <
X ~
H
0 0000099990999 ~ H N y
g -
I & @ Most of the time, only the narrow
L . ® width approximation is used, neglecting
2 the interference with the SM production.
0 0900009099090 ~ H
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How to look for Higgs pairs?

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

BR(HH - XXYY) (gluons, ¢, muon not shown)

ol

bb WW 11 7
bb
:
zz

DFuII Run-2 analyses: A for ATLAS only

Combining the results Is necessary for observation.
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ﬁ |

ATLAS: Phys. Rev. D 108 (2023)!
+ ATLAS-CONF-2024-003 (VBF, boosted)! €= NE\/\/
+ Eur. Phys. J. C 83 (2023) 519 (VHH)
CMS: Nature 607 (2022)
+ CMS-PAS-B2G-21-001 (VBF, boosted)!
+ CMS-PAS-HIG-22-006 (VHH)

#
#

ATLAS: ATLAS-CONF-2023-071
CMS: Phys. Lett. B 842 (2023)

HH - bbyy
# H - bb: High BR!
#f H - yy: Good mass resolution

ATLAS: JHEP 01 (2024) 066
CMS: JHEP 03 (2021) 257

HH - bbVV and friends (with leptons)
#f Decent BR from H - VV!
# High number of leptonic and hadronic channels
ATLAS: JHEP 02 (2024) 037 (bb(ZZ/WW/1T), 2I+MET)!
+ ATL-CONF-2024-005 (bbZZ/4V/2V 21/4t/2y2V/2y21) <— N
CMS: JHEP 07 (2023) 095 (AW/WWTtt/4T1, $2I)!
+ JHEP 06 (2023) 130 (bbZZ, 4l)!
+ CMS-PAS-HIG-21-005 (bbWW, $1l)!
+ CMS-PAS-B2G-21-001 (YYWW)!
+ HIGG-22-012 (yy L 1) <+—NEW




How to look for Higgs pairs?

BSM Searches with Higgs pairs and friends are also ﬁ@

ﬁ |

ATLAS: Phys. Rev. D 105 (2022) (X->HH)!
+ JHEP 07 (2020) 108 (VBF X->HH)
BR((S/H)H - XXYY) (gluons, ¢, muon not shown) CMS: CMS-PAS-B2G-20-004 (X->HH, boosted)!

+ Phys. Lett. B 842 (2023) (X->SH)

covering a wide range of signatures:

bb WW 11 Y4

#
#

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)!

77 3.1i% 1.14% 0.334% + ATL-CONF-XXX (X->SH) ¢ \| E\/\/
CMS: Sub. to JHEP (X->SH and X->HH) Presented in
ATLAS
HH - bbVV and friends (with leptons) wildcard talk
# Decent BR fromH - VV!

# High number of leptonic and hadronic channels

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

+ JHEP 05 (2022) 005 (X->HH->bb(WW/TT))!
+ HIGG-22-012 (X->HH and X->HH) <+ NEW

EIFuII Run-2 analyses: C for CMS only
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Limits on HH production

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

later incorporates the theoretical uncertainties on the SM prediction.

The leading 3 channels (bbyy, bbtt, 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 SIM.

# ATLAS hasn't published a
combination with their latest
bbyy and bbtt 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 specibc VBF limits:

130
226"

96
225

94
124

* Only the resolved analysis is considered

ATLAS

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

—— Observed limit

Expected limit
(UHH =0 hypothesis)

[ Expected limit £10
[ Expected limit £20

Phys. Lett. B 843 (2023)

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

95% CL upper limit on HH signal strength upyy
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WW ##

Expected: 52
Observed: 97

bb WW
Expected: 18
Observed: 14

bbZZ $
Expected: 40
Observed: 32

Multilepton $
Expected: 19
Observed: 21

bb ## $

Expected: 5.5
Observed: 8.4

bb %% $
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
ll I I I LI

138 fb™ (13 TeV)
T T T T T Il

8. =& =1
8 = &y, = 1

LI l
—— Observed

CMS Summary

----- Median expected

B 689% expected
----- 95% expected

. | CMS-PAS-HIG-21-014

CMS-PAS-HIG-21-005

JHEP 03 (2021) 257

Acc. by PLB (2206.09401)

Nature 607 (2022) 60

Nature 607 (2022) 60

I

Acc. by JHEP (2206.10657)

Acc. by JHEP (2206.10268)

I

100

1000
95% CL limiton !(pp *" HH)/!

Theory




NEW ATLAS results: HH ML

For the prst time, ATLAS Is analysing data in with a holistic way considering all the H - WW, ZZ, 11 lepton decay modes, In
addition with H - yy. No b-jets are expected, except for the HH - bbZZ channel.

N

( Legend -
421 20+2T ML
channels

j yy+ML
YY+T yY+2(£,7) 2¢SC+T channels

Number of hadronic taus

N >
0 W+ '2{)30 [ 3¢ j[4f’+bb]
3 4 ]

0 1 2
Number of light leptons

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

Kinematic
cuts e
Kinematic

cuts

NN

N

anbden

ATLAS-CONF-2024-005

ATLAS Preliminary e Observed 3 1o
o Expected (uyy=0) 1 *20
Vs =13TeV, 1400 .. Expected (Upy = 1)
O-SQIZ]\AF+VBF(HH) = 327 fb Exp
e O0S: (HHR=0)
40 + bbf- de 40 36
3 e d 21 32
205CH ¢ 4 33 42
205C+1H Jd e 83 65
20 + 27 de 41 37
¢+ 21 . 44 45
Yy + 2, 1T)F C:i ° 53 41
Yy + 1L c:$ ® o1 30
YY + T (‘;’ ° 114 60
Combined ML~ d: 14 14
Combined yy + ML|- c:b ) 45 21
Combined|- © ® | | | 18 | 11
0 50 100 150 200

95% CL upper limit on HH signal strength Lyy

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).
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From CMS (no yy channel)

Combined
L <21.3(19.4 exp)

JHEP 07 (2023) 095




Interpretation in x framework: k,

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 - bbyyand HH - bbttresults; !
# CMS is showing on the same plot the

95% CL from cross section limit, and

the best bt value from likelihood with

1% error.
3 : | | | | l | | I I | | | | | | | | | | | | | | :
W= - A TL A S m— Observed limit (95% CL) v
— Expected limit (95% CL)
I B \/g- =13 _TeV, 126— 1_39 fb_1 o - (IJHH =0 hypothesis)
5 104 HH-bbT* T~ +bbyy+bbbb =3 Expected limit 1o -
= - [ Expected limit +20 ]
B Th icti §
T [ Exempleof ==l
“g , limits from XS
o 103
102 -
- bbt* T~ .
F bbbb A
i Combined j
1 01 L1 [ I R N B
-10 -5 0 o) 10 15
K

Phys. Lett. B 843 (2023)

O I | | | | | | | | I | | | | I | | | |
- ATLAS —— bbbb iy
| Vs=13TeV, 126—139 fb! — bbTtT~ |
8f HH 2 bbt T+ bbyy + bbbb — bbyy
- § Expected SM —— Combined |
= | Combined: .
6 68%: Kk, € [-0.8,6.3] —
95%: Kk, € [-2.1,7.8] |
A U U 95% —
2 —
_____________________________________________________ 68% __|

0—5 0 5 10 15

Ka

U I | | | | I | | | | I | | | | I | I_ _I |
- ATLAS —— bbbb i}
| Vs=13TeV, 126—139 fb-" — bbTtT™ |
8|~ Ll Lbt T + bbyy + bbbb — bbyy
- § Observed —— Combined |
= Combined: -
6 68%: K € [1.0,5.0] —

95%: K, € [-0.6, 6.6]
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(VHH) bb bb
#.=-25107
CMS-PAS-HIG-22-006

WW §$

_ +5.5
#.=14.87°

CMS-PAS-HIG-21-014

bb WW

_ +5.3
#.= 4.2
CMS-PAS-HIG-21-005

bb ZZ %

_ +5.6
#.=2.30;

Acc. by JHEP (2206.10657)

Multilepton %
_ +5.2
#.=237
Acc. by JHEP (2206.10268)

bb bb %

_ +9.9
#.=-0.2

Nature 607 (2022) 60

bb $$ %

_ +2.8
#.=3.67,
JHEP 03 (2021) 257

bb && %

— +2.5
#.=-0.27
Acc. by PLB (2206.09401)

Comb. of %
#.=1.77°
Nature 607 (2022) 60

From
XS limit

CMS Summary

CMS Preliminary

138 fb™* (13 TeV)

#,=1
#,=1
#,, =1

Excluded at 95% CL
7/, Observed

N\ Expected

—e— Best fit value
—— SM prediction

X
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From likelihood
result with 1% error




NEW CMS results: HH ¥ yytt

Despite the very low branching ratio, this channel benebt
from the very good di-photon mass resolution and the clean
lepton decay from taus.

Thus these type of
search are exploiting
the yy mass as a

Ny ottt discriminant variable.
and All the processes are
di-Higgs b parametrised with
contributions functional forms.

[T

Yy

The selection is performed in 2 phases:!

# Finding 2 good photons and a di-tau candidate (from
leptons and hadronic taus);!

# A BDT is used to further reject backgrounds: 2 categories
are debPned to maximise the XS expected limit.

Cat 0]
2 good y
did e d BDT
77 candidate
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CMS-HIGG-22-012

The result Is interpreted in terms of limit on the Cross section,
with an observed (expected) limit of 33 (26) times the SM.!

The observed (expected) constraint on K, rejects values outside
of the intervalg[""12, 17] ([""9.4, 15]).

138 fb™* (13 TeV)

[r— | | | | | | | | |

Ie)

— 105} 95% CL upper I|m|ts |

T - CMS —— Theory prediction — Observed :

T Preliminary SM predict ]
A * prediction ---- Median expected |
8_ B 68% expected

B 10%F 95% expected |

101 — | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | —
-15 -10 -5 0 S) 10 15 20




Interpretation In x framework: k.

The k,, parameter is well constrained by
the HH - bbbb boosted analysis from

CMS, excluding k,,, = 0, with a

signibcance of 6.3 standard deviations.

Phys. Rev. Lett. 131 (2023)
2.5

138 fb' (13 TeV

>
N
~

Both collaborations have also

published other 2-D plots, including

the limit with «, .

—_
- —]
 —
—
—
—

10

-2 1In A

1V

-2 In A

Phys. Lett. B 843 (2023)

| | | | I | | | | I | | | | I | | | | I | | | | I _I _I | |
I ATLAS — bbbb ]
| Vs=13TeV, 126—139 fb! —— bbTtT™ |
. HH—bbT* T~ + bbyy + bbbb —— bbyy —
- Expected SM —— Combined |
B Combined: |
68%: Koy € [0.3,1.7] —
] 95%: K5y € [0.0,2.1] )
N U A 95%/—
N\ o YA 68% __
] | | | | I | | | | — o | | | I | | | | |
2 —1 0 1 2 3 4
Koy

| | | | I | | | | I | | | | I | | | | I | | | | I _I _I | |
I ATLAS —— bbbb ]
| Vs=13TeV, 126—139 fb-! —— bbT*tT™ |
_ HH-bbt* T~ + bbyy+ bbbb — bbyy
= Combined: -
B 68%: Koy € [04, 1 7] -
] 95%: Koy € [0.1,2.0] |
NN/ 95%
S 68% __
| | | | I | | | | |
2 3 4
Koy
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(VHH) bb bb
"y =9.97% #[-10.5, -6.5]
CMS-PAS-HIG-22-006

bb WW

CMS-PAS-HIG-21-005

Multilepton $
Yo = 3'5:31.'12

Acc. by JHEP (2206.10268)
bb %% $

[T +0.8
v 2':I'-2.8

JHEP 03 (2021) 257

bb && $
oy =113

Acc. by PLB (2206.09401)

bb bb $
Yo T 1-51?,'42

Nature 607 (2022) 60
Comb. of $

" _ +0.2
AV 1'0-0.2

Nature 607 (2022) 60

CMS Summary

CMS Preliminar

1 1 1 I 1 1 1 1 I 1 1 1 1
. =1 Excluded at 95% CL

“.=1 77/ Observed
“v=1 QX Expected

138 fb™* (13 TeV)
I I I I I I I

—e— Best fit value
—— SM prediction




NEW ATLAS resulits: VBF 4b

This new analysis Is focussing on VBF production of

HH -
decay
radius

products are reconstructed in single large

jets, using dedicated X - bb tagger.!

bbb in the boosted regime where the Higgs

The analysis is also combined with the previous non-
resonant analysis, using resolved topology (Phys.
Rev. D 108 (2023)).

n B S 5 e e
E; - A‘IlLAS| Prelliminalry | |¢ Dellta | | 7
W 44— {s=13TeV, 140 fb" — 500 x SMggF
_ VBF HH bbbb — 1000 x SM VBF -
1o SR — x,, =0 VBF _]
lt USes a -~ Post-Fit Background i
combination of 10 77 Uncertainty

. . - o ®
Kinematic cuts on oL 7 i
the reconstructed - .
] 6 —
Higgses masses i 7 1
and a BDT trained 47,7 » i
to select events o Wf/ i
Wlth KZV:O o 0!!!!:!!!!,!!!!!!!!!!!!!!!!!!.!!!!!!!!!!,!!!!,!!!C
m 150 E
g )f” ////f A 555

) 0.5
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O 01 0.2 03 04 05 06 0.7 08 09 1
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ATLAS-CONF-2024-003

# The constraints on k,, are greatly improved, with an exclusion
of K,, = 0 with a observed (expected) signiPcance of 3.4¢ (2.90).!

# No signibcant gain is observed on the XS limit or «,.

~< 2 5 ettt

< ATLAS Preliminary —— 68%CL
vVs=13TeV,140fb! — = 95%CL

VBF HH bbbb Y SM prediction
Observed oh  Best fit combination

— Combination
-—  Boosted
— Resolved

20—

15

10

T

@)

0)]

/7 _~- I
/

|

-
z’,
_
/
/
/

||||||}/||||||||||||||||||||||

B / ‘\

| \
i U e \ \_____':
0.00 1.50 1.75 2.00

o
<



0 2909099999090~ ) H g ) H
| |
A - <
Limits on BSM X ¥ HH .
[ 0 9090999990990~ ) H g \ H
arXiv:2311.15956 (Sub. to: Phys. Rev. Lett.) 138 fb (13 TeV)

The di"erent searches are often
complementary for di*erent mass
ranges. They are presented in a model
agnostic way and often reinterpreted In
the 2HDM and MSSM models.!

# ATLAS also found a small excess with
combined local (global) signipPcance of

3.20(2.10)atl.1TeV.!

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

arXiv:2311.15956 (Sub. to: Phys. Rev. Lett.)

% I 1T 1T 1 I | I | | | | I 1T 1T T T T T T I | I I
< 10°F . =
> 0o -
a - N A NN TN e e ]
= -
S r10_ o\ ]
— 107 3
102 =
(30 N
10_35_ _E
- ATLAS —=— bbbb 5
= — o — -
L VS =13TeV, 126-139 fb-! A= bbt'T .
104 Spin-0 bbyy =
= —e— (Combined 3
A O T
I L1 1 1 I | I | | | | I I I N A O | I | I I
200 300 500 1000 2000 3000 5000
my [GeV]

§ - L I | I | | | | I T T T T T T T I | I I i
= 105 ATLAS _
? E Vs =13 TeV, 126-139 fo-1 —e— Observed limit (95°/o CL) E
> B Spin-0 ---- Expected limit (95% CL) i
B 104k [0 Expected limit +10 —
- [ Expected limit +20 ]
10° =
102 =
101 R . < 7o =
10° —e— Combined > =
- L1 1 | I ] I ] ] ] ] I I [ [ I I ] I I .
200 300 500 1000 2000 3000 5000
my [GeV]
Phys. Rev. D 105 (2022)
E! | | | | | | | | | | |
=. 1055— 6\ILAS L Observed limit (95% CL) A
I Sp";_zlg’ TeV, 12613910 ___ gy hected limit (95% CL)
L [ Expected limit +10 '
* ¥ 104 2 .. E
0) Expected limit + 20
CTL Resolved expected limit
o
T 103F Boosted expected limit
S RS Graviton, k/Mp =1
102¢
10?
10° 3

3000
m(G QK) [GeV]

250 500 1000 2000
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5000

~
-----

-o— HH Combination
—o— HH # 4W/4&/12W268& # % 2|
HH # bb,WW H % 1l (resolved)

—— HH # bb,WW #£ % 1| (merged-jet) |

—e— HH #£ bb, &&
HH # bb,"*
—— HH # bb,bb (merged-jet)

Narrow Width Approximation

95% CL upper limit on $ (pp # X # HH) [pb]

10'% -
3L NS, T TN _
10 Spin 0, ggF production
' Observed ~  TPe&...-
' i Expected
10- 3 | | | | | | | | | | | | I_
310"t 1 2 3 4 56
m, [TeV]
138 th™* (13 TeV)
B | | | | | | | | | | | | |
10 CMS e~ HH Combination N

NEW

~
-~
Y

95% CL upper limit on $ (pp # G # HH) [pb]

== HH # 4AW/48/12W28& # % 2|
HH # bb,WW #£ % 1l (resolved)
—o— HH #£ bb,WW #t % 1| (merged-jet)
HH # bb," *

1 O! 1L \’w\ ........ Narrow Width Approximation _
10!2 |
13 . .

10°" F spin 2, ggF production

Observed

Expected
10!4 | | | |

n !
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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 signibcant 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 k.,

result, a parametrised BDT Is trained on 13 di"erent

Expected + 26

[ Illllll

resonant mass hypothesis. ! 10—
O — ]
b —  ATLAS Preliminary —— Observed limit N
This supplement the previous resonant analysis, using I " Vs=13TeV, 140 o™ ——- Expected limit ’
I | VBF HH bbbb Expected limit +20 |
resolved topology (JHEP 07 (2020) 108). T Narrow width s Expected limit £10
X - _
o) AN RN LR AR TR RN LERY EREEN LEET &
;.;;105;_ ATLAS | — Observed limit (95% CL) b> 101 - =
T [ \s=13TeV,126fb .--- Expected limit (95% CL) - C =
1T F  HH-bbbb O
10 .Expected+1c +
A = Spin-0 narrow resonance -
P -
E S
b>
>
LO
@)

T
I IIII|

\

I IIIIII|

1 llllllll | lJllllJI | llllllll | llllllll | llllllll 1 |

|||||||| Lovoav bov v b v v s v v Ty I 11T 1 OOb - 115'010 - 210'010 B 215'06 B :SIOIOIO B :315IOI() - 41'000 4500 5000
200300 400 500 600 700 800 900 1000
m, [GeV] myx [GeV]
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NEW CMS results: X T HH Y yyrt

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 Rat 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 signibcant excesses beyond 1.7 0 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.

-1
138 fbo-! (13 TeV) 138 fb™~ (13 TeV)

r— I I | I I I I I I I I I I I I I I I I I I | | |
El I I | I I I I I I I I I I I I I I I I I I I I | | | é 0 . .
= 95% CL upper limits —~ CMS - 95% CL upper limits
— CMS T 114 g Bulk KK Graviton  _, = 5pserved
T 10°t Preliminary =~ — BulkRadion —— Observed g T 0 Preliminary  — g - k
T i (Ar=2 TeV) _—~ Median expected ] A i PL --- Median expected
; Bl 68% expected S W 68% expected
m 95% expected 2 95% expected
< T =
0 T
Q.
Q Z
S ©
108} | 10°- -
21 —
102 [ | | | | | | | | __ 10 [ l | l l l l | l l l l | l l l l | l l l l | L L L L | L L L L | L L L | L i
300 400 500 600 700 800 900 1000 300 400 >00 600 700 800 900 1000
my [GeV] my [GeV]

Louis D'Eramo (LPCA) - 24/03/2024 - DIHIggs searches (HH, XH) at AILAS and CMS



0 0090900999999~ S/Y |

Summary of BSM (S/Y)H x

Y

|

|

|

|

1
A

CMS has been conducting X ¥ HY B2G-23-002 351 (13 Tev) B2G-23-002 138 fb™ (13 TeV)

searches for the main 3 channels, S e T T T T T T oad SR L L L B
with no signibPcant excess. The = | cMs Observed :ﬂég)’?(b‘;‘)’mb'”a“c’” ) - CMS Observed —+-HY(bb) Combination
highest excess local (global) - .| Preliminary Expected H(®%%)Y (bb) ] 1028 | Preliminary Expected :ﬂﬁﬁ?ﬁ?bbg) mergede)
Si nibcance fOI’ (m m ) | ->_ 10 Narrow Width Approx. —— H(bb)Y(bb) (merged-jet) — Narrow Width Approx. —
i - _ - Assumes SM H BF .

g X (S/Y) . € . — Assumes SM H BF - - 1023 i  M=1200 GeV (x 10%) i

# bbbb: 3.1 v (0.7 v) at (1.6 TeV, T 10 * v 400 GV 10 NEW NEW >
90 Gev): x 10" - 107 } m,=1400 GeV (x 10%) i

# bbyy: 3.8 v (2.8 ) at (650 GeV, ) i . -
90 GeV).! 10" ) 107 i

. '+ M,=1600 GeV (x 10 -

A
o
©
=
o
=
N

The limits are then reinterpreted In
terms of NMSSM.

95% CL upper limiton #(pp """ X ""HY, Y "" bb) [fb]

95% CL upper limit on #(pp " "

| i 104tk ¥ M,=1800 GeV (x 10°) -
_CMs = 138fb'(13TeV), | 100} E g
%.) 800 - Limits below theoretical cross section " ; O ‘*'g. - i R
(5 700 F | N 108 F Sooon_ . - .
600 NMSSM N - i 10°} - B ,M=2000 GeV (x 10Y)
500 F l = 1 B TTCOTPR _
400 21 10°F ]
I l  EXx 10° - - -
“ =T _ 0y |
. 10_15 R ) e 'y M,=3000 GeV (x 10°) -
— ' 10°F -
o7 10 - 7 — -
200 - I \ ® o B |
o RS- ~ 7] 11 a ]
| ) 10°°F =
- S O
Hig st (L ?S 10!1 IIII| | | IIIII| | I I I IIII| | | IIIIII| | | IIIIII| I [ |
signibcanc xe 102 1 03 102 103 10?
100~ 11 = 20
| ] ., . . m,, [GeV
400 500 600 700 1000 10 v [GeV] m, [GeV]
Sub. to J. High Enerqgy Phys. m, [GeV]

CMS produced new extrapolation
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NEW CMS results: X T YH ¥ yyrr

0 0909999999999~ 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 zt:!
A X< # Given the di"erent 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.

0 0009009900990 ~ ) H
No signibcant excess is observed. The highest excess local (global) signipcance for (M, m(S/Y)):!
# Y(TT)/H(Yy): 2.6 v (2.2 0) at (320 GeV, 60 GeV);!

# Y(yy)/H(t1), low mass: 3.4 u (0.1 0) at (525 GeV, 115 GeV);!
# Y(yy)/H(tT1), high mass: 3.2 u (0.3 u) at (462 GeV, 161 GeV).

CMS Preliminary 138 fb~1 (13 TeV) CMS Preliminary 132 fb™t (13 TeV) 200 CMS Preliminary 138 fb~1 (13 TeV)
| . L e [t — ) i ] e . ik s [ttt —
% 800 1100 =, Limit below maximally = % I =2,
<) - g
O, = allowed in NMSSM |ies 9 N
> S > >700} >
£ 700[- > o E L T
: 1 > - Z
oo T (TO/H(YY) s Y(yy)/H(tT) I o Y(YV)/H(T) i
* Y my < 125 GeV g - my =125 GeV >
5001 ol < 5001 Y
i < A A
400} ! Q i o
i ) S 4001 5
i \6 c (-
3001 c S : = S
i g I= 300} I=
2001 E 100 -
- ] @) I = @)
O 9 200 & % 9
100 e > - 2

300 400 500 600 700 800 900 1000 @ 300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
mx [GeV] my [GeV] My [GeV]
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Summary: New results

ATLAS-CONF-2024-005

+ New combination
ATLAS Preliminary '+ Obsenc w0 FIrst g|oba| of resonant results

Expected (uyy=0) 1 +20
Vs=13TeV, 140" . Expected (Upy = 1)

_&2,| Searchinthe fr CMS-HIGG-22-012
RS multi-lepton _ _ _
il channels with First dedicated yyrr search with an

20+ 27T

combined observed (expected) limit of 33 (26) times

Ceer Mee observed the SM.
5L CMé - | ‘9‘5% CL upperlimitsE

Yy + T .
contwestt [ (expected) limit T
e - reiminary G o e The observed

Combined yy + MLI-
Il 68% expected

consne: of 18 (11). e | (€XpPECted) constraint

on K, rejects values

outside of the
intervalé[)12, 17]
([)9.4, 15]).

CMS Preliminary 138 fb™ (13 TeV)
[ [ [ [ [

No signibcant *
excess found In:! %
# XY HH Y yyzz;!

# X ¥ (S/Y)H ¥ yyzz;!
# X TH(S/Y) ! yyrr;

138 fb™! (13 TeV)
T N T T T T N T T T T

A
o

o(pp ~ HH) [fb]

=y

o

S
TTT

o
1. ATLAS-CONF-2024-003 EXPERIMENT

Exclusion of k,,, = 0 with a
observed (expected)
signibpcance of 3.4¢ (2.90).

ATLAS Preliminary —— Observed limit
Vs =13 TeV, 140 fo --- Expected limit
VBF HH bbbb Expected limit +20

Narrow width I Expected limit +10

25— — -
- ATLASPreliminary = —— 68%CL —— Combination ]|
o0k Vs =13 TeV, 140 fb~! — - 95%CL —— Boosted

" VBF HH bbbb % SM prediction —— Resolved |
 Observed ogh Best fit combination

<

151

95% CL Limit on aygr(X—HH) [fb]
T ||
L1 I|

1000 1500 2000 2500 3000 3500 4000 4500 5000
my [GeV]

. ' No signibcant excess in resonant

\

0.00 025 050 075 100 125 150 175 200 VBF SearCh-

Koy

95% CL limit on a(pp — X)B(X » YH - yyTT) [fb]

300 400 500 600 700 800 900 1000
my [GeV]
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Why searching for di- nggs ?

The full expression of the Higgs potential is encoded with
parameters p and A as:

V($'d) = —u’d'd + Mo ')

When linearising the Higgs peld after the EWSB around # Direct access to A through Higgs pair creation:!
the vacuum expected value v one gets:

#f Coupling strength denoted as K, = Ay /Agy!

V(H) Eﬂz H2[+[w H3 #f At tree level: production of pair of Higgs bosons ¥ strong
[ e“ecton XS.!
1m2 ## At loop level: e"ect on the single Higgs cross-section and
deviations in kinematics.
Where the potential parameters are linked by :! . ] g
g 10T T o
A= =22 6 il s f L
My 1025_ Owh  ~OuH Z 3 .
- E — 0 (0090090099999 ~ H

tf The brst piece of information came from the Higgs boson
discovery:! :
# Existence of a new particle with couplings according to (ol
prediction from EWSB;! ; :

# First measurement of Higgs mass:! D TNV TOTINE ) A TR TV T

20 -15 -10 -5 0 3) 10 15 20
my = 125.09 GeV & | = 88.45 GeV & A = (.13
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The LHC: a (double) Higgs factory ?
+—SMS—+ _ocated under the French-Swiss border, the Large Hadron Collider is the

/LHC \ bnal piece of a staged acceleration chain allowing high luminosity proton-
-

oroton collisions.!
ALICE 450 GeV LHCb

m . With a 13 TeV center-of-mass energy, it has allowed the ATLAS and CMS
ATLAS collaboration to record of (physics) data during the

phase of the LHC.

i i ¥

ROOSTER
BOOSITER

o | 1.4 GeV 160 { ————rdf F——— /
"y B "7'_@‘160__ | | | | | - —~ CMS B LHC Delivered: 163.55 fbi !
: a — ATLAS _ — 140 71 CMS Recorded: 150.78 fbi!
2140 Preliminary s =13Tev S
PS %‘ :_ Y _ 1 a ; 120
26 GeV 2 120 [ LHC Delivered ecorded: 149 57 _ '§
50 |\/|eV LEIR g - DATLAS Recorded ~"Tysics: 14017 i g 100
UE;}& . ;100:_ DGood for Physics _: = 80
2 ank . e I
< 80F = 2
> ] S 60|
() — _
£ 60f . g
— - ]2 C 40
S 40 E k=
g 40F -
Run'l 20:_ _:éf lg 20 |
0—— ST — ° o <:>M€-:’/ [6 6 no el/ //1. T At 1|’/ f B n®
RuUN-2 3o 2 300 P00 00 M a8 0 W geR 08 ot WV R0 08 N O geR T W geR
3 Month in Year Date
Run-3*
The hase IS nhow ongoing at an unprecedented energy of 13.6 TeV,
HL-LHC* .
allowing to record of data so far.
*estimated
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Exploring alternative scenarios

The measurement of the Higgs potential is a key element to answer the nature of its mechanism.!
The exact value of " can lead to very di"erent 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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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 di*erent second order contribution:

(—m2HTH + A(HTH)2 + €2 (H'H)3,  Elementary Higgs

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

by renormalization group (RG) running e " ects

by the Higgs tadpole

Landau-Ginzburg Higgs Nambu-Goldstone Higgs Coleman-Weinberg Higgs Tadpole-Induced Higgs

minimal composite Higgs model/

composite twin Higgs model : SMEFT with O,
di"erent coupling to top quark | i

1907.02078
Beware of ecm Models
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ATLAS-CONF-2024-XXX

NEW ATLAS results: HH ML

ATLAS Simulation Preliminary Vs = 13 TeV, 140 b ATLAS Simulation Preliminary Vs = 13 TeV, 140 fb"

3.01

N
o

g
o
1

—_
o
1

0.2

Number of SM HH events passing preselection
o

o
—

o
(6]
Number of SM HH events passing preselection requirements

0.0 22t}

HH decay mode Analysis channel HH decay mode Analysis channel

o
o

These plots show the signal HH event migration from the di"erent Pnal states to the analysis categories.
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ATLAS-CONF-2024-005

NEW ATLAS results: HH ML

Channel [] Thad-vis Jets b-jets T S e A @ [ w
§ 40: ATLAS Preliminary ¢ Data § 60k ATLAS Preliminary ¢ Data ] § 700 ATLAS Preliminary ¢ Data
4[+bb 4 EGB) N, =0 |\Ijet 22 1< Nb-jet <3 W ggf Vs=13TeV, 140 fbo = SM HH x 100 L Is =13 TeV, 140 fb” —SM HH x 100 L 600k Is = 13TeV, 140 fb™* — SM HH x 100
Y R I Top quark(s) al Diboson 28SC Diboson
pT( @ > 20 GeV 30F Signal Region Diboson ] 501 Signal region I Non-prompt e/u | 500l Signal region B Non-prompt e/p
pT( @ > 15 GeV 255 Post-Fit Single Higgs “ol Post-fit Single Higgs Post-fit Q mis-ID
] Other ] Other ] 3 Other
pT(@ >10GeV 20' 7~ Uncertainty ] //%// 72 Uncertainty 400 /%W 77 Uncertainty
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2 SFOC pall‘S 15 ] ook // 2 ] ook '///9//////‘//
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10 ' 100 .
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Moy > 12 GeV 151 Single Higgs | 40 7~ Uncertainty 7 Uncertainty
€t | h 2 1
: 7/ Saczrrtainty //////// ////% 500 (i i
+ = g > = 7 ’ 30¢
2ISCHT | 200T). pr > 20 GeV, SC N =l N2 Npju =0 i o
I 7 20
55 pTOC tO I:I 5-_ /////////// ///// 100 9999y 999977,
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23T 2[(L), OC N, =2, OC - Np-jet = O Lo . L0 . Lo
£ 125 - & 125} o 1.25f , ]
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NEW ATLAS results: HH ML

ATLAS-CONF-2024-005
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An overview of EFT

The results can be further interpreted using E " ective

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

g .H
JHEP 01 (2024) 066
.. £ "'I"I"'I"'I"'I"__
’ " Ug < ATLAS —— Observed 68% CL E
The constraints are often set in o T2 = EpenedtiGL
terms of coefpcients but several 12 HEFT 77 Seedeassnol -

sets of benchmark models are also 0.8

¢ SM prediction

IIIIIIIIIIIIlIIIlIIIIIIIIlIIIIlIIII

o e i available (be careful though since o4
strategy, but recaztlng t be operators to have adone— the debnitions might have changed o =
to.-on_e correspondance etween operators an between papers). o E
e "ective interactions. :
: I . " -0.8 B
1 (8) régl o 1.2 -
LSMEFT : LSM + _2 \i___l A "’H"' ‘\ _8 | | | —|4 | | | (I) | | | 4I. | | | é | | | 1|2 | |
N . M " Chin
Phys. Rev. D 108 (2023) Crel Chh’h
2 10 PMS HH — Multilepton 138 fb-1 (13 TeV_) & 2-5‘I‘ ATLLQS | —IObserved Llimit(95%CLl) m A e \
= E =®= Observed = = Median expected - ool Vs=13Tev,126f0" = Expected LIN(ES%O, | ’ "
ol — - : cHo=0.0, c=0.0, crg=0.0 Expected Limit +10 .
% - \t])HEI; 04 k B 65% expected | 95% expected ;HEF; 03 k . ) e = The pure extra EFT operator e"ect
encnmarks i encnmarks 1 S * . . . .
T r | | - S Pred can be studied in the so-called
£ 4L il | quadratic case (~ 1/*4), while the
= § 05T - interaction with the SM is taken
& . . i . 0.0~ - Into account in the linear one (~ 1/
3 | . LEET | | | 05 - *2), In all the results released, the
o 107" = — - -
§ e T B 1ol | linear+quadratic terms are
1 2 3 4 5 6 7 8 9 1011128 1 2 3 4 5 6 7 SM "
. considered.
JHEP 07 (2023) 095 Benchmark scenario ‘1'5—10 —éo —éo —1|o (l) 1|o 2|o 3|o
CH
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NEW ATLAS results: VBF 4b

ATLAS-CONF-2024-003

# No signibcant 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.

r— 1 02 R e e e e e B D e D L L L L L DL | s | 1 03 — ! ettt ettt —
fo - - e = E
= —  ATLAS Preliminary —— Observed limit N = - ATLAS Preliminary —— Observed limit -
T ~ Vs=13TeV, 140 fo™ -—- Expected limit ) T . .[ Vs=13TeV, 140 o" ——- Expected limit -
T " VBF HH bbbb Expected limit +20 | T 10°E VBF HH bbbb Expected limit +20 =
T Narrow width B Expected limit +10 T - Composite Higgs model (Tx=0.2mx)  mmmm Expected limit +10 =
5 B i >\<, B —— Theory Prediction 7
LL L 101 = =
> 10" - = = =
s T 5 S :
c S5 100 =
E E F -
—1 — -1 _
O O ~ =
0 10— — 2 — -
I - o 102 =
o B m O — -
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Extrapolation to HL-LHC: BSM

B2G-23-002
138 fb™ (13 TeV)

E‘ i | | | | | | | | | | | | | | - .

S 1oL CMS Preliminary s HH Combination . Beware that the axis have di"erent

T : —~ HH#AWag2W2e #5h 2l units, the plots are aligned to allow

1 L HH # bb,WW #£ % 11 (resolved) - . 3 _
3000 fb™ (14 TeV) Ry —— HH #£ bb,WW ## % 1| (mergedet) | comparisons (10 pb = 1 fb).!
§ 103 u | | | T | | ] Y bb —
— CMS Projection -o- HH Combination > :: Z bb’.gi& . : ..
T | - 22 b iy ' : For instance the limit expected at 1
I Prellmlnary A o —e— HH #£ bb,bb (merged-jet) . .
% 102k ~— HH # bb 8 | o arrow Wit Aoproximatio TeV Is the one expected at ~1.5
e - PR —o— HH #£ bb,bb (merged-jet) & Tev Curre ntl
:lt ’\ Narrow Width Approximation CC) y
S 10k - E 10'2E _
Y - NEW, =
s | HL-LHC T R \ i O
E 1 ST I .
= | E Spin 0, ggF production : - :
g)_ O ! Observed PR -
=) o i 1 N y I Expected |
c_)| 10° E_ _§ g 107" | RN | | | N
S Spin 0, ggF production 3"10! 1 1 2 3 4 5 6
R | [ oyemescssreme R my [TeV]
210" 1 2 3 4
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Extrapolation to HL-LHC: BSM

; B2G-23-002
3000 fbt (14 TeV) . . .
o) 3 _I I L I O |_ TWO scenarios are ConS|dered
= 10°F CMS Projection pp & X 1 HH ¥ bb ! ## S1 (conservative): All the systematic uncertainties are assumed to
T ' Preliminary - Statistical only I remain the same as in Run 2. Furthermore, progress in the theory
- =1 scenario j calculations Is expected to reduce the uncertainties in the predictions.!
fl ¥ 52 scenarlo _ f S2: The theory uncertainties are halved, while the experimental
o ranow Widh Approximaton uncertainties are set according to the recommendations.!
= 10%F NEW E The only channel that is senstive to the di*erent scenarios is the bbzz
S channel, the other ones being statistically dominated.
[=
= (13-14 TeV)
q) '__'16III|IIII|IIII|IIII|IIII|IIII|
Q. e - -
=1 %) - CMS Projection  Preliminary
CI) 10 |- © 141 pp — X — HH (m_=1TeV) 7
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Extrapolation to HL-LHC: BSM
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Extrapolation to HL-LHC: BSM
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B2G-23-002

Same axis and scale factors for
the same mass points between
Run-2 and prospects at HL-LHC.!

Only the expected limits are to be
compared.




List of results CMS (full Run-2):

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

# Combi

HH:!

#t HH->4
( VB

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

0 (PRL 22) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html !
- Boosted search (PRL 23): https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html !

( Su

nerseeded by the combination result;!

| __>b
| __>b

HH!

XX XXV

X T X T
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V V V
nNnmw:
|

=
o

Louis D'Eramo (LPCA) - 24/03/2024 - DiHiggs searches (HH, XH) at ATLAS and CMS

H->4b (PAS) https://cds.cern.ch/record/2853338!
otautau (PLB 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-010/index.html!
oyy (JHEP 21) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html !

HH->ML (4W,2W2taus, 4taus) (JHEP 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html !
HH->WWyy (PAS) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-014/index.html !

bWW(l+) (PAS) https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-21-005/index.html !
bZZ(4l) (JHEP 23) https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-004/index.html !

->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 !

->4Db (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/




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/CONENOTES/ATLAS-CONF-2024-003/!
( VHH->4b (EPJC 23) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-31 !

H->bbtautau (Conf) https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONENOTES/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/ !

0 be noted there are some partial Run-2 analysis not available with full Run-2 !

— ===

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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