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T'he Higgs potential

* The least explored part of the Standard Model!

i

* The Higgs sector 1s sensitive to new physics BSM

* Cosmological consequences:
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Double Higgs production at the LHG (SM)

* At the LHC dominant production mechanism for
SM double Higgs production 1s gluon fusion (ggf)

* Other productions such as VBF and VHH also

possible; o 1s much smaller

0'( N)LO [fb]

* The “box” and “triangle” diagrams interact
destructively

* SM cross-section very small !!
(~1000 times smaller than single Higgs production)

I I I I I
HH production at 14 TeV LHC at (N)LO in QCD
M,;=125 GeV, MSTW2008 (N)LO pdf (68%cl)

MadGraph5 aMC@NLO
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HH decays:

bbbb:

the highest branching
fraction, large multijet
background

bbWW((bbVV):

Second largest branching
fraction

Large background. Final
states with at least one lepton
cleaner.

Multilepton(WW*WW3*,
WW#*tt, and Tttt ):
Many different signatures,

clean leptonic final states, no
b-tagging needed
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Most sensitive

bbtt:

relatively large branching
fraction, cleaner final state

bbyy:
very small branching
fraction, clean signal

extraction due to the narrow
h — yy mass peak

WWyy:
Clean yy peak, leptonic final
states or jets

TTYY:
best of Tt and yy. Small BR



Higgs pair production cross-section

CMS Preliminary 138 b (13 TeV) .
K, =K = Ky = Kpy = 1 | CMS Preliminary 138 fb™' (13 TeV)
—e— Observed == 68% expected ]K =K. =K =' Koo =1 ' '
------ Median expected :---:: 95% expected A (t)bsevrved 2v 68% expected
W*Wyy B I —— : LTS )
Obs. (Exp.): 95 (54) | -« Median expected ------ 95% expected

. Multilepton

bbzz, 4l
Obs. (Exp.): 343 (463)

Obs. (Exp.): 33 (41)
[ bBW*W

Obs. (Exp.): 31 (26)

Obs. (Exp.): 272 (289)

Multilepton B

Obs. (Exp.): 22 (20) bbbb B

bBW* W’ — — Obs. (Exp.): 226 (274)

Obs. (Exp.): 16 (18) — -
- - - bbyy

bbyy Obs. (Exp.): 225 (208)

Obs. (Exp.): 8.4 (5.6)

bBT""IZ. B | bBt+T-

Obs. (Exp.): 3.4 (5.3) Obs. (Exp.): 126 (154)

bbbb B N '

Obs. (Exp.): 7.5 (4.3) gtgr?beLn)egg (91)

Combined L1 1 1 IIllIII L L 1 L IIIIIII

Obs. (Exp.): 3.5 (2.5)

1 10 100 1000
= T T 95% CL limit on o(pp —»quH)/oTheory

95% CL limit on o(pp — HH) / oTheory HIG-20-011
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Higgs pair production cross-section

W*Wyy
Obs. (Exp.): 95 (54)

bbzz, 4
Obs. (Exp.): 33 (41)

YT
Obs. (Exp.): 31 (26)

Multilepton
Obs. (Exp.): 22 (20)

bbW*'W’

Obs. (Exp.): 16 (18)
bbyy

Obs. (Exp.): 8.4 (5.6)

bbr*t

Obs. (Exp.): 3.4 (5.3)
bbbb

Obs. (Exp.): 7.5 (4.3)

Combined
Obs. (Exp.): 3.5 (2.5)

HIG-20-011
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CMS Preliminary
||<x=1<t=1<v=|<2v=l1
—e— Observed
Median expected

138 o (13 TeV)

= 68% expected
95% expected

|

L I Ll
1 10 100

95% CL limit on o(pp — HH) / O heory

—e— QObserved limit (95% CL)
ATLAS Expected limit (95% CL)
Vs =13 TeV, 126—140 fb~! (MHH =0 hypothesis)
[ Expected limit £10
M HH)=32.8 f
Ogar +ver(HH) =32.8 o 1 Expected limit +20
Obs. Exp.
bbif + Efissf— + 10 14
Multilepton— * 17 11
bbbb|- + 5.3 8.1
bbyy * 40 50
phrrr-f + 59 3.3
Combined|— i 2.9 2.4
L1 1 I I 11l l Ll 11 I L1l I L1l I L Ll l | I - I Ll 11l I 1
0 5 10 15 20 25 30 35 40

95% CL upper limit on HH signal strength Ly

PhysRevlLett.133.101801
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Constraints of Higgs couplings from HH

10t CMS Preliminary  1381b" (13 TeV) o+ CMS Preliminary 1381”13 TeV)
Observed =~ e Median expected : Observed =~ e Median expected 1
- Excluded = 68% expected [ Excluded [ 68% expected |
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\

—
<2
T

Theory prediction ------- 95% expected -
¥ SM prediction ]

N

—
<

—
<

—_

o

95% CL limit on o(pp — HH) (fb)
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Excluded Excluded | : _
=1 § T 1 Excluded Excluded |
Ky =Ky =1 % = Ky, SK =Ky = 1) .

TSR S R U RS S N TR R PP S BN EEEN ) ST SIS N S R
-10 -5 0 5 10 -10 -05 00 05 1.0 15 20 25 K3.0
K [-1.39, 7.02] @ 95% CL a al

Koy [0.62, 1_42] @95% CL « Assuming Kt=KV=1,

o0 N P kvv=0 1s excluded at a
4/2025 Multi-Higgs measurements and projections .
- CL higher than 99.99%.
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Constraints of Higgs couplings from HH

-21InA

07/04/2025

N T T I T T T T ] T T
- ATLAS

:_\/?= 13 TeV, 126—140 fb-!
- HH combination

T T I T T 1 L] I T T
—— Combined —— bbyy
—— Multilepton —— bbbb
—— bbit + Efiss —— bbttT™

=

lllllllllllllllllll

— All other K fixed to SM —— Obs.: 95% CL [-1.2,7.2]
N -—- Exp. (SM): 95% CL [-1.6,7.2]
— 195% Cl]
- ! -

2InA

- ATLAS

F Vs =13 TeV, 126—140 o~
- HH combination

N I L I UL l L ] L I L I L L I

—— Combined —— bbyy
~—— Multilepton =—— bbbb
—— bbtt + Eiss —— bbttT™

— All other Kk fixed to SM

—— Obs.: 95% CL [0.6, 1.5]
-== Exp. (SM): 95% CL [0.4,1.6]

’)’

‘II/)’IIIIIIIIIIKLLJIIIIIII

LR
1

Illlllllllllllllllll

~
\lll\lllllllll

|
oL,

Multi-Higgs measurements and projections

10


https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.133.101801

Higgs trilinear coupling

CMS Preliminary 138 fb' (13 TeV)
> AL L L L BN B LI BN IR IR NI
' 3.0F ——— Observed —— 68.3% CL (1o) =
i Expected 0 sesees 95.4% CL (20) .
o5 ¢ Bestfit ereier 99.99994% CL (50)
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6 | HH combination
B —— Obs. 95% CL ¥ Best fit (4.3, 0.92)

- -== Exp. (SM) 95% CL % SM prediction

T
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95% CL limit on o(pp — HH) (fb)

HH anomalous

couplngs

HEFT parametrisation

Benchmarks combinations of the

coupling modifiers

95% CL limit on o(pp — HH) (fb)
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HH anomalous couplings

* HEFT parametrisation, parameters considered K, C;, Cy,

U ATLAS
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HI-)LHC timeline
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You are here

@ LHC/HL-LHCPlan i

LHC HL-LHC

=3 13 ToV LS2 136 Tev  IRUAL 13.6 - 14 TeV
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77ev BTV s o eeacon e o
—— I2E projwet ragRIne, Civil Eng. P18 Installation
.L\ o
"3 - 2 k- Pl 2018 QU8 Palral a0 20400

Sk /S x ol Lo

ATLAS - CMS

experinen| wporade phese | ATLAS -CMS
ML wegrade

esdoco rovirat Lo 2 ool lun, ALICE - LHCb YL i

T6% momieal Lumi /" vegrese
OO 4000 b’

DESIGN STUDY < PROTOTYPES e CONSTRUCTION INSTALLATION & COMM. || | PHYSICS

HL-LHC CIVIL ENGINEERING:

DEANITION EXCAVATION BUILDINGS
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HL-LHC projections GMS

 HL-LHC 1s planned to start in 2029 * Sl
* 3000 fb~! (maybe even 4000 fb~!) * systematics same as Run?2

e conservative
° S 2

* Systematic uncertainties halved

* Datadriven/statistical uncertainties
scaled with lumi

* no MC statistical uncertainties

* S3
* S2

* Improvements from upgraded
detector and reconstruction
performance taken into account

* center-of-mass energy of 14 TeV

* 140 (200) PU baseline (ultimate)

SCECIArio.



HL-LHC projections GMS

2000 fb~! | 3000 fb~?
CMS Projections Preliminary ______ (14TeV) 2 S3|S2 S3
K, =K =Ky =Ky =1 S2 scenario = :
B 65% expecied bbbb resolved.-]ets 096 10|12 13
------ Median expected --===- 95% expected bbb}_) merged-]ets 1.8 1.8 | 2.2 2.2
1000 " B B TTbb 19 22|24 27
Expected: 0.9 ')”)’bb 2.0 2.1 24 2.6
L ) Combination 35 3742 45
2000 b
Expected: 0.6
S%ggt:g;.s * We can have discovery at the end of HL-LHC!

1 L1 1 I L1 1 l 11 1 L1 1 I 111 I 111 I 111 I . . . . .
00 02 04 06 08 10 12 14 16 18 20 22 24 * Historically projections are always conservative
95% CL limit on o(pp — HH) / O heory

After 1000 fb-1 of data we will be sensitive to p=1
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HL-LHC projections GMS

* KA [+0.53, +1.5] (S3 scenario, 3000 fb1)

_ 3000 fb" (14 TeV) 3000 fo'(14 TeV)
m 6:|III|IIII|IIII|IIII IIII|IIII|IIII|IIII: j 14_|\|||||,||||||I||||||||||||||I||||Illlllll
c .- CMS Phase 2 E g [ | CMSPhase2 ,
9 S - Projection Preliminary = I \ Projection Preliminary |
= 4 - S3 § 12~ \ All other couplings fixed to SM | "
¥<< - k \ Combination | [
3 o 10k ——— bbbb merged-jet | h
- ) bobb resolved-jet [ -
C \ / /]
ob —— bbtt -
- 8
1 -
C ] 6
OF E :
] 4
—1 = [
I | Jes% cL -
-2 = 21
- M os% cL - i
_3 | | | | | I | | I | | 1111 | L 111 | | | L1117 0 B n 2 .
-1 -056 0 05 1 15 2 25 3 -1 0 1 2 3 4 5 6 7
Ky, K
A
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HIL-LHC projections AT LAS

Inclusive HH production

— 9_ I I I I 1 I I | 1 | 1 I T T T T I I T I T I T ]
o B .
@ | ATLAS Preliminary —— Nosyst.unc. |
(&) — D H ]
C I Vs=14TeV ?sse'me g
2 <[ HH combination o eoéunci alved 3
S [ Expected SM un 2 syst. unc.
5 E
4 E
3k E
2F —_— .
1+ E
0: PR S T ST AN ST SRS SR N SR S MY S N Lo 1
1000 1500 2000 2500 3000

Integrated Luminosity [fb~"]

07/04/2025

VBF HH production

o Expected limit (95% CL)
ATLAS Preliminary -~ (Lvsr =0 hypothesis)
Vs =14 TeV, 3000 fb~! [ Expected limit £10
HH combination 1 Expected limit +20
Baseline
Expected SM
Exp. limit
Multilepton— 83
bbe* 1=+ EPiss|- 40
bbbb- 31
bbyyl- 25
bbttt™ | 13
Combined|— 9.7
1 L 1 1 11 1 1 1 1 1 11 1 II 1 1 L 1 1 1
1 10 10% 108

95% CL Upper Limit on Signal Strength pyge
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HIL-LHC projections AT LAS

j 10— | L el 10 '6‘ 12— | L LA LA NLALANLANLAN ILALELL N N N N N 12
€ | ATLAS Preliminary —— No syst. unc. | T | ATLAS Preliminary —— Nosyst.unc. ]
(ﬂ i VS 14 TeV 1 —— Baseline i T | » —— Baseline i
| 8_— s=141¢ ’_3000 Theo. unc. halved | 8 Q 1o VS =14 T.eV,'3000 T Theo. unc. halved— 10
I HH comblngtlon Run 2 syst. unc. c | HH combination —— Run2syst.unc. |
| All other k fixed to SM | S | All other K fixed to SM |
i ] g) 8 _ —_ 8
6 —16 wn i
i | 6 6
L B 4 — 4
2_— __ 2 2 —2
i ) ) ) | I . . . ) ) ) . I . . . . ] O | I | I l ) I - I | I | I ) I I | T I ) I | O
Q.l 0 1 5 3 Z 50 =1 0 1 2 3 4 5 6 7
KA K
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HIL-LHC projections AT LAS

\\

g 3_ I I I 1 1 I I 1 1 1 1 I 1 T I 1 I 1 1 1 1 I T
5 [ ATLAS Preliminary —— Run2syst.unc. 4
o L /S =14 TeV Theo..unc. halved E
S 250 o —— Baseline

S - HH combination N Cun

% | All other k fixed to SM —— No syst. unc.

151

0.5 - N —
-~
0 i l I 1 1 1 L I 1 1 l 1 I 1 1 L 1 I 1 1 1 1 I 1
1000 1500 2000 2500 3000
Integrated Luminosity [fb~"]
07/04/2025

2.5

T

1.5

0.5

ATL-PHYS-PUB-2025-006

Uncertainty
scenario

68% Ky

Combination

[0.39, 1.71]
[0.52, 1.59]
[0.58, 1.48]
[0.71, 1.33]

Run 2 syst. unc.
Theory unc. halved
Baseline

No syst. unc.
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HIL-LHC projections AT LAS

j 10 I 1 1 1 I T 1 1 I 1 T 1 I 1 1 T I T 1 10
g | ATLAS Preliminary —— No syst. unc. |
| VS=14TeV, 3000 fo-' — Baseline -
i i —— Run 2 syst.unc. ] . 0 Kov
| All other k fixed to SM y | scenario
. . Combination
6/ —6
i 1 Run 2 syst. unc. [0.84, 1.20]
i 1 Theory unc. halved [0.84, 1.20]
B T T o ----—-95-@-9%4 Baseline [0.85, 1.18]
- : No syst. unc. [0.87, 1.16]
2 -2
0— I 1 I 1 1 | 0
0.6 14

Kov
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ATLAS and CGMS combined performance

—~ 20.0 . - . . ;
— T T T T T Q
Q ~— H 1
= ATLAS + CMS Projections ESPPU 2026 3 . ATLAS +CMS Projections ESPPU 2026
L Vs =14 TeV, S3, 3 ab~! per experiment < VS =14TeV, 3ab™" per experiment
< 20} _ e to SM 1 Py Boosted VBF HH — bbbb
A\ © | 15.0f All other couplings fixed to SM 1
8% CL k3 €[0.74, 1.29]
15 o 1 12.5¢ —— S2,68% CL koy €[0.87, 1.16] !
— Combination 53, 68% CL kay €[0.90, 1.13]
—— bbttT~ 10.0F ]
—— bbyy
10y —— bbbb | 75} i
Multilepton
bbll 50k |
5 p ] B S N Y A AN 95% CL.
_____________________________________ 95% CL.
2.5r .
‘ 68%CL| e O N e e e e L e 68% CL
—_____'__— _l_ N N 7/ — — R — 00 1 1 1
90.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 0.7 0.8 0.9 1.0 1.1 1.2 1.3
K3 Kav
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ATLAS and CGMS combined performance

2ab~ ! (52) 3ab ' (S2) 3ab ! (S3)
ATLAS CMS ATLAS CMS ATLAS CMS
H H statistical significance

bbrtr~ 3.0 1.9 3.50 2.4 3.8 2.7
bbyy 2.1 20 241 241 2.6" 2.6"
bbbb resolved 0.9 1.0 1.0 1.2 1.0 1.3
bbbb boosted — 1.8" — 2.2 — 221
Multilepton 0.8" - 1.0' - 1.07 -
AV 0.4" - 0.5 - 0.57 -
Combination 3.7 3.5 4.3 4.2 4.5 4.5
ATLAS+CMS 6.0 72 7.6
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HIL-LHC prospect studies

from 2019

* These projections based on first Run2 analyses published in ~2018

* 0.52 < xA = 1.5 (with systematics)
* 0.57 < xA = 1.5 (stat only)

Statistical-only Statistical + Systematic

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbt" 1~ 2.5 1.6 2.1 1.4
HH — bbyy 2.1 1.8 2.0 1.8
HH — bbVV"* . 0.59 - 0.56
HH — bbZ Z(4¢) - 0.37 - 0.37
Combination 3.5 2.8 3.0 2.6

4.5

07/04/2025

Multi-Higgs measurements and projectior

HH statistical significance

=
N

=
o
T

(o]

ATLAS and CMS 3000 fb™

(14 TeV)

HL-LHC prospects

—e— ATLAS
—— CMS
—e— Combination

-2AIn(L)

95%

68%

ATLAS + CMS Pprojections ESPPU 2026
Vs =14 TeV, 3 ab~! per experiment
SM HH production (k) = 1)

bbbb
mmm bbyy

bbtT
B Combined

(CERN-2

2026


https://doi.org/10.1016/j.revip.2020.100045
https://doi.org/10.1016/j.revip.2020.100045
https://doi.org/10.1016/j.revip.2020.100045

ATLAS and CMS combined

performance

V(g)

1.2

ATLAS + CMS
1.0F Projections ESPPU 2026 ;)
Vs =14TeV, S3, 3 ab~! per experiment B
.:I
0.8 — SM SMEFT 6 2
S min _ 1o Uncertainty —
SMEFT 6, k3‘ =1.66 . ks €[0.74 — 1.29] //
ol SMEFT 8, k" =1.69, kj"" =5.4 HH-driven i
| —-- Log. Potential, k" = 1.57 1o Uncertainty P
k3 €[0.74 — 1.29] //

Exp. Potential, k" = 1.99

o

e Constrain 4 BSM scenarios with
modified EWSB potential

* Strong first-order phase
transition 3]

At 3000 tb-1 all models i

predicting first order phase
transition excluded!

ATLAS + CMS
Projections ESPPU 2026
Vs =14TeV, S3, 3 ab™! per experiment

V(®) — Vsu(d)

SMEFT 6 HH-driven

= = SMEFT 6, kI"" = 1.66

—2F, 20 Uncertainty 20 Uncertainty
/4 wee MEFT 8, k7" =1.69, k""=5.4 :
/ S o % i Mg SMEFT 6 HH-driven
=+ Log. Potential, ki"" =1.57 1o Uncertainty 1o Uncertainty

=3} Exp. Potential, ki"" = 1.99

0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020

¢
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HHHH coupling k4

HL-LHC we can exclude a significant fraction of

the parameter phase space within the perturbative
unitarity bounds!
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Summary

* HH production

* Currently upper limits on inclusive cross-section ~ 2.5 x SM

* Projections for HL.-LHC:
* 1000 tb-1 ~1 x SM
* 3000 tb-1 significance ~4.5 o for CMS and ATLAS respectively

3000 tb-1 CMS+ATLAS combined significance >70
* x, coupling
* Current constraints ~(1.4, 7)
* 3000 th-1 ~(0.5, 1.5) for GMS and ATLAS respectively
* 3000 thb-1~(0.7, 1.3) CGMS+ATLAS combined

* At HL.-LHC we will be able to exclude BSM scenarios regarding the
Higgs field and EWSB
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Single and double Higgs searches 77 .
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Simultaneously constrain

. v
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* Higgs boson trilinear self-coupling ij:v

* Higgs boson couplings to fermions and to vector bosons.
Analysis I.nteg.rated » Maximu.m References Analysis Int. luminosity (fb~h) Targeted production modes

luminosity (fb™") granularity HH — y9bb 138 ggHH and qqHH

H — 4l 138 STXS1.2 [34] HH — ttbb 138 ggHH and qqHH
H — 9y 138 STX51.2  [35none] HH — 4b 138 ggHH, qqHH and VHH
H — leptons (ttH) 138 Inclusive [38] HH — WWbb 138 ggHH and qqHH
H — bb (ggH) 138 Inclusive [39]
H — bb (VH) 77 Inclusive [40,41]
H — bb (ttH) 36 Inclusive [42]
H - 17 138 STXS 1.2 [43]

H — up 138 Inclusive [44]



https://arxiv.org/abs/2407.13554
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Single and double Higgs searches

s CMS 138 b (13 TeV) CMS
L I L BN I AL LA B LA B B
L Observed —— single-H comb., 5.8"*° ] Best fit +10 95% CL interval
[ HH comb.. 1.0°3° 2 | Hypothesis Expected Observed Expected  Observed
5F K=Ky =Ky =1 _ s a0 ] Other couplings fixed to SM 10736 31730 [-2.0,+77] [-12,47.5]
— single-H and HH comb., 3.1, ; Floating (ky, Koy, /) 10747 45718 [-22,478] [-17,477]
\ oG A Floating (ky, &y, Ky, K;) 1.0+38 47407 [-2.3,47.7] [-14,+7.8]
] Floating (icy, Koy, K¢, Ky, Kz, K;,) 1.0718 4737 [-23,+7.8] [-14,+7.8]
] * Single H prefers positive xA
i * Allowing other coupling to float doesn’t aftect the
i ] constraints a lot. We can measure xA without
1:_ ;] assumptions!
0 [ 1 l 1 1 1 l ' 1 1 I 1 l l 1 1 Ll L l L l L 1 L l 'l 1 1 l 1 ' 1 i
-4 -2 0 2 4 6 8 10 12 14
Ky
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Single and double Higgs searches

+ 1.3

CMS 138 b (13 TeV) CMS 138 fb™ (13 TeV)
""l"'_ T L L L LY
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P BT ] 4- ) ' ¢ Best fit value 7
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[ —single-H and HH comb. - --- 95.4% CL (20)

—single-H and HH comb. ...... 99.99994% CL (50)
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- --95.4% CL (20) : | : ]
07'.|,...1....11...1....1.1.' S N P - T
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* Adding the H constraints on xt and xv bring
enormous Improvement to 2D countours!
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da/dmyy [fb/GeV]

Double Higgs production at the LHG (SM)
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