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What, why, and where to look

Vi

The Higgs field is responsible for the spontaneous )
breaking of the Electro-Weak symmetry V(dy) = 0
;1 i V(go) = —3v

|
e
| B Re(¢) [m(¢)

only parameter . dicted by the SM once
yulating field s shape 4 and v are measured
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What, why, and where to look

The Higgs field is responsible for the spontaneous
breaking of the Electro-Weak symmetry

1. Ay is not a free parameter
— closure test of the SM

Jona Motta (Universitat Zirich - UZH)

(\®)
(\®

I Re(¢)

only parameter

requlafing Field s shape

2. Ay regulates field shape
— test of EWSB and vacuum stability

Just heard about it in Tom’s talk

Di-Higgs searches at CMS

Im(¢)

predicted by the SM once

m{ and v are measured

3. Ay deviations from SM compatible
with first-order EWSB transition

— test Electro-Weak baryogengesis
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https://indico.cern.ch/event/1391236/timetable/#34-vacuum-stability-in-the-sta
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' RESONANT HH PRODUCTION |
‘{ Check out Davide’s talk later

What, why, and where to look

The search for non-resonant Higgs boson pair production is the only direct method to probe A and:

* Study spontaneous electro-weak
symmetry breaking

* Set limits on main production mechanisms’
cross section: ggF and VBF

* Test deviation from the SM couplings with
k-framework: i, , ., <, (ky = cy/ c;EM )

* TJest model-independent non-resonant
EFT benchmarks
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What, why, and where to look

Direct Di-Higgs searches

bb| 34.1%

WW

Branching ratio [%]

ofe 9.6% 3.52%

TT 2.711% 1.03% 0.395%

yy4 3.08% 1.14% 0.432% 0.332% 0.070%

A4 0.265% 0.098% 0.037% 0.029% 0.012% 0.001%

bb WW g9 T ZZ YY
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What, why, and where to look

Direct Di-Higgs searches

|
S| 9.6% 3.52% 0.669%

|

ﬁ\
7.3% 2.71% 1.03% 0.395% |

| I—

yy4 3.08% 1.14% 0.432% 0.332% 0.070%

A% 0.265% 0.098% 0.037% 0.029%

Jona Motta (Universitat Zirich - UZH)

f

|deally we would like to investigate all the possible decay
modes of HH but given the current luminosity and the harsh
experimental conditions, to achieve good sensitivity, we need:

Branching ratio [%]
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What, why, and where to look

Direct Di-Higgs searches

|deally we would like to investigate all the possible decay
modes of HH but given the current luminosity and the harsh
experimental conditions, to achieve good sensitivity, we need:

1. Either large branching ratio

Branching ratio [%]

|
3.52% 0.669%]

|

|
2.71% 1.08% 0.395% |

| ——

4 3.08% 1.14% 0.432% 0.332% 0.070%‘f

0.265% 0.098% 0.037% 0.029% 0.012% 0.001% ;\

WW  gg T 77 YY

Jona Motta (Universitat Zirich - UZH) Di-Higgs searches at CMS Higgs 2024 - Uppsala, 5th November 2024 5



What, why, and where to look

Direct Di-Higgs searches

|deally we would like to investigate all the possible decay
modes of HH but given the current luminosity and the harsh
experimental conditions, to achieve good sensitivity, we need:

1. Either large branching ratio

Branching ratio [%]

|
3.52% 0.669%]

L 2. Or very good selection purity

|
2.71% 1.08% 0.395% |

| ———

4 3.08% 1.14% 0.432% 0.332% 0.070%‘f

| 0.265% 0.098% 0.037% 0.029%
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What, why, and where to look

Direct Di-Higgs searches

< ldeally we would like to investigate all the possible decay
o modes of HH but given the current luminosity and the harsh
T experimental conditions, to achieve good sensitivity, we need:
(@)
= 1. Either large branching ratio
| m
3.52% 0.669% . -
L 2. Or very good selection purity
|
2.711%  1.03% 0.395%] 3. Having both would be the best option
|
y#d 3.08% 1.14% 0.432% 0.332% 0.070%'f

0.265% 0.098% 0.037% 0.029% 0.012% 0.001% ;\
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What, why, and where to look

Direct Di-Higgs searches

< ldeally we would like to investigate all the possible decay
o modes of HH but given the current luminosity and the harsh
T experimental conditions, to achieve good sensitivity, we need:
(@)
= 1. Either large branching ratio
)
3.52% . .
2. Or very good selection purity
|
2.711%  1.03% 0.395%] 3. Having both would be the best option
|
7Z4 3.08% 1.14% 0.432% 0.332% 0.070% | BUT

Thanks to ever-improving reconstruction technigues and
identification methods we are gradually escaping
these two constraints!
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What, why, and where to look

Direct Di-Higgs searches

9.6% 3.52% 0.669%
99

8 7.3% 2.71% 1.03% 0.395% |

4 3.08% 1.14% 0.432% 0.332% 0.070%
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Complementary searches to constrain BSM models:

H—aa—yyyy [JHEPO7 (2023) 148] [Phys. Rev. Lett. 131. 101801]

H—aa—bb77 + bbuu [CMS-PAS-HIG-21-021] [CMS-PAS-HIG-22-007]

Jona Motta (Universitat Zirich - UZH)

Branching ratio [%]

HH — bbbb Non-resonant, resolved topology Phys. Rev. Lett. 129.081802

Non-resonant, boosted topology Phys. Rev. Lett. 131.041803
Non-resonant, VHH production CMS-PAS-HIG-22-006

Resonant X—YH Phys. Lett. B 842.137392

HH — bb7tt Non-resonant Phys. Lett. B 842.13/531

Resonant X—YH JHEP 11 (2021) 057

HH — bbZZ Non-resonant JHEP 06 (2023) 130

Resonant Phys. Rev. D. 102.032003
HH — bbWW Non-resonant + Resonant JHEP 07 (2024) 293

Resonant JHEP 05 (2022) 005
HH — bbVV Non-resonant, fully hadronic boosted topology CMS-PAS-HIG-23-012

HH — yytt  Non-resonant + Resonant CMS-PAS-HIG-22-012

HH - WWWW + WWrt7 + ttTT NoOn-resonant + Resonant JHEP 07 (2023) 095

HH combination Non-resonant + Interpretations CMS-PAS-HIG-20-011
H+HH combination Non-resonant + Indirect H effects CMS-PAS-HIG-23-006

Di-Higgs searches at CMS Higgs 2024 - Uppsala, 5th November 2024 6


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://cds.cern.ch/record/2853338?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269322005263?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://link.springer.com/article/10.1007/JHEP11(2021)057
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2815230?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032003
https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://cds.cern.ch/record/2904879?ln=en
https://cds.cern.ch/record/2840773?ln=en
https://cds.cern.ch/record/2893031
https://link.springer.com/article/10.1007/JHEP07(2023)095
http://dummy
https://cds.cern.ch/record/2904902
https://link.springer.com/article/10.1007/JHEP07(2023)148
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101801
https://cds.cern.ch/record/2839924?ln=en
https://cds.cern.ch/record/2853298?ln=en
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What, why, and where to look

HH — bbVV  Non-resonant, fully hadronic boosted topology CMS-PAS-HIG-23-012

HH — yytt  Non-resonant + Resonant CMS-PAS-HIG-22-012

—T

e‘N\G N
=) HH combination Non-resonant + Interpretations CMS-PAS-HIG-20-011

H+HH combination Non-resonant + Indirect H effects CMS-PAS-HIG-23-006
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://cds.cern.ch/record/2853338?ln=en
https://www.sciencedirect.com/science/article/pii/S0370269322005263?via=ihub
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://link.springer.com/article/10.1007/JHEP11(2021)057
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://cds.cern.ch/record/2815230?ln=en
https://link.springer.com/article/10.1007/JHEP06(2023)130
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.032003
https://link.springer.com/article/10.1007/JHEP07(2024)293
https://link.springer.com/article/10.1007/JHEP05(2022)005
https://cds.cern.ch/record/2904879?ln=en
https://cds.cern.ch/record/2840773?ln=en
https://cds.cern.ch/record/2893031
https://link.springer.com/article/10.1007/JHEP07(2023)095
http://TBD
https://cds.cern.ch/record/2904902
https://link.springer.com/article/10.1007/JHEP07(2023)148
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101801
https://cds.cern.ch/record/2839924?ln=en
https://cds.cern.ch/record/2853298?ln=en
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The three” hlstorlc channels

HH—bbbb resolved
a‘ Largest Br = 34%

| _ 2000CMS 138 fo™! (13 TeV)
| ID with deep NN [—]ref' 2 L 95% CL upper limits | | All catégories .
" = —— Observed : T
Large QCD bkg % T eeees Median expected HH — bbbb 1
1 3pgol MM 68%expected —— _— N
Q. i 95% expected |
Simultaneous fit of distributions : = [ == Theoretical prediction - ]
BDT for ggF and my,, for VBF Z ]
B
95% CL upper limit on

95% CL upper limit on
GVBF/O'VBF = 226(412)

K, € [—2.3, 4 9.4] @ 95% CL
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
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The three* hlstorlc channels

HH—bbbb resolved
a‘ Largest Br = 34%

| _ 1000 CMS 138 b (13 TeV)
| ID with deep NN [—]ref' =2, - 95% CL upper limits | | All catégories .
| T -~ = Observed : — —
Large QCD bkg T BEELLEE Median expected HH — bbbb 1
! | I 68% expected L L 7
_ . . _ _ % 3000_ 95% expected ]
Simultaneous fit of distributions: = | = Theoretical prediction : = i
BDT for ggF and my,, for VBF Z ]

O%

95% CL upper limit on

95% CL upper limit on
O'VBF/O'VBF = 226(412)

K, € [—2.3, 4 9.4] @ 95% CL

HH—bbbb boosted —_— I
| Phys. Rev. Lett. 131 041803 )
| Largest Br = 34%

. 4 138 fb' (13 TeV)
Select events with two large-cone e N NN
|‘ . - CMS Supplementary Observed RS Expected = 10 ]
u Jets of pT > 300 GeV and | n | < 24 | [ K = Kpy = Ky = 1 ~— Theory prediction =--- Expected + 20 ;
I
- - 1
ID with GraphNN-based jet flavour o = | |
- ‘.

identification [ref.]

Large QCD bkg
107 E
95% CL upper limit on F

10}

95% CL limit on o(pp — HH)B(bbbb) [fb]

, € [—9.9, + 16.9] @ 95% CL

i,y € [0.62, + 1.41] @ 95% CL 05 o s 10 15 20 |
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://arxiv.org/abs/1902.08570

The three” hlstorlc channels

HH—bbbb resolved —
s‘ Largest Br = 34%

. 4000 CMS 138 fb™' (13 TeV)

ID with deep NN [—]ref' - 95% CL upper limits | All cateéories -

- =—— QObserved : T

Large QCD bkg LI Median expected HH — bbbb 1
| I 68% expected ____________________________ __________________ 1 |

3000}~

95% expected |
—— Theoretical prediction : :

Simultaneous fit of distributions :
BDT for ggF and my for VBF

95% CL upper limit on
O'HH/O'HH 3.9(7.9)

95% CL upper limit on
O'VBF/O'VBF = 226(412)

K, € [—2.3, 4 9.4] @ 95% CL

HH—bbbb boosted — ———
| Phys. Rev. Lett. 131 041803 i
| Largest Br = 34%

138 b (13 TeV)

Select events with two large-cone T 10 CIVI|S T ey
jets of p > 300 GeV and |77| < 2.4 : Supplementary

L K =Koy =Ky =1

B Expected = 10§
= Theory prediction =--=- Expected + 20 !

/_: |

95% CL limit on o(pp — HH)B(bbbb)

ID with GraphNN-based jet flavour
identification [ref.]

-
(@)
w
T

Large QCD bkg

-
o
N
T

95% CL upper limit on
O'HH/O' = 9.9(5.1)

—
o
TTTT

, € [—9.9, + 16.9] @ 95% CL

i,y € [0.62, + 1.41] @ 95% CL 05 o s 10 15 20 |

S— - = = — __ — S

Jona Motta (Universitat Zirich - UZH)

HH—bbt7T

Sizeable Br = 7.3%
Jet/7;, ID with deep NNs [ref.][ref.]

Large tt and DY bkg
Fit of DNN output in 72 signal regions

95% CL upper limit on
ounloimy = 3.3(5.2)

95% CL upper limit on

K, € [—1.7,+ 8.7] @ 95% CL

Ky € [—0.4, + 2.6] @ 95% CL

Di-Higgs searches at CMS

95% CL limit on o(pp — HH) x B(bbtr) (fb)

CMS

CMIS T

bbrr, 138 fb! (13 TeV)
T T T T | T T T T

T | T T T T T T T T | T T T T |
K=Ky =Ky =1 —— Observed ~ ----- Median expected

= Theory prediction [B¥® 68% expected
----- 95% expected

103:—

Higgs 2024 - Uppsala, 5th November 2024
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07023
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://arxiv.org/abs/1902.08570

|

HH— bbbb boosted ————————

|
|
|

The three” hlstorlc channels

HH—bbbb resolved

Largest Br = 34%

ID with deep NN [ref.] o)
Large QCD bkg %
o
Simultaneous fit of distributions: =
BDT for ggF and my, for VBF Z
K

95% CL upper limit on
oun /oS = 3.9(7.9)

95% CL upper limit on

K, € [—2.3, 4 9.4] @ 95% CL

Largest Br = 34%

Select events with two large-cone
jets of p > 300 GeVand || < 2.4

ID with GraphNN-based jet flavour
identification [ref.]

Large QCD bkg

95% CL upper limit on
ounlopn = 9.9(5.1)

, € [—9.9, + 16.9] @ 95% CL

i, € [0.62, + 1.41] @ 95% CL

Jona Motta (Universitat Zirich - UZH)

4000

3000

95% CL limit on o(pp — HH)B(bbbb) [fb]

CMS

138 fb' (13 TeV)

- 95% CL upper limits
—— Observed
------ Median expected
I 68% expected
95% expected
—— Theoretical prediction

Al categories

HH — bbbb

Phys. Rev. Lett 131 041803 i

138 fb' (13 TeV)

104:I T T | T T T T | T T T T | T T T T | T T T T | T T T T |

E CMS Supplementary — Observed

B — — — —— Theory prediction
| Kt_KZV_KV_1 yp

B Expected = 10§
----- Expected + 20

HH—bbt7T

|

Di-Higgs searches at CMS

Sizeable Br = 7.3%

Jet/7;, ID with deep NNs [ref.][ref.]

Large tt and DY bkg
Fit of DNN output in 72 signal regions

95% CL upper limit on

ounloimy = 3.3(5.2)

95% CL upper limit on

K, € [—1.7,+8.7] @ 95% CL

Ky € [—0.4, + 2.6] @ 95% CL

HH—>bbyy - *

Tiny Br = 0.3% + very good purity
b-jets ID with deep NN [ref.]

Purely kinematical signal region
definition

(myp, m,,,) 2D maximum likelihood fit

95% CL upper limit on

O'HH/O'HH 7.7(5.2)

95% CL upper limit on
O'VBF/O'VBF = 225(208)

K, € [—3.3, + 8.5] @ 95% CL

K,y € [—1.3, + 3.5] @ 95% CL

95% CL limit on o(pp — HH) x B(bbtr) (fb)

o, B(HH — yybb) (fb)

10°

CMS

FA™) Universitat
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CMIS T

bbrr, 138 fb! (13 TeV)
T T T T | T T T T

K=Ky =K,y =1

—— Observed

= Theory prediction [B¥® 68% expected

----- Median expected

----- 95% expected

JHEP 03 (2021) 257

CMS 137 b (13 TeV)
~ 95% CL upper limits =
- ——— Observed HH — yybb N
DPPRA Median expected =
~ I 68% CL expected N
- 95% CL expected K
N — - Theoretical prediction / ]
E\ /
=\ /3
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https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.081802
https://www.sciencedirect.com/science/article/pii/S0370269322006657?via=ihub
https://link.springer.com/article/10.1007/JHEP03(2021)257
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07023
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.041803
https://arxiv.org/abs/1902.08570
https://iopscience.iop.org/article/10.1088/1748-0221/15/12/P12012
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(2)The new-comers

HH — bbVV (fully hadronic)

|
|

Only result in this channel @ LHC

CMS-PAS-HIG-23-012
Large Br = 28% (bbWW-+bbZ2Z) ‘

Jets ID with GraphNN-based jet flavour identification [ref.]

Large QCD background rejected with dedicated BDT
Simultaneous fit of m,,;, in several BDT-based categories |
95% CL upper limit on O'VBF/G‘%‘?IF = 142 (69) ‘4
iy € [—0.04, 4+ 2.05] (]0.05,1.98]) @ 95% CL |

CMS Preliminary 138 fb' (13 TeV)
T T T T | T T T T | T T T T | T T T T | T T T T T T T T | T T T T | T T T T

10 K=K, =K, =1 —— Observed ~ =---- Median expected
~—— Theory prediction ¥ 68% expected . '
X  SM prediction ~ z---- 95% expected ]

95% CL limit on o(pp — HH) x B(bb WW) (fb)

Jona Motta (Universitat Zirich - UZH)

Di-Higgs searches at CMS

Higgs 2024 - Uppsala, 5th November 2024
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https://arxiv.org/abs/1902.08570
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(2)The new-comers

Only result in this channel @ LHC

HH — bbVV (fully hadronic) y HH — yytt — ”
| CMS-PAS-HIG-23-012| | CMS-PAS-HIG-22-012 |
| | i |
| Large Br = 28% (bbWW-+bbZ2Z) 4 | Tiny Br = 0.03%
Jets ID with GraphNN-based jet flavour identification [ref.] | } Very good m,, resolution and 7, ID with deep NN |[ref.|
| . | | ‘
Large QCD background rejected with dedicated BDT Large photon continuum bkg rejected with dedicated BDT

Simultaneous fit of m,,;, in several BDT-based categories

95% CL upper limit on O'VBF/GVBF = 142 (69)

KKy € [—0.04, 4+ 2.05] (]0.05,1.98]) @ 95% CL

Simultaneous fit of m

vy iIn several BDT-based categories |

95% CL upper limit on GHH/GE% = 33 (26) *

K,l € [_139 + 18] ([—11,16]) @ 95% CL u

CMS Preliminary 138 fb'' (13 TeV) 138 fb 1 (1 3 TeV)
3 | | T T T | T T T T | T T T T T T T T | T T T T | T T T T S T T T T | T T T T T T
= 10* - K=K =Ky = 1 —— Observed ~ ----- Median expected 3 =105 CMS o 95% CL upper limits
% ~—— Theory prediction ¥ 68% expected . } % " Prelimina ry = Theory prediction  _ qpserved ] ’
o X  SM prediction ~ ===-- 95% expected ] ! 1 - *  SM prediction -~ Median expected | |
% ‘ % B 68% expected 1 |
X | S 104k 95% expected .
T | - ] |
I | ‘
¢ | |
Q |
£
S | : |
c | | - . |
S | - : |
£ | - _ ,
Cl) ‘\ \‘
l 1 02 — —] I
& I : §
o i i
101 - | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | —
} -15 -10 -5 0 5 10 15 20 ,
= — ————— _— — —— = —— e — P—— ’—l — - — ————— _— e ——— —— —— — P ——— p— p— S |

Jona Motta (Universitat Zirich - UZH) Di-Higgs searches at CMS Higgs 2024 - Uppsala, 5th November 2024 8


https://cds.cern.ch/record/2904879?ln=en
https://cds.cern.ch/record/2893031
https://arxiv.org/abs/1902.08570
https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07023

#)The HH combination

Inclusive production

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

bbZZ, 4l
Obs. (Exp.): 33 (41)

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

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

bbW*W
Obs. (Exp.): 16 (18)

bbyy
Obs. (Exp.): 8.4 (5.6)

bbt*t
Obs. (Exp.): 3.4 (5.3)

bbbb

Obs. (Exp) 7.5 (4 3)

Comblned

| Obs. (Exp.): 3.5 (2 5) |

CMS Preliminary

138 b (13 TeV)

K —Kt—KV—KZV—'I

—e— Observed
...... Median expected

B 68% expected

1 10

------ 95% expected
Ll
100
95% CL limiton o(pp = HH) /o

Jona Motta (Universitat Zirich - UZH)

| CMS-PAS-HIG-20-011 |

Most complete HH combination @ CMS

WRT PREVIOUS
RUN-2 COMBINATION
Nature 607.7917

NEW

NEW

NEW

NEW OVERLAP
REMOVAL

Di-Higgs searches at CMS

O
-l>

95% CL limit on o(pp — HH) (fb)

V00

g

CMS Prel/m/nary 138 b (13 TeV)
L L E L
g —_— Observed ------- Median expected -
- Excluded I 68% expected
= Theory prediction :------ 95% expected

x SM prediction

\

Excluded -

W24

0 5

10
Ky

Observed : k; € [—1.39, 4+ 7.02]
Expected : k;, € [—1.02, + 7.19]
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#)The HH combination

VBF production

Multilepton
Obs. (Exp.): 343 (463)

bbWW

Obs. (Exp.): 272 (289)
bbbb

Obs. (Exp.): 226 (274)
bbyy

Obs. (Exp.): 225 (208)

bbttt
Obs. (Exp.): 126 (154)

Combined
Obs. (Exp.): 79 (91)

CMS Prel/mmary

138 10" (13 TeV)

K;»_Kt_‘(v_sz_1
—o— Observed
------ Median expected

EEE 68% expected
------ 95% expected

L ! Lol
1 10
95% CL limit on

100
o(pp — qqHH) / &

First combined VBF limit @ CMS:

Observed : 6y ypr = 79 X

ExpeCted . GHH,VBF — 91 X

Jona Motta (Universitat Zirich - UZH)

SM
SM

L
1000

Theory

OHH,VBF

OHH,VBF

—h
-
W

95% CL limit on o(pp — HH) (fb)

—

VVHH coupling established at ~ 70 significance

Higgs 2024 -

Di-Higgs searches at CMS

O
~

—h
-
N

—k
o

CMS Preliminary
LA L L L B

138 fb (13 TeV)

= — Observed
- Excluded

_ Excluded
E K, =K =Ky =]

CNN L

_ —— Theory prediction
= x  SM prediction

‘v

N

N

I 68% expected

SN

Medlan expected
95% expected -

N

Excluded _

TR R B SR ST R
-1.0 -05 0.0 0.5

1.0

||||I||||:
1.5 20 25 3.0

Koy

Observed : K,y € [0.62,1.42]
Expected : K,y € [0.69,1.35]
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#/The HH combination

2D likelihood scans

CMS Preliminary 138 fb™' (13 TeV) CMS Preliminary 138 fb' (13 TeV) 50 CMS Preliminary 138 fb™' (13 TeV)
> IS A AL L L B LI BN BN IR L I T T 1T 1T T T reUr———7 77 71 7T T 1 T T 1 T T T ]
Q\‘ 3.0 - (QObserved — 68.3% CL (10) . Q\' 4__ - (Observed — 68.3% CL (10) | # - - (Observed — 68.3% CL (10)
- Expected = seeees 95.4% CL (20) : . Expected = seeses 95.4% CL (20) - 1.8F Expected = ssesss 95.4% CL (20) |
o 5L ¢ Bestfit SEIERY 99.99994% CL (50) I ¢ Bestfit SESERE 99.99994% CL (50) | ¢ Bestfit
T 1 3 et 18 ]
X ] l ‘ ' s ab E
: e, 1 2r : : :
1.5F S e, - : 1.2 -
S (CD) Bt | |
05__ ..... BEOEmgEEmmEmmuns \.\. | :
; S et oF 1 o6 -
O-O:_ Ki=Ky =1 B : K, =K, =1 : 0.4:_ Ky = Koy = -
[ b b b b b b b b by 1] | S LSS S S VS S [ S N [ e b b e e by
-8 -6 -4 -2 0 2 4 6 8 10 12 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 -6 -4 -2 0 2 4 6 8 10
K, Ky .

2D likelihood scans allows to study the mutual interplay between the k-modifiers
(couplings not being profiled are set to the SM expectation value)

Marginal degeneracy In K-dependence due to degeneracies oyy r and Oyy vaF
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#The HH combination
HEFT interpretations

The k-modifiers approach is useful but has many limitations.

& 70000 4 Aunn_ -~ H g 0000) i~ H
t > Ho- ' |yt The Higgs Effective Field Theory (HEFT) is model independent

° s B approach to extending the SM to account for new physics.
5 TN 2 oH B ?‘;g;g LH e Z?g_;g A+ 1 HEFT approach posits 5 couplings (A5 Vss €25 €45 €3,)-
ty - - AN
g VOO SH g H g " "~y 20 HEFT benchmarks defined, i.e. 5D phase space sub-regions
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#/The HH

' CMS-PAS-HIG-20-011

combination

HEFT interpretations

& 7000¢ Yo Anmn -
£y - -«
¢ OO Ho»
g TOOON. ¢y - H g
t'>‘/
o TOOD )

CMS Prellmmary

The k-modifiers approach is useful but has many limitations.

-H g 70000) T H
‘q e m; |yt The Higgs Effective Field Theory (HEFT) is model independent
approach to extending the SM to account for new physics.

o -H e i%b.;g - H HEFT approach posits 5 couplings (A5 Vss €25 €45 €3,)-

“H 8 n 20 HEFT benchmarks defined, i.e. 5D phase space sub-regions

138 fb (13 TeV)

10°

10°

10

95% CL limit on o(pp — HH) (fb)

11121 Median expected - sswexpected |  MOSt comprehensive HEFT interpretation @ CMS
"‘ Observed [ 95% expected Sensitivity driven by m;;; differential distribution
— better sensitivity if oy enhanced at large mi

Benchmark 2 Benchmark 5

| 2000F
1000 Nsamples =36 i N

=36

samples

Jona Motta (Universitat Zirich -

I R N N N
3 4 5 6 7 8
JHEP04(2016)01 JHEPO03(2020)91

§|é|z|
8a9101112 2 3 4 5 6 7

;;;;;;;;;;;;;;;;;

" 400 600 800 1000 1200 0™="400 600 800 1000 1200
Benchmark scenario m,,, (GeV/c) m., (GeV/c?)
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#/The HH combination

HEFT interpretations

g 0000 o _-H The study of ¢, is of particular interest as it is tightly
ty - correlated with the x; modifier.
g ~H Profound motivation to perform dedicated ¢, coupling scan.
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HEFT interpretations

g 70000}

- H The study of ¢, is of particular interest as it is tightly
correlated with the x; modifier.
" H Profound motivation to perform dedicated ¢, coupling scan.

_ 138 1b" (13 TeV)

CMS Preliminary
- = Observed

- Excluded
. = Theory prediction

x SM prediction

()
N

95% CL limit on o(pp — HH) (fb)

------- Medlan expected
B 68% expected
....... 95% expected

First combined ¢, scan @ CMS:

N\

Jona Motta (Universitat Zirich - UZH)

107
From 95% CL oy scan:
Observed : ¢, € [—0.28,0.59]
ol L _ Expected : ¢, € [—0.17,0.47]
= Excluded Excluded
40 05 00 05 10 15
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(2)The HH+H combination**

At NLO EW correction, the single-H
boson production includes processes

sensitive to A7 coupling

-2 A log(L)

q V
(\!
™
- M
- ™,
N o ’IHHH ’\K\ l
~J
! /. - - - H ; |
-~ - ~ |
-~ ~
' ;LHHH.\
- q ~ H
TO0000) — t b — t
' W g '
| |
/1111111.———'” ———-.-————H
I /1111111
|
Q00000 -— i q - d

The HH combination uses 3 more
channels than HH+H combination

Relatively small improvement on k;
limit BUT can greatly relax

assumptions on Ky, Ky, and K

—HH and HH+H are complementary!

Jona Motta (Universitat Zirich - UZH)

6

T | T T T | T T T | T T T | T T T
. single-H and HH comb.
" Floating x, K,y K;, Ky, Ky Ky

** The list of analysis use in the HH+H combination can be found in the backup.

Di-Higgs searches at CMS

Koy

CMS .a- Universitat

) i o
< Lurich

| Submitted to Journal |

(e
|

138 fb' (13 TeV) (7 CMS 138 fb' (13 TeV)
L L R LI + ST T T T | T T T T T T | T T T ]
1 “ - Observed — single-H comb. ]
— Observed, 4.7::_'27 1.6F Ky, =K, =1 — I—!H comb. -
_| C single-H and HH comb. ]
1.5F ¢ Best fit value -
- — 68.3% CL (10) .
14 ----95.4% CL (20) -
1.3F -
= 1.2F ]
1.1F -
B 1.0F -
0.9F ]
. 0.8 -
L L ] | - 1 1 1 1 |"' 1 1 1 1 .
10 12 14 O'Z1O -5 15
K, Ky
CMS 138 b (13 TeV)
[ T T T T | T T T T | T T T T | T T T T | T T T T | T T T
3'5:_ Observed — single-H comb. ¢ Best fit value -
- K =K=1 — 68.3% CL (10)
B — HH comb.
3.0 --- 95.4% CL (20) I
i single-H and HH comb. ___ 99.99994% CL (50) i
2.5F | 7
-0.5F | ' '| | | R
0.8 0.9 1.0 1.1 1. 1.3
Ky
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Outlook : Run-3 improvements
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Outlook : Run-3 improvements

' CMS-DP-2023-050 | -

- New triggers : Run-3 for CMS means higher
. Integrated lumi at higher selection efficiency!

1

Vs =13, 13.6 TeV

> 167
O CMS
(- Simulation Preliminary Run 3 2023 HH trigger ¢(HH— 4b) = 82% ‘
o 14 |
O - HH—4bwithx, =1 Run 3 2022 HH trigger c(HH—> 4b) = 68%
= 1.2 \l
LU - Run 2 ¢(HH— 4b) = 52% '
—
D 1 I oo I e
(®)) - : \»
D 08} — —_ |
S - ‘ |
= i — |
| 0.6 | — |
0.4 |
0.2 — —_— Event selection: = 4 jets, p_ > 30 GeV, ml <2.5 »l
1
i |
O i | - l | I I | I | I | I | I | ] | J_L I J_L Ll |
200 300 400 500 600 700 800 900 1000
Reco
| may° (GeV)
r - 16 Vs = 13.6 TeV
O CMS HH or v, .ET"**triggers: ¢(HH— 2b2v) = 58%
C | Simulation Preliminary
‘ (¢)) 1 4 . HH trigger: ¢(HH— 2b2t) = 43% ’
O - HH— 2027, withw, =1 T,g-triggers: e(HH— 2b2t) = 34% \
= 12r — |
LIJ : E; -trigger: ¢(HH— 2b2t) = 3% |
— 1 U RO ORI | |
S | |
®)) - . |
D 08}
L -
— i — : l
0.6 | 1 i
0.4 | — \
i Event selection: = 2 jets, p; > 20 GeV, Inl < 2.5, loose b-tagging, ‘
02 N —e = 2 t with P, > 20 GeV and Inl < 2.5] loose t-identification
—m— —_—
‘ O __|__=l i | ) I I | I ! I | I I i | f
| 200 400 600 800 1000
| NB : The mass spectrums were superimposed mﬁﬁco (GGV) '

by hand for illustrative purpose only!!
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Outlook : Run-3 improvements

| GMS-DP-2075-050 — =

- New taggers : targeting heavy- and light-flavour jet tagging, but also hadronic 7 decays!

|

- New triggers : Run-3 for CMS means higher 1OOCMS Simulation Preliminary 13.6 TeV 100CMS Simulation Preliminary 13.6 TeV 100CMS Simulation Preliminary 13.6 TeV

| - o O e e . o S o o G, o S SRl = O T T s e e e e

[ ] [ ] [ ] ] [ ] ] O B - 1 = e o 0

. integrated lumi at higher selection efficiency! & tt events £ < DY events

| O pt > 30 GeV, |n| < 2.5 (3 O pt > 30 GeV, |n| < 2.5

| 1.6 Vs =13, 13.6 TeV = 1= = :

| c>), ° T oms o) BN UParT o) B = UParT k]

x - - c 10-1 ; 7 o
- - Simulation Preliminary Run 3 2023 HH trigger ¢(HH-> 4b) = 82% | S 10 WM ParticleNet - S 101 4 8 = e SRR ki w2
[ 1.4 - _ i "é RobustParT -.é % — Tavsb R

'O - HH — 4b with x, =1 Run 3 2022 HH trigger ¢(HH—> 4b) = 68% = Bl DeepJet = = [T Th VS C 7/

s 1.2 — \' GC) — bvsc GCJ GCJ ks T VS uds A‘::::;;;:;;,’,

LU . Run 2 ¢(HH— 4b) = 52% ' % """ b vs udsg ?, 5 8 10 &
— T I= 102 = ‘e 1072 = =

% ' | £ = QCD events : =

O o8hL I — et 'aé 'qé I,’, /,jf'/ pt > 300 GeV, |n| < 2.5 a -

- . : — h %) _(é’ //I/// 1 UParT ] 10‘3_ =
- 0.6 | E— = = S B ParticleNet -
4 e 3 < 10 = =10 4 RobustParT
! £ B DeepJet 1
0.4 | ‘ ’,///' —gyeb : 104k -
: | I R R S c vs udsg - A
02 —— Event selection: = 4 jets, p_ > 30 GeV, ml <2.5 | ot 1 1 SLA G ] BT IEEEREEEEE NN 7 ¢ &0 o8 S e S g s T s S 0 Y s
5 ‘l 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 _ 0.8 o 1.0 0.0 0.2 0.4 0..6 -0.8 o 1.0
O _I ol b b b b b e e | b'jet tag efﬁCiency C_Jet tag effICIenCy Th-Jet tagglng effICIGnCy
200 300 400 500 600 700 800 900 1000
Reco
| may° (GeV)
( -
S, 167 Vs =13.6 TeV
O - CMS s HH OF 7, T triggers: £ (HH— 2b21) = 58%
C | Simulation Preliminary
‘ q) 14 | . HH trigger: ¢(HH— 2b27) = 43% ’
_9 i HH— 2b2’chad with Ky = 1 — T, -triggers: ¢ (HH— 2b2t) = 34% \
= 12 s |
LIJ i E; -trigger: ¢(HH— 2b2t) = 3% |
CTD 1 S Ny S ‘
®) - (\
D 08}
L -
— i : l
0.6 | i
0.4 | — \
i Event selection: = 2 jets, pT>20 GeV, Inl < 2.5, loose b-tagging, ‘
02F ——— =2 Twith p_>20 GeV and Il <2/5]l0ose t-identification
- —_— —_
O __|__=l 7 } ) ] ] | ] ] ] | ] | | | ]
| | 200 400 600 800 1000 |
| NB : The mass spectrums were superimposed mﬁﬁco (GGV) '

by hand for illustrative purpose only!!
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Outlook : Run-3 improvements

|

| CMS-DP-2023-050 |

New triggers : Run-3 for CMS means higher
-~ integrated lumi at higher selection efficiency!

Vs =13, 13.6 TeV
> 167
O L CMS
‘ GCD 1 4 " Simulation Preliminary Run 3 2023 HH trigger ¢(HH— 4b) = 82%
O - HH = 4bwithx; =1 Run 3 2022 HH trigger ¢(HH— 4b) = 68%
= 12
LU . Run 2 ¢(HH— 4b) = 52%
—
D 1 I o R I e
o) i
D 08F -
= i —
— I e
0.6 |-
0.4
02F — Event selection: = 4 jets, p. > 30 GeV, nl <2.5
; jets, p; N
O_IIIllIAI;IlIIIIIIIIIll||IIIIIIIIIIIJIIIIJ_LIIIJ_LII
200 300 400 500 600 700 800 900 1000
Reco
| may° (GeV)
( =13.6 TeV
S, 16 Vs =13.6 Te
O - CMS s HH oOF T, E™°-triggers: ¢(HH—> 2b21) = 58%
C | Simulation Preliminary e
‘ q) 14 | HH trigger: ¢(HH— 2b27) = 43%
O | HH— 2b27,  withx, =1 _____ T, .q-triggers: e(HH— 2b2v) = 34%
t 1 .2 B miss _ .
LIJ : E; -trigger: ¢(HH— 2b2t) = 3%
T S e e e LR EEee
) i
D 08}
L -
— I ’
0.6 |-
0.4 | —
i Event selection: = 2 jets, p; > 20 GeV, Inl < 2.5, loose b-tagging,
0.2 - = 2 T with p_ > 20 GeV and hl < 2I5]loose t-identification
B —— T
i ] | . | |

0

NB : The mass spectrums were superimposed
by hand for illustrative purpose only!!

800

mRe (GeV)
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1000

- _ e oo = - ==

New taggers : targeting heavy- and light-flavour jet tagging, but also hadronic 7 decays!

8 — &
| © o
N e o

c/udsg-jet misidentification efficiency

—
<
w

New p, regressions : improve jet energ

CMS Universitat

Zirich™

CMS Simulation Preliminary 13.6 TeV CMS Simulation Preliminary 13.6 TeV
B e e s S NS e S e o s 5100?"""""'1' ! e o
tt events = ©
pt > 30 GeV, |n| < 2.5 (3 O
= UParT 7 © ©
. - c
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c-jet tag efficiency
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n - . y 1
& tt event, b-jets
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Di-Higgs searches at CMS
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y resolution!
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utlook : Run-3 improvements
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— f i - T New taggers : targeting heavy- and light-flavour jet tagging, but also hadronic 7 decays!
|
- New triggers : Run-3 for CMS means higher 1OOCMS Simulation Preliminary 13.6 TeV 100CMS Simulation Preliminary 13.6 TeV 100CMS Simulation Preliminary 13.6 TeV
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https://cds.cern.ch/record/2904702/
https://cds.cern.ch/record/2904702/
https://indico.cern.ch/event/1391236/timetable/#24-experimental-methods-ml-in
https://indico.cern.ch/event/1391236/timetable/#24-experimental-methods-ml-in
https://cds.cern.ch/record/2868787?ln=en

' CMS-PAS-HIG-20-011

#)Outlook : Projections to the HL-LHC

Projection to the HL-LHC performed for:

bbbb, bbt7, bbyy, bbWW, and Multileton CMS Projections Preliminary (14 TeV)
III|III|III|III|III|III|III|IIIIII|III|III|III|
K, = K=Ky =Ky, =1 S2 scenario
I 689% expected

Run-2 results projected up to the full HL-
LHC dataset (3000 fb-1) -

-1
S2 : stat. syst. reduced with luminosity, éi’p%%;?: 0.9

theory syst. halved, MC stat. removed —

2000 fb™
Expected: 0.6

------ Median expected ------ 95% expected

Results expressed in the hypothesis of
3000 b

HH not existing — combined limit < 1 Expected: 0.5

shows that sensitivity is sufficient to 00 02 04 06 0. 8 10 1 2 E 4 3 6 1 8 5 o ) 2 . 4

establish HH existence 95% CL limiton o(pp — HH) /o
These results are already very Follow Angela’s dedicated talk
conservative as they do not include all tomorrow for all the juicy details

the Run-3 improvement just discussed!!
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https://indico.cern.ch/event/1391236/timetable/#80-single-and-di-higgs-prospec
http://TBD

Conclusions

Di-Higgs searches, with the goal of probing Ay, are one of the main goals we have for
the coming years

Run-2 analyses @ CMS showcased impressive improvement over previous expectations:

Run-3 analyses are underway and will become public soon — they constitutes a huge
opportunity to further improve the results we have from Run-2, possibly reaching
unexpected goals

Important trigger improvements have already been introduced for HH searches in Run-3

Run-3 also constitutes an important test-bench for new ideas that will ultimately be deployed
at the HL-LHC
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BACKUP : Analysis included in the HH+H combination

Di-Higgs Analysis included in the HH+H combination

Analysis Int. luminosity (fb~') Targeted production modes
HH — 77bb 138 goHH and qqHH

HH — ttbb 138 geHH and qqHH

HH — 4b 138 geHH and qqHH

HH (leptons) 138 geHH

HH — WWbb 138 goHH and qqHH
VHH — bbbb 138 VHH

Single-Higgs analysis included in the HH+H combination : non-overlapping analyses are indicated by a v/,
overlaps removable with negligible impacts on the combination are indicated by a ¥

single H/ HH analysis HH — y9bb HH — ttbb  HH —4b VHH — bbbb  HH (leptons) HH — WWbb

H — 9y X v v v v v
H— WW v v v v X X
ttH (leptons) v X v v v X
H — uu v v v v v v
H—Z7Z — 4] v v v v v v
H — bb (ggH, VH, ttH) v X X v v X
H— 17 v X v v v v
VHH — bbbb v v X v v v




BACKUP : HH SM signal modelling

k() K1 X

Signal modelling at
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BACKUP : HEFT signal modelling

gfo’m>?f 2y -~ H g 0000 o~ H
ty - - & ty . . .
¢ OO H o s B Event-based reweighing technique common

~H g 70000° .y
to all HH analyses to enhance statistics

and keep MC generation at minimum
g m C2 // H g C2g // H g Cg /IHHH // H
e 5 S
g \\ N H \\

Merge all available NLO (LO) MCsamples
ina (myyy, | cos 0™ | ) 2D-histogram

Reweigh with differential parametrisation

ol
l HH [,.2,.2 [ W 2,.2 l
HH = o = = Alk’ + Alcy + Alkir; + Ajcky +A ng + Alok! + Alioi) + Alkke, + Agc K,CH

Onn

j i 2 4 Al 2 AR 2 i i i 3
+A|(C2Cop T AL 1CHK K + AL OoK) + A 3K CoK, + Ap4Cr KKy + A 5C,Cr K + A KC,
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