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HH Production in SM

Higgs potential:
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HH Production in SM

Higgs potential:

2 A
V(g) = —%ﬁbQ T Z(’b4

£ =1 246 GeV

Expanding about minimum:  V(¢) — V(v + h)
m2 2
2 2 3 1 My 14
/ }thh "f }L4h '/'
Higgs mass term Tt .\ o ‘f o
HH-production HHH-production
Standard Model:
Shape of potential gives relationship between Awin and ma, v A\ _om3
hhh = 5,3




SM HH Production at the LHC

Small in Standard Model.

- HH production higher order in aewk

- Reduced phase space: 2 heavy particles in final state.
- Destructive interference among diagrams

Example Diagrams
gelF-HH:

Q

Y

|

|
=

Production mode

Cross section

(13 TeV)
goF-HH 31 fb
VBF-HH 1.7 tb
V-HH 0.87 tb
tt-HH 0.76 b

arXiv:1212.5581
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Standard Model Total Production Cross Section Measurements satus: July 2017
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Standard Model Total Production Cross Section Measurements
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Status: July 2017

804! ATLAS Preliminary
Run 1,2 V5 =7,8, 13 TeV

Theory

LHC pp Vs =7 TeV

3 BOl Data 45-49fb! E
- o LHC pp Vs =8 TeV .
= O —
= A -1 3
E o Data 20.3fb 3
C Ao ]
- LHC pp Vs =13 TeV 8
3 BOl Data 008-36.1fo" 3
E_ I —g
C N [u | ]
-O- o n
3 N E
: * Towo o :
C " ]
. A A ]
total n n oo
3 o 2.0 fo7! 5 o E
- A ]
[ VBF ]
L A 4
- A VH I n =
: . H;
i A tiH ]
A
PP W y4 tt t WWwW H Wt Wz ZZ t ttW ttZ tZj

----------------------- Fchan NN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B . -ﬁm" - O O O O .

SM HH-production
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Standard Model Total Production Cross Section Measurements

Status: July 2017
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Standard Model Total Production Cross Section Measurements stats: July 2017
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BSM HH Production

HH production significantly enhanced in many BSM models.
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BSM HH Production

HH production significantly enhanced in many BSM models.

Non-resonant HH enhancement:

. 000 -h
- Generic in many BSM models et
(composite higgs / little higgs /... ) A _ (Absent in SM)
- Significant enhancements wrt SM N )

- Modify Auin or activate new vertices
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BSM HH Production

HH production significantly enhanced in many BSM models.

Non-resonant HH enhancement:

- Generic in many BSM models i "
(composite higgs / little higgs /... ) A : (Absent in SM)
- Significant enhancements wrt SM N )
- Modify Asrr Or activate new vertices
BT _-h
Resonant HH production: X_ -~
- Generically expected. (“Higgs Portal”) A>- -’\\ ,

- Host of models (KK-gravitions /2HDM/....) 2%
- Significant cross-section enhancement on resonance (up to pb)
- Exploit mx to reduce (and to model) backgrounds
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BSM HH Production

HH production significantly enhanced in many BSM models.

Non-resonant HH enhancement:

- Generic in many BSM models i "
(composite higgs / little higgs /... ) A : (Absent in SM)
- Significant enhancements wrt SM N )
- Modify Asrr Or activate new vertices
BT _-h
Resonant HH production: X_ -~
- Generically expected. (“Higgs Portal”) A>- -’\\ ,

- Host of models (KK-gravitions /2HDM/....) 2%
- Significant cross-section enhancement on resonance (up to pb)
- Exploit mx to reduce (and to model) backgrounds

Sensitivities interesting already / Continue as dataset grows
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HH Decay

Phenomenologically rich set of final states. hh-Br
Larger Br-A 1
decay bb
1 -1
WW 0
99 10%
T 107
cC 10
ZZ 1 0-5
YY 10
4
Y 1 0-7

8
bb WW g9 Tt CC ZZ VY ZY uu 1 garer Br-h decay
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HH Decay

Phenomenologically rich set of final states.

Lardgzzgr-hbb I I I . I I I
Leptonic decays (e/un) |
ww wex oo
gg (£l + X ... ~ 3%
1% X
CC
ZZ
1Y
Zy
uu

bb WW 99 Tt CC ZZ Yy Zy uu

hh-Br
’

10
10
107
10
107
10°
10”7
10°

Rarer Br-/ decay
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Survey of “Big 3 HH Analyses



Survey of “Big 3” HH Analyses

Larger Br-h i i i i i i 1
decay bb l_
—1F= 10"
WW
- Large BR(0.33), but large QCD backgrounds |
T - Trigger is Hard L1 and HLT
co - Btagging Tracking critical ! )
- Axg: ~1% after pT and btagging
77 - Need data-driven background 5
1Y 10
£ 107
uu
107

bb WW gg T CC ZZ Y Y ZY M M Rarer Br-/ decay



HH — 4b

Resolved and merged-jet channels both important: focus here on resolved

AT
4b miz

b-tag jet
-

-----

MHiggs =T : SR

______

IMHiggs m34
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HH — 4b

Resolved and merged-jet channels both important: focus here on resolved

664b99
b-tag jet

-

663b99

mi2
. Sideband (SB) '
IMHiggs = SR
|
|
IMHiggs m34

22



HH — 4b

Resolved and merged-jet channels both important: focus here on resolved

664b99 m12
- A-‘mo 1et I
104 350 CMS Supplementary 102 fo (13 TeV)
200 T | Il T | I T 1 T a1 T T | T \7 I-:n S‘ : 2017_2018Data 1600*2
——— G =1 8 " | Region 4b, All Categories 3
4 _ 2 . 300F 1400 5
CR1 7 25 = g N
------ CR2 2 £ sk 1200
_ D B
. | < B
i o - ~1000
S 200
R | : 800
: — 15 150
1 C —600
= 100[-
1 | o : —400
E SOF —200
—_ 0.5 o:....l....I....I....I....I....I.... _0
III|III|III|III|III|III_ O 50 100 50200250 300350

60 80 100 120 140 160 180 200 G
Phys. Rev. D 108 (2023) 052003 My [GeV] Phys. Rev. Lett. 129 (2022) 081802 Mh1[GeV]

TITMiggs e



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

CMS 102 b (13 TeV)

7)) = ——
re 500 HH — bbbb ¢ 2017-2018 Data
o | ggF low-m . @ Bkg. model
> 4b HH 9-
Resolved and merg T w00l Asrregion s gyo unc.
s - — SM ggF-HH x 100
4b ! ——— VBF-HH (k,,=2) x 300

=13 TeV, 126 b’ 200

election, Xw; > 1.5
-

-y

140 100
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100 O
80 (xj) :1142:
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/

Resolved and merg

664b9’

Events

500

400

300

200

100

CMS 102 b (13 TeV)
— HH — bbbb ¢ 2017-2018 Data

s 9%!: |0V‘{'mHH I Bkg. model

- AsrlegioN i Bkg. unc.

- —— SM ggF-HH x 100

i —— VBF-HH (x,,=2) x 300

Controlling Systematic uncertainties key challenge

- Extrapolation (domain shift) from CR—SR ”l
- b 09 1
We need to model tails at O(%) utput
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CMS 102 b (13 TeV)
) B —
re 500 HH — bbbb ¢ 2017-2018 Data
o | ggF low-m . @ Bkg. model
S - S ~HH g.

Resolved and merg LLI 2001 Agp region R Bkg. unc.

(44 29 : SM ggF-H
4b i ——— VBF-HH (x,,=2TX 300
- 300 _—+

200}
100

- Uncertainty in 3b—+4b fit in SB
- Extrapolation (domain shift) from CR—SR

We need to model tails at O(%)

Controlling Systematic uncertainties key challenge
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CMS 102 fb™' (13 TeV)

) = —
£ 500[~ HH —bbbb  § 2017-2018 Data
0 - ij low-m,. [ Bkg. model

Synthetic Datasets from Event Mixing: submitted to Eur. Phys. 1.C [ /7 N\

Original three-tag event Hemisphere library Mixed Event
split into two hemispheres made from four-tag events using replaced hemispheres
filled in 15 pass, queried on 2™

.
. 1
\’ (]
. (> \
e ‘~ ‘O e
transverse \ ==" / transverse

('thrust axis thrust axis

------- » b-tagged jets =======p pseudo-taggedjets =====a==

- Extrapolation (domain shift) from CR—SR

We need to model tails at O(%)



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-005/index.html
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“Bi1g 3” HH Analyses

Larger Br-A I I | | | | | 1
decay bb l
—1h=5 10
WW =
— _141n2
9g =10
T 107
cC é 104
2L HH—bbyy
A a’ - Small BR(0.003), but low backgrounds
- Clean trigger from vy
Zy B - Excellent myy resolution
uu - Axg: ~10%
| 1 - Background from fitting myy
bb WW T ~— T1 7 T T Rarer Br-/ decay
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Fraction of Events / 0.04

HH — bbyy

Selection follows H—yy + additional b-tagged jets
BDT targeting low and high mass regions separately

mHH <350 GeV

10'

10°

10"

102

T T T

[T T T |
[ ATLAS
Vs =13 TeV, 140 fbo

HH - bbyy

Low mass region

| T ]
—— SM HH ggF
==+ HHggF, k=10
- SM HH VBF
----- HH VBF, k=10
""" HH VBF, ng=3
Single H
—_ yY+jets
¢ Data sidebands

0.8 1

o

BDT score

Fraction of Events / 0.04

mHH > 350 GeV

JHEP 01 (2024) 066

I I I I I I
ATLAS

Vs =13 TeV, 140 fbo
HH - bbyy

High mass region

I I I
—— SMHH ggF
==+ HHggF, k=10
- SM HH VBF
----- HH VBF, k,=10
""" HH VBF, ng=3
Single H
—_ yY+jets
¢ Data sidebands

1
_L[ | IlIIIIII l IIIIIlII lIIII..II'III | IIIIIIII |1 |

BDT score
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/

Fraction of Events / 0.04

HH — bbyy

EP 01 (2024) 066
> —I I I I I I I l I I I I I I I I I I I I I I I I—
Seled § 10 ATLAS |
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BDT score
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Fraction of Events / 0.04

HH — bbyy

EP 01 (2024) 066
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Survey of “Big-3” HH Analyses

Larger Br-A I | | | | |
decay bb
WW
g9
Tt HH—bbtt
ce - Moderate BR(7%) 4
- 3 final states: eth / uth (46%) / thth (42%)
77 - Trigger on combination of t/e/p’s N5
- Everything into BDT
Y - Mix of backgrounds N©
uu 108

bb WW gg T CC ZZ Y Y ZY M M Rarer Br-/ decay



H

Combination of three driven by of 1t decays: et/ ut/ 1t
Sensitivity driven by thth => di-t triggers critical !

H — bbtt

arXiv:2404.12660

| | | | | I T 1 | | | | | | I T 1 | |
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95% CL upper limit on Mi,g; 13
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Combination of three driven by of 1t decays: et/ ut/ 1t
Sensitivity driven by thth => di-t triggers critical !

H — bbtt

Several backgrounds important

arXiv:2404.12660

| | | | | I T 1 | | | | | | I T 1 | |
ATLAS ° 8bser¥eéj 0 i;G
— -1 O EXpected u= +20
(s=13TeV, 140 fb . Expoctod no
HH — bbt*t
B : Obs. (Exp.)
TigpThad LT T b 22 (20)
TiogThaa SLT o 17 (7.4)
- N gy
s” - ni IS J _
" ThadChad ) | L ]e 3.5 (3.9)
. 4
« ~ R -_’__f_ _________________________________________________________________ —
Combined e ° 59 (3.4)
| | | | | | I | | | | | | 1 1 1 | |
1 10 102

95% CL upper limit on Mi,g; 24


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-27/
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Future of HH ?

Predicting future 1s an easy way to embarrass yourself:

""The Americans have need of the telephone, but we do not. We have plenty of messenger boys.”
- Chief Engineer of the British Post Office, 1876

""The horse is here to stay, but the automobile is only a novelty—a fad.”
- Advisor to Henry Ford's lawyer, 1903
""I think there is a world market for maybe five computers."
- President of IBM, 1943

"Our children will enjoy in their homes electrical energy too cheap to meter.”
- Chairman of the U.S. Atomic Energy Commission, 1954

""Nuclear-powered vacuum cleaners will probably be a reality in 10 years."
- President of Lewyt Corporation, 1955
""Man will never reach the moon, regardless of all future scientific advances."
- Inventor of the vacuum tube, 1957
“There is practically no chance communications space satellites will be used to provide better
telephone, telegraph, television or radio service inside the United States.”
- FCC Commissioner, 1961

”The Japanese auto industry isn't likely to carve out a big slice of the U.S. market for itself."
- Business Week, 1968

""We will never make a 32-bit operating system."
- Bill Gates, 1989

"Bitcoin is a fraud."
- CEO of JPMorgan Chase, 2017 (Now offering Bitcoin to clients)
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Past Mof HH ?

ATL-PHYS-SLIDE-2014-694



https://cds.cern.ch/record/1952581/files/ATL-PHYS-SLIDE-2014-694.pdf

Past Mof HH ?

HH 10 years ago... .

No bbtt
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O(100) events in SR
bbyy: 4 events in SR/ n <240 (/)

No MVAs

X—HH Iimits end at 1 TeV
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Only ggF

Projections focused on the “Big-Two” HH analyses
(non-resonant 4b thought impossible)

ATL-PHYS-SLIDE-2014-694
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Past Mof HH ?
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Conclusions

Study of HH production has a long and rich future

BSM sensitivity interesting already
- Searches in essentially all relevant HH final states
- Constraints on non-resonant production as low as 2.5 X ow

Will continue to be exciting with remainder of Run-3 Data
Lots I couldn’t cover: VBF-HH /V-HH/ X—YH / ...

Measurement of Ann flagship of HL-LHC
- Big-three well-established, will continue to improve
- Predictions suggest combined sensitivity marginal at HL-LHC

- Critical to get hadronic triggers right: 4b / thth
- Really nice to have “Big-Four” (bbWW ? / “Cryy” ? / others ?)
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Validating 4b Background Model

Lot of recent work on techniques to validate data-drive background
ATLAS: Nice k-folding studies phys. Rev. D 108 (2023) 052003
CMS: Validation SR extrapolation with Synthetic datasets

Synthetic Datasets from Mixing

Submitted to Eur. Phys. J. C

Original three-tag event
split into two hemispheres

transverse
thrust axis

» b-tagged jets

Hemisphere library
made from four-tag events

filled in 1 pass, queried on 2™

Mixed Event
using replaced hemispheres

transverse
thrust axis

P non b-tagged jets
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Validating 4b Background Model
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Validating 4b Background Model
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ATLAS: {tyy

Submitted to J. High Energy Phys.
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3.0

1.54

1.0

[205C+1/

Number of SM HH events passing preselection

0.5

LETT

0.0

HH decay mode Analysis channel

69


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html

ATLAS Simulation Preliminary Vs =13 TeV, 140 fb

2
c
@
£
=
=)
o
@ 0.
c
=
©
R
2 0.
L
a
o
=
:
L
c
S
@
o
L
=
n
kS
2 0.1
£
=]
Z

o
o

HH decay mode Analysis channel


https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html

bbWW

dilepton
Expected: 27
Observed: 19

single-lepton
Expected: 27
Observed: 28

Combined
Expected: 18

Observed: 14

CMS: HH—-bbWW
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o(X — hh) [fb]

Relative HH Sensitivities
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o(X — hh) [fb]

Relative HH Sensitivities
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VBF Constraints

Best constraints on 2V from VBF HH—4b
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