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l HH production

* Non-resonant production

Box & triangle diagrams destructive interference
- Small production cross-section
Access to K¢, Ka, Kv, Kav

- Direct probe of Higgs potential

— NP could appear as non-SM couplings

Trilinear self-coupling  Quartic self-coupling
(HH production) Not (yet) accessible
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l HH production

* Non-resonant production

Box & triangle diagrams destructive interference
- Small production cross-section
Access to K¢, Ka, Kv, Kav

- Direct probe of Higgs potential

— NP could appear as non-SM couplings

* Resonant production

Looking for bumps in muy distributions
Predicted by many BSM models
- WED, HMSSM, 2HDM, ...

Typically spin-0/2 resonances with myx>250 GeV
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l HH production

Non-resonant production

- Box & triangle diagrams destructive interference

. . ATLAS
— Small production cross-section BR(HH - xxyy) PLB 801 (2020) 135145 (non-res.)
B ATLAS-CONF-2021-016 (res. + non-res.)
Access to Kt, Ka, Kv, Kav 8 JHEP 11 (2020) 163 (boosted res.)
10 ATLAS-CONF-2021-030 (res.+non-res.)

— Direct prObe of nggs pOtentlal JHEP 07 (2020) 108 (VBF res. + non-res.)

102 ATLAS-CONF-2021-035 (res.)
ATL-PHYS-PUB-2021-031 (summary plots)

=17 cMS

wW 0.25 0.046
- NP could appear as non-SM couplings ..
* Resonant production R

- - JHEP 03 (2021) 257 (non-res.)
- Looking for bumps in muy distributions zz 00007 =10 HIG-20-014 (res. X-YH)
B HIG-20-005 (resolved res.)
- Predicted by many BSM models . s B2G-21-001 (boosted VBF non-res.)
YY 0.0026 0.00028 0.00012 5.2e-06 = B2G—20—004 (boosted res.)
- WED, HMSSM, 2HDM, ... SUS-20-004 (HH+MET)
, . o5 = HIG-20-004 (non-res.)

- Typically spin-0/2 resonances with my=250 GeV o B2G-20-007 (res.)
*  Final states Mainly focusing on full Run-2 results

- Large variety, various branching ratios 4/28

- Usually taking advantage of large BR(H-bb)


https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf
http://cds.cern.ch/record/2776802?ln=en
http://cds.cern.ch/record/2777083?ln=en
http://cds.cern.ch/record/2777125?ln=en
https://cds.cern.ch/record/2725691?ln=en
http://cds.cern.ch/record/2777173?ln=en

l Combinations & prospects

. . bbVV

36 fb-' HH combinations Qeraros o
bbbb

- ATLAS: e oo
bbtt

- 6 channels combined
- = Leading channel: bbtt
- CMS:

- 4 channels combined

- Leading channel: bbyy

- Reached limit of ~10 times SM prediction

Extrapolation performed for HL-LHC

Observed 31.4xSM
Expected 25.15<SM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8x SM

ATLAS and CMS

CMS 35.9 b (13 TeV)
HH- bbt't
—HH
99 HH— bbbb
—— Observed HH-> bbyy
- --- Median expected HHos WWWW
I 68% expected
HH— W'Wyy
oo RN 95% expected __
HH-> bBW*W
Combined
6 78910 20 30 40 506070 100 200 300 400

95% CL on o, /oM

3000 fb' (14 TeV)

HL-LHC prospects

—— ATLAS
—— CMS
—e— Combination

- Based on available 36 fb-" results
- Single-experiment and ATLAS+CMS combination

- Evidence expected, but no observation

ATLAS

PLB 800 (2020) 135103
CMS

PRL 122 (2019) 121803
HL-LHC
arXiv:1902.00134

T T T
—e— Observed

ATLAS
[ V{s=13TeV, 27.5-36.1 fo"

L oM (pp > HH)=3351

------ Expected -
N Expected + 1o
Expected + 26

Obs. Exp. Exp.stat. _|
125 15 12

12.9 21 18
20.3 26 26
160 120 77

230 170 160

L L L
1 10° 10° 10* 40
95% CL upper limit on [ (pp — HH) normalised to O o

HL-LHC prospect (14 TeV, 3 ab™)

Statistical-only Statistical + Systematic

95%

68%

- Exclusion of ka=0 at 95% CL expected

ATLAS CMS ATLAS CMS
HH — bbbb 1.4 1.2 0.61 0.95
HH — bbrT 2.5 1.6 | 1.4
HH — bbyy 2:1 1.8 2.0 1.8
HH — bBVV(llvu) - 0.59 - 0.56
HH — bbZ Z(4l) - 0.37 - 0.37
combined 35 2.8 3.0 2.6

Combined Combined

4.5 4.0
5728


https://www.sciencedirect.com/science/article/pii/S0370269319308251?via=ihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.121803
https://arxiv.org/abs/1902.00134

ATLAS

JHEP 07 (2020) 108 (VBF res. + non-res.)
| ATLAS-CONF-2021-035 (res.)

CMS

HIG-20-005 (resolved res.)
B2G-21-001 (boosted VBF non-res.)
B2G-20-004 (boosted res.)
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https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf
http://cds.cern.ch/record/2776802?ln=en
http://cds.cern.ch/record/2777083?ln=en
http://cds.cern.ch/record/2777125?ln=en
https://cds.cern.ch/record/2725691?ln=en
http://cds.cern.ch/record/2777173?ln=en

l HH-4b - Non-resonant (resolved)

HH- 4b

() Larger HH BR (~34%)

@ Large QCD background (multijet)

Data-driven estimate

/

Distance- based pairing

[my,— k|
/ 1+k

@ Non-trivial combinatorics (b-jet pairing)

Resolved analysis
- =4 jets (3 b-tagged)
- ggF/VBF categorisation

- BDT-based (“ggF-killer”)

- mun categories for ggF

— Dedicated BDT discriminant

- ggF-killer categories for VBF

— mun Used as discriminant

<_HH candidate >
——

CHas 2 “VBF jets”

Nol

102 fb' (13 TeV)

¢ 2017-2018 Data

- Bkg. model

# Bkg. unc.

CMS Preiiminary 1021b” (13 TeV) CMS _Preliminary
[4)] -
< 700 HH > bbbb  §  2017.2018 Data £ 400[- HH = bbbb
< [ ggF high-m < | VBF SM
g L AL region * [ Bkg. model g - A region
U 600f— {49 Bkg. unc. 1] 558
= SM ggF-HH x 100 80~
500 —— VBF-HH (k,,=2) x 100
400
300

200

100

0
14
12E

1
0.8
0.

Data/Bkg.

GOMM“

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
BDT Output

Data/Bkg.

—_

i

SM ggF-HH x 50
—— VBF-HH (x,,=2) x 20

400 600 800 1000 1206‘1400 1800 1800
myy [GeV]

CMS
HIG-20-005
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf

N H

CMS

HIG-20-005

H-4b - Non-resonant (resolved)

Observed (expected) 95% CL:

- 0(HH) < 3.6 (7.3) osm

= -23<Kr<94 (-5.0<Kr<12.0)

= -0.1 <Kv<2.2(0.4<K2v<2.5)

Fi

ggF Low M

Obs: 23.4
Exp: 25.1

ggF High m.

Obs: 4.0
Exp: 7.7

VBF categories

Obs: 43.2
Exp: 70.8

Combined

Obs: 3.7
Exp:7.3

CMS Preliminary

13 TeV

HH—bbbb

95% CL upper limits

—e— Observed

--o-- Median expected

I 68% expected
95% expected

Tl Nl i T O
100 120 140
oo

W=0,/%um

~ 5x improvement

w.r.t previous analysis !

CMS Prelrmmary

138 fb™' (13 TeV)

—= 4000 ‘
&=, B 5% CL upper Ilmlts All categories 1
= - = Observed 1
% BRCEREED Median expected HH — bbbb -
- I 68% expected =1, o« =11
é 3000 B 95% expected goF 1 VBF ]
—= | Theoretical prediction ‘ ]
@ i 1

>
I.It .
g 2000 =
o} i
1000
CMS Preliminary 138 b (13 TeV)
é ? 95% CL L]pper limits : All cate;gories ?
= [ —— Observed ]
I 10° = Median expected i i HH — bbbb :
T E W 68% expected o« =13
g_ = 95% expected ggF
a . B Theoretical prediction T
w 107 : : E
o - 3
> = E
© N ]
102 :-\-- — 3
10k \\ / :
1 | ....................... | .....
M BT R P 8/28
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https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf

ATLAS
(JHEP 01 (2019) 030)

JHEP 07 (2020) 108

l HH-4b - Resolved VBF

§ [ “I""I""""""I“"I""I""I"L§ E T T P W T A P v T v 1T T3
F':.. 10° :_ ATLAS — Observed limit (95% CL) _: E E ATLAS = Theory prediction 3
o : : T UF (s=13TeV, 126167 ... opectedimitiesncy 3 = 1CF  V5=13TeV, 12615 — Observed limit (95% CL) 3
Based on partial Run 2 ggF analysis - e P Lol 3 - i - -
I o HH— bbbb S ch W HH—bbbb = Expected limit (95% CL) 1
=il i1 ,_ [ ]
. <10 £ Spin-0 narrow resonance . ° 32 10°E P Expectedt 16 E
- =4 b-jets 1 F Expected + 20 1 & c Expected= 26 ]
S0k 4 ° 10 E
- BDT-based identification e 3 8 1
1L N 10° 3
- VBF specific: 2 opposite-n “VBF jets” 8 E F ]
r a 10 =
. . 10 = £ =
- BDT-based b-jet energy regression 2 E - 1
N ] = _
oo oo b b by b b b b g By i B [ v v | 4o o oo F | o9 owoq | po9 09 | 4
- Main backgrounds: 200 300 400 500 600 700 800 900 1000 -4 = 0 2 4 6
m, [GeV] Kov
) . o . SR R ——
- QCD: Data-driven in side-band region 2 0.04F ATLASSimulation V=13 TeV m, =600 GeV
- Bbefore regression
- tt: normalisation from data 0.035 after regression
0.03
- Limit setting from fit on mux 0.025

- Resonant: no significant excess
max 1.5 o local significance @ 550 GeV

- — Non-resonant: 0.005

bbb b b i e

-0.43 <Koy < 2.56 (0.55 < Ky < 2.72) observed (expected)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-31/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/

. CMS
ParticleNet P.R.D. 101, 056019

B2G-21-001
HH-4b - Non-resonant (boosted VBF)
Eur.Phys.J. C77 (2017) no.7, 481
- T SM T oy — 0.8
= —  Resolved 1E —  Resolved 5
° Boosted VBF HH—bbbb = 0.1 = Boosted —  Boosted
= ‘ Sum 0.1 --  Sum
- Boosted regime — high sensitivity to xovy < 1072} -
£ .
- High pT Higgs bosons - collimated decays <. 10-%} 107*
=
- 2 R=0.8 anti-kr jets in final state 104 103
05 1.0 1.5 20 25 3.0 35 0.5 10 15 20 25 3.0 35
- No combinatorics issues mpy [TeV] mpy [TeV]
- Large QCD background (sideband estimate)
~—  NN-based H—bb identification - ParticleNet - i . — (AR Ll
. - = g o (P:rhglls'minary _._Z?:gmulliiei _; g‘oaé_grl\glls‘minary *E:I:multljel
- Multi-class (bb, cc, QCD) Graph neural network £ 5 Modium purty =T 3, e pury i G
P(H-bb & s 4 O , — st
- D= ( ) 2 it Et = + =
P(H= bb)+P(QCD) ; E -
- Used to define 3 purity-based categories ; E
1 v
- Also used for mass regression R —r 1200-1600 600

My, [GeV] m,,, [GeV]
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-017-5037-9
http://cds.cern.ch/record/2776802?ln=en
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.056019

CMS

B2G-21-001
HH-4b - Non-resonant (boosted VBF)
Observed (expected) 95% CL:
138 fb" (13 TeV)
5 Frrrrrrorrrrrrprrrr o3
- 08 < |KVI < 12 (08 < |KVI< 12) % —— Observed  ----- Median expected 3
% £ Theory prediction [l 68% expected ]
ot 95% expected E
- 0.6<K2v<1.4(0.6<xK2v<1.4) T OF 3
T I ]
@10° E
z | f
5 TR S B g 1
* B 5 1102 4
- CMS =10° 8 o E
1.5 Preliminary 2 T :
y . —;10 E 10¢ .
3 ] S E [ ]
05fssnnnns - ,.1 o ] :
C * i | § 3 4
oF a a3 ]
EXCIUdEdby ] 107 2 ....|....|....|....|....|....|....|....-
058 single H analyses 3 o -0.5 0 0.5 1 1.5 2 25 ngs
15 1072 > |
= >99.99% CL
—i5= 95% 1072 -
15: Standard model EXC|LISIOI‘I !
I SO B S i il
4 05 0 05 11/ 28


http://cds.cern.ch/record/2776802?ln=en

ATLAS

ATLAS-CONF-2021-035
DeepAK8 JINST 15 (2020) P06005 CMS

l HH-4b - Resonant s

138 b (13 TeV) 138 fb' (13 TeV)
c  14op— T T T T T 1 T Ty
a CMS 4 ome i3 cMS ¢ oae E
; 120 Preliminary ZZ Totalbig unc -1 — 40 Preliminary ZZ Toulbkg unc. =
) 1% ) ]
T 100F-450<m,<105Gev -';M‘”e‘ 4 700 <m,, < 900 GeV - i ]
° . > 80 mm Radion (narrow)-1500 —: g 30 w—— Radion (narrow)- —-
* CMS: (Semi-)boosted it ] i

’

n
(=]

- 2 R=0.8 anti-kr jets or 1 R=0.8 jet + 2 b-tagged R=0.4 jets E 10 |
. . . . . . C . : : . : . - 1 L
~ NN-based identification and categorisation - DeepAK8 2 2 ?21 s
¢ ﬁ g5 .
- Limits from 2D fit: m;,vs Myq(=my—(my—my)—(mp—my)) &35 a2 E
800 1000 1200 1400 1600 1800 20C 60 80 100 120 140 160 180 200 220
mre (GeV) G V
- ATLAS: Resolved+boosted Rt il
& 105 Vs~ 13Tev. 126 1o t Data 8'F ATLASPreliminary + Daia
. T [Eogmreot T e BOE o
- Resolved analysis ( 250-1500 GeV) o moo-zncer | B10'h Boosiedonamen oo Uncerainy
5 ---- m(X) = 400 gev ] §1 wem(X) =1 TeV
_ . D ——= m(X)=600Gev § "V Eme m(X) =2 Te
- 4 b-tagged R=0.4 jets ( 2 b-tag QCD CR) T i) - 1000 GoV | o ) -3 To
- BDT-based H—-bb pairing
— Elliptical mH1 vs mH2 cut ( SR/ QCD-CR)
_— L = I A= oI A =N | T e
- Boosted analysis ( 900-3000 GeV ) E .
_ﬁﬁ* 3 I‘é;?oz_ LAAARS SN N IT T
- 2R=1.0 jets (=1 b-tagged ) o ‘ : b~ f000 1200 100 ©| 70505002000 2500 3000 3500 4000 4550 5000
Corrected m(HH) [GeV] m(HH) [GeV]
- b-tagged based categorisation ( + elliptical mass cut) PQ 94 ><
- Limits from mu fit (both Resolved & boosted) 12/ 28
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
http://cds.cern.ch/record/2777083?ln=en
https://iopscience.iop.org/article/10.1088/1748-0221/15/06/P06005

l HH-4b - Resonant

— 3 138 fb ' (13 TeV)
g 10° g
= F CMS 3
'-_8 [ Preliminary T
8 C ]
a L i
£ 2 — Observed
T J0°F =
T E e Expected (95% CL) 3
) = E
@ L B - 1 o Expected ]
x>< r +2 o Expected 1
° 1ol — =
— g Theory Xﬁadicn E
e E
1071 PR [ T T S NS Y T R T T T S T SO L
1000 1500 2000 2500 3000
m, (GeV)
% 05 »“\FTLAS Preliminary _, — Observed limit (95% CL) 3
I s =13TeV, 126139 ___ £\, 0cted limit (95% CL)
t Spin-0 o
x hosl Expected limit 1o
‘?l Expected limit 20
= ——- Resolved expected limit
Shost A\ === Boosted expected limit
102,
101 L
100_
250 500 1000 2000 3000
m(X) [GeV]

03

02

| &, % B(X—sHH-> bBbb) [fb] |

10

138 fb' (13 TeV.
—— ; — T

CMS

Preliminary

— Observed
------ Expected (95% CL)
I - 1 o Expected

+2 o Expected

= Theory X

Graviton

TN T SR N SR Lo v by by
1000 1500 2000 2500 3000
m, (GeV)
| ATLAS P'relimi}wary‘ ' :1 — Observed limit (|95% CL) 1
ﬁ:_gSTeV, 12613917 ___ Expected limit (95% CL)

Expected limit +10

Expected limit +20
——- Resolved expected limit
——- Boosted expected limit
—— RS Graviton, k/Mp =1

m(Gi) [GeV]

250 500 1000 2000 3000

ATLAS
ATLAS-CONF-2021-035
CMS

B2G-20-004

No significant excess

- ATLAS: max 2.6 o (1.0 o) local (global) (Spin 0)
2.7 0 (1.2 o) local (global) (Spin 2)
@ 1.1 TeV

Comparable limits

- CMS spin-2 observed (expected):
— 0 X BR(X—»HH) (3 TeV) ~0.58 (0.88) fb
- 0 X BR(X—=HH) (1 TeV) ~14.7 (8.8) fb
- ATLAS spin-2 observed (expected):
- 0 X BR(X-»HH) (3TeV)~1.0(1.0)fb
- 0 X BR(X—»HH) (1 TeV) ~8.0(8.0) fb

13728


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
http://cds.cern.ch/record/2777083?ln=en

ATLAS

JHEP 11 (2020) 163 (boosted res.)
ATLAS-CONF-2021-030 (res. + non-res.)

CMS
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https://www.sciencedirect.com/science/article/pii/S0370269319308676
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://links.springernature.com/f/a/9sS3MdL8lGQETTLbD3ESXw~~/AABE5gA~/RgRhtoTlP0QwaHR0cDovL3d3dy5zcHJpbmdlci5jb20vLS8yL0FYWlpSZTJMNTh5YXNfWm12cHlyVwNzcGNCCgBHZVHVX6CCmW5SGmF0bGFzLnB1YmxpY2F0aW9uc0BjZXJuLmNoWAQAAAbn
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-18/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-035/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-031/
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
https://cds.cern.ch/record/2771912/files/HIG-20-005-pas.pdf
http://cds.cern.ch/record/2776802?ln=en
http://cds.cern.ch/record/2777083?ln=en
http://cds.cern.ch/record/2777125?ln=en
https://cds.cern.ch/record/2725691?ln=en
http://cds.cern.ch/record/2777173?ln=en

l HH-bbtt - Resolved

* HH-bbtt

= ThadThad + TiepThaa decays (lep = e,p)
- ~88% of all decays
- Categorisation based on di-t decay modes and triggers
= ThadThad: Single/di-Thad
- SLT TiepThad: Single-lepton triggers
= LTT TiepThaa: Lepton+thaatriggers
- Data-driven fake t backgrounds (tt, QCD) estimation

- True t backgrounds (tt, Z+HF) normalisation from data
* Non-resonant analysis

~  BDT (ThadaThad) + DNNS (TiepThaa) for signal extraction

- o(ggF+VBF) < 3.87 (4.65) Osu ~ 3x improvement

w.r.t previous analysis !
(best limit to date)

Events/0.07

Data/Pred.

ATLAS
ATLAS-CONF-2021-030

10T R RN RN LS LS RALAS AREAR RS~ N SR R RS L SR SR AR AR IRRARE RARA:
. ATLAS Preliminary . E:A‘:H i 3 S 108 ATLAS Preliminary . E:A‘:H sron i
1075 5-13Tev, 139 10" _Top_qu::kex"' L E P E {s=13TeV, 130" et P- =
107 & Tiephad SLT Jet - 1,,, fakes —; 5 10°E TiopThag LTT Jet — 1, fakes =
Signal Region Z - v+ (bbbe,cc) @ E Signal Region Z > 1+ (bbbece) 3
10° [ Other = i [ Other E
s SM Higgs 3 10" SM Higgs -
10 [] Uncertainty E E [ Uncertainty 3
g, Pre-fit background j 103yt S O e L, e Pre-fit background  _|
10 = = E e 3
: - b ]
10° E 102 ey =
3 E o0, 3
2 s IS 'l'l': ]
10 i E 10 ...
10 ey = Tl
1 = 1 5
Al I rarerel =
1 B o e - o 15prrrrprerr e A T o %
E o E g
1'—0 e 0o 0 0 0 0 4 ° + 1 o 1feo © o o o 0 4 ¢ ¢ \ N
E E + ]
0 : L i T .50 i L * i
S 01 02 03 04 05 06 07 08 09 g a g 01 02 03 04 05 06 07 08 09
NN score NN score
T = s R R RS AR RN RAAN RARE RaEs
= ATLAS Preliminary e Data 3
= {5 - 13 TeV, 139 15" = SM HH atexp. limit ]
2 $= 2 Top-quark =
& Thadhad Jet > 1,,, fakes (MJ) 3
& Signal Region Z - 1+ (bbbc,cc)
I Jet — 1, fakes (t) 3
Il Other 3
SM Higgs =
] Uncertainty 3
----- Pre-fit background =
_E
- S Lo
.0'1_5:1 L e e e T
o E . P ' T
o 1—0 o o 0 . . +
3
J< R T N W R \+ L 1 5 / 28
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l HH-bbtt - Resolved

HH-bbtt

ThadThad + TiepThaa decays (lep = e, )

- ~88% of all decays

Categorisation based on di-t decay modes and triggers
= ThadThad: Single/di-Thad

- SLT TiepThad: Single-lepton triggers

= LTT TiepThaa: Lepton+thaatriggers

Data-driven fake T backgrounds (tt, QCD) estimation

True t backgrounds (tt, Z+HF) normalisation from data
Resonant analysis

Parametric (in mx) NN for signal extraction

Largest excess @ 1 TeV: 3.1 0 (2.1 o) local (global)

Events / 0.33

Data/Pred.

ATLAS

ATLAS

—CONF-2021-030

e

e Data

= SM HH x 100

— X (mx =500 GeV)

— X (m, =1000 GeV)
o(X > HH)=1pb
Top-quark
Jet — 1, fakes (MJ)
Z — 11+ (bb,bc,cc)

I Jet - 1, fakes (t1)

Il Other
SM Higgs

[ Uncertainty

Pre-fit background

FRTTTT R IR MIRTTTT METTT MUTIT s

R[S R AR AR R AR R g > Frr— T T
E ATLAS Preliminary . gaa':‘exp_ it 8 108 ATLAS Preliminary
107E (s =13 Tev, 139 0" m =1000GeV 3 10 E \s=13TeV, 139 fb"
F Thadtha Top-quark 3 o 5 Thad®had
108k o . Jet - 1,,, fakes (MJ) = 2 100 '
E Signal Region . m:zbb,bc,cc) E § E Signal Region
5[ o Jet — 1, fakes () ] it L
10°E mm Other E 1045
s SM Higgs 3 r
10 g—' ......... P ITTTTTrrrren :l UI’ICEl’tainty —E 103 .
CO. 00 ... Pre-fit background I E
1%
............ E 1oL
1 15
2 ; ; e s
15 B 1.2F T . + T T
1 o 1E]¢oeqe S N
0.5 | | | | | | | | | E g 0'8;_ ' .|.. ' +|+++
00 01 02 03 04 05 06 07 08 09 1 S| 0 500 1000
PNN (mX = 1000 GeV) score
O T
r -=== Comb. Exp. = TigpThag EXP- T
! —— Comb. Obs.

95% CL limits on o (pp — X — HH) [fb]

Lo v o d | NN
1500 2000 2500

10°

10?

10
ATLAS Preliminary

{s=13TeV, 139 fb”

[ Comb. Exp. +1o
[ Comb. Exp. 26  —— T,,,{T,q Obs.

— TiepThaa ODS-

""" ThagThad EXP-

P I
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P PR EI R B
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l HH-bbtt - Boosted

High-mass resonant search

Looking for boosted bb and ThadThaa pairs

- bb: b-tagged R=1.0 jet

do

Primary Vertex

- ThadThad: R=0.1 jet, R=0.2 sub-jets (dedicated reconstruction)

BDT-based identification vs QCD jets

Limits from muy fit

Events

- In signal region with 60<m;<160 GeV
- muy"*>900 (1200) GeV for mx = 1.6 (2.5) TeV hypotheses

- No significant excess found

Data-driven QCD background estimate + di-t tagger efficiency corrections

T tracks

iso-track

ATLAS
ATLAS-CONF-2021-030

3 1.6
S [ ATLAS Simulation « Boosted di-t ]
S 14 X - HH - bbrt, = Resolved t e
5 F Vs=13TeV, my=2TeV 7
5 125 b (5,0) > 10 GeV, AR, yuty,,0) > 0.2 E
g 1 E
@ B ®ece ®g000,000 L 1
g 0.8 Leevetere ®0ece’e e®eo g0 ".".QI
8 oo :
,: O.G:fl.-l._-. _:
S o4 - Tt e
0.2:_.. 'Il-Ill...l........l.-_'E
L ]
G’I....I.H\\\..|I||||I||||IHHM|||I||||

200 300 400 500 600 700 800 900 1000

e e e B
F ATLAS

F Vs=13TeV, 139 fb"
[ Signal region

LI B s e

. Data
X—HH (m =12 TeV)
X—HH (m =3.0 TeV)
I Zrt+hf

Zr+f
Multi-jet
ZH

Others

LB e

600 800

1200

1400 1600

1800 200

Visible HH mass [GeV]

Generator-level di-t Py e [GeV]

= SR B S A R B I R
% £ fTL:HSbm —— Observed &
o L) _>13T( v feh,)g L Expacted ]
T . Sesleh ER
< 10 +2 =
1 g O+20 E
a F 3
g r ]
: i ]
S 1P =
i) E S0
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: i ]
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% W0 o e ey,
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l HH-bbyy

HH- bbyy

© Tiny BR (~0.26%)

@ Fully reconstructed final state

@ Excellent my, resolution

CMS analysis

B(HH — yybb) (fb)

O

CMS

ATLAS
ATLAS-CONF-2021-016

CMS
JHEP 03 (2021) 257

137 b (13 TeV) _ ,CMs
“

@
[

TTTTT]

(o]

N
)
i

TTTTT oot
"
N
7

N

- 95% CL upper limits
[ —— Observed
FETERE Median expected
I 68% CL expected
F 95% CL expected
_& — — Theoretical prediction

HH — yybb ]

3
/3

.......

‘f Observed

i * SM ‘ Fouwanasats
. e HH cat Bestfit
-1 — HH cat. 68% CL
- ... HH cat. 95% CL
_1sf ¢ HH+tiH cat. Best fit
“F —— HH+ttH cat. 68% CL
- HH-+ttH cat. 95% PL

L L R

137 b (13 TeV)

Non-resonant ggF+VBF

mred:mbbyy_(myy_mH)_(mbb_mH)

Fine categorisation
— Based on BDTs + reduced mass
- 12 ggF SR + 2 VBF SR

2D m,y vs mj; fit for signal extraction

Observed (expected) 95% CL:

20 -15 -10 -5 0 5 10 15 20

- o(HH) <7.7 (5.2) osm

- o(VBF-HH) < 225 (208) Osm
- -3.3<Kx<8.5 (-2.5<Kr<8.2)
= -1.3<K2v<3.5(-0.9<K2v<3.1)

47*

Ky

~ 4x improvement
w.r.t previous analysis !
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https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html

ATLAS
ATLAS-CONF-2021-016

CMS
l H H _) b byy JHEP 03 (2021) 257

= 105 FRRRRSnATRnpS L
= imi — Observed limit (95% CL) = E E
- %L_A%i_;ev"nlgg?éq ---- Expected limit (95% CL) T 900t ATLAS Preliminar E
z HH_ bb ’ [ Expected limit +1c = 8003— Vs = 13_TeV, 139 fb _E
. o 104t oYY 1 Expected limit 26 i E HH—bbyy =
H H_) bbyy E E== Theory prediction ° 700E —e— Observed limit (95% CL) —
'-'g, Y% SM prediction 600 & 00 e Expected limit (95% CL) 3
. S E ] Expected limit + 1 3
@ T|ny BR ("'026%) 103 / 5005_ ] Expected limit +2 & 3
_____________________ o 400F- =
G‘) Fully reconstructed final state T R. 300F- 3
. Observed: k) € [-1.5,6.7] 2002— —;
G—) Excellent my, resolution Expected: &,  [-2.4,7.7] 100E E
101 i " ; ) g i g y g O.ZI\|.\I.\..L.H.I..\.I\..\I.\..\.H.l....l\..:
. 108 6 4 2 0 2 4 6 8 10 200 300 400 500 600 700 800 900 1000
* ATLAS analysis “
m, [GeV]
- Resonant + Non-resonant ggF+VBF T
Myp =My, — (myy_mH)_ (mbb_mH)
- Analysis optimised for ggF /
. . . 0, .
- Categorisation based on MVA + M*pyy Observed (expected) 95% CL:
- Non-resonant: high/low-mass, 2 dedicated BDT <] ~5ximprovement
g - o(HH) <4.1 (5.5) Osm w.r.t previous analysis !

- Resonant: mass-independant BDT + m*,,,y windows
- -1.5<KA<6.7 (-24<Kr<7.7)

m,y, for signal extraction
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ATLAS
PLB 801 (2020) 135145 (non-res.)

CMS

l HH-bbVV

HIG-20-004 (non-res.)
B2G-20-007 (res.)
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l HH-bb4l - Non-resonant

- HH-bbZZ* - bb4l (I = e, )

First result in this channel

BR=0.014% !

But small background & clear signature

- Main background: single-H

2 pairs of OS leptons (4y, 4e, 2e2p), 2 b-tagged R=0.4 jets
SR definition: |m4-125| <10 GeV

Signal extraction through fit on BDT discriminant

Observed (expected) 95% CL:

- o(ggF HH) < 30 (37) osm

- -9<Ka<14 (-11 <Ka<16)

Data/T Bkg. Events/4 GeV

95% CL on gggr(pp—HH) [fb]

137 fb" (13 TeV)

E cMs

5o Preliminary

Bl —>2Z >4
@ -2z -4
I SM Higgs

I ttV where V=ZW
[ VVV where V=ZW
B Z:X

—e— Data

- - HH — bb4I x100

?00 110 120 140 150 160 170 180
m, (GeV)
=
15E | & 8
: et et
osf T f _+_ I :
E | ag
960 10 120 40 50 760 70 iEY
137 fb~ (13 TeV
105 ( )
—— Theory Prediction
CMS —— Observed 95% CL Limit
Preliminary Expected 95% CL Limit
Il Expected +1 s.d.
[ Expected +2 s.d.
10?
103
102+
10t T U
=20 -10 0 10 20

CMS
HIG-20-004
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ATLAS
PLB 801 (2020) 135145

l HH-bblvilv - Non-resonant

*  HH-bblviv

— I I I T I I I I
% 1071 ATLAS oo e
—— _ -1 Op
- Analysis optimised for bbWW#* g .5 Vs = .13_TeV, 1391 B Z/y'+jets HF
Lﬁ 10 Selection: = Other
- Dominant signal 105 SR, SF+DF and no dyy cut HH (x20)
— bbzz* + bbtrt included in signal definition 104 SR
: : 108
- Multi-class DNN for event selection 02
4. =In( P(HH) ) 10
T T b ()4 P(z21)+P(Z 1 7) 101 )
- Optimised cuts for two flavour-based categories 100
- 20 < my <60 GeV, 110 < My, < 140 GeV 107 e
3 1.5 T T T T T | | e [T | %
- Background controlled in mass side-bands T 125 Ridie :
J < 10N\ it IR
- Counting experiment for signal extraction & %75 N R S S
o 05
, _ _ 11 9 7 5 3 1 1 3 5 7 9 11
-» Single bin per region (SRs + CRs) d

HH

Observed (expected) 95% CL:

- o(ggF HH) < 40 (29) Osw 23/28



https://www.sciencedirect.com/science/article/pii/S0370269319308676

l HH-bbWW - Resonant

* High-mass X-»HH-bbWW search

1<mX<4.5TeV

- Looking at boosted topologies

H-bb

- R=0.8 "bb" jet (DeepAKS for identification)

H-WW

-» Single-lepton + R=0.8 “qq” jet (WW~-lvqq)

- Di-lepton (WW=-lvlv, tt=lwlw ) - update w.r.t. 36 fb-" analysis
Fine categorisation

- Based on various properties (flavor, DeepAKS8, substructure)
- 8 Single-lepton + 4 Di-lepton categories

Limit setting from 2D (mMpb, Mun) fit

- ~ 1 order of magnitude gained w.r.t. 36 fb-" analysis

- Scan range extended by 1 TeV'!

— 10 T T ™ A E

o) E

= F CMS

T I spin-0X 95% CL upper limits

T r —e— Observed

T 10 mmee- Median expected

I 68% expected

g [ 95% expected

© r Radion (A,=3 TeV)
102 3

1

10°

(X — HH) [fb]

107'E

10}

35.9 " (13 TeV)
T

0:

E
00

B b v b b v by
1000 1500 2000 2500

T R
3000 35

m, [GeV]
138 b (13 TeV)
EIT'IIlI|ITIIITIII‘IIIT'IIIIIVIIIIIITIIE
- CMS
+ Preliminary 95% CL upper limits
L- Spin-0 X —e— Observed _
S Median expected
I 68% expected
[ 95% expected

Radion (A,=3 TeV) -

FEsEEsssEEEEES

CLl | A bl | T | | O | ‘ Ll il | Lk S | 11 I|II\I|é
1000 1500 2000 2500 3000 3500 4000 4500
my [GeV]

CMS
B2G-20-007

+ 10 fb

- 1fb

10 fb

+ 1fb
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l Summary

* Large selection of new HH results using the full Run 2 datasets (~140 fb-")

- Both non-resonant & resonant production cms ——Observed - Median expected P R
Preliminary B 68% expected VE=13TeV 2? IST:Q:Q:] - Expected
. . dalsy === 95% expected o Expected = 2 0
- Different topologies (boosted & resolved) I 4 - Expected £ 1.0
E);psz?ve:d;gzi ’ Phys. Rev. Lett. 122 (2019) 121803 obst Exp
- Different production modes (ggF & VBF) w7z, 1301 e o N

* Unprecedented sensitivities

Expected 7.84
Observed 3.88

CMS-PAS-HIG-20-005

vt B_2
139 b=t Phys. Lot B 801 (2020) 135145
-

bbyy
139 b=t

- Highly improved limits ( ~3-10 x, both res. and non-res.) 5" e - ]
1 2 3456 10 - 50 100 ) 500 z ° 95% éE upper ﬁr?\il ona(ppsg HH)nl?&alisedngoaw
- Naive luminosity scaling ~ 2 x e Chimiton alpp = HH (et o
. . . E 5_ ' o Ib:ned 27.5 ot |
— Single channels better than 36 fb-' combinations =n @TLAS Prehmmaryl — B0t oson 3
:‘T: [ Spll’l 013TeV 275-139 [bAl?I'tI’.gé-ngNF 2021 -035]
‘ . . : X 10tk — iy
- Highly improved constraints on couplings L% R B e
° 103;— [bAt"I'LA1S:«’CONF 2021-016] -;
- Kav < 0 excluded! f ‘
10°F 4
e Still much more data to come (Run 3 & HL-LHC) 1
WE NN E
- Lots of optimism for the future ! T
200 300 500 1000 2000 3000
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DeepAKS8 vs ParticleNet Cis.DP-2021.017

0.7 CMs Slmulatlon Preliminary 0.95 CMS Simulation Prellmlnary
£ . g S Ve T ot ]
~ 0.65Fanti-k; jets™ H>bb (softcrop) < -C)CD sample (jets R = 0.8) —inclusive -
g 0.6 R =0.8: — H>bb (regression) | 0 2- H — b b ParticleNet tagger %= =5% |
=0.55 T i mas H ->cc (softdrop) | -2 R —eg=1% -
¢ DeepAK8 o’ 0.5 Prri00Gey . H ->cc (regression) C P, > 400GeV _SB =05 %
Q.45F st e H ->qq (soft drop) - E
: : : : ) 0.15F .
- Particle-flow candidates+ secondary vertices as inputs o%'g — H->qg (regression) - 1
y -
i 0.3 e
- Convolutional neural network 0.950 . 0.1F == - .
0.2F -~ T [ ‘ ]
- Multi-category output: (H,t,W,Z)—(bb,cc,qq,4q) 0.(1)51 il 2275 oo s oo " 0.05} =‘=‘=.=‘= ]
. 0.05 T [ =
* ParticleNet
80 700 120 140 160 180 200 220 60 80 100 120 140 160 180 200
. [GeVicT] Mreq [GeV/cT]
- Same inputs as DeepAKS8 Marae 9
Graph neural network 1 - 002 SR
- > SERRARARES EECEIREREN EEEAT SRR ESET REREF
P g Tems
— - H H i H ‘S [ Simulation Preliminary
2x improved bb vs QCD discrimination w.r.t. DeepAK8 = P isveaesminks
o 10 E gen gon 1 =
. . . . © F 50l:)<pT <1000 GeV, In” 1 <24 :
- Performance much less impacted when introducing mass decorrelation £ [ sw<mg<uocey ;
o L — DeepAKs
_ . .. . . o A--DZZSAKB-MD ]
Used as mass regressor with minimal modifications = it ParticleNet E
m [ - -ParticleNet-MD
— Same inputs, training samples and overall architecture | e
10°F E
- Different target: signal (pole) mass / background (particle level) SD mass ]
10—4-....|.'.'".'.|...|....1....|.,..|....|.... 28/28
0 01 02 03 04 05 06 0.7 08

Signal efficiency
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