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Di-Higgs production is one of hot topics in Higgs physics group in
consideration of SM or BSM

Interesting final states from two Higgs bosons: bbbb/bbWW /bbrz/
bbyy/bbZZ/WWyy/ WWWW

Higgs self-coupling measurement predicted in the SM is challenging
at LHC in 10 years : cger(pp—HH)=33.5 b @ 13 TeV in NLO QCD

Currently searches have been performed for both SM & BSM scenarios
LHC run2 (pp@vs=13 TeV with [#~150 fb1)

HighLuminosity LHC (2026~2035, | #~3 ab1)



Subdecays (CMS)

HIG-16-002: Search for H(bb)H(bb) decays using the 2015
data sample

HIG-16-011: Search for H(WW)H(bb) decays using the 2015
data sample

HIG-16-012: Search for H(bb)H(z7) decays from non-
resonant production

HIG-16-013: Search for H(bb)H(zz) decays from resonant
production

HIG-16-024: Search for the non resonant HH process with
Webb decays using 2015 data

HIG-16-026: Search for non-resonant pair production of
Higgs bosons in the bbbb final state with 13 TeV CMS data

HIG-16-028: Search for H(bb)H(zz) decays from non-
resonant production (2016)

B2G-16-008: Search for HH in the 4b final state

B2G-16-026: Search for HH resonances in the 4b final state
- PLB

HIG-16-029: Search for H(bb)H(z7) decays from resonant
production (2016)

HIG-16-032: Search for H(bb)H(yy) decays at 13 TeV

HIG-17-002: HH(bbzz) with 2016 dataset - PLB

HIG-17-006: HH(bbWW) with 2016 dataset - JHEP

HIG-17-008: HH(bbyy) with 2016 dataset - PLB HIG-17-009:
HH(bbbb) resonant with 2016 dataset - JHEP

HIG-17-017: Non resonant HH in 4b - JHEP

HIG-17-030: Combination of HH analyses with 2016 dataset
- PRL

HIG-17-032: Search for resonant double Higgs production
with bbZZ decays in the bbllvv final state

B2G-17-019: Search for resonant and non resonant
production of HH to 4b in boosted topologies - JHEP

B2G-18-008: Search for HH in the qqgbblnu final state - JHEP
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1000 times smaller xsec than the smgle H
production e caase s

300<m(X)<500 GeV: (N)MSSM

m(X)>500 GeV: spin-0 Radlon and e
o spin-2 KK-Graviton in Warped extra
dimensions HoE 5

";_4 b tagged Jets two dl-J et palrs consistent with H1ggs mass : _‘"  _, e
Looklng in 260GeV—1 2TeV m(X) range
m(X) resolutlon 1mproved by k1nemat1(: constralnt

B tagged Jetwenergy regressmn & m(Hl) m(H2) constralnt

| ,D:‘?:;baekground estlmatlon done by flt the data m(X) dlStrlbUtmn
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35.9fb" (13 TeV) 35.9 fb™ (13 TeV)

Spin-2 : Spin-0

A~
——e—— Observed upper limit —e—— Observed upper limit

-------- Expected upper limit --=--=---- Expected upper limit 2
P 68% Expected P 68% Expected
- 95% Expected = - 95% Expected

Bulk Graviton K/MPI=O.5 Bulk Radion A =3 TeV, x| =35
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eadlngtwo jets are Higgs tagged (double b requirement in the jet) &IAn(]1,32)|<13

RESUItSObtalnedbythe fit on a reduced mass (=mjj?(mj1'1’I.lH)'(wInj2;m”Ii{_);jf dlstrlbutlon

Spin-2, KK-graviton =

35.9fb7 (13 TeV) 35.9 b7 (13 TeV)

—— Radion (A = 3 TeV) —— Bulk KK graviton (/M = 0.5)
—— Observed 95% upper limit —— Observed 95% upper limit

(pp — X) B (X — HH —» bbbb) [fb]

- - - - Expected 95% upper limit
I Expected limit = 1 std. deviation
Expected limit + 2 std. deviation

- - - - Expected 95% upper limit
I Expected limit + 1 std. deviation
Expected limit + 2 std. deviation

“o(pp — X) B (X — HH — bbbb) [fo]

1 1 | 1 1 1 1 | 1 1 1 | 1 1 | 1 1
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"’S'clect_ion:4 jets with highest b-tag score & pT>30 &,|-,1|,<2.4

4jetSPairing v minimum ‘Am(HiaH2) '

f ifter careful checks on the data drlven background estlmatlon f1t |
on a BDT output to flnd the 51gnal o .',:_-._..



Normalized residuals

e (Data - background) / background
E— (HH — bbbb signal) / background

7/ Total uncertainty

o

35.9 o' (13 TeV)
—— Data
~—— HH — bbbb SM
~— Mixed data

~~~ Total unc.

S

I
BDT output

o(pp — HH — bbbb)|fb]

—— Prediction k=1

95% CL upper limits
—e— Observed
-+ =+ Median expected
© 95% expected
Bl 68% expected

35.9fb~! (13 TeV)




L Spin2, Kkegravito
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35.9 fo' (13 TeV)

95% CL upper limits
Observed
————— Median expected
[ ] 68% expected
[ ] 95% expected
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ANALYSIS STRATEGY IN A NUTSHELL

Signal features JHEP 01 (2018) 054 arXiv:1708.04188

» h(bb) side: resonant in m;;

g 14
» h(WW) side: B4 (not fully /
reconstructible)
h 1
Background situation -7
g - @& [
> ] X N |
h
» subleading background: DY (~ 10%) b
» subsubleading: single top, VV, ttV, g b
SMHiggs, etc.
Overall strategy, for both resonant and nonresonant analyses
1. Select two leptons and two b-jets, below Z peak: m;< m, — 15 GeV
2. Estimate : VIC (rely on good understanding of tt)

3. VVA | (without my;) to discriminate signal and bkg
4. Final discriminant: m;;\



pr-leading and OS lepton pair (ee/eu/uu)

o -..'.1.2GeV <mp < mz- 15 GeV

o fi*a_Two jet pair with highest b-tag score sum & each jet satlsfylng pT> 20

- ‘;.GeV and |n|<2 4

Maln background e rely on the tt MC

e Drell—Yal‘l background suffer from low MC stat use data drlven method

% e, - o G it 3 : - :
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. HH-BBVV—bbludw (cont'd)

Deep Neural Network discriminators based on Keras with
TensorFlow

Inputs:mn,ARn,AR;;,A@(1l,j),pr,pri,min(AR;) and
transverse mass (11, MET)

Parameterized network used for resonant and non
resonant case separately

Resonant case: mass of resonance (260—900 GeV),
SFE vs. OF

Nonresonant case: k;, xt, and SF vs. OF
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Radion |

95% CL limit on o(pp — Xspino ~ HH) x B(HH - bblviv) (fb)
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it ":Search for X with m(X)=0.8—3.5 TeV

> Events selection:

" Hr>400 GeV, only one e/ u

~ Asingle bb jet with high prand a single qq jet with a nearbye L
. _-«Vetoevents with AR(AK4jet(R=0.4),bb jet)>1.2 to reject tt backgrorl_iﬁd" i

Events categorlzed by the lepton ﬂavor number of b- tag subJetness in the
~ bbjet, and qq jet substructure to increase 31gna1 purlty and background |

i _-;estlmatlon

2D maximum Ikelihood fit on m(bb) & m(EH)
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_.Sfé'lé'ct“_eVents:
S 7_ 0S - pairé AR(z,7)>0.1 and m(z7) reconstructed using SecondaryVeI'teX.fit algorithm"‘ :
- Two jets with highest b-tag score

- .Categorization: resolved 1/2 b-tag, and boosted

. MaSS Wlndow cuts for m(bb) and m(z7) within 45 and 35 GeV, respectively :

" _:BD’T)disjéfiminant ok

L1m1t extractlon based on

Resonant Fltted HH mass :

?.'Nonresonant MT2

3 3 i o v A7 o LG N A P S T AT
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ANALYSIS STRATEGY

Signal extraction via

S(?n(l-_itrje SPF;O;[—_S”S S IJecJ:[E' parametric fit on 2D
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: . Resonant
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M(j) and M(yy) = ID

4-body Mass 4-body Mass parametric signal
Categories Window shapes

M(YY)

£ ) l Analysis backgrounds:
MVA-based MVA-based non-resonant photons produced via QCD
Single Higgs

Categories Categories
12.9 b (1 3TeV)

BT VO MARALAAAAL SAAAS LACAL MAAAS ML MALL CMS Preliminary 2.321b" (13TeV)
i All categories E 3 CAT2
# Data .

B 26 bkg. unc.
[ 1o bkg. unc.

Events / Ge

1482838:¢
Events /5.0 GeV

2-categories comb.
limits for separate
mass intervals

4-categories
combined limit

110 120 130 140 150 160 170 180

m,, (GeV)

CMS SM H—yy CMS SM H—bb




CMS Simulation

" m, =280 GeV

35.9 b (13 TeV) 35.9 b (13 TeV)

LA B B B B BN BRI
Grav. m, =300 GeV [l ttH(yy) + Data
Rad. mx=GOOAGeV M VH(yy)

—— 99—~ HH(10) [ ggH(yy)
VBF HH (x10°)

Events fraction /(7 GeV)

Grav. m, =300 GeV [l ttH(yy) + Data
Rad. m, = 6004GeV M VH(yy)

—— gg — HH (x10%) [ ggH(yy)

—— VBF HH (x10°)

-
o
Gl

Events/(0.1)

I800I I850
Reconstructed mass [GeV]

T
H
H
H
H

I cos 6551 ‘
: 5 - > 23 5 LS MRSy e o e e » P ~6 A S
CMS 359" (13 TeV) i CMS 359" (13 TeV
e e e

pp—HH—bbyy t Daa pp—HH—bbyy t Data

T
1

35.9 fo”' (13 TeV) CMS 35.9 fo™' (13 TeV)

T EEEaEERe LR T e e
Grav. m, =300 GeV [l tiH(yy) + Data

------ Rad. m, =600 GeV [l VH(yy)

— 99—~ HH (10 [ ggH(yy)

—— VBF HH (x10°)

B - Grav. m, =300 GeV [l ttH(yy) + Data 50
----- Rad. m, =600 GeV [l VH(yy)
— 9g = HH(x10) [ ggHyy)

VBF HH (x10°%)

High-mass region Full background model High-mass region Full background model

High-purity category Nonresonant background Medium-purity category Nonresonant background

3
Events/(1 GeV)

40

. ‘Evenis/(0.<1v)
3,

_.
QL
I

——— SM HH signal (x20) ——— SM HH signal (x100)

IIIIIIIIIIIII

rlrlrllllllllll

30

=TT
LN

vl
I|IIIIIIIIIIIIIIIIIIIIIII

\\HHH‘
Ll
TT T T[T 11T

I” bo
l.uy% M - ||;||L
=3 130 140~ 150 160 17 80 10 120 130 140 150 160 170
02 03 04 05 06 07 08 09 S my, [GeV] my, [GeV]
lcoso, | = o -1
A CMS 35.9fb™ (13 TeV) CMs 35.9fb™ (13 TeV)
, : ———r :

o
oL

T ,
pp—HH—bbyy Data

T T T T T L |

T
pp—HH—bbyy Data

T T

CMS 35.9fb" (13 TeV,

T T T T e
Grav. m, =300 GeV [l ttH(yy) + Data
Rad. m, =600 GeV [l VH(yy)
— g9~ HH (109 [ ggH(yy)
—— VBF HH (x10°)

High-mass region Full background model High-mass region Full background model

35.9fb" (13 Te

—
Grav. m, =300 GeV [ ttH(yy) + Data
Rad. m, =600 GeV [l VH(yy)

F—— 99—~ HH(10% [ ggHiy)

' —— VBF HH (x10°)

A .jt;'o',',’_(.?-
Events/(0.1)
3,

L1 ]
-
L

High-purity category Nonresonant background Medium-purity category Nonresonant background

Events/(5 GeV)
Events/(5 GeV)

|||lll||l||l

——— SM HH signal (x20) ——— SM HH signal (x100)

oS 07 A

lllllllllllllllll

IIIIllIIIIIIIlIIIlIIIIlIIIl

IIIIIIIIIIIIIII

LI Ly S

02 03 04 05 06 07 08 09
| cos SJJ




Spin-0, Radion
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Producflon inpp @ 13 TeV
__CMS experiment

Using 35.9 tb-12016 CMS data

PRL 122 (2019) 121803, arXiv:1811.09689

Subdecays: bbbb/bbzz/bbyy/bbVV (V=W or Z)

Observed (expected) upper limit on the non
resonant production xsec = 22.2 (12.8) xosm

No evidence for narrow resonances in the mass
range 250—3000 GeV
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combmed CMS

HH @ 137eV Limits

CMS

Run | combined
Observed 43.1xSM
Expected 46.5xSM

bbVV

Observed 78.6xSM
Expected 88.8xSM

bbbb

Observed 74.6xSM
Expected 36.9xSM

bbtt

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Run |l combined
Observed 22.2xSM
Expected 12.8x SM
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- Median expected
I 68% expected
95% expected
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Using 36.1tb'12016 ATLAS data

‘Submitted to PLB, arXiv:1906.02025

| | ‘Subdecays bbbb/bbWW(lqu)/bbTT/WWWW(llvv4q/111vvv2q/4l4v)/bbyy/
- WW(lvaq)ry

-Re_sults are presented for non-resonant and resonant Higgs boson pair

| ~ production modes

Combined observed limit @ 95% CL on the non-resonant HH xsec = 6.9 xlo‘sM_j_.‘_ |

- - Limits set on the ratio (x,) of the Higgs boson self—couphng to SM Value
. {  } -5 o < xﬂ < 12. 0 @ 95% CL |

e _"‘Limit,_s 's‘et_on'th'eprodu_ctio‘n of narrow scalar resonances in BSM



ATLAS —e— Observed

_ 4 e Expected =
V\s=13TeV, 27.5-36.11b S Expected = 1o

n ogglll: (pp — HH) =33.5 b Expected + 20 |

Obs. Exp. Exp. stat.

HH— bbt™t 12.5 15 12
HH— bbbb 129 21 18
HH— bbyy 20.3 26 26
HH— W'WW'W 160 120 77
s ] ] —]
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HH @ ] 3Tev Limifs HH— bBW*W’ 305 305 240
i Combined 69 10 88
Py bl 1
R 100 30
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T T T I
ATLAS
{s=13TeV, 27.5-36.1fb"

Combined ATLAS
HH @ 13TeV Limits

spin-0

o(pp — S — HH) [pb]

. Exp. 95% CL — Obs. 95% CL
limits limits

— WWWW = WWyy 210" 310"
mg [GeV]

—bbW'W = bbbb

T T T I
ATLAS
\s=13TeV, 27.5-36.1fb"

= bbr*t — bbyy

e Comb. (obs.) . é?(r;t)) +1

— HH) [pb]

KK

Comb. +20

(exp.) — Bulk RS
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CMS-FTR-18-019: HH measurements at the HL-
LHC (pp @ 14 TeV, 3 ab)

Subdecays: bbbb/bbWW(Ilw) /bbzz/bbyy/bbZZ(41)

Analyses developed using parametric simulation of
upgraded detector response and optimized for 3

ab-1

Expected significance of SM HH signal with 2.6¢
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Channel

Stat. + syst.

bbbb 0.95
bbtT 1.4
bbWW (lviv) 0.56
bbyy 1.8
bbZZ(0000)

Combination

Significance

1.2

Stat. only Stat. + syst.

2.1
14
3.5
1.1

6.6

1.6
1.3
3.3
1.1
6.5
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Table 6: Upper limit at the 95% confidence level, significance, projected measurement at 68%
- confidence level of the Higgs boson self coupling Ay for the five channels studied and their |
 combination. Systematic and statistical uncertainties are considered.

95% CL limit on{ oz /o), |

%ﬁﬁ%iiﬁqqﬁﬁki

mwxm*mf ot
35 03T 4 > '.’ ”
{i5t¢ (LT Rt A Adban ook

3“-”“«‘1\-3!3!#. «m



S

-
-

ow., szahﬁﬁﬂannus ik ,&vﬁ ﬁnﬂﬁuﬁ%ﬁﬁ.ﬁﬁ#\ﬂn ey %ew:hfh ﬁﬂ:ﬁ _T%u , Aty agﬁﬁﬁﬁn
%??V?V??i????????y?VY?%??ﬁ???????????????‘?fvvV?&

&
[
&

3%

o
el

%ﬁﬁ%ﬁﬁd& =
RIS R R AR

. .
Vipeegp o

Al

s oy A 0. S KD SRR

e s

Assumes SM HH signal

—— bEbb
—e— bbtt
—— bbVV(lviv)

—+ bbZZ*(4l)
—e— Combination

CMS Phase-2
Simulation Preliminary

: : oy
RS ey w&&&ﬂ&g@&&&&&&;géa&Aa&&ﬁaga5xé&&£aﬁa&Aﬁ&£§&4&aﬁa@5
e s e Rsv%xu,ibuhﬁ.. amm‘!gwuvéér}uﬁﬁ%ﬁ T nhﬁﬂw@ i e ;;...m_nn %, h;%%%h‘ﬂsﬁﬂﬁuu, ﬁm;ﬁhglﬁﬁm&? TR

B . s %y‘}w‘q"x‘? e & wonr o ':"3&1&&;&;&'«« P

0 o
et
\ oy (T

ik &ﬁéﬁﬁﬁﬁﬁﬁﬂﬁﬁﬁiﬁ*



i The SM HH production is expected to have a cross section ~31 fb at 13 TeV

and 40 tb at 14 TeV

" Negatlve result of the SM HH measurement using 2016 dataset (~ 36

_1)

> before High Luminosity LHC operation

V EXpect to confirm it at the end of HL-LHC with >2¢

i It is 1nterest1ng because the HH productlon search would be a h1nt for BSM i ';

Many searches have been performed not only for the HH productlon but
also for any BSM d1 nggs s1gnals such as H*H-/ aa/ ..... oo

/'j_‘:Stay tuned for the LHC run2 results (~150 fb 1) and next | " - =



| sefat-JetmthR=08, pr>300 GeV, |n|<2.4
Leadlngtwo Jets are Higgs tagged (double b requirement in the jet) &lAn(]1>J2)|<13

‘Results obtained by the fit on a reduced mass (=mj-(mj-mmu)-(mj»-mu)) distribution

359 fb" (13 TeV 35.9 fb™ (13 TeV)
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35.9 fb~! (13 TeV)

T T |
95% CL upper limits

e Observed
B 68% expected = 95% expected

‘ | : | | | | I
I : 10 11 12 SM«,=0

95% CL upper limits

® Observed
Median expected
68% expected
95% expected

O(pp | %HH - bbbb) . [f-b] ._,

8 9 10 11 12 Box Shape benchmark
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