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e Motivation for the HH search

e Analysis strategy

e Results



Sensitivity to double Higgs couplings

e HH production is sensitive to the Higgs trilinear coupling A
e VBF HH is sensitive to HHVV coupling ¢,,,

ggF production (ggHH) diagrams at LO Fundamental tests of the

700000}

Y SM symmetry breaking
o A
“TOCE0 HH production cross
Yi section vs k,
’\104:""'"'I""I""\""I“"I""IIII
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Consistent model for a A measurement

e A-dependent NLO electroweak corrections to single-H XS
e Account for single-H contamination (ttH) in HH signal region

= L L L L L B
1o —ggH ()'(pp - H+X)/O’SM .
—— WH /s =13 TeV d

+15/-30% _
ttH XS variation-

> Include ttH-enriched categories
In the analysis

o Improve A sensitivity

o Constrain ttH contamination in HH
categories

o Simultaneous measurement of A

and y,
NLO EW

correction




Explored HH final states

e H-—Dbb: large BR & bkg rejection from heavy-flavour jet ID
e H final states with leptons, y, or 1, : efficient bkg rejection
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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

Combined

Observed 22.2xSM
Expected 12.8x SM

CMS

Limit on o/c>M
Combination using 2016 data

35.9 b (13 TeV)

gg-~HH
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- -- - Median expected

I 68% expected
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Experimental signature and main bkg
e 2 high-energy photons resonant on m_, =125 GeV

e 2 b-jets resonant on m,

+ twd-backward jet pair with large m, for VBF HH

e Continuum background
o yy+(b)jets and y+(b)jets with ) ———

one jet misidentified as a y Lﬁ:;;; ;: X n.:_:
o ttyy and t(t)y+jets with one l‘%ﬁ A 2 $
jet/electron misidentified asay &% ““- > & N
& - ‘\ & x
e SESSEE = b Y
e 3Single H(yy) background f‘:"}\

o resonant on m,
photon2

o ttH(yy) has similar final state pr=51.22




Analysis strategy
e Use full Run 2 dataset (~138 fb™! of data)

HH categories

— Online selections
— Photons and jets selections
- H-—yy candidate selection

Maximize sensitivity through

production-enriched categories

_________________________________

- H-—bb candidate selection
— DNN classifier to reduce ttH contamination

— Requirements on VBF jets
— BDT multi-class. to distinguish VBF HH,
from ggHH and y(y)+jets

\
I
1
[
I

— BDT class. to distinguish ggHH from its bkg

lfail VBF HH selections !

/

_________________________________

lfail HH selections

— BDT to distinguish ttH from its bkg

E—

VBF HH

| categories ﬁ

sig. extraction from
2D fit of (mw, m, )

' ggHH
' categories J

1D fit of m
YY

ttH
categories




m., of H—yy candidates

Photon & jet selections

- CMS 137 b (13 TeV)
_ . © 1°F ypasta  [lggH ElagH
e y selections optimized for CMS 2 [ “wswsbxe Lt Dot
H—yy measurements ‘§ m{:\ E
L -
. . . . 10°E q
e Consider anti-kT jets with R=0.4 ol f
e H—bb jets :
© Pqljets) > 25 GeV 1051515550 40 T8 T80 T35 T80
o In(jets)| < 2.5 My (GeV)
: : : m. of H—bb candidates
o Two jets with highest b-tag score i
. - B4R
o 70< mjj <190 GeV & - ¢ Data [ZggH ElagH 7
. X 1OSE—HH->yybbx103 “JvH [tH o
e VBF HH extra-jets 2 ol ]
o |n|<4.7 and p, > 30 GeV & o
o Jet pair with highest m, 107

-
m, (GeV)



Event categorization

e Optimize sensitivity to SM, anomalous k, and c,,,
o 2 four-body mass (M, ) categories targeting VBF HH
o 3 BDT.x 4 M, categories targeting ggHH
o 8 ttH\categori s in PRL125.061801 [ttH(yy) CMS measurement]

Normalized to Unity

_ - See H. Mei talk
M, improves sensitivity to BSM for details
CMS simulation 13 TeV CMS 137 o (13 TeV)
—"I"'I"'I"'I"‘I_"‘l"'l"'l"'— 5 N N L LN L I""I""I""I""IIIII
| — SM VBF HH-yybb  ----c,, =2 S 107% ¢ Data [ggH ] VBF H j
Cpy =0 % 106k —SMggFHHx10° [ |VH [JtH
107 - % s _ .
> 1078 . low .med: high
10° : BDT :BDT: BDT =
| 10° | L E
107 E 102 4 E
- 10 B IW 3
1 : ///?// 0 Ly o 3
0060000 100012007400 160018002000 '7'576.102 65 0.4 05 06 0708 0%
ggF MVA

M, =M - M -M, +250 GeV 9


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061801
https://indico.ihep.ac.cn/event/14560/session/35/contribution/222
https://indico.ihep.ac.cn/event/14560/session/35/contribution/222

6,4 B(HH — yybb) (fb)

Results

e No deviations from SM observed
e Obs.(exp.) upper limit on HH signal strength 7.7(5.2)xSM

Limit on HH XS XBR vs k, Limit on VBF HH XSXBR vs k,,, = ¢, / ¢, S
) CMS 137 0" (13 TeV) CMS 137 b (13 TeV)
- 95% CL upper limits -1 2 E 95% CL upper limits =
- —— Observed HH - beb ] 1 - ——— Observed HH — 'Y'Ybb ]
3-5:_ ------ Median expected 4 B e Median expected —
- I 68% CL expected ] ; E I 68% CL expected \% H_ 3
n 95% CL expected X C 95% CL expected pa BT -
'& — = Theoretical prediction / : T 10 — — Theoretical prediction R =
2.5F gl I g V H™ 3
EY i £ [
ok \ ) - R
= b>10_1 =
1072
e
|||\|\,._.;__-(/1’||| 1073
-6 4 2 0 2 4 6 8 10 12 -3 -2 -1 0 1 2 3 4 3
Obs.k, €[3.3,8.5] ™ Obs. k,, € [-1.3,3.5] «,
Exp. k, € [-2.5, 8.2] Exp. k,, € [-0.9, 3.0]
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6,4 B(HH — yybb) (fb)

Results

> Expected sensitivity close to ATLAS bbyy

e No deviations from SM observed 4.1(5.5)xSM
e Obs.(exp.) upper limit on HH signal strength 7.7(5.2)xSM

) CMS 137 o (13 TeV)

- 95% CL upper limits =

[ —— Observed HH — yybb 3
3.5 F e Median expected B
- I 68% CL expected .
3 95% CL expected X
_& — — Theoretical prediction /3
2.5F ol
Y ]

- /

Limit on HH XS XBR vs kA

Limit on VBF HH XSXBR vs k,,, = ¢,/ ¢,,SM

CMS 137 b (13 TeV)
E 95% CL upper limits = 3
[ —— Observed HH — yybb -

I 102k === Median expected 3
- [ 68% CL expected \ H_ 3
[ 95% CL expected pE BT

= — — Theoretical prediction T~ E

ver 1y B(HH — yybDb) (fb)
>

3 2 4 0 1 2 3 4 5
Obs. k,, € [-1.3,3.5] «,
Exp. k., € [-0.9, 3.0]

See HH—bbyy @ ATLAS talk for details 11



https://cds.cern.ch/record/2759683
https://indico.ihep.ac.cn/event/14560/session/29/contribution/181

2D likelihood-scan of (k,, k)

, CMS 137 fb' (13 TeV) , CMS 137 fb' (13 TeV)
- SM expected //‘/ / = - Observed / [
1.5 [ : 1.5  / :
1 1
0.5} 0.5
of- o
e HH cat. Best f|t - e HH cat. Best flt
-1 — HH cat. 68% CL -1t — HH cat. 68% CL
£ HH cat. 95% CL i HH cat. 95% CL
450 HH+ttH cat. Best fit 15k HH+ttH cat. Best fit
e HH+ttH cat. 68% CL K HH+ttH cat. 68% CL
L Hiheidsnel o HiieOoncE
_gzollI.I_‘151XI.I_‘10ll!I_5llIIOIIII5li|l1ollll15lIII20 _56!1;15I1ll_1ollll_5lllloill 5l| 10 15 1 20
Ka Ky,

e k. sensitivity improved through inclusion of ttH categories
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Summary

e HH physics offers broad physics program at LHC
o HHVV, tri-H couplings

e HH—bbyy among the most sensitive channels

e Non-resonant HH—Dbbyy search with Run 2 data @CMS
o Results consistent with SM predictions
o 0o(HH—bbyy) <7.7xSM and k, € [-3.3, 8.5] @ 95% C.L.

e Combination of ttH and HH enriched categories
o Results consistent with SM predictions

13



Status of non-resonant HH searches with Run 2 data

Run 112016, 35.9 fb™
Expected 12.8
Observed 22.2

bbzz, 138 fb™
Expected 39.8
Observed 32.5

bbbb, 138 fb™

Expected 7.84
Observed 3.88

bbyy, 138 fb™
Expected 5.55
Observed 8.40

CMS
Preliminary
13 TeV

—e— Observed

1

2 3456

T

---- Median expected ATLAS Preliminary — Observed
f55 68°% expected VS =13TeV, 1391 EXpactad
:--- 95% expected OShE 4 ver = 32.78 b 3 Comb. exp. limit 10

Phys. Rev. Lett. 122 (2019) 121803

ATLAS-CONF-2021-052
' ' L L

1 Comb. exp.limit+2o0

Obs.  Exp.

{ 46 39 A
‘ 43 57 -

3.1 3.1 S

CMS-PAS-HIG-20-004 bbttt |
CMS-PAS-HIG-20-005 bbyy
JHEP 03 (2021) 257 Combined}-
| 1 L1l 1 L1 1111
10 50 100 500 1

95% CL limit on o(pp — HH (incl.)) / Ot

10
95% CL upper limit on signal strength

Approaching to sensitivity for SM HH

Exciting time ahead!!
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Sensitivity to effective field theory (EFT) couplings

e ggHH production e Modification of total and
described by 5 diagrams: differential XS
SM terms N —_sM
y 2 — ;=2
o t a I Gy = 2
e 1|8
§ 10"5—
BSM terms S parameters :
%%% %%% 102
107550406506 600706 606 6001000

My (GeV)
> Constraints on single couplings, e.g. c,
> Benchmarks in the 5D parameter space defined to explore
the EFT sensitivity JHEP09(2018)057, JHEP03(2020)091
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https://link.springer.com/article/10.1007/JHEP09(2018)057
https://link.springer.com/article/10.1007%2FJHEP03%282020%29091

O yoF HH BR(HH—yYybb) (fb)

EFT interpretation

Limit on ggHH XS XBR for
benchmarks of JHEP04(2016)126

o Obs. limits ranging from 0.3 to 1 fb

o Kinematics variations between

benchmarks — different upp. limit

—l

CMS Preliminary 137 o (13 TeV)

| 95% CL upper limits

LD Median expected t

- I 68% expected

1.5 95% expected .

N Theoretical prediction .pQ

HH—yYbb
L. ——— Observed -
.H

CMS Preliminary 137 b (13 TeV)
S  95% — —
2 - 95% CL upper limits HH—syybb 1
o) ® Observed i
'g_. O Median expected
1 10 I 68% expected =
= - 95% expected .
el B
m N ]
I
L
N M1
© = .
- . 5 . S e ' N
N I = I I I i
107 I E
E | | | | | | | |

| ] |
1 2 3 4 5 6 7 8 9 10 11 12
Shape benchmark

<—Limit on ggHH XSXBR vs c,

o Special role of Hand tin
several BSM theories

o HHtt effective coupling

Obs. c, € [-0.6, 1.1]

Exp. c, € [-0.4, 0.9] 17


https://doi.org/10.1007/JHEP04(2016)126

Online requirement and photon selections

e Select online events with two high-energy photons
o Shower shape, isolation, and m.

e MVA-based ID requirement offline
o ~99% efficiency on photons from primary interaction vertex

B0 it
o ~50% rejection on other photons m,, of HH candidates from

data and MC events

CMS 187 fb (13 TeV)

e Electron veto > e T R e S e e .
@ =~ tData IggH Iqu

- 105;_—HH-)yyb5x103 T IvH [tH §

e H—yy candidate using lead £ [~ -
> - :

L S0segeg

and sublead y’s
© Pr(¥ gap)M,, > 7 and

pT(YSUBLEAD)/ m,. > 7
o 100 < m.. <180 GeV

E st ,}f;z:};:;;,f,‘z‘;l s 7 g ¢ =
100 110 120 130 140 150 160 170 180
m,, (GeV) 1 8




Separate ttH(yy) from HH selections

Important and resonant bkg contribution
o Maximise separation between HH and ttH events

low-level information from individual objects
high-level information from event kinematics
DNN trained with MC events

CMS 137 ' (13 TeV)
i . + pay SRR RN LR RN R RRRRN RERRY LR RALLN RERE=
o Signal: SM ggHH + BSM S 106? \ Data laoH £ VBF H -
benchmarks 5 105k —SMggFHHXx10° [IVH [JH  _
o Background: ttH(yy) s ¢ G
: > 10 E
Simultaneous a: :
. . . 10 E =
optimization of ttH-score . .

cut and MVA boundaries 10 '

10— Z \ ,"’.‘1 // Z i
0 0102

ttHScore 19



Reject continuum background from ggHH selections

e BDT multi-classifier with 3

classes:

o Signal: SM ggHH + all
benchmarks

o Bkg1: yy+jets and Bkg2: y+jets

Events / 0.01

e 19 training variables

o Kinematic
o Object ID
o QObiject resolution

e Optimize categories to
maximize S/NB in 2 steps:
1. Optimize 3 BDT-score categories

together with the ttH score cut
2. Optimize 4 M, categories X 3

CMS 137 b (13 TeV)
BB N N N e
10"= 4 Data [7lggH E]VBF H
108 —SM ggF HH x 10° VH [ ]tH
10° e,
. I I I
4
10 l o
I I I
I I
| W
I I AL
V4

2 /‘74¢“/‘/’>‘ I‘/"»., e LT
04 05 06 0.7 0.8 0.9 1
ggF MVA
Category MVA  Mx (GeV)
VBFCATO0 0.52-1.00 >500
VBFCAT1 0.86-1.00 250-500
ggF CATO 0.78-1.00 >600
ggF CAT 1 510-600
ggF CAT 2 385-510
ggF CAT 3 250-385
ggF CAT4  0.62-0.78 >540
ggF CAT 5 360-540
ggF CAT 6 330-360
ggF CAT7 250-330
ggF CAT8  0.37-0.62 >585
ggF CAT 9 375-585
ggF CAT 10 330-375
ggF CAT 11 250-330
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VBF HH selections

e Sensitivity to SM VBF HH and c,, = 0

e BDT multi-classifier with 3 classes:
o signal: SM + ¢,,, = 0 VBF HH samples

o bkg1: ggHH, bkg2: y(y)+jets

e Re-use ggHH-BDT variables + additional variables

exploiting VBF kinematics

e Separate BDT trainings for M, = 500 GeV

CMS 137 b (13 TeV)
5 108 RN RN REREN R
S 10 M, < 500 GeV
— ] ¢ Data [ ]ggH ] VBF H
2 100 . SMggF HH x 10° [ JVH [ ]fH
5
Q 10°F —SM VBF HH x 10°
L 4 3
10°=% —¢,, =0 VBFHHx 10
10°
10% oo,
............. e Ty,
10 : »‘---ﬁ’mf”ﬁ?w-a-i-:n-";"-- =
1 Tt b4 LT
10_1 %Z ?:"—,‘/‘
10_2 é%%%i ‘r“gﬁ: AL AT 0.l
0 0.102 0.3 04 05 0.6 07 08 0.9 1

VBF MVA (Low M,)

Events / 0.01

CMS 137 b (13 TeV)
qo7 T T T T RN RN RN R
M, > 500 GeV
10°E ¢ Data ["lggH =]VBF H
108 SMggFHHx10° [ IVH [ ]fH
- —SM VBF HH x 10°
¢,y = 0 VBF HH x 10°
10°
10
10E My — — -
T T
18 Wiu 46 55444
107 -
ll\llllll\l

B e el el WL L
0 010203040506 0.70809 1
VBF MVA (High M,)
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ATLAS-CONF-2021-016

HH—bbyy at ATLAS with 139 fb™! - overview

e Non-resonant + resonant (spin 0) HH search

Clean but rare final state:

o bkg from jets(+yy) — y and b-jet ID requirements
o bkg from ttH(yy) & ttyy — veto events with e, p, or =6 jets

BDT classifiers to separate HH signal from main bkgs

* * _—
Four-body mass m” = to My = Moo~ M= M+ 250 GeV
improve BSM sensitivity R A
* ) g - low ?_TL?g_rSirJUIation Preliminary .
o 2m obyy 2 BDT score cat’s S 02massi  iibreor :
for non-resonant 5 [+ > —=-6 1
. _ 8 0150 i high — 1, =0 E
M oy selection around g 01_J_|—|_L mass _KF; E
resonance mass for X—HH B oo .
. . . 0.05- : |
Fit m.. for signal extraction '_ij;

250 300 350 400 450 500 550 600 650 700 750

L [GeV] 99


https://cds.cern.ch/record/2759683

ATLAS-CONF-2021-016

HH—bbyy at ATLAS with 139 fb™" - results

e No deviations from SM observed

Limit on HH XS vs k, Limit on spin O resonance with
105 mass m, and narrow width
g § ATLAS Prellmlnary —— Observed limit (95%) CL) ? E‘ 1000l:| T L B B LI B LA UL R R
= [ ~ —{ ---- Expected limit (95% CL) | = = imi =
:\IE/ I I\-l/li_ :)% TeV, 139 1o [ Expected limit +1c 1 < 9005 %tL;‘\SSTl;’\r/elgrglgn%I_’ 3
L 104; —ooNY H [ Expected limit +2¢ ] j':r 800 HH;bBW ’ —
g . H R E== Theory prediction 12X 700 Ob d limit (95% CL =
i oo T o 7,’\3 SM prediction 1° = —o osene .Im.lt( °cb) =
= i ‘. P ] 600 & 0 e Expected limit (95% CL) =
CHp) ~H | - [ Expected limit + 16 E
; 500;_ [ Expected limit + 2 & E
__________________________ 400 E
" | Observed: ; e [-1.5.6.7] 200 =
E;{Expected: K € [-2.4,7.7] 1005_ _E
oMb OFl.”.|....|.H.|....|..H|....|..H|....|..F
-10 -8 6 4 -2 0 200 300 400 500 600 700 800 900 1000
I
' Upper limit on signal strength ke
i ‘;pbs (oxp.) = 491 5 5))(8'8' Obs. limit between 620 and 50 fb
.' AN 2 for m, € [251, 1000] GeV
-

I'3/est HH results to date ’s


https://cds.cern.ch/record/2759683

Projection for 3000 fb™

e Huge number of MC events required
o use Delphes fast-simulation for particle-detector interaction
e Pre-select events compatible with HH—bbyy

Main backgrounds

O

@)

yytjets

y+jets with one jet
misidentified as a photon
single-Higgs background,
in particular ttH

events / 1 GeV

. 3000 fb™ (14 TeV)
10 IIIllIlIIIIIIIIIIIIllIIIIIlIIIIIIIIIIII
107 CMS Phase-2 B HH- bbyy

Simulation Preliminary [] single Higgs
10° = HH = bbyy [ tt+yy
Before MVA categorization [ tt+y
10° B t
100 L B vy, y+ets

10°
102

10 B

100 110 120 130 140 150 160 70 180

my, (GeV) 24



Projections for SM analysis @14TeV and 3000 fb™’

e HH—bbyy is the most sensitive channel with 1.80
significance
e Combining all the channels 2.60 significance

Channel Significance 95% CL limit on oz g/ U%E
Stat. + syst. Stat. only|Stat. + syst.  Stat. only
bbbb 0.95 1.2 2.1 1.6
bbTT 1.4 1.6 1.4 1%
bbW W (lviv) 0.56 0.59 3:0 3.3
bby~y 1.8 1.8 1.1 1.1
bbZ Z (llll) 0.37 0.37 6.6 6.5
Combination 2.6 2.8 QLT 0.71
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Projections for di-Higgs anomalous couplings

e Most stringent constraint from HH—bbyy channel

o The mass categorization removes the degeneracy between the
two minima

Only bbyy channel splitted in

HH combination mass categories

o CMS Phase-2 3000 fb" (14 TeV) i 3000 fb™" (14 TeV)
g Simulation Preliminary Assumes SM HH signal :C', E Simu ‘ tion Preliminary HH- bbyy
L] e o5 % 1N 1]
8 :_ T\ “ —— bE’{jT | (\I] 8 :_ .lwl | ;u ‘:
L e £y
= . TR 2 ': *— High mass
1 \ bbzZ* (4l) g = 2
F s\ . 4| —= Combination / ! 5F \ —e— Combined
2 i ,‘ c 3 \‘
< E_ = . X’
af-_ 4 ' 95% aF ‘
3 3f-
of- o
- 68% 1
E Fiids
0 ===

-0.2 <k, <3.6 i

95%

| 68%



