HH—bbbb search with CMS

Based on CMS-PAS-HIG-20-005

Luca Cadamuro
on behalf of the CMS Collaboration

UF FLORIDA IA

2= Fermilab

IDR Terascale, online
July 5th, 2021




The scalar sector and the selt-coupling

V(®TD) = —p2dTd + \(DTD)?

m [he scalar sector: cornerstone of the SM

P m Brout-Englert-Higgs mechanism: a scalar potential
i with a v.e.v. # 0 originates a spontaneous breaking
of the electroweak symmetry

m Properties of the scalar sector < BEH potential
shape (A) < self-coupling

m Still largely unexplored at the LHC

The Higgs boson self-coupling has a
unique role in the SM

Luca Cadamuro (UF) HH—bbbb search with CMS July 5th, 2021



HH production: gluon fusion

NNLO FT-approx
JHEP 1805 (2018) 059 ggF

= 31.05b*5/% (13 TeV)

(13 TeV)
— 0.025
Cti — k)\ =1, SM
0.02 — k, =0, only box diagram
— k, =2.45 , maximal interference
0.015 k, =5, soft spectrum
— k, =20, mainly triangle diagram
0.01
0.005 L T e
Nlhaaaas
0]
250

HH production =— direct determination
of Higgs trilinear coupling AxuH

® Gluon fusion: dominant production mode

m | arge destructive interference
—> tiny cross section

m Self-coupling information both total and
differential cross section (strong mun
dependence on AnHH)

0 analyses must be optimised for a variety of
signal kinematics
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HH production: vector boson fusion

N3LO QCD
PRD 98, 114016 (2018)

m \ery rare production mode
0 moderate sensitivity to A

= Unique sensitivity to the
VVHH interaction

O Kov # Ky IN e.g. composite
Higgs models

0 longitudinal scattering
opens when Koy # Ky —
growth of xs at high mnH
values
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The 4b channel

V4 Largest HH branching fraction XX % :current public results at sqrt(s) = 13 TeV

0 about 1500 HH—bbbb events expected in the Run 2
CMS dataset

—h

bb B (HH — XX yy)
My — 125 GeV

I Challenging multijet background
O requires precise estimation and powerful rejection

m LHC 4b results

0 CMS 2016 ggF (JHEP 04 (2019) 112) 36 iy
obs (exp) U.L. of 75 (37) x oggroM L

0 ATLAS 2016 ggF (JHEP 01 (2019) 030)
obs (exp) U.L. of 13 (21) X 6ggrSM

0 ATLAS Run 2 VBF (JHEP 07 (2020) 108) |
840 (540) x ovrSM 126 1br
-0.8 < Kov < 2.9 (-0.9 < Kav < 3.1) vy

—h
<

WW

—h
o
o

—h
o
b

27 fb-1

Y4

m Today: latest full Run 2 CMS result 137 fb-1 Y arer
(CMS-PAS-HIG-20-005)
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https://cds.cern.ch/record/2771912

Reconstructing the H candidates

m 4jet+3b trigger, offline preselection of the four jets with the highest b-tag score (=3 b tagged)

m Three possible pairings of the four b jets exist = exploit the “equal-mass” hypothesis

o if Add =d2-d1 > 30 GeV, select d1 pair
0 otherwise, select between pairs d1 and d2 the one giving the highest pt(H) in the 4b rest frame

m Achieve correct pairing in 82-98% of events

CMS Preliminary Simulation

> " [2017-2018 SM ggF-HH 2
— _ | Reaqi b, All C i [0)
M(HZ) 4 d — mHl KmHQ % 300:_ egion 4 ategories |_|>J
- -
(Ge | - =% Optimal
: - performance
: I without
: o6 biasing the
: 0.4 bkg events
: 0.2
g ¢ O_ o
(O'O)‘ - [G eV] 0 50 100 150 200 250 300 350
m,, [GeV]

Luca Cadamuro (UF) HH—bbbb search with CMS July 5th, 2021



tvent categories

Four central b tagged jets
mu sighature to reject bkg.

m VBF events contain two
additional jets with n1xnN2 < 0

m A BDT is trained to separate
misclassified ggF + 2 jets
events

0 use kinematic properties of jet
and H candidates

0 97% of ggF events correctly
classified

High An jet pair
Characteristic VBF signature

- /

4 jet events
m ggF events split in low- and high-mnn (450
GeV) to capture k\ dependence

m VBF events split in SM-like and BSM-like
based on BDT score to enhance
anomalous Koy contribution low MHH

ofe]

high muH SM-like BSM-like
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Background normalization

CMS Preliminary 102 fb™' (13 TeV)
350 g 8000 ¢
-
CMS Prelimi : D
= 350, reliminary 102 b (13 TeV) _1600_7000 2
_ _ 2 : 2017-2018 Data |
= Signal region (SR): y < 25 GeV (5 3oof. -Fiegion 4, Al Categories 1 1400l 716000
. T — 5000
= Control region (CR): 25 < ¥y < 50GeV £ 250 = 1200
i — 1000| | 0%
m Data are divided into a 3b and a 4b sample 200 000
: § — 800
0 5-10Xx more data in 3b w.r.t. 4b 150}
: 600 | 2000
O BaCkgrOund yleld = NCR4b/NCR3b X NSR3b 100 400 |- 1000
50;_ — 200 :;_O
O:. 'R U AT N U U [N T N S T [N S T T [N N S S T Y SN SO S N A S BN _O
0 50 100 150 200 250 300 350
m,,, [GeV] :
Background yield determined from data | /éb
4b

X = \/(mHl —¢1)" + (myyy — ¢3)°
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Modelling the background shape

m BDT with dedicated metric (J. o MS Prelminary 36 " (13 TeV)
= 400—HE rhbbbb ¢ 2016 Data
Phys.: Conf. Ser. 762 012036) S | OFNOhm, o Big. model wio reshaping
11| 350 " ° SEEEE Bkg. unc.

trained to separate CR4P from ,
CR3b data >0

O inputs: kinematic and object quality =0k

0 stat. test + test discriminator used
as metrics in hyperparameters 150
tuning until no separation achieved 100
(closure check) 50

SM ggF-HH x 100
—— VBF-HH (x,,=2) x 100

200

m Score used to reweight SR3b o -
O) =
data to model SR#° o 21:,,,,....,....‘“*4'
C\U OP.'......l‘.‘..:‘.‘I....|....|....|....|....|....|....|....
IS, O 01 02 03 04 05 06 0.7 08 09 1
0 BDT Output

Leverage on ML techniques to

Before reshaping

achieve multidimensional data-
(data directly from the 3b region)

driven estimate

CMS Preliminary 36 b (13 TeV)

400F- HH —Dbbbb  § 2016 Data
- ggF high- m.

350 A region — Bkg. model
$555 Bkg. unc.
SM ggF-HH x 100
VBF-HH (i,,=2) x 100

EVenNnts

300
250

200 am®-

v

150

100}

S0 et
19
2 1.2
N 1
3 08
= 9% 01 02 03 04 05 08 03 08 09 1
] BDT Output

After reshaping
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Validating the background model

s _CMS Preliminary 102 b1 (13 TeV) o

m Signal-free validation region (VR) used E g Fegion b, Al Ctegore _14oo;§j

0 apply same methods as in the SR E: of |-

0 VR shifted along the (mn1, mu2) diagonal = no bias from H reconstruction ok 8 1000
m Good statistical agreement for all variables observed in VR ol @ e

0 add uncertainties for total yields non-closures (1.5-4.7%) 100k @ 1™

0 uncertainties for the validation vs analysis region statistics (3-30% for VBF cat.) . = ZZZ
m Additional SR uncertainties considered on the background templates Qb i

0 bin-bin-bin template variations (poisson counts in 3b data) m,,, [GeV]

0 CR statistical uncertainties £ 1

----------
- ~

0 alternative bkg. templates from trainings in sub-portions of the CR .

Good performance of bkg estimation method validated with data “Up®  “Down”
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Suppressing the multijet background in ggF

CMS Preliminary

m BDT to separate the multijet background in ggF

m [raining done on 3b reweighted data

0 2 trainings performed with same parameters on 50% of the

dataset and applied to the other 50%
O separate training for every year/category

m [nput features

0 kinematic variables: H+, H2, HH pr and mass, 4 jet pt sum

o0 topological quantities: An(HH), AR(b,b) in a H candidate, min
AR(4b), max An(4b), angles of b and H in the 4 jet rest frame

O object quality variables: number of tight b jets, sum of the
resolution estimator of the 3 jets

Effective separation of the multijet background

HH—Dbbbb search with CMS

Events

Data/Bkg.

700 HH — bbbb ¢ 2017-2018 Data
ggF high-m

A® ragion HH - Bkg. model
600 st Bkg. unc.
— SM ggF-HH x 100

500 ——— VBF-HH (k,,=2) x 100
400
300
200§
100
1.
1.2

1fow
0.8
0% " 0102 03 04 05 06 0.7 08 09 1

BDT Output
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Signal extraction in VBF categories

® Fit myn in the SM-like
category

0 statistics Is too small to
train a dedicated
discriminant

m Counting experiment in
the BSM-like category

o high S/B for anomalous Koy
events, O(10) bkg events

Luca Cadamuro (UF)

CMS Preliminary

102 fb™' (13 TeV)

4"5’ 100l HH — bbbb
> . VBF SM
Lﬁ - A region

80

¢ 2017-2018 Data

] Bkg. model

#E Bkg. unc.
SM ggF-HH x 20
—— VBF-HH (x,,=2) x 20
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Results - SM production

CMS Preliminary

ggF Low m

HH

Obs: 23.4
Exp: 25.1

ggF High mHH

Obs: 4.0
Exp: 7.7

VBF categories

Obs: 43.2
Exp: 70.8

13 TeV

HH—>bbbb m The high mun ggF category leads the sensitivity
95% CL upper limits to SM production

—e— Observed

--o -+ Median expected 0 low mun ggF contributes to constrain anomalous Ka
I 68% expected

95% expected 0 VBF categories constrain the Koy coupling

0 note: a common signal strength to ggF and VBF is
assumed here

Observed (expected) 95% CL UL
3.6 (7.3) Xx SM

Combined

Obs: 3.7
Exp: 7.3

Luca Cadamuro (UF)

Best constraint to date on the SM HH
production

100 120 140
_ SM
= OHH/OHH

HH—Dbbbb search with CMS July 5th, 2021



Results - couplings

CMS Preliminary

138 fb’

(13 TeV)

Obs. (exp.) limit on o99F+VBF
3.6 (7.3) X SM

-23<Krn<94 (-5<Kkn<12)
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CMS Preliminary

138 fb™' (13 TeV)

'5' 4000 : o : E‘ = : o : : : =
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— - serve ] — B serve . i
% [ meeees Median expected HH — bbbb - g:? 104 Median expected i i HH — bbbb _
1 I 68% expected I D A ) = I 68% expected u =13
Q 3000_ 95% expected gk~ " VBF 7 ;l;_ - 95% expected 99k 7
— | —— Theoretical prediction | Q. - —— Theoretical prediction ' ]
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Obs. (exp.) limit on oVBF
226 (412) x SM
-0.1 < Kov < 2.2 (-0.4 < Kov < 2.5)

Best [imits to date on Koy
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CMS Preliminary

categories best fit
categories 68% CL
categories 95% CL

Luca Cadamuro (UF)

Studying the couplings

138 fb™' (13 TeV) CMS Preliminary

Observed
HH — bbbb

categories best fit
categories 68% CL
categories 95% CL

HH—Dbbbb search with CMS

138 fb' (13 TeV)

Observed
HH — bbbb

6 -4-20 2 4 6 8 10 12 14

LY

Simultaneous fits
of the couplings
performed

0 couplings not

displayed are kept
to their SM value

July 5t, 2021



A broader BSM picture

L:LSM+Z%O§+

_ s Preiminary snapebencrmarc2 || w1 5D parameter space in a
= - All categories : . 4
= I generic EFT description
| 0 sampled with benchmark
\% 10 é_ """""""""""""""""""""""""""""""""""""" points with characteristic
D@ - Kinematic properties

- ' m Ongoing work to define an

approach for complete EFT
scan in HH analyses

m,, [GeV

10

8 9 10 11 12
Shape benchmark

Beyond the self-coupling (only):
HH as a probe of high energy BSM effects
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Conclusions ?

m HH: a key topic in the exploration of the scalar sector
0 direct access to the self-coupling
O probe of high-energy new physics effects in anomalous couplings

= HH-—Dbbbb: largest BR, but highly challenging multijet background

m CMS developed a new full Run 2 analysis to optimally benefit of the recorded dataset
0 ggF + VBF production modes
O optimised selection and categorization of events
O accurate data-driven estimation method
o0 powerful discriminants to reject the multijet background

m Best constraints to date: obs. (exp.) 3.6 (7.3) X SM
0 quickly approaching the SM sensitivity with upcoming combinations!
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Conclusions

HH—-bbbb was considered

hopelessjusta fewyears ago IIl tOtal, iIlClllSiVG dihiggS pI‘OdUCtiOn With deCay tO

four b quarks has a signal-over-background ratio S/B
which is too bad to be a suitable search channel, al-

A few examples
Papers from 6-8 years ago

As concerns the various decay channels, although the 4b final state is the dominant one, it suffers
from huge QCD background. The most promising channel at the LHC is thought to be the rare decay

Significance 95% CL limiton oy /opy ¢ [HL-L HC YR projections

Stat. + syst. Stat. only Stat. + syst.  Stat. only
The CMS full Run 2 result Excellent

bbbb 0.95 1.2 2.1 1.6 | i
Improveq by 5X over
bb 1.4 1.6 1.4 1.3
T previous 2016 CMS prospects for

bbWW (¢vlv)  0.56 0.59 3.5 3.3 results Run 3 and

bby~y 1.8 1.8 1.1 1.1 _
bbZ.Z (£440) 0.37 0.37 6.6 6.5 Analyses improve HL-LHC
much faster than

Combination 2.6 2.8 0.77 0.71 the luminosity!

Channel
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Additional material



HH cross-section dependence on Kx

| | | | | z
HH production at 14 TeV LHC at (N)LO in QCD -
My=125 GeV, MSTW2008 (N)LO pdf (68%cl)

Phys. Lett. B 732 (2014) 142 -
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—,
—
—~—

\\
~
\\
~

® Quadratic dependence of the
XS 0N K

m [nterference effects —
minimum XS for kK # 1

O minimum at Ky = 2.45 for ggF

MadGraph5 aMC@NLO
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gF discriminants

2016 data 2017 + 2018 data

* CMS Preliminary 36 fb™' (13 TeV) o CMS Preliminary 36 fb™' (13 TeV) o QMS Preliminary 102 o' (13 TeV) o CMS Preliminary 102 o™ (13 TeV)
+ 300 HH —Dbbbb  § 2016 Data + 400 HH —Dbbbb  § 2016 Data + 500 HH —Dbbbb  § 2017-2018 Data + 700 HH —Dbbbb  § 2017-2018 Data
GC) ~ ggF low-m " Bk del CIC) - ggF high- m.. Bk del CIC) - ggF low-m o Bk del GC) — ggF high- m., Bk del
> - AL region - 9. mode > 350 A region ’ 9. mogde > | AL region — 9. mogde > [ AL region ! 9. mode
L o509/ S Bkg. unc. LLI - S Bkg. unc. LLI . S Bkg. unc. Ll 600 SEEE Bkg. unc.
- SM ggF-HH x 100 300 - SM ggF-HH x 100 4001~ SM ggF-HH x 100 - SM ggF-HH x 100
200F- ——— VBF-HH (k,,=2) x 300 - ——— VBF-HH (k,,=2) x 100 i ——— VBF-HH (k,,=2) x 100 500 ——— VBF-HH (k,,=2) x 100
B 250 B -
I - 3001~ 400
150 200 -8 mnn
150 200} 300
100 2008
100k 100
50 50 100
1.4 1.4 1.4 1.4
D { ok @ N3 S — D 4 o 1
5 "R 5 2 R 56 &m*zx 5 I 5 "4
- 0.8 @ D@L - 0.8F -l +| + ..................... - 0.8 - 0.8
© (.65 © .65l o L L I L © 0.6 © 0.6
o O 0.1 0.2 03 04 05 06 07 08 09 1 I 0 01 0.2 03 04 05 0.6 0.7 08 09 1 I O 01 02 03 04 05 06 0.7 08 0.9 1 o 0O 0102 03 04 05 06 0.7 0.8 09 1
0 BDT Output Q BDT Output Q BDT Output Q BDT Output
Low mHuH High mun Low mHuH High mun
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VBF discriminants

2016 data 2017 + 2018 data

CMS Preliminary 36 fb” (13 TeV) CMS Preliminary 36 fb' (13 TeV) CMS Preliminary 102 fb™' (13 TeV) CMS Preliminary 102 fb™' (13 TeV)
%) - %) - %) %) -
£ 60 HH—>bbbb  § 2016 Data £ 12|~ HH — bbbb $ 2016 Data £ 100[— HH —>Dbbbb ¢  2017-2018 Data £ 30— HH — bbbb ¢ 2017-2018 Data
o ~ VBF SM B Bkg. model ) - VBF anomalous-k,,, ) - VBF SM B Bkg. model o ~ VBF anomalous-k,, I Bkg. model
> - AL region — g- mode > [ A2 region I Bkg. model > - A2 region m— g- mode > - AL region g
W 5o HEEE Bkg. unc. W 1o}~ L - R Bkg. unc. W o5l Bkg. unc.
N SM ggF-HH x 50 i wy Bkg. une. 801 SM ggF-HH x 20 : SM ggF-HH
a0l —— VBF-HH (k,,=2) x 20 sl VBF-HH (x,,=2) & | = VBF-HH (x,,=2) x 20 - —— VBF-HH (x,,=2)
: 60
408
10
20
5
; :
9 146 T 7 . Lann ErEEs 5 2 j3E — #T ﬁ st B
o0 Aot an) AR m dF RPN % D g s
C\U : T“ C\U C\U 88 R AT SR A S S TR A N TN ST A S YRR RO [ A TR S T SR R 1 CU .O |
o 400 800 I I 400 600 800 1000 1200 1400 1600 o
O my, [GeV O Counting experiment bin O my, [GeV] O Counting experiment bin

SM-like cat. BSM-like cat. SM-like cat. BSM-like cat.
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Grouping all the categories

CMS Preliminary 138 b (13 TeV)

HH—Dbbbb

[N IS

e BKg. unc.

—— SM ggF-HH x 100

L

m Events yields aggregated from all categories, sorted
by ascending log10(S/B)
o0 considering a SM HH signal

m the underfluctuation at high S/B, directly stemming from the
deficit in the ggF high mun category, is clearly visible
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Likelihood scans

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb' (13 TeV)
All categories = (Observed

HH — bbbb == SM expected

All categories = (Observed

HH — bbbb == SM expected

-2AIn(L)
-2AIn(L)

95% 95%

68% 68%

-15 -10 -5 0 5 10 15 20
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\Vliass categorization

CMS Preliminary 138 fb' (13 TeV) CMS Preliminary 138 fb' (13 TeV)

SM Expected Low m,,,
High m_.
HH — bbbb All categories

Observed Low m,,
High m

HH — bbbb All categories

-2AIn(L)
-2AIn(L)

95% 95%

68% 68%

0 ‘
20 -15 -10 -5 0 5 10 15 20
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CMS Preliminary
SM Expected

HH — bbbb

Luca Cadamuro (UF)

Impact of VBF categories on Ka

ggF categories
VBF categories
All categories

138 b (13 TeV)

. CMS Preliminary 138 fb™' (13 TeV)
g Observed ggF categories
= VBF categories
§ HH — bbbb All categories
95% 95%
68% 68%
0 ,
20 -15 -10 -5 0) ) 10 15 20

HH—Dbbbb search with CMS

The self-coupling
determination is entirely
driven by the ggF
categories
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Fitting the ggF and VBF strengths

CMS Preliminary 138 b (13 TeV)

m
= Observed * SM
=~ 1000 categories best fit

categories 68% CL
categories 95% CL

500
m Separate fit of the ggF and VBF signal

strengths

O in both cases the SM couplings are assumed (for
the expected signal shapes and acceptances)

-500

-1000

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

HooF
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2016

Obs: 10.1
Exp:12.9

2017+2018

Obs: 4.5
Exp: 9.1

Combined

Obs: 3.7
Exp: 7.3

Luca Cadamuro (UF)

Limits by data taking year

CMS Preliminary

13 TeV

HH—Dbbbb
95% CL upper limits
—e— Observed

--o--- Median expected
I 68% expected
95% expected

_ SM
= OHH/GHH

HH—Dbbbb search with CMS

m Sensitivity lead by the 2017+2018

data (x2.8 more data)

m Tlghter trigger thresholds partially

reduce the sensitivity of the

2017+2018 analysis compared to
the simple sgrt(L) scaling of the

2016 result
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