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Non-resonant HH production

E h

Production is

. h
dominated by gluon
fusion LSS 900
Measuring Ay, is a = TRR2 ol + 2000

crucial test of
Ogg-nn = 33.49755(Scale) + 2.1(PDF) +
electroweak Symmetry 2.3(ay) fb, arXiv:1610.07922

breaking
Diagrams interfere destructively - small oy y

Effective lagrangian used to predict BSM

scenarios

O BSM physics could cause a substantial enhancement in the
production cross section and a change to the event
kinematics 7



Resonant HH production

e Resonant HH production would be
evidence of a new state, not predicted by
the SM

e Many BSM models predict X - HH

scenarios

O Singlet model, MSSM, 2HDM, warped extra
dimensions

O Full coverage of broad my range over multiple
channels is necessary to maximize the
sensitivity to all models

e Benchmark model: Bulk Randall-Sundrum
WED scenarios
O Spin-0 Radion
O Spin-2 Kaluza-Klein Graviton
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Which final state?

e One H—bb decay :
required to keep the bb- 1855 BR HH—>Xxyy !10_1
branching fraction high |ww [24s% (i =125 Ge)

O Identification of H—>bb 3107

decays is well %

understood - ?.3%\
e Other H decay depends

on event kinematics %

O Channel specific v 10.26%
challenges v

O Different coverage in i
my




CMS-PAS-HIG-16-002
CMS-PAS-HIG-16-026 HH — bbbb

CMS-PAS-B2G-16-032

u . CMS Simulation Preliminary (13 TeV)
e High BR, large multijet ;[ smweon
background
o Estimated from data - FTL
e 2 event topologies
O Resolved: each b quark is )
reconstructed as a separate jet Y
O Boosted: the tracks from each b
jet of a Higgs merge; each H
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reconstructed as a separate jet Tagging sficioncy (Hoobb)

% e b-tagging crucial to
' reduce large background

(b &
‘ / O Resolved: b-tagging at trigger

level and a multivariate

discriminant
O Boosted: multivariate
('b) % discriminant used to find jets

with 2 b quarks within c



CMS-PAS-HIG-16-002

cms-PAs-HIG-16-026  HH — bbbb (Resolved)

e [nvariant masses of dijets used to search for signal

e Resonant
o Different resonant mass categories use different selection criteria

® Non-resonant

O Reject tt and QCD background with a BDT trained on dijet kinematics
O Obs. upper limitat 95% CL is at 308 X agg,, prediciton
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CMS-PAS-B2G-16-032 Full 2016

HH — bbbb (Boosted) e

e Jet substructure, jet mass, and double b-tagger MVA
used to reduce background

e Improved resolution from reduced dijet mass
© MJ'rjed = Mj; — (Mjetl - MH) — (Mjet2 — My)
e New data driven method for background estimate:

Alphabet Assisted Bump Hunt (AABH)
O Combines the Alphabet method and the classic Bump Hunt
method 35.9 flI:-'1 (13 Tev)
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CMS-PAS-B2G-16-032 Full 2016

Alphabet Method dataset

3

e Uses information from e Nd D ( N
sidebands of the (leading) R P A <
jet mass to predict some

. \ y J°
conversion factor: Rp/f B > N

® Rp/f scales Antl-tag region SIDEBAND SIDEBAND
for bin by bin estimate of Cbdeuet 0 HEE ekl

or
background :\ . _
. S jet mass

e Used below trigger turn-on R —
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CMS-PAS-B2G-16-032 Full 2016

AABH Method

dataset

e Simultaneous fit of bkg in L

anti-tag region and signal Anti-tag Region

region
O Same parametric shape for both
regions

..
—.
-

0 Bkg normalization in signal region
constrained by R, ¢

Used above trigger turn-on Mass Sidebands Wi
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CMS-PAS-B2G-16-032 Full 2016

HH — bbbb (Boosted) Results ——-—

e Model independent limits interpreted in spin-0 and
spin-2 searches

35917 (13 TeV) 35917 (13 TeV)
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v ems

Preliminary

o(pp — X) x B (X — HH —s bbbb) [fb]

al(pp — X) x B (X — HH — bbbb) [fb]

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

Expected limit + 2 std. deviation

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

Expected limit + 2 std. deviation

10°

T |||||I'I'| L
T |||||II'|L‘J T 111

—%
L}
[}

10°

R R TI ER
covonl ool vl

10 10:5
1 1
10_1E 1 | i 1 i 1 1 i 1 i | 1 i 1 | L 1 L 10—1 1 1 1 1 1 1 1 1 | 1 1 I 1 L
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
M(X) [GeV] M(X) [GeV]

10



CMS-PAS-HIG-17-006 Full 2016

HH — bbVV

dataset

e HH — bbVV - bblvlv
O ll=-ee, ey, uu
e Dominant background: tt
O Most backgrounds estimated from simulation
O Drell-Yan production with two opposite-sign, same-flavor
leptons and 2 b-tagged jets estimated from data

CMS rpreliminary 36 fb" (13 TeV) CMS Preliminary 36 fb" (13 TeV)
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CMS-PAS-HIG-17-006 Full 2016
dataset

HH — bbVV

CMS Preliminary 36 fo' (13 TeV)
4000 =

up channel ¢ Data m i ]
Signal (& pb) Ml Drell-Yan

e Parameterized deep neural
network (DNN) -
discriminant used to exploit

1500

event kinematics between
signal and background

events
O Resonant: trained with s

NN output at (x,, k) = (1, 1)

different resonance masses as o QM Py ey

| up channel ¢ Data - tt
B ' Signal (5 pb) : [ Drell-Yan

Events

;“.".'l'.Ilol"’}i‘i“iiii!' §§§§*Q§§§Q§§§ii§i§§+*§+§+t§

Data/MC

Events

parameters and a variable ol e R

v
SM Higgs

indicating the di-lepton flavor of :

m, <75 GeV {75 GoV <m, <140 GeV | B m, > 140 Gev

Uncertainty

O Non-resonant: used the
coupling constants, k; and kg,
as parameters and the di-

f| 1 = S
lepton avor varlable s g.wﬂﬁw;#;}H.éw,‘;“;um.,om,,wséH+mmE

NN output at m, = 400 GeV, m bins 1 2



CMS-PAS-HIG-17-006 Full 2016

HH — bbVV dataset
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CMS-PAS-HIG-17-002 Full 2016
HH — bbtt dataset

35.9 fo' (13 TeV)

e 3 tr final states: ety, [Ty, 3 [ T
Tp Ty — 85% of decays L;; | §
e Background S TR
o Drell-Yan — from simulation ol
O tt — from simulation 109
O multijet QCD — from same 10
sign lepton sideband in data T e

® 3 CategOI‘leS: 3597 (13 TeV)

. % 102EC|\;‘.S. bsost. boetr, ¢ Data
O 2 b_tagged ]etS G E preliminary ¢ annel -gCD
: =" —Foual
O 1 b-tagged jetand 1 £ =
. “Z'- = ----(k1=1,SM)x100
untagged jet g oo -
O boosted category with an 102
AKS8 jet 10°
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CMS-PAS-HIG-17-002 Full 2016

HH — bbtt

dataset
. 35.9fb™ (13 TeV)
§ T el i e ttis the largest background for
; { j ety and uty, events, rejected
> o with a boosted decision tree
8 trained on kinematic variables
| e Signal discrimination:
0 O Resonant search: invariant mass
e '406““5°Ifr?§.$.?fge3?° reconstructed with a kinematic fit
~ 559113 Tov (mELF) in order to improve
§ 1 oty e s resolution
gﬁ ”: g\ o Non-resonant: stransverse mass,
2 . iezano M-, has optimal discrimination of
b signal from background
10°F
b T mpp = min_ (max{my(myy, p myis pri) ma (Mo, PR My, pra) 13
ok
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CMS-PAS-HIG-17-002

e Non-resonant
obs. (exp)
upper limit at
95% CL is at
28(25) x SM
expectation
Resonant
model
independent
limits
interpreted in
the hMSSM

95% CL on ¢ x B(HH— bbt1) [fb]

95% CL on 6 x B(S— HH— bbrr) [fb]

CMS preliminary

HH — bbtt
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CMS-PAS-HIG-16-032

Small branching fraction, but

very clean final state

O Excellent my,, resolution

HH — bbyy

Events/(1.0 GeV)

Signal extraction from
parametric fit of 2D m;;: m,,,

plane

High and medium purity
categories based on jet b-
tagging for M(jjyy) < 500

GeV

Data/MC

CMS Preliminary

L=2.70fb" (13 TeV)
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CMS-PAS-HIG-16-032

HH — bbyy

e [n resonant search no significant excess above

background prediction
e Non-resonant obs. (exp) upper limit at 95% CL is at

7.90(7.85) fb

CMS Preliminary L=2.701b" (13 TeV) CMS Preliminary L=270fb" (13 TeV)
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. _ I  Expected limit £+ 1o ) I Expected limit £ 1o
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10

2.3-36 fb ' (13 TeV

~

% | I | 1 | 1 1 | T %
- CMS bblviv (CMS-PAS-HIG-17-006, 36 fb™) .
Assumes SM Higgs BR B
E ————— bbrtt (CMS-PAS-HIG-17-002, 36 fb™) =
B ———— Dbbbb (CMS-PAS-HIG-16-002, 2.3 fb™) N
= ——— bbbb (CMS-PAS-B2G-16-026, 36 fb™) =
— _’\'\ ]
= AL ————— bbyy (CMS-PAS-HIG-16-032, 2.7 fb™) =
;_ —Observed |
= --- Expected 3
= E
L | 1 | 1 | 1 1 | 1 | ]

Summary of Results

bbbb

bbVV

bbtt

bbyy

342(308)

79(89)

28(25)

91(90)

2.3-2.7fb1

35.9fb~1

35.9fb!

2.7fb71
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Conclusion

e Di-Higgs searches are good ways to test electroweak
symmetry breaking and search for BSM physics
e Several final states searched for at 13 TeV at CMS using

new methods
O No sign of SM or BSM HH production thus far
O Best limit: 28 * g5y,
O Multiple results will soon be updated with 2016 data
e Expect to be sensitive to SM HH production at HL-LHC

O Improve analyses
O Combine results from different channels
O Add new final states

20



Conclusion

Backup Slides
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CMS-PAS-HIG-16-026

HH — bbbb (Resolved)

e Working point 0.6
O Rejects 85% of background

O Retains 65% of signal

Fraction/bin

0.12

0.1

0.08

0.06

0.04

0.02

CMS Simulation

23217 (13 TeV)

T

III||II|III|III|III|III|

-»- SM di-Higgs

-~ QCD HT>300 GeV

-e-tt inclusive

llllllllllllllllllllllll

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

22



Spin-2 Limit

23367 (13 TeV
I I
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