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Introduction

LHC Run 1: Discovery of a Higgs boson with a measured mass:

m, = 125.09 % 0.24 GeV (~0.2%)

CMS

Then: measure the Higgs particle properties & interactions

¢ Inclusive production rates & interactions

*

with vector bosons (W,Z, y)
e Already established in Run 1
Interactions with fermions

e® Recently established couplings

to 3"d-generation fermions
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Next milestone: couplings to 2"d-gen fermions
o Hopp: BRin SM ~2.2 x 10°%;

Upper limit (UL) on p = o/og,
® CMS: n<2.9(2.2) obs. (exp.)
[Run1+2016]

@ ATLAS: p< 1.7 (1.3) obs (exp)
Full Run2 [ATLAS-CONF-19-028]

¢ H—occC

«—— This talk

[HIG-17-019, PRL 122,021801 (2019)]
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Higgs-top [2018]:
Run 1+ 2016 data
JHEP 08 (2016) 045 \

3 ATLAS and CMS
- LHC Run 1

" Higgs-tau [2017]:
=Run 1+ 2016 data

Higgs-b [2018]:
Run 1+2016+2017 d3

¢ ATLAS+CMS 1
------- SM Higgs boson |
— [M, ¢] fit ]
] 68%CL
|:| 95% CL

107 1 10 102
Particle mass [GeV]
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CMS

H—cc at the LHC

s Motivation: Establish Higgs couplings to up-type, 2"9-generation quarks
¢ Higgs-charm coupling can be significantly modified by the presence of BSM

m H-—cc: very challenging to hunt at the LHC
¢ small BR: 2.9x 107
¢ Very large backgrounds

e H—bb is background in this search
¢ c-tagging more challenging than b-tagging

Need novel tools and techniques
to probe H—cc at the (HL-) LHC

m Approaches explored so far:

o Direct H—cc search:

® ATLAS in Z(—LL)H channel [2016]
UL on pn = oxBR / 0>MxBR>M < 110 (150) Obs (Exp)

—
e

,@;Tg

LHC HIGGS XS WG 2016

g9 —

Branching Ratio

102

¢ Exclusive decay modes with charmonium, H—J/y

Loukas Gouskos
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PRL 120 (2018) 211802 10156721 122 128 124 125 126 127 128 120 130

M, [GeV]
LHC Run 1: m,;=125.09 +/- 0.24 GeV

CMS: EPJ C79 (2019) 94
ATLAS: PLB 786 (2018) 134

e ATLAS: 120 (100) x BR obs (exp) ; CMS: 220 (160) x BR obs (exp)

+ Indirect bounds: k. =y /y>M from global fit to existing data: k.<6.2
results also from CMS

PRD92(2015)

HIG-17-028, PLB 792 (2019)
Higgs Hunting 2019




First direct H—>cc search in CMS

—
o
™o

g = pp > H (NBLO QCD + NLO EW) Is= 13 TeV
< r i
+ - .
I
o g
o pp - qqH (NNLO QCD + NLO EW) ]
o N
—

\

™ pp — WH (NNLO QCD + NLO EW)
p — ZH (NNLO QCD + NLO EW)
pPp — ttH ( +

[ PP~ bbH (NNLO QCD in 5FS,.NLO QCD in 4FS) .

107" =

122 124 126 128

M, [GeV]

LHC Run 1: m,;=125.09 +/- 0.24 GeV

SM H—occ  Yields @ 36fb?

LHC HIGGS XS WG 2016

130

CMS

Target the VH production mode

¢ VH production: very clear signature

e® Vector boson recoiling against Higgs
boson

e Main BKG: V+jets and ttbar
o QCD significantly suppressed
e Very little activity in the event

¢ Higgs kinematics:
e Improved signal purity in higher-p;
e Signal acceptance falls rapidly
o ~5% of o, for p{(V)>200 GeV

ggH ~52K
VBF ~4K
VH ~2.4K

Loukas Gouskos
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y CMS
) General search strategy
(13 TeV) - -
> DAY RRREE RRRRE RARRE RARR AR AR AN RARR H
S 1.4[ CMs i ] Resolved-jet topology
) - o : 1 . .
E 12F f,’rgf;flﬁ’,‘;'r"y z:':: :2::;:: . ¢ Higgs decay !orodu-ct.s resolved in two
S b ZHevents mergecjet” regime k AK4 (R=0.4) jets (di-jet)
i ! 1 ¢ Probe larger fraction of the available
08F Lo T ] signal cross-section
06f . . .
i — ] -
0.4p ; g “Merged-jet topology”
| 1 ]
0.2F i g ¢ Asingle AK15 (R=1.5) jet to reconstruct
% 50" 150 : 250 350 450 the H—cc decay
Higgs boson p_ [GeV] e R=1.5: good balance between purity
m Events categorized based on the and acceptance
leptonic decays of V boson: + Potentially allows to better exploit the
) ) correlation between the two charms
Channel Resolved-jet Merged-jet
Z(—vwv)H: OL | p4(Z) > 170 GeV
W(—Lv)H: 1L | p{(W) > 150 GeV | p,(V) > 200 GeV Final result: combination of the
ZLH: 2L | pr(z) > 50 GeV two topologies based on p(V)

*L=e,u

Loukas Gouskos Higgs Hunting 2019



H—cc candidate

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jun-27 07:14:59.636160 GMT
Run / Event / LS: 275836 / 2146200065 / 1192
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The challenge:
Charm quark identification

displaced
iet tracks charged
] ~ lepton

\heavy-flavour
SV \ . Jet

jet

CMS
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Charm tagging on “AK4” jets

CMS

m Challenging: charm has intermediate properties between light and b-jets
¢ Exploit Deep Neural Networks (DNN) [5 hidden layers, 100 nodes]

/ /‘,

Inputs SN AN
- Use “human-made” SR PN e F—
. . Wy
(high-level) inputs % : : I I—u% -
- few more tacks - -~ AR t'\)/“:);'c as;_s ;:‘55' &
(up to 6) wrt traditional CZ7Z=5 \ » 00, C, 1Ig
approaches C— / 4{;—:'_
JINST 13(2018)P05011 13 7ev, 2016 1 13 TeV. 2016

= e e e = b S AN I""I""!""l""l""l""I""l"'
g 1E CMS T T T T T | T f E : CMS ; i
o) o : : : ] - : : - .
ks [ Simulation ] § i Slmulatlon 3 | | = ]
8 [ tfes = ] s s == ]
5 107 E P 320GeV 7 hetter 3 5 TE PGV =" better *
2] C : : : ] L B : : : : ]
E ' - ] E [ ]
s Pl ING T T ot N T
8’ 10—2 o AR A— .............. .................. _"CSVVZ ..... fmeeeennend F— — ° 10-2 =/ 77 _"CSVVZ N i
3 E | e oMVAR ] 24 . —coMVAR C

i |— DeepCsV Cvslf 1 v/ | DeepCsV CvsB| ]

-/ | —ctagger LvsL 1 I P W ]

10—3 lllillllllllliAllA’lllll 11111111 | NI 11111 10—3 T PN FEETE FRETE FEEEE FRETE ST PR FRETE SR
0 01 02 03 04 05 06 0.7 08 0.9 1 0 01 02 03 04 05 06 07 o038 09 1

c jet efficiency

c jet efficiency
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CMS

D) Charm tagging on “AK4” jets (ll)

m Define two discriminants to separate c-jets from light and b-jets
o CvsL: P(c) /[ P(c) + P(light)] and CvsB: P(c) /[ P(c)+ P(b)]

Preliminary 2016 (13
LN BLELEL LALELE RN BN AR

TeV)

1.0 10 - S

I

.o’ CMS Simulation Preliminary 2016 (13TeV) , CMS Simulation
] [ ttevents

| AK4Jets p; > 20 GeV

== DeepCSV - CvsB
| == DeepCSV - CvsL

o
D
S
T

c jet efficiency

Mistagging rate (b/udsg)

udsg jet efficiency
o
o
F=N

Light ~4%

Lo b b by b b b na b by
102 0. 04 05 06 07 08 09 1.0

Tagging efficiency (c)

2 B
10, ° 00 0

-1
10 ~ (")
b jet efﬁciencty)/ 15%

m Calibration in data:

o c-tagger reshaping scale factors derived via simultaneous fit to the 2D plane
(CvsL x CvsB) in three different data samples

o Z/—LL +jets (light-jet enriched), W + c (c-jet enriched), ttbar (b-jet enriched)

Loukas Gouskos Higgs Hunting 2019
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Double-Charm tagging on “AK15” jets

CMS

m Advanced boosted jet tagger “DeepAK8” adapted on AK15 jets

+ multi-class classifier for top, W, Z, Higgs, and QCD jets
e subdivided based on decay modes (e.g. H—bb, H—cc, ..)

CMS-DPS-2017-049,

CMS-JME-18-002

e can be aggregated for flavour tagging (e.g., bb vs cc vs light)
+ Advanced DNN to directly process jet constituent (i.e. PF candidates & sec. vtx)
+ Important: Mass decorrelation techniques to mitigate mass sculpting

Inputs

Particles
Up to 100 PF candidates®
Sorted in descending pt order

Uses basic kinematic variables,
puppi weights, and track

displacement, etc.)

properties (quality, covariance,

Secondary vertices
Up to 5 SVs® (inside jet cone)
Sorted in descending Sip2p order

Uses SV kinematics and properties
(quality, displacement, etc.)

&) Number chosen to include all candidates for = 90% of the events,

Architecture
Partlcles

8 Fully
2 CNN connected
& (14 layers)

partlcles ordered by pr

(1 layer, Output
512 units, L)

” Secondary Vertices relu-
g ﬁ;er_ ﬁ \ activation,
S < > ‘ dropout

'SVs, ordered by Sip2p =0.2)

Category

Label

H (bb)
H (cc)

H (VV*—qqqqQ)
top (bcq)
top (bqq)

top (bc)

top (bq)

W (cq)

W (qq)

Z (bb)

r4 Z (cc)

Z (Qqq)
QCD (bb)
QCD (cc)
QCD (b)

QCD (¢)

QCD (others)

Higgs

Top

Qcb

Loukas Gouskos

Higgs Hunting 2019

(13 TeV)
5 1 E T T T | T T T | T I T T T E
g [CMS
5 [ Simulation Preliminary
2 Higgs boson vs QCD multijet
3 107 -
% F 300 <p; " <500 GeV, "I < 2.4 3
—é - 90< m§§° <140 GeV |
m .-
10°F >2x better E
- BKG rejection 1
DeepAK8
-3 | ]
10 better ---DeepAK8&-MD ]
\ — double-b
L I L L L I 1 L L I L L L I L L L

0 0.2 0.4 0.6 0.8 1
Signal efficiency

Significant gain in performance
[even larger @ higher p;]

10



CMS
- ({4 ” 3
V Double-Charm tagging on “AK15” jets (ll)
m cc—tagging discriminant defined as:
score(Z — ¢c) + score(H — ¢¢)
score(Z — c¢) + score(H — ¢c) + score(QCD)
m Performance in MC:
1 (13 TeV) 1 (13 TeV)
s [CMS e ,.fCMs
::‘:Z’ | Simulation Preliminary 2 E Simulation Preliminary
g | H—cc vs V+jets E’ 08F H-cc vs H—bb
© 41? 07k
=3 T o.e%—
- i% 0.55—
- better 3
10| ok better
i ~40% SIG eff \ 02F-
I V+jets rejection: ~30-40x o1E-
10 = e e o Go: B v S Y Y S
H—cc efficiency H—cc efficiency

m Calibration in data:
¢ Use of proxy jets from gluon—cc with similar characteristics to signal jets
¢ Two data samples [QCD multijet and y+jets]

Loukas Gouskos Higgs Hunting 2019 11
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Search strategy

CMS

Loukas Gouskos

Higgs Hunting 2019

12



CMS

V Resolved-jet: Search strategy

m Higgs candidate (H_,,4): two highest “CvsL” AK4 jets
¢ Further require: CvsL (max) >0.4 & CvsB (min)>0.2 for the leading jet
m FSR Recovery:

+ Improve mass resolution by recovering jets
from final state radiation (FSR)

FSR candidate

Up to ~“5% improvement in
mass resolution

m Event level separation: Maximize sensitivity by developing BDTs to separate

signal from background e 35.9 15" (13 Tev)
‘21011 - CMS ! 1L(e,' e Data | o vZEz—d)
. . °>’101o L i 0] VV+other EEN Single top
+ Inputs: H_, 4 properties, V boson properties, Wit prefiminary B w.titc i §
: . 10°F 1L (e) Emrbee BBz 3
c-tagging discriminants, o Snmesen ISP —
. . L —— VH(H—-ct)x100 1
event kinematics & —.
object correlations 102k
¢ Use separate BDT for each channel 'F
102 L
. E_ 2 T r -
¢ VH(—cc) signal extracted by i ;§+ o~
fitting the BDT shapes R e T R—Y" 1
BDT output

Loukas Gouskos Higgs Hunting 2019 13
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Resolved-jet: Background estimation "

s  Main backgrounds (i.e. V+jets and ttbar) are estimated from data control
samples

o V+jets: split based on flavour composition (V+cc, V+bb/bc, V+bl/cl, V+udsg)
m Control samples selected by inverting the CvsB and CvsL requirements

CvsB

V+cc CR =

Signal Region
(CvsL>0.4 + CvsB>0.2)
+

Inverted m (H_,,q4)

0.2

Inverted

0.0

0.4

m Simultaneous fit to SRs and CRs

¢ Fit c-tagging discriminant shape in CRs and BDT shapes in SR

Loukas Gouskos

Higgs Hunting 2019
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CMS

) Resolved-jet: Background estimation (ll)

L
35.9 b (13 TeV
35.9 b (13 TeV) . B9 (13 TeV)
%) T -~ 17 ~ "~ "~ T 1 * T T T c CMS ¢ Data Cvzz—co)
S CMS ¢ Data [Cvzz—co 2 [ >~ [ vwvsother Ml Single top
2 600 i [vvsother [l Single to i W goq | Preliminary @ I Wsct 5
w I Prellm/nary / "9_ P I Resolved-jet Bl W+bbbe [ We+bic
| Resolved-jet (LG B z+ce | [ oL [ W+udsg Bl Zict
2L (uw), Low V-p [ z+bbrbe [z+bre b Z+CC Control Region [ Z+bblbe ) z+ore
[ Z+CC Control Region [ z,udsg B vHH-c) 300." [JZ+udsg _VHiH—‘Ca b
400 - Bl VH(H—bb) £ MC uncertainty | i B VH(=ob) S MG uncertanty
2L ) 200 F
200 - 7 100 F
. N ok
o 18 Tl Tl T T T T [2a) uxJ 15
x - <L gy 1
8 y ‘ . . O 0.5 by !
O 0.5 by g Signal Region 0 0.2 0.4 06 0.8
0 0.2 0.4 0.6 0.8 (CVSL>O4 o CVSB>02) CVSBmm
CvsB,,, +
Inverted m (H_,4) Inverted
0.2 / V-mass
35.9 (13 TeV) : l : l35.9 fo! (13[. TeV)
%) L L I T T T o "
5 200 CMS I e e 0.0 cms e ester  ESome
Lﬁ - Preliminary [Jvvsother [l single top 800 - Preliminary ot Bl Wict ]
| Resolved-jet O+ B zicc gfsolved-jel Ex*bg’“ E;’“’_’C
150l 2o Han Vo, Ezbve  [zoe [ ZeHF ControtRegion  ERIZbke  [zibk ]
[ Z+#HF Control Region )74 B VH(H—co) \ [JZwdsg  EEVH(H—cD)
I Bl VH(H—bb)  £X MC uncertain B VH(H-bb) 22 MC uncertainty
100 - 400
3 200
50 r
I o 0
oL 215
L% 1.5F % 1
S S o0s
Ke]
o 0-5 I 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8
CvsB_,, Higgs Hunting 2019
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Merged-jet: Search strategy
highest p; AK15 jet [p;>200 GeV, 50 < jet (mass) < 250 GeV]

¢ Events categorized into three mutually exclusive categories
based on the three WPs of the cc-discriminant

e [High / Medium / Low purity (HP, MP, LP) ]

V+jets efficiency

—
<
|

10°F

[ Simulation Preliminary
| H—cc vs V+jets

3L

W MPp

¢ Hp

1 1 | 1 1 L

>0.72

46%
5%
27%

>0.83
35%
2.5%

17%

23%
1%
9%

CMS

107

0.2

04

0.6

(13 TeV)
cc-discriminant
€ (H—cc)
g (V+jets)
e (H—bb)
| I
0.8 1

H—cc efficiency

Loukas Gouskos

Higgs Hunting 2019
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CMS

D) Merged-jet: Search strategy (ll)

L

m Event-level separation: BDT to suppress major backgrounds [i.e. V+jets, ttbar]
+ use only event kinematics, NOT the intrinsic properties (flavour/mass) of H

cand

o Search region: BDT > 0.5 [same for all channels]
(13 TeV) (13 TeV)
® I LY L LAY LAl LAY LAl R Lk L o000 e T T g
S 90000 CMS =it B S moog_CMS S
N soooof- Simulation Preliminary 5;;':9':” E o - Simulation Preliminary Eg( l':";t o ]
- Merged-jet = é’)‘é/t’]u,-s; E 18000 Merged-jet %w,m?‘ g
70000 1L = W 1 BDT>0.5  16000f ' 1L - Wao s
- - 1 * - BDT>0.5 !Vﬁfﬁam 1
60000 1L R e S > f4000p T VH(H-co)
- Bkg. uncertainty | - Bkg. uncertainty B
500001 (VH scaled to total bkg.)™] 12000 . (VH scajed to tqtal bkg.)
40000 - r E
30000
20000f 3
10000f =
% 01 02 03 04 05 06 07 08 09 1 1
Kinematic BDT cc-tagging discriminant

LP MP HP

m BDT largely uncorrelated with Higgs candidate mass and cc-discriminant

m (H

«ang) final fitted variable for signal extraction

Loukas Gouskos Higgs Hunting 2019 17



3’ Merged-jet: Background estimation

CMS

s  Major backgrounds (i.e. V+jets and ttbar) estimated from data CRs

¢ V+jets CR: low BDT score [i.e. BDT<0.5]

e one overall normalization for V+jets (in each of the HP/MP/LP categories)
¢ ttbar CR: As the SR but invert N, (NB: N,,<2 requirement applied in SR)

m CRs are designed to have similar flavour composition as SRs

¢ same cc-tagging requirement as the corresponding SR

(13 TeV)
_.(L) A R B R BAR A RAR A DAL RARR BAARE BRARS
S s0000F CMS e vaz e
T 8000k Simulation Preliminary H Sigle Top
Merged-jet = 5}2)‘3‘:
70000F 1L Em:’bb -
. . W+cc :
V+jets CR =T
kg. uncertainty
[BDT<0.5] (VH scaled to total bkg) 7%
40000 e E
30000 L - SR:
20000}
F @ e [ ;| BDT>0.5
10000} _'_‘_'_,_.‘—-—_\_ E
: L& Naka<2

% 01 02 03 04 05 06 07 08 09 1
Kinematic BDT

m Simultaneous fit to SRs and CRs

ttbar CR:
SR but [N,,, = 2]

Full analysis validated in

two data samples:

— low p4(V)

— low values of the
cc-discriminant

Loukas Gouskos Higgs Hunting 2019
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CMS

D) Systematic uncertainties

Source Type O-lepton 1-lepton 2-lepton
Size of simulated samples shape v v v
Jet energy scale shape v v v
Jet energy resolution shape v v v
MET unclustered energy shape v v

c-tagging efficiency (*) shape v v v
Lepton efficiency shape (rate') v v
Pileup reweighting shape v v v
top pr reweighting shape v v v
pr(V) reweighting shape v v v
PDF shape v v v
Renormalization and factorization scales shape v v v
VH: p1(V) NLO EW correction shape v v v
Luminosity rate 2.5% 2.5% 2.5%
MET trigger efficiency rate 2%

Single top cross section rate 15% 15% 15%
Diboson cross section rate 10% 10% 10%
VH: cross section (PDF) rate v v v
VH: cross section (scale) rate v v v

(*) Only affects VZ/VH processes (w/ ZIH—cc or ZIH—bb) in the merged-jet analysis

() Implemented as a rate uncertainty in the resolved-jet analysis

m Dominant sources:

o statistical uncertainty of data control samples, c/cc-tagging, MC stats

Loukas Gouskos Higgs Hunting 2019
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Results

CMS

Loukas Gouskos
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Post-fit distributions: resolved-jet

1L (p)
35 9 fb (13 TeV)
231Vl T 1 §2] 10°
p= s CMS ¢ Data DVZ(Z—occ) i qC)
g ol ey [ VV+other I Single top 1 > 108
w10™ F Preliminary it B W+cT v w
- Resolvedjet Ewmblbc |:|W+b_lc i
i . W+udsg B Z+cc ]
10° | L (w @ Z+bbi/be [ Zsbic -. 10°
. Signal Region [ JZ+udsg _ Il VH(H—cT), u=41 _
s | B VH(H—bb) 5% S+B uncertainty | -
10° F —— VH(H—cE)x100 E 10*

1

0.8

1

BDT output

CMS

359fb (13 Tev)
—
- CMS |£| Data EVZ(Z—-CC)
E Preliminary D;fv”m' -i'"g_b i '
- +CC i
' gf f‘:""fd,j;; R - L i ]
e NPT Dzidsg BV, u=t1 ]
| SignaiTegion Il VH(H—bb) ¥ S+B uncentainty
—— VH(H—cC)x100

04 0.6 0.8 1
BDT output

Loukas Gouskos

Higgs Hunting 2019
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CMS

D) Post-fit distributions: merged-jet

1L (p) 2L (up)

35.9fb" (13 TeV) 35.9fb" (13 TeV)
AL L L DL AL DL L B

“L’ 250 LA L N [7)] =T+ 1 T T T ] T rTr1rrrr1 T
< N —4— Ob d VH(H-~bb 7 = = . R
POLOMS o Hwes 1 F m[CMS o dowew Hlwew
- Preliminary Single T t ] w - Preliminary (] vz@-—~co) VV(other) .
- I single Top (I ] - . ]
200 - _ B - Single Top Dtt _
Merged-jet ] Wajets [ Z+jets o0 |- Merged-jet ]
C 1L () B VH(H->co), u=21 — VH(H-cc) x 100 C 20 (o) [ ] z+jets B vHH-co), =21 ]
150 - High purity S+B Uncertainty 7 E High purity VH(H-+cc) x 100 S+B Uncertainty E
l ——— 15 H —
- sl - ;
- ) o . ]
100 - 1o E
50 | = 5 =

O—M o = , == '
o L - o Lo ++ f i
Z 1 + §35 kb cogoo000 +4—- | T | | . Z 1 | l + | —
PO s s =3 O . = 5 o o
zo 0.8 — -] =z V] (SRR SRS——— S # ..... SO S S W -
06 _‘ .................. e s e , .................. e A .............. — B ) N X X . . ) -1
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200

Higgs candidate mass [GeV] Higgs candidate mass [GeV]

Loukas Gouskos Higgs Hunting 2019



D VH(—cc) results
m First: validate search by measuring the VZ(—cc) process
¢ Same procedure as VH(—cc) but extract the VZ(—cc) signal
Topology Significance Hvz(-scc)
obs (exp) Results consistent with
Resolved-jet 1.5 (1.2) 13509 SM expc:zct'a\tlon within
: uncertainties
Merged-jet 0.9 (1.3) 0.69 *0-8 .
s Next: VH(—cc) results in each topology:
95% C.L. exclusion limit on pyy_cq Best fit signal strength

Resolved-jet (inclusive) Merged-jet (inclusive)
OL 1L 2L Allchannels OL 1L 2L Allchannels
expected UL | 84 79 59 38 81 8 %N 49

Topology HyH(—>cc)
Resolved-jet | 41+20

Merged-jet 2126,

CMS

observed UL | 66 120 116 75 74 120 76 71

u< 75 obs. (38 (ﬂ?) ﬁm exp.(10)[20]) | |p< 71 obs. (49 (f;i) IJ_’Z:{] exp.(10) [20])

Loukas Gouskos Higgs Hunting 2019
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CMS

Combination

s Combination: resolved-jet: p(V) < 300 GeV / merged-jet: p,(V) > 300 GeV
+ Systematics: correlated, but: c¢/cc-tagging efficiency & PDF, pg, W for V+jets

= Validation with VZ(—>cc) : pyz(_,cq = 0.5570%° 45, / signif: 0.70 obs. (1.30 exp.)

Loukas Gouskos

VH(—cc) results with 35.9 fb-1 (2016):

95% CL exclusion limit
resolved-jet merged-jet combination
(pr(V) <300GeV) (pp(V) >300GeV) OL 1L 2L All channels
expected 45718 7373 79732 727301 5772 7+}? (*35 2
observed 86 75 83 110 93
5 . . . e .
95% C.L. exclusion limit on Best fit signal strength
CMS Preiimina 35.9 fb! (13 TeV) 35.9 fb' (13 TeV)
oL CMS
Exp.=79xSM Preliminary
Obs.=83xSM pp— VH(H— cc)
u=37=+19(stat. +syst.)

ZH(H—> ct)
1L u=36+24
Exp.=72xSM
Obs.=110xSM WH(H— cg)

u=37+36
2L YR R
Exp.=57xSM u=20+36
Obs.=93xSM

----------------------------------------- 1L

u=30+28
gxorllgl nsa’\}ion _-._ EZZiaNn :xpecled 2L
o o

50 700 150 200 _50 0 50
95% CL upper limit on u(VH,H—cc) Hunting 20 Best fit u 24



D) Summary =

L

m First direct search for H—cc in CMS with 35.9 fb-! (2016 data) CMS-HIG-18-031

¢ VH production mode, carried out in OL, 1L, 2L channels

m Exploits advanced methods for c/cc-identification and signal extraction
o Effort pays off; strongest limit to date:

<70 0bs. (37 () [F12]) exp.(la)[Qa]‘

m Clearly, along way ahead ATLAS projections for HL-LHC:

ATL-PUB-2018-016
+ Requires breakthroughs in many areas | ULon k<63 [Z=LL only]

[and the HL-LHC] CMS-DP-2018-033 =13 TeV
Improved flavour - 13 T T LIPS PO A TT y

=
tagging algorithm %
(@]

.......

m Planned improvements:

DeepFlavour phase 1
DeepCSV phase 1
DeepCSV phase 0

misid,

¢ Charm-tagging identification:
Improved algorithms and N . VA A
upgraded PIX detector [Phasel & 2] 102_ %

+ Signal extraction methods R A S— S g — v A

¢ Analyze Full Run2 data

47
7

: : 4 : : :
10_3 H H 7 H H
B ST IOTIY PO IO OOV O ROV SN SO PO DU NP0 3 RO DU PO PN SO SO I S OO PO 0N SO P S

01 02 03 04 05 06 07 o8 09 1
b jet efficiency -
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Direct H—>cc search [ATLAS]

m 2015+2016 (~36.1 fb!) data [PRL 120 (2018) 211802]
¢ Target the Z(—LL)H production mode

+ Exploit charm tagging to suppress backgrounds

¢ “Cut-&-Count” approach:

10*

10°

Light-jet rejection

Charm tagging

ATLAS Simulation
Vg =13 TeV tTC = c efficiency 41%

------ c efficiency 30%
== =1 ¢ efficiency 20%

o= 41% efficiency WP | —

3 4 5678 10
b-jet rejection

20 30

ATLAS WP: — c-tagging eff: 41%

Loul

— b-mistag rate: ~25%
— light-mistag rate: ~5%

CMS

e Four categories based on p{(cc) and N_; Fit m(cc) distribution for signal extraction

Efficiency vs. p;

Illl Il‘llII|IIII|I[II|IIII|IIII

17,0998

IIIIIII

TLAS

A
Vs=13TeV, 36.1 fb’’

41% efficiency c-tagging working point

T T | T T T
D cjets
b jets

D light-flavour jets

[ N l| III.I‘II‘III'I.IllllII|III||||||||||I

1 1 l 1 1
100
HIGG-2017-01

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
150 200 250 300

Jet P, [GeV]
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o M5 4

Direct H—cc search [ATLAS] (l1) _

m 2015+2016 (~36.1 fb!) data [PRL 120 (2018) 211802]
¢ Target the Z(—LL)H production mode

+ Exploit charm tagging to suppress backgrounds
¢ “Cut-&-Count” approach:

e Four categories based on p(cc) and N_; Fit m(cc) distribution for signal extraction

m(cc); 2 tags

T IIIII”‘I”D'tI'

4 Data

10¢ = ATLAS ---- Pre-fit
Vs=13TeV, 36.1 fb" — Fit Result

2 c-tags, pZ > 150 GeV B Z + jets

LI I

10° mZzz

[ ZH(bb)
— ZH(cT) (100xSM)

10?

2
1 1 IIIIIII| | IIIIIII| 1 IIIIIII| I-

Events/ 10 GeV

10

-

Data/Bkgd.

OO0—-—=a
oY -J=YSEN

L L FTT T N SR ST S NN SN T SO NN TR TS S N S 1 |
60 80 100 120 140 160 180 200
m . [GeV]

Observed (expected) upper limit on p = oxBR / 0°MxBRM < 110 (150)

Loukas Gouskos
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L

m Access K, via charmonium decays:
¢ complementary to inclusive searches
¢ Very rare process: BR (H—J/yy) =2.99 x 10°®

m Both ATLAS and CMS carried out searches
in this mode focusing on the uu final state

D) Searches for exclusive decay modes

+
: PR e
¢ Signal extraction: m(ppy) [CMS] and m(ppy) vs. m(pp) [ATLAS]
H—Jyy—ppy 2016 35.9 fb™' (13TeV)
;‘ SOF T T T g % = {IDatla T T T T T T T T =
8 L CM'S_ ~#-Data O IS Background fit +1c ATLAS ]
~ L Preliminary — Background model «3  100|— gm@Combinatoric VS=13 TeV, 36.1 b —]
= r —E ted si 1x100 S - =ZFSR 7]
3 4o[- 1810.10056 pecieaigna " . S - Ciw(nS) background _, PLB 786 (2018) 134 1
£ F 1o B2 1 £ 8o~ EB(H-> wns)y=102h 3
Q r 1 QL - [@OB(Z— y(nS)y)=10 -
e L i L N i 7
30 — 60— —]
] a0 -]
20 — ]
20 X -
+ t H‘H’Fﬁm»U,‘,,,,M.
10 — T r 1 T
S 155
_\llﬂ_t;\\l %0_5
1700 105 110 115 120 125 130 135 140 145 150 =
M (GeV) R 2 22242628 3 32343638 4 4.2

ATLAS: BR< 3.5 x 10* obs. (3 x 10* exp.); 120 (100) x BR>M
CMS: BR< 7.6 x 10* obs. (5.2 x 10* exp.); 220 (160) x BR>M

M, [GeV]

Sensitivity comparable to the
direct H—cc search

Loukas Gouskos Higgs Hunting 2019
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m DeepCSV discriminants:

Charm tagging on “AK4” jets: DeepCSV

CMS

13 TeV, 2016 13 TeV, 2016
L g2 L 42
S CMS —b jets c CMS —b jets
~ 10k Simulation . ~ 10k Simulation )
= o C jets o o c jets
© [ tt+jets _ © [ tt+jets _
P p,>20 GeV —udsg jets P p,>20 GeV —udsg jets
3 10" B o
1072 1072
107 1072
107* 1074
1075 11 lllIIlllIIllllllllll 1075 IIIIIII 1 Illlllllllllllllllll
-1 -08 -06 -04 -0.2 0 0.2 04 0.6 0.8 1 -1 -08 -06 -04 -0.2 0 0.2 04 0.6 0.8 1

CvsL discriminator

CvsB discriminator

Loukas Gouskos
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CMS

D) Charm tagging on “AK4” jets: calibration

L

m Construct the 2D plane (CvsL x CvsB) in three different data samples
+ Splitin different bins
m For agiven bin, find the sample with the larger purity [e.g. “b”]

+ Initialize the three SF: SF_, SF,, SF, = 1.

¢ Calculate 2 _ (ST N = Nuseas where contributions from other flavours
2 _
Ndata,b

[e.g. ¢, light] are subtracted from N, , using the corresponding SF.

+ Repeat above step to the second purest selection and calculate another x? using
the SF from the previous steps. Repeat for the other sample

¢ This one iteration; repeat the last two steps until no improvement on x?

m Move to next bin.

Loukas Gouskos Higgs Hunting 2019 31



. . . CMS
V Particle-based “AK4” jet tagging: Deeplet
m A multiclass classifier for: b, bb, c, uds, gluons
m Highlights from the architecture:
Charged (16 features)|x25 11x1 conv. 64/32/32/8 RNN 150
] b
Neutral (8 features)|x25 1x1 conv. 32/16/4 RNN 50 Dense bb
] 200 nodes x1, c
Secondary Vix (12 featureq) x4 {1x1 conv. 64/32/32/8 RNN 501 100 nodes x6 uds
Global variables (6 feature#) ' °
Number of )
particles/SV LSTM layers Hewwrt
Builds a summary of the DeepCSV

Feature extractor

information extracted in each
v set of features

convolution performed on
each particle / SV [1x1]

v

Correlations and
classification

Loukas Gouskos

BOOST 2018 - Paris
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@ DeepBoostedJet(DeepAKS): CMs
it Network architecture
s Advanced/Complex network architecture is necessary to achieve
maximum performance 1512.03385,1603.05027

¢ Architecture based solely on 1D-CNN

X |
A

4

e Less computationally expensive it layer
¢ Fairly deep network to better exploit F(x) relu N
weight layer identity

correlations between particles

¢ CNN architecture inspired by the ResNet
model for image recognition

Particle triplets

® Improves performance in deep networks

and makes training easier %M\
¢ “Move” in particle triplets m' |
e Exploit correlations between nearby particles faster m&/

m Also: A version decorrelated with the jet mass
¢ Same architecture and inputs as nominal version
¢ Use of adversarial networks to predict the jet mass

Loukas Gouskos Higgs Hunting 2019
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Meged-Jet tagger: Performance Z

s DeepAK8 [CMS-JME-18-002]:

—

Background efficiency
o

1072

10°°

107

Signal efficiency

(13 TeV)
E ]C ]MISI T T T I 1 T T I T T T I T T T E
| Simulation Preliminary |

Z boson vs QCD multijet
E 300 <p!"" < 500 GeV, ™" <2.4 3
[ 65 <mg,’ <105GeV )
: DeepAKs8 :
-~ DeepAK8-MD
; Mgp + Ty, ;
i Mgp + N, ]
"." Mmgp + NZDDT .
P B | 1 | ] 1 | | 1 1 1 | 1 | | | 1 ] |

0 0.2 0.4 0.6 0.8 1

Background efficiency

—

—
<

1072

10°°

107

CMS
CMS-JME-18-002

(13 TeV)

E IC IMISI T T ] T Ll Ll I T T T ] L} T T E
| Simulation Preliminary i

Z boson vs QCD multijet
F 1000 < p!™" < 1500 GeV, bj™"l <2.4 3
[ 65 <mg, <105GeV ]
B DeepAK8 T
i ---DeepAK&-MD |
. —BEST E
E Msp + Tpy E
- mgp + N, .
= mSD + NSDT -
1 1 I 1 1 1 l 1 1 1 I 1 1 1
0 0.2 0.4 0.6 0.8 1

Signal efficiency

Loukas Gouskos
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() Meged-Jet tagger: Perf Hi 5
) eged-Jet tagger: Performance Higgs
s DeepAK8 [CMS-JIME-18-002]: CMS-JME-18-002

(13 TeV) (13 TeV)
(>J‘ 1 E I 1 1 I 1 1 I I 1 1 1 I 1 1 1 I 1 T 1 E a 1 E 1 1 1 I 1 1 I I 1 1 1 I ] 1 1 I 1 ] 1 E
s [CMS 5 s [CMS 5
S - . .. i = L . . - .
S | Simulation Preliminary | S | Simulation Preliminary |
'g o'k Higgs boson vs QCD multijet | g | Higgs boson vs QCD multijet |
e 0 E 300 < p!™" <500 GeV, ™"l <2.4 i ° 10 E 1000 < p!™" < 1500 GeV, bl <2.4 i
Ag 90 <mgy’ <140 GeV | {:,S - 90 <my;’ <140 GeV
o i | m i |
102 E 107 3
: DeepAK8 : : DeepAK8 :
sl _ sl ---DeepAK8-MD  _|
10 ; --- DeepAK8-MD § 10 é o é
N ] N —BEST i
I — double-b ] I — double-b ]

-4 Il Il I 1 1 1 l 1 1 1 -4 1 1 L | 1 1 1
107, 0.6 0.8 1 107, 0.8 1
Signal efficiency Signal efficiency
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CMS

D) Mass sculpting of BKG Jets

o B

s Many of the ML-based algorithms “sculpt” the mass of the background
jets -- signal-like structure.

m Is this a show-stopper?
¢ Depends on the physics analysis

s What does “mass independence” means for a tagger?

mass —d 2p thQh {" mass—in II LePen ; ent

Classifrer
response
Classifrer
response

Mass Mass
Classifier’ s response Classifier’ s response
is non-uniform in mass is uniform in mass
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CMS

D Merged-jet: mass decorrelation

o M5 4

s Use adversarial training to regulate the behaviour of the network

¢ Introduce a mass prediction network to predict the jet mass from the
features extracted by the CNNs
¢ It'sloss (Lyp) is an indicator for mass correlation

e Smaller L,,, more accurate mass prediction ; the features extracted by the CNNs
have a higher correlation with jet mass

¢ Introduce a joint loss: L = L. -AL,,,, Second term a penalty on mass
correlation
e Minimizing L -> simultaneously improve classification & reduce mass correlation
® \: hyperparameter balancing between performance and mass independence

CMS-JME-18-002

Classification
output

..........................

Mass
prediction

Loukas Gouskos Higgs Hunting 2019



y . . CMS
W) Merged-jet: mass decorrelation (ll)
CMS-JME-18-002
2 (13 TeV) ) (13 TeV)
D‘|0§||| :)10§|l|
. - CMS Inclusive (AK8) 7 . o CMS Inclusive (AK8) ]
< . . . DeepAKS8 ] < . . - ]
[ Simulation Preliminary - peepaks-Mp | - Simulation Preliminary DeepAKS 1
10 E Di-jet sample — BEST 3 10 E Di-jet sample "~ 'DeepAK&-MD
- Z boson tagging, & =50 % ;JZ; ] - Higgs boson tagging, & =50 % — BEST ]
- 600 <p!" <1000 GeV, h* <2.4 NDOT . - 600 <p!" <1000 GeV, h*| <2.4 — double-b ]
U3 E U3 E
107E ﬂ 3 107E E
Eni= e : F [T, :
1072 i—r E [ = N T E
10—3—| | IR T S PR T P e o RIS 1- 10-3-| | I S IR SRR A | roarel A PO B B m o |-
50 100 150 200 250 300 50 100 150 200 250 300
Mg, [GeV] Mgy [GeV]
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Hcand properties

V properties

c-tagging
discriminants

event kinematics/
object correlation

additional activity

Resolved-jet: BDT inputs

CMS

Variable Description O-lepton  1-lepton 2-lepton
m(Hgna) H_,,q mass v v v
pr (Heang) H_,nq transverse momentum v v v
pr(V) vector boson transverse momentum v v v
m(V) vector boson mass v
my(V) vector boson transverse mass v
piiss missing transverse momentum v v
p1(V)/pr(Heang) ratio between vector and H,,4 transverse momentum v v v
CosL,y,ax CosL likelihood of the leading-CusL jet v v v
CvsB,, ¢ CosB likelihood of the leading-CosL jet v v v
CosL,,;, CosL likelihood of the sub-leading-CuvsL jet v v v
CovsB,,;, CosB likelihood of the sub-leading-CusL jet v v v
PTmax pr of the leading-CosL jet v v v
PTmin pr of the sub-leading-CuvsL jet v v v
A¢(V,H) azimuthal angle between vector boson and H_,,4 v v v
AR(j1, Jo) difference in angular position between leading- and sub-leading-CvsL jet v v
Ad(jy, o) azimuthal angle between leading- and sub-leading-CvsL jet v v
An(ji,jn) difference in pseudorapidity between leading- and sub-leading-CuvsL jet v v v
Ap(Ly,05) azimuthal angle between leading- and sub-leading-py leptons v
An(ly,4,) difference in pseudorapidity between leading- and sub-leading-py leptons v
AP(L1 (24, 11) azimuthal angle between (sub-)leading-py lepton and leading-CvsL jet v vk
Ap(Ly, jr) azimuthal angle between sub-leading-py lepton and sub-leading-CvsL jet v
Ap(Ly, PT*°) azimuthal angle between leading-p lepton and missing transverse momentum v

i number of small-R jets subtracted number of FSR-jets v v v
SA5 number of soft jets with pr 5 GeV v v v

Loukas Gouskos

Higgs Hunting 2019
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. . CMS
V merged-jet: BDT inputs

Variable Description OL 1L 2L
pr(V) vector boson transverse momentum v vV
P Heyng) H_,,q transverse momentum v v oY
1M(Heang)| absolute value of the H_, ; pseudorapidity v
Ap(V,H,,,q) azimuthal angle between vector boson and H_, 4 v v Y
prniss missing transverse momentum v
An(H_.4 ¢) difference in pseudorapidity between H_,_; and the lepton v
An(H,,q V) difference in pseudorapidity between H_, 4 and vector boson v
An(H_.4j) min. difference in pseudorapidity between H_, 4 and small-R jets v vV
An(4,j) min. difference in pseudorapidity between the lepton and small-R jets v
An(V,j) min. difference in pseudorapidity between vector boson and small-R jets v
Ap(piss,j)  azimuthal angle between pi'* and closest small-R jet v
Ap(pr*,¢)  azimuthal angle between pI™* and lepton v

My transverse mass of lepton pr + p7'** v

N, number of small-R jets v v/

a]

Loukas Gouskos
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CMS

) Resolved-jet: postfit OL, 1L

o M5 4
35.9 fb' (13 TeV) 35.9fb' (13 TeV)
.@1011 —r—T T T .. D'l — 'D'vz('z -_) — “21012 —r—T T T .- D" —1T ':]'VZ('Z ._) —
c - ata —>CC '3 N ata —>CC N
d>>1 0" CMS ) [ VV+other I Single top o 10 CMS ) [ VV+other B Single top
w - Preliminary [ L I W+cC w10 F Preliminary [ L I W+cC E
- Resolved-jet I W+bb/be B W+ble - Resolved-jet I W+bb/be B W+ble x
B os - 1L (e) ] W+udsg B Z+cc 8 1L (w) ] W+udsg Bl Z+cc
3 [ Z+bb/be [ Z+ble 10° " [ Z+bb/be [ Z+blc .
- Signal Region [ Z+udsg _ Bl VH(H—cC), n=41 . Signal Region [ Z+udsg _ Bl VH(H—cC), n=41
106 | Il VH(H—bb) 5525 S+B uncertainty 6 Bl VH(H—bb) <52 S+B uncertainty
] —— VH(H—cE)x100 10° F —— VH(H—cE)x100 E

o
>
i
>
o 0.
O 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1 .
BDT output BDT output
359 fb”' (13 TeV)
QN T——— T 7T ]
=107 CcMS e Data [ VZ(Z—cF)
Q>.)1010 = [0 VV+other I Single top ]
IT} | Preliminary [ LT I W+cT ]
- I W+bb/be B W+b/c 1
108 b RLesoIved Jjet |:|W:u \dso — ZacS 1
[ O [ Z+bb/be ) Z+bkc
Signal Region [ Z+udsg @maco E
108 B VH(H—cc), =41 [l VH(H—bb) 1
% S+B uncertainty = VH(H—cC)x100 h

BDT output
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Resolved-jet: postfit 2L

35.9 b (13 TeV)
. ———

£10°F ama
o CMS
> - gy
w - Preliminary

10® [ Resolved-jet

- 2L (ee), Low V-p
| Signal Region

! T

¢ Data
|:| VV+other
[y
[ z+bb/be
[Jz+udsg
[l VH(H—bb)
—— VH(H-cC)x100

[[Cvz@z-co) E
Il single top .
[ i
[ z+bre
Bl VH(H—cO), n=41 ]
X% S+B uncertainty

a
x
w Tof,
° 2
2 0.
(@] 0 ] ! L1 L1 .
0 0.2 0.4 0.6 0.8 1
BDT output
35.9 fb”' (13 TeV)
P o ,...,.I.Zl.,...
c g b CMS ® Data VZ(Z-cc)
)
@ o1 Preliminary Bl Viother [l Single top :
! Resolved-jet W Wz 1
10°F 2L (ee), High V'pr [ Z+bb/be [ z+bre 1
Signal Region []Z+udsg B Il VH(H—cX), p=41
r > Bl VH(H—bb) % S+B uncertainty 1
104 !- = VH(H->cC)x100 E
r 1
10° F 1
1
r
1072
Q_ 2 1 I 1
w 1.5
2 05
O 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
BDT output

35.9fb" (13 TeV)

§2] 1011 ' 1 T —T -
10"+ CMS ¢ Data [Cvzz—cd)
i - Preliminary Ewsother Ml Single top 1
Resolved-i [ [ P25
10°F 7 ocHot [ z+bb/be [ z+blc i
2L (uu), Low V-p
i ’ [Jz+udsg Il VH(H—cT), p=41
Signal Region B
106 F [l VH(H—bb) 5% S+B uncertainty ]
= VH(H-+cC)x100 ]

1 N
0.8 1

0 02 0.4 0.6
BDT output
35.9fb" (13 TeV)
L oo TTT 7
& b CMS ¢ Data [ vz(z—co)
8 E i -
@ 10 Preliminary S;{"*O"W =§:_;6|e top
I Resolved-jet _ |
6 | 2L (un), High V-p [ Z+bb/be [)z+bre
10°F Signal Regi ! []z+udsg Il VHH—cP), p=41 ]
| Signal Region Bl VH(H—bb) 5% S+B uncertainty -
10° | —— VH(H—>c¢)x100 ]
10?
1
1072
a 2
o 150
I
2 0.5
o 0 - L ] |
0 02 0.4 06 0.8 1
BDT output

CMS
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CMS

) Merged-jet: postfit OL, 1L

p~o7 A5 4
35.9fb" (13 TeV) 35.9 fb" (13 TeV)
@« 250 L L L L A B B B ©® S T 11 L
S N CMS —4— Observed B VH(H—~bb) ] S 200 = CMS —4— Observed I VH(H—~bb) —
O = L. [ vz(z—ce) [ vv(other) = o 180 L. [ vzZ-—cc) [ vV(other) =
200 Preliminary B single Top el I = Preliminary B single Top ot E
- Merged-jet [ wajets [ z+jets 1 160 [ Merged-jet [ W+jets [ z+jets —
C 1L (w) B VH(H—~cc), n=21 VH(H—~cc) x100 | 140 C 1L (e) B VH(H—cc), u=21 VH(H-—-cc) x 100 T
150 [~ High purity S+B Uncertainty _— 15 E High purity S+B Uncertainty E
- = 0 E
s 5 100 - —+ =
L] E—— - 80 4 =
. o ] 60 ﬁk -
50 - 40 =
& _‘ 20 | =
o] (0] —
a 1 4 ? ........................................................................................................ _; a 1 4 ? PO —— i
3 1.2 } — 3 1.2 —+— —+—— —
= 1 400 kol . —+——+—_1* poceabes ] < 1 | + % % __'L_ % —4— ]
=° 08 B —° 08} * —+= -
0.6 ...... —— 0.6 o
60 80 100 120 140 160 180 200 60 80 100 120 140 160 180 200

Higgs candidate mass [GeV] Higgs candidate mass [GeV]

35.9fb" (13 TeV)

EZ2-To o} == A L A B L B B B —

S CMS —4— Observed B VH(H—-bb) 3

o 180 .. [ vz@—co) [] vV(other) —

Preliminary B single Top [l E

160 Merged-jet [ W+jets [ Z+jets E

140 oL B VH(H—~cc), u=21 VH(H—~cc) x 100 _|

120 High purity S+B Uncertainty g

100

80
60
40
20
(0]
o 1.4
Z: 1.21
= o8 E
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Loukas Gouskos Higgs Hunting 2019



o o CMS
&) Merged-jet: postfit 2L
=) erged-jet: postfit

35.9fb" (13 TeV) 35.9 fb™ (13 TeV)
f2) S LA I LA I IR IR R %) ‘i LA B LU B BN BN
§ o5CMS —4— Observed B vH(H--bb) _ s 16— CMS ~4— Observed B vH(H-—bb) —
> - - > - -
w - Preliminary B vzz—ce) [ wiother ] @ E Preliminary Cvz@—co) [ vv(othen) 3
N Il single Top NI ] o ) Bl singeTop [t .
[~ Merged-jet ] ~ Merged-jet n
20 50 [ zsjets B VH(H-co), =21 ] 12 21 (ee) [ zsjets B VHH-co), w=21
E High purity VH(H—cc) x 100 S+B Uncertainty E 10 E High purity VH(H—->cc) x 100 S+B Uncertainty __:_
15[ -] C ]
» . 8 '-. . —
= . 4 -
101 - 6 - -
N - 4 —
S ,_ - . .
: N ol 2E . ' ==
0== . : : ; : : 0 ===l==?='§#==—:‘=——_ : : ; : . ——
o B —— 7 a I~ 1

x 1 .5 e sconscansansesenssangesssancsadisansoansancesenssadbassscsssupasansoassansessnsssssansssssshossanssashsssscsssefesassoccs x 1.5 .. F—
z [ | l ,L_"_ | e l l #7 ’ z B . l | )

~ 1 ~ 1
LT T 3P -
z 05 —_ ......................................................................... 4; ................................. IR S _—. z 0.5 fenmntasaanssssfanseanssassennsessafnssssssasssancssnnasassnnssas 3
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D) CMS VH(—bb) [2016] s
v g
s HIG-16-044
Process 0-lepton  1-lepton  2-lepton low-pr(V) 2-lepton high-pr(V)
Vbb 216.8 102.5 617.5 1139
Channels  Significance Significance = b 318 200 1411 172
expected observed gﬂldscg ;2? 998'% 15587'47 ‘;;
O-lepton L5 0.0 Sngletopquark 118 46 23 00
1-lepton 1.5 3.2 VV(udscg) 05 15 6.6 05
2-lepton 1.8 31 VZ(bb) 9.9 6.9 229 38
. Total background ~ 3157 2833 1006.5 1427
Combined 2.8 3.3 VH 33 33 37 n1
Data 334 320 1030 179
S/B 0.12 0.12 0.033 0.15
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