First experimental search for boosted Higgs boson
production using the H—bb decay with CMS
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This talk

- Higgs discovery and H = bb status at LHC
- challenges of H = bb at LHC

- b-tagging
- dedicated strategy for boosted H = bb

- H — bb tagging

- Inclusive search for boosted H = bb



Chin. Phys. C, 40, 100001 (2016)

The Higgs boson discovery

Mass m = 125.09 4+ 0.24 GeV

- A great advance in our understanding of Full width I < 1.7 GeV, CL = 95%
fundamental particles and their interactions H? Signal Strengths in Different Channels
See Listings for the latest unpublished results.
- a completely new state of matter-energy Combined Final States = 1.10 + 0.11
o o . W W* = 1_08—_{:8:18
- properties as a potential window to 77% = 129+02
Beyond Standard Model (SM) vy = 1.16 £ 0.18

bb=10.82+030 (S=1.1)
utu~ < 7.0, CL =95%
Tt =112+ 0.23

Zvy < 9.5, CL = 95%

ttH® Production = 2.31“8:2
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H to bb
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S \: ' ATLAS and CMS
2 | LHC Run 1

Observed production and decay rates _
are consistent with a SM Higgs boson &> 10
within uncertainties "I

Unique final state to study the
coupling with down-type quark
Largest BR for SM H (~58%),
dominates total width 107

- not yet observed
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Standard Model Higgs Hunting: Basics

LEP+Tevatron legacy:

low-mass range [114,158 ] GeV
2009

Search for the Higgs Particle
Status as of March 2009

95% confidence level

Excluded by Excluded by Excluded by

LEP Experiments Tevatron Indirect Measurements
95% confidence level Experiments 95% confidence level
100 114 120 140 160 1770 180185 200 GeV/c?

Higgs mass values

The natural width is less than 100 MeV
observed peak dominated by instrumental mass resolution
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Standard Model Higgs Hunting: Strategy

proton - (anti)proton cross sections
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Phys. Lett. B 716 (2012) 1

lUIY 4th 201 2, H diSCOver\/ ‘ Phys. Lett. B 716 (2012) 30

CMS \s=7TeV,L=5.1fo" \s=8TeV,L=5.31b"

T = 1205 eV ATLAS 2011 - 2012 EmH=12ls.oeev
. W,ZH—bb -
- CMS and ATLAS reported independently oy .- e .-
the first observation of the Higgs boson phy ol : " I
H— zZ —h— H_”?’Ld
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H— Ww — T ——
- best mass resolution o O e yo14t03 | e
| | | | l l I
- the huge amount of LHC data allows to o
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Best fit G/G
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. [ Combined (68% CL) | <F
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o
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Phys. Lett. B 716 (2012) 30

Cha"enges ()f the H(bl_)) mOde 1t the 1HC Phys. Rev. D 89 (2014)

Comparison with one of the discovery channels

CMS \s=7TeV,L=5.1fb" \s=8TeV,L=531b"
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H — bb at LHC
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H — bb at LHC

b Gluon Fusion
36%

s

N Qg N

Y
\

- Overwhelming background from QCD production of b quarks
- 107 larger
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Search for inclusive H to bb

Two-jets final state, overwhelming multijets background

CDF II Preliminary 5.4 fb™!
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CDF-11228
Phys. Lett. B 738 (2014)
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Search for inclusive H to bb

Two-jets final state, overwhelming multijets background

CDF II Preliminary 5.4 fb™

Observation of Z to bb signal
Small sens:tlwty to the H to bb
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Search for gg = H — bb historically deemed impossible
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— bb at LHC
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v VBF
H

large background but a very distinctive topology
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— bb at LHC

3 M(H)= 125 GeV% ) 7 (W)

- 3L, 00D =8 18 VH
— /p S 4%

- Lo QCD +NOE ) -

/f\mo@wﬂfgx /A—:

i i ¥ 1+ W/Z decaying leptonically

3 E - leptons, Et™s to trigger and suppress backgrounds
E 1 - Requiring high ptV to reduce multijets background
3 <oZE T ,- . S/B at LHC is 2.5x lower than at Tevatron
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— bb at LHC
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p ////,..u"

- direct probe of the top-Higgs coupling

- dominant backgrounds is tt + jets

ttH

1%
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Status of H(bb) at LHC

The LHC combination of the Run 1T ATLAS and CMS analyses resulted in a
significance of 2.60 (3.70) observed (expected)

VH is the most sensitive channel for H(bb)

CMS VBF H — bb 8 4+ 13 TeV

[CMS-PAS-HIG-16-003]

ATLAS VBFy H — bb 13 TeV

[ATLAS-CONF-2016-063]

ATLAS VH H — bb 13 TeV

[ATLAS-CONF-2016-091]

ATLAS+CMS H—bb 748 TeV

[JHEP0S(2016)045]

ATLAS VBF H — bb 8 TeV

HEP 11 (2016) 112

CMSVHH — bb7 4 8TeV

[Phys. Rev. D 89, 012003 (2014))

ATLASVHH — bb 7+8TeV

Caterina Vernieri (FNAL)

courtesy of G. Gaycken
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4
Higgs discovery and H = bb status at LHC /

challenges of H = bb at LHC S
. L
- b-tagging 7

- dedicated strategy for boosted H = bb
H — bb tagging

Inclusive search for boosted H = bb

Caterina Vernieri (FNAL)
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b tagging in CMS

b quarks hadronize in “jets” of particles ‘
- Jets with pt> 30 GeV and |n|<2.4 ,

B-hadron decay tracks are mostly
produced in a cone in the B
hadron flight direction

— B flight ~ jet direction

Inclusive Vertex Finder (IVF) to
reconstruct secondary vertices

- Independent of the jet
4

direction
Caterina Vernieri (FNAL) 1 6




b tagging in CMS
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CMS-PAS-BTV-16-002

b-tagging algorithms combine with
a multivariate approach the
information from:

- Impact parameter significance of
charged-particle tracks

- the presence and properties of
reconstructed secondary vertices

- the presence of a lepton in the jet
and its properties
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CMS-PAS-BTV-15-001

Performance of b-tagging in CMS
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boosted H(bb)
dR(bl_)) ~ 2mH/pT

| — ———
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CMS-PAS-BTV-16-002

Multiple approaches

fat-jet b-tagging sub-jet b-tagging double-b tagger
-Based on the standard b- - Defines sub-jets ‘Identifies the two B hadron decay
tagging algorithm - Standard b-tagging algorithm chains from b and b within the same
-Not designed for tagging applied to each subjet fat jet.
-1t does not define sub-jet but uses N-

two b’s in the same jet
jettiness axes

Caterina Vernieri (FNAL) *T-axes are Nsubjettiness axis 20



double-b tagger

- Combines tracking and vertexing information
with a multivariate approach

- 27 observables are used
- It targets the bb signal aiming to be:
- mass independent
- pr independent

- training strategy is designed to cover a very wide
pT range
- inputs are chosen to avoid pr correlation
- no dR-like variables, no substructure info

Caterina Vernieri (FNAL)

CMS-PAS-BTV-16-002

13 TeV, 2016
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= 0.18—
S °F CMS —— QCD, single b -
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Efficiency vs. Mistag rate

CMS Simulation Preliminary (13 TeV)
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Mistag is reduced by more than 40% at 30% signal efficiency (~ tight Worklng point)
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CMS-PAS-BTV-16-002

Performance

13 TeV, 2016 13 TeV, 2016
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The mistag rate is approximately flat across the pr range by design
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Efficiency measurement in data

. Since there is no H/Z(bb) signal (yet!) we use:
« g(bb) jets as a proxy to measure the signal efficiency
* Jet selection has been designed to ensure jets are signal-like
« High AK8 pr jet (pt > 250 GeV)
* double-muon tagged jets (muon with pt> 7 GeV)
« mass cut (>50 GeV)

Z(bb) by the end of the talk

24
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CMS-PAS-BTV-16-002

Efficiency measurement in data

36 fo' (13 TeV, 2016)
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Higgs discovery and H = bb status at LHC
challenges of H = bb at LHC

b-tagging
dedicated strategy for boosted H = bb
- H — bb tagging

Inclusive search for boosted H = bb

Caterina Vernieri (FNAL) 2 6



CMS-PAS-JME-16-003

H(bb) tagging

The boosted H(bb) signal is identified as large

cone size jets:
- anti-kt algorithm with R=0.8 @\
14

.
.

- PUPPI (PileUp Per Particle Id) is used to
mitigate pile up effects

Caterina Vernieri (FNAL) 2 7
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Caterina Vernieri (FNAL)

499
background  9/g

Ouwt, lools.

- b-tagging to reconstruct the two B hadrons

from the b and b within the same fat jet

- jet mass compatibility with the Higgs
- the composite nature of the jet using

substructure

28



Jet mass

Provides good separation between W/Z/H-jets from g/g jets

ArXiv:1307.0007
ArXiv:1402.2657

Grooming removes soft and wide-angle radiation (soft drop/modified mass soft drop)

Caterina Vernieri (FNAL)

—

Decluster
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q
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\
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ArXiv:1609.07483

Jet Substructure

- Measures the degree to which a jet can be considered as composed of N prongs
- Energy correlation functions are sensitive to N-point correlations in a jet
- A 2-pronged jet will have es<e;

[2F - - ‘
[ Groomed

IB 10+ Pythia 8.219, Soft Drop: =0, z.,=0.1 .
N’B 2673 > | R=1.0, pr>500 GeV, mgp  [80, 100] GeV |
— 5 8F g d
: ( 6'6)2 8 | _ i ----Light Quark
1€> 3 ol B ----Gluon «

o o 3 |

e 4

A |

_ &
16 = Z 2i2j AR B=1 2
1 §Z<] Snj |
B _ - B B 3 B B B
2€3 = Z 2iZj 2k mm{ARijARik,ARijARjk,ARikARjk} 8
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Jet Substructure

N, Multijets background

Caterina Vernieri (FNAL)

jet mass

ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

NTH sculpts jet mass distribution
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ArXiv:1603.00027

Jet Substructure CMS-PAS B2G-17-001

CMS-PAS-EXO-17-001

><1|03 | | | | | | | | | | | | | | | | | | 3|5.9 fbl-1 (|13| Tel ) 1 . " » "
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ArXiv:1603.00027

Jet Substructure CMS-PAS B2G-17-001

CMS-PAS-EXO-17-001

NTH sculpts jet mass distribution

We use a decorrelated version for
the background

NP = NI — Ni(cut at 26% QCD eff.)

Caterina Vernieri (FNAL) 31



ArXiv:1603.00027
CMS-PAS-B2G-17-001

CMS-PAS-EXO-17-001

Jet Substructure

CMS Simulation Preliminary

; 1000 i = 'I . . . .
® - © N'2 sculpts jet mass distribution
o) 1 0323
o 900 - S We use a decorrelated version for
- 3
1l 193 & the background
800 ) >
1} —H0.28 ©
B -
700 - y
H050.26 =2
- N%’DDT = N5 — N3 (cut at 26% QCD eff.)
600 1 80.24
{8 0.22
500 F =

-6 -55 -5 45 4 35 -3 25 -2 -15

The scaling variable for QCD jets p is
p= log(msp*/pr ) used in the characterization of the
correlation of jet substructure variable

Caterina Vernieri (FNAL) 31



ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

Jet Substructure

N, 1/PbT Multijets background NTH sculpts jet mass distribution

We use a decorrelated version for
the background

jet mass
Caterina Vernieri (FNAL) 31



ArXiv:1603.00027
CMS-PAS-B2G-17-00T

CMS-PAS-EXO-17-001

Jet Substructure

CMS Preliminary
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Phys. Rev. Lett. 100 (2008) 242001

We conclude that subjet techniques have the potential
to transform the high-pr WH, ZH(H — bb) channel into

one of the best channels for discovery of a low mass Standard
Model Higgs at the LHC.

now we. dearct fo't inclusive H to bb with thede
new ooty ..

Caterina Vernieri (FNAL)
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Search for inclusive H to bb

- We can access this process in the boosted dijet topology
- Use initial state jet to get above the trigger threshold
- Look for boosted H boson in a single jet mass distribution
- Use the Z boson as Standard Model candle
- b-tagging to disentangle W/Z

Caterina Vernieri (FNAL)
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Sensitivity to BSM

Probing Higgs couplings at high momentum
transfer (QQ) accesses large new physics energy

scale (A\)

Q

vEv

ASensitivity ~

Caterina Vernieri (FNAL)

ArXiv:1612.00283

JHEP10(2016)123
1 do/dp+(H) [pb/GeV]

ggH@LHC 13 TeV NLL+NLO — SM ]

....... c=0.1 ,cg=0.075

Mh=125 GeV - -=- €=0.5,c4=0.042
100 e c=1.504=-0.042 _

T c=2.0,c4=-0.083
1071 -
107 ;
10-3 ‘ ‘f’s-j-i S Srie E
10 -
1.8 e
e -
I 3 ~m—_——— L e T L -
12 g o B e e il E
0; —m—m————— e e A T T T R = = O T _g
O:GE |11|11|-q
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Event Selection

CMS Simulation Preliminary 35.9 b (13 TeV)
_|CL) %‘"'I""I""I""I""I """" lIIQI(I)ﬂ)HHlHH%
§ 107 E -J}/Zt\_ll_(g(tqsﬂetts _§
0 10° — A
- —/ My -
Online selection asks for a high pr 10° ! o egnih)
single jet or large hadronic activities o' B -
pr > 360 GeV or 2 pr>800/900 GeV | ] E
Offline: Highest pr jet: E
. 1> 450 GeV || < 2.5, 10°¢
- jet soft drop mass (msp) > 40 GeV 10 o IL
- Lepton veto, ETM'SS veto e |'

CL L T —

0 50 100 150 200 250 300 350 400 450 500
pt leading-jet msp (GeV)
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Event Selection

Substructure: two prongs discrimination

~50% sig. efficiency; 26% background
efficiency

CMS  Preliminary 35.9 b (13 TeV)

1 08 | I I I
[ ] QCD (k-factor 0.77)

2 = =
[0 — I \W(qg)+jets I single-t ¢ Data =
Lﬁ 107 &= [ tt+ets [ VV(4q) @ MC uncert. (stat.)__|
-

O

©

S

£

0P

N~

o

©

()]

-05 04 -03 -02 -01 0 01 02 03 04 0.5

Caterina Vernieri (FNAL) pT-Ieading jet N;,DDT

Events

Data/Simulation

-1 -08 -06 04 -02 O 0.2 04 06 038 T

CMS-PAS-HIG-17-010

double-b tagger

~30% sig. efficiency; 1% background
efficiency (tight working point)

CMS  Preliminary 35.9 fb"' (13 TeV)

= I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I =
= [ QCD (k-factor 0.77) B Z(qq)+jets ------ ggH(bb) =
— I \W(qq)+jets I single-t ¢ Data -
=— [ ] tt+jets | | VV(4q) s MC uncert. (stat.)—=
e g O
= 17 =
= -
= SE

I IIIIIII| I I:IIIIII| | 111

JJIIIIIII 1111

AAR

p_-leading jet double-b tagger discriminator 3 6
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Fvent Selection
-6< p <-2.1

T —

CMS  Preliminary 35.9 fb' (13 TeV)
2 = ) QCD (kfactor 0.77) @ Z(qQ)+jets ------ ggH®b)
b 1 07 B W(qq)+ets B single-t ¢ Data
Lﬁ tf+jets VV(4q) sz MC uncert. (stat.)
10°

o 3 o o
non-perturbative 107 ;= finite cone effects
regime of the soft drop 102 | s from the AKS jet
mass calculation - et | clustering

c B e e e ey T f
E 4 — : sz MG uncert. (stat.) : ]
2 N . . :
» 4L : : =
c\% L > " 0636990 eseeore c-c-wt.eea—c—e—a—c-o—.-e—r-wl . -0-0-...,.._’
R T e R T
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After all selections

35.9 b (13 TeV)

% o | | |4|50| I ;Oloo IGIVI | b | b | b | b
<p.< e
O B CMS ~ double-b tag > 0.9 ttH(bb) -
™~ Simulation ’
> _I_|_ --------- VH(bb)
S S . = o — e VBF H(bb)

- Analysis is inclusive in Higgs © 10~ ggH (87%) —erren
production mode - - VBF (6%) -
Dominant contribution in signal - VH (4%) B -
region is ggH T T - i

1 o —
i | | | |I_|I | | lllllll A | Li: -l i | | | | | | | g | i J | | | | | | | | | —l
40 60 80 100 120 140 160 180 200

My, (GeV)
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Background composition

CMS Simulation Preliminary 35.9 fb™' (13 TeV)
728 17200100 L I B AN AL B B
"E - QCD | _
g) i double-b tagged -tzt(qqt)ﬂets - BaCkgrOundS
+jets
L10000— — Bl W(qq)+jets  _ + QCD (~90%)
- I single-t - | data
8000:— vV(4a) : - tt+)ets (3 %),
i - normalization from
6000 1 adedicated control
- S/\/b ~ T - region
4000F | - W/Z+jets (5%) } MC
2000:— L 1 Single—t, VV (<1%)

O [ N L] L..J...L..L.J..J LLJ._l__L_LJ..L.J..J..J

20 60 80 100 120 140 160 180 200
pt leading-jet msp (GeV)
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Multijets background prediction

o y .
& - Jet mass shape for multijets events is
35 derived in data
= - From events “failing” the b-tag
5= . .
requirement with a transfer factor
0.9

jet mass

Caterina Vernieri (FNAL)
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Multijets background prediction

o y .
& - Jet mass shape for multijets events is
35 derived in data
= - From events “failing” the b-tag
© requirement with a transfer factor
0.9
Rp/t
w
jet mass
jet mass

Caterina Vernieri (FNAL) 4()



Multijets background prediction

O u
D O
S [
3 T —-—500<pT<7OOGeV
-0.1— 700 < p.. < 1000 GeV
= 1OOO<pT<15OO GeV
i —-—pT>1SOOGeV
-0.21~ —— p_>500 GeV
0.3
o -
N e, i S - _+
-0.41—
-0.5
~0.6
—IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

50 100 150 200 250 300 350 400 450 500
mg, (GeV)

Caterina Vernieri (FNAL)

- Jet mass shape for multijets events is
derived in data

From events “failing” the b-tag
requirement with a transfer factor

as function of the jet mass and pr
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Transfer factor

- If the double-b tagger were completely uncorrelated double-b tag
from jet pr and msp, the transfer factor would be flat | “pass”

- Taylor expand Ry in p and pr

CD
NQCP (mgp, pr) = Ryyt(p, pr) x Ny (msp, pr)

NS&%E (mSDi7 ij) —

- 23 bins in msp from 40 to 201 GeV and 6 bins
in prfrom 450 to 1000 GeV

Caterina Vernieri (FNAL) 41
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Transfer factor determination

- Signal extraction and background estimation performed simultaneously

CMS Preliminary

=~ 1000 —
. i D n H (bb
L(data|u,0) = H Poisson (Ngif,i,j’Ngil,i,j + N g + Nf‘;ﬂ,i,j T Nfaig’i’;) 8 N
] ) vl_ 900 -
« [T Poisson (N, NG, 4 Ny + Ny + 0 NEO) -
i, 800
700
QCD B QCD
Npass (mSD17 ij) — X Nfail (mSD“ ij)

600

500

R B R T
100 120 140 160 180 200
mEUPP! (GeV)

. The coefficients ax are determined from the fit 40 60 80

- Based on F-test, a second order polynomial in
p and first order in pris used.

Caterina Vernieri (FNAL)

35.9 fb' (13 TeV)

0.017 9
0.016
0.015
0.014 &
0.013 4
0.012 0
0.011
0.01
0.009
0.008
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W/Z+jets simulation

35.9fb" (13 TeV)

: | | I | | | | | | l | | I | | | | | | | | :

0.16F -

I CMS + Z(up)+jets / y+jets Data

0.14F-  Preliminary :

% 0.12[ — Z(up)+jets / y+jets MC ‘-

+ i

< 0.1F -

2. )

@%(108-' . ) -

—_ —0— -

20.06f ' +——

N :

0.04 -

0.02 -

. O L | [ — ] | ] I | L1 1 | | | | | | —

8 1 FF-EE L S B L AL S I LI SOV OO SO SO S UL SO LIS W

& 1 .‘"+++_‘__¢_—+—++ ....................................... ‘ ............ _
5 #

8 L] T— —— R— Y—— S—— T— a—— AR S——

Ca

400 600 800

1000

1200

1400

Boson P, [GeV]

ArXiv:1705.04664
CMS-PAS-EXO-16-048

LO simulations for the W/Z+jets are
corrected using pr-dependent :

- NLO QCD k-factors

- NLO electroweak k-factors
Associated uncertainties are 10%
(QCD) and 15-35% (EWK)

Additional systematic of 5% accounts
for potential differences between the
W and Z higher order corrections.

43



ggH simulation

- Other CMS Higgs results use Powheg : 1 jet + m; = o0

- We want to account for both the effects of higher order corrections and for the finite top mass

- No real NLO + finite top mass calculation available in the literature above pt" > 300 GeV

1.4 r
NNLO 2227
1.2 NNLL+NLO
NNLL+NNLO s
s T
) .
O 0.8 R pp, 13 TeV, m,, = 125 GeV
D.E-. . ‘ Mg = Mg =My, Q=my/2
T _ N PDF4LHC15 (NNLO)
a 06 r L, uncertainties with pp, 1, Q variations
% -
T 04
0.2
2 13
< 1.2 |
=S R
S 0.0 PR R e Ko e
e 08 ; ; ' I RRIEIILR
.9 0.7 | | 1 i A !
5 20 40 60 80 10 120 140 << 71000 GeV

H
Caterina Vernieri (FNAL) P [GeV] 44



ArXiv:1410.5806, ArXiv:1609.00367
o ° ArXiv:1408.5325, ArXiv:1302.6216
ggH Slm u 'atlon ArXiv:1504.07922, ArXiv:1505.03893

ArXiv:1610.07922

- Other CMS Higgs results use Powheg : 1 jet + m; = o0
- We want to account for both the effects of higher order corrections and for the finite top mass

- No real NLO + finite top mass calculation available in the literature above pt" > 300 GeV
- A multi-correction approach is adopted
LO H+0-2jet, finite mr
NLO H+1jet finite m: up to 1/m¢* expansion
NNLO H+1jet, mr= oo

« NLO 1 Jet IM¢ NNLO 1 Jet my — GO

GF H(NNLO = (1 jet = X
( ™ mt) ( JOu 1 OO) . LO 1 JGt I ¢ NLO 1 Jet Imny — 0

Caterina Vernieri (FNAL) 44


https://arxiv.org/pdf/1410.5806.pdf
https://arxiv.org/abs/1609.00367

CMS-PAS-HIG-17-010

ggH pr reweighting finite m¢ + NNLO

s —— CMS Powneg
Estimate k-factor of ~1.3 for Higgs pr> % 10_ NNLO + m,
450 GeV S L
Two factorized systematic uncertainties: h
30% normalization L= .
30% change in slope : e
(no effect on overall norm.) TE JRSs
This is the first time an (approximate) 10_3; N
NLO H+0,1,2 jet merged with finite top TN T T P T |
mass is attempted 2 ..
Results are stable under these variations é 051: ____________________________________________________________________
and also provided without pr reweighting S0 a0 S0 00 700 80 900 1000 I'ﬁigié(é;'\z}))o

Caterina Vernieri (FNAL) 45



Systematics

Systematic uncertainty source

Type (shape or normalization)

Relative size (or description)

QCD transfer factor
Luminosity
V-tag (N%’DDT) efficiency
Muon veto etficiency
Electron veto efficiency
Trigger etficiency
Muon ID efficiency
Muon isolation efficiency
Muon trigger efficiency
tt normalization SF
tt double-b mis-tag SF
W /Z NLO QCD corrections
W /Z NLO EWK corrections
W /Z NLO EWK ratio decorrelation
double-b tagging efficiency
Jet energy scale
Jet energy resolution
Jet mass scale
Jet mass resolution
Jet mass scale pr
Monte Carlo statistics
H pr correction (gluon fusion)

both

normal

norma.
normal
normal

ization

1zation
1zation
1zation

norma.

normal
norma.
normal
normal
norma.
normal
norma.

ization

shape
shape
shape

1zation
1zation
1zation
ization
1zation
1zation
1zation

normal

ization

shape
shape
normalization

normalization
both

profile ay, and QCD normalization

2.5%

4.3%
0.5%
0.5%
4%
up to 0.2%
up to 0.1%
up to 8%
from 1u CR: 8%
from 1u CR: 15%
10%
15% — 35%
5% — 15%
4%
up to 10%
up to 15%
shift msp peak by +0.4%
smear mgp distribution by 9%
0.4% /100 GeV (pr)

30%

Caterina Vernieri (FNAL)

CMS-PAS-HIG-17-010

correlated among W, Z, and H
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CMS-PAS-HIG-17-010

35.9 fb™' (13 TeV)

Z signal extraction

> 8000 R L | | IR
8 - CMS 450 < oW =
— o p_. <1000 GeV 7 -
N 7000 = Preliminary 4o pie. tag>09  ---tt —
~ — --- Multijet _
p) — z2z Total Background ]
= 6000 mm H(bb) —
) — ¢ Data —
T 50001 —
- . 4000 — -
The extraction of the Z signal - -
compatible with the SM expectation 3000 -
would yalldate the H ygnal 20000 ) -
extraction and H-tagging approach - -
1000 — _ —
0 - B T B I _
Tl 10F -
2. 5 -
S| ©
=3 S T
| 0 +
A0 N G T L T T
S| %0 60 80 100 120 140 160 180_ 200
Mg (GeV)
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CMS-PAS-HIG-17-010

Z rESU|tS 35.9 fb™' (13 TeV)
> 8000_‘ B L L L L L L e |
8 - CMS 450 < W ]
- g p_ <1000 GeV " n
N 7000 Preliminary . et tag>09  ---tt —
- = --- Multijet —
7)) _ #2z Total Background ]
£ 6000 = H(bb) =
. .« (o - ¢ _
- Observed significance for the Z Ij'>j 000 E
signal is 5.10 (5.8 0 expected) - -
: : : 4000 [ =
compatible with SM expectation - -
- First Observation of the Z(bb) in 3000 : -
the one-jet topology 2000 - =
- This validates the H signal 1000 -
extraction and H-tagging approach - e -
O b algmd= =2 ke A I
ST -
s
[ 2 i
s|: 5 A -
2 Ottt =~ = =S¥ S—-— At
S| %0 60 80 100 120 140 160 180_ 200
Mgy (GeV)
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anti-double-b tagged

«10° 35.9fb"' (13 TeV)
> I L L B |
()

Q) 500 CM_S’_ 450 < p_< 1000 GeV .'“'”'%V _
N -, Preliminary double-b tag < 0.9 - -t 7
~ B Multijet ~
_%) 400 — i chéaBI)Background —
D B ¢ Data _
> - _
L] B |
300— —
200 -
100 — —
oL a
= 6O ~ " T T T T T T —
+
o 40 - -
2 200k -
- O e i S S U D S
cD*B' 40 60 80 100 120 140 160 180 200

Mg (GeV)
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CMS-PAS-HIG-17-010

anti-double-b tagged double-b tagged

10° 35,91 (13 TeV) ] R TTTSs9MbN(13 TeY)
> L B L L L L B L LI B | ] %8000_—0|S | | | lW | | -
© — CM W _ - Gev -
Q) 500_ I(:’:re/ﬁwnar 450 <p <1000 GeV 7 - O 7000 = Preliminary jSObT pb<1ooo o th ]
N » 4 double- b tag <0.9 - -JI[\t/I Hiiet N l: - ouble-b tag > 0.9 3 - Multijet _
~ B uitije _ - s Total Background n
-lé) 400 — ﬁL?E%I)Background — _,UE,) 6000 — ] B(a?g) —
) B ¢ Data | G>J — T ¢ ]
S B _ - e 7
> : 1 5000 -
300 — — - =
B _ 4000 — —]
200/ 4 awo- -
- - 2000 —
100 — — - =
B ~ 1000 — —]
o : e ——
= 60 T T o 10+ . —
A e 1 2, sb +T -
F - =k e by
ébo 20 L e — $D 0 F—ppctig ++++
1yt Al e T ~-
O oot ——— — e A et e SO B
§ 40 60 80 100 120 140 160 180 200 3 40 60 80 100 120 140 160 180 200
Mgy (GeV) Mgp (GeV)
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Simultaneous fit of the Z and H signals

CMS Preliminary 35.9fb" (13 TeV)
N3 16 —
= S
O
14 -
2.5 —
12 o5
5 O
10 <4
A
1.5 8 |
1 6
4 H Z
0.5 5 Observed best fit up =2371% 4y =0.7870%
Expected significance 0.70c (ugp=1) 5.80 (uz=1)
0 0 Observed significance 1.5¢ 510

Caterina Vernieri (FNAL) 50



Sensitivity per pr category

Combined | CMS

-9 3+1.8 . _
YW= =Se | Prelimmary

1800, 1000] GeV
=727
(675, 800] GeV

+3.2
MH = _0'5—3.1

1600, 675] GeV

+3.4
pLH=4.6_2_9

(550, 600] GeV
wo=-1.75;
(500, 550] GeV

+3.1
MH = 0'3—3.1

(450, 500] GeVl|
n, =857
~10 5
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35.9 fb' (13 TeV)

Data - (Multijet + tf)

Events / 7 GeV

CMS-PAS-HIG-17-010

4000
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........
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Sensitivity per pr category

Combined

+1.8
M|_| = 2'3—1.6

1800, 1000] GeV
=727
(675, 800] GeV

(550, 600] GeV
W, = —1 .7f§_‘$
1500, 550] GeV

+3.1
MH = 0'3—3.1

[450, 500] GeV

+4.0
W, = 8.5 .,
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Preliminary

35.9 fb' (13 TeV)

Data - (Multijet + tf)

Events /7 GeV

GData
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35.9 fb™' (13 TeV)
_I I I | I I I | I I I | I I I | I I I | I I I | I I I | I I I
-~ CMS W

600 — o 600 < p. < 675 GeV Z
e fPreliminary double-b tag > 0.9 - -1t

L

100

| ks ---Multijet |
500 - - 'II_'Ic()éaEI)Background —
B S ¢ Data —
: _+_ : .'5:5’5553’55 :
400 — I ]
: :
300 —
: ssasty -
B T e —+— 7
200 et —
: :

o
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40 o60 80 100 120 140 160 180 200
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Sensitivity per pr category

-1
35.9 fb (1_3 TeV) o 35.9 fb" (13 TeV)
Combined | CMS 2  fems W
_ o 3+18 . 5 5 O) B d 800 <p_<1000GeV 7 _
"W~ =15 | Prelimmary ; ; ~ 120 PN goupeniag09 -l —
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[800, 1000] Ge : {2 B i:iiiL(()é:aEIJ)Background |
[675, 800] GeV | W gof T -
u =-05%2 B of s E
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+2.6 20 — —
MH = -1 .7_2.7 | —
[500, 550] GeV A
+3.1 : : =
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Measured cross section

- The measured cross sections for Z+jets and Higgs for jet pr > 450 GeV are:

Oz = 849 +257/-209 b
On=/4 +51/-49 tb

- Broken down into:

Oz = 849 +155/-155 (stat.) +140/-205 (syst.)
OH = /4 +48/-48 (stat.) +10/-17 (syst.)

Compatible with SM within uncertainties
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Conclusions and perspectives

+ First LHC search for gg = H — bb in boosted topology

- First observation of Z(bb) in single jet topology, 5.10
(5.8 O expected)

- The observed significance for the H(bb) is 1.50
- Cross sections are measured and agree with SM

Oz = 849 +155/-155 (stat.) +140/-205 (syst.)
OH = 74 +48/-48 (stat.) +10/-17 (syst.)

- This search probes previously unexplored regions of
phase space

. open a new strategy to search for Higgs boson to bb

- but also change to probe unexplored new physics
contributions to the Higgs at very high pr

Caterina Vernieri (FNAL)
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Phys. Rev. D 89 (2014)

VH tO bB Phys. Rev. Lett. 109 071804
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S/B at LHC is 2.5 lower than at Tevatron
Results from ATLAS and CMS with full 13 TeV dataset are on their way
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JHEPO8(2016)045

Higgs at LHC

ATLAS and CMS - ATLAS+CMS ATLAS and CMS -9- ATLAS+CMS
-+ CMS CMS
B — +10 - . -
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— : .
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tH — T
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H(bb)-jet

PT
i
¢

",

b tag

2065 GeV

0.84
123.7 GeV
0.95

........

p A
|

A TN

" Ly oy
a{ﬁuﬁ

i

secondary vertices
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- : DP-16-042
CombIHEd algorlthms 10° "(':'Nllé"'l----l---w--u-|u--.-.+..Z'izb.’.‘lg.ﬂ.?’.T.?V.’?‘?Tfs

QA
O' 8
% 137 Preliminary B b
O . e
- 106 Multlj.ets B udsg
10° AK4 jets (60 < P < 250 GeV) [ ] b from gluon splitting
104 [ pile-up
d 3 ?
The Combined Secondary Vertex through -
multivariate technique combines (CSVv2) 10
1
Track information e
© 1__ ........ 6"'".'".""'."""."'.".'"" 2. 00.0% .0.,. o o500 ""."'0"'.'".";".'".'".'"0"6"'0"'0"'0"'0";_;
Vertex information = T
. . . . 0 0.1 0.2 0.3 04 0.5 0.6 0.7 O..8 09 1
The Combined Multivariate Algorithm (cMVAv2) CSVv2 Discriminator
algorithm combines: 9.2 1b, 15=13 TeV, 2016
< L L I e e I L
° 2 10° CMS ¢ Data
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S 10" B Multijets 2
10° &= AK4 jets (60 <p_< 250 GeV) [ b from gluon splitting
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https://twiki.cern.ch/twiki/pub/CMSPublic/BTV13TeVLHCP2017

Muon Tagged jets

36 fbo”, 1s=13 TeV, 2016

L, © 1.4 = | | | I B | | | | T T T3

? 13 CMS CSvvat =

S — .. —l— mujets -
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© 1.2 —e— ttbar =
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g 1.1— —]

) — -
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I 11— i
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- muon tagged jets from multijet events
- b-jets from ttbar
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Top pr reweighting

2.2-23fb" (13 TeV)
1.5IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_

CMS
1.4

Preliminary Parton level
-1 3 & dilepton (CM5-PAS-TOP-16-011)
1.2

1.4

- Applying 13 TeV top pr reweighting

1’ lepton + jets (arXiv:1610.04191, sub. to PRD)
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VBF H reweighting
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Jet mass grooming

CMS Simulation

| I I I | I
SM Higgs, m = 600 GeV

ungroomed jet mass

W+Jets, MadGraph+Pythia6

ungroomed jet mass
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N21-PPT efficiency measurement

CMS-PAS-HIG-17-010

- Efficiency of the No'"PPT is measured in data using merged W jets from tt events
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CMS Preliminary 35.9 b (13 TeV)
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- efficiency SF = €pata / €mc = 0.993 +/- 0.043
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- mass resolution SF = O0paa / Omec = 1.08 +/- 0.09
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CMS-PAS-HIG-17-010

Background composition

CMS  Preliminary 35.9 fb' (13 TeV)
2 — 3 QCD (kfactor 0.78) @R Z(qq)4jets ------ ggH(bB)
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tt enriched control region

+ Loose muon with pt > 55 GeV, |n| < 2.1 in
opposite hemisphere:

+ |P(H) — P(AKS jet)| > 2n/3

- One AK4 PUPPI jet with medium CSVv2 b-tag,
with pt > 50 GeV, |n| < 2.5, and
- AR(AK4 b-tag, AK8 jet) > 0.8

- Lepton: Veto the presence of identified loose
electrons and loose hadronic taus

- Two-prong AK8 PUPPI jet (pt > 400 GeV, msp >
40 GeV and |n| < 2.4)
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CMS-PAS-HIG-17-010

1D LL Scans

CMS Preliminary 35.9 fb™' (13 TeV) CMS Preliminary 359 fb" (13 TeV)
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U=2.3-1.5/+1.5 (stat.) —0.4/+1.0 (syst.)

Caterina Vernieri (FNAL) 68



CMS-PAS-HIG-17-010

2D LL Scan (Asimov)

CMS Preliminary 35.9 b (13 TeV)
N 3 16

—i
AN

o
-2 A log L(asimov)
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CMS-PAS-HIG-17-010
Results
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CMS-PAS-HIG-17-010

Signal+background fit
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CMS-PAS-HIG-17-010

Signal+background fit
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CMS-PAS-HIG-17-010

Signal+background fit
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CMS-PAS-HIG-17-010

Signal+background fit
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CMS-PAS-HIG-17-010

Signal+background fit
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Phys. Rev. D 89 (2014)

VH, Event Topology

» H— bb at LHC is searched in events where H is produced in association with a
W or Z boson with high boost (~ 100 GeV)

» events are triggered by the leptonic decay of the W/Z (e, y, MET)

» multi-jet QCD background is highly suppressed

104 | 1] 1 | I 1 1] 1 | I | 1] ] | I | ] 1 | l | ] 1 I——
«eree ZZ(bb) CMS Simulation

s = 8TeV

L1

Z+jets

00

0-lepton (MET)
1-lepton [e,p,T]
2-OSSF leptons [ee,pp]
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Quick look at the backgrounds

VH example

0-lepton (MET)
1-lepton [e,p,T]
2-OSSF leptons [ee,pp]
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Quick look at the backgrounds

VH example

signal irreducible backgrounds

q g P
\999.; Py

A
7 F

M @ ’ / i:‘_
v @ * T~ . q
v b t

0-lepton (MET) q
1-lepton [e,p,T]
2-OSSF leptons [ee,pp]

and diboson, of course
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Quick look at the backgrounds

VH example

irreducible backgrounds

=
v @ g ’ q
v b t
l g P
0-lepton (MET) <v

1-lepton [e,p,T]
2-OSSF leptons [ee,pp]
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Phys. Rev. D 89 (2014)

VH, Analysis Strategy

l—
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Key points:
1. Extract normalization for the dominant backgrounds from the data

V+0b/1b/2b and top pair production

2.  b-jet energy specific corrections (regression)

3. A multivariate analysis, BD
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Phys. Rev. D 89 (2014)

VH, Results

VH(bb) reported an excess of 2.1 @ in agreement with SM H expectation at 125 GeV
vU=0/Oosm=1.0+ 0.5

v All modes are compatible

v most sensitive result, to be compared to

CDF p=0o/osm= 2.5 = 1.0 DOp=0/osm= 1.2 = 1.1
DO0+CDF p = 0/0sv = 1.95 + 0.75
(s=7TeV,L=5.0fb" V(s=8TeV,L=18.9fb"
CMS m,, = 125 GeV
pp = VH; H— bb
6 Combined L = 1.0+ 0.5
| | I 1 1 ] I 1 1 T I 1 | T 1 ] 1 T 1 1 ] T |
B CMS CL.Ob d
- -1 —e— CL Observe il
S | \s=7TeV,L=5.0fb P CL. H125 injected
c 5 Vs=8TeV,L=189fb" ... CLExpected  —
o i — VH; H— bb CL. Expected+ 1¢ _
-"é - PP CL Expected £ 20 Z(_V1V3t'|gb8b)
= 4 ] L=1uzxU
_l -
O - -
oo [ 1
§ 3 .
Q Z(I1")H(bb)
; n=08%1.0
g 2
o8
Tg)
(®))
1 ) W(lv zv)H(bb)
i ] u= 1.1+0.9
'l 1 1 1 1 l 1 1 1 ] I | 1 § 1 I | Il | | l | 1 1 1 l"'
110 115 120 125 130 135 l |

GeV
Caterina Vernieri (FNAL) eVl Best fit 1 79



