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e LHC and CMS

 H—bb: motivation and challenges
* VH(bb) analysis with 2017 data
 Combination with previous results

* Prospects
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The Large Hadron Collider

e After successful Run 1, LHC has produced >3 years of 13 TeV data
with stunning performance

* Expected integrated luminosity >150 fb! by the end of 2018

* DESIGN peak luminosity exceeded by a factor of 2
— Average pileup ~38 in 2017 and 2018

* |Incredible machine availability, >50% of time in stable operation
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Compact Muon Solenoid

* Multipurpose detector at the LHC: silicon tracking, electromagnetic & hadronic
calorimeters, a 3.8 T superconducting solenoid, & muon tracking chambers

MS DETE
CMS DETECTOR STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0m Pixel (100x150 ym) ~16m* ~66M channels
Overall length :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels
Magnetic field :38T
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres 2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)

Brass + Plastic scintillator ~7,000 channels N\ A0 5 <,
g
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Compact Muon Solenoid

* Multipurpose detector at the LHC: silicon tracking, electromagnetic & hadronic
calorimeters, a 3.8 T superconducting solenoid, & muon tracking chambers

* Pixel detector upgraded for 2017 data taking
— Large impact on b-tagging performance (as discussed later)
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The Higgs boson dlscovery

July 4th 2012 P ; .

e CMS and ATLAS reported
independently the first
observation of the Higgs boson

— Standard Model picture complete

Events /1.5 GeV
5]

e Result driven by yy and ZZ |-~ F
decay modes e B
— High mass resolution ‘- - B | o

— High signal to background ratio

— High signal trigger efficiency
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ATLAS: PLB 716 (2012) 1-29
CMS: PLB 716 (2012) 30
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Established Higgs properties

Mass: 125.09 + 0.21 (stat. ) + 0.11 (syst. ) GeV

: *kvse N+ ATLAS: EPJC 75 (2015) 476
Spln/Parlty' O CMS: PRD 92 (2015) 012004

Width: < 1 GeV (direct)

CMS: JHEP 11 (2017) 047

< 0.015 GeV (indirect)

ATLAS: arXiv:1808.01191 submitted to PLB

Observed direct coupling to:

_ ATLAS: PLB 716 (2012) 1-29
Vector bosons CMS: PLB 716 (2012) 30

ATLAS: ATLAS-CONF-2018-021
— 1 Ieptons CMS: PLB 779 (2018) 283
— top quarks ATLAS: PLB 784 (2018) 173

CMS: PRL 120 (2018) 231801
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Why do Yukawa couplings matter?
(1) A part of the Higgs sector that’s unlike any other
experimentally-probed interaction

(-p2¢92 + A@*, HHH) the keystone of the Higgs
mechanism and Standard Model, familiar as QFT
toy model, never probed in nature

(HWW, HZZ): A gauge interaction, with scalars rather
than fermions; much like what we’ve seen before

(Hbb, Htt, etc.): not a gauge interaction, and
unlike anything we’ve probed before

G. Salam, LHCP ‘18
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H—bb: motivations

* H—bb has the largest branching fraction (58%) for m,,=125 GeV
 Unique final state to measure coupling with down-type quarks

* Drives the uncertainty of the total Higgs boson width

— Limits the sensitivity to BSM contributions

* Not yet observed
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Challenges of H—>bb

* H—>bb compared with one of the discovery channels

H - 470 H = bb

Branching Ratio 0.03% 58% v
mass resolution 1% 10% x

S/B 2 0.05

* H—bb search needs:
— Highly efficient b-jets identification
— Excellent resolution on m(bb)
— Use of full event information to increase S/B

* Primary decay mode for searches at LEP and Tevatron

— More difficult at LHC due to increased background
(S/B ~2.5x worse than Tevatron)
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First H—>bb searches started at LEP...

Physics Letters B 565 (2003) 61-75

N, Search for the Standard Model Higgs boson at LEP

ﬁ% ALEPH Collaboration' DELPHI Collaboration® L3 Collaboration® OPAL Collaboration * ~ PHYSICS LETTERS B
' The LEP Working Group for Higgs Boson Searches *
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...and continued at Tevatron...

PRL 109, 071804 (2012) PHYSICAL REVIEW LETTERS 17 AUGUST 2012

week endin

S

Evidence for a Particle Produced in Association with Weak Bosons and Decaying
to a Bottom-Antibottom Quark Pair in Higgs Boson Searches at the Tevatron

(*CDF Collaboration)
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H—bb searches continue at the LHC

* Very large datasets at LHC give access to several production modes to
search for H—>bb
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Gluon Fusion (87 %)

Overwhelming (107 larger) background of b-quark
production due to strong interactions

CMS: PRL 120 (2018) 071802

Vector-Boson Fusion (7 %) ATLAS: arXiv:1807.08639 submitted to PRD
L ATLAS: JHEP 11 (2016) 112
Very large background but a very distinctive topology CMS: HIG-16-003

CMS: PRD 92 (2015) 032008
ISR photon to enhance S/B 201)

Higgs-strahlung (4 %)
leptons, Ermis to trigger and high prV suppress Most sensitive

backgrounds —

Top Fusion ttH (1%) ATLAS: JHEP 05 (2016) 160
, o ATLAS: PRD 97, 072016 (2018)
dominant background is tt + jets CMS: JHEP 09 (2014) 087

CMS: arXiv:1804.03682 submitted to JHEP
CMS: JHEP 06 (2018) 101
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VH(bb) results at LHC

* VH(bb) evidence at LHC established
with 2016 data by both ATLAS and CMS

— Detectors clearly demonstrated ability to deal
with very high pile-up for such complex analysis

* Signal strength uncertainty ~40%

signal significance significance
strength (exp) (obs)
ATLAS Run 1 [1]| 0.527530 2.60 1.40
CMS Run 1 [2] 0.8970%) 2.50 2.10
ATLAS+CMS Run 1 [3] | 0.7970-29 3.70 2.60
ATLAS 2015+2016 [4]| 1.207D-32 3.00 3.50
CMS 2016 [51 1.19°,3% 2.80 3.30

[1] JHEP 01 (2015) 069
[2] JHEP 08 (2016) 045
[3] JHEP 08 (2016) 045
[4] JHEP 12 (2017) 024
[5] PLB 780 (2018) 501
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VH(bb) WITH 2017 DATA
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VH(bb): Analysis strategy

* Analysis strategy:

— 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets
* To target Z(vv)H(bb), W(lv)H(bb)and Z(ll)H(bb) processes
— Signal region designed to increase S/B
* Large boost for vector boson

* Multivariate analysis exploiting the most discriminating variables (m,g, AR,;, b-tag)

— Control regions to validate backgrounds and control/constrain normalizations

28/08/2018
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VH(bb): Analysis strategy

* Analysis strategy:

— 3 channels with 0, 1, and 2 leptons and 2 b-tagged jets
* To target Z(vv)H(bb), W(lv)H(bb)and Z(ll)H(bb) processes
— Signal region designed to increase S/B
* Large boost for vector boson
* Multivariate analysis exploiting the most discriminating variables (m,g, AR,;, b-tag)

— Control regions to validate backgrounds and control/constrain normalizations

signal irreducible backgrounds
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o ,f“FJEHn
N N

00l L e®
f

v (2 L4 ()
0-lepton (MET) and di-boson, of course
y 1-lepton [e,u] y
2-leptons [ee, ] used to validate the analysis strategy
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Selections (jets, leptons, b-tagging)
optimized separately by channel

Event Selection/Categorization

— 4 analysis categories:

Control regions designed to map

O-lepton: p;(Z) > 170 GeV
1-lepton: py(W) > 150 GeV
2-lepton: p;(Z) > 150 GeV
2-lepton: 50 < p;(Z) < 150 GeV

closely each signal region

28/08/2018

Inverted selections to enhance purity in
targeted backgrounds: %, V+light flavor,
and V+heavy flavor

Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS

Control region example

1-lepton channel |

N

For 2-lepton channel
use M, veto

|

| 2 btag

invert

!

‘ Mj; window

invert
—_—>

W + Heavy Flavor ’

|

[*] Number of additional jets in the event




Fit strategy in a nutshell

Signal regions

\2569.:\/
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Fit strategy in a nutshell

Signal regions

n. events

V+Heavy flavor

\25 Ge

~

0

100 200
Dijet Invariant Mass [GeV]

control regions

+ control regions
obtained inverting
selections on
number of jets,
b-tagging, m(ll)
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Fit strategy in a nutshell

'4 N

Simultaneous fit to extract:

® Data/MC background
normalization factors

@ Signal strength, significance

. J

I%, + control regions
§ obtained inverting
v selections on
< o number of jets,
b-tagging, m(ll)
I T N T I I R T N T I
I I I I | I I I I | I I
0 100 200

Dijet Invariant Mass [GeV]
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VH(bb) in 2017: main features

* Improved mass resolution from:
— Better b-jet identification
— New b-jet energy regression
— Kinematic fit in 2-lepton channel
— FSR jet recovery

e Use of deep neural network (DNN) to discriminate:

— Signal from background, in Signal Regions
— Background components among each other, in Control Regions

 Combined effect: O(5-10%) increase of the analysis sensitivity
wrt 2016, depending on channel
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b-jet identification

e Continuous effort to improve b-tagging at CMS

— New pixel detector (4 layers)
— DNN algorithm (DeepCSV) with additional per-track information
— Contamination from q/g < 1% for efficiency ~70%

 MC corrections derived on data with tt events

* Good agreement between data and MC verified in all analysis regions

Vs=13 TeV, Phase 1

—

é’ :‘J -------- M T ll J LS l LTI T ..::I:.At..l..l..I..J..!..]..L.. Il LTI I R R P A A E AN l;l&l
Displaced I :.. ImUIaIO xrredmit v/
fiacks S [ ffevents o “’
S | AKdjets (p > 30 Ge\/.) ............. N R S
Secondary S .1l |—CSW2 ’
Vertex ‘Z 10 : 5555 sl
e = cMVAv2 e S . WL

11— DeepCSV A

T 1]

Jet

1072

FTTT

0 014 02 03 04 05 06 07 08 09 1

b-jet efficiency
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b-jet energy regression

Regression mainly recovers missing energy in the jet due to neutrino

— Switch from Boosted Decision Trees to DNN algorithm

Extended set of input variables now including lepton flavor (p/e), jet mass,
fragmentation-like variable, energy fractions in AR rings

Significant m(bb) resolution improvement without sculpting of the background
— o/peak down to 11.9% in 2017 wrt 13.2% in 2016

Higgs mass in 2-lep SR Top mass in 1 Iep tt CR
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Kinematic fit in 2-lepton channel

* No intrinsic missing energy in the Z(Il)H(bb) process f///h,-z

: : g I
* Improve jet p; measurement through kinematic fit procedure @
. . )
— Constrain dilepton system to Z mass U rocott
— Balance the Il+bb+j system in the (p,,p,) plane
— u
* |Improvement up to 36% on m(bb) resolution 2
(“)=91(;
: : 2017 (1.3 TeV) - e fl'!-?fbl’ﬂl(ﬁ:f‘e\ll_)
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Signal vs Background discriminator

* DNN discriminator used to extract signal

— Input variables: b-jet properties, di-jet kinematics, event topology,
carefully validated through data/MC comparison

— Trained separately in each channel

— Performance optimization with blind analysis

O-lepton
10f 4137 (13 TeV)
. _
k] -
= 8 ¢ Data I \WHbb
e 10 CMS @ goZHbb B ZHbb
L Supplementary —y+nr [ VV+LF
g [ Olepton i Il Single top
10°F g W+bb [ W+b
B W+udscg [ z+bb
4 CZ+b I Z+udscg
10°F 55 S+B uncertainty — VH,H—bb

i
‘3
4
ey §
&

0 0.2
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[ z+udscg | I8
B vv+LF [l single top

%% S+B uncertainty — VH,H—bb

DNN output

28



Entries

Obs / Exp

Heavy Flavor control region discriminators

 Reminder: leading systematic uncertainty from normalization of V+(b)b

e 2-lepton channel control region very pure

— Fit b-tag shape (DeepCSV) to discriminate processes

* 0-and 1-lepton channel control regions less pure

— Fit DNN multi-categorizer to distinguish among background components
* Use same input variables as Signal vs Background discriminator

Iep 41.3 7' (13 TeV)
1400
C MS ® Data 7 ggzHbb
1200 Supplementary IlzHbb [CJvv+HF
2-¢,Highp_ ., Z+bbenr.[ | Z+bb []z+b
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800 ¥%% MC uncertainty
600 [ *
400 F N
200
N |
1.0
1
0.95 ‘ ‘ ; ‘
0 0.2 0.4 0.6 0.8
DeepCSVmin
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Fit setup and background normalization

* Simultaneous fit of Signal and Control Regions to extract signal and
background normalizations

 MC shapes and normalizations floated within constraints from systematic

uncertainties through nuisance parameters

28/08/2018

Fitted variables: DNN or b-tagging shapes, or yields depending on the region

Process Z(vv)H W{v)H  Z(¢0)H low-pr Z(¢€)H high-pr
W +udscg 1.0440.07 1.04 4 0.07 - -

W +b 2.09+0.16 2.09+0.16 - -

W +bb 1.744+021 1.74+0.21 -~ -
Z+udscg  0.95 4 0.09 - 0.89 + 0.06 0.81 +0.05
Z+b 1.02+0.17 - 0.94 +0.12 1.17 +0.10

Z +bb 1.20 £0.11 - 0.81 + 0.07 0.88 4 0.08

tt 0.99 +0.07 093+0.07  0.89+0.07 0.91 4+ 0.07
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Systematic uncertainties

* Total uncertainty ~34%, statistically dominated

* Major sources of systematic uncertainties from background
normalization and modeling, b-tagging, MC sample size

28/08/2018

Uncertainty source Au
Statistical +0.26  —0.26
Normalization of backgrounds +0.12  —0.12
Experimental +0.16 —0.15
b-tagging efficiency and misid +0.09 —-0.08
V+ets modeling +0.08 —0.07
Jet energy scale and resolution +0.05 —-0.05
Lepton identification +0.02 —-0.01
Luminosity +0.03 —-0.03
Other experimental uncertainties +0.06 —0.05
MC sample size +0.12 —-0.12
Theory +0.11  —0.09
Background modeling +0.08 —0.08
Signal modeling +0.07  —0.04
Total +0.35 —-0.33
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Validation: VZ(bb)

e VZ analysis using Z(bb) standard candle next to H(bb) peak
 Same “technology” used for VH(bb) fit

— Same DNN inputs (but dedicated training), same Control Regions,
VH(bb) normalized to SM and left free to float

— Larger m(bb) window in Signal Region to fully include Z(bb) peak

0 lept.
n=0.79+£030

1 lept.
u=141+044

2 lept.
w=114+0.34

28/08/2018

Supplementary

pp— VZ; Z— bb
L=1.05+022

Significance
5.00 expected
5.20 observed
Signal strength
n=1.05%0.22

0.5 1 1.5 2
Best fit u
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VH(bb) Results with 2017 data

* Results with 2017 data compatible with SM expectations
— Observed significance 3.30, signal strength 1.08 + 0.34

— 0O(5-10%) increase in analysis sensitivity wrt 2016, depending on channel

— Remarkable channel compatibility

- | I4|1.3fb"1(l13lT.°TV)
CMS
Supplementary
pp— VH; H— bb
Significance (0_) u=1.08 +0.26 (stat.) £ 0.23 (syst.)
Data set Expected Observed Signal strength ﬁ*l‘%‘_’@im S
2017 o 2
0-lepton 1.9 1.3 0.73 £0.65 h=1.36:+0.57 '
1-lepton 1.8 2.6 1.32 +0.55 0 lept. |
2-lepton 1.9 1.9 1.05 4+ 0.59 h= 072080
Combined 3.1 3.3 1.08 £0.34 1lept _ | .
1=131+055
2 lept.
w=104+058 _‘l—
—2IIII—1‘III0IIII1IIII2
Best fit u
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Combining DNN distributions
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' Single top
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H, pT( ) — DNN output b o ;:JE
5 ) ZHudscg
=} 1 J/H H—=bb
o T T 1 —'ﬂ%
1-lepton (e) 0 0.2 0.4 06 0.8 1
- DNN output | ..
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Entries

DNN distributions sorted into bins of similar S/B ratio and combined
Excess well compatible with SM Higgs boson signal hypothesis
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Visualizing the excess: m(jj) analysis

* Fit to the m(jj): lower sensitivity but direct visualization of the Higgs boson signal
* Events categorized in DNN sensitivity after removing correlations with m(jj)

* m(jj) distributions combined and weighted by S/(S + B)

* Signal strengths compatible with main analysis

20000 77.2 b7 (13 TeV) 77.2 b7 (13 TeV)
0 0
] L = ()]
= ¢ Data I WHbb = L Dat
g - CMS [ goZHbb I ZHbb £ CMS ¢ Daa |
© | Supplementary ® s %85 S+B uncertainty
5 ! [1VV+HF I VV+LF - Supplementary @+ Hbb
815000 it [ Single top 9 - i
> [ We+bb [ Wb 51000 - Cvzz-oh
g B W+udscg [ 1Z+bb [} B2 S+B uncertainty
= [ Z+b  EmZudscg_ > - c bl
+10000 F 5% 8+B uncertainty — VH,H—bb 3_3 ?(CESS compatible
) 2 with the sum of the
%) %)

- two peaks

500

5000

140 160
m(jj) [GeV] m(jj) [GeV]

120

5 . L . L . " . . L . . . ] " . . ) L L L L L 1
60 80 100 120 140 160 60 80 100
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Combination of VH(bb) results

Entries

Data / Bkg

28/08/2018

Significance (o)

Data set Expected Observed Signal strength
2017 3.1 3.3 1.08 +-0.34
Run 2 (2016+2017) 4.2 4.4 1.06 4= 0.26
Run 1+ Run?2 49 4.8 1.01 +0.23
5.1 b7 (7 TeV) + 18.9 o (8 TeV) + 77.2 o (13 TeV) 5.1fb"(7 Tev) + 19.8 fb™ (8 TeV) + 77.2 b (13 TeV)
107F CMS e Observed
¢ Dat
6 CMS - I B:Ciground VH, H—bb — 1o (stat @ syst)
10°F VH, H—bb B VHHobD | e 2016
Background uncertainty | | e 2017
10° '4’—\_‘_‘_'7 Signal + Background ; — 10 (SYst)
10°
‘ Run 2 - . - 1.06 + 0.20 (stat) + 0.17 (syst)
10° 2016 B B 119 +0.39
3 2017 | e Foeaasss 1.08 + 0.34
10% 3 :
10F Run 1 ———— 0.89 + 0.38 (stat) + 0.24 (syst)
1 [ | | 1 1 '
15[ |
I—e . . o Combined --- 1.01+ 0.17 (stat) + 0.14 (syst)
O-SII -~ 7S \I....i...\I.\..\..\.I....I....I....
-3 -2.5 -2 -1.5 -1 -0.5 0 05 1 15 > 25 3 35 2
log, (S/B) Best fit 1
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Combination of VH(bb) results

Significance (o)

Data set Expected Observed Signal strength
2017 3.1 3.3 1.08 £0.34
Run 2 (2016+2017) 4.2 4.4 1.06 £ 0.26
Run 1+ Run?2 4.9 4.8 1.01£0.23

NB: 50 observation of VH production in reach if VH(tt) from HIG-18-007 is added.

This result is not contained in the paper as VH probes the HVV coupling, already established in Run 1
W,z

q W/Z
W;,'z H;.h:..._l‘-_:...n
_————— ;I _____ , \/ '.__.__.-“-._.J_.' ".___,-"".v."ﬁ"._&.': X
_ ~
q ~ H
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Combination of H—->bb measurements

 Combination of CMS H—>bb measurements : VH, boosted ggH, VBF, ttH
* Most sources of systematic uncertainty are treated as uncorrelated

— Theory uncertainties are correlated between all processes and data sets
* Measured signal strength is p=1.04 £ 0.20

<517 (7 TeV) +<19.8f" (8 TeV) +<77.2 fb™ (13 TeV)

e Observed
CM§ 1o (stat @ syst)
H—bb = +10 (Syst)
stat syst . . e
ggF 2.80+2.08+1.30 S|gn|ﬁcance
VBF —_— 253+098 +1.17 5 50- expected
ttH —.--E 0.85+0.23 +0.37
: 5.60 observed
WH - 124 +0.29 + 0.24
ZH | - 0.88 + 0.24 + 0.16 Observation of the H—>bb decay
g by the CMS Collaboration
Combined .- 1.04+0.14 +0.14
o Y S S S SR S
Best fit u
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FUTURE PROSPECTS
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> optimized for analysis sensitivity (e.g. in this case driven by VH(bb) categorization)

* reducing dominant theory dependence in the measurement
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Conclusions

e CMS has reached a 5.60 observation of the H—bb decay,
with signal strength p=1.04 + 0.20
— Combination of several production channels, dominated by VH(bb)

— Result contained in arXiv:1808.08242 and provisionally accepted for publication in PRL
e Thank you to PRL and its referees for their impressive turn-around in reviewing the paper!

7727 (13 TeV)

e Standard Model assumption on Yukawa coupling ' CMS R
’ . . . . | Supplementary -‘VH H:bE i

to b’s confirmed within the present uncertainty ol —
B B8 S+B uncertainty

S/(S+B) weighted entries

* This result is the culmination of H—>bb searches
that started at LEP, continued at Tevatron and
at the LHC

500

* Achievement possible only thanks to the fantastic R e e a0 e
m(jj) [Ge
run of the LHC, and the CMS detector performance iEev]

— But is only a step towards the ultimate H—bb precision at LHC
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b-tagging performance in 2016
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b-tagging performance in 2017

Vs=13 TeV, Phase 1
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CMS DP 2017-005
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» DeepCSV significantly better than CSVv2 in ~every b jet
efficiency value, vs both light and ¢ jet misid. (as b jel) prob.

» DeepCSV efficiency equal or better than (i) cMVAvV2 and
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» DeepCSV already been
applied and improved
sensitivity in the analysis
on the search for:

H—h (—> bb) + |ﬁ—f~"'ssl.

4 b jets in the final state
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b-jet energy regression

2017 (13 TeV)
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Figure 1: Dijet invariant mass distributions for simulated samples of Z(¢/¢)H(bb) events (my =
125 GeV) without (left) and with one additional recoiling jet (right). Distributions are shown
before (red) and after (blue) the energy corrections from the b-jet regression are applied, and
when a kinematic fit procedure (green) is used on top of them. A Bukin function is used to fit
the distribution. The fitted mean and width of the core of the distribution are displayed on the

figure.
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b-jet energy regression
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Figure 9: The two plots above show the top quark mass reconstructed in the 1-lepton tt control
region using the tagged lepton, p7"*°, one of the two b-jets and the constraint of the W mass
to estimate the longitudinal component of the neutrino. The reconstruction on the left uses the

un-regressed b-jet energy and the right uses regressed b-jet energy.
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Kinematic fit in 2-lepton channel

41317 (13 TeV) 41.3 6" (13 TeV) 41317 (13 TeV)
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Figure 11: All three figures above show the ratio of the di-jet pt to the di-lepton (V) pr in the
2-lepton HF control region. The b-jets in the left plot come directly from CMS reconstruction
with charged hadron subtraction applied. The b-jets in the center plot have been updated by
the regression. The resolution is visible improved from left to center. On the right the b-jet
energies are updated once again with a kinematic fit which constrains the b-jet energies using
the lepton resolution. Again there is a visible improvement in b-jet resolution inferred by the
narrowing balance of the di-jet plus di-lepton system.
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m(bb) improvements: 2016 vs 2017

Table 1: Higgs boson invariant mass resolution before (including regression) and after the kine-
matic fit in bins of pt(V) and number of ISR jets. These estimates are made with Z bosons plus
Higgs boson events where the Z boson decays to two charged leptons. This sample is simu-
lated with POWHEG while showering is simulated with PYTHIA. The resolution listed in the
table are the sigma in GeV of a Bukin function fit.

pr(V) #ISRJets | 0q  0Org  0Ofit
> 150 0 174 149 99

> 150 1 179 154 124 2017

> 150 > 1 18.9 159 144

CMS simulation (13 TeV)
> T T T T I T T ‘ T T T T
D i
G 5000~ M,=125GeV ]
I9]
i i
2] _ —=— Before regression 7
% 4000 RMS/peak = 15.6%
>
L —e— After regression

3000

RMS/peak = 13.2% | 2 O 1 6

200 250
28/08/2018 L 1S

M,, [GeV] 52



2-lepton heavy flavor control regions
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Figure 6: Post-fit distributions of the two fitted bins of DeepCSV i, in the 2-lepton Z+HF con-

trol regions. Above are the high pr(V) categories and below are the low p(V). The left shows
the distributions for 2y channels and on the right are the same for 2e channels.
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0- and 1-lepton heavy flavor control regions

41,317 (13 Tev)
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Figure 5: Post-fit distributions of the Multi-background DNN fit variable for 2017 analysis in
the 1-lepton channel (top row) for muon (left) and electron (right) control regions, and for the

0-lepton channel (bottom row). 54



Signal and Control region definitions

Table 14: Signal region pre-selection cuts for each channel. The values listed for kinematical
variables are in units of GeV.

Variable Z(vv)H W (¢v)H Z(¢0)H
pr(V) > 170 =150 7 [50 — 150], > 150
Mgy - - [75 - 105]
ph - (> 25,> 30) > 20
PT(h) > 60 > 25 > 20
p1(j2) >35 > 25 > 20
pr(ii) > 120 > 100 -
M(jj) [60 —160]  [90 — 150 [90 — 150]
btagmax >Tight >Tight >Loose
btaguin >Loose >Loose >Loose
Naj - <2 -
Nai =0 =0 -
Exniss > 170 - -
Anti-QCD Yes - -
A$(V,H)(rad) > 2.0 >25 >25
A¢(pfMET, trkMET)(rad) < 0.5 - -
A¢(pfMET, lep)(rad) - <20 -
Tightened Lepton Iso. - (0.06, 0.06) -
O-lepton channel 1-lepton channel | 2-lepton channel
>1 >1 invert
e O v O oo
invert invert invert
Loae i ) e ) e
‘ Mi; window B Z+H.F. ‘ ’ Mijj window BUE W+H.F. o ’ ’ Mi; window RS

l
Rty |

[*] W+L.F and W+H.F taken from 1-lepton analysis

|

[*] W+H.F splitted in high and low mass

Z+H.F. |

1
e



SF comparison: 2016 vs 2017

Note: change in PDF, UE tune, generator versions, b-tagging algorithm, fit binning and 1-lepton
pT(V) increase from 100 to 150 GeV between 2016 and 2017: no direct comparison of SF possible

Process  O-lepton 1-lepton  2-lepton low-pr(V) 2-lepton high-p(V)
WOob  1.14+0.07 1.14+0.07 — —
Wib  1.664+0.12 1.66+0.12 — 2016 —
W2b 1494012 1.4940.12 — —
Z0b 1.03 4 0.07 — 1.01 £ 0.06 1.02 4 0.06
Z1b 1.28 +-0.17 — 0.98 4 0.06 1.02 +0.11
7Z2b 1.61 4 0.10 — 1.09 4 0.07 1.28 4+ 0.09
tt 0.784+0.05 0.91+0.03 1.00 4 0.03 1.04 4 0.05
Process Z(vv)H W(v)H  Z(¢0)Hlow-pr Z({¢)H high-pt
W +udscg 1.04+0.07 1.04+£0.07 - —
W +b 2094016 2.09+0.16 - 2017 -
W +bb 1.744+021 1.74+0.21 - -
Z+udscg  0.9540.09 = 0.89 + 0.06 0.81 + 0.05
Z+b 1.02 +0.17 - 0.94 +0.12 1.17 +0.10
Z +bb 1.20+0.11 - 0.81 + 0.07 0.88 +0.08
tt 0.99+0.07 093+0.07  0.89+0.07 0.91 + 0.07
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Signal vs Background discriminator

* To increase sensitivity, use DNN discriminator to extract signal
— DNN outperforms BDT due to network depth

* Same input variables as 2016 (b-jet properties, di-jet kinematics, event topology)

* Validated through data/MC comparison

— Trained separately in each channel to discriminate VH(bb) from the
weighted sum of all backgrounds

— Parameters optimized to maximize sensitivity

Variable Description O-lepton  1-lepton 2-lepton
M(jj) dijet invariant mass v v v
pr(jj) dijet transverse momentum v v v
pr(j1), pr(j2) transverse momentum of each jet v v
AR(j) distance in 7—¢ between jets v
An(jj) difference in 1 between jets v v
Ag(jj) azimuthal angle between jets v i
pr(V) vector boson transverse momentum v v 4/5 hldden Iayers
Ap(V,H) azimuthal angle between vector boson and dijet directions v v v
pr(jj)/pr(V)  pr ratio between dijet and vector boson v
Mz reconstructed Z boson mass v
btagmax value of the b-tagging discriminant (DeepCSV) v v
for the jet with highest score
btagmin value of the b-tagging discriminant (DeepCSV) v v v
for the jet with second highest score
btaga.aa value of b-tagging discriminant for the additional jet v
with highest value
e missing transverse momentum v v v
AP(EF™j)  azimuthal angle between Ef"** and closest jet with pr > 30 GeV v + skip connections
A¢p(EP™ss,f)  azimuthal angle between E'** and lepton v in some cases.
mr mass of lEpfOn ﬁT + E_ll”!llss v helps for very deep networks
M reconstructed top quark mass v
Njj number of additional jets v v
pr(add) transverse momentum of leading additional jet v
SA5 number of soft-track jets with pr > 5GeV v v v
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0- and 1-lepton signal regions” DNN
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Systematic uncertainties

Jet energy scale:
— Splitinto 27 independent uncertainty sources
Jet energy resolution:
— 10% uncertainty on regressed b-jets from dedicated study

e Decorrelated for signal to avoid any possible :
constraining, covers any uncertainties from PS. Unc.erFalnty source A”l

— Standard JER uncertainty for additional jets. Statistical o +0.26  —0.26
B-tagging: Normalization of backgrounds +0.12 —-0.12
—  Splitinto independent uncertainty sources Experimental +0.16 —0.15
—  Further de-correlated based on jet pT/n, as in 2016 b-tagging efficiency and misid +0.09 —-0.08
analysis V+jets modeling +0.08  —0.07
Background normalizations: Jet energy scale and resolution +0.05 —-0.05
—  Derived from fit to data for backgrounds with floating Lept?n icllentification +0.02 —0.01
normalisation (V+udcsg, V+b, V+bb, tt) Luminosity +0.03 —-0.03

— 15% uncertainty on VV and single top cross section. Other experimental uncertainties +0.06 —0.05
Monte Carlo statistics MC sample size +0.12 —-0.12
QCD scales and PDF variations Theory +0.11 —0.09
—  Acceptance as well as overall cross section Background modeling +0.08 —0.08
Lepton efficiency, pile-up re-weighting, luminosity Signal modeling +0.07 —-0.04
Residual data/MC discrepancies Total +0.35 —0.33

— An(jj) LO to NLO re-weighting in V+jets
* Full correction taken as uncertainty.

—  p{(W) linear re-weighting for tt (all channels) and W+jets,
single top (1-lepton channel only)

* Statistical uncertainty band from fit to derive

corrections
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VH(bb) DNN distributions
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DNN distributions can also be sorted into bins of similar signal-to-background ratio, and combined
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Candidate event for Z(ee)H(bb)

\, b-tracks

CMS, | \/s =13 Tev (2017)
o \\\ b.jet \\\

b-tracks

pp—ZH
L —~b+b
e'+e
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H—bb combination: syst unc correlations

 Combination of published Runl and Run2 CMS measurements on H—bb:
VH, boosted ggH, VBF, ttH
 Most sources of systematic uncertainty are treated as uncorrelated

— The dominant jet energy scale uncertainties correlated between processes at the same
energy

— Theory uncertainties are correlated between all processes and data sets
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Integrated Luminosity (fb1)

Luminosity accumulation in CMS for 2018

J. Butler - 25th Rencontres du Vietham ‘18

LHC Performance 2018 Re co rdin M5 Integrated Luminesity Per Day, pp, 2018, .5 - 13 TeV
80 ‘H:' . g Data included fram 2016-04-17 10:54 to 2016-07-23 04:09 UTC
70 E Iicren C}" = 1oo0 " BN LHC Delivered, max: B64.2 pb ' jday |rome
le) s P [0 CMS Recorded, max: 810.9 pb ' /day
60 150 fb™! Run 2 94" 3 /6 2 g0/ L Haoo
50 L =] CM5 Preﬂ"n nafy Online L 1"‘1 m:‘.my | I
& ' Pln 1
a0 & ‘T 600 1 L {600
a (] Al oL |
" | £ I ' il Can get
" 150 fb** Run 1 + Run2 | 55 " " ]
__________________________________ 3 aoo = B . ] , feo0 800 PbT
20 - ! S '
— i I
o Predicted I 200 i { .. L n 200 .fﬂ a day!
= Achieved = - L
0 E [ 1 1 - .|
4/15 5/15 6/14 7/14 8/13 9/12 10/12 (LSS S .. Bameele
) 3] Ot gl b
B e A TR
Date (UTC)
CM5 Peak Luminosity Per Day, pp, 2018, .= = 13 TeV
Data included fram 2018-04-17 10:54 to 201E-07-23 04:09 UTC
Mean Pil . N
£MS Average Bileup, pp, 2018, 7 - 13 TeV ean Heu : , Max. Inst. lumi.; 20.87 Hz/nb .
200 00 38 - t/,ax.. P £ 25 B 25 Pe'ak ,Umf
- <u= = 38 el -~ -
2 “Wh i In Jng E CMS Preliminary Online Luminosity 1.8-1.9 x
= 760 00 £ 20 20 10 34,
Z s 680 E cm—zs- 1
z 3 1s 15
g Soed S0 'E
E
'E L] ao0 E 10 10
< 360 a0 i
3 o
'E 200 200 w3 5
E 100 09 E o 0
\
R R A e e
Mean number of interactions per crossing Date (UTC)

28/08/2018 Luca Perrozzi - LPCC Seminar - Observation of Hbb with CMS 64



CMS pileup profiles during Run 2

Recorded Luminosity (pb ‘/1.00)

28/08/2018
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CMS design and 2017/18 Evolution

CMS Design

Large solenoid — 6m diameter x
13 m long

— Tracking and calorimetry fit inside

Very strong field — 3.8T

= Si strip Tracker
. 2018: lower operating
temperature -

‘é\“\s Electromagnetic Calorimeter
4

B 2018: New DAQ llinks

Excellet\t momentum re-solutlon il Yy \ A\ )
Chambers in the return iron 2015: repiaced 560G corveriers. D N Ny
track and identify muons, andSmoddes 7 Ny
. : new detector with 4 layers \ | ¥ | Hadron Endcap Calorimeter
leading to a very compact Run: 3 layers J| 2018: Upgraded HPD »SiPMs in Endcaps

2017: Upgraded HPDs—SiPMs in one 20° readout

system .
A lead tunstenate crystal \
calorimeter (~76K crystaks) for

photon and electron

reconstruction

Hadron calorimeters for jet and
missing E; reconstruction up to

nws
Cha(ged Particle Tracking with - . .
all-silicon components Drift tubes (VME — \TCAROS)

R

— Asilicon pixel detector out to
radius ~20 cm

— Asilicon microstrip detector from N /
there outto 1.1m

Weigh, dominated by steel, is CMS is continuously upgraded to handle
14’000 Tonnes o . o .
higher luminosity and do better physics

'/

7
y
L7
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Evolution of Analysis Techniques

J. Butler - 25th Rencontres du Vietham ‘18
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Boosted Jets, Jet Substructure

Particle Flow

Particle Flow uses all available information to reconstruct physics objects, e.g.
charged track momenta in jets
= produces a big improvement in jet energy resolution, tau-lepton identification,

and helps with high pileup

PUPPI (PileUp Per Particle Identification) is a special tool to deal with high

pileup

Use of multivariate analysis techniques to maximize power of available

statistics

Boosted jet topologies and jet substructure analysis

Use of Deep Neural Nets/Machine Learning | Rapid growth in 2017/18
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J. Butler - 25th Rencontres du Vietnam ‘18
Observation of H > =*7 using |[cWis
7. 8, and 13 (2016 onIyR TeV data

PLB 779 (2018) 283 -
* Branching ratio ~ 6.3%, best channel to establish cnuplinglzf Higgs boson to fermions

= Final states: 7,7y; ety; putH ep =2 Significance of 4.90 observed (4.70 expected) with13 TeV data

Combination with 7, 8 TeV data: 5.90 obs. (5.90 exp.) and p = 0.98 = 0.18
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the news of the past 12 months

This week:

A year ago:
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J. Butler - 25th Rencontres du Vietham ‘18
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Events

the news of the past 12 months

A few weeks ago:
CMS >5-sigma ttH
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This week:
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Separating Measurement from Interpretation

Measurement Interpretation
Simplified o Lagrangian
Data T > Cross Sections T E s Ik T > parameters
Minimize Direct theory dependence

theory dependence

Goal Talk at the 12t LHC Higgs XSWG
oA Oct. 2016

@ Minimize theory systematics in measurements
» Clearer and systematically improvable treatment at interpretation level
@ Minimize model dependence in measurements
» Decouples measurements from assumption of underlying physics model
(SM, (non)linear EFT, BSM models)
@ Measurements stay long-term useful

@ Allows easy further (re)interpretation with different theory
inputs/assumptions

» Improved theory predictions/uncertainties
> wui, ki, anomalous couplings, EFT coefficients, specific BSM scenarios

Frank Tackmann {DESY) Simplified Template Cross Sections: Status and Flans 2016-10-12 1/16


https://indico.cern.ch/event/555360/contributions/2274740/attachments/1353657/2044743/2016-10-12_STXS.pdf

STXS for VH - short intro

» Stage-1 bin split mostly based on VH(bb) analysis categories / variables

» “VYH” bins include leptonic VH
VH (H + leptonic V)
(H undecayed)
v - » gqq — V(qq)H as part of “VBF” bins
aq — 99— ZH_| “qqF”
1 | J > gg — Z(qq)H as part of “ggF
| W o | @ [zou+v | . o .
» Feedback on the bin spilit is still
—~[ pr 0,150 | —[ pFl0,150] ] [ p¥[0,150] | welcome, not set in stone!
+) (+) (+) - STXS # fiducial XS (and complementary)
- [fid/diff XS minimize theory dependence and
acceptance corrections, decayed Higgs, ... ]
(o] (]

» optimized for analysis sensitivity (e.g. in this case driven by VH(bb) categorization)
» reducing dominant theory dependence in the measurement
(by moving it to the interpretation stage)

» reduced residual theory uncertainties within the measurement of each bin
(if residual th. uncertainties become large in the exp. acceptance for a bin, the bin the be
further split in sub-categories)

Talk at the VH LHC Higgs XSWG soubgroup
(reference from LesHouches2017) Apr. 2018



https://indico.cern.ch/event/718756/contributions/2963967/attachments/1629523/2596716/IntroSTXS_2018_04_09.pdf

P rOSpeCtS Talk at the Hbb Evidence Oct. 2017

®  Goalis decrease uncertainty as much as we can
®  Currently both ATLAS and CMS have total dy ~30%

- but start to be systematic dominated! 0.21 0.34
Y F"?Eyﬁ?s = 1'19J—r0.zu (Stﬂt)tu.:a:a (syst)

m  Projections (done in 2013) for HL-LHC

pin? 4o = 1.2010:33(stat) T 35 (syst)

CMS Projection
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Expected uncertainties on F— ao00f"at &= 14 TaV Scenaric |
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H = WW t | 3000

H— ZZ

H — bb

Scenario |:no change
Scenario 2: A theory/2, rest -> |/+/L

H=11

L A L I L L L L I L L L L J
0.00 0.05 0.10 0.15
expected uncertainty

our main systematics still partially scale with luminosity
»  statistics in CRs
»  important aspects are the modeling and MC statistics for V+jets background

now with an analysis with SRs+CRs simultaneous fit we can revise these
coupling projection in a more realistic way



https://indico.cern.ch/event/656769/

Higgs at the LHC — Run1l legacy

JHEPO8(2016)045
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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

Caterina Vernieri (FNAL)

28/08/2018
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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
LEP Experiments
95% confidence level

100 114 120 140 160 170 180185

Excluded by
Indirect Measurements
95% confidence level

200 GeV/c2

Higgs mass values

The natural width is less than 100 MeV
observed peak dominated by instrumental mass resolution

Caterina Vernieri (FNAL)
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Standard Model Higgs Hunting: Strategy

proton - (anti)proton cross sections

10— 10 high energy

o 7 1 H needs optimal invariant mass resolution
3 Tevatron  LHG: 310 : _
' ' {10 luminosity

o E on ~101 ﬁ""’::

Ghul‘om

o _ ou ~107 ‘?'QCD

o, (E, > EI20)

oy
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Excellent mass resolution
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