Higgs to beauty quarks
First observation of the big missing piece

Caterina Vernieri
(FNAL & LPC Distinguished Researcher)
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The Higgs boson

- Precision measurements of the Higgs boson

\ M
I"" 4 F,w 3
properties will provide a crucial test of the

+ (LY
)L Standard Model
' - It represents a potential window to physics
T )L‘ %t) )L_’, ¢ ‘i‘L\’( Beyond the Standard Model

D 4 - we know the SM is not a complete theory
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The Large Hadron Collider

2010-2012, ~25tb-' delivered in Run-1 at 7 and 8 TeV

On average ~10-20 p-p interactions per bunch crossing (pileup) ATLAS
2015-2018, ~120 fb-1 delivered in Run-2 at 13 TeV

the last big jJump in energy for a while, on average ~30-40 pileup

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-08-08 15:16 UTC
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ATLAS-ArXiv:1806.00242, sub PLB
CMS-JHEP 11 (2017) 047

Is it a SM Higgs boson? CMS-HIG17.031

Mass

Spin-parity

The couplings to fermions and bosons
- Width

Study the self-coupling

Any non-SM property¢
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ATLAS-ArXiv:1806.00242, sub PLB
CMS-JHEP 11 (2017) 047

Is it a SM Higgs boson? CMS-HIG17.031

ATLAS  ~=Total IStatonly

Run 1: ¥s = 7-8 TeV, 25 fb", Run 2: ¥s = 13 TeV, 36.1 fb Total  (Stat. only)
¢ M a S S Run1H—4 . = 12451+ 0.52 ( + 0.52) GeV
Run 1 H—yy ' . 1 126.02 £ 0.51 (+0.43) GeV
. . Run 2 H—4l ———— 124.79 + 0.37 ( + 0.36) GeV
- Spin-parit |
Run 2 H—yy -1 124.93 + 0.40 ( +0.21) GeV
. . Run 1+2 H—4l —— 124.71+ 0.30 ( % 0.30) GeV
- The couplings to fermions and bosons B 52035 2019 6oV
Run 1Combined - ° { 125.38 £ 0.41 ( £ 0.37) GeV
. W‘dth Run 2 Combined -—-T- 124.86 £ 0.27 (£ 0.18) GeV
l Run 1+2 Combined -——1-—- 124.97 +0.24 ( £ 0.16) GeV
ATLAS + CMS Run 1 —— 125.09 + 0.24 ( +0.21) GeV
. Studytheself-COupllng T T R T SRR R SR
123 124 125 126 127 128

m,, [GeV]

CMS H — 727 — 4l
mpyg = 125.26 £ 0.20 (stat.) £ 0.08 (sys.) GeV

- Any non-SM property¢
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ATLAS-ArXiv:1806.00242, sub PLB
CMS-JHEP 11 (2017) 047

Is it a SM Higgs boson? CMS-HIG17.031

Mass

Spin-parity

The couplings to fermions and bosons
Width

Study the self-coupling %
O

Any non-SM property? § :
qv) - il ] L
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Particle mass [GeV]
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ATLAS-ArXiv:1806.00242, sub PLB
CMS-JHEP 11 (2017) 047

Is it a SM Higgs boson? CMS-HIG17.031

Mass

Spin-parity
+ The couplings to fermions and bosons
- Width

Study the self-coupling >
O
+ Any non-SM property? o 05
© o L L i L
o 010-1 1 10 10°

Particle mass [GeV]

Couplings to W and Z established in Run-1 and to T-leptons in Run-2
Missing direct test of the coupling of the Higgs boson to quarks...
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Couplings to Quarks

Indirect Direct

womw H Gluon fusion H======- < H— bb
Y
f
Y

ttH
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CMS-PRL 120 (2018) 231801
ATLAS-arXiv:1806.00425, sub. to PLB

Couplings to Quarks

Indirect Direct
f

Gluon fusion H ======- H— bb

H—Yy ttH

We have just observed the ttH process
CMS Run 1+2 (25+36/1b): 5.20 (4.20 exp.)
ATLAS Run 1+2 (25+80/fb): 6.30 (5.10 exp.)
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CMS-PRL 120 (2018) 231801
ATLAS-arXiv:1806.00425, sub. to PLB

Couplings to Quarks

Indirect

0Q

-=-= H Gluon fusion

ttH

I
f
7

We have just observed the ttH process
CMS Run 1+2 (25+36/fb): 5.20 (4.2C exp.)
ATLAS Run 1+2 (25+80/fb): 6.30 (5.10 exp.)
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ATLAS-PHYS-PUB-2017-013

Challenges of the H(bb) mode at the LHC """

Comparison with one of the discovery channels

H—o42 | H—bb

| Branching Ratio 0.03% 58% \&
: mass resolution 1% 10% |

S/B 2 0.05

H(bb) searches need:
good b-jets identification performance: 70% efticiency at 0.3-1% qg/g mistag probability
best possible resolution on m(bb)
to exploit all possible information from the event to improve S/B
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heavy flavor identification

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

- Impact parameter significance of charged-particle tracks < B BB /\e
- the presence of a lepton in the jet and its properties

- the presence and properties of reconstructed secondary o
vertices
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CMS Experiment at LHC, CERN WIR#
Data recorded: Tue Oct 25 12:16:36 2016 CEST | / /
Run/Event: 283946 / 726050730 \ ." ;‘/‘

Lumi section: 509
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b tagging in CMS

CMS Experiment at LHC

Data recorded: Tue Oct 25 \\\

Run/Event: 283946./ 726050 /%
Lumisection: 509

AKA4 jet
pr = 37.8 GeV

AK4 jet n = 0.67
pr = 103.6 GeV O = 1.42

n = —0.58
AN

é = 0.30
X

o & © 0000 © 00 0 oM 'We o 00 © B O o 0 00

Imuoll

secondary vertex D — 27.9 GeV

> = 1.37

N ¢ = —2.42
_ \:\\\

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018

ee®ee

AKA4 jet

pr = 99.6 GeV
n = 1.42

@ = —2.48




CMS DP-2018/005

b tagging in CMS

Vs=13 TeV, 2016

e - ! g+ g T g L e

|muIatmnz:;l?r::el/:milﬁaziyzzzzzzzzzzzzgzzzzzzzz5*:::;-"'_:

L A.K4J_e.t_s..(p....z.S.O...G.eV) ............. ............... o ............ 178 i

—|— DeepCSV

—h

CSV  Displaced vertices/tracks
CMVA Displaced vertices/tracks and non-isolated

—h
<
|

misid. probability

o — cMVAV2 leptons
o _ DeepCSV same as for CSV but more tracks
I s i ; ; ; ; Dense Network (5 Hidden layers, 100 nodes)
107 E_,_E Multiclass classifier: b, bb, ¢, udsg
e
G § |—uds
107 S R G S A o A . W ; =

'|"'|'"u"'u"'l'ﬁ"'i"i"i"1"]"01"u"'u"'f"i"i""i"i"' L L T S a Baraar |::i
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b-jet efficiency
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CMS DP-2018/033

Performance in data

36 b’ {s=13 TeV, 2016

(Q\| L L L L I I
= 0° L. CMS ¢ Data .
% 108 Prellmlnary -: LL.D | | | I P | | 41 .? fb |(13ITeIV’ I2(|)1|7)
= Muon enriched QCD N i -
d L -
10/ AK4 jets (50 <p_< 250 GeV) B udso - 147 CMS DeepCSV T . i
T b from gluon splitting _ Preliminary =— Muon jets )
i .- f i
1.2 Comb = (stat ® syst)
1_ —
0.8 —
O 15__""""'__ B | | 1 1 111 | 1 | l | 11 l-
g - veoe n 30 40 50 60 100 200 300 400 1000
_ICE 1 T...!..............!.!..‘..!--‘---9--0-.0--a-c-0---0-!-o--o--o--c-o-c-o-0-0-o-o-o--o—-o-.-.-.-.-.-.--.--.--,---.—--.—--.—-;-;7 Jet p [Gev
(qv] ~ _ T

0 01 02 03 04 05 06 07 08 09 1
DeepCSV Discriminator

Agreement between data and simulation at 5% level
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H(bb) at the LHC

Gluon Fusion (87 %)
Vector-Boson Fusion (7 %)
Higgs-strahlung (4 %)

Top Fusion ttH (1%)

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 1 2/37



H(bb) at the LHC

Gluon Fusion (87 %)

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

Vector-Boson Fusion (7 %)

Higgs-strahlung (4 %)

Top Fusion ttH (1%)
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H(bb) at the LHC

Gluon Fusion (87 %)

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

Vector-Boson Fusion (7 %)

-- H| Very large background but a very distinctive topology
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]

Higgs-strahlung (4 %)

Top Fusion ttH (1%)
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H(bb) at the LHC

Gluon Fusion (87 %)

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

Vector-Boson Fusion (7 %)

-- H| Very large background but a very distinctive topology
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]

Higgs-strahlung (4 %)

leptons, Ermis to trigger and high ptV suppress
backgrounds

Top Fusion ttH (1%)
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H(bb) at the LHC

Gluon Fusion (87 %)

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

Vector-Boson Fusion (7 %)

-- H| Very large background but a very distinctive topology
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]

Higgs-strahlung (4 %)

leptons, Ermis to trigger and high ptV suppress
backgrounds

Top Fusion ttH (1%)
dominant backgrounds is tt + jets
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H(bb) at the LHC

Gluon Fusion (87 %)

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

Vector-Boson Fusion (7 %)

-- H| Very large background but a very distinctive topology
ISR photon to enhance S/B [Nucl. Phys. B 781, 64 (2007), ATLAS-ArXiv:1807.08639 sub to PRD]

Higgs-strahlung (4 %) Most SenSitive

leptons, Ermis to trigger and high ptV suppress S/B worse than in Run.1
backgrounds —

Top Fusion ttH (1%)
dominant backgrounds is tt + jets
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VH(bb) topology

signal

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

Caterina Vernieri (FNAL)

irreducible backgrounds

Higgs to beauty quarks - SLAC - August 14 2018

q\p&* 2 <
7 F
5/ -
Q\QQQQ' q - q
b t
5/

normalization from
data, shapes from MC

13/37



VH(bb) topology

irreducible backgrounds

<
7 t

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

and diboson, of course

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018

normalization from
data, shapes from MC

Used to validate the
analysis strategy
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Phys. Rev. D 89 (2014)

General Strategy

’ L R R BN B LA LA A
10 - ZZ(bb) CMS Simulation =
- - ZH125 \s = 8 TeV -
10° = Z+jets —=
- Require W/Z to have large boost (~150 GeV) oL B
- multi-jet QCD background is highly suppressed - :
10E- B
- Extract normalization for the dominant backgrounds T pr(V)-dependency -
from the data E | ) E
V+0b/1b/2b and top pair production 1o g ) ' oz
- b-jet energy specific corrections (regression) 10% - - =
- Multivariate analysis (DNN) to separate signal and e g
background(s) E ' ’ ' ' :
: : S5 o - 2 LT ITLTS Y H:_;:
0 150 200 250 300

Gen Z P [GeV]
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CMS-PAS-HIG-18-016

Dedicated corrections for myj,

2017 (13 TeV)

> _I o | T | T | T T T | I | T | I_ ° . . . . .
8 25 6MS P - DNN regression, a multidimensional calibration
f _ Simulation Preliminary / \\\ _ targeting the Jet pT at generator |eve|
2 5  Powheg PYTHIA Z(I'T) H(bb) L -
= | No recaoll jets, pi > 150 GeV | \ |
S | - 0
0] i {'}4;;%‘ _ BR 35 % b = + + X
| —S— Kinematic fit + b-jet regression A “ —
1.5 - - u=1207GeV, 0=9.9GeV _4_7?&_‘2& ‘ —
| —H&— Db-jet regression B I’ "\_‘ '\ : . . . . .
124800 oe 14500 i \ev - Derived fr.om SImulated tt even.ts and exploiting:
([ —— proHsjets " \ — - Jet kinematic and properties
Co e ﬁ » % - Secondary vertex and soft lepton information
i i -
~ ;A X -
0-51 . \\“\‘\{Y - Kinematic fit of the event exploits balance of well
i a ey - measured objects against b-jets (2-lepton only)

0 20 40 60 80 100 120 140 1
m(jj) [GeV]

Improved mass resolution (10-13%) leads to 10% increase of the analysis sensitivity

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 1 5/37



CMS-PAS-HIG-18-016
PLB 02 (2018) 050

Validation in data

Balance in Z(ll)+b-jet data

Monitor regression performance in data DT _ PT (JJ)
. . balance
Extract JER data/MC correction for b-jets (~10%) PT (ff)
Dijet balance in Z(ll)+bb data
o™ tv LA B rfyrrrjryryryjrrryryrryryryrryryryrryyryrryrgyrory o™ 22m rrjryyyrrryryrrprrey ' rrryry vy Ty Ty Yy TvoraagY v-‘
= 2000 CMS Preliminary e paa B o — CMS Preliminary e pawa L -
~ = s = 13TeV, Lsassfb‘-mnzs YWHE ~ ys= 13TeV,L=3591b" B ziuwh) 125 YWHE B
9 1800 - Z(ll ".be) q_) 18m Z(ll u‘)“(bb) —
= - Lowp_(V) Z +bb B v = Low p, (V) Z +bb N ]
& 1600 I:‘Z+b Single top O 1600 Z+b Single top =
1400 ’:_ [ ] zsudscg ===~ MC uncert. (stat.) 1400 Z+udscg i MO umn.(sm)_:
1200 - | -
E :;I:W 1200 o .
1000 | 1000 —
: - 5
800 3 800 -
600 - ) 600 - E
= Tl . -
200 -
- __=__ﬂ-hL_ - 200 [ L — -
O T T - 0 — o - —
o015 ldot = 063 [ ] MC uncert. (stat) _: 1.5 _ ldot = 0.97 [ 1 MC uncert. (stat)
= . = ;
= H SERNE 1 SO 4t
P 1 ——— — = = g -5 = 1
8 —4— T 3 o f e DA R
050—02 04 06 08 1 12 14 16 18 2 0% 02 04 06 08 1 12 14 16 18 2
p, balance before regression p, balance after regression
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CMS-PAS-HIG-18-016

Machine learning for S vs. B

2-lepton (u), High P (V) 413 1" (13 TeV)
o 10°
q:) CMS ® Observation VV+HF
5§ - Preliminary I 2+
10 Z+b
About 15 input variables describing the kinematics -
of the events are used depending on the regions o Bl s o
Combined into a DNN (X% S+B uncertainty — VH(bb)
107 B ——
m(bb), An(bb) and b-tagging are the 1
most discriminant
- 107
]
O
05 I L L e L L [ L L L [ L L L [ L
O 0 0.2 0.4 0.6 0.8 1

DNN output
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CMS-PAS-HIG-18-016

Multi-Background discrimination

0-lepton, Z+bb enr. 13107 (13 Tev)
N 3000 CMS I
. .. . . — ! ® Observation WHbb
Leading systematic impact is uncertainty on = g g ZHbb B z+b5
normalization of V+1/2 b-jets W

A multi-output DNN is used to differentiate among
background components (for 0-1 lepton channels)

Using same inputs as S vs. B classifier

5 probabilities per event, one per background
category

Background DNN

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 1 8/37



VH(bb) Systematic Uncertainties

Uncertainty source A
Statistical +0.26 —0.26
Normalization of backgrounds +0.12 —0.12
Experimental +0.16 —0.15
b-tagging and efhiciency and misid +0.09  —0.08
V+jets 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
Simulated 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

Caterina Vernieri (FNAL)

CMS-HIG-18-016

- Background normalizations are derived from

control regions in data with floating normalization
+ 15% uncertainty on VV and single top

- The many sources of uncertainty in the jet energy

scale correction are decomposed into ~30
uncorrelated components

Dedicated jet energy resolution estimate for b-jets
after regression

Higgs to beauty quarks - SLAC - August 14 2018 1 9/37



Cross check 1/2 : diboson measurement

CMS-HIG-18-016

41.3fb" (13 TeV)

Re-train DNN in signal regions to CMS
discriminate VZ(bb) signal Preliminary
same input variables pp— VZ; Z— bb
H(bb) treated as background - assuming
: 0 lept.
SM cross section 1=0.8+0.3
1 lept.
u=1.4+0.4
2 lept.
. . . u=1.1+0.3
Consistent with SM expectations
Run-2 2017
5.2 (5.0) 0
- +0.22 | . . . S
g =1.05%022 5; 5 ; 5 : 2
Best fit u
Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 20/37



CMS-HIG-18-016

Cross check 1/2 : mpp analysis

All channels combined 7727 (13 TeV)
7p)
ko
Use the same DNN training but removing mpp £ - CMS $ Data Bl vii05
O = ..
dependency 5 _ Preliminary - - —
Split ea.ch channel signal region into four %1000_ — Subtracted bkg uncert
categories based on massless DNN score. = |
. e . L m \
Fit mpp simultaneously in all split signal X I\ %
regions as well as the usual control regions. 5D
500
Run-2 2016+2017/
2.7 (3.0) O
H = 0.971+0-35_¢ 34 °
o I R T I T T SR R I B I R T T
60 80 100 120 140 160
m(jj) [GeV]
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CMS-HIG-18-016

VH (bB) Resu ItS 77.2 b (13 TeV)

C M S - Background - VH(bb)

_ P re limin a ry Background uncertainty

Entries
S,

105 o

In all signal regions a simultaneous fit to the
DNN output to extract signal strength

Run 2 2016+2017
4.8 (4.5) O
g = 1.06+0-26_; 55

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 22/3 7



CMS-PAS-HIG-18-016

State of the art of VH(bb) at LHC ATLAS-CONF-2016:036

4.9 fb (7 TeV) +19.8 fb' (8 TeV) + 35.9-77.2 b (13 TeV)
L L L e eeeeeae-yL

IIIIIIIIIIII |IIIIIIIIIIII|IIII|IIII|IIII|IIII |
ATLAS Prellmmary VH, H(bb) ys=13 TeV, 79.8 fb™ CMS
— Total Stat. Preliminary
(Tot.) ( Stat., Syst.) pp— VH; H— bb
u=1.01+0.18 (stat.) + 0.14 (syst.)
WH —o—— 1.08 *0h (Y027, %031 )
0.33 093 4023 Run2 u=1.06 = 0.20 (stat.) = 0.17 (syst.) ———
ZH IR 1.20 "7 (Doss s T950 ) (2016) w=1.20 = 0.40 —! .
(2017) w=1.08 = 0.35 — v
Comb. 00— 1.16 +0.27 +0.16  +0.21 Run 1 u=0.89 + 0.38 (stat.) + 0.24 (syst.) °
' -0.25 (—016’—019 )
I I | | IIIIIIIIIIIIIIII | IIIIIIII | IIIIIIIIIIII
OO.5T152253354455 '_'3""_'2""_'1""(')""1""2
bb Best fit u
MVH

CMS Run 1+2: 4.8 0 (4.9 O exp.)
ATLAS Run 1+2: 4.9 0 (5.10 exp.)
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CMS-PAS-HIG-18-016

State of the art of VH(bb) at LHC ATLAS-CONF-2016:036

4.9 fb (7 TeV) +19.8 fb' (8 TeV) + 35.9-77.2 b (13 TeV)
L L L e eeeeeae-yL

IIIIIIIIIIII |IIIIIIIIIIII|IIII|IIII|IIII|IIII |
ATLAS Prellmmary VH, H(bb) ys=13 TeV, 79.8 fb™ CMS
— Total Stat. Preliminary
(Tot.) ( Stat., Syst.) pp— VH; H— bb
u=1.01+0.18 (stat.) + 0.14 (syst.)
WH —o—— 1.08 *0h (Y027, %031 )
0.33 093 4023 Run2 u=1.06 = 0.20 (stat.) = 0.17 (syst.) ———
ZH IR 1.20 "7 (Doss s T950 ) (2016) w=1.20 = 0.40 —! .
(2017) w=1.08 = 0.35 — v
Comb. 00— 1.16 +0.27 +0.16  +0.21 Run 1 u=0.89 + 0.38 (stat.) + 0.24 (syst.) °
' -0.25 (—016’—019 )
I I | | IIIIIIIIIIIIIIII | IIIIIIII | IIIIIIIIIIII
OO.5T152253354455 '_'3""_'2""_'1""(')""1""2
bb Best fit u
MVH

More information to be combined from the other production modes
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gsF H(bb)

In the gluon fusion channel the sensitivity increases by looking at very high momentum Higgs bosons

dR(bl_)) ~ 2mH/pT

N —

Madgraph ¢ ggH

ArXiv:1506.02660 + VBFH
Powheg ¢+ ttH

one single large-cone
(fat) jet (R = 0.8)

two-separate b-jets £
(R=0.4) T 0

(J
N
PN

N 10 o | .

; Wi H jet
bb 102 - Lﬁ".m J
107 g— *"ﬁ.*:
: 104 & [T
b-jet oot 1
— L L1 L L1 L1 1N AN [ T [ T Ll |_T|_
b —j et 0 2(|)O 4(|)O 6(|)O 8(|)O 1 OmOO 1 2|OO 1 4|OO 1 6|OO 1800 b E)

Higgs p_ (GeV)
T
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gsF H(bb)

35.9 fb™ (13 TeV)

1

= 8000 - =
) — ]
Q) u CMS_ 450 <p_ < 1000 GeV .'”'“'\év _
~ 7000k "TeIMinary  opiebtag>09 -t =
~— - - MU'tl]et —
7)) — @2z Total Background i
€ 6000 m H(bb) ]
D — ¢ Data
o 5000 @~ 4
4000 =
[ / ~
3000 x g_:
2000 [ =
1000 -
0 Frbmsemmdecs™
Tl 10F -
5
=g S WI(qq) ¥ -
é DD 0] i#-#-ﬂ: L,
I
S Y S T T T T S RO S
S| %0 60 80 100 120 140 160 180 200

Caterina Vernieri (FNAL)

mass of the leading-pr jet (GeV)

CMS-PRL120 (2018) 071802

First Observation of the Z(bb) in the one-jet
topology 5.1 (5.8) O

The observed significance is 1.5 (0.7) O

Limited by the statistical uncertainties
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ttH production mode

- Best direct probe of the top-Higgs Yukawa coupling (y; ~1)

+ Challenges: own ~ 0.5 pb, 0w ~ 830 pb at13 TeV

- Irreducible backgrounds from tt+X (X = bb, W, Z)

- Large combinatorics of leptons and jets from top quark decays
- Exploiting multiple final state, depending on the top and Higgs decay channel

— Wb — (Lv/qq’)b

Depending on the H decay
Smaller BR vs. better S/B

"@ bb, WW, TT, YY, ZZ*(41) bb  WW/TT Yy
rate | O(103) | O(GB0) | O(10)
~ Wb = (V/qq)b SB ~0.01  ~0.1 @ ~1

Caterina Vernieri (FNAL)
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ttH(bb) searches

Events / Bin

Data / Pred.

Caterina Vernieri (FNAL)

—
o
N

10°

10

A

—
_LU'I

O
01

CMS 35.9 fb (13 TeV)
:IIII|IIII|IIII|IIII|IIII|IIII|II:|I
- SL (=6 jets, =3 btags) e Data 15 x ttHg,

= ttH node I tE-+1f B ti+cc

= Pre-fit expectation I ti+b Il ti+2b

B tt+bb I Single t
] V+jets tt+V
B Diboson  [\] Uncertainty

%\\\\\\\\\\\\\N\\\\\ \\\K\

—IIII|IIII|IIII|IIII|IIII|IIII|IIE||

0.4 0.5 0.6 0.7 0.9
DNN dlscrlmmant

CMS-arXiv:1804.03682, sub. to JHEP

tt— l+jets H— bb

associated theory uncertai

- Combination of BDT, DN
discriminants to extract the signal

Higgs to beauty quarks - SLAC - August 14 2018

- Large combinatorics in the event reconstruction
. Dominant tt+bb background O(10) pb with large

nty

N and Matrix Element

+ The observed significance is 1.6 (2.2) O
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CMS-PAS-HIG-18-016

H(bb) observation ATLAS.CONF-2018-036

<517 (7TeV)+=<19.8fb" (8 TeV) +=< 772" (13 TeV)
e Observed

ATLAS Preliminary 5= 7 TeV, _? TeV, and 13 TeV_1 CM_S +10 (stat @ syst)
—Total Stat 4.7 b, 20.3 fb", and 24.5-79.8 fb H—bb e +10 (SYSt)
(Tot.) ( Stat., Syst. ) : syst stat
+1.16  ;+1.01 +0.57 ggF ' 2.80 = 1.30 + 2.08
VBF+ggF - o -] 1.68 112 (_1_00 » —0.51 )
VBF  ——— 253 +1.17 = 0.98
+0.56 +0.28 +0.48
ttH === 1.00 -0.54 (—0.27 3 —0.46 ) ttH | -—— 0.85 + 0.37 + 0.23
WH - 1.24 + 0.24 + 0.29
+0.22 +0.14 +0.17 |
VH & 098 "5 (2044 016 )
ZH -e- 0.88 = 0.16 + 0.24
0.20 0.12 +0.16 |
COmb o1 1 .01 tozo ( t0.12 y i-o_15 ) Combined .._. 1.04 = 0.14 £ 0.14
coeovo b e b e b e b b b b
] ] ] ] ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ] | ] ] ] ]
0) 1 2 3 4 5 6 7 8 9
0 1 2 3 4 5 6 / Best fit u
ptHebb

CMS Run 1+2: 5.6 (5.5) O

First observation of H(bb) decay ATLAS Run 1+2: 5.4 (5.5)
un 1+2: 5.4 (5.

e —
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ArXiv:1310.8361

Higgs couplings: precision & kinematic

1
[ — [’SM > E ) I Assuming new physics at some scale N\
A
k
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ArXiv:1310.8361

Higgs couplings: precision & kinematic

1
[ — [’SM A2 E ) I Assuming new physics at some scale N\
k

50 v\ 2 6 TeV\*
Testing multi-TeV scale with sub-percent level measurements - (K) U A

1% effect on coupling for A ~ 2.5 TeV
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ArXiv:1310.8361

Higgs couplings: precision & kinematic

1
— Assuming new physics at some scale N\
SM T 45 k & NEW Py
k

50 v\ 2 6 TeV\*
Testing multi-TeV scale with sub-percent level measurements - (K) U A

1% effect on coupling for A ~ 2.5 TeV

Measurements at large transferred momentum (Q) probe large

Q 2
N even if precision is low 50@ ~ (_>

15% effect on dOq for A ~ 2.5 TeV
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ArXiv:1612.00283
JHEP 10 (2016) 123

Higgs at high pr

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

10 et L DL A A L UL
ggH@LHC 13 TeV NLL+NLO —M
2 Mh=125 GeV - g:o:s:cg;o:mz d
1 OO ----- c=1.5,04=-0.042 _
c=2.0,c4=-0.083 :
H 107
1072
1073
10% :
. : 1.8 ;
At high H pr we can directly probe ] S :
ifications i i 12 LI T e e E
modifications in top quark coupling  ERe s EEE ;
o) PR ST T T e gy E
0.6 E e ! l | ! Co L ‘i

50 100 150 200 250 300 350 400
pr(H) [GeV]
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ArXiv:1612.00283
JHEP 10 (2016) 123

Higgs at high pr

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

10 rr N PR N A L UL
ggH@LHC 13 TeV NLL+NLO — SM
M.=125 G ....... ct_-0.1,cg=0.075
h= eV ---- ¢=0.5,4=0.042
g 1000 L. e c=1.5,04=-0.042 _
€=2.0,c4=-0.083 :
H o
1072
10
10% :
1.8 e
16 =
L% 3 ——— e R ST T -
1.2 - PR bt e | E
1 .-._._._._._;:,:_:_ . A A s - - B
0.8
0.6

50 100 150 200 250 300 [350 400
pr(H) [GeV]
ggF H(bb) starts here
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CMS-PAS-HIG-17-028

Pr()bing ggF VS. H p-l- ATLAS-CONF-2018-028

10 CMS Preliminary 35.9 fb' (13 TeV) CMS Preliminary  35.9 fb" (13 TeV)
~~~ = ]
> - H chOS N — Combination -
D - Ao(p!! > 600) / 250 I <
(O IR | = H N —Hew e o
- = Ef H % Ao(p!!>200) / 120 0.06( ~ R—
@) — ~e--- 'H - Ao(oh - -
- (p" > 600) / 250 I 5
3 10—15_ "'%'E'"% ________ OpT> 004__
Ic_l_ E + Combination ﬁ i —4
<] 5| 0.02—
< 1072 Syst. unc. 29 -
O = b Hebb - 1
q - o
107 = b Heyy - 2
E H—-77Z ™17 N -0.02 N
107 aMC@NLO, NNLOPS : e |
- | —0.04H+Best fi SM --20 —10 - .
B Ogp from DOI: 10.23731/CYRM-2017-002 T T N
10_5—|—||||||||||||||||||||||||||||||||||||||||| O 05 1 15 2
5 4F K,
© 3E
o 2 h) ; '
5 f =M SE RSN W - ] H(bb) improves constraints
e Of_ """"" 3 o
° £ i to new physics by 30%
£ 0 15 30 45 80 120 200 35C
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CMS Preliminary ® Observed
35.9fb™ (13 TeV) = + 10 (Stat.®sys.)
= +10 (SYS.)
| : — +20
MggH g ==
Mge| —=o=——
Mo T
i e
U .-
IIII|IIIIiIIII|IIII|IIII|IIII|IIII|IIII
O 0.5 1 1.5 25 3 35 4

Parameter value

Ratio to SM

—
O
IS TN

O
o o

Run1+2, Higgs boson summary

CMS Preliminary

35.9 b (
B

CMS-PAS-HIG-17-031

13 TeV)

)’
<
<
)
)’
o
’
*,
L)
>
.
*
*
*
*
*
‘ﬁ
*

o"
.

------- SM Higgs boson

—— [M, ¢] fit

+ 1o

+ 20

IIIIII| ltI

w Z

107" 1

10
Particle mass [GeV]

107

All main production modes (ggF VBE VH and ttH) have now been observed
First direct confirmation of coupling to all 3rd generation fermions (t/b-quarks and T leptons)

Caterina Vernieri (FNAL)
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ArXiv:1505.05488,1305.6397

Is it a SM Higgs boson? 2

my

)\HHH — 2—02 = 0.13
Mass J,
Spin-parity 5 g Aupn -~ H
ty -

Width o 0.

. . < ~H
The couplings to fermions and bosons
Study the self-coupling g Ty "
Any non-SM property? Ly Ayt

g 70000——> ---H

In the SM HH has extremely small cross section (33.5 fb at 13 TeV)
Modified in many BSM scenarios, better than 20% precision on ApnH needed
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CMS-PAS-HIG-17-030

HH Run-2 results

CMS preliminary gg—HH 35.9 b (13 TeV)
bbVV
Observed 78.6xSM
Expected 88.8xSM
bbbb HH searches need:
o Ehp L oo . ..
good b-jets identification efficiency
bbtt

best possible resolution on muy/my;,
exploit all possible information from the

—e— Observed

¢ - —— - Median expected

I 68% expected
95% expected

Observed 31.4xSM
Expected 25.1xSM

bbyy

Observed 23.6xSM
Expected 18.8xSM

Combined
Observed 22.2xSM
Expected 12.8x SM

6 78910 20 30 40 506070 100 200 300 400
95% CL on o, /oM

Similar sensitivity from several channels to SM HH production
SM production limits reach less than 20 x SM
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Constraints on the self-coupling

3500

B A P

W
o
o
o

A I U R | |.}.|..|...I.|.|..||.|

95% CL limit on o(pp—HH) [fb]

N T F-F LI

: :E R E. -E-E-E-E-E-S-f-i-s-s-s-

CMS preliminary

— Observed
= = = : Median expected

[ 68% expected

95% expected

I
o

-15

Caterina Vernieri (FNAL)

-10

-5

35.9fb" (13 TeV)

--------------------------------------

5 10 15 20

Ky =M Ao

Higgs to beauty quarks - SLAC - August 14 2018

CMS-PAS-HIG-17-030

CMS HH combination constraints the
trilinear coupling modifier ky = MAgy

.................. ......... n c[-11.8, 18.8]
: & ' assuming SM top-H coupling
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LHC = HL-LHC

MaE 13 TeV LS3 14 TeV

13 TeV energy
injector upgrade Sto7Xx
cryo Point 4 cryolimit - nominal
DS collimation inr%Ieraction HL-LHC luminosity

P2-P7(11 T dip.)
Civil Eng. P1-P5

regions

installation -

4

2015 2016 2017 ‘ | 2019 2020 2021 2022 2023 2024 2025 2026

radiation

damage experiment

2 X nominal luminosity ]

- ' | upgrade phase 2

€

experiment upgrade
phase 1

e are he

nominal luminosity

integrated
luminosity

HL-LHC will enable precision measurements of H properties (couplings, self-couplings,...)
and to probe the existence of very rare new physics processes
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Conclusions

- Many new updates with Run-2 dataset (~80 fb-1)
A factor 10 more data with respect to the Higgs boson discovery

All main production modes, ggF, VBF, VH and ttH have now been observed

First observation of Higgs boson decaying to b-quarks

Direct confirmation of coupling to all 3rd generation fermions: top & beauty-quarks, T leptons
Double Higgs production approaching 10 x SM

Only analyzed <3% of the final LHC luminosity ...Just the beginning
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proton - (anti)proton cross sections

o 10° ¢ —— ————— 73 10°
Cross section N T .
ot “ _tot | 1,
10 ; O'pp LHC ;10
10° | : . _— 10
— | v
- Atthe LHC in 2016 we had 7 x 108 PP 104;— *bottom —;10“ %
inelastic interactions/sec wE 5 : 110" &
2 | cyjet(ETj > E/20) : i 2 v
. 10 E_ : _f 10 1l
:‘é 10’ ;_ G, < 10’ :l
PY ° ° Gz qg
Only in one out of every one billion 0 10 Ly £Fo1006y) . {10
collisions a Higgs boson is produced 10 L - J10' &
107 [ 4107 "g
. . . 10'35- ; —510'3 g
- We record a small selection of collisions i / o1 L °
10" F . : : 4 10
(<OO1 O/O) 10° _ O-nggs 4 10°
Storage and computing are limited 10 | o e
107 . WJ820|12 o J o . g : o 107
0.1 1 10

E (TeV)
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How does it Decay (my = 125 GeV) ?

(D 1_—| [ [ [ [ [ | I [ [ [ [ [ [ | | [ [ |—:§
2 F ~ WW =
S [ bb 1o
%10-1_ v ZZ __%l)
(- — -
© -
m u i
102 =
1079 =
- 7 — 470 -

10-4 | | | | | | | | 5 | | | | | | | | | | \ | | |
80 100 120 140 160 180 200
M, [GeV]
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How does it Decay (my = 125 GeV) ?

8 1:—| [ [ [ [ [ | I [ [ [ [ [ I\/VI\/VI [ [ |—E§
T WW(2vév) g b - Js
g 20% ‘ ' 8 - _§
o = ] I 1 7 2
= bb 210F ;
= © .
N o u _
L I ]
oz
. & 10-2:_ =
- - -
e B _
o - -
5 I -
)
L
D 10_3 _E
- 77 — 40 -
signal significance | N | _
-4 | | | | | | | | | | | | | | | L\ | | |
1060”100 1200 140 160 180 200
M, [GeV]
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How does it Decay (my = 125 GeV) ?

-(é 1;—| [ [ [ [ I_l I [ [ [ [ [ I\/VI\/VI [ [ |—§§

T WW(@vev) S b 13

g 20% ‘ ' 8 - _§
— il T 77 |3
5 bb B
% 10% @ o

oz
- 102 —=
S | | f
O Discovery channels I ;
& i -
= A 77(40) 07 E
- 77 > 40 -
signal significance | N | _
-4 | | | | | | | | | | | | | | | L\ | | |

1065 100 1200 140 160 180 200

M, [GeV]
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The Compact Muon Solenoid (CMS) experiment

HCAL ECAL

Pixels & Tracker

Total weight 14000 t

Overall diameter 15 m
Overall length 28.7 m



From the detector to physics objects

Om m 2m im am 5m 6m /m

electromagnetic

calorimeter |

Y 1]

111

N\ I

e il

Tracker ::

Muon 1R
Electron e
Charged HadrOn o Superconducting T

~ — — -Neutral Hadron ~ hadronic solenoid I
..... Photon calorimeter muon system LI

Neutrino
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Pileup @LHC

CMS Average Pileup, pp, 2015, Vs = 13 TeV

T T T T
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CMS Average Pileup, pp, 2017, Vs = 13 TeV
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LHC during 2015-2018 on average ~15-40 pp
interactions per bunch crossing
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Recorded Luminosity (pb '/1.00)
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Pileup @LHC

CMS Average Pileup, pp, 2015, Vs = 13 TeV

<p> =14

N
o

2015

Recorded Luminosity (pb '/0.05)
= =
o (6}

=)

Mean number of interactions per crossing

LHC during 2015-2018 on average ~15-40 pp

30

125

120

115

110

14

[
N
o

[
o
(=]

o)
(=]

(=)
o

B
(=]

N

Recorded Luminosity (pb '/0.06)
o

CMS Average Pileup, pp, 2016, Vs = 13 TeV
0

<u> =27

2016

t=)

29 20 80 o

40
Mean number of interactions per crossing

140
1120
1100
180
160

140

120

©

interactions per bunch crossing

Caterina Vernieri (FNAL)

CMS Average Pileup, pp, 2017, Vs = 13 TeV

2017

Recorded Luminosity (pb */1.00)
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it will only get worse ...

HL-LHC 140-200
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JINST 12 (2017)

Physics objects in CMS
\! \'

HCAL
clusters

A
L neutral

Quark and gluon fragment into

Detector stable particles resulting in
P EE— narrow cone of hadrons, a jet
Epamde Flow « About 90% of the jet energy is
\ECAL carried by charged hadrons
clusters (65 %) and photons (25%)
Tracks muons, electrons, photons,
Calorimeter deposits neutral hadrons, charged hadrons

J

muons, electrons, photons, taus, jets, ExMiss
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Jet Calibrations

applied to data —

residual (n)

Jet Calibration aims to give absolute energy measurement, correcting for all detector
effects

Calibrated
Jet

Reconstructed
Jet

annlied tn M(C. —

Multiple levels of corrections:
offset for pile-up and electronic noise
detector calibration and reconstruction efficiency
Data vs MC relative residual corrections for n
Data vs MC absolute residual corrections for pr
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JHEP12(2013)089

Higgs vacuum

If SM ~ valid up to Mpjanck then our vacuum metastable

- deeper implications?
new particles and interactions could contribute to the scalar potential

.1 J P — e s
“ 107 16"
~ Instability .- pliy
Higgs 178 £ R
o L 1014
potential — . ' 0]
> PR
8 176 F 7 1012
= * g . T 101
ﬁ - L 1046
2 174+ L | e e
g I » 1 L - ‘ s |
2 - Meta—stability - 1’2’3”
2. o AN\ e
e 172+ T e AN 10"
- FooL SRS T
170 -7 .= 2220 -_
Yo Stability
168 L o

120 122 124 126 128 130 132
Higgs pole mass M, in GeV

A more precise knowledge of the top-quark mass, the strong coupling constant ...
will be needed to shed light on the issue
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https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1007%2FJHEP12%25282013%2529089&v=3153d22d

Phys. Lett. B 716 (2012) 30

July 4th 2012, Higgs Boson discovery

\s=7TeV,L=5.11b"

CMS and ATLAS reported independently the ows  \s=8TeV,L=5.3fb’
first observation of the Higgs boson my = 125.5 GeV

+ 5.00 combining Yy and ZZ alone

. H— vy N
- best mass resolution

- thanks to the huge amount of LHC data H s 77
we could exploit the lowest BR decay

modes H - WW
H— 1t
H— bb
| | | | | | | | | | | | |
1 2 3
Best fit G/GSM
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Higgs at LHC, Run 1 Legacy

JHEPO8(2016)045

ATLAS and CMS - ATLAS+CMS ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 % ATLAS LHC Run 1 - ATLAS
-+ CMS
B i — +10 - CMS
H ——— — 120 — 110
ggF :;—'__ uYY — - — 120
- : ——r—
L ———— » E
VBF —— -
- ZZ —E*—
- 5 K e ——
- wir
— e—— :
uWH —_—— _
E WWwW ————
; " ——
u —— .
ZH e :
- : T —.*—
ttH R —— *
; bb —*:—
——— ;
= R = —
llIlIllllIllll|llll|llll|IlllIlIllIlllIIllllIllll wmmmw

15 2 25 3 35 4 -1 -05 0 05 1

Parameter value

-1-05 0 05 1 1.6 2 25 3 35 4

Parameter value
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Our understanding of the Standard Model

September 2017 CMS Preliminary
T | :
O 5[ .2 @ 7 TeV CMS measurement (L<5.0 fb™) -
— 10" g &° m 8 TeV CMS measurement (L<19.6 fb™) =
@ = EE @ 13 TeV CMS measurement (L <35.9 fb™) =
L >nijet(d) — Theory prediction ’
- 4 @ 2 Z Zz CMS 95%CL limits at 7, 8 and 13 TeV _
c 107 E >n jet(s) =
S f @ :
B 13l )
QO 10 ; . m = ;
N _ - o2 O i
) 1 2 L @ = m =n jet(s) —
(D O = s o g mm or =]
o e § o : 2 :
| _— - % mm =] E[b @@ .
O 10 . : $ -
g - . - .- .
= 1F £ o @ =
(@) = n] g =
- - 0 L 0 E@ .
L, 1 1L Gl |
o10 'E - 3
DL- - Z -
- Z _
107°F 2 o iﬁ E
: v -+ §
3| _%- ~
103 E ) -
- m E
- 1 i

-4

All results at: http://cern.ch/go/pNj7
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EW: Wy, Z-l, I=e,u Th. A, in exp. Ac
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From Run | to Run |l

WJS2013

100 R ' ' ' ' | ' ' ! ! I I ! ! | 1
C ratios of LHC parton luminosities: 13 TeV / 8 TeV /.’

e [ [

T [ am [ | am

luminosity ratio
S

MSTW2008NLO
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Z (bb) measurements

CDF II Preliminary 5.4 fb™!

80000

70000

Events/5 [GeV/c?]

=
=

|Illl|llll|llll|llll|lll|
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HRL
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Fit result

—+— CDF data

Z— bb PYTHIA 6.2
| Bb+Cb data template
bB+bC data template

Measurement of Z— bb

|

80 100

N :l
140 160

120

— —

Events / (20 GeV/c?)

ATLAS Z(bb)+ jets cross section measurement at 8 TeV Phys. Lett. B 738 (2014)
CDF Z(bb)+ jets cross section measurement CDF-11228

Tevatron: 4.60 evidence for VZ(bb) at hadron collider Phys. Rev. Lett. 109 (2012)
CMS: First VZ(bb) 60 observation at hadron collider Eur. Phys. |. C 74 (2014)

200 Tevatron Preliminary, L < 9.5 fo”
000f- 1+2 b-Tagged Jets
C —+- Data - Bkgd
800 — Bkgd Uncert.
- . wz
600f =77
400
200
A:
-200f-
0 50 100 150 200 250 300 350 400
Dijet Mass [GeV/c*
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https://arxiv.org/abs/1403.3047

H(bb) at Tevatron

Tevatron Run Il, L. <10 fb”

: ~
CDF and DO combined results reported a broad m, =125 GeV/c’ =
excess in the mass range 115<mu<140 GeV I Combined (88% OL) |
—ill- Single channel -
*+ 3.0 0 at mp=125 GeV "
* mainly from the H = bb .
H->WW A
@ 600  Tevatron Runll, L, <10 fb - Measured E H—o 1:+1;' i E\
= SM H—-bb combination Bl +1sd. - al
i 500 B3 Predicted [] +2s.d. S -
= -== o, x 1.5 (m, =125 GeV/c?) - =
L,e 400 == gy x 1.0 (M, ;=125 GeV/c?) ;‘5 VH_)Vbb CDF+DOI 2‘80-
3 o N N NN N MR N S
"z 300 N 0 1 2 3 4 5 6 7 8 9 10
£ ce Best Fit (c x Br)/SM
200 e
D 0 —
' g| 2.8 o obs
110 120 130 140 150 ¥
m,, (GeV/c®) b%\ (1 D> 0 EXP)
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CMS-HIG-18-016

VH(bb) at LHC, machine learning ATLAS CONF2016:03¢

77.2 b7 (13 TeV)
g 1092_ | | | L | | L | L | I_I.llDlatlal I | T 1 1 | I 1 II_E w ;
S. 108 i_ ATLAS Preliminary B VH — Vbb (u=1.16) j GCD 5 ' CMS -Background -VH(bB)
..UE) % /s =13 TeV, 79.8 fb™ -EIbOSOI‘I ? LICJ 10 _ Pre/iminary Background uncertainty
I%’ 1O7§—0+1+Zleptons mu Single top = 105—_
s 2+3 jet 2b-t Multijet h
10 % +9 JelS ags -Z ;
10° Eo= - =
= O
’\_ :I 1T 1 T 1T 1 | T 1T 1 | L L L L L I: x
s 5F = LLJ
2 - —— - 8
0_3_ O:| Lo |_|H AN B R A A |"|-|"|"|--|"|"|"|"|-|"|"|-| T |: O . I I Y B L L e — e — L
35 3 25 -2 15 -1 -05 0 0.5 -3 -2.5 -2 -1.5 -1 -0.5 0
log (S/B)
10 |Og1O(S/B)

Main discriminant variables m(bb), pr(V), AR(bb), b-tagging combined into a BDT or Deep Neural Network
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CMS-HIG-18-016

VH(bl_)) at LHC ATLAS-CONF-2018-036

40

All channels combined 77.2 fb” (13 TeV)
N I | | I | | I | | I | | I | | I | I 1T 1 | | I | | I | I w
o)
o | " —o— Data = (D)
[ - Vs=13TeV, 79.8 fb Diboson . — + Data VH(bb)
GJ [ tt ] — " "
E i 0+1+2 leptons Single top | o Prell mlnary ~
> 80— 2+3jets, 2 b-tags ] ‘ZN _ 8 i VZ(bb) % VH+VV MC uncert,
8 ] Dijet mass analysis 7771 Uncertainty } c
o Weighted by Higgs /B~ *** Pre-fit background ~ 21000 - —— Subtracted bkg uncert.
: — SMVH — Vbb x 2 )
I 60 — <
S 1 m
T - +
LLI
— 0))
N
_ =~
— 0))

\III|III|I

o ke 500
g) 4-_I | T T | o | T o T T | o | I_
= i _
@ 2__ _
S s _
a f+_ 4 0

120 140 160

I B
4060 80 100 120 140 {60 180 200 60 80 100
m,, [GeV m(jj) [GeV]
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VH Event selection

Caterina Vernieri (FNAL)

Variable Z(vv)H W (/v)H Z((0H
pt(V) > 170 > 150 ) [50 — 150], > 150
My = - 75 — 105]
i - (> 25, > 30) > 20
PT(jl) > 60 > 25 > 20
pr(j2) > 35 > 25 > 20
pr(jj) > 120 > 100 —
M(jj) 60 — 160 90 — 150 90 — 150
btag max >Tight >Tight >Loose
btagin >Loose >Loose >Loose
Naj - < 2 —
N, =0 =0 —
piss > 170 - -
Anti-QCD Yes — —
A¢(V,H)(rad) > 2.0 > 2.5 > 2.5
A¢(pfMET, trkMET )(rad) < 0.5 - —
A¢p(pfMET, lep)(rad) - < 2.0 -
Tightened Lepton Iso. - (0.06, 0.06) -

Higgs to beauty quarks - SLAC - August 14 2018

CMS-PAS-HIG-18-016

56/37



PLB 02 (2018) 050

VH BDT/DNN

Inputs

Variable Description Channels
M(jj) dijet invariant mass All
pr(jj) dijet transverse momentum Al
pr(j1), pr(j2) transverse momentum of each jet 0- and 2-lepton
AR(jj) distance in #—¢ between jets 2-lepton
An(jj) difference in 17 between jets 0- and 2-lepton
A (jj) azimuthal angle between jets O-lepton
pr(V) vector boson transverse momentum Al
Ap(V,jj) azimuthal angle between vector boson and dijet directions Al
pr(jj)/pt(V) pr ratio between dijet and vector boson 2-lepton
M(e0) reconstructed Z boson mass 2-lepton
CMVA ax value of CMVA discriminant for the jet 0- and 2-lepton
with highest CMVA value
CMVA in value of CMVA discriminant for the jet All
with second highest CMVA value
CMVA .44 value of CMVA for the additional jet O-lepton
with highest CMVA value
piss missing transverse momentum 1- and 2-lepton
Ap(pmiss i) azimuthal angle between ps® and closest jet (pr > 30 GeV) 0-lepton
Ap(pmiss ¢)  azimuthal angle between pis® and lepton 1-lepton
mr mass of lepton pr + puuss 1-lepton
Miop reconstructed top quark mass 1-lepton
Na;j number of additional jets 1- and 2-lepton
pr(add) transverse momentum of leading additional jet O-lepton
SA5 number of soft-track jets with pr > 5GeV All

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 5 7/37



ttH observation

ATLAS e Total Stat. Syst. — SM
Vs=13TeV, 36.1-79.8 fb"

Total Stat. Syst.
ttH (H — <) | o | 136 1 (= 081 = om )
ftH (H — bb) | = 0.83+0.61 (£0.30, = 82;‘ )
ttH (H = VV) | | 150 = 095 (= 041 »= o040 )
ttH (H — yv) t | 141+ 092 (= 0% .= o)
Combined H=— 1.32+ 05 (+0.18,= 8?; )
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

—1 0 1 2 3 4

Caterina Vernieri (FNAL)

ttH/ OttH

fEH(WW*)
ftH(ZZ*)
ttH(yy)
ttH(t*t)
ttH(bb)
7+8 TeV
13 TeV

Combined

CMS-PRL 120 (2018) 231801
ATLAS-arXiv:1806.00425, sub. to PLB

510" (7 TeV) +19.7 b (8 TeV) + 35.9 fb™ (13 TeV)

@ Observed

-0.16 +0.26 )
0.16°—0.21

CMS = +10 (Stat @ syst)
B | mmm +10 (syst)
| +20 (stat @ syst)
—— -
ﬁi
-;—*—
_*i_
—i_—
+0.31 (4
—--— — 1 20
e M 20,26 \
—1 0) 1 2 3 4 5 6 !

We have observed the ttH process
CMS Run 1+2 (25+36/1b): 5.20 (4.20 exp.)
ATLAS Run 1+2 (25+80/tb): 6.30 (5.10 exp.)

Higgs to beauty quarks - SLAC - August 14 2018
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CMS-PRL 120 (2018) 231801

ttH ()bse rvation ATLAS-arXiv:1806.00425, sub. to PLB

5.1 b (7 TeV) + 19.7 fb" (8 TeV) + 35.9 fb™ (13 TeV)

| |
ATLAS ¢ Data

2 : £VE

-'CIE> 6: CMS ¢ Observed g 107 B " 1 _
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> : > F ’ : -

LLI 5: Supplementary Uncertainty [0 = ttH (u=1) =
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| | | | | £ 08~ B

o) 1= | | | | i m 82: -

< 25} ® - ? 02 —

m : : —_— L1 1 | L1 1 1 | 11 1 | I I | | L1 1 1 | L1 1 1 | L1 1 1 | I I | | I I |
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VBF H(bb)

Caterina Vernieri (FNAL)

> :I | UL UL UL UL | T 1 | UL | UL UL UL |:
8 - —e— Data .
et 60 | —— Signal+Background Fit ]
N N & e Non-resonant Background -
E, 50 ™= :\ Z(— bb) + jets —
S - s Hebb (uyo = 3.057)  C
i 40:— ....... E
30 * ....... — q
- ATLAS .
20F (s=13 TeV, 30.6 fb"’ =
- photon channel, SR | .
10~ ]
O: I = “I"I\’I L) :"['rn- l .
T I L
X _
o
I ¢ i
S ! - t
60 80 100 120 140 160 180 200 220 240
m,, [GeV]

Use ISR photon to trigger events and enhance S/B
BDT to categorize events in S/B bins
Fit the m(bb) spectrum in each bin

Dominant uncertainty from limited number of data events
— will benefit from more luminosity

ATLAS-ArXiv:1807.08639 sub to PRD
CMS-HIG-16-003

Observed (expected) 95% CL upper limit on
the SM cross section

ATLAS Run-2 (20-30/tb): 5.9 (3.0+13_p g)xSM
CMS Run1+2 (2/fb): 3.4(2.3)xSM, u=1.3+1-24 1

||||||||||| |||||||||||||
ATLAS \s=13 TeV
— Total Stat.
(Tot.) (Stat., Syst.)
Photon | 30.6 fb” o 2.5 0 (X3 705)
AlHad.| 20510 141 32 (%33 750)
Comb. . . .
o e 30N (55 105
|||| IIIII I|III||II|III|III|III|III|III
4 2 0 2 4 6 8 10 12 14 16
w =0 oM
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gsF H(bb)

70

60

- Dominant contribution in the signal
region is the gluon fusion

production mode 4

. Mass resolution is about 9%

50

30

20

10

0

Phys. Rev. Lett. 120 (2018) 071802

35.9 fb' (13 TeV)

B 0 | b | b b b | b | b | b J_
~ CMS — W(q@)H(bb) ]
— Simulation Preliminary Z(c@)H(bb) ]
L 450 < p_ <1000 GeV ttH(bb) -
:_ double-b tag~~09 VBF H(bb) _:
B —— ggH(bb) |
- goF (87 %) g -
- VBF (6%) -
- VH (4 %) -
:.----.--._._._.,_.J_=.__='.:L.L—'I—T-|—r-_l_|—l |_|-|"’.l| | |__|__|_i

40 60 80 100
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Phys. Rev. Lett. 120 (2018) 071802

gsF H(bb) Systematics Uncertainties

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

1zation
1zation
1zation
1zation

norma.

normal
norma.
normal
normal
normal
normal
norma.

ization

shape
shape
shape

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

normal

ization

shape
shape
normalization

normalization
both

profile a;, 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)
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Phys. Rev. Lett. 120 (2018) 071802

gsF H(bb), Results

H H no pt corrections Z
Observed best fit up =238 W, =327%7 uz = 0.7870%
Expected significance 0.70 (ug =1) 0.50 (uy = 1) 5.80 (uz = 1)
Observed significance 1.50 1.60 5.1c

+ The measured cross sections for Z+jets and gluon fusion H to bb for jet pr > 450 GeV are:

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

Compatible with SM within uncertainties
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ArXiv:1705.04664

W/Z+jets simulation CMS-PAS-EXO-16-04¢

35.9fb" (13 TeV)
: | | I | | | I | | I I | | I I | | | I I | | :
0.16 ~
i CMS + Z(up)+jets / y+jets Data
0.14F  Preliminary -
% 012:_ — Z(up)+jets / y+jets MC —
+ I i
Als - + LO simulations for the W/Z+jets are corrected using pr-
b2 ‘ : dependent :
2,0.08F - P
,;: L .o | ! _ NLO QCD k-factors
le; 0-06:‘ | ! B - NLO electroweak k-factors
0.04F - - Associated uncertainties are 10% (QCD) and 15-35%
: ? ) (EWK)
0.02f- ’
O : | ] | | ] ] | ] | 1 | | ] ] | 1 ] ] | ] | | :
8 1 5= LU SRS U SRR U SO S O S LIS Tt S I N LA
o ¢
- 0 o ..o o, svwwwerses! SN FOSOION (I (O
pr 1o S 25 _+__+_ +
8 0 T o ST W —r— erseacesssshuasust oo sesescasnan
400 600 1200 1400

Boson P, [GeV]
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B properties useful for its tagging

SLAC-PUB-8316
l | T | | | I | T

b quarks hadronize ™ " . SiD ;
3 - Model Dependence ¢ §
K / 'B—,go,-és,/\g ) OPAL i # +
g 5 | 3 _
b 2 ; *
"
1 ; ¢§4 —
Measurable lifetime _ . 4 L
cT~ 500 um — BycT ~ 5mm @ 50 GeV e
The weak b-decay often produces leptons e ) 02 D4 06 08 A0
BR: B2 L+Vv+X ~25%t i t —_— —
BoD—-=2Ll+v+X ~20% criary VErex Fraction of the original b quark
High momentum transferred to the B hadron momentu::;ajr(;eg by the B
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The B tag picture

Tracks from

T LHC beams B hadron decay | Scale |

orthogonal , ~ Tmm
to the screen

Y

Tracks from b-quark ,' Trac.ks from
tertiary vertex

I
|
|

>

« hadronization

O
@&o"
v "

V o

Y 4

Secondary Vertex

&

Primary Interaction Vertex (

/ » Impact Parameter

o,~ 20-50 :
Hm Other tracks in the event
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arXiv:1712.07158

Performance of b-tagging in CMS

S "t b effici 2 F .
o L b efficiency = [ light/gluon mistag
O e gy, —
— | O
qq—) B 91 0—1 T T T
B o al N =
; 08 :_/.___.\ ........................................................................................................ é E
| B @ T §10—25_ ............................................................................................................................................
S F S
) - |
O
2B
107 cMVAV2 |
O B Loose
O B - Medium
'8 - - Tight
O||;||||||||llI|IIII|IIII|IIII|I|||||||||||||||||| 310—4||:||||||||||||||||||||||||||||||||||||||||||||||
0 100 200 300 400 500 600 700 800 900 10 O 100 200 300 400 500 o600 700 800 900 1000
jet pT [GeV] jet pT [GeV]

optimal working point for a H to bb search search has 70% b efficiency and 1% mistag probability
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arXiv:1712.07158

b-tagging vs. pileup

- transverse |IP < 0.2 cm

(s=13 TeV, 2016 - longitudinal IP < 17 cm
E - CMS Simulation - distance between the track and the jet
Q i axis < 0.07 cm
g 11 Tl X v e ————
O -
3. - 13 TeV, 2016
. : e —e— T 5 — b hadron — c hadron — uds hadron

S —e—— O —Pileup -~ Fake
N 10—2 T e e T et e e e e et e e e e e taa——————aeeana———aaeeann———aaeeann. g 105 P
.é = ——*— @ L tt + jets CMS

- S F bjetsp >20GeV Simulation
8 | e I B
6’1 0-3 e essenassenasssnres: P P T Deepcsv .............. - —
2 SHPEEE Loose
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B /A R e e R T S
1 0 4 | | | | | | | | | | | | | | I | | | | l | | | | | | | | | 0.1 0.2 03 04 0.5
0 10 20 30 40 0 60 Distance between track and jet axis [cm]
#PU
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heavy flavor identification

CSVv2 (track,SV) MV?2 (IP+SV) b
DeepCSV (track, SV + more charged tracks) MV2Mu (MV2+ soft muon)
DeepFlavour (charged and neutral PF + SV) MV2MuRnn (MV2Mu+track info)

(s=13 TeV

4 ) LA ) LA A B ] LI | I | LA S | L LI LI ) + ¥ 0 ) ] L™
= 1 ’lllllllllllllllllll’llll{llllllllllllll’lll S 10.-’5 ' : ' ATLAS'Simlﬂaﬁonﬁreliminéry =
I o S e S S T oo et ;,.6 = - : : : : : : E : -
— 322222222320 8 'SE R R ' .l.......'...q....‘...............\...---..-...--.l----..-----....f. ----- ' . . - . . . . ' . —
- SR Al V Rl gl . o 1R I 0. s d 7 oV . O Ny T r R R SRR R R RS Lo Q ;. : : : : : _
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-g ﬁevents .......... ————— A S — S - R Y 5 — MV2

.................................. T IO 4 4 8 T 108 bbb S g s —
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arxXiv:1712.07158

Multiple approaches

*T-axes are Nsubjettiness axis

T axis
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.
two b’s in the same jet -It does not define sub-jet but uses N-

jettiness axes
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Tagging efficiency (H—bb)

Performance

1.6
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0.8
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13 TeV, 2016
- CMS » Double-b Loose
- Simulation e Double-b Medium1
— AKBS jet Double-b Medium2
- 50<m < 200 GeV PS Double-b T|ght
200500800 000 7200 " 200 600 iaon
Jet p_ [GeV]

2000

0.25

0.2

0.15

0.1

0.05

0

arXiv:1712.07158

13 TeV, 2016
- CMS Double-b Loose
- Simulation »  Double-b Medium1
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The mistag rate is approximately flat across the pr range by design

Critical point for searches (background estimatej 13>



Boost

pﬂ — (Elap_i)
p" = (E,p) 9 1
12
— 54 ) ¢ 2
Py = (E2,P2) cos (012) =~ 1 — 07, ~ 1 22
P'op = (p1+p2) (p1+p2)y
m* = (B + Ep)* — (pi + p2) - (Pi + p3) |
m* ~ 2E;F5(1 — cos(b12)) 9 ~ T —
f E1=E2 : oy
m* ~ E*(1 — cos(f;3))
2
cos(fyp) ~ 1 m larger is the boost, smaller is the angular
E? separation between the two particles
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Jet Substructure

ArXiv:1609.07483

- 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;

p
NP — 25 =
p
(1€5)*
165 — Z ZzZ]ARZ 7 = PT;
1 <i<j <n; Zje jet PT;
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ArXiv:1307.0007

lEt mMass ArXiv:1402.2657

Provides good separation between H-jets from g/g jets
Grooming removes soft and wide-angle radiation

groomirg

soft drop/modified min(pr1, pr2)
mass soft drop pPT1 + P12

> <cut
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CMS-PAS-HIG-17-028

Pr()bing ggF VS. H p-l- ATLAS-CONF-2018-028

CMS Preliminary 35.9 fb™' (13 TeV)

A 10: — B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
= > i C . B 1]
% : Ao(pF'> 600) /250 < " ATLAS Preliminary i Dyi/, \{tst_13 TeV,S79.t8 fo' ]
% = ] ata, tot. unc. yst. unc;
% 15_%% i a g S Aolpy > 200) /126 = B gg—H default MC + XH
o - it Ac(p” > 600) / 250 o 99 :
= 0L %Ei ________ ! O B¥ NNLOJET®SCET + XH
IQ_I— = ¢ Combination H = ==+ XH = VBF+VH-+ttH+bbH
< s ©
< 102 yst. unc. Y 10~k
2 = ¢ H—bb
10_32_ 4# H—vyy
- Hezz T T 102
a4l :
10 g aMC@NLO, NNLOPS . i
| og, from DOI: 10.23731/CYRM-2017-002 w
10_5—|—I 11 | I A | | L1 1 1 | I | | L1 1 1 | L1 1 1 | I A | |
S 4F < 2f
o == +
g 2 Q
o 2 I >
o {EE S R SR =R
O = S
= 0F 3
= -1= S
= - b = L R
o 0 15 30 45 80 g % 50 100 150 200 250 300 350
o

p. [GeV]
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ArXiv:1610.07922

di-HiggS in BSM JHEPO4(2016)126

Anomalous Higgs boson couplings
Strong eftect on cross-section and m(hh) shape

EFT approach parametrizes new physics (dim 6 operators) g o 035 Kk =k, =
modifications to Kx=A/Asm and K¢ = yi/yi,sm T — k=1
. . l C, =
three new interactions: €2, Cag, Co 0.0251 e o
i M T Mg T
: —— Cpy =
0.02|- =
g “0000 Ki K\ -H g < .IE__H i
t'>--0: ty gt 0.015[-
g TOOO H o ~oyg g —% - ;
t 0.01-
0.005}- \
oblel | | \

500 600 700 800 900
m,, [GeV]

300 400
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HH, a variety of final states

Assuming SM H BR

N B B | =l
” - 33.3% _E Ipe Complementarity of the channels
WW of = -
_ BR(HH— XXYY) 24.8% . H(bb)

highest BR: larger statistics
1073 high b-tag efficiency and low fake rate
multi-light jets background is highly reduced

H(YY)
10° simple topology
excellent mass resolution
Limited by small BR

10

10°

10/

108
UL zy YY zZ cc Tt ggd WW bb

Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 77/3 7



CMS-FTR-16-002

Projections for HL-LHC CMS-TDR-17-001

CMS Projection \s =13 TeV SM gg — HH

Extrapolation from Run Il to HL-LHC (3000 fb-1) —ECRAIGSz2 - —— ECFATG 52+
— Stat. Onl
- based on 2015 data, about 2.3-2.7fb-1 ’
- Different scenarios:
. o
No systematics b [ 1.60
ECFA16 S2 reduced theory uncertainties and B -
reduced systematics o 1040
ECFA16 S2 + including future detector
performance B -
MVVbb H 0050-
X bbb | | 0,40'
[ | [ [ I | [ | [ | [ I | [
2 -1 0 1 2 3 4 5

expected uncertainty
Caterina Vernieri (FNAL) Higgs to beauty quarks - SLAC - August 14 2018 78/37



CERN-LHCC-2017-027

Considerations about HL-LHC

P 1 ERSSLISHIPETH ISHTRSLISHIN HELISHIRSIN TSR RSN SR
5 [ CMS Phase-2 Simulation i
8 [fPU=200jetp >30GeV S N
SM HH discovery is challenging but analysis improvements thus far -~ T N _Auy _
are faster than only luminosity gains S .
We will have a new tracker detector at HL-LHC... £ pom P B i vy f—
- 10% improvement in signal acceptance for Hbb)Hbb) from [ .......... g ......:::E::::::::::::g::: ...... ...............
oxtended tracker acceptance up to ‘n‘ .y P/ - ............ y /. ...............
+ 10-15% increase for the VBF process 10 e '''''' ':;:::::::::::::::::E::::::::::::::::
- b-tagging performance will benefit from a more granular detector ~ EF I P44
We will have a timing detector at HL-LHC... L. ................. » &, f..... s PU=200 no MTD-
, L , f « PU=200 with MTD
+ ~30% Improvement In /Ight-/et discrimination by removing 10™ _—.l:::['::']:::i::::[::']:::izziz:' Ly
spurious tracks entering into secondary vertex reconstructing o4 05 06 07 08 08 1
b-jet efficiency
-+ ~20% increase in effective integrated luminosity for HH
- Better background discrimination from selection optimization with Mip Timing Detector
the large dataset Channel | Signal increase (%)
HH— bby~y 22
HH— bbbb 18
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On going studies for HL-LHC (towards YR) IOk 1707

arXiv:1709.08649

- Dedicated analysis for Phase Il shows that SM HH
production can be measured by CMS with approximately
50% precision using 3000 fb-

- H(bb)H(bb) not included but a promising channel

- Studies based on full-sim/Delphes are on going: Category | 0nH/0Sm | UggHH/0SM | OVBE/05M
. 2b0j 13 3.0 72.6
- bbbb, bb bV'V, bb d VBF for VVHH
O D OYYy DY DT AnG BT IOT VBF 3.9 5.4 86.6
+ Combination of all channels™>--...__~ . Combined 16 78 579
- projections from CMS HH 13 TeV combinationas==="""""
reference bbTyTh ~ 1.5xSM

- possible combination with ATLAS (2-3xSM from Run 11 projections)

- Possibility to constrain Apnn further from:

- single H measurement [currently interest in H(yY)]

- muyH differential information
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H(YY)H(bb)

2 photons, 100 < myy < 180 GeV
2 jets, 70 <mj; < 190 GeV
o

J

et energy regression to improve m(bb) resolution

Mx and BDT (including angular correlations) classifier used to categorize events

CMS Preliminary 35.9 fb”' (13 TeV

"\ —

210°E; —

S " E HGrav. m, =300 GeV || VH(yy) } Data =

m10°E -

= i1 Rad. m, =600 GeV I VBF H(yy) Stat. Uncert. =

10 B —

= || SM HH (x5000) ggH(yy) | bBH(yY) =

108 _ -

s ltHoy) S

107 . . —

2 medium/high ]

104 g‘-o-_._ o ° =

E purity categories :

103 = H"'""""-"-o-o—o-o-o-...... -
10°E

-1 -08 -06 -04 -02 0 02 04 06 08 1

Categorization MVA
Caterina Vernieri (FNAL)

S10°

CMS Preliminary

35.9 fb' (13 TeV

N —

10
1
107
300 400 500 o600 700 800 900
MX — mbeyfy o (mbl_)

- iiGrav.m =300 Gev | VH(ry) } Data =
- iiRad. m, =600 GeV | VBF H(ry) Stat. Uncert. =
§ Jsm b 00 9gHry) | oBHEy) -
low | high mass | tiHery) E
- _
g_ R o _§

] }‘

)
)
e ®

| IIIIII| R

CMS-HIG-17-008

- photon+jets (prompt

photons or jets
misidentified as
photon) from data

+ SM single Higgs from

simulation

— my) — (M — mp)
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H(yy)H (bb) CMS-HIG-17-008

+ Likelihood fits simultaneous to m(bb) and m(yy)

- single Higgs background constrained as no resonant structure is expected in the m(bb) distribution

- The observed (expected) upper limit at 95% CL corresponds to about 19 (16) x SM
+ Anomalous Kj coupling tested

.5 CMS Preliminary 35.9 b (13 TeV)
i inti o Tk ] h s s > =¢, =C, =0
Sources of Systematical Uncertainties Type | Value = " pp—HH—bbyy C g = Coq § C, O_—_
General uncertainties = 16— ] | AN AU A S A _
Integrated luminosity Normalization | 2.5% Ty B Observed 95% C.L. limit E
Photon related uncertainties _§|\) 14 ; """ Expected 95% C.L. limit .................. .................. .............. ___-
Photon energy scale (AA]/\I/E%V))) Shape | 1.0% % 3 Expected = 10 5
. Ao o ~ 12 S-SRI R SR ST TR _
Photon energy resolution (Ty) Shape | 1.0% q)a ET Expected + 20
Diphoton selection (with trigger uncertainties and PES) Normalization | 2.0% T 10 =\ = Brodict Y W U S SO NSRS N
Photon Identification Normalization | 1.0% T - eory Prediction (k, =
Jet related uncertainties 1 3 = Theory Prediction (x, = 2)
. o - : : RNt USRNSSR JSSUNUTE: PR SO
Jet energy scale (AA]/\I/E%) ) Shape | 1.0% Qo il g
y ® .
Jet energy resolution (%) Shape | 5.0% ] e AR e I U ot S
Dijet selection (JES) Normalization | 0.5% 3
Nonresonant specific uncertainties 4=
My Classification Normalization | 0.5% TR, .
Classification MVA (high purity) Normalization | 5% 21—
Classification MVA (medium purity) Normalization | 2.0% ]j I I I
O I I | I I | I I | I I |
-20 -15 -10 -5
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Phys. Lett. B 778 (2018) 101

H(TT)H(bb)

CMS 35.9 fb™' (13 TeV)
‘T> 10° resolved 2b T, ¢ Data

© ThTy+ThTe+ThTh (88%) 8 , channel t

. : : < 10 Multijet
2 jets (resolved) or 1 large-R jet (boosted) - Drell-Yan
Likelihood fit to estimate m(TT) (despite the missing energy EI_ 10! Other bkg.

. - : : © i SM Higgs boson
m(bb) and m(TT) compétlb e with my > 1 SO Bkg. uncertainty
Events are then categorized by number of b-tags T E. o - (k. =1, SM) x 100

- Main backgrounds: 10- Sty (k;, =20) x 10
- top, Z/y*+jets (from MC) \%%L{%

.o —2 AN
- multijet (from data) 10
BDT to reject top background in ThTy+ThTe 1073
- based on angular separation of leptons and visible mass
- stranverse mass (mr2) used to extract the signal 107
107 RRIRRRTRTHTRITHIHIRRR
: /
mT2: mln TT{maX(mT,mT)} ||||||||||||II|III||||II|IIII|IIII|IIII |||||||||

0 50 100 150 200 250 300 350 400 450 500
M, [GeV]

PT1+PT2=DPT
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H(TT)H(bb)

- The observed (expected) upper limit at 95% CL o
corresponds to about 30 (25) x SM

- Anomalous Kj and K¢ couplings tested

CMS

Phys. Lett. B 778 (2018) 101

35.9 b (13 TeV)

+ I I I i e I I I I . ] I I I 2 I I I I . I I’ I
B o’ i s S
-, o 4 ’ /
. ’ 4 . g
N O o 4
e &

K

o

|II‘-—.__‘:I’-._!II':__.=;II|‘I‘-._III

Y
Y

.
/

v
S
y O

Systematic uncertainty Value Processes B

Luminosity 2.5% all but multijet, Z/y* — ¢4 L

Lepton trigger and reconstruction 2—6% all but multjjet =

T energy scale 3-10% all but multijet " -

Jet energy scale 2—-4% all but multijet --7:

b tag efficiency 2—6% all but multijet R

Background cross section 1-10% all but multijet, Z/y* — 04 1

Z/v* — €€ SF uncertainty 0.1-2.5% /v — UL =

Multijet normalization 5-30% multijet ‘ 0 %

Scale unc. +4.3%/—6.0% signals ¢ / "’ - ;%

Theory unc. 5.9% signals bt e b b b b -
-20 -15 -10 -5 0 5 10 15 20

Observed 95% CL excl. Expected +1c ¢ SM k
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JHEP 01 (2018) 054

H(VV*—=IvIv)H(bb)

CMS 35.9 b (13 TeV)
) [ : :
: : 5 1600 e*y channels | ¢ Data .
- 2 opposite sign leptons (ee, yp and ep+pe) and i oo E- . Signal ¢ thz)SM) . - g{séll-g?n
2 b—jets — ' Ukncerttainty A%
[ itV
- Backgrounds: 1200 £ SM Higgs
+ top (from MC) 1000 [ — .
. Z je’[S (from O b-jets data) 800 :_ m; <75 GeV 75 <m; <140 GeV m; = 140 GeV
-+ DNN based on the event kinematic to separate .-
signal and top background -
+ Parametrized DNN as function of K and K; 400 =
- mjj; and DNN classifier used to categorize events 200
R 1 e S — S
/p) T D e
o 1 Betyatetipgd H{& ﬂ#{'*iéié‘}é'}i i”é*é**éé;“é#é §§§§§H{'§{»ﬁ+}
CDU 0.8 ;_ ........................................... oo RIS S
0.6 = [ [ [ [ oo
0.5 1 0.5 1 0.5 1

DNN output at x, =k, =1 (SM), m, bins
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H(VV*—=IvIv)H(bb)

. The final DNN discriminant is used in three m(bb) regions
- The observed (expected) upper limit at 95% CL corresponds to about 79 (89) x SM

- Anomalous Kj and K¢ couplings tested

Source Background yield variation Signal yield variation
Electron identification and isolation 2.0-3.2% 1.9-2.9%
Jet b tagging (heavy-flavour jets) 2.5% 2.5-2.7%
Integrated luminosity 2.5% 2.5%
Trigger efficiency 0.5-1.4% 0.4-1.4%
Pileup 0.3-1.4% 0.3-1.5%
Muon identification 0.4-0.8% 0.4-0.7%
PDFs 0.6-0.7% 1.0-1.4%
Jet b tagging (light-flavour jets) 0.3% 0.3-0.4%
Muon isolation 0.2-0.3% 0.1-0.2%
Jet energy scale <0.1-0.3% 0.7-1.0%
Jet energy resolution 0.1% <0.1%

Affecting only tt (85.1-95.7% of the total bkg.)
12.8-12.9%

ur and pr scales
tt cross section 5.2%
Simulated sample size <0.1%

Affecting only DY in e*u¥ channel (0.9% of the total bkg.)
24.6-24.7%
7.7-11.6%

DY cross section 4.9%

ur and ug scales
Simulated sample size

Affecting only DY estimate from data in same-flavour events (7.1-10.7% of the total bkg.)
18.8-19.0%
Normalisation 5.0%

Simulated sample size

Affecting only single top quark (2.5-2.9% of the total bkg.)

Single t cross section 7.0%
Simulated sample size

ur and ug scales

Affecting only signal SM signal

ur and ur scales 24.2%

Simulated sample size <0.1%

<0.1-1.0%
<0.1-0.2%

0.0

JHEP 01 (2018) 054

35.9 fb™1 (13 TeV)

T e,
== .o

: pp - HH - bbVV - bblvIv
my = 400 GeV -20 -15 -10 -5
4.6-4.7%
<0.1% 1 Observed excluded (95% CL)
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B(HH - bbVV - bblvlv) = 2.72 x 1072

0) ) 10 15 20
K\
68% expected O SM
B 95% expected -+ -+ Theory
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Projected sensitivity to Higgs couplings at HL-LHC

ATLAS Simulation Preliminary

(s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb" 1 L ATLAS Simulation Preliminary t .
= o BB B h—>yy, h—>ZZ* -4, h5WW*Slviv Z.% 3
H—yyy (comb.) Bgiiii > h—1t, h—bb, h—-up, h—2Zy V-\'/-' ”
.... 10_1 [KZs Kws Kp Kot Kt! K).L] "" —_—
H—> ZZ (comb) mms BR =0 §
2 g .
H—s WW (comb.) 10 = (5=14Tev -
. - ._ "',-"' 1,' _J‘Ldt — 300 fb-1 _

H-o Z incl. ]
y (incl) 1% n —[Ldt=3000fb" =
- JE -

H— bp (comb.) r
Ho1t (VBF-like) lg

Hopup (comb.)

Ratio to SM
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Projected sensitivity to Higgs couplings
Projected Higgs coupling precision (7-pa|':a1|51'(|):;5|'9:ii)

in % HL-LHC FCC-ee 10%

HL-LHC 14 TeV, 3000 fb”' (CMS-1, Ref. arXiv:1307.7135) ~ '===="777==""
B HL-LHC 14 TeV, 3000 fb™' (CMS-2, Ref. arXiv:1307.7135)

9 0/ B 1LC 500 GeV, 500 b’ @ 350 GeV, 200 fo' & 250 GeV, 500" ... .....
0 -1 -1 -1
gHz 2-4 0.21 ILC 500 GeV, 4000 ft’ ® 350 GeV, 200 fo’ @ 250 GeV, 2000 fb

0 B ILC © HL-LHC 3000 fo”' combination
9w 25 043 FCChhprovides oL

complementary measurements: oL ...
GHb 7 0.64 - rare decays (BR(p), BR(ZY))

measurements will be S1//] Y R ——
statistically limited at FCC-ee _ )

GHg 3-5 1.18 - top Yukawa aiming at 1% S)/] i ettt M
precision .7/ S AR SO RS

- Higgs self-coupling

My 5-8% 1.55

arXiv:1307.7135 arXiv:1308.6176
M. Klute, 2nd FCC Physics Workshop, Jan 16th, 2018
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