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outline

- the Higgs boson
- standard model couplings
- established properties

- experiment
- VH(bb) analysis
- strategy
- highlight of techniques

- results

- summary & outlook
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the standard model of particle physics
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the BEH potential
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Brout-Englert-Higgs potential:
_M2¢2 T )\¢4
- allows mass terms for Z9, \W=

- |Dud|: interaction of H with Z0, W+
- direct evidence seen in Higgs
boson discovery



Yukawa couplings
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highly motivated presumption
that fermion masses also
generated by Higgs field

such couplings not seen before
not accessible through EW
precision tests

seen indirectly in discovery
channels

direct observation is difficult
- coupling strength ~ ms
- 3rd gen particles have
complicated decay modes
- seen 2014 in ATLAS+CMS

combination in H(7)

many BSM theories predict
Yukawa couplings different from
the SM



Higgs boson properties (SM)

mass: not predicted by SM
width: 4.15 MeV (my=125 GeV)
spinparity; (Q*

coupling strengths

/ production at the LHC \

gluon fusion vector-boson fusion
8 17’ ql
8 q q

Higgs-strahlung top-quark fusion ttH _ _
7 W)z ¢ t H branching ratios

}.{” ﬁ ! (MH=125 GeV)
=
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established properties

- mass: di-photon and 4 lepton
channels most sensitive

PDG 2018

Review of Particle Physics - width:

- direct: Th<1 GeV

HO J=0

Mass m = 125.18 &= 0.16 GeV
Full width ' < 0.013 GeV, CL = 95%

HO Signal Strengths in Different Channels

See Listings for the latest unpublished results.
Combined Final States = 1.10 + 0.11

WW* = 1.08+018 signal strength: 1 = USOM

z7* =114753

vy = 1.16 &= 0.18 o

bb = 0.95 + 0.22 < bb, v and ttH are sensitive to

ptpT =0.0%13

= =112+ 0.23

Zvy < 6.6, CL =95%
tTHY Production = 2.3‘:8:2
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- from indirect measurement

3rd generation Yukawa couplings
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is this the SM H0?

Higgs boson coupling

. . . . H H -1
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See Listings for the latest unpublished results.
Combined Final States = 1.10 £+ 0.11
v g

- - 7-0.13
vy =116 = 0.13
bb = 0.95 + 0.22 self—coupling?

Tum =0.0+13 .
104 003 are there non-SM properties?

Zv < 6.6, CL = 95%
ttHC Production = 2.37 07 so far the data is in agreement

with the standard model

102
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experiment



Large Hadron Collider (LHC)

- many years of successful
data taking
- two run periods
- Runl: 7,8TeV
- Runll: 13 TeV
- today 10 times more data
than used in Higgs boson
discovery

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2018-07-23 04:09 UTC

— 2oio, 7 Tév, 45.6 pb! '
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ATLAS in run ll

r R =1082mm

TRT { _

LR 554 VA
= mm \ \
( R=514mm - ,‘§ §
R =443mm ‘ §
SCT< R=371mm
\ R=299mm

R = 122.5mm i —
1 p——
Pixels { R=88.5mm w
R = 50.5mm
R =33.25mm /

R=0mm

%3 + 1(Insertable B-Layer)
layer silicon pixel detector:
* improved b-tag weight: 7,000 tonnes
diameter: 22.0 m

performance
length: 44.0 m
magnetic field: 2.0 T

ATLAS DETECTOR

14
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CMSinrunll

4 SI'I)

CMS DETECTOR Outey St
weight: 14,000 tonnes CMS tracking detector rel layg,.
diameter: 15.0 m e )
length: 28.7 m T

magnetic field: 3.8 T

p, )

% 200 m2 active silicon
Y acceptance up to |n|<2.5

% pixel detector - vital for b-tagging:
* b hadrons decay within few cm

v,
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CMS in run Il (cont'd)

CMS DETECTOR

weight: 14,000 tonnes « g . . CMS pixel detector
diar%eter: 15.0m b-jet identification
length: 28.7 m b-tagging: look for displaced new pixe|
magnetic field: 3.8 T tracks and secondary vertices :
within jets \ detector

pixel

detector
until 2016

*new pixel detector since Winter
2016/2017

* 4 layers

% innermost layer closer to interaction

point
/
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b tagging: algorithms

displaced
charged

- many decay modes of b-flavoured et epton
hadrons eavy-flavour
- even with tertiary c-flavoured hadron jet
decay
- with or without soft electron or muon I
in jet PV IP~
jet
DeepCSV algorithm:
- deep neural network (DNN)
architecture
|Charged (8 features) x6|— CMS DP-2017/005 {s=13 TeV, 2016
— || PO NS Sl
econdary eatures) x T N e S PRy T N S S .
|Global variables (12features)|— -§_10_1 ;Af‘tcj;i?/\(,p; e N
o £ — DeepCSV [
Ué T |—CcMVAv2 |
f ) 107
DNN and using low-level
variables bring dramatic s
improvement in b-tagging :
wrt. previous methods 77 beet efficiency
_ J
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analysis



o (nb)

what is the challenge with H — bb?

- Higgs boson production is ...

roton - (anti)proton cross sections .
i (antip - 9 orders 0.m. below total pp cross section

10° . T 3 10° .
b ; AR W - 7 orders o.m. below b quark production
. “ _tot I
10" | o ‘LHC 310 . . .
ok PP | 1. comparison with a discovery channel
i z —1 ] :
10° L / -51052‘,J H - 4¢ H - bb
10 b oot : 110t E . . o o
: 3 Branching Ratio 0.03% 58%
10° £ _ J410° 8
o b olE > E20) 140 % mass resolution ~1% ~ 10%
10' £ S 310 ; S/B ~2 ~ 0.05
10 £, (E*> 100 Ge\zl) J10° G
[ )
10" £ 410" 2
3 [ 3 o
10° 410° 3 | .
10* [ OH; 410"
0t £ 18857/ 1 e - compared to H — bb, the discovery channels have a
10° b ; S T striking signature
10_7 - WJ520I12 L L . L . : ) 10_7
0.1 1 10 .
E (TeV) - largest impact on S/B:

- b jet identification
- m(jj) mass resolution
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H production at the LHC

8 .
gluon fusion (87%)
-—- H - largest production cross section
- 107 times larger multijet
background (still 103 in mass
8 region of interest)

W/z Higgs-strahlung (4%)

- features leptons and/or Etmiss for
trigger and selection
- smaller production cross section

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018

! * vector-boson fusion (7%)
-- H - slightly more distinctive than
gluon fusion, but still very large
multijet background
q q
8 t top-quark fusion ttH (1%)
-- g - small production cross section
- large top quark pair background
8 r

20



H production at the LHC

-- H -

gluon fusion (87%)

largest production cross section
107 times larger multijet
background (still 103 in mass
region of interest)

VH

~

features leptons and/or Etmiss for
trigger and selection
smaller production cross section

W/z Higgs-strahlung (4%)

J
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vector-boson fusion (7%)

-- H - slightly more distinctive than

gluon fusion, but still very large
multijet background

t top-quark fusion ttH (1%)

-- g - small production cross section
- large top quark pair background
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signature

- channels:
- 0-, 1- and 2-leptons
- triggers: Eymiss, 1-, 2-lepton
- V and H are back-to-back
- most sensitivity at high pr of V and H
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reconstruction:
- H candidate

- 2 jets with highest b-tag score
- V candidate

- 2 leptons

- 1 lepton + Egmiss

- ETmiss

22



backgrounds

Di-boson
Z+jets top pair

g —1 - ’
W+jets single top Sy
VZ is the background
V+bb is most most similar to VH
difficult background - only differs in m(jj)

- used for validation

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018
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event display

Z(vv)H(bb didat t
(vv)H(bb) candidate even 1-lepton channel

ATLAS

EXPERIMENT

Candidate Event:
pp—- H(—bb) + W(-1v)
Run: 338712 Event: 335908183
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event display
Z(ee)H(bb) candidate event

CMS, |Ns=13Tev 2017) p-tracks

— b-jet

\\\ \\ b-tracks

A \\e’tra\cks
m(jj) = 114 GeV pp—ZH

CMS Experiment at LHC, CERN
Data recorded: Sun Aug 20 13:16:45 2017 CDT

Run/Event: 301472 / 634226645
Lumi section: 664
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analysis strategy

/ preselection \

=13 Tev @Ol btracks
G . m(ll) € [mz]
{yes
2 b-tags

Jyes

m(jj) e [m]

yes
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.

"loose" selection:

- high signal

- still high levels

efficiency

of background
in SR

J
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analysis strategy

DESY

-~

N

AN

bkg

DNN output

signal region

SR

- option 1: fit m(jj) directly
- not most sensitive
- used as a cross check

- option 2: use a DNN
- signal: VH(bb)
bkg: all SM bkg
fit DNN output distribution
shape from MC
bkg normalisation from data

~

| Observationorr—wo—TrremerTrorer |
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analysis strategy

C Js =13 Tev (2017)
b-jet

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018

/ preselection

\

yes

m(ll) € [mz]

{yes

2 b-tags

Jyes

m(jj) e [m]

Z+LF CR

(light flavor)

Z+HF CR

(heavy flavor)

(more requirements
are applied for
purification)
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analysis strategy

-~

pre

Vs =13 TeV (2017)

- enriched in primary
backgrounds

- scrutinize MC simulation

- exiract normalisation for

- single top Z+LF CR
ppHZH4. _ tOp pair (light flavor)
- Z+bb

Z+b
Z+light flavour

Z+HF CR

(heavy flavor)

signal region

\_

SR are applied for
purification)
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analysis strategy (cont'd)
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techniques



improving b jet energy resolution

particle-flow jets

l

DNN energy regression

l

2-lepton channel: kinematic fit

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018
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improving b jet energy resolution

l

DNN energy regression

l

2-lepton channel: kinematic fit

90% of jet energy carried by:
- charged hadrons (65%)
- photons (25%)

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018

starting point: particle flow jets

A
% neutral

% hadron
Al

Detector

Particle Flow

Clusters

particles in
nature \ tracks,
calorimeter
single particle / deposits

candidates
jets )

(initial particle)
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improving b jet energy resolution

particle-flow jets

PV
Secondary Vertex

l

DNN with 41 inputs:
2-lepton channel: kinematic fit Wi Inputs

- jet kinematics: pr, n, etc.
pileup information
energy fractions and number of:

- e.m., charged, neutral particles
soft lepton track
(=> neutrino in jet; missing energy)
secondary vertex information

output:
- regressed pt
- resolution estimate
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improving b jet energy resolution

particle-flow jets —
PV >
reCO pT
Secondary Vertex
l no "sculpting" seen in

2-lepton channel: kinematic fit top quark mass distribution
A0 413fb (13 Tev) x10°_ 41.3 0" (13 TeV)
= T L B = 2 oF T '|""|'[;t"|"'+'|"'1
£ 7fSupplementary I WH(bb) Emtmg 4 £ 8: Supplementary B wHob) B dess
£ £ 1-lepton (e), tt enr. =3?,§E(be) (] W+bb ; 2 7| 1-lepton (e), tt enr. =33it(be) -, ¥-ob =
. 6 Non-regressed jets [IVV+HF g tStlngle top = W E [ JVV+HF = glngle top E
5 ; [ Z+udesg =] MC unc. (stat.) E 6 ? [ Z+udcsg =] MC unc. (stat.) E
1-lepton channel - - J5 E
41— —] E . 3
- reconstructed mass of E E 4Eregression E
top quark candidate ) 7 I E
. . = = 2 B
- "combinatorial” 13 E £ E

background in tail of oF
g 14F é | 1 o 14F =
B 12F 4 @ 12F E
E 1E XW&;;".'... S N R & "‘f‘g-g ‘\g 1; ;;;Qi. ..... LA I e o M o 2 2
8 % 7 only stat. uncert. 3 &% 7 only stat. uncert 3
50 100 150 200 250 300 350 50 100 150 200 250 300 350

M, [GeV] M, [GeV]
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improving b jet energy resolution , ...

particle-flow jets

l

DNN energy regression

l

> recoil
jets

11

- no intrinsic Etmiss in 2-lepton topology
- electrons/muons have better energy
resolution than jets
- per event:
- construct constraints between particles
- fit jets and leptons within their uncertainty [

recoil jets:

- best performance without add. jets

kinematic fit "transfers" good
resolution from leptons to jets
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improving b jet energy resolution

particle-flow jets

l

DNN energy regression

l

2-lepton channel: kinematic fit

4 improvement of m(jj)
energy regression: 14%
kinematic fit: up to 43%

\_ resolution on m(jj): 10-13%
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improving b jet energy resolution

particle-flow jets

DNN energy regression

2-lepton channel: kinematic fit

413" (13 TeV)

N\

improves with both steps

improvement well described by

simulation

a pt balance of H and V candidates I

J
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2001 Non-regressed jets CJVV+HF gy Single top 1 250 — Regressed jets [1VV+HF g Single top - - [ 1VV+HF  pm Single top .

[ without kin fit [ Z+udcsg ] MC unc. (stat) | - without kin fit [ Z+udcsg 7] MC unc. (stat) 500i [ Z+udesg 7] MC unc. (stat)

- i ; 200| E 2 E

150~ | = E ) 3 4001 -

- . 1sopregression E s Kinematic fit E

100— — - | C > ]

C . 100 —] E ]

C ] C ] 200 -

50— ] E = - ]

C ] F B 100 -

; — — | $ : L 3 E 1 I | Ju— L B

(=2 ‘ ‘ ‘ [e2] (2] ‘ ‘

X X X
o o o
© © ©
kS g o8 5

0 02 04 06 038 1 12 14 16 1.8 2 0 02 04 06 08 1 12 14 16 1.8 2 0 02 04 06 038 1 12 14 16 1.8 2

p.(i) /p.(V) p. (i) /p (V) p. (i) / (V)
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signal region DNN

- DNN for separation of signal and background in SR

- DNN output is fitted to extract signal strength and
significance

- trained on MC separately in 7 channels:
- O-lepton
- 1-lepton mu / el
- 2-lepton mu/ el in low / high pt(2)

- up to 16 variables, most discriminating:
- m(j)
- p(V)

b-tag discriminator value

number of additional jets

AR(j)
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bkg

DNN output

4/5 hidden layers

e

L XS
V’ ‘V
N

;.“;9;. Lo
R AP

7
X

+ skip connections

in some cases.
helps for very deep networks
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Entries

Obs / Bkg

signal region DNN (cont'd)

413 (13 TeV)

10°
8| ¢ Data Il WHbb
10 CMS [ ggZHbb I ZHbb
- Supplementary — vv.nr I VV+LF
g | Ofepton it I Single top
10 [ W+bb @ W+b
L Il W-+udscg []Z+bb
4 [CZ+b I Z+udscg
10" ¢ %% S+B uncertainty — VH,H—bb
107
1
19 —
oottt gl
0-5 ! | ! 1 L L L | I L N | I | I
0 0.2 0.4 0.6 0.8 1
DNN output

- trained on MC separately in 7 channels:

- O-lepton
- 1-lepton mu / el

- 2-lepton mu/ el in low / high pt(2)

Entries

Obs / Bkg

10°

10° b
[ 1-lepton (e)

10°

10*

10?

413" (13 TeV)

¢ Data
Il ZHbb

CMS

Supplementary = w.bb
I W+udscg
[JZ+b

Htt

I Single top
— VH,H—bb

I WHbb

[ JVV+HF

I W+b

[]Z+bb

I Z+udscg

B VV+LF

%% S+B uncertainty

- up to 16 variables, most discriminating:

m(jj)

- p«(V)

- b-tag discriminator value
- number of additional jets

- AR(j)
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Entries

413" (13 TeV)

10°F
CMS ¢ Data
- Supplementary Il zHob
10° F 2w Highp,, [ ]z+bb
L [ z+udscg
10* F B VV+LF

10?

8% S+B uncertainty — VH,H—bb

[ ggzHbb
[ Jvv+HF
[Jz+

[ [

[l single top

-2
1.5 =
] e on S

0.5 T TS SO (AT ETery SHTEes
0 0.2 0.4 0.6 0.8 1
DNN output

( N\
most difficult background: V+bb
one of the largest uncertainties
from background normalisation

N J
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background classification in V+HF CR

0- and 1-lepton channels V+HF CR's:

large syst. impact from V+(b)b normalisation
(difficult to separate from each other and from
single top)

no single variable provides good separation

improve by using a DNN to distinguish the
primary backgrounds
trained separately in 3 control regions:

- 0 lepton Z+HF

- 1 lepton W(e+-, nu)+HF

- 1 lepton W(mu+-, nu)+HF

using up to 11 event variables
- m(jj)
- pr(V)
- b-tag discriminator value
- number of additional jets
- AR(j)
- efc.

other regions:
- use event yield or b-tag discriminator shape
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41317 (13 TeV)

@ 3000 F -
£ L CMS ¢ Data Il WHbb
c [ ggZHbb I ZHbb
(N1} o —
| Supplementary g w.bb [ Wb
0-lepton, Z+bb enr. B W-+udscg — Z+bb
[JZ+b I Z+udscg
2000 T [JVV+HE
B VV+LF Il Single top
X% MC uncertainty
channel "™} = s
o 0
x 1 05 190200, 9.9.9.9.9.9.
L !
I 5 S T S
_8 EECES SECEE } 0:::::::::::::::::::::,0,0,0,0“0,0,0,0,0,0.9.9.9.9.9,q.g.g.g.g
§ 095
V+bb tt V+LF V+b Top
41317 (13 TeV)
£60000 F -
= . CMS ¢ Data Il WHbb
= 3
w . Supplementary E@ZHob  [JVV+HF
1-lepton (u), W+bb enr. [ W+bb [ W+tl
I I W+udscg [ ]Z+bb
40000 | [Jz+b I Z+udscg
K [ VV+LF

1 lepton

[l Single top & MC uncertainty

W-+bb it W+LF  Wi+b Top



uncertainties

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+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
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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results



VZ cross check

- reminder: VZ(bb) and VH(bb) have similar

topology
- verify full analysis setup
- here, MVA in signal region trained with
VZ(bb) as signal

Events / 0.25
501

10°

10*

10°

102
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0.20

ATLAS: Hyy = 1207078
(79.8 fb-1)

9.60 (8.70 exp.)

ATLAS

E Vs=13TeV, 79.8 b

0+1+2 leptons
2+3 jets, 2 b-tags

mVZ,Z — bb (u=1.20)
tt

I Single top
Multijet

W Z+jets

Il W+jets

CMS:

u=1.05+022

(41.3fb1) 520 (5.00 exp.)
413" (13 TeV)
CMS
Supplementary
pp— VZ; Z— bb
w=1.05=0.22
0 lept.
w=0.79 = 0.30
1 lept.
w=1.41x0.44
2 lept.
u=1.14+0.34
1 05 0 05 1 15 2
Best fit u

compatible with
standard model
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VH(bb) mass analysis

. _ "option 1"
- di-jet mass analysis
- MVA analysis without m(jj)-correlated variables
- events weighted by
- S/(S+B) (CMS)
- fit mass templates to data "
77.2f0" (13 TeV
$2000O ( V) %1200—'—'"|'"'|""l""|""|'"'|'I')'t'|""|""|"'—'—
= [ ¢ Data B WHbb o - ATLAS e ]
S I CMS [ 9gZHbb [ ZHbb 2 L (s=13TeV,79.81" - :;!L’ H —bb (1=1.16) ]
3 Supplementary [CJVV+HF Bl VV+LF > 1000(— g tepton, 2 jets, 2 b-tags = ﬁl oson ]
%)1 5000 - E :/tV+b5 E \?\;2%'9 top ‘5 - pY = 1§O\GeV [ Single top ]
] B W-+udscg [)Z+bb i 800 B WHjets —
= - Il Z+jets _
o [ z+b . [ Z+udscg_ B Y Uncertainty T
+10000 - & S+B uncertainty — VH,H-bb 600 -+«+ Pre-fit background ]
2 C —VH,H—>bbx5 |
) L _
400
2001
N .
Lﬁ _0'15_L\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\Jt
2 £ 1[ ++ T N S b 4
8 s £ T MG s A LA
00-95 : : : ‘ : : : ‘ : : : ‘ ; : : ‘ : : ; -'(-U'O_S:r\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\7;
60 80 100 120 140 160 © "5 50 100 150 200 250 300 350 400 450 500
m(jj) [GeV] m,, [GeV]
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VH(bb) mass analysis (cont'd)

di-jet mass analysis
MVA analysis without m(jj)-correlated variables
events weighted by
- S/IB  (ATLAS)
- S/(S+B) (CMS)
fit mass templates to data

ATLAS significance: 3.60 (3.50 exp.)

- background subtracted by = 1.061035 = 1.06 + 0.20(stat.)* g 30(syst.)
77.2 1" (13 TeV)
% 3 : T IAlTlLlAlsl T I L I L I 1T I |D T I 1T I L I T :
= + - —e— Data E
g I CMS ¢ Data , 3 180 so1a7ev, 79810 B VH, H — bb (u=1.06) ]
b Bl VH H—bb o 1BE 0+1+2leptons [ Diboson 3
£ I [ lvzz—bb = C 243 jets, 2 b-tags Uncertainty ]
-i‘,’ 1000 - 7 s+B uncertainty § 145 weighted by Higgs 578 Dijet mass analysis
& 5 12 E
% 2 10F _+_ =
: L ]
o 8 E
500 2 4 E
> 4F E
O] C .
: S k
of > 0; Y
I dg _2 _I I 111 I 111 I 111 I 111 I 11 | I 111 I 111 I 111 I I_
S > 40 60 80 100 120 140 160 180 200
60 80 100 120 140 160 i
m(jj) [GeV] m,, [GeV]

good jet energy resolution is crucial to separate VH(bb) from VZ(bb)
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CMS VH(bb) result with 2017 data

10°

Entries

108 |

1-lepton channel (u)

413" (13 TeV)

108 |

- CM S ¢ Data Il WHbb

ZHbb VV+HF
Supplementary 5 W-+bb E Wb
— 1-lepton () B W+udscg []Z+bb
| [1Z+b [ Z+udscg
B B VV+LF

n Il Single top XX S+B uncertainty

10* F — VH,H—bb

0 0.2 0.4 0.6 0.8 1

DNN output
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- reminder: new pixel detector
since early 2017 => separate
analysis of data taken in 2017

Vs = 13TeV
£int —41.3fp~1

- signal strength
M= 1.08 £0.35

- significance VH
-3.30 (3.10 exp.)
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run | and Il combination of VH(bb)

- post-fit S/B ordered distribution of final discriminant values
- Higgs boson signal scaled according to observed signal strength

5.1fb™" (7 TeV) + 18.9fb" (8 TeV) + 77.2 o™ (13 TeV)

g 6 T 1T 17T I T 1T 17T I T T 17T I T 1T 17T I T 1 IDI tl T 1T 17T I L) I T 17T m 107
2 10% -e- Data _ (0]
s '9F arLas mm VH, H — bb (1=1.16) = CMS ¢ Dala
o B [ Single top ’ [ | A=
T 10° e I Z+jets 5 Background uncertainty
= [ Multijet 10 — Signal + Background

Il W+jets
[ Diboson

10*

10°

102

10

1 IIIII|_|_| 1 IIIII|_|_| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII|

- o 15 ]
.,(_U: é Py £¢=,—?—
E S 1 ° ° ®
= kS
D:_ 05 T T S T S S S M S S R S S A S A S M S ST R ST
: -3 -2.5 -2 -1.5 -1 -0.5 0
845 log. (S/B)
10

large excesses of events visible in the distributions
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run | and Il combination of VH(bb) (cont'd)

WH

ZH

Comb.

ATLAS VH,H—bb Vs=7TeV,8TeV, and 13 TeV
4.7 b, 20.3 b, and 79.8 fb™
—Total Stat.
(Tot.) ( Stat., Syst.)
e 1.08 05 (7033, 057 )
| 0.28 0.21 0.19
k= 0.92 fo.27 (fo.zo ) fo.17 )
. 098 5 (215
11 1 1 I IIIIIIII I IIIIIIII I IIIIIIII I IIIIIIIIIIII
00.51152253354455

bb

MVH

DESY. | Observation of H — bb | Heiner Tholen | August 28, 2018

Run 2
2016
2017

Run 1

Combined

51" (7 TeV) + 19.8 fb™ (8 TeV) + 77.2 b™ (13 TeV)

CMS

VH, H—bb

o Observed
— +10 (stat @ syst)
----- 2016

= +10 (SySt)

1.06 = 0.20 (stat) = 0.17 (syst)
1.19 = 0.39
1.08 =+ 0.34

0.89 + 0.38 (stat) = 0.24 (syst)

1.01= 0.17 (stat) = 0.14 (syst)

2 25 3 35 4

Best fit u

CMS Run 1+2: 4.8 0 (4.9 o exp.)

ATLAS Run 1+2: 4.9 0 (5.1 0 exp.)
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combination with other production channels

boosted H — bb analysis

(¢
gluon fusion (87%)

-- H -
- 107 times larger multijet
background (still 103 in mass
8 region of interest)

largest production cross section

~

_J

uction cross section

_J
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i R

vector-boson fusion (7%)
-- H - slightly more distinctive than
gluon fusion, but still very large
multijet background

ttH analysis with H — bb

t top-quark fusion ttH (1%)

-- g - small production cross section
- large top quark pair background

’ _J

50



CMS-PRL120 (2018) 071802

boosted H(bb)

search for boosted H(bb) decays
- large-cone jet (R = 0.8)

35.9fb™ (13 TeV)
T

m

= 8000F A4
3 - CMS  450<p <1000Gev - w
- AR(bb) ~ 2mH/pT (lE 7000:* double-g tagger E
- starting at pr(H) = 450 GeV 2 000l passingregion " Mot
. . . r 222 Total background
- dedicated double-b tagging algorithm S -

¢ Data

new Technique!

a/g
H jet e
bb %D; 2
8 5060 80 700 750 740 160 T80 200
Mgy (GeV)
- . | )
- first observation of Z — bb in one-jet
topology: 5.10 (5.8 0 exp) groomed mass of
- H — bb significance: 1.50 (0.7 o ex@ large-cone jet
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CMS-arXiv:1804.03682, sub. to JHEP

ttH with H — bb

CMS 35.9 fo! (13 TeV)
o III|III|III|III|III|III|III|III|III|I
M g 105|§r DL (=4 jets, 3 b tags) e Data 15 x tiHgy, —EI
|+ + I ~ - Pre-fit expectation [ i+ I ti+cc .
_ lepton + b Jet 2 1ok [ [N
b o E Il tt+ob Il Single t 3
_ L - [ V+ets  [Jti+v .
2 b JetS 10° E Il Diboson  [\J Uncertainty
) 10° I g;
- lepton + b jet 10 |
Vi
]
- large combinatorics in the event B s
reconstruction =y
. . . ]
- dominant background is tt+bb with large T 05 o
theory uncertainty 7 08 06 04 02 0 02 04 06 08
- our combination uses all top-pair decay BDT discriminant

modes (only di-lepton shown here)

ttH(bb)
- leptonic: Best-fit u = 0.7219%3, at 1.6 (2.2) o obs. (exp.) significance
- hadronic: Best-fit = 09712, upper 95% C.L. limit 3.8 (3.1) obs. (exp.) x SM
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arXiv:1808.08238 (ATLAS)

H — bb observatlon submitted to PLB

arXiv:1808.08242 (CMS)
submitted to PRL

<51 (7TeV) +<19.8 0" (8 TeV) + < 77.2fb" (13 TeV)

L L L L L T
ATLAS H—bb s=7TeV, 8 TeV, and 13 TeV CMS e Observed
4.7 b, 20.3 fb™, and 24.5-79.8 fo™ H—bb ﬂo (statt® syst)
—Total Stat. w10 (Syst)
(Tot.) ( Stat., Syst.) : stat  syst
VBF+ggF | & o 4 1.68 I8 (4101 4057y 9oF 2.80 +2.08 = 1.30
VBF 253098+ 1.17
ttH . +0.56 +0.28 +0.48 ;
I 100 %5 (Cozr s -oue ) ftH | —— 0.85 = 0.23 = 0.37
VH| ke 0.98 *022 (014 s017 W | — 124029024
------------------------------------------------------------------------ ZH | - 0.88 +0.24 + 0.16
+0.20 +0.12 +0.16
Comb. rT-l | | 1.0|1 020 (_0,12|, 015 ) Combined - 1.04 = 0.14  0.14
N B R B m e S o
u ob Best fit u
Hﬁ
excellent agreement CMS Run 1+2: 5.6 o (5.5 o exp.)
between experiments ATLAS Run 1+2: 5.4 o (5.5 0 exp.)
and SM first observation of H — bb decay
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summary & outlook



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsPublicResults

summary arXiv:1808.08238 (ATLAS)

submitted to PLB

arXiv:1808.08242 (CMS)
submitted to PRL

H(bb) observed individually
by ATLAS and CMS
- VH production most significant
- intensive use of machine learning techniques

—
CMS Run 1+2: 5.6 o (5.5 o exp.)

LHC Run Il allows us to investigate Higgs Yukawa po=1.047039 (F011.5013)

couplings in depth ATLAS Run 1+2: 5.4 ¢ (5.5  exp.)
. . . = 1.01 f0.20 (1-0..12 ’ 1—0..16 )

key contributions to the results coming from DESY pE0 TR

- VH(bb), H(77), ttH | first observation of H(bb) decay
direct confirmation of Higgs couplings to third fm DB ByE0) \\
generation fermions: 7, t, b / . < e
T A

six years after its discovery, fundamental progress -

in measuring Higgs boson properties

fully consistent with the SM Higgs boson. o LB .
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outlook

LHC
A3 13 TeV 14 TeV 14 TeV
13 TeV - energy
injector upgrade 5t07x
cryo Point 4 limit - nominal

DS collimation ?nrt}:a(_)ré?tlion . HL LH_C luminosity
P2-P7(11 T dip.) regions installation I
Civil Eng. P1-P5 ﬁ‘

2016 2019 2020 2022

2024 2025

_/
1 h (rjadiation
amage -
W e are e lrgxperiment upgrade 2 x nominal luminosity , experlment
nominal luminosity I | phase 1 | ! upgrade phase 2

luminosity

Run 3 and ultimately HL-LHC will allow for precision measurements of Higgs
boson (self-)couplings and to probe the existence of very rare new physics
processes
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thank you for your
attention!



additional material



background classification: scale factors

Table 2: Data/MC scale factors for the 2017 analysis in the 0-, 1- and 2-lepton channels from
SR+CREs fit. The errors include both statistical and systematic uncertainties. Compatible fitted
values are obtained from the CR-only fit.

Process Z(vv)H W(v)H  Z(¢0)Hlow-pr Z(£¢)H high-p
W 4 udscg 1.04 £0.07 1.04+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+0.09 - 0.89 + 0.06 0.81 + 0.05
Z+b 1.024+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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Deep Learning in a Nutshell

« Different architectures

« Classification/regression
« DNN: Dense NN

output layer « cDNN convolutional DNN

 RNN: Recurrent NN

hidden layer 1  hidden layer 2 e Generative

7
N

0
XU
o§

input layer

o Each node is the weighted sum of inputs * GAN: Generative Adversarial

mapped to an activation function Networks
n « VAE: Variational Autoencoder
—f( b +Z wy xi . o
y=r = ) « Training by backpropagation, i.e.
L=

« Deep means many layers iterative updating of weights by
« Can approximate any function e.g. stochastic gradient decent



Events /0.1

Data / Bkg

b tagging: algorithm development

- many decay modes of b-flavoured

hadrons

- even with tertiary c-flavoured

hadron decay
- with or without soft electron or

muon in jet

DeepCSV:

- DNN architecture

|(‘,harnnd (R faatiirac) vR |J

jet

«10° 4130 (13 TeV) «10° 413" (13 TeV)
e e e e - e e e
1 12—
C 4 Data  []Z+b_ ] e C 4 Data  [C]Z+b_
1.4 - CMS I ZH(bb) E ﬁbbd ] @ - CMS I ZH(bb) Eé\;bbd
L ) +udcsg - \N¢CS - b +udcsg
C Supplementary I WH(bb)_ Wb 1 '8 4o Supplementary I WHbD)
1.2+ — [ ggZH(bb) Wa4bb — L = [ ggZH(bb) Wa4bb
"I O-lepton, Z+bb enr. B VV+LF Eﬂ+ b w [ 1-lepton (e), tt enr. [ VViLF Eﬂ+
- [CJVV+HF  pm Single top - - [CJVV+HF  pm Single top
1 - [ Z+udcsg =73 MC unc. (stat.) | = 8 I [ Z+udcsg =] MC unc. (stat.)
0.8 = a
0.6 - C
0.4 =
0.2
oL 0
1.4F 3 - o 14F E
12F 4 @ 12F 3
1 E PO ) $ e 8.0 .3 - 1: . P
E * 3 LA [N I} Ee * 7 ° N T E
08F 4 I8 osF E
0.6 | ‘ ‘ ‘ ‘ ‘ ‘ ‘ . 0.6 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 4
0 01 02 03 04 05 06 07 08 09 1 T 0 01 02 03 04 05 06 07 08 09 1
DeepCSVrnin DeepCSVmin
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jet

o I 27 H

.
—_

= @ Wl

Events /0.1

Data / Bkg

displaced

charged

lepton
eavy-flavour
jet
\_\lp
PV T
413" (13 TeV)
400:;_\\\‘\\\\‘\\\\\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\_;:
- C M S ¢ Data - ?EB ]
C I ZH(bb) 12+ .
350 Supplementary I WH(bb) [ udcsg B
E i _ [ 9g2H(bb) 1 \i+e g
300 2-u, High P,y Z+bbenr. gumvviLF — =
F [JVV+HF  pmm Single top 7
250 [ Z+udcsg =] MC unc. (stat.)
200 =
150 —
100 =
50F —
ok
14 E
1.2F =
1 E 1 ; )y I i L % ; .3
g LAME RN D00t S AL { E
0.8F 3
0.6E | ‘ ‘ ‘ ‘ ‘ ‘ ‘ L
0 o1 02 03 04 05 06 07 08 09 1

DeepCSVmin
b-jet efficiency
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H(bb) high mass search (BSM)

Events / 15 GeV

Data-Bkg
\Bkg.

Search for the b-associated production of
degenerate H/A — bb

- Cross-section enhanced up to factor - 2tan2f3
- Largest BR in many MSSM and 2HDM scenarios

Main challenge: huge QCD muilti jet production
- dedicated b-tag trigger developed

CMS 35.7 b (13 TeV)
A
Background
+1 std. deviation
+2 std. deviation
m,, = 300 GeV, o =500 pb
---------- m,, = 600 GeV, ¢ =120 pb
m,,, = 1300 GeV, ¢ =90 pb

10

]
2

0

2 1 1 1 1 1 1
2r by ybii i ! b .
2 CHE Tt g T

2

0

2

SRRARRT INLATMPRNET AN
_...I...§I{..{.IH...** . I; 4l

. I I I
200 400 600 800 1000

1200 1400 1600
M, [GeV]
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-

CMS 35.7 b7 (13 TeV)

m°* scenario i
u =+200 GeV

—— Observed
]| eeaneas Expected 1
I 68% expected

95% expected

N \:\\\\\\\\\ oo myy =125 = 3 GeV |
| AT A N AN NN AN AN AN

400 600 800 1000
m, [GeV]
model-independent exclusion

limits translated to onto MISSM

parameters - tanf3 and Ma 62



