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e Standard Model (SM) Higgs Boson

e Search for H = bb at colliders
e LHC and ATLAS
e Search for VH, H = bb production with ATLAS data
e Evidence of VH, H = bb production with 36 fb-1 JHEP 12 (2017) 024
e Observation of H = bb decays and VH production with 80 fb-1
PLB 786 (2018) 59

* Future prospects

* VVH simplified template cross section (STXS) measurement
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Higgs boson phenomenology at the LHC
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»ZZ, yy: small BR, high resolution, good S/B

> WW: large BR, poor resolution

> up: very small BR, access to coupling to 2nd
generation fermions

> tt: forbidden (but Htt coupling can be studied
with ttH production)

> bb, tT: large BR, poor resolution, low S/B,
probe couplings to 3rd generation fermions




HIgQgs boson discovery and measurements in Run-1

> Higgs boson was discovered in 2012 by ATLAS and CMS from the

combination of the decays to

> H = vy
r H = 77* Phys. Lett. B716 (2012) 1

> Run-1 measurements:
»mass = 125.09 + 0.24 GeV Phys. Rev. Lett. 114, 191803 (2015)

> Properties in agreement with SM predictions for mp~125 GeV
> Spin-0, CP-even Eur. Phys. J. C 75 (2015) 476

> SM-like Coupllngs JHEP 08 (2016) 045
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Recent results from ATLAS Run-2 data

» Several production and decay modes measured with 36-80 fb-1 of 13 TeV data
» Good agreement with SM for
> global signal strength p (= measured o*BR / SM prediction) o= 1.13i8:82
> ratios of cross sections of various production modes
> ratios of branching ratios to different decay modes
> couplings

ATLAS-CONF-2018-031
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Searches for H—=bb at hadron colliders

proton - (anti)proton cross sections
gluon fusion
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VH, H—=bb: previous results (before Run-2)

o - BR

osm - BRswm

- Significance Significance
5 Signal strength (expected) (observed)

COF+DO i 1 g*08 | 154 2.80

combination [I] (3.10 global)
ATLAS Run-1 @7 i 0.5270-30 2.60 1.40
CMS Run-1 31 0 891—832 2.50 2.10

ATLAS+CMS 4+0.29

Run-l* [4] 0.70_027 E 3.70 2.60

[1] Phys. Rev. Lett. 109 (2012) 071804
*with sub-leading contribution from ttH, H — bb (2] THEPO1(2015)069
[3] Eur.Phys.J. C75(5), 212 (2015) + twiki
[4] THEPOS(2016)045

» Before LHC Run-2, no observation of VH, H = bb
> |dentification of b-jet is crucial from Run-1 experience
> Efficiency plays a key role in sensitivity
» Large impact on relative uncertainty on p (13% in ATLAS Run-1)
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Large Hadron Collider @ CERN
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> Two main multi-purpose
/  experiments (ATLAS, CMS) out of
> several experiments

» test SM and search for new

phenomena at the ~TeV scale
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ATLAS Experiment @ LHC

General-purpose, ~ 411 detector for multi-TeV pp collisions

Muon Detectors Tile Calorimeter

Liquid Argon Calorimeter

Toroid Magnets
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Inner detector:

» charged particle tracks

EM calorimeter:

> e/y energy/direction

Hadronic calorimeter:

> hadron energy/direction

Muon spectrometer:

> Muon tracks



Object reconstruction in ATLAS

> Hadrons are clustered — jets

i > Anti-k: clustering
i algorithm (R=0.4)
» MC-based calibration +
in-situ correction (Z+jet,
y+jet, multijets)

> Weakly interacting particles
Hadronic : \ — transverse momentum
Calorimeter
imbalance (MET)

Proton E‘mlss — E I_)tl
‘ Neutron! / ’ The dashed tracks
: v iy

3
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—— 2 the detector
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Calorimeter : *Elecltrons ] y .
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b-jet identification in ATLAS

3 tracks b jet
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------ impact
parameter

e secondary
vertex

4
/

\ — primary vertex

V=N

/
/7
4
’
4
,

Reconstructed

IP based (IP3D)
N—

> b-jets: jets containing b hadrons

> ldentification (“tagging”) of b-jets fundamental for:
> Precision measurements in the top quark sector
> Higgs boson decays to b quarks
> New phenomena producing b quarks

> Three basic algorithms exploiting long lifetime of b-hadrons:
> Tracks with large impact parameters (IP)
> Inclusive secondary vertices (SV)

> Eventual tertiary vertices
> Qutput combined into Boosted Decisions Tree (BDT): MV2

Reconstructed
jet a}is

B-hadron

®/nclusive B/D

RBe® vertex

One vertex (SVI)

Vo
MV2
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e Search for VH, H = bb production with ATLAS data
e Evidence of VH, H = bb production with 36 fb-1  JHEP 12 (2017) 024

e Observation of H = bb decays and VH production with 80 fb-1
PLB 786 (2018) 59

submitted to JHEP
12 arXiv:1903.04618



VH, H-

bb search with ATLAS Run-2 data
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data 2015-2016: 36 fb-1

Evidence

for the H — bb decay with the ATLAS

detector

Physics Letters B 786 (2018) 59-86

Observation

detector

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

i data 2015-2017: 80 fb-1
of H— bb decays and V H production with the ATLAS

Check for
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Simulated event samples

» State-of-the-art NLO Monte Carlo generators normalised to higher-order calculations for the
description of all backgrounds (except for multi-jet that is data-driven) and signals

Background

Process Generator (PDF set)

Vector boson + jets

SHERPA 2.2.1 (NNPDF3.0NNLO
SHERPA 2.2.1 (NNPDF3.0NNLO

SHERPA 2.2.1 (NNPDE3.ONNLO Main background
"I’op-q_uark processes:
tt POWHEG v2 + PyTHIA 8 (NNPDF3.0NNLO)
t, s-channel POWHEG v1 + PyTHIA 6 (CT10) .
t, t-channel POWHEG V1 + PyTHIA 6 (CT10) > Z+j-etS (heavy-flavours)
t, Wit-channel POWHEG v1 + PyTHiA 6 (CT10) >W+jetS (heavy-flavours)
Diboson » Diboson
WWw SHERPA 2.2.1 (CT10)
Wz SHERPA 2.2.1 ( \I’DP 3.0NNLO)
27 SHERPA 2.2.1 (NNPDF3.0NNLO)
Signal
Process Generator (PDF set)
qq — ZH — vvbb - POowHEG v2 + MINLO + PyTHiA 8 (PDFALHC15)
qq —>W7TH — 7vbb  POWHEG V2 + MINLO + PyTHIA 8 (PDF4LHC15)
qq — W "H —¢{"vbb POWHEG v2 + MINLO + PyTHiA 8 (PDF4LHC15)
qq — ZH — (0bb PowHEG v2 + MINLO + PyTHIA 8 (PDF4LHCI15)
g9 — ZH — vvbb POWHEG v2 + PyTHIA 8 (PDF4LHC15)

gg — ZH — 00bb POWHEG v2 + PyTHIA 8 (PDF4LHC15)
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Signal signature and basic selection

P24 e B s B B s B e B e s B B s B s s B
> H (— bb) recoiling against V (—leptons) § nd éfhéjiiﬁglaticl)n | '}1 S
- ~ 16 Powheg MINLO SM ZH — ["bb _
H - bb é) 1'45_ ;27 ile:;osf;séz |j/ets, 2 b-tags H{LO \A
> 2 high-prt b-jets, not from pile-up, b-tagged 2 | pF O savwosecaman o)
> Kinematic properties consistent with VH production, 5§ £ o & 4 Vi
e.g. Mpp~125 GeV < osF A by
V—leptons oF Tk >
> 1 or 2 isolated charged leptons (W—1lv, Z—Il) and/or 0'45 |
large MET (Z—=vv, W—=pv) St L DD -
20 40 60 80 100 120 140 160 180

> also useful for triggering purposes m,, [GeV]
> Z—1l: same flavour, my~mz
> Channels denoted by the number of reconstructed charged leptons (e or )

O-lepton 1-lepton 2-lepton

ol

15



Specific selection vs lepton channel

» Additional selection criteria to suppress processes hard to model and estimate: QCD multi-jet
> Take the O-lepton as an example

Variable Selection

MET >150 GeV
Hr = 3 priets >120 GeV for 2-j:et events
>150 GeV for 3-jet events
A (Eqmiss, pymiss) < 90°
Ad(b,b) < 140°
Ad(Emiss bb) > 120°
min[Ad(Emiss jet)] > 20° for 2-jet events

> 30° for 3-jet events

> Ht cut to avoid trigger turn-on mis-modelling
> Angular cuts to reject QCD multi-jet

16
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Control regions and event categories

> Control regions (CR) to constrain main backgrounds:

W+HF CR
1-lepton selection, mps < 75 GeV, miop > 225 GeV  2-lepton selection but require ep final state

Purity 75~80%

IIIII
—e— Data

N —
~ — —
2 s00E ATLAS mm VH — Vbb (1=1.20) _]
& - (s=13TeV,36.11b" - tI%iboson -
> - . _
L 600 o 1 lepton, 2 jets, 2 b-tags mm Single top ]
C pY > 150 GeV Multijet 3
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= £ Uncertainty -
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> Event categories with different S/B to increase sensitivity:

signal region (SR)

W+HF CR (1-lepton)

ey CR (2-lepton)

2 regions in V transverse

momentum (ptV)

75 < p1V <150 GeV
(only for 2-lepton)

150 GeV <ptV

17

®

50 100 150 200 250 300
m,, [GeV]

2 bins in
jet multiplicity

2-jet

3-jet
(=3-jet for 2lepton)




The analysis strategy: Multivariate approach

> Final S/B discrimination from fit to score of BDT combining several input variables

» Start from a minimal set of variables with largest S/B separation [mpb, ARob]
> Test additional variables one-by-one, keep variable providing maximum sensitivity
> |terate the procedure until the sensitivity improvement is negligible

> Separate training for lepton/ptY/Niet regions

Variable O-lepton 1-lepton 2-lepton 52 1055_” A'Il'L ASl Y pata _5
V — [miss X x S — B VH — Vbb (u=1.20) =
meiss - T n ~ {s=13TeV,36.1 fb" pm Diboson -
%T X X X % — 0 lepton, 3 jets, 2 b-tags L gin gle top —
p;ﬁ X X X D 10*L pY = 150 GeV mm Wilbbbocobl)
— +C 1
PT X X X - Wi =
Mpp X X X n ] §+(l?b,bc,cc,bl) -
AR(b,by) X x x . =z -
Ty £ Uncertainty —
[An(by,bs)] % 10 s .. @ ... Pre-fit background 3
A¢(V,bb) X X X : — SMVH — Vbb x50 =
|An(V,bb)| X -
meﬁ' X 102
min[A¢(£,b)] X
m¥Y X
Myy X
|Ay(V’bb)| X 8-I.5E_IIIlIIIlIIIlIIIlIIIlIII|III|III|III III_E
Only in 3-jet events I B i e e e 3
jet o = ]
pJTB X X X 80_5_III|III|III|III|III|III|III|III|III|III_
Mb; X X X -1 08 06-04-02 0 02 04 06 08 1

BDT,,, output

—
o



The Fit Model

» Combined Likelihood fit is built across channels and multiple analysis regions

Categories

Chanmnel SR/CR 75GeV < pr < 150GeV | p¥ > 150 GeV

2 jets 3 jets 2 jets | 3 jets
0-lepton SR — — BDT | BDT
1-lepton SR — — BDT | BDT
2-lepton SR BDT BDT BDT | BDT
I-lepton | W + HF CR | — = Yield | Yield
2-lepton e CR mpyp mpp Yield | myy

» Each bin contributes with a Poisson term

L:(:uvg) —

Parameter of interest

c-BR

l’l’:

osMm - BRsum

Nuisance parameters (NPs) O:

» Uncertainties from performance:
> Lepton / Jet / MET / b-tagging
» Parametrized shapes and relative
normalisations across regions

19



Cross-checks

Diboson cross-check Dijet mass cross-check

» \V/Z, Z = bb same final states as VH, H - bb > VH, H = bb as the signal
> Same analysis, but with VZ, Z — bb as signal  * Fit mup distribution instead of BDTvx

20

» BDT re-trained with VZ as signal (BDTvz) > Additional selections to compensate for

» Fit BDTyz distribution to extract pvz sensitivity loss due to simpler fit discriminant

S 1l A ae T L pam e SRR —e-Data A

2 107 ATLAS B VZ > Vbb (u=1.11) O] - ATLAS mm VH — Vbb (u=1.30) -

£ - (s=13TeV,36.110" . WW - = 100l {s =13 TeV, 36.1 fb" mm Diboson B

gJ — 0 lepton, 2 jets, 2 b-tags - :%h - ; 0 lepton, 2 jets, 2 b-tags - gingle top _

L T pY > 150 GeV mm Single top a 1= ~ pY > 200 GeV mm W+(bb,bc,cc,bl) .

- T mm W+(bb,bc,cc,bl) - °>> - T Bl Z+(bb,bc,cc,bl) N

o Wecl L 80— Uncertainty ]

3 W+l D N T Y Pre-fit background ]

10°E mm Z+(bbbc,cc,bl) B — SMVH — Vbb x1 ]|

Uncertainty - ~ i

----- Pre-fit background - 60— ]

— SM VZ — Vbb x 10- - i

- :

10° DR ’

_a?; 1.5 __I 1 | LI | LI | LI | T T | LI | LI | LI | T T | T I__ _O' 1.5 — | T T T 1 |_;_I T | T T LI | T 4;| T | T | —

C ] () NN ~ 13

Y M&»ﬁm X N 9= il i

% 1 : A E % 1 N \\\i\\rh NN |

CDU 05 e e v b b b b v b v b o Ly g -'(_U‘ 05 _—| oo b b v b b o by ag 1 I_?_. L —
-1 -08 06-04-02 0 02 04 06 08 1 = 40 60 80 100 120 140 160 180 200
BDT,, output m,, [GeV]
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Cross-checks: Results with 36 fb-

gj). 8 : T T | T T T T T + data —

S 10" ATLAS B VZ — Vbb (u=1. 11)E

2 gL s=13TeV,36.1 10" =‘\',V,:N 4

o = tt 3

AT o 0+1+2 leptons mm Single top =

1008 2+3 jets, 2 b-tags Multijet E

5 - ’ B W+(bb,bc,cc,bl) -

10 m Wecl =

W+l 3

10% Bl Z+(bb,bc,cc,bl)

 Z+cl 3

s Z+Il i

10 E

10 E

10 =

! E

= 10: | I I ™
© C
3 5

n=:_’ ) o S A B

—2.5 —2 -1.5 -1 -0.5 0 0.5
Iog10(S/B)

> Signal strength
0.22
pvz = 1.1115 71 (stat.) 7o g (syst.)

» Expected significance: 5.30

» Observed significance: 5.80

N— __/
4

VZ,Z — bb
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12 ATLAS —e— Data
- {s=13TeV,36.1fb" B VH - Vbb (1=1.30)-
~ o Diboson

10 0+1+2 leptons
2+3 jets, 2 b-tags
Weighted by S/B

Uncertainty

Dijet mass analysis

III"III

o
T 14T T 1

—2_l|III|III|III|III|III|III|III|III||_

40 60 80 100 120 140 160 180 200
m,, [GeV]

Events / 10 GeV (Weighted, backgr. sub.)
N

» Signal strength
i = 1304025 (stat)* 03 (syst.)

» Expected significance: 2.80
» Observed significance: 3.50

N— __

4

VH, H - bb
Dijet mass



Impact of systematic uncertainties on vH

Source of uncertainty oy
Total 0.39
Statistical 0.24
Systematic 0.31
Experimental uncertainties
Jets 0.03
Exiss 0.03
Leptons 001 > Dominant effects:
b-jets 0.09 7 > Signal Modelling
b-tagging c-jets 0.04 i
light jets 0.04 » Background Modelling
extrapolation 0.01 y _
> W+jet
Pile-up 0.01 :
Luminosity 0.04 g Slngle top Wt
Theoretical and modelling uncertainties > Z+jets
Signal 0.17 < _
> {t
: s \
El(ft;;gs normalisations 88; » b-tagging calibration
W + jets 0.07 » Limited Monte Carlo statistics
tt 0.07 .
Single top quark 0.08
Diboson 0.02
Multi-jet 0.02 y

MC statistical 0.13 < 50




VH, H = bb results with 36 fb-

IIIIIIIII|IIII|IIIIIIIII|III‘I|IIII|IIII|IIII LfN) :" IlIDI'll:II ":

ATLAS VH, H(bb)  1s=13TeV,36.1 1" | 5 10°5 arpas == VH > Vbb (4=1.20)F

—Total  —Stat 2 4o’k 15=13Tev 36110 == Diboson ?:

0 s Single t =

(Tot.) (Stat,Syst.)| & ,gsf. 0+1+2leptons = multijet © -

5 +0.68 ,+0.40 +0.55 2+3 Jets, 2 b-tags =Wig?b’bc’cc’bl) 3

WH - ke—d 1.35 50 (Z03s > 045 ) 10° Wl =

é mm Z+(bb,bc,cc,bl) S

10* mm Z+cl —

Z+ll =

7H P 119 +050 (4034 4037 10° 5

- -0.45 (2033 1 -030 ) , -

: 10 =

"""" 10 -

Comb. % P 1.20 *042 (1024 4034 1 :
: - ~0.36 \-0.235-0.28

IIIliIIIIIIII|IIII[IIII|IIII|IIII|IIII|IIII

_1 O 1 2 3 4 5 6 7 8 :c_s? 5:_| | L | 1T 1T 1 | 1T 1771 | 1T 1T 1 | 17T 1T 1 | T T I 1T T 1 | L I_:

Best fit u® form =125 GeV & bctempprbitgn ... T :

VH H 5 :I 1 1 1 | 111 1 | | I I | | | I I | | 111 1 | | I T | | | I I | | 1 1 1 I:

- 35 3 25 —2 15 -1 -05 0 05
log. (S/B)
10
2 signal strengths ( p wH, M zH) and > Expected significance: 3.00
the inclusive signal strength p vu > Observed significance: 3.50
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Updates in the "Observation” Analysis

Source of uncertainty oy Source of uncertainty oy
Total 0.39 Total 0.259
Statistical 0.24 Statistical 0.161
Systematic 0.31 Systematic 0.203
Experimental uncertainties Experimental uncertainties
Jets 0.03 Jets 0.035
Emiss 0.03 Eiss 0.014
Leptons 0.01 Leptons 0.009
b-jets 0.09 b-jets 0.061
b-tagging c-jets 0.04 b-tagging c-jets 0.042
light jets 0.04 light jets 0.009
extrapolation 0.01 extrapolation 0.008
Pile-up 0.01 Pile-up 0.007
Luminosity 0.04 Luminosity 0.023
Theoretical and modelling uncertainties Theoretical and modelling uncertainties
Signal 0.17 Signal 0.094
Floating normalisations 0.07 Floating normalisations 0.035
Z + jets 0.07 Z + jets 0.055
W + jets 0.07 W + jets 0.060
tt 0.07 tt 0.050
Single top quark 0.08 Single top quark 0.028
Diboson 0.02 Diboson 0.054
Multi-jet 0.02 Multi-jet 0.005
MC statistical 0.13 MC statistical 0.070

“Evidence” Analysis

“Observation” Analysis
24

» Main updates from “evidence”:
> More data: 80 fb-1 vs. 36 fb-
» Larger MC samples
» Improved reconstruction
algorithms
> Better evaluation of
systematic uncertainties

\ J
'

Lead to a more accurate measurement

Reduction
[%]

Signal Modelling 45
Bkg. Modelling max 65

Uncertainty

b-tagging (b-jets) 32

MC stat. 46
Systematics 35
Statistical 33
Total 34




VH. H = bb results with 80 fb-

g 106§_A TLAS ;\?ﬁt,aH > bb (u=1.16)
£ 105: (s =13 TeV, 79.8 fo” =tz§i"gt'et°'° ] Signal strength
AT =ptan +jets =
= ultije - 2 .
- SE | ewe= 10833 star) B syt
104 Inoson _
E +0.23 +0.23
: puzu = 1.207555(stat.) Zg 5 (syst.)
10° =
E +0.16 +0.21
; pve = 1167 6(stat.) Ty 1g(syst.)
10° =
> Expected significance: 4.3 o
» Observed significance: 4.9 ¢

Combination with Run-1 Analysis:

+0.24 +0.29
(correlate signal theory and b-jets) pwa = 1.08%y 55 (stat.) Ty 57 (syst.)

pzn = 0927535 (stat.) g7 (syst.)

pve = 09877 13 (stat.) g4 (syst.)

> Expected significance: 5.1 ¢
> Observed significance: 4.9 o

25



Observation of H = bb decay and VH production

Combination
of production modes
with cross sections
predicted by SM

Combination
of decay modes
with branching ratios
predicted by SM

T T T T | T T T T | T T T T | T T T | T T T T | T T T T | T T T T
ATLAS H—bb \s=7 TeV, 8 TeV, and 13 TeV
4.7 o' 20.3 fb, and 24.5-79.8 fb™’
— Total Stat.
(Tot.) (Stat., Syst.)
VBF+ggF F ° - 1.68 f11_'11§ (00 o5 )
ttH|  p————i 1.00 "0 (o5 Toue
VH e 0.98 *022 (1914 01T
Comb. Fod 1.01 fgﬁg :“8}3 ; fSJS
1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 1 | 1
0 1 2 3 4 6 7
uH—)bb
IIIIIIIIIIIIIIII |IIIIIIII|IIII|IIIIIIIIIIII
ATLAS VH \s=13 TeV, 79.8 fb™
— Total — Stat.
(Tot.) ( Stat., Syst.)
H— ZZ |} o 1 094 00 (Coss. Tora
H— vy b 1.03 *05 (Y050 o )
H— bb oo 117 %53 (%165 Jo10 )
Comb. H-o-H 1.13 13;23 (f811§’ : fg:? )
| T | | IIIIIIIIIIIIIIII | IIIIIIIIIIIIIIIIIIII
O 05 1 1 5 2 2.5 3 3. 5 4 4, 5 5
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l'LVH

» Exp. significance = 5.50
» Obs. significance = 5.40
»H — bb observed

> Exp. significance = 4.80
> Obs. significance = 5.30
> VH observed



Observation of H = bb decay by CMS

» Main differences from ATLAS analysis PRL 121 (2018) 121801

> SR and CR divided by the m; <517 (7 TeV) +<19.8 b (8 TeV) + < 77.2 b (13 TeV)

» OL SR 60 < m;jj <160 GeV CMS e Observed
— +1o (stat @ syst)
> Deep Neural Network (DNN) used : stat  syst
: : F E —————— 2 80 + 2.08 + 1.30
» SR: score as the fit variable 9 '
> CR mUItiCIaSSiﬂer defineS the VBF :— 253+098 +1.17
background categories |
.37 (13 TeV) ttH | — 0.85 + 0.23 + 0.37
2 20007 CMS ¢ Data I WHbb |
5 Supplementary ey — T WH ~ .- 1.24 +0.29 + 0.24
" 0-lepton, Z+bb enr. [ W-+udscg |:|Z+b5 '
[1Z+b [ Z+udscg !
2000~ M I VV+HF ZH -o- 0.88 + 0.24 + 0.16
[ VV+LF [l Single top '

XK MC uncertainty

| »mbined - 1.04 +0.14+0.14
1000 v b b b b b b b
i 0 1 2 3 4 5 6 7 8 9
Best fit 1
o 0 > EXp. significance = 5.60
X 1.057 . .
S > Obs. significance = 5.50
S 095 > H — bb observed by CMS

V+bb tt V+LF  V4b Top
27
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* Future prospects

* VVH simplified template cross section (STXS) measurement

submitted to JHEP
28 arXiv:1903.04618



VH stage-1 STXS measurement with H = bb

» Template XS instead of inclusive signal strength VH
» Same analysis strategy:
» Classification for the events
> Same discriminant variables for fit . wH | __zH ]
» Signal theory uncertainties re-evaluated ST SxTa—
_ ' pr [0, H)[] N pr [0, m[]
» Two templates defined: ‘ ~
» 3 XS denoted as 3-POl in the following pY. (75, 150] {pY. [75,150(
» 5 XS denoted as 5-POl in the following . —
. —{pr [150, 00 —|Pr [150,00[]
(%f’n 8 I ATLAS Simulation .
«x 3.5 --- T,y =0.004 -
c% IR C,z =0.024 . VH
& 3 —Cy- Ts=0.008 -
~~ - — Ed = 0-5 7
8, cf : ;
@ 2.50 | o e . WH ] . zH ]
X T : ] ) )
& 2- A E {p¥. [0.75() {pY. [0.75(
1.5F | p=rasss (V175 150() V[
S . . \Pr [75,150() pr [75,150]
1- e . (Vv - V[ -
- : . ' pye (150,250 " pye [150, 250
~ WHohbb ZH-(lww)bb 2 ] i ]
0.5 , , _
150, PMo 75z 150 2o — p¥. [250, 00| — p¥. [250, 0o
0 50 0 <75 < SOG LT ) Tl
r\'250G o, OGey, 7 0 Ge VTVQSOG oy OV
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Expected signal yield in each SR

250

cross section [fb]

200
150
100

50

0-lep,3-jet,p.">150 GeV,SR
0-lep,2-jet,p.">150 GeV,SR
2-lep>3-jet,p">150 GeV,SR
2-lep,2-jet,p, >150 GeV,SR
2-lep,>3-jet,75<p, <150 GeV,SR
2-lep,2-jet,75<p, <150 GeV,SR

1-lep,3-jet,p.">150 GeV,SR

I1-lep.2-jet,p. ">150 GeV,SR|

- ATLAS Simulation Internal
- T8
- l S l Iw
WH”OTW< 15 " <pWWH’er>250 ZIk/lprz<75(32/~/, s ol - 750",02 ZH,DTX?SO
Ge), T <250Ge[/ Ge|, el T 750Ge|/ r<250GeV
ATLAS Simulation Vs=13 TeV
137 | 1164 | 677 7.06 | 5254 | 20.57 .
1.08 | 1139 | 7.25 570 | 52.56 : 22.01 | —
162 | 73.42 2487 | —
2244 |
8.34 | 59.02 | 29.67 091 | —

» XS for template bins predicted by SM

» Signal with different ptV survived mainly
in the corresponding pTYr region

» Small migration with ptV to ptVr due to
the resolution

> ptvV 150-250 and >250 survived in the
same region ptV%r >150

» Separated by BDT classifier
( pT¥r used in training )

Gel,

100 '_o' >0.35_| T T | T TT I T T | T TT | T | T TT rTT TTT T'TT T T I_
SR - o ]

0 = 5 - ATLAS Simulation -
.9 (@) 03_ vg =13 TeV = Total Signal —

80 o ; - ¥ < 250 GeV
E P 7 lepton, 2 jets, 2 b-tags =r

70 “_(; Q2 0-25‘|p¥”215OGeV ‘ pY > 250 GeV -
© . v

60 83 e - = All background H
%) S 0.2F ]

50 Z _I—|_ ]
40 0.15F b
30 - ’
0.1+ I -

2 - r — -
° : L
0.05[- - _I_I_ 1| .

B __.-"I L

O_ |=|= ||||||||||||||||||||||||||-|—=—__

-1 -0.8-06-04-0.2 0 0.2 04 0.6 0.8 1

BDT,,, output



Measurement of 5XS

» Theory prediction uncertainty on XS of measure bins removed
» Systematics from high-granularity regions merged to 5-POI
» 5-POI ( each XS normalised to SM prediction ) simultaneous measured

T T T 1 ;_\ —_ - =
ZH, 75 < p\T/ <150 GeV - ATLAS I08 Z(: é = ATLAS 1 VH, H-bb, V—leptons cross-sections: ]
Vs =13 TeV, 79.8 fb'1 1Mo 6 [a% .8 , L Vs=13TeV, 79.8 fb" :;)'\t;lserved 51?12;,”;:8@. unc. |
) VH, H > bb ' @ 10 E E
ZH, 150 < p! < 250 GeV —0.4 Xp - V=W : V=Z 3
— — —0.2 ™ el ; N
Strong anti-correlation 2 o250 Gov | 0,01 o o 0 - —I—
pTV |n [1 50,250] — — —-0.2 10 ;_ | E B I I _;
ptV > 250 WH, 150 <pY<250GeV | 0.02  -0.07  0.12 0.4 | £ 1 =
- 0.6 = 5 R
WH, p¥>250 GeV 0.08 -0.16 -0. -0.8 :g 21 I I I I T
1 I -1 § 0j- ' -
Z/‘/, Z/‘/, ZH, v W 7 W , bV W TW; % <HZ <> Tz_s
75%* 75;55:;:‘3;;:? szsovp r”fegf;;:io Geyy 750%7 T9500(3;50 Gey i <%0 50 pr<950l; %90 e,
Measurement region SM prediction Result Stat. Unc. Syst. Unc. [fb]
(|yu| < 2.5, H — bb) [fb] [fb] [fb] Th. Sig. Th. Bkg.  Exp.
W — v, 150 < p‘T/ < 250 GeV 2400 + 106 | 199 + 250 |+ 173 |+ 16|+ 132 |+ 94
W — 1y, p¥ > 250 GeV 708 + 034 | 88 + 52|+ 44 |1+ 05|+ 25|+ 09
Z - 1l,vv,75 < p¥ < 150GeV | 50.61 + 4.09 | 805 + 452 |+ 347 |+ 101 | £+ 208 |+ 193
Z —1l,vy,150 < p‘T/ <250GeV | 1880 + 237|137 + 127 |+ 106 |+ 14 |+ 6.1 |+ 33
Z — vy, p‘T/ > 250 GeV 48 + 050 85 + 40| + 371+ 08 | £ 1.2 |+ 0.6

» Most of measurement limited by statistics
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Measurement of 3XS

. 1 s
ATLAS 0.8 X
Vs = 13 TeV, 79.8 ib™ 0.6 <

VH, H — bb

ZH, 75 < p¥ <150 GeV

ZH, p¥ > 150 GeV

WH, p¥ > 150 GeV

> No strong correlation observed

Measurement region SM prediction Result Stat. Unc. Syst. Unc. [fb]

(lyu| < 2.5, H — bb) [fb] [fb] [fb] Th. Sig. Th. Bkg. Exp.
W — Iy, p¥ > 150 GeV 31.08 + 137|345 + 140 | = 921+ 18|+ 85|+ 43
Z - 1lvv,75 < p¥ <150GeV | 50.61 + 409 [80.5 + 450 |+ 345 |+ 100+ 209 | £ 19.2
Z — 1l vy, p‘T/ > 150 GeV 2365 + 297|284 + 8.1 |+ 64|  + 24|+ 36|+ 23
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EFT Interpretation

» Beyond Standard Model ( BSM ) prediction constrained by the STXS measurement

» Effective Field Theory (EFT) parametrising the effects from BSM
6 6 2
» Leading effect on BSM from Dimension 6 operators Lerr = Lsm + Zcf )Of |A?

» Focus on four operators affecting Higgs interaction with W ( Onw, Ow) and Z ( all four)
Opw =i(D'H)' o (D"H) W,

Ong =i (D*H)' (D'H)B,,. Dimensionless coefficients
2 2 2 2
_ i t _a iy VIra m CHW m CHB m CW m CB
Ow_z(HO-DyH)DW/“” cHW = L4 > cHB = \iV 5 CWW = W FGE Cb = W—z,
. g A g A g A g’ A
Op =% (H*D#H) DBy,
> ' ' OEFT - -
The impact on the XS include =T [ + Z A+ Z BiiCic;
> Interference between SM and BSM ( linear terms) SM i i]
> BSM Only ( quadratiC terms ) Cross section region Zij B;jcic;
- - . 7 — Hiv (150 < pY < 250) GeV | 839cHW? + 1555cWW? + cHW(900cWW
» Relationship between 5 XS and coefficients 44 = HIv (130 < py < 230) GeV | SIOCH + 1355¢” + cHIGO0C)
qq — Hlv (py = 250) GeV 14000cHW? + 16000cWW? + cHW(30000cHW)
Cross section region Y. Aic qq — HII (75 < pY < 150) GeV | 85cHW? + 400cWW* + 8cHB? + 35¢B?
_ v +cHW(150cWW + 20cHB + 42cB)
qq — Hlv (150 < p3. < 250) GeV | 50cHW + 74cWW +CEB(4ACHW + 12CB) + CBH(140CE)
p Vv
qq — Hlv (pp = 250) GeV I70cHW + 200cWW g4 — HIL (150 < pY < 250) GeV | 462CHW? + 982CHW? + 41CHB? + 86CB?
qq — HII (75 < p¥ < 150) GeV 13cHW + 38cWW + 3.9cHB + 10.5cB +CHW(1255CWW + 277cHB + 358¢cB)
qq — HII (150 < p‘T/ < 250) GeV | 37cHW + 61cWW + 11cHB + 18cB +CcHB(373cWW + 105¢B) + cWW(587¢B)
7 — \'%4 2 2 2 2
4G — Hil (P‘T/ > 250) GeV 130CHM + 150CH + 38CHB + 46cB qq — HIl (pY > 250) GeV 8000cHW? + 9600cWW? + 720cHB? + 850cB
+cHW(17000cWW + 4800cHB + 5100cB)
+cHB(5100cWW + 1500cB) + cWW(5700cB)
Strongly Interacting Light Higgs formulation 33

“Higgs Effective Lagrangian” implementation



5-POIl — coefficients

. . B o J L EL B B e - B s e B e e e e B B e e e e B e B e e B B
» Strong constrain on S = cWW + cB from precise 2 tamas| i VHHobb _1 e
electroweak data, S assumed as 0 S5k : (s=13Tev, 70.8 6 -
C B ]
> Thus constrain set on the coefficients: cHW, cHB, < =Bpedies N
cWW-cB - 20 4
. . . . 1.5 —
> 5-POI parametrised with the above coefficients in . ]
linear and quadrature terms = -
> Maximum likelihood fits with POIs as cHW, cHB, S N S S W Y S =
cWW-cB . ’ ’
. ] . 0_. Lo by b by L Pl i
> One-dimensional fit performed 0025 -0.02 ~0.015 -0.01 ~0.005 0 >
CHW
4 S N - B B B BN WA . & STy r T T LT .
CATLAS VH. H—s bb : ] (&) -ATLAS | : VH, H— bb .
© r : (s=13 TeV, 79.8 fb" N ' C : (s=13 TeV, 79.8 fb” ]
- 25 J =25 : -
£ T ] < b i
< ZT‘E’ESSQSS e T o N
E 2o _ g B 20 7
1.5 - 1.5 3
1 - it -
| W SN AU, V- S - 0.5p======s=-mmccenemeaeeaas e bl LEEETE —]
N 1o B _
0:|...|...|. ST C b b N .
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 O 0.02 0.04 —8.05 -0.04 -0.03 -0.02 -0.01 0 0.02

Cig
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Constrains on coefficients

Coefhicient Expected interval Observed interval
Results at 68% confidence level
CHW [—0.003, 0.002] [—0.001, 0.004]
(interference only  [—-0.002, 0.003] [—0.001, 0.005])
“éwg [—-0.066, 0.013]  [-0.078, —0.055] | [0.005, 0.019]
(interference only  [-0.016, 0.016] [—0.005, 0.030])
ew—-¢g | [-0.006,0.005] | [-0.002,0.007]
(interference only  [—0.005, 0.005] [—0.002, 0.008])
e [-1.5,03] | [-1.6,-0.9] U [-0.3,0.4]
(interference only [—0.4, 0.4] [—-0.2, 0.7])

Results at 95% confidence level

CHW
(interference only

(interference only

[-0.018, 0.004] [-0.019,-0.010] U [-0.005, 0.006]

[-0.005, 0.005] [-0.003, 0.008])

[-0.078,0.024] | [-0.090,0.032]

[-0.033, 0.033] [-0.022, 0.049])

[-0.034,0.008]  [-0.036,-0.024] |J [-0.009, 0.010]

[-0.009, 0.010] [-0.006, 0.014])

- [-1.7,051 [-1.9,071
(0.8, 0.8] [-0.6, 1.1])

> The 68% and 95% confidence level intervals obtained from 1-D scan
> Currently, no results to have a fair comparison with
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Conclusion

e Standard Model (SM) Higgs Boson

e Search for H = bb at colliders
e LHC and ATLAS
e Search for VH, H = bb production with ATLAS data
e Evidence of VH, H = bb production with 36 fb-1 JHEP 12 (2017) 024
e Observation of H = bb decays and VH production with 80 fb-1
PLB 786 (2018) 59

* Future prospects

* VVH simplified template cross section (STXS) measurement

submitted to JHEP
36 arXiv:1903.04618






Standard Model (SM) of particle physics

Standard Model of Elementary Particles

three generations of matter
(fermions)

A renormalisable quantum field | 1 1l
theory based on the Iocal gauge mass || =2.2 MeV/c2 =1.28 GeV/c? ~173.1 GeV/c? ~125.09 GeV/c?
invariance under the charge §2/3 . 43 ‘ g H

spin |{1/2 1/2 1/2 y
SUB)xSU((2)xU(1) group w charm I gluon Higgs

- o o

> Matter is made of fermions y [ =47 mevi? =95 Mev/c ~4.18 Gev/c’ 0
(spin 1/2) SHRE 173 /3 0
) 1/2 1/2 1/2 |1 ‘
> quarks | » ;
> Ieptons own w strange l ottom photon
~0.511 MeV/c? =105.66 MeV/c ~1.7768 GeV/c? ~91.19 GeV/c? -

> Forces are carried by the 1 1

0
gauge bosons (spin 1) 12 e/ 12 I'L‘ Y2 E " ‘
electron muon tau Z boson

> The Higgs boson is

GAUGE BOSONS

) . N <2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c?
responsible for the particle = | 0 . o |
O V, V V
Masses f 12 = 1/2 l-l | 1/2 } 1 w
& ‘ electron muon tau W boson
1 neutrino J neutrino j neutrino
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HIggs boson theory

» Explicit mass terms of fermions and bosons in the SM Lagrangian are not gauge invariant
> Introducing in the Lagrangian a scalar field with non trivial vacuum can solve this problem:

High Energy P—
Symmetric \
Local maxima { )

No mass

. 1 (ot . T
field ¢=—+= ¢0 potential V(¢) = u?¢Tdp+A(o'0)% : \ o
V2 \¢ |
v = vacuum expectation value of field ¢ \ SR

> After spontaneous symmetry breaking, vector bosons acquire masses

%a“Ha“H +pfH? — \H? — 21{4

2,2 2 12\ ,,2

gt o 1(g*+g*)v

L T v

1
2 1 2 2\, | i deeea
D R el )UZ“Z“H —
2 K 2 2 m?
2+ g2 ) gHVV = TV v
Z,Z"H*.

mass terms <« +

>
1
SWIW I 4

i 2 4

> Gauge invariant and renormalisable Yukawa extra terms my f

Lyvukawa = y(lxﬂl_}al gH —I—ygﬂQaDﬂH +ygﬂQaU5f~I + hermitian conjugate —mm™  ______
give rise to fermion mass terms as well fermion-Higgs couplings
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Signal background generators

Process ME generator ME PDF PS and UE model  Cross-section
Hadronisation tune order
Signal
qq - WH PoOwHEG-BoOX v2 [38] + NNPDF3.0NLO™) [39] PyTHIA8.212 [32] AZNLO [40] NNLO(QCD)+
— Lubb GOSAM [41] + MINLO [42, 43] NLO(EW) [44-50]
qq — ZH POWHEG-BOX V2 + NNPDF3.0NLO™) PYTHIAS.212 AZNLO NNLO(QCD) ™)+
— vwbb/lbb GoSAM + MINLO NLO(EW)
g9 — ZH POWHEG-BoOX v2 NNPDF3.0NLO™) PyTHIAS8.212 AZNLO NLO+
— vwbb/Lebb NLL [51-55]
Top quark
tt POWHEG-BoOX v2 [56] NNPDF3.0NLO PYTHIAS.212 Al4 [57) NNLO+NNLL [58]
s-channel PowHEG-Box v1 [59] CT10 [60] PyYTHIAG.428 [61] P2012 [62] NLO [63]
t-channel POowHEG-Box v1 [59] CT10f4 PYTHIAG.428 P2012 NLO [64]
Wit PowHEG-BoxX v1 [65] CT10 PYTHIAG.428 P2012 NLO [66]
Vector boson + jets
W — v SHERPA 2.2.1 35, 67, 68| NNPDF3.0NNLO SHERPA 2.2.1 [69, 70] Default NNLO [71]
Z|y* — SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Z — vv SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Diboson
WWwW SHERPA 2.1.1 CT10 SHERPA 2.1.1 Default NLO
WZ SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
VA SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO

Table 1. The generators used for the simulation of the signal and background processes. If
not specified, the order of the cross-section calculation refers to the expansion in the strong cou-
pling constant (ag). The acronyms ME, PS and UE stand for matrix element, parton shower
and underlying event, respectively. (x) The events were generated using the first PDF in the
NNPDF3.0NLO set and subsequently reweighted to PDFALHC15NLO set [37] using the internal
algorithm in POWHEG-Box v2. (1) The NNLO(QCD)+NLO(EW) cross-section calculation for the
pp — Z H process already includes the gg — ZH contribution. The q¢ — ZH process is normalised
using the NNLO(QCD)+NLO(EW) cross-section for the pp — ZH process, after subtracting the
g9 — Z H contribution.



Entries

Obs / Bkg

Post fit plots for CMS VHbD

10°

10°

104;

41.3 o' (13 TeV)

E CMS ¢ Data [ ggzHob

:  Supplementary Il ZHob VV+HF

£ | 24, Highp_ Z+bb Z+b

L ] Z+udscg B it

i B VV+LF B Single top
X¥% S+B uncertainty — VH,H—bb

41

0.8 1
DNN output






Simplified Template Cross Section (STXS)

» XS for Higgs boson production measured in template bins
» Defined with kinematic properties of the Higgs boson production

» Maximising the experimental sensitivity

» Minimizing the dependence on the theory uncertainties
> The region with high sensitivity to BSM isolated

(EWqqH)

(H + leptonic V)

Stage-0

» Split by production mode
» Measured with 36.1 fb-1 of data
ATLAS-CONF-2018-018 (H = ZZ* —» 4 7))

ATLAS-CONF-2018-031 (H — yy)

I [verd [ve | D [ on | [
Run1-like
( ) > qqg > WH
—~[_veF |
»qf - ZH
—[H+ had. V]
—[99 > 2H |
VH (H + leptonic V)
| !
91— VH [ 99— 2zH ]
[
[ |
W — v (+) Z — 0+ vi
>[ ¥ [0, 150] > pY [0, 150] [ p¥ [0,150] |
py [150, 250] py [150, 250] py [150, 0o]
= 0-jet = 0-jet _
(+) (+) (+)
> 1-jet > 1-jet
> pY [250, co] > pY [250, 0]

43

Stage-1 (for VH)
> Further split into 11 regions according to
» Production mode (gqVH / ggZH )
» Number of jets (not from Higgs decay)
> pTV
> Only |yHiggs| < 2.5 measured (detector acc.)
» H = bb decay mode chosen for the sake of
sensitivity
» Thus ICHEP VH, H — bb analysis as a good
choice as the fundament of the
measurement



Simplified Template Cross Section (STXS)

0-lep,3-jet,p, ">150 GeV,SR
0-lep,2-jet,p, ">150 GeV,SR
2-lep,23-jet,p. '>150 GeV,SR
2-lep,2-jet,p,">150 GeV,SR
2-lep,23-jet,75<p, '<150 GeV,SR
2-Iep,2-jet,75<p\T/’r<1 50 GeV,SR
1-Iep,3-jet,p\T/’r>1 50 GeV,SR

1-lep,2-jet,p.">150 GeV,SR

ATLAS Simulation

\/§=13TeV7

066 | 1.29 . 0.19
. o0e4 139 015
- ——
I N S .. o
U SN SR I R

Acceptance x efficiency [%]



Theory Systematics

> The systematics kept same as “ICHEP” VH,
H — bb analysis except the signal
systematics

» The signal systematics re-evaluated for:

» Factorisation and renormalisation QCD
scale uncertainties

» PDF and alphaS variations

» PS and UE uncertainties

v
Pr

» The scheme decided from the
interaction with theorist

» Details openly discussed in a PUB
note ( LHCHiggsXS WG )

» Evaluated for the high-granularity regions
to have the best flexibility (for need in
future)

» Merged into 3-POI or 5-POI template bins
for the practical measurement

ATL-PHYS-PUB-2018-035
45


https://cds.cern.ch/record/2646305/files/ATL-COM-PHYS-2018-1530.pdf
https://cds.cern.ch/record/2646305/files/ATL-COM-PHYS-2018-1530.pdf

QCD scale uncertainties
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- o]

computations (YR4) 0: | ; =

I
Ytot  Y[75,00]  Y[150,00] Y[250,00]  Y[400,c0]
XS above the ptV boundary

> Uncertainty for the missing higher-order terms in the QCD perturbative expansion
> ICHEP inclusive measurement accounts the overall impact on XS
> Besides the overall impact, the migration effects should be considered for STXS template
> Varying ( Ur , HF ) to evaluate
> maximum relative uncertainties ( 8[pt1V,o¢] ) on y[pTV,o]
> maximum relative uncertainties on the XS for the jet multiplicity bin in each ptV bin
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https://e-publishing.cern.ch/index.php/CYRM/issue/view/32

Parametrisation of the QCD impact on migration

» Performed following the StewartTackmann method

» Parametrisation ( A ) accounts for the migration across ptVv

» Opposite impact of A for on signal below / above ptV¥ boundary

sum 00,75 | 075,150 | 150,250 | 7250,400 | T400,00
Overall | overall XS unc. +
Ars 0 —
Ais0 0 - +
Aazs0 0 -
A 400 0 - +

» Performed from low ptV boundary to high boundary

> Effect from lower subtracted ( §[150,] already covered by 75, )

» otherwise overestimation exists

» subtract by multiplying a correction factor (K =0.5)

A75 = Y[75,00] X 0[75,c0]

A150 = Y[150,00] X 5[150,00] X K

A250 = Y[250,00] X 0[250,00] X K

A400 = Y[400,00] X 0[400,00] X K
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https://arxiv.org/pdf/1107.2117.pdf

Migration impact in each ptV bin
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%
pt [400, cof +A75/0(75 0o | +A150/0150,00] | T8250/0250,00] | +2400/9[400, 0]
p¥ bin [GeV] Azs A1s Aos D400

pt [0, 75| -A75/070.75] 0 0 0

p7 [75, 150 +A75/0(75 00| -A150/ 0775 150] 0 0
py [150, 250[ || +A75/0775, 00] | TA150/7150,00 | D250/ (150 2500 0

p¥ [250, 400]

+A75/0[75 . oo
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+2400/ 97400, 00|

Two schemes for implementation of impact from A

» Impact on relative uncertainty on ¢ (XS) above ptV boundary anti-correlated with:

» all o below ptV boundary (scheme-1, used for circulation)

> bin of ptV just lower than the boundary (scheme-2)
» Tiny difference on the results between two schemes ( Milene’s talk )
Agreed upon to change to scheme-2 during circulation
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https://indico.cern.ch/event/775145/contributions/3221666/attachments/1755486/2846051/QCD_scale_ptv_Delta2_update.pdf

Relative variations

» Uncertainties from the choice of the PDF and alphaS
» [CHEP inclusive measurement: 30 PDF4LHC15 + 2 alphaS weight variation enveloped
» STXS:

» each of 30 PDF variations as an individual uncertainty

> one uncertainty accounts for the alphaS

» 31 uncertainties evaluated in each of high-granularity regions

» The impacts are small ( < 2% for ggWH )

PDF and alphaS variation
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Parton Shower / Underlying Events uncertainty

» Inclusive measurement in ICHEP
» STXS:
» individual uncertainties for 4 Pythia-8 AZNLO tunes
> one dedicated uncertainty for the difference between Pythia-8 and Herwig-7
» uncertainty on the acceptance evaluated in each STXS bin
> fully correlated across all STXS bins
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