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The Brout-Englert-Higgs Mechanism

Figure from Philip Tanedo

m Introduce a complex scalar SU(2) doublet ¢ to the SM (4 d.o.f.)

m If potential V(¢) has a non-zero VEV, the EW symmetry is spontaneously broken
m Leads to Goldstone bosons (3 d.o.f.) which mix with W* and Z fields

m Provides gauge invariant mass terms (and long. pol.) to the W= and Z v
m Predicts the fourth d.o.f. should manifest as a scalar “Higgs” boson!

In 2012 a particle with a mass of 125 GeV, consistent with the
SM Higgs boson, was discovered by ATLAS and CMS




Fermion masses in the Standard Model

“Yukawa” couplings between the Higgs (¢) and fermion () fields are possible:

£fermion = —Yyr- [&Lgwa + 1ZR¢?¢L:|
If V(¢) has a non-zero VEV, expansion leads to (h is the physical Higgs field):

L fermion = — Ay 1/_)77[} - . /”Z¢

V2 V2
| M —
mass term Yukawa coupling term

Results in Higgs—fermion coupling proportional to the fermion mass (gy; = mf/v)

m Gauge invariant fermion mass terms in SM v/

m yr “predicted” in SM given knowledge of v and
my (v = 246 GeV from EW observables) v/

m Offers no fundamental insight into the
observed fermion mass hierarchy X

While Yukawa couplings provide concrete predictions for Hff interactions, they fail
to describe the origin of the fermion mass hierarchy i.e. why is m;/m. ~ ©O(10°)!?

Physics beyond the SM is clearly required to explain the fermion mass hierarchy!



The ATLAS Detector at the LHC

General purpose detector, ideal tool (by design) to study the 125 GeV Higgs boson

44m

LAr hadronic end-cap and

Toroid magnets / | LAr electromagnetic calorimeters

Pixels
Muon chambers Solenoid magnet | Transition radiafion fracker

Semiconductor fracker

Inner Detector (ID): Silicon Pixels and Strips (SCT) with Transition Radiation
Tracker (TRT) |n| < 2.5 and (new for Run 2) Insertable B-Layer (IBL)

LAr EM Calorimeter: Highly granular 4+ longitudinally segmented (3-4 layers)
Had. Calorimeter: Plastic scintillator tiles with iron absorber (LAr in fwd. region)
Muon Spectrometer (MS): Triggering |n| < 2.4 and Precision Tracking || < 2.7
Jet Energy Resolution: Typically o¢/E ~ 50%//E( GeV) @ 3%

Track IP Resolution: o4, ~ 60 pm and o, ~ 140 pm for pr = 1 GeV (with IBL)




Status of ATLAS experiment in 2018

54

ATLAS operated very successfully during the 2018 run! “Run 2” is now complete!
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m Over 60 fb™! of pp collisions recorded in
2018, most productive year of Run 2...
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Run: 338220
Event: 2718372349
2017-10-15 00:50:49 CEST

Two candidate Z — pt ™ decays originating from independent
pp interaction vertices associated with the same beam-crossing




asurements of My (arxiv:1806.00242)

Latest combined measurement in H — 4¢ and H — ~~ channels, based on
36 fb—! of 13 TeV data and updated energy/momentum scale calibrations

- H s s L s e s s B
m Per-event method use'd in H— 4¢ ATLAS Tolal 1 Stat only
case, cross-checked with template R 115 - 78TV, 251’ Aun 2: 513 oV, 3.1 15" Toul  (stat only)
method Run1H—4l  ———n 124.51+0.52 ( +0.52) GeV
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2017 result (ATLAS-CONF-2017-046), NOW 123 124 125 126 127 128
. m,, [GeV,
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Source Systematic uncertainty in my [MeV]
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EM calorimet: wer intercalibration 55
Z — ee calibration 45
my = 12497 :l: 024 GeV ID material 45
Lateral shower shape 40
Muon momentum scale 20
. . . . . Conversion reconstruction 20
H — 4/ still very statistically limited H = 77 background modelling 2
R J H — ~y vertex reconstruction 15
(bright prospects for potential Run 2 ¢/ energy resolution 15

All other systematic uncertainties 10

combination with CMS)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-33/

Ratio of on/off-shell signal strengths for gg — H — VV™* sensitive to 'y

Best direct limit from CMS 'y < 1.10 GeV at 95% CL with H — 4 (arxiv:1706.09936),
very far from SM (= 4 MeV)

Much more sensitive, though assmumes that any BSM physics would affect x, and
kz identically for on/off-shell production and not modify interference of S and B

New result with H — ZZ* — 4£(¢fvv) based on 80 fb™' 13 TeV data
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Observed (expected) upper limit of 'y < 14.4(15.2) MeV at 95% CL



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

Measurements of Higgs boson production with bosonic channels

ATLAS

EXPERIMENT

Candidate H — 2e2u event in 13 TeV data
with 25 additional reconstructed primary vertices




Measurements of Higgs boson production with bosonic channels

ATLAS

EXPERIMENT

Candidate H — 2e2u event in 13 TeV data
with 25 additional reconstructed primary vertices



Latest production measurements wi

H — ~~y (ATLAS cONF-2018-028)
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H — ~~ production measurements recently updated with 80 fb~! 13 TeV dataset

Sum of Weights / 1.0 GeV

Data - Cont. Bkg

m Wide range of inclusive and differential fiducial
(phase space —) cross section measurements

m Global signal strength still consistent with SM
1 = 1.06 £ 0.08 (stat.)
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Objects

Definition

Photons
Jets
Central jets
beicts
Leptons, £ = ¢ or 1

In| < 1.37 or 152 < || < 2.37, pi"®?/p} < 0.05

anti-k;, =04, pr>30GeV, |y <44

[yl <25

4] < 2.5, AR(jet, b-hadron) < 0.4 for b-hadrons with pr > 5 GeV.
clectrons: pr > 10GeV,  g] < 247 (excluding 1.37 < |o] < 1.52)
muons: pr > 10GeV, fy| <27

Fiducial region

Definition

0.07
0.06

Diphoton fiducial

(theo.)

Nijors measurement

Ny 22, Py > 035

Diphoton fiducial,



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

H — ~~ Differential Cross Sections: p{
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(ATLAS-CONF-2018-028)
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m 2 probability for compatiblity of data with default SM distribution® is 31%

m p! exhibits lowest compatiblity with SM expected distribution (but still very high!)

+ POWHEG NNLOPS normalised to YR4 N3LO (QCD) and NLO(EW) cross section

S


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

H — ~~ Differential Cross Sections: y (arias-conr-2018.026)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

H — ~~ Differential Cross Sections: p%Et

(ATLAS-CONF-2018-028)
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m ° probability for compatiblity of data with default SM distribution® is 88%
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
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m Multiplicity of associated b-jets, sensitive to ttH and bbH production
= probability for compatiblity of data with default SM distribution’ is 84%

+ POWHEG NNLOPS normalised to YR4 N3LO (QCD) and NLO(EW) cross section


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/

Latest measurements with H — ZZ* — 4/ (atLas-conr-2018-018)

H — ZZ* — 44 production measurements updated with 80 fb~! 13 TeV dataset,
global signal strength p = 1.19 4= 0.19 (stat.) & 0.06 (exp.)T%% (theo.)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

H — ZZ* — 4/ Differential Cross Sections (arLas-conF-2018-018)
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m Differential measurements of p! and associated jet multiplicity

m p-values for compatiblity of data with predictions reasonably low...


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-018/

Measurements of SM Higgs boson decays to bottom quarks

ATLAS

EXPERIMENT
v
/

Candidate Event:

pp—H(=bb) + Z(>vv)

Run: 339500 Event: 694513952
2017-10-30 15:41:21 CEST

Candidate pp — Z(vv)H,H — bb event in 13 TeV data




H — bb with VH associated production | (arxiv:1808.08238)

VH channel traditionally expected to be brightest hope of finding H — bb at LHC
m Search for events with 0, 1 or 2 leptons (Z — vv, W — fv and Z — ¢£) and > 2
b-tagged jets, focus on high p¥ events to suppress V + jets and tf background
m Recently updated with 80 fb~! of 13 TeV data from LHC Run 2 (2015 - 2017)

= BDT used as nominal S/B discriminant: trained with kinematic variables (e.g.
myz, PY, BRI ARy, p2 etc.) in each channel

m Eight signal regions used: (3 lepton multiplicity) x (2 jet multiplicity) + 1
additional jet multiplicity and 1 additional p¥ region for 2 lepton channel
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BDT,, output BDT,, output BOT,,, output
0 lepton (2 jets) 1 lepton (2 jets) 2 lepton (2 jets)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/

H — bb with VH associated production Il (arxiv:1808.08238)

VH, H — bb signal now very clearly visible by eye! For 13 TeV (Run 2) alone,

observed (expected) significance is 4.9(4.3)o, signal strength piyy,5 = 1.16%%%%

m Cut-based analysis (CBA) also performed as a cross-check, selection performed
using many of the same variables used in BDT

Parallel “validation” analysis of VZ(bb): pu = 1.20 4 0.08 (stat.) %1% (syst.)
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Combined log(S/B) distribution for multivariate analysis weighted by per-event S /B
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H — bb with VH associated production 1 (arxiv:1808.08238)

Large reduction in systematic uncertainties achieved w.r.t. earlier 36 fb—! Run 2
result (arxiv:1708.03299), though sensitivity still limited by systematics...

Source of uncertainty oy

m “Theory” systematics remain largest for signal Total 0.259
strength measurement, particularly signal and Statistical 0.161
Systematic 0.203

V + jets background modelling

Experimental uncertainties

m Experimental systematics dominated by Jets 0.035
b-tagging uncertainties B 0.014
Leptons 0.009
b-jets 0.061
RN R RS A A R AR RARE AR b-tagging c-jets 0.042
ATLAS VH, H- bb (s=13 TeV, 79.8 fb* light-flavour jets  0.009
—Total Stat. extrapolation 0.008
Pile-up 0.007
(Tot.) (Stat, Syst.) Luminosity 0.023
WH ———= 1.08 ;?::; (;?;; , ;?_'gf Theoretical and modelling uncertainties
Signal 0.094
4033 /4023 +0.23 Floating normalisations 0.035
ZH Hre— 120 L3 (G202 Z + jets 0.055
W + jets 0.060
""""""""""""""""""""""""""""""""""""""" tt 0.050
Comb. F-o-H 116 *027 (06 w021 Single top quark 0.028
: -0.25 -0.16 » -0.19 Diboson 0.054

PP S S I BT O B U B B Multi-iet .
005 115 2 25 3 35 4 45 5 ulti-je 0005

bb

Moy MC statistical 0.070
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Observation of H — bb decays (arxiv:1808.08238)

Combination of all ATLAS searches for H — bb decays performed, from both
Run 2 (13 TeV) and Run 1 (7/8 TeV), three production channels considered:

m VH production: 80 fb™! (13 TeV) + 20.3 fb™* (8 TeV) + 4.7 fb~! (7 TeV)

m VBF + ggH production: up to 30 fb™! (13 TeV) + 20.2 fb™! (8 TeV)
m ttH production: up to 36.1 fb™* (13 TeV) + 20.3 fb~* (8 TeV)

"ATLAS | H.bb  (E7Tev.8Tev,and13Tev

4716 20.3 1o and 24.5.79.8 fb* Observed (expected) significance
—Toal  —Stat (Tot.) (Stat, Syst.) for H — bb decay 5.4(5.5)c
VBF+ggF | pt—e—— 168 11 (U, 08) (assuming relative production
contributions from SM)
tH| g 100 9% (9% %0%)
Significance
+0. 4014 40, Channel
VH g 098 2 (3,2 Exp. Obs.
""""""""""""""""""""""""""" VBF+ggF 09 15
Comb. e 1.01 g_;g‘ (g_g‘, i) H 19 19
0 1 2 3 4 5 6 7 VH 5.1 4.9
Masbe " H = bb combination 5.5 5.4

First observation of H — bb decays!
T


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/

Observation of VH associated production (arxiv:1808.08238)

Combination of all ATLAS searches for VH production with 80 fb~! of 13 TeV
Run 2 data, three decays considered: H — bb, H — ZZ* and H — ~~

L
ATLAS VH Vs=13 TeV, 79.8 fb™

Observed (expected) significance
—Total  —Stat. (Tot.) (Stat, Syst.) for VH production 5.3(4.8)c
Ho 27 [——a—————y  0.94 330 (1125 4032 (assuming relative branching
' o fractions from SM)
How| e 03 %80
Significance
e bB Lo 117 1027 (#0186 +021 Channel R a—
-0.25 (—0.16 -0.19 ) EXp Obs
Comb. He-H 113 02 (12,1043 H—ZZ" =4 1.1 1.1
I S S DN S N ST N P H—>’y’y 1.9 1.9
0 05 1 15 2 25 3 35 4 45 5 -
. H—bb 4.3 4.9

VH combined 4.8 5.3

First observation of VH production
with ATLAS data!


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/

Latest ATLAS 125 GeV Higgs combination with 13 TeV data

X [T -
81> | ATLAS Preliminary j
E V(s=13TeV,36.1-79.8 b PR
S E m,=12509GeV,l |<25 &t g
IS |> - i H W ]
& 10t SM Higgs boson -
2 i . '4 ]
10 E o b =
E T 3

10°%

B
11 HHH‘

[ SRR

Particle mass [GeV]

Reduced coupling strength modifiers as a function of fermion/boson mass,
assuming no BSM contributions to 'y and the SM structure of loop processes
T



Combination of ATLAS Measurements | (atLas.conr-2018-031)

Latest combination of ATLAS measurements with all main channels probes
compatiblity with SM production/decay properties

m Methodology similar (e.g. x

Analysis Integrated luminosity (fb~T)
framework etc.) to well H — 7~ (ncluding tH, H = 77) 793
H— ZZ*—4¢ (including ttH, H— ZZ*— 40) 79.8
knowh RL'Jn 1 ATLAS+CMS Ho W s vy 361
combination (arxiv:1606.02266) H-orr 36.1
VH, H —bb 36.1
m All performed with 13 TeV H—=pp B 79.8
ttH, H — bb and ttH multilepton 36.1

data, several channels
updated with 80 fb~! dataset

a
L o L e e e

< F ]
S 70 ATLAS Preliminary ol -+ Global signal strength p = 1.130.09
' EoGs13Tev,sei-esmt T Remov 2:;9'[:" E —0.08
6 m,=12509GeV,ly |<25 .. at B .
o e st E m Combined measurements lead to
E E observed (expected) significance for
e VBF production of 6.5(5.3)c
3 =
£ E m VBF now observed by ATLAS
E ] experiment alone (following
F E observation with ATLAS+CMS Run 1
T AN AUV B . P R
0085 1 105 L1 115 12 125 13 combination)
u


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

Combination of ATLAS Measurements Il (arLas-conr-2018-031)

vy
2z
ggF

T

comb.

vy
zz
ww
T

VBF

comb.

124
7z

VH

comb.

124
A%

ttH+tH 7
bb

comb.

T T T T T
ATLAS Preliminary
Vs=13TeV,36.1-79.8fb™
my, =125.09 GeV, \yH\ <25

‘Obser\‘/ed +—iu I;I
Stat. uncertainty

Syst. uncertainty m==
SM prediction

!
———
|

|
T
=
————
l
—_—
|
T
Ha—
=
——
|
|
|
pe——|
N T -o-n
. . . 1 | . . . .

-1-050 05 1 15 2 25 3 35 4

o x B normalized to SM value

Oy [PD]

A R B R R
20 ATLAS Preliminary —H.zz A
[ Vs=13TeV,36.1-79.8b" —H - yy ]
H - ww
[ my=12509GeV,ly,|<25 —H-T ]
15~ -
10 B
5 E
Uy —68% CL ---95% CL 4 BestFit mSM
P P A I I I I NN R |
0 30 40 50 60 70 80 90 100

m Despite “hints” at > 1o devia
global signal strengths for indi

O [0D]

tions in
vidual

channels, combined measurements

very compatible with SM
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Combination of ATLAS Measurements Il (arias-conr-2018-031)

Branching fractions relative to SM prediction

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T

ATLAS Preliminary e Total Stat. [ Syst. — SM
Vs=13TeV, 36.1-79.8 fb™*
my, = 125.09 GeV, |y, | < 2.5

Total Stat. Syst.

g, == 108 33 (+ 3% 4 220

B,, == 120 319 (835 .+ §%)

By =—1 114+ 317 (+ 830 .+ §34)

B H—— 111+ 32 (£ 015 .+ 9%

Byy H——H 107+ 0¥ (019, + 0%

I
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 0.5 1 1.5 2 2.5 3

BR normalized to SM value

m Measured under the assumption of SM production
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Combination of ATLAS Measurements IV (atLas-conF-2018-031)

Ratios of inclusive cross-sections and branching fractions

L L DL BN B LU B B LIS BRI ALE RURBLELN LB
ATLAS Preliminary e+ Total Stat. =3 Syst. — SM
Vs=13TeV, 36.1-79.8 fb™
my = 125.09 GeV, |y, | <2.5

Total Stat. Syst.

e o= 113+ 0 (05 k0%

Oyee/ Oggr === 117+ 35 (93 .+ 0%

O/ | Loax B (2 552 02)

Ol Oggr I—E-EI'—i 0.76 + o5 (£ g% % 03 )

O+ il Oggr I—IEE—i 120+ 3% (+ 03 .+ 03

By/Bz, "“'ﬂ 089+ ¢33 (= 0% .+ 0%8)

Buw/B2, FE-IEH 0.94+ 019 (£ 933, 015)

Bu/B,, I-EEIH 0.87+ 05 (£ 919 . 012)

BB, e 0812 0 (+ 0%, 07

ol b b b b b b b L

05 0 05 1 15 2 25 3 35 4 45
Parameter normalized to SM value

m o X Bfor gg —+ H— ZZ* used as reference
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Combination of ATLAS Measurements V (atLas-conF-2018-031)

Kk parameterisation including effective photon and gluon couplings

ATLAS Preliminary 16 interval —e=
/s=13TeV, 36.1-79.8 o™ 2 6 interval
m,, =125.09GeV, ly |<25
Kz - -+ Kez
Kw - - Ag
Ky — —ho—— — —— 2
L L H 29
Ky ——— ———t
3 3 H Awz
K ———— ———
r r : Az
KQ —— 4",
r r H A
Ky -+ hyO<1 -+ "
LB =0 L < :
Bgsm oM osm 20 Az
L Il Il L L L L Il L L
-1 05 0 05 1 15 -1 05 0 05 1 15

m Two possiblities for “BSM" contributions
(BSM + invisble + inaccessible decays)

m Left: Assume no BSM contributions to the
total width

m Right: Allow non-zero BSM contributions, but

constrain |ry| <1

ATLAS Preliminary 10 interval ——
Vs=13TeV, 36.1-79.8 fb 2 o interval
my, =125.09 GeV, y | <25
ie—
———
—————
Il Il Il Il
0.4 0.6 0.8 12 14 16

Parameter value

m Consider ratios of coupling
modifiers (\j = ki/k; and

K8Z = Kgkz[KH)

m Independent of

model-dependent assumption

on total width or BSM decays

Considering only k., Kg, Beswm as free parameters implies Bgsm < 0.13 at 95% CL
T — S — T —


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-031/

Experimental status of the 125 GeV Higgs boson in Winter 2018 g—i

Executive Summary

m All main SM Higgs boson production processes (ggH, VBF, VH, ttH) now firmly
experimentally established (> 50)

m Observation of H — bb, H — 7t7~ and H — VV*) decays account for around
89% of the SM prediction for 'y

m Model independent measurements of ratios (where 'ty cancels) of branching
fractions and production cross-sections confirm SM-like relative couplings for W /Z
bosons and the third generation fermions

m No evidence for couplings to the first or second generation fermions




Searches for Higgs boson decays to 1 and 2" generation fermions

A

SATLAS
A EXPERIMENT

Run 281411, Event 312608026
Time 2015-10-11, 18:40 CEST

m(y, B) = 124 GeV
m(jet, jet) = 1237 GeV

Candidate VBF H — pt ™ event in 13 TeV data




> 10V T Anman T T
& . oF ATLAS Preliminary —&-Data
Z W0F {s=13Tev,79.8 1" Dz
£ 10°E H - mpanalysis & Diboson
& 76 <m,, <160 GeV EmTop
@ 10 — ggF [x50]
— VBF [x50]
10° —— VH [x50]
o 1tH [x50]
10
10*
10°

| (ATLAS-CONF-2018-026)

Most promising probe of SM Higgs coupling to

second generation fermions

m Recently updated with 80 fb~! of 13 TeV data

m Dominant backgound is Z — p" u™ (+jets),
exploiting VBF production can help reduce this
substantially

0
= . .
g m Look for events with exactly two muons and classify
8
them with BDT trained on variables sensitive to
80 90 100 110 120 130 140 150 160 .
Dimuon Invariant Mass [GeV] VBF prod uction

> 10 T T T T T T . . . . -
3§ oF ATLAS Preliminary o Daa m Define two VBF-like categories and split remaining
w 10°E (s=13Tev, 79.81b" Ziy* +
5 1P H - analysis @ Diboson . . . . -
£ 10 76im, <160 Gev Top ggH-like events into six categories based on p4 *
5 10 — 9ggF [x50]

10° a nd | 77“ |

o ttH [x50]

10 Z control region | Z+ > 2 jets control region | VBF signal regions | ggF signal regions

10° Primary vertex

10 Two opposite-charge muons

o Common Muon: [5] < 2.5, P! > 27GeV, pi'**! > 15 GeV

1

o 1 - — — AT
s 0 Dimuon mass 76 < m,,, < 106 GeV 110 < m,,,, < 160 GeV
£ s otetes, E - > 2 jets, each with py > 25GeV and J7] < 2.5 P
S - hocad Jets or with py > 30 GeV and 2.5 < || < 4.5 fail VBI sclection

o 20 40 60 80 100 120 140 160 180 5 0

Dimuon p_ [GeV]

1 Definition of categories and control regions
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Search for H — ™ 1 (atiLas.conF-2018-026)

P T T
0.16]
ATLAS Simulation Preliminary 05 ATLAS Simulation Preliminary 4 ATLAS Simulation Preliminary
0.25]- 5=13Tev ~Total Bkg. | (5=13Tev T Total Bkg. 0.14f 5=13Tev T Total Bkg.
H — py analysis — VBF Signal H - pp analysis — VBF Signal H  pp analysis —VBF Signal

110 < m,, < 160 GeV, 2 2 jets

[ 110 < m,, < 160 GeV, > 2 jets
0.2 ]

[ 110 <m,, <160 GeV, 2 2 jets 4

Normalised Events /0.5

Normalised Events / 100 GeV'
o
=
Normalised Events / 5 GeV'
°
2
I

200 400 600 800 1000 1200 1400 1600 1800 2000 40 60 80 100 120 140 160 180 200
Dijet Invariant Mass [GeV] Dimuon p, [GeV]
8 T . . . .
. . S ATLAS Preliminary . -e-Data
Boosted Decision Tree (BDT) for VBF events 3 fo=13Tev. 7081 Sz,
g 110 <m,, <160 GeV, 22 jets ~ E@Oboson
w

m BDT trained on kinematic variables designed
to separate VBF-like events from background

ttH [x50]

m Most sensitive variables (shown above) include
mj;, Anj and p-‘r‘+“_

m Two VBF categories (“Loose” and “Tight”,

O 4 eF E|
white dashed lines) defined with BDT score —+ 5 ' =l S
o ki * >
m All remaining events enter the ggH category R S ————_ E——
BDT score
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Sear

for H — pt ™ NI (atias-conF-2018-026) 1

m . . used as S/B discriminant, fit to each category using analytic functions for

ntp
signal and background shape, fit result for most sensitive categories shown below
> goooETTT T T T | > FrT T T T |
$ E ATLAS Preliminary fp’ F ATLAS Preliminary 4
g 7000E- Non-central high p:“ Vs=13TeV,79.8 fb* g 50— VBF tight Vs=13TeV,79.8 b —
£ Gooolfy X/ndof =37.5/48 H- iyt analysis z XéIndof = 31.2/48 H- pyt analysis 1
E —e— Data 40 —e— Data B
5000~ Background Background ]
AOOO; — Signal x 20 30 — Signal x 20 3
3000? 20 =
2000F E B
E 10
1000— [
of: =
4 4
gz 2F gz 2f
£ op £ o
8o —2§+ 8o -2F
-4 -4 El
110 115 120 125 130 135 140 145 150 155 160 110 115 120 125 130 135 140 145 150 155 160
my, [GeV] m,, [GeV]
. - ¢
Expected significance Observed significance ApproaChlng Sel’lSItIVIty to SM predlCtlon'
Central low pi™ 0.10 —0.49
Non-central low pi" 0.03 0.44 . . pr .
Contral modi 7 EL 55 m Expected significance approaching 1o, though
Non-central medium pi” 0.30 —1.16 . .
Central bigh " 038 013 downward fluctuation observed in data
B entral high p” 0.43 0.15
0.24 —0.88 .
B %5 m Measured signal strength = 0.1+19
Combined 0.8 0.04 .

m Upper limit on o x B of 2.1xSM at 95% CL
R R R R R R R R R R R R RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR
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H — M ~ Decays - Motivation

H — M ~ decays provide a clean probe of the
charm and light quark Yukawa couplings at the LHC

m M is a vector (J7© = 177) light meson or quarkonium

state such as J/1,1(25), T(nS), $(1020), p(770)

m Interference between direct (H — g§) and indirect
(H — ™) contributions

m Direct amplitude (upper) provides sensitivity to the
magnitude and sign of the Hqg couplings (e.g.
M = J/1 sensitive to Hc€ coupling)

m Indirect amplitude (lower) makes dominant contribution
to decay width, but not sensitive to Yukawa couplings

B(H — J/¢¥~) = (2.99 £0.16) x 10°¢ ¢
B(H — ¢(2S)~) = (1.03 £ 0.06) x 10~°
B(H— ¢v)=(23+01)x107° ¢
B(H— py)=1.74£01)x107° i

+ Phys. Rev. D 90, 113010 (2014) (arXiv:1407.6695) 1 JHEP 1508 (2015) 012 (arXiv:1505.03870)



https://arxiv.org/abs/1407.6695
https://arxiv.org/abs/1505.03870

Search for H — ¢/p~ Decays (arxiv:1712.02758)

Focus on dominant decays ¢ — KK~ (B ~ 49%) and p — nt7n~ (B ~ 99%)
and target high rate inclusive H production

Trigger and Data Sample M = {¢, p} Selection
= Dedicated photon +- di-track m Require my+x— or m_+,.— consistent
triggers implemented to identify with ¢ or p meson mass

distinctive event topology . M . )
= Minimum py”* requirement varying

=1l

m Collected up to 35.6 fb with maq-, from 40 — 47.2 GeV

v/s = 13 TeV pp dataset during
the 2015 and 2016 LHC runs

pread ke 5 20 GeV
Photon Selection ~ A®(M,~) > 7/2 sub-lead trk. ~, 15 GeV

m “Tight” photon ID
requirements Z . .
” Track Pair Selection

m Isolated in both tracker
and calorimeter

}U'

m Oppositely charged pair of tracks
(no w/K/p ID applied)

. m Isolated in tracker (accounting for
pr > 35 GeV neighboring track)



https://arxiv.org/abs/1712.02758

Search for H — ¢/ Decays - Results (arxiv:1712.02758)

2 T T 2 1000f= T T
© 250 ATLAS o ATLAS
ey {s=13TeV, 356 fo" hy L {s=13TeV, 323 0"
£ £ 800
£ 200) 5T
m |nvariant mass “ Yo
distributions of 150 i
+ L
K (left) 100 4 Data C 4 Data
and "y i ¥ e
(ri ht) [ BH-sem=4.8x10* = [ BiHopr=8.8x10°
g ¥ [ sizm-090° ¥ [ szm—25:10°
candidates —
i = 1.2
m Limit on < ‘N‘Mmm,ﬁ ”ﬂ"#mﬁmww 1 < . ; it panstan sttt ity RATLIRIRRG
£ L 4 E
o 80 90 100 110 120 130 =] 80 90 100 110 120 130
B(H - C(IZS Z) My, [GeV] M.y [GEV]
improved by
almost 2 w.r.t. 95% CL Upper Limit
earlier ATLAS Observable
search Expected Observed
E 7 2
(arXiv:1607.03400) B(H—¢7) | (4271%) x107* | 48x 10
B(H = pv) (8.4t‘;,}1) x107* | 8.8 x107*

World'’s first constraint on light quark Yukawa couplings from searches for
H — p~ decays! (limit only 52 X Bsu)


https://arxiv.org/abs/1712.02758
https://arxiv.org/abs/1607.03400

Search for H — 1(nS) v Decays (arxiv:1807.00802)

Focus on the experimentally clean v»(nS) — u*p~ decays
and target high rate inclusive H production

Trigger and Data Sample

m Dedicated photon + single muon %(nS) Selection

triggers implemented to identify m Require m,;,- loosely consistent with
distinctive event topology 1(nS) masses

m Collected 36.1fb™! m Minimum pM requirement varying
v/s = 13 TeV pp dataset during with maq~ from 34 — 54.4 GeV

the 2015 and 2016 LHC runs

pi'® > 18 GeV

Photon Selection ~ A®(M,7) > /2 pi ol > 3 Gev

m “Tight” photon ID

requirements . .
q Di-muon Selection

m Isolated in both tracker

. m Oppositely charged pair of muons
and calorimeter

m Isolated in tracker (accounting for
neighboring muon track)

N
pr > 35 GeV m L, /o1, <3 toreject b — 1(nS)



https://arxiv.org/abs/1807.00802

Search for H — v(nS) v Decays - Results (xiv:1807.00802)

> r T T T T 7 > T T T T T T T
8 eof ATLAS 3 38 . Background it s ATLAS
3 F s=13 TeV, 36.1 fb™* 4 8 100~ mCombinatoric 15=13 TeV, 36.1 fb*
o £ 4 Dat: 7 5 E=ZFSR
2 sof e packgound i+ B aof. S backgromg
[ o [E Combinat 3 s - =10k
L|>J 40F Ew?r:g)lgicol!‘giound - :>j BBz~ Y(ns))=10"
£ E=ZFSR 31
£ CIB(H- w(nS)y)=10° ] 60
30 [IB@Z~ Y(nS)y)=10°
20f 3 40
10F E 208
% 15F R
I g o3
8 50 0 8 2 22242628 3 323436238 4 42
Myey [GeV] My [GeV]
_— . 95% CL Upper Limit
m Projections of fit 1 Observable
to utu~y (left) and Expected Observed
PR — —
whp (right) B(H— J/¢¥y) | (3.004%) x107* | 35x107*
Invariant mass B(H — ¥(2S)~) | (15.67%%) x107* | 19.8 x 10~*
distributions

World’s first limit on H — 1(2S) v decays!
Limit on B(H — J/v ~) improved by factor =~ 4Xx w.r.t. Run 1 result!


https://arxiv.org/abs/1807.00802

Prospects for H — J /1~ in a HL-LHC scenario (atL-phys-pus-2015-043) g—i

Run 1 H — J/4 ~ analysis projected to /s = 14 TeV scenario with 300(0) fb—*

(2GeV)

Events / (

R e e e e e e
900F ATLAS Simulation E
E Preliminary 9
800;* (s=14 TeV, 3000 fb’' 7;
700E ;gf{:é?kg' Only) 4 Expected branching ratio limit at 95% CL
E [ Background q B(H — J 10—¢ B(Z — J, 10-7
s00F s (H — 3/4) [10-°] (Z = 3/y7) (107 ]
E [3Z Signal x 10 ] Cut Based Multivariate Andlyblb Cut Based
500F E 300 fh~? 185781 153759 7.0127
400F E 3000 b 55*?4 44713 44419
300F E Standard Model expectation
a0k E B(H > J/ym)[10°°] | B(Z = J/47)[1077]
E q 29+ 0.2 0.80 £ 0.05
100F :
A I | k|
60 80 100 120 140 160 180
My, (GeV)

m Optimistic scenario with MVA analysis still only sensitive to B(H — J/¢ ) at
15X SM value with 3000 fb~!

New ideas likely required to reach SM sensitivity
in a HL-LHC scenario with this channel!


http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-043/

36

Search for H — cc with pp — ZH production 5

Given the success of the W /Z associated production channel in observing H — bb
decays', this channel is an obvious first candidate for a H — ¢ search

o+
p
Z
___;;___
p

m Focus on ZH production with Z — e"e™ and Z — pu* ™ decays for first ATLAS
analysis: Phys. Rev. Lett. 120 (2018) 211802, arXiv:1802.04329

m Low exposure to experimental uncertainties, main backgrounds from Z + jets,
Z(W/Z) and tt

m Pioneer use of new c-tagging algorithm developed by ATLAS for Run 2 to
identify the experimental signature of an inclusive H — ¢ decay

1 ATLAS: Phys. Lett. B 786 (2018) 59 CMS: Phys. Rev. Lett. 121 (2018) 121801
RS


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-01/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-016/index.html

Introduction to ATLAS c-jet tagger - Algorithm

New inclusive c-jet tagging algorithm developed by ATLAS for Run 2!

c vs light

m Multivariate discriminant(s) built from input variables from low-level b-tagging
algorithms (e.g. track impact parameter likelihood, secondary vertex finder)

m Trained with the same input variables used by the standard ATLAS Run 2
b-tagging algorithm (see ATL-PHYS-PUB-2015-022 for details)

= Implemented as two BDT discriminants, one trained to separate c-jets from b-jets
(x-axis), another to separate c-jets from light-jets (y-axis)

c-jets

Vs =13 TeV, ft
ATLAS Simulation
. . | I

.
-1 =05 0 0.5 1
bvsc

107

y

Densit,

107

10°

c vs light

b-jets

» bjets
f Vs=13TeV,

ATLAS Simulation
. | I

L
-05 0 0.5 1
bvsc

107

light

flavour (u,d,s, g) j

c vs light

light jets
(s=13TeV, tt
ATLAS Simulation

L I
-1 05 0 05 1

bvsc

ets

107

y

Densit

10°

“c-tag” jets by making a cut in the 2D discriminant space, working point optimised
for H — cc limit is shown in the rectangular selection (shaded region rejected)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2015-022/

ction to ATLAS c-jet tagger - Performance

5 105 Cn 5 050 SR 5 030 ARBARARRSE
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c-Jets b-jets light flavour (u, d, s, g) jets

c-tagging efficiency for b-, c- and light flavour jets measured in data 1

m Working point for H — cC exhibits a c-jet tagging efficiency of around 40%
m Rejects b-jets by around a factor 4x and light jets by around a factor 10x

m Efficiency calibrated in data with samples of b-jets from t — Wb decays and c-jets
from W — cs, cd decays (in tt events)

m Typical total relative uncertainties of around 25%, 5% and 20% for c-, b- and
light jets, respectively



Data Sample and Event Selection

Use a v/s = 13 TeV pp collision sample collected during 2015 and 2016
corresponding to an integrated luminosity of 36.1fb™?

Z — £T£~ Selection
Trigger with lowest available pr
single electron or muon triggers

Exactly two same flavour
reconstructed leptons (e or u)

Both leptons pt > 7 GeV and at
least one with pr > 27 GeV

Require opposite charges
(dimuons only)

81 < myy < 101 GeV
pZ > 75 GeV

H — cc Selection

Consider anti-kt R = 0.4
calorimeter jets with |n| < 2.5
and pr > 20 GeV

At least two jets with leading jet
pt > 45 GeV

Form H — cc candidate from the
two highest pr jets in an event

At least one c-tagged jet from
H — c¢ candidate

Dijet angular separation AR}
requirement which varies with p?

Split events into 4 categories (with varying S/B) based on
H — ¢t candidates with 1 or 2 c-tags and p? above/below 150 GeV




Signal and Background Modelling

Background Modelling

+ Data ATLAS
%4 Stat. Uncertainty = 1
" ZH(cg) x2000 Vs=13TeV, 36.1 fb

m Background dominated by Z + jets —

Events /0.1
e ]
o
o

1 1 1 2 c-tags, 75 < p? < 150 GeV
(enriched in heavy flavour jets) 700 - 20D e Ao
. . - mmZ+cl Simulation normalised to data
m Smaller contributions from ZZ(qg), B00E" 7 co
—r - 500, M Z ¢ bbbob
ZW(qq') and tt =W

- 77

m Negligible (< 0.5%) contributions from :00 o
W + jets, WW, single-top and multi-jet %
200
Simulation of ZH(cc/bb) 100

o T T
m Normalised with LHC Higgs XS WG YR4 g 1z T T
. . D 1.0 t + + b
recommendations (arXiv:1610.07922) S o8 H “T f "' " " N
— . O 04 06 08 1 12 14 16 18 2 22
m ZH(bb) treated as background normalised AR,
to SM expectation (with th. uncertainty)
Process MC Generator Normalisation Cross section
qG — ZH(c/bb) | Powheg+GoSaM+MiNLO+Pythia8 NNLO (QCD) NLO (EW)
gg — ZH(c&/bb) Powheg-+Pythia8 NLO+NLL (QCD)
Z + jets Sherpa 2.2.1 NNLO
ZZ and ZW Sherpa 2.2.1 NLO
tE Powheg+Pythia8 NNLO+NNLL

The nominal MC generators used to model the signal and backgrounds
-


https://arxiv.org/abs/1610.07922

Background composition after c-tagging

x10° x10°
3 T T T T 3 3 FroT T T T 5|
O 18- ATLAS + Data 4 O 4 ATLAS + Data 1
e Vs = 13 TeV, 36.1 6" - ;L?;cgrfzen’:;”w 2 b E-13Tev, 361" bl ;LT;D;";;’:)?’W:
& 16[ 1ciag 755 p? < 150 GeV b) - > 2 ctags, 75 < p? < 150 GeV. - 1
= 50.< m,; <200 GeV z 50 < m,; <200 GeV 3
5 141 simulation normalised to data é’ Simulation normalised to data ]
= ] 7
()] 10 E )
o 8 1 [
5 ; ] w
S 4 ] >
(7] 2 E v
0 0.0 =
T . T T T T T bD
1.2] 1.2]

o0 § 1or S R S
(¢} 5 08 . | | | | | | x 08 . | | | | | | i)
O 40 60 80 100 120 140 160 180 200 © 40 60 80 100 120 140 160 180 200
“l Leading jet p, [GeV] Leading jet p, [GeV] |
0 Q

E 22 L?.’; ‘ +

o 20| 2 5 =13TeV, 36.1 fo" N

2 18 % 2 c-tags, p7 > 150 GeV.

£ 2 v .n

. e £ 1:6F Simuation nomalised to data 2 )

3 v

E ) £

2} + 7}

s AAEEERARER] K]

5 5

a 200 250 300 © 200 250 300

Leading jet p, [GeV] Leading jet p, [GeV]



Z + jets flavour composition after c-tagging

1 c-tag events

J Left

Events / 10 GeV

Events / 10 GeV

Flavour composition of the Z + jets sample enriched with c-jets

x10%
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ZZ and ZW flavour composition after c-tagging

c-tagged ZZ and ZW production enriched in Z — cc and decays
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Quantifying the presence/absence of ZH(cc) production

Statistical Model
m Use the H — ¢C candidate invariant mass mcz as S/B discriminant

m Perform simultaneous binned likelihood fit to 4 categories within region
50 < mcz < 200 GeV

m ZH(cC) signal parameterised with free signal strength parameter, u, common to all
categories

m Z + jets background determined directly from data with separate free
normalisation parameter for each of the four categories

Systematic Uncertainties

m Included in the fit model as constrained nuisance parameters which parametrize
the constraints from auxiliary measurements (e.g. lepton/jet calibrations)

m Experimental uncertainties associated with luminosity, c-tagging, lepton and jet
performance are all included in the model

m Normalisation, acceptance and mc.z shape uncertainties associated with signal and
background simulation are also included



nderstanding the Sens

y
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Sensitivity dominated by systematic uncertainties, clear that these uncertainties
should be reduced in order to fully exploit a larger dataset in the future

Al

200-150-100 -50 0 50 100 150 200

Z +jets norm. (1 c-tag high p?)

Z +jets norm. (1 c-tag mid p?)
c-tagging c et eff. parameter 0
Z+jets norm. (2 c-tags high p?)

Z .+ jets norm. (2 c-tags mid p7)
c-tagging light jet ef. parameter 0
ctagging liht et eff. parameter 4
c-tagging light et ef. parameter 2
ZH(ct) mec shape

2. i jets m,, shape (2 c-ags high p?)
Z +f jets m, shape (2 c-tags mid p?)
Z+htjets m,; shape (1 c-tag mid p?)
Jet energy scale flavour composition
Z+1ljets m; shape (2 ctags high p?)

Z.+ ht jets m shape (1 c-tag high p?)

ATLAS —e— Pull: (0 - 0,/40
(s=13TeV —e— Normalisation
36.1fb" I o Postit Impacton i

-2 -15 -1-05 0 05 1 15 2

Source 0 /0tot

Statistical 49%
Floating Z + jets Normalisation | 31%

Systematic 87%
Flavour Tagging 73%
Background Modeling 47%
Lepton, Jet and Luminosity 28%
Signal Modeling 28%
MC statistical 6%

Note: correlations between nuisance parameters

2

within groups leads to )~ ; o‘,-2 # Oyt

c-tagging uncertainties and background
modelling (particularly Z + jets mcz
shape) have the dominant impact

However, we can expect many of these
uncertainties (e.g. Z + jets norm.) to
reduce with a larger dataset



Fit Result

1 c-tag 2 c-tags
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Fit Result

1 c-tag 2 c-tags
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Results

Cross check with ZV production

m To validate background modelling and uncertainty prescriptions, measure
production rate of the sum of ZZ and ZW relative to the SM expectation
m Observe (expect) ZV production with significance of 1.40 (2.20)

m Measure ZV signal strength of 0.67%5, consistent with SM expectation

Limits on ZH(cc) production

95% CL CLs upper limit on o(pp — ZH) x B(H — ¢¢) [pb]
Observed | Median Expected | Expected +10 | Expected —1o
2.7 3.9 6.0 2.8

m No evidence for ZH(c€) production with current dataset (as expected)

m Upper limit of o(pp — ZH) X B(H — cc) < 2.7 pb set at 95% CL, to be
compared to an SM value of 2.55 x 1072 pb

m Corresponds to 110x (150733 expected) the SM expectation

World’s most stringent direct constraint on H — cc decays!



Interpreting the limit in terms of coupling constraints

&None of the following interpretation is sanctioned by ATLAS, responsibility lies
solely with me! However, everything is calculated using published information alone...

Ultimate goal is derive a model independent constraint on Hcc coupling, best way
to do this is to exploit synergy with ZH, H — bb channel
m Consider the ratio of p1zp(ce)/pzn(vs) for the Z — €74~ channel

m Sensitive to ratio kc/kp and independent of model dependent assumption on 'y

m Assume production is identical between ZH(cc) and ZH(bb) (i.e. selection phase
space, categories etc.), leading to perfect cancellation of production cross-sections

L Thoee T olpp—2H) _ o T ol(pp— ZH)
HZH(ce) [SM My JSM(pp - ZH) < Ty G'SM(pp = ZH)

H—cc

Thews TR o(pp — ZH) > M o(pp— ZH)

" - LH =Kb' = e S
ZH(bb) rIS-IM—>bE Fn  o™(pp — ZH) b, oSM(pp — ZH)

HZH(ce) <Iic)2
HzH(bb) Kb
m For now, consider systematic uncertainties for ZH(c¢) and ZH(bb) as uncorrelated
T — S — T —




Interpreting the limit in terms of coupling constraints

What is the current sensitivity to kc/kb?

m Consider existing ZH(c¢€) result and
“combine” with recent ATLAS 80 fbo~?
Z(££)H(bb) measurement!

m Small differences in selection and
categories, but production cancellation
hypothesis likely not too bad

m Treatment of systematics as
un-correlated should give a more
conservative constraint on k¢/kp

—_

0.5

A RRRaE TR o R
[ Input ZH(bb) p = 0.85 + 0.53

Input ZH(cT) u = -69.0 £ 101.0
-13.7 < kJ/x, < 13.7 at 95% CL

-20 -15-10 -5 0 10

15 20
KKy

Existing results offer constraint at the level of |kc/kp| < 14 at 95% CL

m This is only possible when considering combination with ZH(bb), not enough
constraint (even with assumption for ') with ZH(cc) analysis alone

+ Phys. Lett. B 786 (2018) 134 (arXiv:1807.00802)


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-23/
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ATL-PHYS-PUB-2018-016

What sensitivity can we expect for a HL-LHC
scenario with a /s = 14 TeV 3000 fb~! dataset?

Prospects for H — ¢ using Charm Tagging with
the ATLAS tat the HL-LHC

m A projection of the existing Z(¢()H, H — cC
analysis was prepared for the upcoming
HL-LHC physics yellow report

m Generally very simiar to the Run 2 analysis,
with several minor changes (described below)

Differences

Similarities
m Move to a tighter c-tagging working
m Consider Z(£¢)H channel only (no point (18% c-jet, 5% b-jets, 0.5%
addition of W(¢v)H or Z(vv)H) light jets)
m |dentical event selection, m Don’t consider systematic
categorisation and fit procedure uncertainties (though their effect is

estimated)
e


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-016/

Prospects for Z(¢£)H, H — cc at the HL-LHC

1 c-tag 2 c-tags
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m Result of fit to expected

(“Asimov") dataset for
3000 b~

Background
composition (in terms of
“process”) very simiar

Di-jet flavour
composition now more
c-jet enriched (you can't
see that from these
plots)



Prospects for Z(¢£)H,H — cc at the HL-LHC

Projected Results

m Expected limit on Z(¢¢)H, H — ¢ production at 6.3 SM prediction at 95% CL
(c.f. 150x expected for 36.1 fb™! at 13 TeV)

L] ACoIresponds to around |kc/kp| < 3 (with naive scaling of ATLAS Run 2
ZH(bb) result based on luminosity only)

Things to remember

m Limit deteriorates by up to +36% with the inclusion of systematic uncertainties
(estimated from Run 2 analysis)

m Projection considers the Z(£€)H channel alone! (sensitivity of W (¢v)H and
Z(vv)H channels at least as good)

AAS before, this is NOT an ATLAS result, but my estimate based on public information alone




Summary

Status of ATLAS measurements of the 125 GeV Higgs boson in a nutshell

m All main SM production channels (ggH, VBF, VH and ttH) firmly established
experimentally, era of precision production measurements has begun

m Couplings of the Higgs boson to the W /Z bosons and third generation fermions
established, behaviour very consistent with the SM expectation

m No evidence for Higgs boson couplings to the first and second generation fermions

ATLAS is pioneering a broad programme of searches for Higgs boson decays
involving couplings to first and second generation fermions!

m Sensitivity to H — u* ™ decays approaching the prediction for SM rate

m First constraints on H — ¢/p~ decays target light quark couplings

m Search for ZH, H — cC production with c-tagging provides limit of 110x SM

expectation, corresponds (roughly) to constraint of |kc/ks| < 14

Look out for further results with the full Run 2
dataset (= 140 fb~') in the new year!

Thank you for your attention!
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ed Template Cross Sections (atLas-conF-2018-028)

STXS Regions  Reconstruction Categories

2gF 0 Fwd, Cen (28, 29)

fo ot < 60Gev £2F 17 Low (27)
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Latest 13 TeV STXS measurements with H — ~v using 80 fb™*

m Mixed collection of nine “Stage 0" (M) and “Stage 1" regions (e) probed

m Some regions merged in this analysis (denoted by boxes) due to the limited
sensitivity of dataset


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-028/
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H — bb with VBF production | (arxiv:1807.08639) e
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Search for H — bb decays in VBF(+~) events with 25 — 31 fb~! of 13 TeV data

All-hadronic Channel 3 s000fs BASRERRAS
2 sooo- *i'f;z%iiii"fﬁiff;im,
m Select two b-tagged jets along 5 sooo)
with “typical” VBF selection (two oot
Jets with a large An) T e ;
m BDT trained on kinematic T i
variables used to define VBF rich g o ]
categories, m,; used as primary £ e
S/B discriminant e
Photon Channel g
é 50|
m Similar to all-hadronic channel i o
with additional requirement of a zzf‘&iﬁ’éiev 1
reconstructed isolated photon Lok Photon chamnel, SR
m Photon effective in reducing T
dominant gluon-rich bbjj i; fgi 1
background, enriching VBF purity ~ ’mmﬁﬁ%

m,; distributions for highest purity categories shown for both channels (right 1)



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30/

H — bb with VBF production Il (arxiv:1807.08639)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-30/

Measurements of mpy (arxiv:1806.00242)
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Measurement of 'y from off-shell production (arxiv:1808.01191)

m Both signal gg — (H*)ZZ" and continuum background gg — ZZ simulated
including interference with Sherpa 2.2.2 + OpenLoops

m Electroweak production of pp — VV + 2j (inc. VBF and VH) simulated with
MadGraph5_aMC@ NLO

m Dominant background from G — ZZ simulated with Sherpa 2.2.2 (MEPS@NLO
merging used, NLO EW corrections applied as function of mzz)

2g—H —ZZ
Toff-shell

g8g—H*—>ZZ
O off-shell, SM

Hoff-shell = = Kg,off-shell * KZ,off-shell>

g8—H—ZZ" K2 K2

on-shell _ "gon-shell "Z on-shell

gg—H—ZZ" ~ SM
a—on-shell,SM rH/I‘H

>

Mon-shell =

O gg—s(H*—)ZZ(Hoff-shell)

SM

O—ggaZZ, Interference

s M
Hoft-shel * 1.2+ K>(mzz) - 00"y, 77

1 SM
+  VHoff-shell 1.2 - K'(mzz) - O gg—ZZ, Interference
B SM
+ 12-K (mZZ) : a-gg—>ZZ, cont ?

SM

SM SM
a—ggﬂ(H"a)ZZ - Ugg—)H*—>ZZ - O—gg—>ZZ, cont *


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-06/

Latest production

measurements with H — ~~ (arLas-conr-2018-028)
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Latest production measurements with H — ~y~y (aTLas-conF-2018-028)
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Latest production measurements with H — ~~y (atLas conr-2018-028)

Theory comparisons for differential distributions

“The unfolded differential distributions are compared to state-of-the art theory predictions of gluon fusion
roduction. Contributions from the other production modes are modeled using the X H simulated samples
described in Section 9.3 and added to each gluon-fusion prediction before comparing to data. Al data

distributions are compared to:
« the default MC predi
cross section) introduced

n (PowneG NNLOPS normalized with the N°LO in QCD and NLO EW
Section 9.3.

Additionally, the p}? distribution is compared to:

© NNLOGr+SCET [99], which provides predictions using a N°LL resummation matched 1o an
NNLO fixed-order caleulation in the heavy top limit. Additional corrections are applied for the fi-
ducial selections of the analysis and are obtained from the default MC sample (Powsiea NNLOPS),
The prediction is corrected to account for the efficiency of the particle-level photon isolation [7].
The Iy, distribution is compared to:

 SCETum+MCFMS, which provides predictions for [yy,| at NNLO+NNLL', accuracy, derived
by applying a resummation of the virtual corrections to the gluon form factor [100, 1011.5 The
underlying NNLO predictions are obtained using MCFMS with zero-jettiness subtractions [102,
103]. The prediction is corrected for the particle-level photon isolation efficiency.

The p}! distribution is compared to;

 The parton-level NNLOse prediction of Refs. [104, 105], a fixed-order NNLO prediction in QCD
for inclusive H + 1-jet production. The NNLOser prediction is compared to data in the phase space
with at least 1 jet
© SCETum(STWZ) [89, 1011, which provides predictions for pj' at NNLL'+NNLOy accuracy are
derived applying a resummation in '
Both the NNLOser and SCETus predictions for pj! are corrected for the particle-level photon isolation
efficiency.

[99]  X. Chen et al., Precise QCD Description of the Higgs Boson Transverse Momentum Spectrum,
(2018), arXiv: 1895.60736 [hep-ph]
[100] M. A. Ebert,J. K. L. Michel and F. J. Tackmann,
Resummation improved rapidity spectrum for gluon fusion Higgs production,
THEP 05 (2017) 088, arXiv: 1762.00794 [hep-ph]
11011 M. A. Ebert etal., SCETIib: A C++ Package for Numerical Calculations in QCD and
Soft-Collinear Effective Theory, DESY-17-099, uri: http: //scet1ib. desy.de.
[102] R Boughezal et al., Color singlet production at NNLO in MCFM, Eur. Phys. 1.C 77 (2017) 7,
arXiv: 1605. 08011 [hep-ph].
[103] 1. Gaunt, M. Stahlhofen, F. J. Tackmann and J. R. Walsh,
Njettiness Subtractions for NNLO QCD calculations, THEP 09 (2015) 058,
arXiv: 1505.04794 [hep-ph].
[104] X. Chen, T. Gehrmann, E. W. N. Glover and M. Jaquier,
Precise QCD predictions for the production of Higgs + et final states,
Phys. Lett. B 740 (2015) 147, arXiv: 1408.5325 [hep-ph).
[105]  X. Chen, J. Cruz-Martinez, T. Gehrmann, E. W. N. Glover and M. Jaquier,
NNLO QCD corrections to Higgs boson production at large transverse momentum,
THEP 10 (2016) 066, arXiv: 160708817 [hep-ph].
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H — ZZ* — 4¢ Differential Cross Sections (arLas-conr-2018-018)

Details of Higgs signal theory predictions

‘The production of the SM Higgs boson via gluon-gluon fusion (ggF). via vector boson fusion (VBF),
associated with a vector boson (VH, where V is a W or a Z boson) and with a top quark pair (i7H) is
modelled with the POWHEG-BOX v2 Monte Carlo (MC) event generator [23-27]. For ggF, the PDF4LHC
next-to-next-to-leading-order (NNLO) set of parton distribution functions (PDF) is used, while for all other
production modes, the PDF4LHC next-to-leading-order (NLO) set is used [28]. The event generator is
interfaced to EviGeN v1.2.0 [29] for simulation of the bottom and charm hadron decays. The ggF Higes
boson production uses the POWHEG method for merging the NLO Higgs + jet cross section with the
parton shower and the MiINLO method [30] to simultaneously achieve NLO accuracy for inclusive Higgs
boson production.  In a second step a reweighting procedure (NNLOPS), exploiting the Higgs boson
rapidity distribution, is applied using the HNNLO program [31, 32] to achieve NNLO accuracy in the
strong coupling constant a.

‘The matrix elements of the VBE, g7 — VH and 1tH production mechanisms are calculated up to NLO
in QCD. For VH production, the MiINLO method is used to merge 0- and 1-jet events (27, 33]. The
8¢ — ZH contribution is modelled at leading order (L.O) in QCD.

The production of a Higgs boson in association with a bottom quark pair (bbH) is simulated at NLO
with MapGrarnS_AMC@NLO v23.3 [34], using the NNPDF23 PDF set (35, while the production
iation with a single top quark (1H) is simulated at NLO with MapGrapuS_aMC@NLO v23.3
(tHW) and with MApGrarHS v2.3.3 (1Hg), using the CT10nlo PDF set [36]

For all production mechani: , the PYTHIA 8 [37] generator, using the AZNLO set of tuned parameter
[38], is used for the H — ZZ* — 4( decay as well as for the parton shower modelling. All signal samples
are simulated for a Higes boson mass myy = 125 GeV.

For additional cross checks, the ggF sample was also generated with MapGrapuS_aMC@NLO. This
simulation s accurate at NLO QCD aceuracy for zero, one and two additional partons merged with the
FxFx merging scheme [39, 40].

The Higgs boson production cross sections and decay branching ratios, as well as their uncertainties,
are taken from Refs. [35, 41-48]. The ggF production is calculated with next-to-next-to-next-to-leading
order (NLO) accuracy in QCD and has NLO electroweak (EW) corrections applied [49-55]. For VBF
production, full NLO QCD and EW calculations are used with approximate NNLO QCD corrections [56,
57]. The gg- and gg-initiated VH production is calculated at NNLO in QCD and NLO EW corrections
are applied [58-60], while gg-initiated VH production is calculated at NLO in QCD. The tH [61-64],
bbH [65-67] and tH [68] proc are calculated to NLO accuracy in QCD. The branching ratio for
the H — ZZ* — 4€ decay with my = 125 GeV is predicted to be 0.0124% [45, 69] in the SM using
PROPHECYA4F [70, 711, which includes the complete NLO QCD and EW corrections, and the interference
effects between identical final-state fermions. Due to the latter, the expected branching ratios of the 4
and 4y final states are about 10% higher than the branching ratios to 2¢2u and 242e final states. Table |
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H — ZZ* — 4/ Differential Cross Sections (arLas-conF-2018-018)
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H — WW™* with ggH and VBF production | (arxiv:1808.09052)
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Aovpr By ww+ 4]

Data statistics 8 46
i 8 9
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Thuoruucz\l uncertainties 8 21
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Top-quark 1 4
Experimental uncertainties 9 8
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Jet 3 4
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H — bb with VH associated production | (arxiv:1808.08238)

Process ME generator ME PDF PS and UE model Cross-section
Hadronisation tune order

Signal, mass set to 125 GeV and bb branching fraction to 58%

qq— WH POWHEG-BOX V2 [69] + NNPDF3.0NLO™ [70] PyTHIA 8.212 [61] AZNLO [71] NNLO(QCD)+
— wbb GoSawm [72] + MINLO [73,74] NLO(EW) [75-81]
gq—ZH  POWHEG-BOX V2 + NNPDF3.0NLO™ PyTHIA 8.212 AZNLO NNLO(QCD) M+
— vwbb/€lbb  GoSAM + MINLO NLO(EW)
99— ZH PownEG-Box v2 NNPDF3.0NLO®) PyTHIA 8.212 AZNLO NLO+
— vwbb/Llbb NLL [82-86]
Top quark, mass set to 172.5 GeV
tt PowHEG-Box v2 [87] NNPDF3.0NLO PyTHIA 8.230 A14 [88] NNLO+NNLL [89]
s-channel PowHEG-Box v2 [90] NNPDF3.0NLO PyTHIA 8.230 Al4 NLO [91]
t-channel PowHEG-Box v2 [90] NNPDF3.0NLO PyTHIA 8.230 Al4 NLO [92]
wt PoWHEG-BOX V2 [93] NNPDF3.0NLO PyTHIA 8.230 Al4 Approximate NNLO [94]
Vector boson + jets
W —tv SHERPA 2.2.1 [64, 95, 96] NNPDF3.0NNLO SHERPA 2.2.1 (97, 98]  Default NNLO [99]
Z/y = SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Z—wv SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NNLO
Diboson
qq — WW SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
qq > WZ SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
qq—Z7Z SHERPA 2.2.1 NNPDF3.0NNLO SHERPA 2.2.1 Default NLO
99— VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA 2.2.2 Default NLO
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H — bb with VH associated production | (arxiv:1808.08238)

. 0O-lepton 1-lepton 2-lepton
Selection ’ e sub-channel ! & sub-channel ?
Trigger By Single lepton B Single lepton
Leptons 0 loose leptons 1 tight electron 1 tight muon 2 loose leptons with pp > 7 GeV
with pp > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pp > 27 GeV
met > 150 GeV > 30 GeV - -
o - - 81 GeV < my, < 101 GeV
Jets Exactly 2 / Exactly 3 jets Exactly 2 / > 3 jets
Jet p > 20 GeV for |n| < 2.5
e > 30 GeV for 2.5 < || < 4.5
b-jets Exactly 2 b-tagged jets

Leading b-tagged jet pp

> 45 GeV

Hy

A@(E‘%"’”‘ F_Fiss)

> 120 (2 jets), >150 GeV (3 jets) -
> 20° (2 jets), > 30° (3 jets) -
o

Voo
pr regions

> 150 GeV/

75 GeV < py < 150 GeV, > 150 GeV

Signal regions

Control regions

- my, > 75 GeV or my, < 225 GeV

- my, < 75 GeV and myg, > 225 GeV

Same-flavour leptons
Opposite-sign charges (pp sub-channel)
Different-flavour leptons
Opposite-sign charges
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H — bb with VH associated production | (arxiv:1808.08238)
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Results of the di-boson cross-check analysis
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H — bb with VH associated production | (arxiv:1808.08238)
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Combination of ATLAS Measurements (atLas-CONF-2018-031)

Production Effective modifier  Resolved modifier

OggF h”,:é 1.04 hf +0.002 rc’f — 0.04 kekp
OVBF - 0.73 k3 + 0.27 K%

Taq/ag—ZH - Ky

OggsZH - 2.-’16%;22 +0.46Kf —1.90kzk¢
owH - K

OtiH - K7

OtHW - 291 k7 + 2.31 k3, — 4.22 Kerw
OtHq - 2.63 K,Q + 3.58 nﬁ, —5.21 ke
b1 - 7

Partial decay width Effective modifier ~ Resolved modifier

| . K2 1.59 k3, + 0.07 K7 — 0.67 Ky ke
T'zz - nzz

Tww - Ky

Trr - K3

T - /{g

Ty - rcﬁ

Tyy Kg 1.11%;? +0,01N§ — 0.12 K¢kyp
Tz, N%Zw) 1.12 K%V —0.12 kwky

Total width Efective modifier ~ Resolved modifier

(058 K2 +0.22 K3, + 0.08 K2 + 0.06 <2 + 0.03 5% + 0.03 K2

Ty K3 ) ;
" +0.0023 3 + 0.0015 7, ) + 0.0004 &2 + 0.00022 x7,) /(1 — Bsn)
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Combination of ATLAS Measurements (atLas-CONF-2018-031)

A1y

H— 27" — 4

H— WW*

[

H— bb

T Teptonic (3 categorios)
{FH hadronic (4 categories)

tH Teptonic
tfH hadronic

T multilepton 17 1 2 maq
(fH multilepton 2 opposite-sign ¢

tEH multilepton 2 same-sign £ (categories for 0 or 1 maq)
t£H multilepton 3 £ (categories for 0 or 1 Tyad)

ttH 1 €, boosted
1FH 1 ¢, resolved (11 categories)
1EH 2 € (7 categories)

tiH 4t
VHZC VH Teptonic PV <150 GV,
VH 16 > 150 Gev O-jet, pdf > 100 GeV’ 24,75 < pl <150 GeV
16 P 1150 Gev
H B, s > 150 GeV
VH B, BRI {150 eV 2150 GeV, Njews = 2
VH+VBF pli > 200 GeV/ > 150 Ge Viets = 3
VH hadronic (2 categorics) 2jet, my; < 120 GeV 06 pf > 130 GeV, Ny,
04, pY > 150 GeV, Njets = 3
VBF, py 7’ > 25 GeV (2 categories) | 2-jet VBF, pj =200 GeV | et VBF VBF py7 > 140 GeV’

VBF, p77125 GeV (2 categories)

2-jet VBF, p} 200 GeV

(ThadThaa only)
VBF high-m;;
VBF low-m;;

2jet, py > 200 GeV

2-jet, 120 GeV < p17j200 GeV
2jet, 60 GeV < p17j120 GeV

2-jet, p}’ < 60 GeV

Py’ > 200 GeV

1-jet, 120 GeV < p17j200 GeV/
120 GeV

O-jet (2 categories)

1-jet, pif > 120 GeV/

1-jet, 60 GeV< pdf{120 GeV
1-jet, pdf < 60 GeV'

O-jet, pif < 100 GeV'

Ljet, mee <30 GeV/, pf <20 GeV’
1-jet, mee < 30 GeV, pi? > 20 GeV

I-jet, mee > 30 Ge p% <20 GeV
Lijet, mee 230 GeV, pf > 20 GeV.

O-jet, mgg < 30 GeV, pif <20 GeV.
0O-jet, myg < 30 GeV/, pig > 20 GeV
O-jet, mye > 30 GeV, pL <20 GeV
0O-jet, mge > 30 GeV, ]7{2 >20 GeV

Boosted, py’ > 140 GeV/
Boosted, p7 < 140 GeV’
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Combination of ATLAS Measurements (atLas-CONF-2018-031)

Uncertainty source % (%] %‘;ﬂ: %) % (%) % %] %ﬂ:;" %)
Total uncertainty 8.8 18 32 55 21
Statistical uncertainties 6.3 15 23 44 14
Systematic unc. (excl. MC stat.) 5.9 9.1 20 27 15
Theory uncertainties 3.3 6.2 16 21 12
Signal 2.1 5.5 11 8.6 5.9
Background 2.6 2.9 11 19 10
Experimental uncertainties 5.0 7.0 9.6 20 9.3
Luminosity 2.2 1.7 1.3 1.9 2.7

Fake leptons 1.6 1.7 0.5 0.8 5.5
Background modelling 2.0 1.4 6.0 8.1 0.9
Flavour tagging 0.8 1.4 4.8 14 1.6

Jets, Episs 1.1 5.9 4.9 10 4.6
Electrons, photons 2.5 1.6 2.6 3.5 3.7

Muons 0.4 0.2 0.3 1.0 0.3
T-lepton 0.2 1.4 0.6 0.7 2.4

Other 2.3 1.2 0.6 1.6 0.4

MC statistical uncertainties 1.5 5.1 9.6 19 4.4
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Combination of ATLAS Measurements (ATLAS-CONF-2018-031)

ATLAS Preliminary 3 ATLAS Preliminary 3 ATLAS Preliminary
3TeV, 361798 =13TeV, 36.1-79.8 " §=13TeV, 36.1-79.8
25,09 GeV, Iy, < 25 s m,=125.00 GeV, Iy, < 25 s m,=125.00 GeV, Iy, < 25

Left: Bgsm = 0 fixed Centre: Bgsm free Right: « ratios
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Combination of ATLAS Measurements (ATLAS-CONF-2018-031)

5.5.1 Two Higgs doublet model

In 2HDMs, the SM Higgs sector is extended by introducing an additional complex isodoublet scalar field
with weak hypercharge one. Four types of 2HDMs satisfy the Paschos-Glashow-Weinberg condition [83,
84], which prevents the appearance of tree-level flavor-changing neutral currents:

« Type I: one Higgs doublet couples to vector bosons, while the other one couples to fermions. The
first doublet is *fermiophobic® in the limit where the two Higes doublets do not mix.

« Type II: one Higes doublet couples to up-type quarks and the other one to down-type quarks and
charged leptons.

« Lepton-specific: the Higgs bosons have the same couplings to quarks as in the Type I model and to
charged leptons as in Type 11.

« Flipped: the Higgs bosons have the same couplings to quarks as in the Type II model and to charged
leptons as in Type I

The observed Higgs boson is identified with the light CP-even neutral scalar & predicted by 2HDMs, and
its accessible production and decay modes are assumed to be the same as those of the SM Higgs boson. Its
couplings to vector bosons, up-type quarks, down-type quarks and leptons relative to the corresponding
SM predictions are expressed as functions of the mixing angle of / with the heavy CP-even neutral scalar,
@, and the ratio of the vacuum expectation values of the Higgs doublets, tan 5.

Figure 13 shows the regions of the (cos(§ — a),tan ) plane that are excluded at a confidence level of
95 % or higher, for each of the four types of 2HDMs. The expected exclusion limits in the SM hypothesis
are also overlaid. The data are consistent with the alignment limit [76] at cos(8 ~ @) = 0, in which the
couplings of 4 match those of the SM Higgs boson, within one standard deviation or better in each of the
tested models. The allowed regions also include narrow, curved ‘petal” regions at positive cos(8 - ) and
moderate tan 4 in the Type I, Lepton-specific, and Flipped models. These correspond to regions with
cos(f+a) ~ 0, for which some fermion couplings have the same magnitude as in the SM. but the opposite
sign.

5.5.2 Simplified Minimal Supersymmetric Standard Model

‘The Minimal Supersymmetric Standard Model (MSSM) [85-87] is a realization of a Type Il 2HDM. As a
benchmark, a simplified MSSM model in which the Higgs boson is identified with the light CP-even scalar
h, termed hMSSM [88-90], is studied. The assumptions made by this model are discussed in Ref. [23].
‘The production and decay modes accessible to i are assumed to be the same as those of the SM Higgs
boson.

The Higes boson couplings to vector bosons, up-type fermions and down-type fermions relative to the
corresponding SM predictions are expressed as functions of the ratio of the vacuum expectation values of
the Higgs doublets, tan 8, and the masses of the CP-odd scalar (i), the Z boson, and of &

Figure 14 shows the regions of the hMSSM parameter space that are indirectly excluded by the measure-
‘ment of the Higgs boson production and decay rates. The data are consistent with the SM decoupling
limit at large 1, where h couplings tend to those of the SM Higgs boson. The observed (expected)
Tower limit at 95 % CL on the CP-odd Higgs boson mass is at least ms > 520 GeV (ma > 400 GeV) for
1< tanf < 25, increasing to ms > 580GeV (m4 > 450GeV) at tan § = 1.
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Idea - Associated Higgs boson + charm quark production

The production of Higgs boson in association with a charm quark is directly
sensitive to the charm quark Yukawa coupling

g c g h

c h [ c

41 Examples of “direct” (left and centre) and “indirect” (right) cg — Hc diagrams (from arXiv:1507.02916)

04’
m While “indirect” diagram (right) is expected to
03} 1 dominate, the cross-section is still very
sensitive to the HcC coupling!

Loz
m No experimental measurements yet, though the
ot sensitivity at the HL-LHC has been surveyed in
wh the literature (arXiv:1507.02916)
o 1 2 3 4 X 1
o m Assuming a data sample of 3ab™" at /s = 14
1 Expected p-value as a function of TeV, 0(1) constraints on yc/ny are expected

ke = ye/yM (from arXiv:1507.02916) to be obtained...




Idea - Associated Higgs boson + charm quark production

= _CMS Preliminary 35.9 fb! (13 TeV)
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Effect of modified y. on p'-,'-' from cg — Hc diagrams Bound on yc /yZ™" from Run 2 CMS data
(Phys. Rev. Lett. 118, 121801 (2017), arXiv:1606.09253) (CMS-PAS-HIG-17-028)

m In the case of a modified Higgs coupling to heavy quarks Q = c, b, the shape of the
inclusive p¥ spectrum would change due to the modified gQ — HQ contribution

m Recently, CMS used their measured p distribution from H — ~vv and H — 4¢
accounting for dependence on y. (and ys)

m Considering only shape variation (no assumption on Iy, less model dependent)
and profiling y,/y;", obtain constrain of —18 < y./y" < 23 at 68% CL



Properties of b-hadrons

Fraction of decays

m Lifetime: Long enough to lead to a measureable decay length (around 5mm for a
50 GeV boost)

m Mass: Weakly decaying b-hadrons have masses around 5 GeV, leading to high
decay product multiplicities (average of 5 charged particles per decay)

m Fragmentation: Much harder than jets initiated by other species (b-hadrons carry
around 75% of jet energy, on average)

R R R NO2S T
05:, E % [ ATLAS Simulation Preliminary -e- Pythia8 ]
SE ATLAS Simulation Preliminary § 0.2} POWHEG pp - ff +PYTI-.|IA6 {
04k - e Pythia8 E [ Anti-k R=0.4 b-jets A~ Herwig++ 1
“E S -8 PYTHIA6 E C ¥ HERWIG ]

E == -+ Herwig++ E 0.15- -
0.3 -+ HERWIG - [ ]

E Pythia8+EviGen ] L 1

E ] 01 3
0.2f- = E F ]
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Multiplicity of B” charged stable decay products 2= p]el Ebcllpmlz

Left: Mean charged multiplicity in BT mesons decays Right: b-quark fragmentation function




Properties of c-hadrons

m Lifetime: Shorter than the b-hadrons by around a factor of 2-3, still enough for
measureable decay length (around 1-3mm for a 50 GeV boost)

m Mass: Weakly decaying c-hadrons have masses around 2 GeV, around 2-3x lower
than b-hadrons (mean of ~ 2 charged particles per decay)

m Fragmentation: Softer than b-jets, but still harder than jets initiated by light
species (c-hadrons carry around 55% of jet energy, on average)
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Left: Mean charged multiplicity in D mesons decays Right: c-quark fragmentation function



Anatomy of a light flavour (u, d, s) jet

Typical Experimental Signature

m Light-quarks hadronise into many light hadrons which share the jet energy
m Tracks from this vertex often have impact parameters consistent with zero
" (e.g. K2, A% can be produced, though they are

more likely to decay very far (many cm) from the primary pp vertex



Anatomy of a c-jet

Typical Experimental Signature

m c-quark fragments into a c-hadron which carries around half of the jet energy

m c-hadron decay vertex often displaced from the primary pp vertex by a few
mm

m Tracks from this vertex can often have



Anatomy of a b-jet

Typical Experimental Signature

m b-quark fragments into a b-hadron which carries most of the jet energy
m Most b-hadrons (= 90%) decay into c-hadrons

m b-hadron decay vertex often displaced from the primary pp vertex by a few
mm

m Subsequent c-hadron decay vertex often displaced by a further few mm
m Tracks from both of these vertices often have
T



Introduction to charm jet tagging

Charm tagging is not new, many experiments at high energy (1/s >> mgg)
colliders (e.g. SppS, Tevatron, SLD, LEP, HERA) have built “charm taggers”
which tend to fall within the following classes:

“Exclusive” charm jet tagging
m Focus on the full reconstruction of exclusive c-hadron decay chains (e.g.
D** — D(K~n")x®) or leptons from semi-leptonic c-hadron decays
m v Can often provide a very pure sample of jets containing c-hadrons

m X The efficiency is typically low O(1%), limited by the c-hadron branching
fractions of interest

“Inclusive” charm jet tagging
m An alternative approach is to to exploit more “inclusive” observables, such as track
impact parameters or secondary vertices
m v The efficiency of this approach is typically very high O(10%))
m X The c-jet purity is often lower than these “traditional” approaches
m More suited for use with machine learning (ML) techniques

ATLAS have developed an “inclusive” c-tagging algorithm based on several “low
level” taggers combined into a “high level” tagger using ML techniques



ATLAS Low Level Taggers: 1 - Track Impact Parameters (IP)

The signed IPs of tracks associated to jets are powerful jet flavour distriminants:
m Exploit “sign” of impact parameter: positive if track point of closest approach to
PV is downstream of plane defined by the PV and jet axis
m Tracks from b-hadrons tend to have highly significant (IP/op) positive IPs, while
most tracks from the PV have a narrow, symmetric distribution
m v Very inclusive and highly efficient

m X Relies upon accurate measurement of jet axis, sensitive to “mis-tag” high IP
tracks from V° decays or material interactions, IP/op difficult to model in
detector simulation

L L IS I I I 10 g
%10' ATLAS Simulation Preliminary _| % ATLAS Simulation Pre\immary§
z A Vs=13Tev, t z 1 \s=13 Tev, tt
% > —bjets = —— bjets
=10 —-Cjets Z10 ——cjets

- Light-flavour jets -~ Light-flavour jets

10 E
10° ! ]
10 3
BT A N A S IS S 10" ] i b
20 10 0 10 20 30 40 20 -10 0 10 20 30 40 5
Track signed dO0 significance (Good) IP3D log(P b/F‘u)
Left: Transverse IP significance distribution Right: likelihood ratio discriminant based on 3D IPs of tracks



ATLAS Low Level Taggers: 2 - Secondary Vertices (SV)

Exploit expectation of a secondary vertex from either b or c-hadron decays:

m Attempt to reconstruct a secondary vertex from high IP tracks associated with jet

m Use invariant mass of tracks at SV to discriminate b or c-hadron decay vertices
from V° decays or material interations

m Exploit hard c/b-jet fragmentation, SV should carry a large fraction of jet energy
m v SV found in up to ~ 80% of b-jets but only a few % of light flavour jets

m X Degraded light jet rejection as jet pr increases, careful considerations to
mitigate “tagging” of material interactions required

L R e R I T T T e e
% i ATLAS Simulation Preliminary - é ki ATLAS Simulation Preliminary | 2 [ . ATLAS Simulation Preliminary ]
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r q - Light-flavour jets
] w0t E
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10°H —— cjets [ ] —— cjets E
o Light-flavour jets L B N I Light-flavour jets H
[ P T B P . ni i
0 1 2 3 4 5 0 10 20 30 40 50 60 70 80 90 100 0.1 02 0.3 04 05 0.6 0.7 0.8 0.9
m(SV) [GeV] S,..(8V) .58V
Left: Inv. mass of tracks at SV Centre: 3D SV decay length significance Right: Energy fraction of SV tracks



ATLAS Low Level Taggers: 3 - Decay Chain (JetFitter algorithm) 7

Exploit common occurance of cascade decay chain; b-hadron — c-hadron:

m Use Kalman filter to search for common axis on which three vertices lie: primary
(pp) — secondary (b-hadron) — tertiary (c-hadron)

m Can then look for “1 track vertices” with decay chain axis

m v Addition of 1 track vertices improves efficiency, constraint to decay chain axis
improves separation power of SV based discriminants

m X Degraded performance for c/b-hadron vertices as jet pr increases, high fake

. . . . w_ - "
rate for 1 track vertices (increases light jet “mis-tag” rate)
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Introduction to pp — ZH production at the LHC

m In /s = 13 TeV pp collisions, Higgs boson production
in association with a Z boson represents around 1.6% of
the inclusive production rate

m The cross-section is dominated by the qg — ZH
process, with total cross-section oq5 ~ 0.76 pb

m Smaller contributions from gg — ZH, with total
cross-section oge ~ 0.12 pb, though it exhibits a harder & TIIIP—>——p-------=- H
pY spectrum below ~ 150 GeV

[ 99— ZH —— |
0F - Triangle
x
qq — ZH (NLO)
Flipped Yukawa

g : & T z
& 0.1 by

:E 8] gg — ZH “box” diagram

§ 0.01 g +H

0.001 £

MadGraph5_aMCGNLO

MSTW2008LO
LHCI‘4T€V . . .
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P [GeV)

1+ p-’l'! distribution for qg and gg initiated ZH production (from arXiv:1503.01656)
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g V4

Representative Feynman diagrams for qG/gg — ZH processes —

gg — ZH “triangle” diagram
U



Combination of ATL

Measurements (ATLAS-CONF-2018-031)
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ZH, H — cc Background Composition

Yield, 50 GeV < mcz < 200 GeV

Sample
1 c-tag 2 c-tags

75 <p% <150GeV | ph >150GeV | 75 < pZ < 150GeV | pZ > 150GeV
Z + jets 69400 = 500 15650 & 180 5320 4 100 1280 = 40
ZW 750 + 130 290 + 50 53413 20+5
4 4904170 180428 55418 2648
tt 2020 + 280 130450 240+ 40 1346
Z H(bb) 3242 19.5+1.5 41404 2.740.2
ZH(ce) (SM) | -1434170 (2.4) -844100 (1.4) | -30440 (0.7) -20429 (0.5)
Total 72500 = 320 16180 + 140 5650 4 80 1320 £ 40
Data, 72504 16181 5648 1320




CMS pH — k. (CMS-PAS-HIG-17-028)

Top: K¢ vs. Kp Bottom: k., profiling xp
CMS Preliminary  35.9 b (13 TeV) CMS Preliminary  35.9 b (13 TeV)
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ATLAS H — J/1~ Search - Constraint on kc/K

m Dependence on 'y and o(pp — H)
(approximately) cancels in this ratio,
sensitive to K¢/ kK-

—_

5 33—
g F InputH — yy p=0.98+0.15 i
' 2_5?InputHﬁJwyu=1.0158.6 3
[ -108.1 < o/, < 126.1 at 95% CL i m Consider the ratio of signal strength
ok 4 measurements for H — J/¢~y w.r.t.
r ] H — vy
1.5F .

m Figure above based on ATLAS Run 2
H — J /4 ~ search and latest H — v
measurement (arXiv:1802.04146)
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AThis is NOT an ATLAS result, but my estimate based on public information alone




