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AL Higgs boson production at the LHC -

Run 1 Run2 Run3
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e Measure o X BRy;_, __for all relevant production modes: T

ggH VBF, V( - gq)H and ttH BR, 637 +
T
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e Use full Run 2 dataset:
Lint = 139 b~ ! after
data quality cuts
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The ATLAS experiment at the LHC

Muon chambers

Toroid magnets

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electiromagnetic calorimeters

Solenoid magnet | Transition radiation fracker

Semiconductor tracker
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ATLAS Reconstruction of r—lepton decays -

o |eptonic r-lepton decays are reconstructed as
electrons and muons (with relaxed d,, cuts)

others

« Reconstruction of hadronic z-lepton decays starts from
anti-kT jets with R = 0.4 as seeds

17t 21
* Classity tracks within cone into tau, isolation, pile-up

and conversion tracks using multiple BDTs - require
exactly 1 or 3 tau-tracks

—_
o
n
Il

* Use RNN to identify hadronic tau decays and reject
guark and gluonjets

Fake 7, _, .. rejection
o
w
|

* Use all relevant combinations of tau decay modes: 0 T
TTh Tl TeT, (€ = €, i) e T
— RNN (3-prong)
- - BDT (3-prong) X
« No same flavour light leptons to avoid Z peak 107"b';vlvf;zn?f:ﬁpmg'66"67"-65-65"1
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- ATLAS Simulation
— Vs=13TeV, 36.1fb™
- VBF + boosted

“80 100 120

140

160 180
MMC [GeV]

Use visible tau decay products and missing energy in missing mass calculator (MMC)

Sample P

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22

DFs ad use Markov chain to find most likely solution to underconstrained problem
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Trigger signature

Data-taking period

pr threshold [GeV] used in event selection

. 2015 pr(e) > 25
Single electron 9016-2018 prle) > 27
Single muon 2015 pr(p) > 21
5 2016-2018 pT( ) > 27.3
One electron, one muon 20152018 pr(e) > 18, pp(p) > 14.7
TWO Thad vic 20152018 prr(leading 7y5q.vi;) > 40

pr(sub-leading 7.4 i) > 30

Use single muon, single
electron, muon+electron
and 7,7, (+)et) triggers

e Define exclusive
categories of medium

qualit
and

v electro
adronic

to def

categories

NS, MuUONs

tau decays
INne analysis

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22

Preselectlon

e

UNIVERSITAT
Criteria TlepThad Thad Thad
TeThad T4 Thad
N (e) 1 1 0 0
N () 1 0 1 0
(Thad VlS) 0 1 1 2
N (b-jets) 0 (85% WP) 0 (85% WP) 0 (85% WP) 0 (70% WP)
(> 1 or 2 in ttH categories)
pr(e) [GeV] > 15 to 27 > 27
pr(p) [GeV > 10 to 27.3 > 27.3
Pr (Thad—vis) GGV > 30 > 40, 30
Identification e/p: Medium e/ 1) Thadovis: Medium Thadovis: Medium

Isolation e: Loose, u: Tight e: Loose w: Tight

| Charge Opposite charge
ET"™ [GeV] > 20
Kinematics m > m, — 25 GeV mr < 70 GeV

30 GeV < m,, <100 GeV

Leading jet pp > 40 GeV pr > 70GeV, |n| < 3.2

Angular AR,, <2.0 ARy, <25 0.6 <AR, . <25

’Aneﬂ‘ <15 ‘AUEThad vis‘ <15 ‘ T hadvisThad-vis ‘ <Ll5

Coll. app. x;/x

0.1 <z < 1.4
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ATLAS Event categories

* Boosted (ggH): Variable VBF V(had)H ttHvs {7 ttHvs Z — 77
pT(H ) > 100 GeV Invariant mass of the two leading jets o o
pr(jJ) ° °
% Product of n of the two leading jets o
. VBF:m;; > 350 GeV, g Jubleading ict pr . .
2 : b-leading j o
p%’ > 30 Gev’ ‘ An]] ‘ > 3’ 4; ggalale“aéulllllqg(;]fegl?jets P o o
: : : : i Scalar sum of all b-tagged jets pr o
JetS N OppOSIte hemISphel’eS Best W-candidate dijet invariant mass o o
Best t-quark-candidate three-jet invariant mass o o
_ O A¢ between the two leading jets
¢ VH 6() < m]] < 120 Gev! % An between the two leading jets .
]2 > 3 O G.ev :g AR betvx.re.en the two leading jets o
- AR(7tT7,jj) o
pT i«; AR(T, T) o
20 Smallest AR (any two jets) o
. 1tH: 6 jets and at least 1 b-tag  — 'A?(T’)T)' . .
_ s pp(rT o
or 5jets and at least 2 b-tags &  Subleading 7 pr .
S Sub-leading 7 n
L c < pr(HJjj) . o
* Additional BDT classitiers to = 8 pr()/pr(id) .
purify VBF , VH and ft H .éﬁ Missing transverse momentum s . . .
"y Smallest A¢ (7, E1°) .

categories

H — t7in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22 7
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o VBF and VH are split into two regions to maximise
sensitivity by cutting on BDT scores

« For rtH a rectangular cut is performed on both BDTs

A
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Simplified Template Cross Section Bins...-«

Production

Event categories ATLAS

H—r1r

Cross-sections in STXS stage 1.2 framework
modes

ttH_1

A

ttH taggers

>5 jets and =2 b-tags -
or =6 jets and =1 b-tags — "¢
ttH_O
VBE - |An;;1>3 >2 jets
- Ny *N;<0 | =0 btags | LP 1=

A

SECEEET FUPURPRPRRE

>2 jets m;>350

VBF tagger
-V_’qq' » 60<m;<120 v 1 ) 60<m;<120 @ 4‘?
V(had)H tagger Al ﬁ
pr(H)>200 pt(H)>300 4 pr(H)>300 or(H)>200
oost_
200<pT(H)<3OO 4200<pT(H)<3OO

>2 jets mjj>350

<

120<pr(H)<200 =22jets  pr(H)<200

1 20<|oT(H)<200>

boost_1_ge2J

mjj<350

60<pr(H)<120 100<pr(H)<120

boost_0_ge2J |«
100<pr(H)<120 =1 jet

=1 jet 60<pr(H)<120

boost 0 1J

120<|oT(H)<200> 120<pT(H)<200

boost 1 1J
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__ATLAS I Other backgr. Z >l

- {s=13TeV, 139 fb” BWzow —

__H— 1 1.4 Signal regions o~ —
— 1T

Misidentified <

. Top

Category

ttH_1

ttH O

VBF 1

VBF 0

VH_1

VH O
boost 3
boost 2
boost 1 _ge2J
boost 1 1J
boost 0 _ge2J
boost 0 1J

10 20 30 40 50 60 70 80 90 100

Relative Contribution [%]

0

e |argest backgrounds from

/ — 71, misidentified z-leptons

and top quark processes

Background Composition

a [ | L I [ | L I LI | [ | [ | [ | [ I [ a
(@) | ATLAS . Other backgr. Z-1Il (@)
o (s =13 TeV, 139 fb" visidentiied = [ Z - D
-+ — . . — -+
8 H— TiepThad signal regions | 14 BHo 8
VBF_1 VBF 1
VBF_0 VBF 0
VH_1 VH_ 1
VH O VH O
boost 3 boost 3
boost 2 boost 2

boost 1 _ge2J boost 1 _ge2J

e

UNIVERSITAT EIIN
IIII|IIIIIIIII|IIII|IIII|IIIIIIIIIlIIIIlIIIIIIIII
L ATLAS . Other backgr. Z->I |
Vs =13 TeV, 139 fb™ Misidentiied = [ Z >
- H — 1,7, signal regions R B |

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22

boost 1 1J boost 1 1J
boost 0 _ge2J boost 0 _ge2J
boost 0 1J | | boost 0 1J
O 10 20 30 40 50 o0 70 80 90 10 O 10 20 30 40 50 60 70 80 90 100
Relative Contribution [%] Relative Contribution [%]
Process Generator PDF set Tune Normalisation
ME PS ME PS
Higgs boson
ggF PowHEG Boxv2 PyTHIAS PDF4LHCI15NNLO CTEQ6L1 AZNLO N°LO QCD + NLO EW
VBF PowHEG Boxv2 PyTtHiA8 PDF4LHCI15NLO CTEQG6L1 AZNLO NNLO QCD + NLO EW
VH PowHEG Boxv2 PyTtHiIA8 PDF4LHCI15NLO CTEQG6L1 AZNLO NNLO QCD + NLO EW
ttH POWHEG Boxv2 PYTHIAS NNPDF3.0NNLO NNPDF2.3L0 Al4 NLO QCD + NLO EW
MADGRAPHS_

tH AMCANLO PYTHIA 8 CT10 NNPDF2.3ro Al4 NLO
bbH POwWHEG Boxv2 PYTHIAS NNPDF3.0NNLO NNPDF2.3Lo0 Al4 NLO
Background
V +jets (QCD/EW) SHERPA 2.2.1 NNPDF3.0NNLO SHERPA NNLO for QCD, LO for EW
tt POwWHEG Boxv2 PYTHIAS NNPDEF3.0NNLO NNPDF2.3Lo Al4 NNLO + NNLL
Single top POWHEG Boxv2 PYTHIAS8 NNPDF3.0NNLO NNPDF2.3Lo0 Al4 NLO
Diboson SHERPA 2.2.1 NNPDF3.0NNLO SHERPA NLO

10
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H — 77in ATLAS,

ATLAS Simulation

- ttH 1| 00
% -
D ttH O N 1.3
© VBF_1 0.1
O -
e VBF 0 3.2
Q) —
O VH 1 3.4
3 [—
= VH 0 20.7
g S—
8 boost 3 N 0.0
b boost 2 0.0
m e
boost 1 ge2J 9.1

boost 1 1J
boost 0 _ge2J
boost 0 1J

N(jets): =1
pT(H) [GeV]: [60, 120]

Signal purity in STXS bins

Vs =13 TeV, 139 fb", H — 11
0.0 | 0.3 | 2.7 | 3.0 | 0.7 | 0.4 | 1.0
0.1 4.7 7.4 3.8 4.0 2.5 2.4
0.2 0.0 2.2 1.0 2.9 0.0 93.5 0.0
1.9 1.3 7.8 2.6 20.1 0.5 0.1
0.9 13.0 10.8 4.8 0.1 0.4 0.8
3.2 29.9 16.6 4.1 0.5 24 1 0.7 0.3
0.0 0.0 . 9.9 0.0 1.1 12.0 0.7
5ot 553 mf-j 1.6 0.9 9.2 0.5
7.1 8.4 0.0 10.6 1.2 7.6 0.6
54 6.3 0.0 1.4 0.6 4.0 0.0
£ o) 22.6 0.1 0.0 8.4 1.1 She 0.5
25.1 I 3.0 | 0.0 | 0.0 | 1.3 | 0.6 | 3.0 | 0.0
1 >2 20 20 22 ' 22 32
[120, 200] [200, 300] [300, <[ [0, 200] ' !
[0, 350] [350, o[ '[60, 120] [350, o[

m, [GeV]: [0, 350]*

gluon fusion + gg — Z(— qq)H

| VBF + V(= qq)H

STXS Binning

ttH

90
80
70
60
50
40
30

10

100

Expected Signal Purity [%]
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attAs  Modelling of Z — 77 background  ....28

x10° ><1 0°

> 20— L N N ) B O B I B % N N e N [N B B
) - : : Z -l - B Z — |l n
> 5—| L L L B L B L B @) - ATLASSlmuIatlon_1 ] Erth))eddedZ—HI - Q) B ATLASSlmuIatlon_1 ] ErrTE)eddedZ—HI .
8 10 g—?_TL,:\gT S Embe‘ddgdtsamples = o . Vs=13TeV, 139 fb e 7 s 11 — o 15— Vs =13 TeV, 139 fb e 7 3 11T ]
- IS ev, a:' = ~— __ T|e Tha _— D — Tle Tha -
© . 4[ Tt - 'Zl'op : B ~ 1 5— Bcfostd+ VBF + V(had)H selection _ ~ - Bcfostd+ VBF + V(had)H selection -
~ 10 = Boost selection O RYAY; = (7)) | _ N B |
% E 7% Uncertainty E @ - - G:) 1 0_ _
£ 10°¢ 4 £ 10 1 & U -
o F 1 Wb 4 T -
102 = : : r N
- o — 5__ -
Q-_ ; [T T 1 | T T 1 | I T T 1 | [T T 1 | [T T 1 | T T4 O_ | . O_ o
> 1'45 IE () =T I I — 1 = (O] — T T T 1 I — T T 1 T T T 3
- 1'2___1‘/ Z = 11— Err|1beddedZ ||/z|—> | E = 1.1 — Embeddec|iZ 1/Z -1 | | =
C\U 0 g;_W%W W% (?)1 05;— 7/, Uncertainty % (?)1 05;— 7/ Uncertainty =
EU 06 E—[ ol b v P g '_z Q_ODO 95‘ é: M#y//é#/////////wl /i W _z (_30 gé é: e Wﬁ%////f/ﬁ//ﬁ‘/ww{é
100 1 50 200 250 300 350 N QE_ _5 N QE_ =
0'95 I R T R N N R A N = 095 R R N N SO R R A K R N N B N =

p.(H) [GeV] 50 100 1 50 200 0 50 100 150 200
T ( had) [GeV] E_rlpiss [GeV]

“‘Simplified embedding”: use Z — £ events, correct for e, u and t;, trigger and reconstruction
efficiencies and scale visible p;to correspond to hadronic z-lepton decays - all event quantities are
re-evaluated

« All detector uncertainties are propagated + non-closure uncertainties from comparison to Z — 7z MC

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22 12



ATLAS A

Atene - Misidentified 7-lepton background ..
> — | | | | [ | | | | | | I —
(b} __ ATLAS ¢ Data ) __ > i | [ [ I | | I | | | | | . ; [ I | [ ] > B | I I | | | | | [ [ | [ . ; [ I | ]
g L el O1SOCEME e Bl 0 O [ e gl
» B Vhlngh;delection — Signal(x10) ~ S  Cepthad ! é'_)ml _ S 60~ =, . ! Lo N
= 60— A 1 )20 72 Uncertainty — N — VBF selection » U'r?geart(;‘i:]?) = D — VBF selection > LSJIr?Q:rIt(;i:]?) .
GC) - MW g i hagvi 7 [= ~ q(lep) xq(t,_ . )>0 y N c ~ q(e)xq(u) >0 ! |
i % 7 o100 1 2,0 -
| _ LL] 5 / N LL] B % o
40~ | ’ - - %%% - Yy / _
i % 7 _ 0L, N i o i
“r _ Ay : 200 i -
B ///,?(///’ , _ L Y o + |
. O ' O B 4 ) O ,,. Y/ mmmm D e, 2y
8 15;%1 1 | T ] T T T | | »— 5 15_| L O O B B NN B B ] o, 157 N — | T T ) ]
E 0 51 WW ////// / W g ) g%{W//zzfyf//ﬁt//-///2/74////‘//74///*/////%*///yé//#//f}//% g“f 0 E‘)I / /j/////%///%////// %////&
I — — — Vol oo o e T — Y. /A O 1 o
5 100 150 200 S B0 100 50 200 @ 50 100 50 200
- MMC GeV 8 CDU
My~ [GeV] mMMC [GeV] my - [GeV]

e 7,7, and 7,7, use a fake factor approach to estimate hadronic tau fakes, light lepton fakes are negligible in 7,7,

. 7,7, Uses a matrix method to estimate light lepton fakes

 Check modelling in validation regions. Uncertainties are estimated from non-closure effects and statistics

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22 13



ATLAS Fits and signal extraction s S8

.
ttH topology

 Binned maximum likelihood fits iIn 32 <., 71, xps
signal regions (10 boosted, VBF VH ~ %77
bins x 3 decay modes + 2 ftH bins) | VBF topolosy
+ 6 top CRs (7,7, 7,7,) and 30
Z — (¢ regions to derive simplified |
embedding and Z — 77 Boost topology
normalisation

boost_0_1J

boost_0_ge2.J

boost_1_1.J

 Measure correlated signal combined boost.2

over all regions (1 POI), per Higgs >
oroduction mode (4 POIls), per STXS V{bad)H topology
bin (9 POls: VBF, VH, ttH + 6

boosted bins)

H — ttin ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22 14



ATLAS

EXPERIMENT

Post fit distribut

x10°
> 40 N l I I I I I | | L | L
o) - ATLAS ¢ Data -
o 35 /5 =13TeV,139f-" 7 Uncertainty =
— - H— 77 (0.93 X SM) o
@ 30 __AII Boost SRs G =
S - Other backgrounds 1
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20 |- =
15 F- =
10 - =
5 =
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2 05 E
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S 175 ‘_ATLAS
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& 125 F
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75
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o 20 _I | I I | I
5 -
| N
1 obe by
(48]
a

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 2¢

75
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e
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o 0F /s Z13Tev, 139fb1 7~ Uncertainty E S [ Vs=13TeV,139fb~"  ~~~ Uncertainty -
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7 Uncertainty . o 16F Vs =13TeV,139fb! 777 Uncertainty .
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e Top ] g i - ttH_1 SR Top .
Other backgrounds b n 7 Other backgrounds -
1 Misidentified 42 - / Misidentified .
.z 10 = 27 —
8 —
6 —
/ 4 .
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t(OL)H(t, 7,)
V(had)H
Boost

VBF

Comb.

Illlllll
ATLAS

III

III

|IIII
9fb

| L | L I | L
H—> 1t Vs =13 TeV, 13
—Total — Stat. Theo. |yH| <2.5
Tot. (Stat., Syst.)
+0.41 +0.25 +0.33
@ =] 0.42 —0.42 (—0.24 —0.34 )
+0.18 +0.10 +0.16
=@ = 0-91 017 (—0.10 -0.13 )
+0.17 0.10 +0.15
@ - 0'97 -0.16 C0.09 i0.13 )
+0.13 0.07 +0.12
Q- 093 —0.12 (t0.07 t0.10 )
IIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIII
0 0.5 1 1.5 2 2.5 3 3.5 4
(6xB)™%? / (oxB)™M
1 | I I I | I I | | I I I I I I | I I I
ATLAS H—> 11 /s =13 TeV, 139 fb™
— Total — Stat. Theo. |VH| <2.5
Tot. (Stat., Syst.)
0.97 0.76 +0.60
SEEE,S | 1'02 i-0.81 (J—r0.68 J—r0.45 )
+0.37 +0.21 +0.30
- = 0-82 -0.33 (—0.20 -0.27 )
0.26 0.10 +0.24
- —i 0.99 to.21 (J—ro.1o J—ro.19 )
+0.17 +0.09 +0.14
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b STXS fit results
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ATLAS

EXPERIMENT

Systematic uncertainties

Impact on Ao /o(pp — H — 77) [%]

Source of uncertainty

UNIVERSITAT

Observed Expected
Theoretical uncertainty in signal 8.7 8.9
Jet and E%liss 4.5 4.2
Background sample size 4.0 3.7
Hadronic 7 decays 2.1 2.1
Misidentified 7 2.0 2.0
Luminosity 1.8 1.8
Theoretical uncertainty in Z -+ jets processes 1.7 1.2
Theoretical uncertainty in top processes 1.1 1.1
Flavour tagging 0.4 0.5
Electrons and muons 0.4 0.4
Total systematic uncertainty 12.0 11.4
Data sample size 7.2 6.7
Total 13.9 13.2

H — 77in ATLAS, C. Grefe, IRN Terascale, Bonn, 28.03.22
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7
AR Summary and Outlook
x10°
« Measurement of 6 X BRy;_, .. in 9 STXS bins using full S [ arias e oo T
© 40=Vs=13TeV,139fb" 7777 Uncertainty —
Run 2 data 5 [AISRs A= (093 X SM) -
g a0 Visdeniod ¢ -~
o Firstlook at itH with H — 7,7, complementary to ftH
multi-lepton analysis (Phys. Rev. D 97 (2018) 072003) F
10 |
o Significant improvement over previous result (Phys. Rev.

D 99 (2019) 0/7/2001): more data, improved tau ID and
improved signal categorisation (especially VBF BDT)

50 75 100 125 150 175 200

o Still room for improvement: improved event =famas TR e (Gel]
reconstruction, better understanding of systematics, T Lo
more STXS bins ozl

» Looking forward to doubled statistics from Run 3

starting later this year!
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