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Introduction

* The Higgs boson discovery in 2012 and subsequent
measurements of its properties primarily focused on bosonic
decay modes (YY, ZZ*,WW?*). However, an important
question for verification the discovered particle is a SM Higgs
boson is whether the new particle also couples to fermions.

— Dominant Higgs boson production mode at LHC (gluon-gluon
fusion) is an indirect probe of the coupling to top quark

— Coupling to down-type fermions require direct observation of
its decays

* At ATLAS we've thus far focused on the following channels:
— H—bb (57.7%), H—= 1t (6.32%), H— up (0.0219%)

— and in addition we can directly probe the top Yukawa coupling in
associated ttH production via the various decay channels

However, fermionic channels are particularly challenging at
hadron colliders and require very high performance

reconstruction of objects (e, Y, Thad, jets (incl b-tagged) and
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Higgs production mechanisms p fermionic decay channels

o (my = 15.13 pb @ 7 TeV 122 pb @ 7 TeV 0.58(W) 0.34(Z) pb @ 7 TeV 0.09 pb @ 7 TeV
125 GeV) 19.27 pb @ 8 TeV 1.58 pb @ 8 TeV 0.70(W) 0.42(Z) pb @ 8 TeV 0.13 pb @ 8TeV

20.3 o' @ 8TeV
H—1t -
ATLAS-CONF-2013-108

) 47 fo' @ 7 TeV +20.3 fb!
H—bb - : @ 87TeV
ATLAS-CONF-2013-079

203 fb"' @ 8TeV
ATLAS-CONF-2014-01 |

20.7 fb'' @ 8TeV
ATLAS-CONF-2013-010
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Search for H— 17

H—1tt

* Multivariate analysis used to discriminate signal from background, with BDT score as final

discriminant.

* Analysis covers 3 decay channels: lep/lep, lep/had, had/had and 2 categories: boosted ggF
(pt™ > 100 GeV) and VBF (2 jets with large An)

H — TlepTlep

(BR 12.4%)
Z, charm, bottom bg

H— TiepThad

(BR 45.6%)
W+jets bg

H— ThadThad

(BR 42%)
multijet bg

exactly 2 OS leptons
veto ON Thad

Ermiss > 40 (20) GeV for SF
(DF)
30 < mee' < 75 (100) GeV for
SF (DF)
prt! + pr?42> 35 GeV

Apygyg <25

OS = Opposite Sign
SF = Same Flavour
DF = Different Flavour
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Events / 20 GeV

| lepton and | Thad (OS)
mt( £ ,Er™s) > 70 GeV

B T T T | T T T T I T T T T I T T ]
1 06 = ee + eu + uu Preselection ATLAS Preliminary_E
- j Ldt=20.3fb" —e— Data ]
i — 50 x H(125)— 1t |
5L {s=8TeV _
10 2 Bz E
i I Z— eeup ]
10%E B 1f+single-top
; WWWZz/z2Z 3
- [ Fake Lepton
10° = 772 Uncert. E
10%E 3
10k

0 100 200 300

Pl [GeV]

2 OS high pT Thad candidates
(one tight)

e, veto

Exmiss > 20 GeV plus
requirement on ¢

0.8 < AR <2.8
AN < |.5
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BDT Input H—1t

» Different BDTs are used to extract the Higgs boson signal from background, and trained
separately to exploit differences in the event kinematics for each category and channel.

— VBF category trained with VBF signal sample
— Boosted category trained with ggF, VBF and VH signal samples

* Various input variables are used in the BDT depending on channel and category (though
key variables are the same for all channels), covering event activity, event topology (Anj),

and resonance properties (ARx)

_IIIIIIIIIII_ __Illllllllllll__ > _IIIIIIIIIIIIII]IIII'llll_
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S F —e— Data . S 350 —¢— Data 3 ~ - —— Data .
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- Bl Z- ] 300 Bz 3 o i 7 ]
250__ - Z— eeuu - E - Others E LI>J 200__ = Ot_h>::8 =
. i B (7+single-top ] 250F I Fake t E - ) .
2004 wwwzzz 200k 2 Uncert. ] 150: /- Multijet ]
150 I Fake Lepton . - - 77~ Uncert.
777 Uncert. B 150: -
] - 100_
100 100t .
- 50F
S0E C
] 0: ] O— =
8 0 2 4 6 0 50 100 150 200 250
Ang /) AR(z,) m¥MC [GeV]

« Most important discriminating variable, used for all channels, is m:: reconstructed using
the missing mass calculator (MMC)
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Events /0.1

Background Estimation H—1t

Te) T T T T I T T T T T T T T T
~

. . . S E ThaThad Preselection ATLAS Preliminary_g

* Backgrounds are derived from a mixture of simulated and data- """ a-zose’ oo ;
. g - —6— Data E
driven samples Z000- g 5 Hzs 3
5000 Il Others -

I Multijet
777 Uncert.

e Dominant Z— 1t background uses a t-embedded Z— pp data

sample, where only the T decays and corresponding detector

response are taken from simulation

1 1.5

AN(ThagThag)

* Data-derived background samples per category are as follows:

H _'TlepTIep H _'TlepThad H — ThadThad

Data sample using non-isolated

) Data sample enriched in fake | Data sample with same-sign tau
leptons to model multijet, W

tiots and lebtonic tt Thad to derive estimates for candidates used as a template
Jets and semi-ieptonic . . .
backgrounds multijet and W+jets for multijet background
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Events / 0.1

Signal Extraction H—1t

* Analysis uses a binned likelihood function with signal strength parameter p

SR = Signal Region

— Z— 1t background floats freely in the global fit .
CR = Control Region

VBF Boosted
Global fit input:
lep/lep lep/had had/had lep/lep lep/had had/had
BDT score (SR) yes yes yes yes yes yes
Top CR yes yes - yes yes -
Z— 4 4 CR yes yes - yes yes -
ReSt CR - = An’C’C bInS = = An’C’C bInS
events that pass preselection but fail category selections, used for Z and multijet normalizations
: T T T T ] T T T T l T T T T I T T T T | T T I: '\ [T T T T | T T T T ] T T T T | T T T T . I . T T l_ ~— 1 04 __I T T T I T T T T I T T T T I T T T T | T T |__
- ee + en + uu VBF SR ATLAS Preliminary - - 1 05 — HThag + et .4 VBF SR ATLAS PreI|m|nary_E o © ThadThad VBF SR ATLAS Preliminary E
I j Ldt=20.31fb" —+— Data 1 2 - j Ldt=20.31fb" —¢— Data E > i j L dt = 203 fo! —e— Data §
1 03 - —— H(125)— 11 - 1) i —— H(125)— 11 ] c L —— H(125)— 1t
Fls=8Tev . H(125)— 1t (u=1) S 10%L'S" gTev. H(125)— 1t (u=1)_ o 10°L \s=8TeV H(125) Tt (u=1)_|
mZ- . > = B Z-s E Ll s mZ-s E
I Others L Il Others . Il Others
0 Fake Lepton 3 I Fake t i I Multi-jet
102 /2 Uncet. 10°¢ /22 Uncert. 3 ) 772 Uncert.
] 10
______ 102 .
10 ] 10
10 E
v 05 0 05 1 9705 o0 05 1 T 05 0 05 1
H TlepTlep  BDT score H ?TiepThad  BDT score H— ThadThad BDT score
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Results

H—1tt

158 GeV —oteystincl.theory) _ -y Co Observed signal with a significance of 4.10 at §
H™ — o(theor - — . . 3
— oltheor) | mn = 125 GeV (expected significance: 3.20)
-0.3 i C—
+0.4 . ] : . . o o
Hot o p=tdoi)as) P ; — First direct evidence of decay of Higgs boson
_________________________________ o2 |, ., i A T B .
Boosted  p-1297 3% i to fermions!
VBF w=1672¢ | X ) |
| i ¥ X : B B +0.5
H—> Tl p=207"2 ; o ¢+ Signal strength u = Ocns/Osm = 1.4 04
I L D
Boosted =207 - 1 ; — compatible with SM expectation
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p - : S P 60:_ p o B = A, Back Yo i
_________________________________ N Y e £ 50:_det=20.3fb . =Sﬂl1ers E S - ackground (u=0)
_ 1.1 . . . : > E =8 TeV , akes 3 10 = H(125)>1t (u=1.4)  —
ool =125 NN P LR S D een ER IS
VBF w=16%% | e i 2 30c E : ]
o | T 205 5 10° E
H— 7T 1 =1.070¢ . ~ 10 E g 1
: it E = - Hott 1
................................. . A P B 0 10
- 0.8°12 } : . e = ATLAS Preliminary E
BOOSted _________ “0810 S PR N ] S E%” [ —H129 =) A ] E det=2o.3 ! ]
VBF w=1.0°0° o | & 100 G0n S ] C \s_8Tev ]
! E— — B EE— o L - |
. E | i S | | 3
0 1 2 3 4 3 Oeeesselgii gty ae- 3 2 1 1
1 . 60 80 100 120 140 160 180 200
\s=8TeV |Ldt=20.3fb Signal strength (u) MG [GeV] log(S / B)
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- Statistics (0.30)

Main sources of
uncertainty on p:

- ggF cross section, JES, Top normalization (0.12)

- Z—¢ normalization (0.13)
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Search forVH—bb VH—bb
- . . . . g EIAITLAlslPreIim}n;ry; - I;%’é}i:@u;es;m; g
* H—bb has the highest branching ratio of all Higgs decays e o
(mH — |25 GeV) 50;— 1Iep.,2jets,2tags,p:>2006ev E%{E; —;
. . . . 40— e “:{“tb,{ L
— only associated-production channels possible at hadron colliders ; +gf Wb T
. 30__ 17 —
due to large multijet background ; i
20— -
* Cut-based analysis with profile likelihood fit to myp b E
% 1.5% HH%% pau //////” /////;
o 1 L e e 77
* Event categorization by number of high pT isolated leptons (e,u): @ o.s%.5,o. AN SN e )
h b b e
; H < . H . < ~ ¢ H <
“~ Z S . W S N . Z b
- ‘ a» v o “ A o o ! '.' (7
g “ LA ‘1 | ’/, “1 ‘( - i ' Lla
0 lepton ~ | lepton S~ 2 lepton AN

2 b-tagged jets with pt > 45 (20) GeV for leading (sub-leading) jet

at most | extra jet

O loose leptons | tight, O loose leptons | | medium, | loose lepton
Exmiss > 120 GeV Exmiss > 25 GeV Ermiss < 60 GeV
pT™ss > 30 GeV 40 < mt™WV < 120 GeV OS/SF leptons
+ directional cuts 83 <mygyg <99 GeV

$) =L = pr (loose) > 10 GeV OS = Opposite Sign @ ATLAS

wwessy  prlep (med,tight) > 25 GeV  Claire Lee, DIS 2014, Warsaw - SF = Same Flavour EXPERI MEM
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Analysis Strategy & Validation

 Events are sub-categorized in bins of pt¥ and jet multiplicity, with
further topological requirements to reduce the backgrounds in
individual bins and increase overall sensitivity: (

)

VH—bb

>2 jet
2 jets 2 jets 3 jets 3 jets 2>b Jtea SS
1 b-tag 2 b-tags 1 b-tag 2 b-tags e
eJ events
O lepton | 3 pr¥ bins | 3 pr¥ bins | 3 pt¥ bins | 3 pr¥ bins
1 lepton | 5 p7¥ bins | 5 pr¥ bins | 5 pr¥ bins | 5 pt¥ bins
2 lepton | 5 pr¥ bins | 5 pr¥ bins | 5 pr¥ bins | 5 pr¥ bins | 5 pr¥ bins

* VZ,Z—bb production has a similar signature and is used
to cross-check the analysis

— main differences: softer pt°® spectrum and ms, consistent
with Z mass

— Separate diboson fit (using same configuration as Higgs
signal) to extract pvz

* uvz = 0.9 + 0.2 (4.80 significance) consistent with SM
L

UNIVERSITY
JOHANNESBURG

Claire Lee, DIS 2014, Warsaw

’

— 0 -90*

— 90 - 120*
— 120 - 160
— 160 - 200
— 200+

pT’ bins [GeV]:

* not used in O-lepton channel as
below Er™ss trigger threshold

Global fit to following

channels:

— mpb distributions in 26 2-

tag signal regions

— event yields in 26 |-tag

control regions

— event yields in 5 top (ep)

control regions
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. ATLAS Preliminary -8-Data

. . 5 B VH(bb) (best fit) E14_'I""I""I""|""I""I""I""I""'_
Dominant systematics: B A -7 ey fLa-arn Syttt B L ATLAS Preliminary ]
_ b= L \s=8TeV [Ldt=2031b" “VH(b) (1=1.0) E 12F VH(bb) \s=8TeV ILdt=20.3 o -
- tt background modelling 308 cx;i;::mﬁiz:,;;ags ] s 102— —(E)bser;le: (é:ll_.s) B 7 ToV JL e a7 B
- 2- to 3-jet ratio o | 1 E F mmen () ]
© 0 6; B [ 1o J
- V n L 13 - [ J+2c ]
PT £ | 1S o ]
. . . ) 3 ‘ 4 9 — —
- c-jet tagging efficiency o 0.4 { 18 [ ]
. . ° ¢ 1 45 -
- multijet normalization 2 ok R - g
: > L - 2 -
- signal acceptance 2 M % | 1 - ]
. O¢er///{fﬁ::szffffizﬁsz‘f.. W O_IIIII|||||IIII|I|IIlI|IlII|IIIIIIIII|IIII|I—
~ 3%(bg) and 12%(signal) after fit : H{////////////{/// = ‘ i 110 115 120 125 130 135 140 145 150
50 100 150 200  2° my, [GeV]
ATLAS Prelim. "'2%2‘13’ Total uncertainty m,, [GeV]
m,, = 125 GeV Sithesy | tloonp
VH(bb), 7 TeV Pl BT SRR [P SOOI RSP ——
e = R T N A -
O H . @
VH,Olepton  H=-270; [#18 | st | & | | | No significant excess observed
_¥:_’_?__:‘?Rt_9? _____ . e §* Observed (expected) 95% CL upper limits
,2leptons U= a6 |13.1 1 — ; ; . _ ]
VH(oE), 8TeV 05 L on signal strength for my = 125 GeV:
U= 0.6°7 72 : : .
----------------------------- B NS , — 1.4 (1.3) x SM expectation
VH,Olepton  B=09,,1208 | | RN s sl l ;
VH, flepton  =07.,408 | | : | TR }+ Best-fit signal strength:
VH,2lopons_#=03 Je12 | RS L ; =02+0.5 + 0.4
Comb. VH(bb) o R I — M=V.2IT VU (Stat) L V. (S)'S)
_____________________ W%l | S
VH.Olepton  #=05,,1408 | | | | | = i G ‘ ) DR
VH, 1lepton  1=0.1"|+08 L + o
VH,2leptons 1=-0.4"7l+12 | el 1 1 a TL a S
Is=7TeV [Ldt=4.7fb" 4 <« U 2 4

(=8 ToV [Ldt - 203 " Signal strength [u] <'2e ke DIS 2014, Warsaw EXPERIMENT
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Search for ttH—bb

* Event preselection requiring | or 2 W bosons decaying
leptonically

ttH—bb

* Events categorized according to jet & b-tag multiplicities

* Multivariate analysis to discriminate signal from
overwhelming tt+jets background

— Signal-depleted channels used to constrain in-situ dominant
systematic uncertainties on tt+jets modeling

| lepton

2 lepton

exactly | lepton
pr¢ > 25 GeV

> 4 jets, = 2 b-tags

UNIVERSITY
OF
JOHANNESBURG

exactly 2 leptons
pr¢ > 25 (15) GeV

> 2 jets, = 2 b-tags
Hr > 130 GeV (OF)

mg¢ > 15 GeV and
Img ¢ - mz| > 8 GeV
(SF)

=/

No ETmiss
requirement since
after cuts
background is
dominated by tt+jets

CIeT're Lee, DIS 2014, Warsaw

ATLAS Preliminary Simulation Single lepton
\s=8TeV,[Ldt=20.3fb" m,, = 125 GeV
| 4j,2Db 1 4],3b | 4j,24b
2 MO S/B <0.1% z MO /B = 0.2% 2 MO /B = 1.3%
n n ()]
0.5 0.5¢ 0.5¢

0.0 N |

m1.0-5j’2b r:ﬂ1.0'5j’3b m1.0'5j’24b
= 1SB=01%| = | SB=04%| = |SB=23%
n n n

0.5 0.5¢ 0.5}

o T | O,O-
1ol 260:2b 10l 263D 1ol 261,24D
= S/B = 0.2% = S/B = 0.9% - S/B = 3.8%
wn n wn

0.5}

0.0-

0.0l N 0.0 I |

- - O.5.
0.0 0.0

ATLAS Preliminary Simulation Dilepton
q’'\s=8Tev,jLo|t=20.3fb'1 m,, = 125 GeV
{ _osf2j),2b I I
2 | sB<01% Slgnal Reglon
= 04f
o) Control Region
0.0
o6 3j,2b 06t 3j,3b
2 |sB-=01%| Z |sB-07%
" 0.4; " 0.4
0.2¢ 0.2
0.0l N | 0.0_
o6f 24j,2b 06l >4j,3b 06 24j,24b
Z |sB-03%| = |SB-18%| = |SB-68%
» 0.4 ) 0.4 »n 0.4
0.0 0.0 0.0
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Events / 50 GeV

Data / Pred

Analysis Method

ttH—bb

* Analysis uses a Neural Network to discriminate signal from background in signal regions
— dedicated NN in 5j3b region trained to separate tt+light from tt+HF

e Variables used in NIN:
— Obiject kinematics
— Global event variables
— Event shape
— Obiject pair properties
@
6000 ATLAS Preliminary e Data
" [Ldt=2031b" 1s=8Tev B (iH (125)
. [ tt+light
50001 Single lepton e
26, 2b i
B Ctt+V
4000[— [ Jnon-tt
- 4, Total unc.
3000
20001
1000/~
P
1.25F
1 W._qy_. Saa’s %
0.75;—
0% ~""200 400 600 800 1000

— signal-depleted regions use single variable: >priet (+ Ypr¥for dilepton)s

Variables used in one region are
required to have well-described
data/mc in other regions

No kinematic reconstruction of ttH final state

H* [GeV]

1200

Events/ 0.05

Data / Pred

500

400

300

200

100

1.25

—_

0.75
0.5

— ATLAS Preliminary
" [Ldt=2031" 1s=8Tev

~ Single lepton

|Il|||

—@— Data

¢ _ - ttH (125) norm
I tiH (125)

] ti+light

] tf+cT

1 tf+bb
Cti+V

[ non-tt

7, Total unc.

?
Z
4

%%@uM@WN%ﬁw 5

0.8 06 -04 -0.2

0 02 04 06
NN output

Events /0.1

Data / Pred

100

80

60

40

20

0.8—

2 B 8 TeV
- S= e

2 o7

= - Dilepton

= C

-

<

0.6_— >4j, 24b

0.5

0.4—

- ATLAS Preliminary Simulation

— Total background
........ ﬂH (mH =125 Gev)

0.3
0.2
o
0II\I|IIIIIIIIIIIIIl-O-l--l-l IIllll ToT
0 100 200 300 400 500 600 700 80
ms [GeV]
-~ ATLAS Preliminary —o— Data
" [Ldt=203f" 1s=8Tev  CZI3tH (125) norm
- B {iH (125)
Single lepton tt+light
>6j,24b [_Jtf+cC
= tt4bb
Ctt+V
I non-tt

7, Total unc.

%:%ﬁ;ab///

N

6 02 0.4 0.6 >

08 206 -04 -02

NN outputT
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= ..
« Simultaneous binned likelihood fit to discriminants < 10°c ATLAS Preliminary 4~ Data2012
. +6 si | . 8 - B iH (1 =1.7)
in 9+6 signal regions 5 B 4
T o excl.
* Fitted signal + background hypothesis where p 10°E []Bked
floats freely . -
ATLAS Preliminary 1s=8 TeV, IL dt=20.3 fb —
T 7T 1t
Dominant systematics: Dilepton 4 F
. - \s=8 TeV
- tt+HF normalization (~ 50%) ) P
075" |Ldt =203 b
- Flavour tagging efficiency  Leptonsjets - - T
L B Expectedt 1o _ Comb. Single lepton and Dilepton
- tt rewelghtlng ------ Expected* 26 [
- Jet energy scale inati — Observed 11(3;_""—
gy Combination =~ S88g | Expocted (i) — 1:6§—D fH (”ﬁf 1.7) + Bkgd. —E
L 1ET UH (u,  =4.1) + Bkgd. =
8 10 12 4E |
95% CL limit on o/c,, at m,=125 GeV  goE | | | | . . )
ATLAS Preliminary (5=8 TeV, jL dt=20.3 b’ 4 85 3 25 2 15 A S/é())-5

| — tot. _

(tot) (stat)

Observed (expected) 95% CL upper limits |
on signal strength for my = 125 GeV: §

— 4.1 (2.6) x SM expectation
i+ Best-fit signal strength:
b —u=17+14 (stattsys)

e stat.

Dilepton | —_ o —_ 29123 (14) _

Lepton+jets |— i 1.3+16 (0.8)

Combination — e ——_— 17 +14 (0.7)_

1 l 1 1 l 1 1 1 l 1 1 1 I 1 1 1 l 1 1 1 l 1 |
0 2 4 6 8 10

_ _ Claire Lee, DIS 2014,Warsa
best fit p=c/c_, for m =125 GeV ! W EXPERIMENT
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Search for H—=2 pp H—opp

* Only channel for measuring the Higgs coupling to 2nd-generation fermions

* Inclusive search covering all production processes
 Clean final state, but small BR (O~10-) and large SM backgrounds
* Cut-based analysis with a fit to m, spectrum in the region 105 < m,, < 160 GeV

> = L L L
. o B -‘- Data 44 SM (stat)
° Event Selecuon: 9 106?‘41—[{;'335_!?“2'?{?';y ESmgleTop %Wﬂets
. [%) 5 \s = ev, = 20. WwW tf.
— Exactly two OS muons with pt > 25 (15) 5 'O F Howw AU — T
GeV for leading (sub-leading) muon .
— ptH'¥2 > |5 GeV
* Signal regions:
— two categories: central (|Nui,u2| < I)
and non-central z
. . )
— exploits the more precise muon pr ~
measurement in central region 8
* Control region:
110 120 130 140 150 160
— events failing pt*'*2 > |15 GeV . [GeV]

7)<F @AMAQ

UNIVERSITY Claire Lee, DIS 20'4,W&FS&W EXPER MENW
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Events/ 0.5 GeV

95% CL Limit onp

H—up

* Binned maximum likelihood fit performed on my, in each category
* PDFsignai: Crystal Ball + Gaussian

— obtained from Higgs signal MC samples with contributions from all four prod. processes

* PDFpg: Breit-Wigner + exponential

— BW mean, width fixed to world values for Z

0.5

— ATLAS Preliminary

_ Central
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Main systematic
uncertainties:

— cross-section:
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— BR:~6%
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Conclusions

ATLAS Prelim, |—o(statistica)  Total uncertainty| * A search for the Standard Model Higgs boson of mass
—0 .incl.theo. . . .
my = 125.5 GeV —cﬁf::;rl;‘; ee) e toony |25 GeV via fermionic channels has been performed
on 7 and 8 TeV data from LHC Run I:

+0.23|Phys. Lett; B 726 (2013) 88
— H—11: observed signal with 4.1 0 significance

H= vy Y i
w=1.55% 01

S
——
-0.28 |_ g 12 a1

+0.35[Phys. Lett: B 726 (2013) 88 | | ,

H- 2z - 4l o - I
oo -020 5 . — H—bb: no significant excess observed over background
_'
I

w=1.43040 0 : ;
035|010 | o1 * VH:limit 1.4 (1.3) x SM
o ttH: limit 4.1 (2.6) x SM
L. — H—=pp: no significant excess observed over background
H-yy, ZZ*, WW* £0.17
0.13

NN BN
+0.20 [Phys.Lett.B726(2013)88
H—- WW* > Iviv - 021 3
- L, * Incl: limit 9.8 (8.2) x SM
H=1-33‘0-18+8:}g,...E........%..'_._.'I..

—

+0.23
0.19

w=0.99"%" iz

A—

—f—
-0.28| o E =
—
—

-009( ..

. +0.13[Phys. Lett. B 726 (2013) 88
Combined o012 :

ATLAS-CONF-2013-079

W,Z H— bb 05| —— N * Results show no significant deviations from the
=027 T - Standard Model.

-0.6 [<0.1 ||¥|

+03 [ATLAS-CONF-2013-108 | , |

H— 1t (8TeV: 20.3 fb™) 82
+0.

+0.5 |- 0.3 i
=14 .o i =~ |* Improvements and updates to Run | analyses are in

s=7TeV JLdt=46-48t" -0, 5 0 05 1 15 2 progress, and we look forward to Run 2!
\s =8 TeV [Ldt = 20.7/20.3 fb" Signal strength (u)
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Trigger pr threshold(s) [GeV] | TiepTiep | TlepThad | Thad Thad
Electron 24 ® B

Muon 24 v

Di-electron 12;12 n

Di-muon 18 ;8

Electron + Muon 12; 8 »

Electron + Thad 18 ;20

Muon + Thad 15:20

Di-Thad 29:20 o

Table 1: Triggers used for each channel. When more than one trigger is used, a logical OR of the triggers
1s taken and the trigger efficiency is calculated accordingly. The electron+7,; and muon+71y,, triggers
are used for the 7., 7y,4 channel at preselection, but not in the VBF and boosted categories as defined in

Section 7.

Category | Selection Tlep Tl TlepThad | Thad Thad
pr(h) (GeV) 40 50 50
pr(j2) (GeV) 30 30 30/35

VBF | An(j1,J2) 2.2 3.0 2.0

b-jet veto for jet pr (GeV) 25 30 -
p:‘[! (GeV) - - 40
pr() (GeV) 40 . .

Boosted | pf (GeV) 100 100 100
b-jet veto for jet pr (GeV) 25 30 -

Table 2: Selection criteria applied in each analysis category for each channel. The numbers shown are
lower thresholds. Only events that fail VBF category selection are considered for the boosted category.
The An(j,, j>) cut islapplied on the two highest p jets in the event. Events in the 7,7,y VBF category
must also satisfy m} > 40 GeV, and those that fail this requirement are not considered for the Ty, Thag
boosted category. The pr(j2) threshold in the ThagThad channel is 30 (35) GeV for jets within (outside

<L+ GATLAS

UNIVERSITY Claire Lee, DIS 2014, Warsaw EXPER'MENT
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Variable

My

VBF

Boosted

TlepTlep  TlepThad  ThadThad | TlepTlep  TlepThad  ThadThad

AR(7,T)

Aﬂ(jls.jZ)

mj 12J2

Un X nj,

Jotal
Py

sum pr

pr(n1)/pr(r2)

ETS¢ centrality

X7 and x;2

Mer J1

mg, ¢,

Ady, ¢

sphericity

Py

plll

ET™/p;

m.[.

min(Ane, ¢, jets)

J3 n centrality

£, X £, n centrality

£ n centrality

71,2 1) centrality

Table 3: Discriminating variables used for each channel and category. The filled circles identify which
variables are used in each decay mode. Note that variables such as AR(7, ) are defined either between
the two leptons, between the lepton and T4,4, or between the two 7,4 candidates, depending on the decay
mode.
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Table 4: Predicted event yields in the TipTiep channel for my = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertainties reflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components reflect the full systematic

uncertainty only.

Process/Category VBF Boosted
BDT score bin edges | 0.684-0.789 | 0.789-0.895 | 0.895-1.0 | 0.667-0.778 | 0.778-0.889 | 0.889-1.0
geF 0.53 +£0.26 0.8+04 0704 53+2.1 52+20 1.7+ 0.7
VBF 1.15+0.35 20+0.6 5015 | 1.01£0.33 1.5+0.5 | 0.67+0.22
WH < 0.05 < 0.05 < 0.05 0.71+£022 | 0.64+0.20 | 0.16 £ 0.05
ZH < 0.05 < 0.05 < 0.05 036+0.11 | 0.32+0.10 | 0.06 £ 0.02
Z-1'r 7.6+ 0.8 9.0+0.9 46x06 97+7 61.5+3.2 13613
Fake 28+0.7 58+2.0 45+1.7 10.1 £3.1 15+5 0.79 £ 0.29
Top 40+0.9 29+0.7 1.8+04 28+ 7 15+4 3.5+0.9
Others 1.97 £ 0.26 33+04 2704 | 24719 88+06 |234+0.24
Total Background 163 1.5 209+24 |135+24 160 =7 101 +4 202+1.8
Total Signal 1.7+ 0.5 29+0.9 5.7+1.7 74+24 7725 26+0.38
S/B 0.10 0.14 0.42 0.05 0.08 0.13
Data 23 28 19 156 128 20
F QATLAS
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* lep/lep candidate event

Run: 204153
a1 — Event: 35369265

\. e ?‘ XPERIMENT 2012-05-30 20:31:28 UTC
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Table 5: Predicted event yields in the TipThed channel for my = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertainties reflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components refiect the full systematic

uncertainty only.

UNIVERSITY
OF
JOHANNESBURG

Process/Category VBF Boosted
BDT score bin edges | 0.5-0.667 | 0.667-0.833 | 0.833-1.0 0.6-0.733 | 0.733-0.867 | 0.867-1.0
ggF 22+09 3515 1.2+0.6 1.7+2.9 63+23 55+2.1
VBF 41+12 92+2.7 7.5+2.2 1.7+0.5 1.5+05 13+04
WH < 0.05 < 0.05 < 0.05 095+0.29 | 0.85+0.26 | 0.81 £0.25
ZH < 0.05 < 0.05 < 0.05 042+0.13 | 047+0.14 | 041 £0.12
Z-T1'1r 286+ 14| 25016 | 241035 | 483+34 | 26.1+2.7 184+2.0
Fake 37.7+ 1.8 | 279+2.1 3.5+0.5 27 +4 10.8 + 1.8 58+14
Top 6.5+0.7 41+08 1.5+04 7.0+0.9 5708 |223+0.33
Diboson 29+04 3005 | 023004 | 48x05 40+05 1.69 +£0.23
Z = ££(j > Thad) 87+1.7 33+05 | 040x0.10| 38x05 | 0.71£0.07 < 0.05
Z = €€ > Tp4) 28+1.2 19+1.2 0.7+0.6 94+19 49+ 1.1 38+1.2
Total Background | 87.2 +2.7 65+5 87x25 101 +6 52+4 32+4
Total Signal 63+18 127 £3.5 8724 10.7+£3.3 92+28 8025
S/B 0.07 0.20 1.0 0.11 0.18 0.25
Data 90 80 18 103 64 34

Claire Lee, DIS 2014, Warsaw
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* lep/had candidate event

Run: 214021

2012-11-05 09:48:46 UTC
Event: 269834309

R EXPERIMENT

UNI\VEB;ITY Claire Lee, DIS 201 4,Warsaw

o
JOHANNESBURG

24



H—1tt

Table 6: Predicted event yields in the ThyiThad channel for my = 125 GeV in the three highest bins of the BDT distributions. The background
normalizations, signal normalization, and uncertainties reflect the preferred values from the global fit. The uncertainties on the total background and
total signal reflect the full statistical+systematic uncertainty, while the uncertainties on the individual background components reflect the full systematic
uncertainty only.

Process/Category VBF Boosted
BDT score bin edges | 0.85-0.9 0.9-0.95 0.95-1.0 0.85-0.9 0.9-0.95 0.95-1.0
ggF 039+0.17 | 035+0.16 | 2.0+0.9 22+08 25+1.0 23+09
VBF 0.57+0.18 | 0.72+022 | 59+1.8 | 055+0.17 | 0.61 £0.19 | 0.57 £0.17
WH < 0.05 < 0.05 < 0.05 034+0.11 | 0.40+0.12 | 0.44 +0.14
ZH < 0.05 < 0.05 < 0.05 0.22 +£0.07 | 0.22 +£0.07 | 0.22 +0.07
Z->T1'7r 3.2+0.6 34+0.7 53+1.0 157+ 1.7 | 12318 | 9.7+1.6
Multijet 33+0.6 29+0.6 59+09 52+06 3.7£05 | 1.40£0.22
Others 038+0.09 | 049+0.12 | 064 +0.13 | 1.49+0.27 | 28+0.5 | 0.07+0.02
Total Background 6.9+ 13 6.8+13 11.8+26 | 224+25 | 188+28 | 11.2+1.9
Total Signal 097+029 | 1.09+£031 | 8.0x22 33+1.0 38+1.2 3.6+1.1
S/B 0.14 0.16 0.67 0.15 0.2 0.32
Data 6 6 19 20 16 15

UNIVERSITY
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 had/had candidate event

Run: 209074
Event: 29487501

SQATLAS
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Source of Uncertainty Uncertainty on u
Signal region statistics (data) 0.30
Z — ¢£ normalization (T1cpThaa OOStEd) 0.13
ggF do/dpt! 0.12
" JES n calibration 0.12
Top normalization (TjepThae VBF) 0.12
Top normalization (TjepThae boosted) 0.12
Z — £€ normalization (7)., Thag VBF) 0.12
QCD scale 0.07
di-Ty,,4 trigger efficiency 0.07
Fake backgrounds (TjepTiep) 0.07
Thad identification efficiency 0.06
Z — 't~ normalization (Tj.,Thag) 0.06
Thad ENETZY scale 0.06

Table 7: The important sources of uncertainty on the measured signal strength parameter u, given as
absolute uncertainties on pu.
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* Relatively new method to estimate di-tau invariant mass i
T ;
— A Elagin, P. Murat, A. Pranko, A. Safonov (NIM A654 (201 1), 481-489) L T
=1, u
° . . . . W L ) ’
In a T decay, a fraction of the energy is carried by the neutrinos <Ve’ V.- d

* Full reconstruction requires solving for 6-8 unknowns:

— X,Y,Z components of V¢’s
— Ve,u invariant mass if W decays leptonically

* Practically, can use MET x,y components and visible masses of T’s to find constraints on

missing parameters, but system is underconstrained Fr, = Dumis, S Opnie, COS Graiey + Prnies S O, COS Bri,
El'y = Prmis, SiN Omis, SIN Omis, + Pmis, SN Omis, SIN Opnis,
1\/[31 = 7"fx1is. + "’Lgis; T 2\/1)3-151 + M, \/Pﬁ]is; + My,
—2Pvis, Pmis; €08 Ay,

V2 2 2 2 2 2 2
M;, = muye, + My, + 2\/ Diis, T Mg, \/ Prmiss T Minis,
_2p\'is-_npmis-_: Ccos AOvmg

* Extra parameters:

— angular distance between V. & visible decay products

* For each possible solution a reconstructed mass is created weighted by the output of a
Likelihood function

— Choose the mass with highest probability

N GATLAS

UNIVERSITY Claire Lee, DIS 20'4,W&FS&W EAPER MENW

OF
JOHANNESBURG




VH—bb

Table 1: The basic event selection for the three channels.

Object O-lepton I-lepton 2-lepton
Leptous 0 loose leptons 1 tight lepton 1 medium lepton
+ 0 loose leptons + 1 loose lepton
2 b-tags
"
Jets Py | >45GeV
Py >20GeV
+ < 1 extra jets
ET™ > 120 GeV ET™ > 25 Gev E™ < 60 GeV
e T, T 1
Missing Er P'Il"ufs > 30 GeV
A¢(E$‘”, p?"’) <mf2
min[AG(ET™, jet)] > 1.5
AG(ET™, bb) > 2.8
Vector Boson - m'rV < 120 GeV | 83 < myy <99 GeV

Table 2: Further topological criteria in p¥ intervals. The O-lepton channel does not use the lowest two
V .
p. intervals.

py [GeV] 0-90 | 90-120 | 120-160 | 160-200 | >200
All Channels | AR(b,b) | 0.7-3.4 | 0.7-3.0 | 0.7-23 | 0.7-1.8 | <1.4

1 -lepton ET's [GeV] >25 >50
P mY [GeV] 40-120 <120
N ATLAS
UNIVERSITY Claire Lee, DIS 20'4,W&I"S&W
JOHANIC\)IFESBURG
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Events

Data/MC

VH—bb

* The mp distribution in data and simulation for the top validation and control regions of
the 2-lepton channel, with all pt¥ intervals combined.The validation region is defined by
the mll sidebands (left), and the control region by the el selection (right); they are
inclusive in jet multiplicity (n >= 2 jets).
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 pt’ distributions for the 0,1,2 lepton channels, 2 jets (top) and 3 jets (bottom)
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* The fitted diboson signal strength pvz for the 7 TeV, 8 TeV, and combined datasets, and for
the three channels separately and combined. The individual pvz-values for the lepton
channels are obtained from a simultaneous fit with the signal strength for each floating

independently.
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The fractional contributions of the various backgrounds to the total background
prediction in the single lepton selection

4i,2b 4i,3Db 4j,>24b ATLAS
Preliminary
Simulation

my = 125 GeV
\s=8TeV

5j,2b 5j,3b 5j,>4b =) gt
B ttbb
T fi+V
[ 1 W+jets
[ Z+jets
[ Diboson
[ Single top
B Multijet

a

a
“

>6j,2b >6j,3b
Single lepton

a
“
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* The fractional contributions of the various backgrounds to the total background
prediction in the dilepton channel.

2j,2b ATLAS
Preliminary
Simulation

m, = 125 GeV
\s=8TeV

; i [ ti+light
312D 31,3b T tivce
= t14+0b
tt+V
[ ]Z+jets
[ Diboson
[ Single top
B Multijet

nan

>4ij,2b >4ij,3b >4 >4b
Dilepton
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* Contribution of various Higgs boson decay modes to the analysis regions in the single
lepton channel.

4i,2b 4i,3Db 4j,>24b ATLAS
Preliminary
Simulation

\s=8TeV

5j,2b 5j,3b 5j,>4b B {iH, H—Dbb
CIJt#tH, HoWW
B ttH, H>tT

[ tiH, H—gg

2 ttH, H—ct
I ttH, H—>ZZ
[_JttH, H— others

>6j,2b >6j,3b
Single lepton
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* Contribution of various Higgs boson decay modes to the analysis regions in the dilepton
channel.

2j,2b ATLAS

Preliminary
Simulation

\s=8TeV

3j,2b 3j,3b B fH, H—bb

[ JttH, H-WW
B ttH, H>tT

[ tiH, H—gg

B ttH, H—ct
|:|ﬁH, H—ZZ

[ JttH, H— others

>4j,2b >4],3Db >4j,>4Db
Dilepton
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Events / bin

Data / Pred

ttH—bb

* Comparison of prediction to data in all analysis regions before the fit to data in the single
lepton (left) and dilepton (right) channel
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ttH—bb

* Event yields in all analysis regions in the single lepton (left) and dilepton (right) channels
after the combined fit to data under the signal-plus-background hypothesis
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ttH—bb

Systematic uncertainty Type Components
Luminosity N 1
Physics Objects

Electron SN 5
Muon SN 6
Jet energy scale SN 22
Jet vertex fraction SN 1
Jet energy resolution SN 1
Jet reconstruction SN 1
b-tagging efficiency SN 6
c-tagging efficiency SN 6
Light jet-tagging efficiency SN 12
Background Model

tf cross section N 1
tf modelling: pr reweighting SN 9
tt modelling: parton shower SN 2
tf+heavy-flavour: normalisation N 2
ti+heavy-flavour: HF reweighting SN 2
tf+heavy-flavour: generator SN 5
W+jets normalisation N 3
W pr reweighting SN 1
Z+jets normalisation N 2
Z pr reweighting SN 1
Multijet normalisation N 3
Multijet shape dilepton S 1
Single top cross section N 1
Dibosons cross section N 1
tfV cross section N 1
Signal Model

tfH modelling SN 2

Table 8: List of systematic uncertainties considered. An “N” means that the uncertainty is taken as
normalisation-only for all processes and channels affected, whereas an “S” denotes systematics that are
considered shape-only in all processes and channels. An “SN™ means that the uncertainty is taken on
both shape and normalisation. Some of the systematic uncertainties are split into several components for
a more accurate treatment (number indicated under the column labelled as “Components™).
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tt+bb normalisation
LightTag1

tt+HF tt p, RW

tt MCgen RW
tt+cT normalisation
fi+HF MG-PP
LightTag2

tf cross section
tt+HF top p, RW
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BTag3

CTag2

JEST

tt+V cross section
BTag2

BTag1
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ATLAS vs CMS ttH—bb

Spares
ATLAS vs CMS: differences in selection
CMS ATLAS
Lepton pr 30 GeV 25 GeV
Muon 7 In| < 2.1 In| < 2.5
Jet algo anti-k1 0.5 anti-kr 0.4
Jet g In| < 2.4 In| < 2.5
3 leading jets pr > 40 GeV pr > 25 GeV
Other jets pr > 30 GeV pr > 25 GeV
Other cuts No E?™, no MY | No Ef*, no M¥
B-tagging 70% / 20% / 2% | 70% / 20% / 1%
20/03/2014 Eve Le Ménédeu 37/12
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ATLAS vs CMS ttH—bb

Spares
ATLAS vs CMS: Pre-fit yields comparison
Single lepton 5j,>24b >6j),>4b
CMS | ATLAS | CMS | ATLAS
ttH 5.3 5.8 8.3 16
tt+light 79 70 71 70
tt+cc 32 50 52 80
tt+bb 67 110 111 200
S/B 2.7% 2.3% 3.5% 4%
S/VB 037 | 036 | 054 | 0.84
Dilepton CMS ATLAS
B >3),23b|3),3b| >4j},3b| >4),>4b
ttH 11.2 2.0 8.3 2.5
tt+light 289 105 138 1.6
tt+cc 147 70 120 5
tt+bb 229 100 180 29
S/B 0.02 0.01 0.02 0.06
SVB 0.43 0.12 0.39 0.40
20/03/2014 Eve Le Ménédeu 38/12
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ATLAS vs CMS

ttH—bb

Spares
ATLAS vs CMS: differences in systematic model
e Many differences in the systematic model
e HF normalisation
» CMS: 50% on tt + bb, 50% on tt + b, 50% on tt + c€ and additional 50%
on tt+HF _
» ATLAS: 50% on tt + bb,50% on tt + cc
Modelling
» CMS: using Madgraph sample, top py reweighting ON/OFF, 1 Madgraph
scale variation uncorrelated in tt + bb, tt + b, tt + cC and tt+light
» ATLAS: using Powheg+Pythia, 9 components from top pr and tt pr
measurements for tt+light; reweighting ON/OFF for tt+HF uncorrelated;
parton shower; generator (comparison with Madgraph)
Jet energy scale
» CMS: 1 JES
» ATLAS: 22 JES components
b-tagging
» CMS: fully continuous MVA spectrum; linear and parabolic shape
distortions; no calibration for c-jets
» ATLAS: components for b, ¢ and light jets (6/6/12)
Checked ATLAS sensitivity only mildly-dependent on assumed systematics
model.
Difference in sensitivity primarily originates from the better S/ V/B. Also
helpful is the higher background statistics in the signal-depleted regions,
which allows greater constraining power of systematic uncertainties.
20/03/2014 Eve Le Ménédeu 39/12
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lmy - m,,,,l <5GeV
Signal [125 GeV] 37.7+£0.2
T WW 250 + 4
WZ/ZZ| Wy 301
i 1374 £ 13
Single Top 151 +£5
Z+jets 15810 = 130
W+jets 88+ 6
Total Bkg. 17700 = 130
Observed 17442

Table 1: Number of expected signal events for my = 125 GeV, number of the expected MC background
events and number of the observed data events within |my — m,+,-| < 5 GeV window after all selection
criteria applied. Only statistical uncertainties are given. The numbers shown in this table have been

rounded.
Uncertainty Upward [%] | Downward [%]
Ren./Fac. Scale 0.1 -0.3
ISR 1.3 -2.5
FSR -0.4 0.1
PDF 0.2 0.2
Total inclusive +1.3 -2.6
Table 3: Summary of signal acceptance uncertainties due to theoretical sources.
Source of Uncertainty Treatment in the analysis
Luminosity 3.6%
Muon Selection Efficiency 0.3-1% as a function of n and pr
Muon Momentum Scale and Resolution | < 1%
Muon Trigger < 1%
Muon Track Isolation < 1%
Pile-up reweighting < 1%
%‘% Table 4: Summary of signal normalization uncertainties due to experimental sources. A T L A S
UNIVERSITY Claire Lee, DIS 201 4,W&I"S&W
EXPERIMENT
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ttH production with H=yy (AT

Dominant systematics:

20.3 fb! 8 TeV data

Analysis covers leptonic
(single and dilepton) and

hadronic channels of tt decay

Cut-based analysis with

profile likelihood fit to myy
— Signal: Crystal Ball + Gaussian

— Background: exponential

ttH— vy

Leptonic

Hadronic

ptY > 40 (30) GeV for leading (subleading) photon

at least | e (u) > 15 (10) GeV

at least | b-tagged jet
ETmiss > 20 GeV

no leptons
at least 6 jets
at least 2 b-tagged jets

S

background

Fe Overall no excess above predicted

' 5ol
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. (o) ', o . .
Xsec: -12% t* Observed (expected) 95% CL upper limits
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Higgs Production Cross Sections and BR'S

102§II| T T T T T T T lgg l@' 1__| I T T |bt_)| T 1 | L T T 1 Ill—_g
) = Vs=8Tev J%8 &L [ WW o
—~ | e & [ 1a
< | 1 o | 1%
Z-E 10§_ _gg 8 s _§
T - E - ~§
2| =
° | _ o1n-1 _

B ] + .

B . am -

10" — a8 -

- g 2 |
— (@)
i D

B Ti1n2|- —

10-25_1 | | = 105 E

80 100 200 300 400 1000 : N

M, [GeV] B .

N vy Zy |

1031 L1 1 llllll llll
100 120 140 160 180 200
M, [GeV

(7)1 GATLAS

OF
JOHANNESBURG

UNIVERSITY Claire Lee, DIS 2014, Warsaw EXP E RlMENT
47



