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* Current status of Higgs measurements

 Why the search for Higgs produced in association with top
quarks (aka ttH)?

 Various ttH analyses at ATLAS

* H - bb (single and dilepton events)
 H - Multileptons (> 2 leptons)
*H->vyy

* Top Yukawa coupling strength

 Summary and Outlook
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Alternative models of
spin-parity are excluded at the
>99% CL, in favour of 0* (SM)



ATLAS Preliminary
my = 125.36 GeV
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P gg:Jsion: tV\\t > H°
Why search for ttH: *

g99000Q0Q0QQ

e \We have indirect evidence for ttH

e Largest production is via gluon+gluon fusion - proceeds mainly through top loop (b-loop
is small)

* Higgs - VYV proceeds through W & top loops

* Since these are loops, BSM particles could also contribute. Current precision not enough
to discriminate

* Higgs too light to decay to a pair of top quarks
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e Observation of ttH process gives measure of top quark Yukawa coupling
* Coupling is @(1) - may play special role in EWSB

E>|> _|||||| T T ||||||| T T T TTTTT T T ||||||| T |_
E s ATLAS Preliminary t . g’ )Q Q0 O :
- - [s=7TeV, 4.5-4.7 fb' z¥ - _ e
© [ /s 1 ] tt fusion :
" s=8TeV,20.3 fb . -
el> T AW i
& 10" — Observed — 9 xu
- --- SM Expected . g
: 00»"" : l\x t
102 E
X = M N T ]
H—X R ' b .
3 | ) )
107 1 - - Small contribution
¥ [ . from ggF
L'rllll | [ | IIIII| | I 1 IIIII| | [ | IIIII| | |
10™ 1 10 10°

Particle mass [GeV] e



Higgs Production mechanisms at 8 TeV

(single top processes discussed later)
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Higgs branching fractions in the SM:
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Decay channel

Branching ratio (%)

H — bb
H— WW*
H—gg
H— 7
H — cc
H— Z7*
H —yy
H — Zy
H — pup

57.1+1.9
22.0+0.9
8.53 £ 0.85
6.26 £ 0.35
2.88 £ 0.35
273+ 0.11
0.228 + 0.011
0.157+0.014
0.022 + 0.001




o(ttH) goes as Ktz - To get information on sign, need a process that is
proportional to k; , €.g., one where there is interference at LO -
single top processes — ttH analyses can be made sensitive to tH processes

KV__ —_
W h
b ; Ki=1= SM

Large (destructive) interference between them, e.qg.,

o(qb — tHq’) ~ 3.4k + 3.56K,> — 5.96KK,

If relative sign of the two K factors is -1, cross-section will be larger than SM

Similarly for o(gb — WtH) g W 9 “0000000 y—— t
N _—— > — — H
S H
b : b ———— "NV W




Effect of non-SM couplings on tH processes

Process o |pblat/7 TeV | o [pb] at 8 TeV
ttH 0.086fg:8?? 0.1 ZQng}g
tHqgb, k; = +1 0.011 ljg%gg 0.0172fg:ggﬁ
tHgb, k; = 0 0.040:%%% &USQiﬁ:SSj —
tHqgb, k; = —1 D.lZQfE:g{gg 0+197ig:g}‘§
WitH, k; = +1 0.0029:'8:%32 0.0047jg:gg[1]g
WitH, k;, = 0 0,0043:“3:%5; 0.00?"Sjg:ggg
WiH, k, = —1 0.0167) 003 0.027)002
ook 15,1 +1.6 19.3+ 2.0
VBF 1.22 +0.03 1.58 + 0.04
WH 0.579 £ 0.016 0.705 £ 0.018
ZH 0.335+0.013 0.415 +0.017

> SM
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ATLAS:
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Object Selection

* Analyses uses information from entire detector:
* Electrons —tracker and calorimeter
* Muons — tracker, muon system, calorimeter
e Taus — calorimeter, tracker, muon system
* Photons —tracker and calorimeter

e Jets — calorimeter (and some tracker for cleanup cuts)
* b-jet tagging: tracker
* Neutrinos — Missing transverse momentum (Calo+Mu)

* Event selection and cut values chosen to provide sensitivity
to various production processes
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Diphoton selection

Sample case for (inclusive) Higgs — yy analysis

Y

titH leptonic

Depending on pt of photons, # b-jets, # of leptons, Etmiss... events are categorized as

: coming from various production processes
ttH hadronic
¥ /
V H dilepton
(ZH — [EH) TABLE II. Signal efficiencies e, which include geometrical and kinematic acceptances, and expected signal event fractions f

per production mode in each event category for /s =7 TeV and mu = 125.4 GeV. The second-to-last row shows the total

- ! efficiency per production process summed over the categories and the overall average efficiency in the far nght column. The
VA one-lepton total number of selected signal events expected in each category Ns is reported in the last column while the total number of
(WH — tvH) selected events expected from each production mode 1= given 1n the last row.
L )
y— zaF VEF Wi ZH tH TH tH] W
: . Category e(%) F(%) (%) (%) %) Fi%) (%) F(%) %) F(%) (%) F(%) «(%) fi%) «(%) f(%) Ns
(ZH — wvH; WH — [vH) Central - Tow pry 155 922 85 41 72 16 70 10 34 01 155 10 - - - - 960
I Central - high p1y 1.0 718 27 164 21 61 23 37 29 12 10 0.7 - - - - 2.1
Forward - low pyy 233 015 132 42 135 20 143 12 43 01 233 09 - - - - 30.5
VH hadronic Forward - high pry, 1.3 706 40 16% 35 69 36 41 29 09 13 0.7 - - - - 3.0
(WH — jjH; ZH — jijH) VEBEF loose 04 386 79 600 02 06 02 03 02 01 04 04 - - - - 1.7
VBF tight 0.1 181 63 815 <01 01 <01 01 01 <01 01 02 - - - - 1.0
Y V H hadronic 02 435 01 33 "i 2 318 34 198 09 13 02 04 - - - - 0.6
VEF tight VH Eme <01 87 01 37 17 357 36 448 23 71 <01 01 - - - - 03
(qqV — jiH) V' H one-lepton <01 0.7 <01 02 50 994 06 59 07 18 <01 <01 - - - - 0.3
V H dilepton <01 <01 <01 <01 <01 1.3 993 < 6 <01 <01 - - - 0.1
¥ ttH hadronic 05 <01 13 <01 13 <01 14 0.1 0.1 15 Q 6 43 19 01
VEF loose ttH leptonic $I 6 <01 01 03 149 01 -'I.[I 0.1 <01 48 53 87 25 01
I Total officiency (%) 418 - 420 - 367 - 3r3 - 322 - 418 - - - - - 41.6%
(agV" = 37H) Events 18 54 33 13 03 0.7 =01 =01 745
Um:&m Efficiency and purity of various categories (for 7 TeV)
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H - bb

EPJC 75, 349 (2015), arXiv:1503.05066

g * t q t
| b ~ b
__,f< i<
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i q ‘
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o(ttH) at 8 TeV ~ 0.13 pb

.

.

b

J 5 t o(ttbb) at 8 TeV ~ 0(12) pb - Irreducible background
Complex analysis - needs detailed modelling of various
background sources

g £

Gluon can also go into light jets or ccbar
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http://arxiv.org/abs/1503.05066

Top Pair Branching Fractions

“alljets" 46%

Analysis strategy

* Divide according to top decay:

tHjets 15%

 Single lepton+jets: one top (W) decays semi-leptonically e 15%

¢ etjets 15% _
“dileptons" "lepton+jets™

6 jets (4 of which are b-jets) + one lepton

Lepton means e or mu (can be from tau decay)

* Dilepton+jets: both tops (W) decay semi-leptonically (Albany group + Jahred + Quake)

4 jets (all bjets) + 2 leptons
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4j,2b 4j,3b 4j,>4b ATLAS

I Preliminary
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= oo
. . ingle top
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@ Single lepton
Analysis allows for all Higgs decays, ATLAS Simulation Single lepton
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2j,2b ATLAS ATLAS Simulation Dilepton

Simulation \s =8TeV, 20.3 fb’ m, = 125 GeV
my = 125 GeV 06t 2),2b
\s=8TeV EM S/B < 0.1%
3j,2b 3j,3b Bl tiH, Hobb n-
[ ]HiH, H—Ww 0
B ttH, H—1T 0.0
[ ttH, H—gg "
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mu_s-24j,2b mo,s-:zd-j,Bb mo_5-24j,24b
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e m m - ) -
0.2- 0.2} 0.2
my = 125 GeV 0.0 0.0 0.0
\s =8 TeV
3j,2b 3j,3b [ ti+light
[ ]ti+cT -
[ ti+bb Many control regions —
Clt+v Constrain backgrounds with Profile likelihood fit
[ ] non-tt
=4),2b  24)3b  =24).24D — Use NN to discriminate between S/B in signal-rich regions

Seminar at BNL

@




- ATLAS 4 Data [fH (125)
10°E 1s=8TeV, 20.3fb" [0 eV [ tislight
- [ nondt [] th+ce

- Single lepton c
10° I “~Totalunc. [ ti+bb
% Loy fiH (125)
i Pre-fit

Events

--1--

'25%/;%//%///// o ///////

0 'ﬂ "D
12 612061,2%41,2%61,3061,5, 242, 2 Zﬁxf“

Data { Pred

Pre-fit yields in various regions

Single lepton

Overwhelming background

Dilepton
% = ATLAS + Data  [tTH (125)
Z s Vs= 8 TeV, 20.3 fo' ] tt+V  [] ti+light
10°E" Dilepton Bl ronft W
- v Totalunc. [  tl+bb
10'E 7 L (125)
= Pre-fit

Ao Ao

Al
]

IIIIIIﬂi T TTT

NWE—
N //%//%//////////
Seminar at D';"g‘ﬁ' A\, 20 a2° 41,30 1-3,"::

-a’ﬁr‘!l -



Neural Nets — discriminate between S and B

= NN separately optimized for each signal rich region, 1, 2 lepton
= NNs built from:
Event shape variables (e.g., centrality)

Q

a

a

U

o
i
o

Arbitrary units

g
.

0.05

Object pair properties (e.g., Anjmax)

Object kinematics (e.g., pr)
Event Kinematics (e.g., H;)

— ATLAS Simulation

| is=8TeV —— Total background
Single lepton )
| >6j,3b e At (my, = 125 GeV)

:

2703 04 05 06 07 08 09 1
Centrality
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Neural nets

* Use NN to discriminate between sighal and background
in signal-rich regions — separately optimized
* Based on kinematic, event shape variables, etc.

 Single lepton final state also uses discriminants from Matrix
Element method in NN

* Use kinematic variable, H;{"a) in other regions

20187 ATLAS Simulation - ATLAS Simulation

c C
;0-1 6 \s=8TeV —— Total background 0.3 \s=8Tev —— Total background

" Single lepton i - Dilepton e 1 -
@OM4E S6j2ab o H (m, = 125 GeV) 250 >4j, >4b tH (m, = 125 GeV)

Arbitrary units
o
o

0.2

0.15[

<
-
|

:--4--~i--.-l- 1 1 1 1 1 1 L 1 1 I I 1 "‘1"'% 1 L 1 1 1 1 1 1 1 1 | 1 1 1 1
=1 0.5 0 0.5 1 Seminar at BNL -1 -0.5 0 0.5 1
NN output NN output



Matrix Element Method for 1-lepton

* Links theoretical calculations and observed quantities - makes the most
complete use of the kinematic information of a given event

* First used by CDF/DO for top mass, single top

2] - . .
« Now by CMS/ATLAS to separate ttH from ttbb = 0.5 ATLAS Simulation
; - \s=8TeV — Total background
L.: - . Single lepton )
Dl = ttH ® 0.4->6j>4b s ftH (M = 125 GeV)
Loy + - EtEerE Q -
: . < 0.3
is the best output of MEM & used in NN (for 6/3, 6/4) I
0.2
e Testing LO ME for tt+bb and ttH hypothesis: o4 Tl
_f”rrn:J"l:«- tors ) = I \ / dp,,dpof (Per) [ (e iln“”|x|.,_..,:_.mj;_} jl'{x.f],.lh,]__,r',,” ehor) —
probability m L parton density function differential cross section transfer functions T T e e T

normalization ' 0102030405060?0809 1

Seminar at BNL
D1



Many sources of systematic uncertainties

Systematic uncertainty Type Comp.

Luminosity N 1

Physics Objects Signal Model

Electron SN 5 ttH scale SN 2

Muon SN 6 ttH generator SN 1

Jet energy scale SN 22 ttH hadronisation SN 1

Jet vertex fraction SN 1 ttH PDF SN 1

Jet energy resolution SN 1

Jet reconstruction SN 1

b-tagging efficiency SN 6

c-tagging efficiency SN 4

Eféﬂfﬁfﬁﬁeeﬂ%ﬁ? §§ 112 Each source of syst. uncert. represented by nuisance parameter:

Background Model

o f;gjfeﬁfgtg?; reweighting S“; : Jet energy scale has 22 uncorrelated sources, with different pT, n dependence:

tt modelling: parton shower SN 3

g_jrh?_a"y‘ﬂa"o‘f‘fh’?"rmahsa“(’” N 2 Largest arises from the n dependence of the JES calibration in the end-cap
cc: pr reweighting SN 2 ) ! ] ) i

t+ce: generator SN 4 regions of the CALO, corrections for quark vs. gluon jets, b- vs. light-jets...

tt+bb: NLO Shape SN 8

W +jets normalisation N 3 ) ] )

W pr reweighting SN 1 Syst. uncerts. are generally prescribed by various combined perf. groups

Z+jets normalisation N 3

Z pr reweighting SN 1

Lepton misID normalisation N 3

Lepton mislD shape S 3

Single top cross section N 1

Single top model SN 1

Diboson+jets normalisation N 3

it +V cross section N 1 Seminar at BNL

tt + V model SN 1




ttbar background studied in great detail
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5 1L o SHERPA OL =
< gm@mn E
. . . . . . . i [
Split ttbb into various categories, €.g., only one particle jet is matched e T . E
to b-quark from top, both are matched, both b-quarks are merged into [ -
one jet, etc. S S —
'10_3E vuslh < ...C,L.%I

Compare various generators (LO, PS, NLO) — reweight nominal MC
to SHERPA OpenLoops

[
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-
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(R L~ VPN T
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Q
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Profile Likelihood Fit

* Technique used when fitting models with many unknown parameters:
e W: Signal strength
* O: Nuisance parameters (for systematic uncert.)

e Uses “machinery” of RooFit

* Fit all Njet/Nbtag regions simultaneously - PLF allows for improved measure
of syst. uncert,, e.g.,

* |Initial o(ttbb) taken from theory and error on it is assumed to be + 50%. Actual values
are determined from the fit

Seminar at BNL



Events /0.1

Data / Pred

Events /0.2

Data / Pred

120~ ATLAS e Data o 120F ATLAS e Data
- \s=8TeV,20.3 b’ . ttH (125) = - \s=8TeV,20.3 b’ . ttH (125)
100 Single lepton = }%Ig%m £ 100 Single lepton = {%Ig%ht
[ 26j,24D [ tt+bb :>J’ [ 26j,24b [ tt+bb
sl Pre-fit %mvﬁ n Post-fit %mv i
— non- — non-
r 77/, Total unc. r 77/, Total unc.
B ooy ttH (125) norm. B Co oy ttH (125) norm.
60 — 60 —
C ; Y == C
C 1 4 %,,} % ' C
— 2 4 A &3 : —
b YL, | sl
e T e | = : e
¢ ©
1.25¢ o 125 .i_ .i.
1‘ b 164777+ /ﬁ%}-‘/-/wf ;5}77%’/
0.75 < 075 +
0.5:-|||1|||1||||l|1||||||||1||1||||1[|||||l|g 0.5||l||||11|||||1||||1|]1|1||1|||||1|

-08 -06 -04 -02 0 02 04 06 08 1 -1 -08 -06 -04-02 0 02 04 06 08 1

NN output NN output :
a : Samples of pre- & post-fit
30 ATLAS —e— Data N 5oL ATLAS —e— Data distributions
T \s=8TeV,20.3fb" . ttH (125) s T \s=8TeV,20.3fb" . ttH (125)
5 - Dilepton = g_’;'c'%“‘ 2 5 - Dilepton = {}I’c'%m
- 24j,24b I tt+bb 4 - 24],24b I tt+bb
- Prefit % Lt;r\l/ i w - Post-it % Lt;r\l/ i
20 7/, Total unc. 20~ 7/, Total unc.
& ooy ttH (125) norm. r ooy ttH (125) norm.
15[ 151
10F i 10F i
5 W WL OGO s i VI GGG HATE 5 "' 4

O I s e A — — . SR — ;
1.25F ® 125 T 22,
1 o 1%///7//////7// L 7 4
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1 0.8 06 0402 0 02 04 06 08 1 1 -0.8 -06-04-02 0 02 04 06 08 1
NN output NN output



>4i,2h >4j,3b >4j,>4b
ttH (125) 15+ 1 8.6+ 0.6 2.7+ 0.3
tt+ light 4400+ 810 120+ 31 1.9+ 0.8
f,li—|— C? 710:1: 380 130+ 74 5.0+ 3.0 Pre-fit erIdS in dilepton bins
tt + bb 200+ 150 200+ 100 31+ 17
7 +jets 100+ 390 10+ 4 0.6+ 0.2
Single top 1404+ 55 11+ 5 0.8+ 0.2
Diboson 40+ 1.3 044+ 01 <01+ 0.1
tt+V 45+ 14 7.8+ 24 1.1+ 04
Lepton misID 33+ 19 43+ 2.2 0.4+ 0.2
Total 5300 &+ 1000 C400 £ 140 13+ 18
Data 6006 561 16 Post-fit yields in dilepton bins
>43,2b >43,3b >43,>4b
ttH (125) 224+ 16 11+ 8 3.1+ 2.3
tt+ light 4500+ 150 100+ 12 1.4+ 0.3
tt + 740+ 170 140+ 30 48+ 1.1
Notice the difference in tt + bb 370+ 59 230+ 31 30+ 4
background estimates 7 +jets 100+ 33 95+ 3.1 0.4+ 0.2
and their uncertainties Single top 140+ 23 11+ 2 0.6+ 0.1
Diboson 42413 03+ 01 <01+ 0.1
tt+V 43+ 13 7.0+ 2.1 0.9+ 0.3
Lepton misID 34+ 18 35&£ 1.8 0.2+ 0.1
Total 5900+ 65520+ 18 2+ 4
Data 6006 561 46




R i L | B L N
| —— tot. ATLAS 1s=8TeV,203fh" _

sl G (Hobb)  (tot) (stat)
Dileptgn - 28120 (1.4)
Lepton+jets |- bty 1.2+13 (0.8) —
Combination [ i 15 + 1.1 { 0.7 :] —

P - | (YRR T TR TR T NN TN TR TN [N TN TN TN

0 2 4 6 8 10

Results

Best fit u=c/c_  form =125 GeV
SM
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tt+bb normalisation

jet energy scale 1

tf+cT normalisation

ti+bb renormalisation
scale choice m,,

{+V cross section

tfl+bb shower recoil scheme

jet energy scale 2

light-jet tagging 1

tf+cT 1 p_ reweighting

b-jet tagging 1

ti+CT top p,_ reweighting
ti+bb renormalisation scale
jet energy scale 3

light-jet tagaing 2

tf+bb PDF (MSTW)

Au
-1 -0.5 0 0.5 1

ATLAS \s=8TeV,20.31b", m =125 GeV
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Dilepton ATLAS

tiH (H—bb)
1s=8 TeV, 20.3 fb’!

Lepton+jets

s====: Expected + 1o
Expected + 26

Combination — Observed

----- Injected signal (n=1)

s 1 v 5 o b 45 o 1 9 9 9 by
o 2 4 G 8 10 12
95%\CL limit on GJ"USM atm =125 GeV

Assuming u=0

|

ol

95% CL upper limit bserved | —20 —1lo Median +1o0 +20 | Median (p = 1)
Single lepton 3.6 1.4 1.9 2.6 3.7 4.9 3.6
Dilepton \6.7 2.2 3.0 4.1 n.8 7.7 4.7
Combination ( 3.4 > 1.2 1.6 2.2 3.0 4.1 3.1
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Limit Setting

. . . o . E = T T
* Brief word on Limit Setting at LHC g Arras B Ty (0 ettty
E 10:— — 95% CL observed limit |
. ; . F -+ 85% CL expected limit
* When looking for a tiny signal on top of baokground, g - ] 5% oL expected imtsto
worry to exclude signal due to a downward fluctuation 'F [] 5% CLexpested imit20 3

"CL,"

b-only Sg5+b

o - WhbsX

+ N

i - \s=8TeV,20.315" BR(T — Wb)=1 ]
Z 103-_||||||||||| ||I||||I||||| l|l|||||||||||l_r
—_ 300 400 500 800 700 800 900 1000 1100
oo

my [GeV]

® Using CLs:b, one would expect to
exclude the signal 5 % of the time

g e e e i e e i

i,
——
———

N events
K. Cranmer: Statistics Lecture at HCP

* As a result, we use CLs to test a signal CLs = CLs+/CLp
hypothesis (not a probability).

test signal hypothesis:

* A downward fluctuation in s+b will not only exclude if CLs < 5 %

exclude signal since CLy with also be small
* Over-conservative

June 10th, 2015 Stefan Guindon SUNY, University at Albany Profile Likelihood Fitting 9



ttH=> multileptons (H = multilep

W+ T
PLB 749, 519 (2015) - arxiv:1506.05988 H{i L
W= T
Z
JH
> Targets Higgs > WW™*, Tt and ZZ* decays 8TeV 7

»Requiring many leptons (and (b-)jets) makes contamination
from other processes (ggF, VBF, VH) negligible

b
&a
» Reject ttbar background with: g /W q

* same sign di-leptons and/or N,,>3

ttH(tt) > 24+thd L H _/ ’
N

9 Q0000000000000 v
b
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http://arxiv.org/abs/1506.05988

ttH—> multileptons

» 5 channels in e/ and hadronic tau multiplicity

Selection criteria for each category tuned to
maximize sensitivity for various final states, e.g.
cuts on # jets, m(OS lepton pairs), # b-tags, etc...

> Sensitivity to WW*, 1t and ZZ* decays

Nlight leptons (0

Higgs boson decay mode

Category WW* 1t ZZ* Other
2£0Thag 80% 15% 3% 2%
3¢ 4% 15% 7% 4%
281 Thag 35% 62% 2% 1%
4¢ 69% 14% 14% 4%
1£27hag 4% 93% 0% 3%

5
2 2| 1+27had
N SS: Same Sign
2 { a4
S1 2Uss+1ghed | 3
c
(@]
T 20c 2 categories:
= 0 . Z depleted &
6 categories: iched
(==4, 25 jets) x Zenriche
(ee, ey, pp)
1 2 3 4

bb, pu

Seminar at BNL

Main background sources:
ttV (V= W/Z) — Irreducible

(tZ — subleading)
Diboson + jets — Irreducible

Non-prompt leptons
Charge mis-id

Control regions to get handle on bkgds




Example of event selection

* 2(SS){ + Othad
* Exactly 2 same-sign e/u and 0Othad

* To remove non-prompt background, tight pT cuts
on lep. (25 & 20 GeV), and tight isolation

* To reduce lower mult. tt+jets and ttW, > 4 jets
* To reduce dibosons/W+jets, > 1 btag
e Separate into ee, py, ep each with 4 or 2 5 jets

 Similarly for other final states

Seminar at BNL



Expected and observed yields in various channels

Search channels have been expanded to show individual sub-channels

Background from rare processes (tZ, tttt, tH, VVV, ttWW) are in expect. bkg. column

S/Bin 4 and =25 jets: 0.05/0.14
If one category, S/B is 0.09

Expected signal in 2(SS)lep+0T,_4~ 6.6
Expected bkgd ~ 75.9+7.8 Obsvd =98

Category g mis-id Non-prompt 1tW 1z Diboson  Expected Bkg. #fH (u=1) Observed
1.1 £0.5 23+1.2 1.4+ 04 098 £0.32 047 £042 6.5+20 0.73 £ 0.11 10
85 +£0.35 6.7 £2.4 48+ 14 2.1 +£0.7 0.38 £ 0.32 15+4 2.13 £ 0.31 22
29+ 14 3.8+ 1.1 0.95 + 0.31 0.69 + 0.63 8.6 +£2.5 .41 £ 0.21 11
1.8 £ 0.7 34+ 1.7 20+ 04 075025 074 £0.58 9.1 £2.3 0.44 + 0.06 9
1.4 +£ 0.6 12+4 0.2+ 0.9 1.5+0.2 1.9+ 1.2 24.0 £ 4.5 .16 £ 0.14 26
‘ 6.3 +2.6 4.7 +0.9 0.80+0.26  0.53 +0.30 12.7 £ 3.0 0.74 £ 0.10 20
37 3.2+0.7 2.3+09 39+0.9 0.86 + 0.59 11.4 + 3.1 2.34+0.32 18
261 Thad 0.4 jg:jf 0.38+0.15 037x0.09 0.12£0.15 1.4+ 0.6 0.47 £ 0.02 1
1£2Thag 15+£5 0.17+0.07  037+0.10 041 £042 16 £ 6 0.68 + 0.07 10
4¢ Z-enr. < 1073 <3x 107 043£0.13  005+£0.02 055+0.17  0.17 £0.01 1
4¢€ Z-dep. < 107 < 1073 0.002 +0.002 <2x107  0.007 +£0.005 0.03 +0.00 0
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| T I I T

%mni—,q]'rus | [ Non-Prompt  +- Data 2012
LI}J L \s=8TeV,20.3fb" []Charge misiD [JJj Rare -
gol 2l07,, category “iTotalune.  @w 2(SS)leptons+07T;,,4
- —tiH(125) X 2.4 |z 7
i [ tiw - _ : :
60 * -1 Allsix categories (for display purposes)
of SRR 1 Infitthey are treated separately
2[‘.‘:— -
0 é é 4 5 6 7 a .
Number of jets

o 22 r I I T r -
E: 20:—‘4”—’45 [ tdw ~+- Data 20123
> E \s=8TeV,20.3fb" [ElNon-Prompt [ Rare 3
w 18 =]
. 3[ category o Totalune. [VV .
Discriminant in Profile Likelihood Fit: # jets b —iHn)x24[ iz 3
12 E
10F E
8- E
| o .
3 leptons af 3
2k E
- . 1 I | -]

Seminar a 0 6 7 8
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Systematic Uncertainties

Table 3: Leading sources of systematic uncertainty and their impact on the measured value of .

Source Aut

200Thaq non-prompt muon transfer factor +0.38 —0.35
ttW acceptance +0.26 -0.21
ttH inclusive cross section +0.28 —0.15
Jet energy scale +0.24 -0.18
2001pad non-prompt electron transfer factor +0.26 —-0.16
ttH acceptance +0.22  —=0.15
ttZ inclusive cross section +0.19  -0.17
ttW inclusive cross section +0.18 =0.15
Muon isolation efficiency +0.19 -0.14
Luminosity +0.18 -0.14

Non-prompt transfer factors estimate backgrounds in signal regions based on control regions

Seminar at BNL



Resu

12e,,
4|

2,

Its

ATLAS Preliminary

—1=-aTav._[Lm-m.ah"

E.ipl:tldﬁ;ﬂgml Injected |
[i]

[ Expected +2 o

10

95% CLg limit on p=o/c_

Combined result < 4.7

1'E2Thal:| il

Combined;

= MWl ATLAS Preliminary

= slat.

.-|—.—|—|

e

Vs =8TeV,203f '

fot (stat)

21 (#1.8
28 g 114) 1
+232 (+2)
28 T3 7

0.9 7 {13

t—o—H

06 (#5.7
9.6 57 (43

21414 (1)

1 18 53 (28

=10
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-4

2
best fit u(ttH) = o /o, for m; =125 GeV

2 4

8 10 12

14



Table 4: Observed and expected 95% CL limits. derived using the CL; method. on the strength param-
eter 4 = OiH.obs/ 0. sM. The last column shows the median expected limit in the presence of a ttH
signal of Standard Model strength.

Expected Limit
Channel | Observed Limit | —20 —lo Median +loc 420 | Median (u = 1)
200Thaq 6.7 2.1 28 3.9 577 84 5.0
3¢ 6.8 20 27 3.8 577 85 5.1
201 Thag 1.5 45 6.1 8.4 [3 21 10
4¢ I8 8.0 11 15 23 39 17
1£2Thad 13 10 [3 18 26 40 19
Combined 477 1.3 1.8 2.4 36 5.3 3.7
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Higgs = vy =D

PLB 740, 222 (2015) — arXiv:1409.3122 %

Y

* Analysis strategy:
* Fit sideband (in Myy) for background under peak
e Background shape validated in control regions

* Classify events depending on ttbar decay:
* Semi-leptonic + dileptonic (decay of top pair)
e Cuts for the leptonic states are loose enough to retain high efficiency for tH final state:
e >1lepton, 21 b-jet
* Etmiss > 20 GeV (to reduce non-top bkgd., for 1 b-jet events)

 All-hadronic (decay of top pair)
e cuts optimized to reduce ggF bkgd

Seminar at BNL


http://arxiv.org/abs/1409.3122

Events / 5 GeV

Events / 5 GeV

_r T 'I T Li T T I T T T T I T T T T I T T T T I T T T T - } _r T 'I T Li T T I T T T T I T T T T I T T T T I T T T T -
"~ —4— Data ATLAS 1 & sL—4Data ATLAS ]
[ - - -1 i o [ - - -1 i
- — Background fit 'S=7TeV JLat=451b 1 = - Background it 'S=7TeV JLat=451b B
o Y ttH, H — yy, m,, = 125.4 GeV _ % ab . ttH, H — yy, m,, = 125.4 GeV _
i Rt 7 TeV leptonic category ] D i Rt 7 TeV hadronic category ]
- = 3 .
- . 2 .
- . _ 1-— i R —— _
I I e T I A .._ T .Tinjl. N .._
110 120 130 140 150 160 110 120 130 140 150 160
m. [GeV] m. [GeV]

# of observed events in signal region (120-130 GeV) =5

-r 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 ] } 12:|_ 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 ]
5[ —¢— Data ATLAS a1 008 . —4— Data ATLAS |
N _ _ g ] Ie) - - = 3 -
- Background fit 'S=8TeV JLdt=2031b 1 2 10 __ gackgroundfit 'S=8TeV [Ldt=2031 -
ab Y tTH, H — yy, m, = 125.4 GeV _ % - Y fTH, H — yy, m, = 125.4 GeV -
- =" 8 TeV leptonic category . g 8- =" 8 TeV hadronic category -
3 7 N i
F : o "~
2_'_ ] 4:_— — _
L - L —.— ]
‘|- R . : 2:__ ]
» i | | — =
A T BT BT BT B LA PR T A T BT B
110 120 130 140 150 160 110 120 130 140 150 160

m. [GeV] m. [GeV]



Expected number of events
for M, = 125.4 GeV
after event selection — Total = 1.3

Category Ny

ocF VBF WH ZH

Background integral in
signal region (120-130)
determined from S+B
unbinned fit to the
range 105-160 GeV
Total =4.6"13 4 l

itH \tHgb WtH Npg

7 TeV leptonic selection  0.10 | 0.6 0.1

7 TeV hadronic selection 0.07 | 10.5 1.3 1.3
8 TeV leptonic selection  0.58 | 1.0 0.2 8.1
8 TeV hadronic selection 0.49 | 7.3 1.0 0.7

Seminar at BNL
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1.4
2.3
1.3

726 \53 25 [ 05703
80.9%]2.6 1.9 o.siﬁf‘g
803 /5.6 2.6 | 0.9%0°
84.2

i
34 21 | 2799

|

Expected percentage of various production sources contributing to signal



Results

Negative log-likelihood scan for the
o(ttH)xBR(H — yy) relative to SM value,

at m, = 125.4 GeV, where all other

Higgs boson prod. o, including tH prod.,
are set to their respective SM expectations:

THrT Tirrrrerr Trrr L LI LI Tr T
| I I T I I

ATLAS
2011-2012

fLdt=451" 15=7TeV
[ldt=20.31", 1s=8TeV

m, =125.4 GeV
" 1.3%25 %08 (stat + syst.)

If all are allowed to float (by same factor),
1.4+21, , 06 - (stat + syst.)

,
-
-

o
w
—
=
n
r
A
w
w
wa
wn
h L1l

LI A N B L A [N B (N B B L BN B LB B

ATLAS \s=7 TeV, [Ldt=4.5 b
2011-2012 1s=8 TeV, [L dt=20.3 fb"

F
I

Hadronic

Observed and expected 95% CL upper limits |
on o(ftH)xBR(H — vyy) (relative to SM) Leptone

B Expected (0''7=0) + 1o —
....... Expﬂctﬁd [U"H=ﬂ:| + 20
= (Observed

Combined result < 6.7 Combined |- ik R

" PRI B R
20 25 30 35
95% CL limit on 6™/l at m, = 125.4 GeV
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Limits on o(ttH)xBR(H — yy) — all other processes assumed to have SM values

Expected limit evaluated for u(ttH) = 0

Observed limit | Expected limit | +20 | +lo | =lo | =20
Combined (with systematics) 6.7 4.9 11.9 | 7.5 3.5 2.6
Combined (statistics only) 4.7 10.5 | 7.0 3.4 2.5
Leptonic (with systematics) 10.7 6.6 16.5 | 10.1 | 4.7 3.5
Leptonic (statistics only) 6.4 15.1 | 9.6 4.6 3.4
Hadronic (with systematics) 9.0 10.1 254 | 156 | 7.3 54
Hadronic (statistics only) 9.5 214 | 14.1 6.8 5.1
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With looser selections, ttH analyses can be made
sensitive to single top processes, hence to sign of k,

W h
Ki=1= SM
b t

Large (destructive) interference between them, e.qg.,

o(qb — tHq’) ~ 3.4k:? + 3.56K,? — 5.96KK,

If relative sign of the two K factors is -1, cross-section will be larger than SM

Similarly for o(gb — WtH) g W 9 “0000000) > t




Information on K, (=Y, (meas)/Y,(SM))

102 — e
B R LT
= : o 3
z 0. | BRH —77) 3
S T BRg(H = 1) ]
g 1 - o(ttH)log,,(ttH) E|
<1 - o(tH)/o,(tH) .
&S 107 1
10°? ?
E:] - .
10 = 125.4 GeV 3 <|Z
104 1IL . }"E
2 4 10 T 3
I
K =
o8
¢
c
Observed (expected) lower and upper 2
limits on k, at 95% CL are =
o
32
-1.3 and +8.0 (-1.2 and+7.8) 3

Seminar at BNL

2

2

iy
=

10"

102

From yy results

T I L T T [ I T T T r Li T T r T

T T r T T T T T T T
ATLAS [Lat=45", 15 =7 TeV
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Combining all Higgs results

* For discussion, | will use ATLAS only results (arxiv:1507.04548)
* Preliminary ATLAS/CMS combination (ATLAS-CONF-2015-044) - mention at end

* Currently only upper limits on ttH - to extract information on K, requires
inputs from all Higgs processes

e Caveat: ttH final state has a small contribution (~10%) from ggF, so this would need
to be done even where there is a signal

* Cuts for various analyses are set to isolate different production proces
* Earlier | showed you the strategy for Higgs = vy

* Many different ways to do these fits
* Depends on what assumptions and what models are being tested
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http://arxiv.org/abs/1507.04548
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-044/

Analysis

Signal

| Ldr (')

Caegonsation or final stakes Strength

Sigmficance [or]

TTeV BTeV

H — vy [11]
il keptonic, hadronic
VH: one-lepton, dilepton, I-.'.’l'.’i“. hadronic
VBEF: tight, looss
goF: 4 pyy categories

1.17 £0.27

5.214.6)

4.5 203
v

H— ZE* = 4¢13]
VBF
VH: hadronic, keptonic
geF

1.44*048

B.1(6.2)

ol

[ ]
[ =]

1.1g+0-1

H — WW* [14,15] -

geF: (D-jet, 1-jet) @ (ee + pp, ep)d
geF: = 2-jet and e
VRE: = 2-jet & (ee + g, epd

VH: opposite-charge dilepton, three-lepton, four-lepton

VH: same-charge dilepton

ol

SElsaaElas s
[ =]

. %,

H = 1T [17] 14302
Boosted: TiepTlep. TiepThad, Thad Thad
VBE: TiTien . TiepThad Thad Thad

4503.4)

o

()]
[

VH — Vhb[1§] 0.52 + 0.40

1.4 (26)

€ (ZH — vwbb): N = 2.3, Moy = 1.2, .r-lE - and < 120 GeV
1£IWH — fvbb): Njt = 2.3, Npwg = 1. 1. pp > and < 120 GeV
2E(ZH — FEBBY Npi= 2,3, Nbmg = 1.2, p}- = and < 120 GeV

-

N N L N N N ] LN =) LN NE NN

N R
]

95% CL limit

H — Zy [19]
10 catepones based on Aqgz and

g 11 14)

[

203

H — pp [20]
VBF and 6 other caegonies based on iy, and pf"

g = 10012

203

'

feH production [21-23]
H — b single-lepton, dilepton
i —multikeptons: categones on lepton multiplicity
H — ¥y leptonic, hadromic

g 3.4(2.2)
g < 4.7 (2.4)
= 6.7 (4.0)

e R
L

(]

203

Off-shell H* production [24]
H" = FFZ = 4&F
H* = ZZ = Ifky
H* = WW — avur

poe 31 -8.606T7- 1100

]
NIRRT

Cuts for various

analyses are set to
isolate different
production processes



Production Loops Interference Expression in terms of fundamental coupling strengths
o(ggF) v bh—t K~ 1.06-% +0.01-% —0.07 kkp
oc(VBF) - : ~ 074 kg +026 7
o (WH) - - ~ Ky
olqf — £LH) - - ~ K
o(gg — ZH) v Z—1 KégZH ~ 2.27-1(%+0.37-1<t2— 1.64 - ki
o(bbH) - - ~ X
o(ttH) - - ~  x?
o(gh — WiH) - W —1¢ ~ 184w+ 1.57 1y — 2.41 - wpxew
olgh — tHg") - W —1¢ ~ 3.4 +3.56 K — 596 kkw
Partial decay width
Ip5 - - - K =
5 K; = 1 means SM value of
tww - ) T w coupling
[z - - ~ 1{%
e - - ~ K7
Ly - - ~ Ki
L, Vv W -t Ky~ 159w, +0.07 - k] - 0.66 - xwi
Iz, W —1 K, ~ 1120w +0.00035 - — 012 kwky
Total decay width
_ 0.57 % +0.22 15 +0.09 15+
v . k%~ 0.06 % +0.03 1 +0.03 KT+

0.0023 -+ +0.0016 - 1, +0.00022 - 12




ATLAS Preliminary

m, (GeV)

Input measurements
t1iconpu

Overall: p = 1.17°0%
- 02T

125.4

yrn=13%"
h 1.8

5 i 5

H- vy ggF:p =132 1254 : : — : :
VEF: UEI.E'I;: 125.4 : ——t : :
WH: =107 |125.4 C — —
ZH:ji= 'L‘J.'I";T 125.4 : r—‘f'——F—'—' |
Overall: p = 1.4 (12536 : : i~ : :
H - zz* e e S S
ggF+tiH: u = 1.7 125,36 : : —_—
RO : H . .
VBF+VHin =03 | op o0 » e e s BN )
Overall; p = 1.16" |125.36 : : el : :
H — ww* b 2 BT
ggF:p = 09877 |125.36 —_— : :
VBF:u = 12877 |125.36 H— : :
; .0 ; i : i
VH: =30, |125.38 ) . | [P arm——] [
Overall: p = 1,437 |125.36 : o : :
H — TT -037 R a : z i
ggF:n=20")" 12538 L ——y
A +0.5% : : : .
VBFeVH: p = 124705 | » ] e
Overall: i = 0.52747 [125.35 R : :
VH — Vbb o7 : :
WH:p=1.1" 125 I —— p
o 852 : :
ZH: p = 0,05 aan | 125 —— i |
H— L Cverall: p =-ﬂ.?':; 1255 .
- | [
H—2Zy Overall: p -2.?':_: 1255 - -
bb:p=15""[125 L —— E
ttH 11 : :
Bultilapton: p ...2_1':: 125 :
i

\s=7TeV, 45471

\s =8 TeV,20.3fb"

—2 0 2
Signal strength (u)

. .
4

Summary of signal-strength measurements
from individual analyses. Higgs boson mass column
indicates the m, value at which the result is quoted.

The overall signal strength of each analysis (black) is the

combined result of the measurements for different
production processes (blue)

These assume SM values for various
production processes & decays

ATLAS only
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Potential deviations from the SM can be tested with two signal strength
parameters, Wyge.y = (Mggr = Hian ) @nd Py =(H'vgr = iy ) for each decay f

- g2 e P LR BRI 3 i Bt Ll
& gE + Bosti ATLAS Preliminary 1 _ o
W F —eswoL T s-rTevssarn’ 3 SM value Is within 68% contour for most
BE- --+95% CL : = + 20. -
: ' —HoWW -
4:_' —H e Z2Z —:
- H — bb -
3? oy 3 —
2 AW ATLAS Preliminary
1= 3 Vs=7TeV,45-47b"' /s=8TeV,20.3t"
o = 68% CL! e
OF - 95% CL:
15_ = B MR [ i | 1
a - m,=125.36 GeV =
T VR TN YN (VRN T TRF T YU TN U U0 (0 SO0 U N N U U 0 U TN WO U 0 (S0 ST O TSN O 0 +0.66 .
- I N R R TR R N Ayy = 0.56 .45 e
f
ATLAS only Mo Rg- 0481 -
Ryw- = 147255 ' —'—
R is the ratio of these two production Rr= 08134 —
parameters measured separately for 10 E
each decay mode. =SS 5
Hcomb.lngd ﬂgﬁ+g;? _+—
: my = 125.36 GeV
JJIIIIIIII.I.II.IIIJJJiJJIIlIIII.I.LI.I.I.I.IIJJIJJJI
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ATLAS Preliminary
Vs=7Tev,45-47ib" Vs=8Tev,203m""'
ATLAS only e —
e = 12353 -
Extracting information on individual production e = 1234032 ——
processes assuming SM values for decay channels Hiy= 0RO 4036 —e
Hyy= 1.81£0.80 -
P Y 1I 75 zlj 2.;5 3
Parameter value
Production Signal streneth p at myg = 125.36 GeV
J7
process Vs =8 TeV Combined /s = 7 and 8 TeV
+0.25  [+0.16 +0.10 +0.16 +0.23  [+0.14 +0.09 +0.16
ggk 123755 [—0 16 —0.08 —0.11] 1.23735, [—0.14 ~0.08 —0.12]

+0.39  [+0.32 +0.17 +0.13 (+0.28 +0.13 +0.11
VBF 1.5575735 [ 0.31 —0.13 —0. 11] .23 +£0.32 |—0.27 —0.12 —0.09_

0.37 +0.20 +0.12 (+0.31 +0.17 +0.10 ]
VH 0.93+0.39 [+0 33 ! 18 +0 06] 0.80 + 0.36 to.‘%o to 17 to 05
ttH 1.62 +0.78 [ 031

+0.51
50

—-0. [ —0.: : .05
+0.58 +0.28 (+0.52 +0.58 +0.31 |
—0.54 0. IO] 1.81+0.80 —0.50 —0.55 -0.12

Thus, a 95% upper limit on its signal strengths is also derived. Combining the results
from various analyses with sensitivity to ttH production, the observed and expected
limits are p,y < 3.2 and 1.4, respectively.

Seminar at BNL



Extraction of K, (as well as other couplings) depends on what assumptions are
being made and what models are being tested:

O Is width of Higgs fixed to SM value or allowed to float?
1 Are non-SM particles allowed to be in the loops? ...

1 Comparing couplings to up-type fermions vs. down-type fermions
O Probing quark-lepton symmetry

L Generic Models — treat each coupling strength independently:
L Only SM particles in loops, no invisible/undetected Higgs decays
O Allowing deviations in vertex loop couplings, and invisible/undetected decays

(when allowing the latter, total width is constrained)
O Allowing deviations in vertex loop couplings, no assumptions on total width

Will show one result (Generic Model 1)

Seminar at BNL



Ge

Ky=0.91+0.14

K7€ [-1.06,-0.82]
u[0.84,1.12]

K;= {).94 i G-EI

Kp € [-0.90, -0.33]
u[0.28,0.96]
kr€ [-1.22, -0.80]
u[0.80, 1.22]

(95%CL) |xu| < 2.28

neric Model 1

ATLAS Preliminary
VE=7TeV,45-471" Vs=8TeV, 20317
BB%OL: e
95%CL:
tIIII||II|IIII|IIII|IIII Illllllll reri
i :
-
—— +:
===
. +
my 4 125.36GeV
:IIIIIIIIlIIIIIIIII|IIII|IIII!IIII|IIII

-2 -15 -1 =05 0 05 1 1.5 2

Parameter value

Due to the interference terms, fit is sensitive to relative sign
between W & t couplings (via tH, H—yy, H — Zy)

and relative sign between Z and t couplings (via gg — ZH),
providing indirect sensitivity to the relative sign between the W/Z-
couplings.

Also, model has some sensitivity to the relative sign between the
top- and bottom-coupling (gg — H)

ATLAS and CMS Preliminary - ATLAS
LHC Run 1 - CMS
L : -+ ATLAS+CMS
: —+ G
KZ "
I+
I{ _.—;—
" —~
K, ——
—
ATLAS+CMS -
M Kt :
Assuming BRg\,=0, ——
and ;20 ~ |
—— E
K
K >
lJII]IIJIIJ|JIl]ILJllJIIIl]llJIlJIllIIJ
Seminar at BNL 0 02040608 1 12 1416 1.8 2

Parameter value



Conclusions

»Run-| ATLAS results on production of Higgs boson in association

with top quarks:
" ttH2>yy: 1 < 6.7 obs (4.9 exp);
= ttH>bb: 1 < 3.4 obs (2.2 exp);
= ttH->leptons: L < 4.7 obs (2.4 exp);

Combined fitted result for ttH production: n=1.81+0.80

CMS (1=2.8%1.0)

All Run-1 results statistically limited

—> ttH very promising in Run |l

From Marine Kuna’s talk Sen

u =1.3*2>(stat.)*>-3 (syst.)

n=1.5#1.1

p—

-0.4

— +1.4
m=2.175

Minimum bias

W(ln)

Z(l)

77 |

t (s-channel)

t (t-channel)

WH

H (ggF) |
H (VBF)

tt

tz |

ttH

A(0.5 TeV, ggF+bbA) |
stop pair (0.7 TeV) |
gluino pair (1.5 TeV)

7' SSM (3 TeV)

Q" (4Tev) |

QBH (5 TeV)

QBH (6 Te) |
1 1

All consiste

nt with
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Channel References for Signal strength [u] Signal significance [o]
individual publications from results in this paper (Section 5.2)
ATLAS CMS ATLAS CMS ATLAS CMS
H — v~ [51] 52] 11579037 1121922 5.0 5.6
(To24) (To:22) (4.6) (5.1)
H— 77 — Al (53] [54] 1517037 1.05T052 6.6 7.0
(fo37)  (%o36) (5.5) (6.8)
H—WW 55,56 [57] 1.237057  0.91103] 6.8 4.8
(Fo:30) (Y0:30) (5-8) (5-6)
H— 71 (58] 50] 1.417932  0.89105% 4.4 3.4
(o35 (353 (3.3) (3.7)
H — bb [38] [39] 0.627035  0.811043 1.7 2.0
(*o37)  (Fods) (2.7) (2.5)
H — up [60] 61] —0.7£3.6 08x3.5
(£3.6) (£3.5)
ttH production [28,62,63] 65] 1.975% 2,950 2.7 3.6
(To.60) (Xo.50) (1.6) (1.3)
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‘ Yy resonances

Events / 40 GeV

Data - fitted background

10

ATLAS-CONF-2015-081

NNLIL I RN BRI B
ATLAS Preliminary

® Data
10°

10°

—— Background-only fil

Vs=13TeV,3.2fb’

Search optimized for high mass yy pairs

Both narrow & large width scalars studied

10 =
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2.00 (global) excess ~ 750 GeV
Smaller excess at 1.6 TeV
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Vivek Jain

56


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-081/

b W#*
H H
b W
M, (125)
57.7% 21.5% 2.6%
d e
¥
T
H H
= Y
tt, WW and T
ZZ pairs
0.23% 6.3%
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Higgs boson

Fermions Bosons

- ... .

o ... .

Source: AAAS

Force
carriers

The new periodic table

Crucial for the Standard Model — gives mass to all particles
(there were/are(?) alternative theories that do not need the Higgs boson)
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Variable Definition S 6> 4b [ > 6.3b | 5.5 4b [ 51, 3b
D1 Neyman—Pearson MEM discriminant (Eq. (4)) 1 10 - -
. Scalar sum of the pr divided by sum of the F for
Centrality | 5) jets and the lepton 2 2 1 -
jets pr of the fifth leading jet 3 7 ; _
7 Second Fox Wolfram moment computed using
1 all jets and the lepton 4 3 ;
AR}® Average AR for all b-tagged jet pairs 5 6 -
SSLL Logarithm of the summed signal likelihoods (Eq. (2)) 6 4 - -
- Mass of the combination of the two b-tagged
min AR
My, jets with the smallest AR 7 12 4 4
max pr Mass of the combination of a b-tagged jet and
bj any jet with the largest vector sum pr 8 8 } }
N AR between the two b-tagged jets with the
bb largest vector sum pr 9 - B B
; AR between the lepton and the combination
min AR P
ARlep—bb of the two b-tagged jets with the smallest AR 10 1 10 }
- Mass of the combination of the two untagged jets
min AR 2g J
My with the smallest AR L1 9 } 2
Aol 1.5y, where A, is the second eigenvalue of the
Plallb—jet | momentum tensor[92] built with only b-tagged jets 12 } 8 -
NP Number of jets with pp > 40GeV - 1 3 -
min AR Mass of the combination of a b-tagged jet and
mm ; . i} 5 - i,
bj any jet with the smallest AR
max pr Mass of the combination of any two jets with
my; the largest vector sum prp } - }
H%“d Scalar sum of jet pp - - -
min AR Mass of the combination of any two jets with
m; the smallest AR - } 9 -
max pr Mass of the combination of the two b-tagged
bb jets with the largest vector sum prp ) - ) 1
; Scalar sum of the of the pair of untagged
min AR Pr P 2
PTvu jets with the smallest AR ) } ) 3
max m Mass of the combination of the two b-tagged
My, jets with the largest invariant mass } B }
AR™Mn AR 1 Minimum AR between the two untagged jets - - -
Mass of the jet triplet with the largest vector
75 sum pr - } - 7

H(bb)
Single L



H(bb) - dileptons

: . NN rank
Variable Definition S TS 16 S 4,36 [ 3. 3D
An;™ 27| Maximum An between any two jets in the event 1 1 1

- Mass of the combination of the two b-tagged jets with

min AR
My, the smallest AR - 8 )
Mass of the two b-tagged jets from the Higgs candidate
Mpp, system - -
AR®® AR AR between the Higgs candidate and the closest lepton 5 -
Higgs Number of Higgs candidates within 30 GeV of the Higgs
N3 mass of 125 GeV g 2 5
A pmax PT AR between the two b-tagged jets with the largest
Ry, vector sum pr 6 4 8
Al 1.5A5, where A5 is the second eigenvalue of the
plaljet momentum tensor built with all jets -
mﬁlin m Minimum dijet mass between any two jets 8 2
ARmax AR AR between the Higgs candidate and the furthest lepton 9 - -
Dijet mass between any two jets closest to the Higgs
closes J Y J gg
M ' mass of 125 GeV 10 - 10
Hr Scalar sum of jet pt and lepton pt values - 6 3
A Jpma m AR between the two b-tagged jets with the largest
Ry invariant mass ) 9 )
ARﬂﬂn AR Minimum AR between any lepton and jet - 10 -
: Sum of the pr divided by sum of the F for all jets and
Centrality | poth leptons - - 7
max pr Mass of the combination of any two jets with the largest
3 vector sum pr - - 0
Fifth Fox Wolfram moment computed using all jets and
HA4 both leptons - - 4
' T oI the third leading jet - -
Jot3 pr of the third leading j




Yields in CMS and ATLAS

Publicly available numbers for ttH shown at the Collider Cross Talk

4 jets / 4 b-tags 5 jets / 4 b-tags 6 jets / 4 b-tags

tt+light 74 55 79 67 71 87
n4ce 19 23 32 47 52 30 -
341 43 87 110 11 240

_ =3 jets /= 3 b-tags 3 jets /3 b-tags | 4 jets /3 b-tags | 4 jets /4 b-tags

289 244.6 105 138 18
_ 147 195 70 120 5
229 300 100 180 29

Apr 32014 Stefan Guindon State University of New York, University at Albany Collider Cross Talk 8



Events

Data / Bkg

- = NN W W s
= T < . T — T © | (I, — TR & e =)

ATLAS

ttW VR

T

|
Bl Non-Prompt -4~ Data 2012 -

- Total unc.

— ttH(125)

|

" \s=8TeV, 20.3fb"' []Charge misiD [llRare

v
[tz
[C]tiw

N W o 5,
T }

-4
TTT T

Higgs to multi-leptons:

3
Number of jets Control region to get handle on ttW:

Validation region defined with 2lep+0Otau
selection except with >=2 b-tagged jets
and either two or three jets, where the
tt W purity is = 30%, and are found to
be consistent within uncertainties.
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24ss+1t"3d event display

8 TeV

In final state: 1 electron, 1 muon, 1 hadronic tau and 4 jets of which 2 b-tag

muon

CATLAS

"EXPERIMENT
http://atlas.ch

tau-jet

Seminar at BNL

Run:

205016

Event: 24402934

2012

-06-15 04:26:56

ttH — multilep
W ‘T+<
E

CEST



Higgs — yy

jets. For the 8 TeV dataset three sets of requirements are de-
fined. out of which at least one must be satisfied for an event to
be considered:

[. Atleast six jets, out of which at least two must be h-tagged
using the 80% WP.
2. At least five jets with an increased pr threshold of 30 GeV,

out of which at least two must be b-tagged using the 70%
WP.

3. At least six jets with an increased pr threshold of 30 GeV,
out of which at least one must be h-tagged using the 60%
WP.

These requirements were optimized to suppress in particular the
contribution from ggF Higgs boson production with H — yy to
the hadronic category, while retaining good sensitivity to #7H
production. For the 7 TeV dataset only events with at least six
jets, at least two of which are b-tagged with the 85% WP, are
considered.



ATLAS Prelimi

Vs=7TeV,45-471"

nary

\/s=8TeV,20.3f"

68% CL: — ) ———
g95% CL:
° Ky=<1 Kon = Kot BR; ., =0
|||f||||||||||!||||||||||1
Kw -
—l*l—
Kz ———
o . omlem
K —'*—
B S —
:
Ko —f—
Kr — — —*—
— — .1
Ky :

Ny —
"
——
Kzy : -
I*—
BR; .. il E
g ;
rﬁM —T'—
S—p— Mgy = 125.351Geu
SN ENEREERENE FEEEE T Y
2 =1 0 1 2 3

Parameter value

Results of fits for the generic model 2:

The results indicated by full box are
obtained for a benchmark model with
effective coupling strengths for loop
processes allowing non-SM contributions,
and a floating BR;,, ,nget. @llowing non-SM
contributions to the total decay width.

Need to understand the three constraints
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Systematic Uncertainties (for H->gamma/gamma)

tH [%] tHqb [%] WtH [%] eF [%] WH [%]
had. lep. had. lep. | had. lep. had. lep.
Luminosity +2.8

Photons +5.6 +5.5 +5.6 +55 | £5.6 £55 +5.6 +5.5

Leptons < 0.1 +0.7 <0.1 +06 | <0.1 =0.6 < 0.1 +0.7
Jets and EF"™ +7.4 +0.7 +16 1.9 | 11 +2.1 +29 +10
Bkg. modeling | 0.24evt. 0.16 evt. applied on the sum of all Higgs boson production processes

Theory (o x BR) +10,—13 +7,—6 +14,—12 +11,—-11 +5.5,-54

MC modeling +11 +3.3 +12  +44 | +12 +4.6 +130 +100

Summary of systematic uncertainties on final yield of events for 8 TeV data from tt H,
tHgb and WtH production after applying leptonic and hadronic selection requirements.

Uncertainties also shown for other Higgs boson production processes that do not
include the associated production of top quarks and have significant contributions -
These are WH production in the leptonic category and ggF production in the hadronic
category. For both tH production processes, the maximum uncertainty observed for all

values of kt generated (+1, 0, —1) is reported.
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ATLAS Preliminary (Simulation)

{s =14 TeV: [Ldt=300 fb"; [Ldt=3000 fb
det—ai}D fb™" extrapolated from 7+8 TeV

H%uuwll “E

ttH,H—pup
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H— WW
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ATLAS

Projections:
European Strategy —

12

CMS Projection %

| | | | | | | | | I | | | | | | | |
10fb"at f5= 7 and B Te¥

0 thal 5= 14 TeV
300 fo ' at i3 = 14 TeY wio theory unc.

Expected uncertainties on
Higgs boson signal strength p
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https://cds.cern.ch/record/1494600
http://cds.cern.ch/record/1484890

Restores Unitarity

W- W
W+ W
;}{ &
W= W W+ W
Y, Z
W

W— - E2
A=~ 92 >

W+ W= 9
A’z—g2 E2

|\/lw

W— W— W— W—

H > H {
W+ “AAANANANANANAN 7 W+
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Terms which grow
with energy cancel
for E >> My

This cancellation requires
My < 800 GeV




