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Motivation

+ Top quark has large Yukawa coupling to the Higgs (Y, ~ 1) in the SM

+ Indirect constrain on the top Flags production e
Yukawa coupling Y, P

- measurements of the Higgs boson 7%
productions via gluon fusion are -———
consistent with SM within 9.6
experimental uncertainties P —*—‘5

» Direct measurement of Y, in ttH B

production

- A measurement of the rate of ttH
production provides a direct test of
this coupling

+  Precision measurements of the Higgs coupling
to the top and bottom quark is a major goal for
precision physics in the scalar sector.
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Higgs decay to photons

o(ttH ) « g*

ttH



ttH(H—Dbb)

* Higgs boson decay : g t
BR(H—bb) = 0.58, dominant mode /
but large background.

+» ttdecay: < “““ H>

¢+ all jets (full hadronic) : large BR but

large background

¢+ lepton+jets : exploit lepton for
triggering/ background reduction.

“alljets™ 46%

¢+ di-lepton : small BR, relatively small
background.

T+jets 15%

+ Background processes to consider :
tt+light, tt+cc, tt+bb, tt+V, single top,
WHjets, Z+jets, Diboson, Multi-jet.

+ tt+HF dominant background, very jets 15%

important for this analysis. e cHets 15%

+ Need sophisticated MVA techniques to

. “di-leptop” “lepton+iets”
separate ttH signal ptop epton-jets
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ATLAS - Run 1 : ttH(H—bb) all hadronic -

+ Event Classification :

CERN-EP-2016-058

¢ two control regions (6j,3b), (6j, 24b) and T o 3 > 4
four signal regions (7j, 3b), (7j, 24b), o lers .
(28], 3b) and (8], 24b) &  Tmm o o reor

+  Multi-jet largest background 7 DAI:'““ P hion ?,re‘;fm

+ Using Data-driven method to estimate it. z = | redicrion ‘ i j’mg;ron

+ Defined in the exclusively 2 b-tagged
jets region as the difference between : wem o ssmr= 5 TR T
data and the known simulated £ OUERT D B Deime 3£ UFRN Bl B D
background. pome (U pedmiiesteton

+ Then propagated to the higher b-tag 77
multiplicity regions using TRF,,,

+ Signal separation : BDT method

+ Results :

¢+ signal strength: y=1.6+£2.6
+ At 95% CL for my, =125GeV :
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observed o*BR/(0*BR)g,, < 6.4
expected o*"BR/(0*BR)g, < 5.4
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http://arxiv.org/pdf/1604.03812v1.pdf

Run 1 : ttH(H—bb) overview

» No significant excess of events above the background expectation.

N — 19517 (8 TeV)
v ATLAS | ATLAS 's=8TeV, 203" _| 4 CMS CMS :
: tsf:;lilstical (t ttt;_i (l-(l_)tbtb ; SLi __._
Eur. Phys. J. C (2015) 75:34@5,_,_,_,_, u=16 2¢ o2 | ] High Energy Phys. 09 (2014) 087 |
CERN-EP-2016-058 CMS-HIG-14-010EPJ C 75 (2015) o :
. Dilepton |— —_———m— =28 . 4 !
(submit to JHEP) i g w0 e Using a matrix element method |
Include full hadronic . !
Lepton+jets [— —e—- =12 *2 08 . '
channel " e Best-fit value of the Combied 7 — 12119 —IB
Best-fit value of the @_ et =14 w0 we D signal strength e
signal strength D T e e T Bestit = o, atm, = 125 GeV

Best fit u for mH=125 GeV o _ -
Set limits at 95% CL for m,, =125GeV : Setlimits at 95% CL for m,, =125GeV :
observed 0*BR/(0*BR)g,, < 4.2

observed o*BR/(0*BR)g, < 3.1 . i}
expected 0*BR/(0*BR)g,, < 2.4 expected o*BR/(0*BR)gy, < 3.3
—— 1957 (8 TeV)

T
< Hadronic

Dilepton

5 Expected £ 10
----- Expected + 20
----- Expected (sig. inj.)
-l Observed

SL

ATLAS

ttH (H— bb) DL
/s=8 TeV, 20.3 fb"

Lepton+jets

f55=== Expected £ 1o

------ Expected + 26

—— Observed

------------ Injected signal (u=1)

P T NS NS T

4 6 8 10 12
95% CL limit on p for mH=125 GeV
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Combined

Combination —

10
95% CL limitonp = G/O'SM at m, =125 GeV


http://arxiv.org/pdf/1604.03812v1.pdf
https://arxiv.org/abs/1502.02485
http://link.springer.com/article/10.1140/epjc/s10052-015-3543-1
http://link.springer.com/article/10.1007/JHEP09(2014)087

Run 1 : ttH(H—bb) overview

¢ Analysis dominated by systematic uncertainties :

* ATLAS > CMS

Ap
-1 -0.5 0 0.5 1 ) . . . g
L L L I B B B v Large pre-flt normallzatlon Uncerta|nt|es
ATLAS \s=8TeV,20.3 b, m =125 GeV to the different tt+jets processes
. ti+bb normalisation ///////—.—v—‘ Source Rate uncertainty ~Shape T t;rjt;ctzss Others
. jet energy scale 1 ° 7 Experimental uncertainties
® i< st : / ’ g Integrated luminosity 2.6% No v v v
_ tree normalisation ' / ' Trigger and lepton identification 2-4% No Vv v v
@ ti+bb renormalisation : P : 170
scale choice m,, /7 H JES 4-13% Yes v v v
- ' / : JER 0.5-2% Yes v v v
ti+V cross section /// 5 b tagging 2-17% Yes v v v
@ .15 shower recoil scheme et 77 Theoretical uncertainties
° ot energy scale 2 /g ' Top pr modelling 3-8% Yes v
: : st —25% Yes v
[ ) light-jet tagging 1 »é/é—o— tt+bb normalisation No v
o o . tt+b normalisation No v
t+cC i p, reweighting ?’// ; £ normalisation No v
o b-jet tagging 1 / o : Signal cross secfion 7% No v
) o //;/ Background cross sections 2-20% No v v
tt+cCT top P, reweighting ér/. PDF 3-99%, No v v N
@ .05 renormalisation scale ° ? Statistical uncertainty (bin-by-bin) 4-30% Yes v v v
. jet energy scale 3 Z L
. light-jet tagging 2 L ? . . -
o0 i ror it | _// | + normalisation of tt+bb /tt+cc events,
* | | 111 l 1111 I | I'I IA'/A 111 I 1111 l L1 11 | 1 L H -
T tt+bb modelling, detector effects (jet
—— pul ® - 6,)/A0 energy scale,flavour tagging)

Pre-fit Impact on n

////// Post-fit Impact on p
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CMS - Run 2 : Event classification

+  Public 2015 results : CMS-HIG-16-004
# Same general strategy as Run1

CMS Simulation  |+jets

2 6 jets, 2 b-tags 4 jets, 3 b-tags 5 jets, 3 b-tags 2 6 jets, 3 b-tags

+ Events are divided into categories
based on the number of jets and
number of b-tagged jets.

* I +j ets c h a n n e I : S/8=0.004, 8\B=0324 ?F‘B-D 003, S1B=0,137 S/B=0.006, SVB=0.252 SB=0.011, 84B=0430
. 4 jets, 4 b-tags 5 jets, = 4 b-tags > 6 jet, > 4 b-tags Boosted
=1 lepton, 24 jets and =2 b-tags * P

i

H
EWK

¢ dilepton channel :

=2 Opposite-sign (OS) Ieptons, &'B;DEHG.SHB:U:H 8/B=0.028, S‘:::??E S.'::‘:‘:I:IEE S\B-0.458 E-"‘I;::W.S‘lﬂ:ﬁ?‘l}l

>3 jets and =2 b-tags CMS Simulation dilepion
? Boosted Category for the fl rSt tlme |n 3 jets, 2 b-tags 3iels,3b-ta:_:.;’s > 4 jets, 2 b-tags >4 jets, 3 b-tags
+jets 4 }

+ Require 24 jets and =2 b-tags

/820,000, &/\B=0.026 6/8=0.005, S/AB=0.047

¢ ldentify hadronic top and Higgs using
substructure information

= 4 jets, > 4 b-tags
142b 14 B e+t
W icc
b
2o
| L
I Ewk
| LG

+ 13 orthogonal categories

S/B=0.045, S1B=0.221

R. E. Ticse Torres ttH, H->bb, ATLAS+CMS 7


https://cds.cern.ch/record/2139578/files/HIG-16-004-pas.pdf

CMS — Run 2 : Signal separation

L 4

R. E. Ticse Torres

Separate BDT is trained for each
category

8 BDTs in the lepton+jets and 5 in the
dilepton channel

ttH vs tt+jets using object kinematics,
event shape, the CSV b-tag
discriminant

In |+jets, inclusion of Matrix Element
Method (MEM) in some regions.

BDT better against tt+jets, MEM
against tt+bb

CMS Simulation  |+jets

> 6 jets, 2 b-tags 4 jets, 3 b-tags

&/B=0,004, $1B=0.324 S/B=0.003, 818=0.137

4 jets, 4 b-tags 5 jets, > 4 b-tags
e

8/B=0.016, 8AB=0.121 8/B=0.028, 51B=0.275

5 jets, 3 b-tags > 6 jets, 3 b-tags
L] el

S/B=0,006, S18<0.252 SB<0.011, SAB=0.430

>6 jet, > 4 b-tags Boosted
114

5/B=0.035, 5\B=0456 §B8=0.019, 51B=0.204

CMS Simulation dilepion

3 jets, 2 b-tags 3 jets, 3 b-tags

B it
i+ cc
b
| [
W it:bb
B EWK
| G

S/B=0.048, 84B=0.221

> 4 jets, 2 b-tags = 4 jets, 3 b-tags

ttH, H->bb, ATLAS+CMS



CMS — Run 2 : Signal separation

R. E. Ticse Torres

l

(I+jets) regions with 3 b-tags, MEM
added to BDT as input variable

(I+jets) regions with 4 or more b-
tags, split high and low BDT and fit
MEM discriminant

CMS Simulation  |+jets

> 6 jets, 2 b-tags 4 jets, 3 b-tags 5 jets, 3 b-tags 26 jets, 3 b-tags
el ad flell

8/B=0.016, 8AB=0.121 8/B=0.028, 51B=0.275 §/B8=0.005, 518=0456 §B8=0.019, 51B=0.204

8/B=0.003, 81B=0,137 &/B=0.006, 518=0.252

5 jets, > 4 b-tags >6 jet, > 4 b-tags Boosted
. L0

CMS Pre//mlnary 2.7 fb (13 TeV)
wn T N L L L I 1A
T 22Kk * Data —ttH (x15) -
§ - 1 Iepton >6 jets, >4 b-tags Ets .t co E
i 20~ BDT=>0.1 @b Emt2b =
— - @l tt+bb @@ Single Top I
S s @@ V+ets OtV -
5] = @mDiboson pZgTot.unc.
O — —
c 16— —]
> C .
= 14’7;/ —
12 = v
10 —

L /% L ]

= ]

© §

ks T :
%/ §

0.1 02 03 0.4 05 06 0.7 08 09
MEM discriminant

ttH, H->bb, ATLAS+CMS

(I+jets) Boosted category

Large-radius jets with the Cambridge-
Aachen (C/A) algorithm with a cone-
size parameter of 1.5

Top-tagged and Higgs candidate with
pr > 200 GeV



CMS - Run 2 : Results

+ Combined fit of all categories

+  Fitted signal strength and limits

+  Run 2, with 2.7 fb-1

, signal strength :

luobs

O+

+ Run 2, at 95% CL for m, =125GeV :

observed o*BR/(0*BR)g,, < 2.6
expected o*BR/(0*BR)g,, < 3.6

+ Run1, at95% CL for m, =125GeV :
CMS : observed 0*BR/(0*BR)g,, < 4.2

expected 0*BR/(0"BR)g,, < 3.3

ATLAS : observed 0*BR/(0*BR)g,
expected 0*BR/(0*BR)gy,

R. E. Ticse Torres

<3.1
<24

4 jets, 3 b-tags

4 jets, > 4 b-tags high BDT output

4 jets, > 4 b-tags low BDT output

5 jets, 3 b-tags

5 jets, > 4 b-tags high BDT output
5 jets, > 4 b-tags low BDT output

> 6 jets, 2 b-tags

> 6 jets, 3 b-tags

> 6 jets, > 4 b-tags high BDT output
> 6 jets, > 4 b-tags low BDT output
> 4 jets, > 2 b-tags, boosted

lepton+jets combined

CMS Preliminary

{558 Expected 16
-- Expected 26
| -m- Observed

271" (13 TeV)

10
95% CL limiton u = cs/csS atm, =125 GeV

CMS Preliminary

102

277" (13 TeV)

Lepton+Jets —-—-—
Dilepton -
Combined —
. R I B L
-10 -5 0 5
=125 GeV

ttH, H->bb, ATLAS+CMS

Best fitu = G/GSM atm,
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ATLAS — Run 2 : Strategy

¢+ Similar strategy as Run 1: categorizing events according to the number of jets and b-tagged
jets :

- I+jets :1 lepton (electron or muon) [24 jets, =2 b-tags]
- dilepton : opposite sign lepton pair (ee, ey, uu) [22 jets, 22 b-tags]

¢+ signal depleted and signal enriched regions

ATLAS Simulation Single lepton S - 13 Tev, 3.2 o ATLA_S Simulation v Lower S/B at 13TeV
\s =8 TeV, 20.3 f’ M, = 125 GeV Fit tH-bb,ljets work in progress than at 8 TeV at high
- : - 14i. 2b 14}, 3b 114, 4b . . . s
o | 41.2b o | 45,3Db o | 454D S/B =0.0% S/B=0.1% SB=1.1% Jet mUIt|pl|C|ty
Do sB<0.1% 1ot sB=02% Z10 SB=14% I @ @ . .
@ s o5 s s o9 % 05 @ 09 Considering new
ool | ool | | o— e e ——— T categorization
5j,2b 5j,3b 5j,>4b (5], = . .
D10l SB=01% 210 SBo0a% Drol Sb oo 1982015 o o 0.3% Tom e 10 v Spllt 26jetS, =>4 b-tagS
o » o 2 2 2 . .
05 05 05 5 05 5 0.5t 5 0.5t reg|on to :6 JetS, 24 b_
oo mmmm ] L Jomm| mmm /R tags and 27 jets, =4 b-
>6j,2b >6j,3b >6j,24b I i
Do Z/BL 02% Lo ;/B]=1.0% =3} ;/BJ=>4.O% {=&i 2b {=6i, 3b [= i, = ab tagS INCreases purlty
5 ;) S/B =0.2% S/B = 0.8% S/B =3.2%
[sa] [sa] m
o I ) e
0.0 0.0 .
JEE
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ATLAS — Run 2 : MVA techniques

Event selection

v

Reco ttH MVA

v

vars

'

Global
vars

v

ttH vs bkg MVA

0.18F

0.16

0.14F

0.12

0.1
0.08
0.06
0.04

0.02)

0.2 e
ATLAS Simulation

-t{tH work in progress B

- [s=13TeV 4
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ClassificationBDT_output

¢ In Signal-rich regions :

* Train MVA for jet assignment
(Reco ttH MVA) :

+ Jet — parton assignment
+ Reconstruct all combinations

+  Take combination with largest MVA
output.

+ Final MVA for S/B discrimination

+ Variables from reco MVA :

- Higgs mass candidate, dR(b,b) from
Higgs candidate, etc

+  Global variables :

- kKinematic, event shape

ttH, H->bb, ATLAS+CMS
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ATLAS — Run 2 : MVA techniques

+ Reco ttH MVA: ’
+ Up to 42% Higgs matching efficiency ?
s [ T ]
S0.6f e .
= I T
[&] - 4
w© 0.5
€ ]
B —i— ATLAS Simulation —
0.41 WOTK in progress
- {s=13TeV ]
0.3 : . ttH(bb) I+jets :
0.2 f e —— > Bjets, > 4db-tag f
01:__ l | | | ]
all b+lw allb |Higgs btop W Hbl Hb2 bt bht wil w2
matched objects

¢+ Matrix Element Method (MEM) used in
Run 1 as input variable in the MVA for
S/B discrimination

R. E. Ticse Torres ttH, H->bb, ATLAS+CMS

Final MVA for S/B discrimination

Variables from the MVA reconstruction
improve the signal-background
separation.

N = =
O] E \\ 7
2 0.9k =
2 0 8E 3 E
— U.OF TLAS Simulation S E
0'72_ ....... work.in.progress \\ f

E /5=13TeV \\ 3

0.6 S l(bb) I+jets; = 6jets;: > 4b-tag \\ 3

- \\ |

0.5: \ E
0.4F A\
E ClassificationBDT \ E

0 3__ ....... \\;
0.2 ClassificationBDT_withReco %

O R VTN VR VU T PUUUE TUUE TR B v
0O 01 02 03 04 05 06 0.7 08 09 1

signal eff

The improved signal-background
separation achieved with help of the
MVA reconstruction is the same as
obtained in Run 1 with MEM
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ATLAS — Run 2 prospects

+ Many optimization studies ongoing in order to have a
better analysis sensitivity.

+ Further categorization to increase signal sensitivity.
+ Exploiting MVA techniques
+ Considering boosted scenario in |+jet

+ 3.2 fb-1 of 13 TeV data collected in 2015.

. ATL-PHYS-PUB-2015-022
+ Understanding of background
. é e ATLAS: Simulation Preliminary 3

ongoing % |
= \ —_ 1¢ciRun-1 3
2 T~ — MV2c20 Run-2 7|
+ Better detector: A N e
r—t,“ b ~— ]
+ Additional pixel layer strongly s \\
enhance b-tagging performance B VR P AN
- p'>25 GeV n"l<25 \ki
b-eff [%] light rej B

ATLAS Run1 70 140 E

Run2 70 440 F TN
iz ]
CMS Run 1 70 50 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

b-jet efficiency
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https://cds.cern.ch/record/2037697/files/ATL-PHYS-PUB-2015-022.pdf

tt modelling

+ tt+jets background is a key aspect of this analysis.

+ ATLAS Run1:

\ 4

\ 4

Powheg+Pythia6 as nominal tt sample

Reweighting to 7 TeV o(tt) differential

measurement:;

+ 1t pT — improves ndet & nBtags

> ATLAS —e Data > ATLAS —e— Data
S 10° Vs=8TeV, 203 fb" I tiH (125) G 10°L \s=8TeV,203 10" B tiH (125)
3 Single lepton [ t+light 3 Single lepton tE+light
E 105 41 2P E :?E% ?’2 105 41 2P tt+cT
= +| c
q>) tt+V q>;
w10t non-tt W qot
Z C.
- 109
Before reweighting
102 102
10 10
E E 1 Il 1 Il Il
B 125 B 125
& S B R
= < Z
< 075 < 075
T o5 ® 05
a 200 400 600 800 1000 12000 200 400 600 800 1000 1200

Eur. Phys. J. C (2015) 75:349

+ top pT — improves kinematic

distributions:
applied to tt+light & tt+cc

For tt+bb — reweighting to

Sherpa+OpenLoop dedicated NLO

+  “The tt+bb background normalization is
pulled up by about 40% in the fit, resulting
in an increase in the observed tt+bb yield

with respect to the Powheg+Pythia
prediction.” Eur. Phys. J. C (2015) 75:349

R. E. Ticse Torres
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http://link.springer.com/article/10.1140/epjc/s10052-015-3543-1
http://link.springer.com/article/10.1140/epjc/s10052-015-3543-1

tt modelling

R. E. Ticse Torres

CMS Run2 : Powheg+Pythia8 for tt
simulation

tt+HF modelling, good agreement in
HF-enriched regions

CMS Preliminary 2.7 o' (13 TeV)
4‘2 105 T T T I T T T T T T T T T Dl T T T IH (I 15|) T _E
— . . & Data —ttH (x =
g pre-fit expectation o ttf @mitcc 3
L Eltt+b Elit+2b -
“— 4 @l tt+bb @mSingle Top |
o 10 E@V+ets [tV E
o @EmDiboson g7 Tot. unc. 3
_Q —
g —
= 1 o® —
102
10

1 3
1.5(— ¢ ' 1 —
®) c Z ' / ]
s 97 -
r / ZI

05 1 1 1 1 1 1 1 1 1 1

SLapn. SU 4 Sl Stp. Sy Sy Sls: SUs: SUsn SUAL. SL
=253 %3 G5 | b, Y9, 5y F2at, V24t g Pl g, 200t

ttH, H->bb, ATLAS+CMS

tt + jets modeling, ATLAS and CMS
have opposite trends in data/MC at
high jet multiplicity (different
generator)

Testing different settings (tunes)
ATLAS-CONF-2015-065 CMS TOP-16-011

.~ : : : : : CMS Preliminary 2217 (13 TeV)
2 P 2] I I T T T
Z7 e ATLAS Preliminai I .
- 1E 13TeV,3210" ry S Dilepton §'> 30 GeV, 1f*| < 24
. . © 10F * Data
add. jet p, 225 GeV ~lo —— Powheg v2+Pythia8
[ ] -.-.- Powheg v2+Herwig++
1L - - - MG5_aMC@NLO+Pythia8 [FxFx] |
el -.-.- MG5_aMC@NLO+Pythia8 [MLM]
[ eu-channel == L
1072} — Powheg+Pythia6 = we o T
E — - Powheg+Herwig++ 3 eemirenes
[ == aMCAINLO+Herwig++ ] 102k i
L ---. Powheg+Pythia8 :F
_ - Data
107 E 3 L | ]
E 1.4 £ Stat. i =
1.4¢ Stat. E PR E
8 1.9E = StghSyst > 12 f Stat.®Syst =
S e T S|% E
Q9 —— o e :
g 0.8 FT s 3
0.6& 06 =
0 1 2 3 4 3 3 3 5 %
Number of additional jets N

Differential cross-section of top-
quark pair production as a function
of multiplicity of additional jets
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http://inspirehep.net/record/1410158/files/ATLAS-CONF-2015-065.pdf
https://cds.cern.ch/record/2140061/files/TOP-16-011-pas.pdf

Summary

w#

R. E. Ticse Torres

Run 1, at 95% CL for m;=125 GeV :

» CMS : observed 6*BR/(0*BR)g,, < 4.2
expected 0"BR/(0"BR)g), < 3.3

» ATLAS : observed 0*BR/(0*BR)gy, < 3.1
expected 0"BR/(0"BR)g, < 2.4

First 13 TeV measurements with 2.7 fb-1 performed by CMS :
+ similar sensitivity to Run 1 analysis, in agreement with SM

+ at95% CL for m, =125 GeV : observed 0*"BR/(0*"BR)g), < 2.6
expected 0"BR/(0*"BR)gy, < 3.6

Prospects for ATLAS Run 2 :
+ improving analysis techniques, working on tt modeling
+  better b-tagging (additional pixel layer),

Top-Higgs coupling should be accessible via associated ttH production in
Run2

+ stay tuned

ttH, H->bb, ATLAS+CMS
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Backup

ttH, H->bb, ATLAS+CMS
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ATLAS — Run 2 : backgrounds

\ 4

\ 4

R. E. Ticse Torres

Reducible backgrounds :

tt+light / tt+cc : contaminate signal
regions due to mis-tagging.

single top, W+jets, Z+jes and
di-bosons taken from MC, QCD Multijet
fully data-driven.

Irreducible background : tt+bb

Distribution across analysis regions
depend on bb kinematic

Split in different categories depending
on the number of b-jets with one B
hadron or more than one B hadron not
from top.

Classification proposition :

tt+b: 1 b-jet with 1 b-hadron

tt+bb: 2 b-jets with each 1 b-hadron
tt+B: 1 b-jet with 2 b-hadrons

ttH, H->bb, ATLAS+CMS

v w n
~ = —
= o n
n o o
o

s =13 TeV

ATLAS Simulation
work in progress

3j,3b

v

24j,3b

s >

ATLAS Simulation

FitttH-bb_liets  work in progress

4j, 2b

>
¥

5j, 2b

»

5j, 2 4b

»
b

4j, 3b

5}, 3b

#

= 6j, 3b

24,24 b

My = 125 GeV

Vs=13TeV, 3.2
[ tt+light
[Jti+cC

B tt+b

I tT+0b

I ti+B

CttV

—Jnon-tt
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ATLAS - Run 1 : ttH(H—bb) all hadronic

R. E. Ticse Torres
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