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s Motivation Y

* After the Higgs discovery the main focus is on the measurement of its properties

* couplings to fermions and gauge bosons
 Top quark is the most strongly-coupled SM particle with Y, ~ 1

Higgs production - Higgs decay

* Already indirect constraints on the top- p S o~ oA

Higgs Yukawa coupling .Mr‘wm

* assumes no new particles in the loop Co" ]ﬁm

JL

e Direct measurement of Y, in ttH
production

* allows probing new physics in ggH
and yyH effective vertices
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ttH production b

b

* Production ] q
* o(ttH) is known at NLO QCD t W+ _

* suppressed compared to other Higgs 1

production modes 0000

b
H
* =~ 2600 events in 20.3 fb™ at 8 TeV T <
#18191419

b

* Decay o -
* Focusing on the decay H - bb ; i w

* Highest branching ratio (58%) but ¥,

large backgrounds b

* Main background

* tt+X, 2000 times higher cross section

* Very challenging final state, with high jet and b-tag multiplicity, large systematic
uncertainties, both theoretical and experimental

* Search for ttH focusing on the decay H - bb in the lepton+jets and dilepton channels

, HIGG-2013-27
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Analysis strategy

ttH, H—>bb signal produces 1 or 2 leptons and 6 or 4 jets, 4 of them b-jets
Very challenging final state affected by large systematics:

* tt+jets, tt+heavy flavor modeling, b-tagging, JES

Analysis relies on a profiled likelihood fit, in order to constrain in-situ the leading
systematics

Analysis channels defined splitting in jet and b-tag multiplicities

Signal-depleted channels play a key role constraining systematic uncertainties

M-
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IFAS Modeling '
* Modeling of the tt+jets and tt+HF backgrounds Prefit data/MC yields per channel
across multiple jet and b-tag multiplicities is a £ 1065 ATLAS Preliminary + Dola W (125
.y . . 1 E Vs=8TeV, 20.31fb tt+V tt+light
critical aspect for this analysis " E singllepton B i @
10 . Total unc. tt+

C oy ttH (125)

* Powheg+Pythia used as baseline MC, NLO 10“?% Pre-fit
description of inclusive tt production 10 —

* tt+jets: Corrections to MC derived from E e
differential cross section measurement 10?

* tt+bb: Only parton shower accuracy, but %;z//‘////////////////%////////////
prediction at NLO available in PP ay290,27,4,855,87,29, 8 ENETI
Sherpa+OpenlLoops: reweight MC to NLO 2 ATLASProiminary + Daa mEH(125)
prediction 0 S p et 208 i R onf B ﬂ?'f:%

C v Totalunc. [l tt+bb
10° L1 ttH (125)

Wi

* ttH modeling at NLO, using PowHel

Pre-fit

10°
* MC prediction for minor backgrounds: V+jets,
single top, diboson, tt+V

10°

T TTT IIIIIIIW T TTTI

* Data driven template for fake lepton
backgrounds
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Data / Pred

IFAE? Y
tt+light jets modeling
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Phys. Rev. D 90, 072004

* Enough statistics in data to validate the modeling T F e o
QS (afy - ® ALPGEN+HERWIG |
. . ol-~" | |
o Correct tt and top p; spectra to the differential &5 = MC@NLOHERWIG
HAAETI d ® POWHEG+HERWIG  —
cross section measurement - oy v POWHEG+PYTHIA
L ® i
* Clear improvement in the modeling after the (g4 ATLAS |
. . - | Ldt=461fb" .
reweighting - E
- \s=7TeV ° v N
- | o -
. . . PR T T SN SN AN S A S T T T T T [T T T T T A SN
* Assign uncertainties from the measurement to T A A A
h . . C§)|§ 1@""3! _.._ ______ e —— —;
this correction o :
o0 Ly ey ey by ey s by by
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140 ATLAS Prelimin:iry —- Data 140~ ATLAS Prelimin:iry —- Data 6: ATLAS Prelimin:iry —+— Data 6: ATLAS Prelimin:iry —- Data
- V‘§=8Tev, 20.3 b [ tTH (125) - V‘§=8Tev, 20.3 b [ tiH (125) 10° V‘§=8Tev, 20.3 b @ tiH (125) 10°F V’§=8Tev, 20.3 b [ ttH (125)
120 Slngle lepton |:|tz+light 120 Slngle lepton Etplight g Slpgle lepton |:|tz+light g Slpgle lepton Etylight
C =4j, 2b [tt+cc C =4j, 2b [ tt+cC 105 45 2b [tt+cT 105 45 2b [ tt+cT
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60:_ Before reweighting 601~ After reweighting 10° Before reweighting 10°g After reweighting
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., 1.25f—l o 1.25F o /V/J//
% 2 et iz 7
D.75§ D.75§
5 | 6 | 7 | 8 | 9 0 260 460 660 860 1 dOO 1200 0 260 460 660 860 1 dOO 1200
Njets H™ [GeV] HE [GeV]
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ttbb modeling

* tt+HF classification based on truth level jets, no matching to reconstructed jets
* Find particle jets containing B/C hadrons not originated from top decays

* Count number of B/C hadrons inside the jet, allows to identify unresolved g - bb
splitting (labelled tt+B)

w — .
* Allows comparison of the ttbb prediction € [A7LAS Preliminary .. o POWHEG+PYTHIA
among generators > - Simulation --o--- MADGRAPH+PYTHIA
=, e o SHERPA OL default
— pmnennn
* ttbb prediction in Sherpa+OpenLoops, < B
. . LT
massive b's, 4 flavor pdf, S-MC@NLO 107 S
102 ;— IIIIII o Hie T
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ttbb modeling

* tt+HF classification based on truth level jets, no matching to reconstructed jets
* Find particle jets containing B/C hadrons not originated from top decays

* Count number of B/C hadrons inside the jet, allows to identify unresolved g - bb
splitting (labelled tt+B)

2] — .
* Allows comparison of the ttbb prediction € [A7LAS Preliminary .. o POWHEG+PYTHIA
among generators > - Simulation - MADGRAPH4PYTHIA
'_'E 1 E@?m “““ o SHERPA OL default
* ttbb prediction in Sherpa+OpenLoops, < B
. . LT
massive b's, 4 flavor pdf, S-MC@NLO 107 S
. . . . 2 :— -"O-";"."; i
* Minor corrections to the kinematics: °E O ’
top and tt p,, bb p; and dR 03 i o
i | | o] |mom|
* Sizeable correction in the normalization I 18t
3§
of the tt+B category (unresolved g > bb) & 22 || - o
O] (e Sl Y o
le:J 08;_ sse(Ouuw
z °E e e o
) 045
a 0.2 | | .
Q »{\-\-‘0{‘ 500 ﬁ‘\—B{\,\.‘DB‘ —\’bb\\% *bﬁ% ,\.66?5@?\%@\%05?‘66 o\ 0P
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ttbb modeling

* tt+HF classification based on truth level jets, no matching to reconstructed jets
* Find particle jets containing B/C hadrons not originated from top decays

* Count number of B/C hadrons inside the jet, allows to identify unresolved g - bb
splitting (labelled tt+B)

. . L. a10° & ..

* Allows comparison of the ttbb prediction =~ & FATLAS Preliminary  —— SHERPA OL defaul

c - Simulation Mg XV
among generators s T o SHERPA OL i x2
S 10 —e— SHERPA OL u_=|/(mm, o)
. ) 3 E --e-- SHERPA OL w =1 _=p_

* ttbb modeling systematics at NLO @ g
(@)
@)

—
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* Factorisation scale up/down, different
functional forms for the factorisation,
renormalisation and resummation scales

—
Q

102
* PDF variations (MSTW, NNPDF) and .k
. .. = 18F
shower recoil scheme variation g 1eE
k
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IFAEY Analysis strategy
Lepton+jets Dilepton
2 b-tags | 3 b-tags | 4 b-tags 2 b-tags | 3 b-tags | 4 b-tags
4 jets H," H," H," 2 jets H;
5 jets H." 3 jets H
6 jets H," 4 jets H

* Signal-rich regions: neural network

(NN) trained to separate ttH from
tt+jets. Several types of variables:

* Event shape: centrality

e Object pair properties: Ar]jj

e Object kinematics: p

maxAn

jet5

T

e Event kinematics: H,

* Matrix element method: D1

* Dedicated NN in single lepton
channel with 5 jets, 3 b-jets to
separate tt+bb/cc from tt+light
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Example of input variables to the NN

T =26j,=4b

-~ ATLAS Preliminary Simulation
- \s=8TeV — Total background
- Single lepton )
-------- iH (m_ = 125 GeV)

Illl\\|\\\Illlll‘\l\\‘llllll\\\‘\\Illlll\ 1111
0 010.20304050.60.70.80.9 1

D1

|10

- ATLAS Preliminary Simulation

[ Vs=8TeV
_ Dilepton
04 =4, =4b

0.5

— Total background
........ ttH (m, = 125 GeV)

0.3F
0.2f
0.1F
0_|||||||||||||||||||||§1'F'I'I"|'I"IJ{JLJ
0 05115 2 25 3 35 4 45
max An
An




neEr=-ipe

IFAEY Analysis strategy Kg
Lepton+jets Dilepton
2 b-tags | 3 b-tags | 4 b-tags 2 b-tags | 3 b-tags | 4 b-tags
4 jets H ™ H," H," 2 jets H;
5 jets H." 3 jets H
6 jets H," 4 jets H

* Signal-rich regions: neural network
(NN) trained to separate ttH from

Example of input variables to the NN

: i . 5 [ ATLAS Preliminar 2 SO ATLAS Preliminary
tt+jets. Several types of variables: S soof ATLAS Prollfinary e miwnazs| S Foaoy s ate B (125)
. = - } o v ] tidight | 2 25 "7 m eV ] tislight
* Event shape: centrality © 3o 20377 nontf [] fiecs | © [ 203f07 non-ti [ fiect
L - Single lepton 2 Totalunc. [l  ti+bb L o0 Dilepton 7 Totalunc. [l  tt+bb
« Object pair properties: An, ™" 207 =6} =4b  L]tH (25 nom ©>4),24b | [ (125 nom
) 200k Post-fit 156 Post-fit
« Object kinematics: p,*" R
10—
 Event kinematics: H; s
* Matrix element method: D1~ _ . 125; """
: .. o N7 v
* Dedicated NN in single lepton 3 s 078
© s
()] a

channel with 5 jets, 3 b-jets to
separate tt+bb/cc from tt+light
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Matrix element method %

* The Matrix Element Method (MEM) is used to compute the likelihood for an event to
be originated from a certain theoretical hypothesis.

* Compute the likelihood respect to the ttH or ttbb hypothesis

. 1
\Rﬁfﬂ (‘TDCtC(:t.or: mﬂl — / Elpgldngf (I')}-:‘;l) f (pg,Q

EIO.TEH (iPMton: InHl
probability Ol (mﬂl ~ ,

~
W parton density function differential cross section
normalization

14 (mPartom ﬂjD(:t(:(:mr)

. —_

~ .
transfer functions

* PDFs account for production mechanism

* Differential cross section proportional to |M|? consider only LO ME.Test ttbb and
ttH hypothesis

* Transfer functions map detector response to parton level

* Likelihood ratio of ttH/ttbb (D1) is the most discriminating variable against ttbb in 6j4b.

* Sum of likelihood under signal hypothesis (SSLL) is discriminating against the rest of
the backgrounds

12
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irsas rofiling In action :
s
Prefit 6j4b lepton+jets
S 120[ ATLAS Preliminary —e— Data o C: . . . . . .
S [ e-aTev,203t’ = 4 125) Signal extracted via binned likelihood fit to 6 signal and 9
€ 100 Single lepton \:ltf+é% . .
@ Ut 26),=4b o 1155 control regions under S+B hypothesis
L g0l Precfit Dtt+Vtf
— non-
i ‘//—_//"[otal unc. . . . .
Wk 223 tH (125) norm. * Many systematic uncertainties, both theoretical and
- At experimental.
40 -
‘r
- 7”"
20:— &ﬁ =6j,=4b
e | e Pre-fit Post-fit
O _ _ _ _ _ —
2 125 1 ,? ttH (125) i + light tf+cg tf+bb | tH (125) & + light tf+cé tf+ bb
& / 7 Luminosity +2.8 2.8 128  +28 | £26 +2.6 126 2.6
%007:2......\...|‘..|.‘.|..‘|...|...|‘..w... Lepton-efficiencies +1.4 +1.4 +1.4 %15 | £1.3 +1.3 +1.3 =13
Q 71 -08-06-04-02 0 0204 0608 1 | Jet energy scale +6.4 +13 +11 | =+9.2| | £23 +5.3 +4.7 | +3.6
L | output Tet eficiencies +1.7 +5.2 497 “FTH | +0.7 +2.3 +12 FI1
Postfit 6j4b lepton+jets et cucrgy sesolution +0.1 +4.4 495 _£16 | £0.1 1£2.3 413 £08
= 120 F ATLAS Freiminary S b-tagging efficiency +9.2 +5.6 +51 | +9.3| | £5.0 +3.1 +2.9 [+5.0
2 [ Js=8TeV, 20.3 fb" mm tH (125) t:—ht:ﬂ.gg%ng ui‘hc?cncyl . +1.7 +6.0 +12 T2 +1.4 +5.1 +10 =
2 1001 Single lepton l:l’gigght Light jet-tagging efficiency +1.0 +19 +5.2 +2.1 +0.6 +11 +3.0 +1.1
L% - =6j,=4b Et’g+bb I-!igh pr tageing efficiency +0.6 - +0.7 +0.6 +0.3 - +0.4 +0.3
80 Post-fit %E&Y—tf tt modelling: pr reweighting - +5.4 +6.1 —~ —~ +4.7 +5.4 -
. 7 Total unc. tt modelling: parton shower N +13 +16 +11 — +3.6 +10 +6.0
60 ool ttH (125) norm. tt heavy-flavour: normalisation || — - +50 +50 - - +28 +14
- tt heavy-flavour: modelling - +11 +16 +8.3 — +3.6 49.1 +7.1
a0l Theoretical cross sections - +6.3 +6.3 +6.3 - +4.1 +4.1 +4.1
- ttH modelling +2.7 — — = +2.6 - - =
ok Total +12 +32 +£59 | 54 | | £6.9 +9.2 +23 | =12
R i —— ttbb normalization uncertainty
® 125} .
e ik W is greatly reduced
% 0-072 | | r%-l | ‘ 11 ] I 111 | 111 | 1 11 | 111 | 1 1 | 111
a -1 -08 06 -04-02 0 02 04 06 08 1

NN output
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Results

* Fitted signal strength:
u=15+1.1

* In agreement with SM expectation

* Observed (expected) exclusion limits:

o/og, < 3.4 (2.2)

| 4

ATLAS Preliminary ttH (H—bb) Vs=8 TeV, 20.3 fb
L L L L
| — tot. |
stat. (tot) (stat)
Dilepton |- p———a———y 28=x20 (14)
Lepton+jets —  p=—e—— 1.2+13 (0.8)
Combination [~  k=—e—- 15+11 (0.7)
1 l 1 1 J 1 L 1 l 1 1 1 J 1 1 1 | 1 1 1 | 1
0 2 4 6 8 10

Best fit u=o/c_ _for m =125 GeV
SM

ATLAS Preliminary ttH (H—bb) Vs=8 TeV, 20.3 fb™

T E T L
Dilepton |- -
Lepton+ijets |- -
S A T Expected = 10
Expected + 20
Combination [~ — Observed —
 H Injected signal (u=1)
AN SR R B B B
0 2 4 6 8 10 12

95% CL limit on o/og,, at m =125 GeV

=i
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Summary :
* Presented a search for the Higgs boson in the & 105 ATLAS Preliminary ~ —- Data
ttH, H=>bb channel :u;) i B i+ (i =1.5)
u o 1 5 + 1 1 L%) B ttH (M950/06X0|.=3-4)
e 10°E° Bkgd
c/og, < 3.4 (2.2) -
* Single most sensitive analysis for ttH 103
- ttH (H—bb)
* Two key aspects introduced since the N 1
i - \{s=8 TeV, 20.3 fby
preliminary result: |
_ _ 10°E” combined
* ttbb modeling at NLO: MC calibrated to - |
the NLO prediction in Sherpa+OpenLoops - Single lepton and Dilepton
. 10:_I Il | 1 1 1 1 | 1 111 l 111 1 l 1 1
* Matrix element method: Introduced in the S ToE H (1, =1.5) + Bkgd. E
lepton+jets channel, provided the most - ]‘2‘: iH (u,_ __=3.4) + Bkgd. E
discriminating variable in the 6j4b channel £ 4 E
O 06E i s

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

* On the way for a measurement of the top Yukawa coupling, stay tuned for run Il :)

|5
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HF definition

* We define tt+HF at truth level, in order to compare generators and extract information
from the NLO prediction

* Truth jets: jets built from stable particles, excluding muons and neutrinos, using the anti-kt
algorithm with radius R=0.4

* HF jet: jet containing a B/D hadron with pT > 5 GeV, not originated from another hadron
decay

* tt+HF event: event with at least one HF jet with pT > 15 GeV, |eta]| < 2.5, where the HF jet
is not originated from a top decay

* Resolved HF (tt+b): the additional HF jet contains exactly one heavy flavor hadron

* Merged HF (tt+B): the additional HF jet contains more than one heavy hadron. No pT
requirement is performed on the second hadron

|7
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ttbb systematics

* Systematics for ttbb modeling derived from scale, pdf and shower recoil scheme
variations in the Sherpa+OpenLoops sample

) 2 . _ 2 — .
S 10"EATLAS Preliminary ~ —s— SHERPA OL default S 10°EATLAS Preliminary ~ —e— SHERPA OL default
c  FSimulation <-e== SHERPA OL NNPDF c  FSimulation rrre--- SHERPA OL p, x0.5
ke - ks = T e o SHERPA OL _ x2
5 10 7 o SHERPA OL MSTW O 10 —e— SHERPA OL uﬁ:\/(mtmbs)
Q E —e— SHERPA OL CSS_KIN Q E ~--o-- SHERPA OL p_=p _=u_
2 1k e 4L
O E s 'S =
10" 107
= - -
- | | -
3 18F 3 18F
§ 16E o 16F
T 14F T 14E
6' 1 % o G i 6| 1 21
5 08F < 0.8k
c 0.6 o 0.6
i 04F W 04
L 0.2F . | | | | L 02
Q §+° '{v\’bb ﬁ,\,ﬁ ar® 4 90° ﬁ*@oﬁb '&*BB o

oo
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ATLAS
Preliminary

tt+bb normalisation

jet energy scale 1

tt+cC normalisation

tt+bb renormalisation
scale choice m,

tt+V cross section

tt+bb shower recoil scheme

jet energy scale 2

light-jet tagging 1

tt+cT t p, reweighting

b-jet tagging 1

tt+cC top p, reweighting
tt+bb renormalisation scale
jet energy scale 3

light-jet tagging 2

tt+bb PDF (MSTW)

Nuisance parameter ranking

/s =8 TeV, 20.3 fb", m =125 GeV An
0 0.5 1

-1

-0.5

s
i

-1.5

o—
7 :
_ 7
o— '
I|IIII!IIII|III JIIIlIIIIlIIII‘I
-1 -0.5 0 0.5 1 1.5
—— pul (B - 6,)/A8

Pre-fit Impact on

/é 2 2 2 2 Post-fit Impact on p

19

Fig. 18 The fitted values of the
most important nuisance parameters
and their impact on the measured
signal strength. The points, which
are drawn obeying the scale of the
bottom axis, show the deviation of
each of the fitted nuisance parame-
ters, #, from fp, which is the nom-
inal value of that nuisance param-
eter, in units of the pre-fit stan-
dard deviation Af. The error bars
show the post-fit errors, oy, which
are close to 1 if these data do not pro-
vide any further constraint on that
uncertainty. Conversely, a wvalue of
ogg much smaller than 1 indicates
a significant reduction with respect
to the original uncertainty. The nui-
sance parameters are sorted accord-
ing to the post-fit effect of each on u
(hashed blue area), with those with
the largest impact at the top. The
post-fit effect on u, shown obeying
the scale of the top axis, is calculated
by fixing the corresponding nuisance
parameter at 6 + oy and redoing the
fit. The difference between the de-
fault and the modified u, Apu, repre-
sents the effect on u of this particular
systematic uncertainty.
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£5 Neural network variables, lepton+jets
Variable Definition
D1 Newman-Pearson MEM discriminant
SSLL Signal summed log-likelihoood
Centrality Sum of the pr divided by sum of the E for all jets and the lepton
Hl Second Fox-Wolfram moment computed using all jets and the lepton
mn AR Mass of the combination of two b-tagged jets with the smallest AR
NS Number of jets with pr > 40 GeV
AR.F Average AR for all b-tagged jet pairs
mg Mass of the combination of any two jets with the largest vector sum pr
Aplanarityy, i | 1.34;, where A, is the second eigenvalue of the momentum tensor built with only b-tagged jets
Hhad Scalar sum of jet pr
ijm AR Mass of the combination of any two jets with the smallest AR
ﬂﬁﬂ’[t{f‘ AR between the lepton and the combination of two b-tagged jets with the smallest AR
m{f‘ji“ AR Mass of the combination of a b-tagged jet and any jet with the smallest AR
m{_"j“ P Mass of the combination of a b-tagged jet and any jet with the largest vector sum pr
mimin AR Mass of the combination of two untagged jets with the smallest AR
pEe Fifth leading jet pr
ARV AR between two b-tagged jets with the largest vector sum pr
m Mass of the combination of two b-tagged jets with the largest invariant mass
pipin AR Scalar sum of the py’s of the pair of untagged jets with the smallest AR
M5 Mass of the jet triplet with the largest vector sum pr
ARTin AR Minimum AR between two untagged jets
max pr

Mass of the combination of two b-tagged jets with the largest vector sum pr

20
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Neural network variables, lepton+jets

Variable

(= 6, = 4b)

(= 6),3b)

(5j, = 4b)

(53, 3b)

D1
Centrality

pjetﬁ
T
H1

Vg
ARy,
SSLL

min AR

My

my
‘&R;lbax Pt
AR 2R
mﬁ}]iu AR

Aplanarityy._je
Njet
40
min AR
mw
max pr
..
! had
a
HT
min AR
..
1
max pr

My
min AR
P Tuu
max Im
My,

min AR
AR

mijj

oo =1 on bh B W R

[E R —y
_ 0

12

10

1

thn b

=] o0 n W =

21
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Neural network variables, dilepton

Variable Definition
My, Mass of the two b jets from the Higgs candidate system
Hry Scalar sum of jet pr and lepton pr
Jers 3rd Leading jet pr
Centrality Sum of py divided by sum of E for all jets
Aplanarityje: | 1.542 (Second eigenvalue of the momentum tensor constructed from jets)
H4 Fifth Fox-Wolfram Moment
ARPax AR Maximum AR between the Higgs candidate and the two leptons
ARP™ AR Minimum AR between the Higgs candidate and the two leptons
NHiggs 30 Number of Higgs candidates within 30 GeV of the defined Higgs mass (e.g. 125 GeV)
mfjl““-“ Dijet mass closest to the defined Higgs mass
A A7 Maximum An between two jets in the event
i m Minimum di-jet mass
mjjﬂm or Mass of the two jet system with maximum pt in the event
min AR Mass of the two b-jet system with minimum AR in the event
AR AR Minimum AR between leptons and untagged jets
&Riﬂ“ . AR between the b-jet pair with maximum pr in the event
AR ™ AR between the b-jet pair with maximum mass in the event

22
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Neural network variables, dilepton

Variable

(= 4j,> 4b)

(= 4),3b)

(35, 3b)

An..
i
mimin

1
NHiggs30
Mﬂlﬁu AR
.
Mhb
Aplanarityie
m-;_lnsa st

mI{jli.l'l AR
hr?lax AR
.ﬁﬂm
Hrt
max I
ﬂﬂl?l?u AR
ﬁle
jetd
T
H4
Centrality
A% P
x

N B SREC B R T O S B O

£ Lh B

O

oo

A

oo

o
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Matrix element method

Integration via the GSL 1.16 implementation of the VEGAS technique.
PDFs with LHAPDF 5.9.1 using the CTEQ6 parametrization

Matrix elements generated by MadGraph 5

Delta function detector response for the objects eta/phi and lepton 4-momentum
* 6 jet energies + neutrino pz

Integration variables:

* bb mass, leading b energy

* Hadronic W mass, leading g energy

* 2 b's from top

* Solve neutrino pz imposing W mass

Choose pair of untagged jets closest to W mass

12 possible permutations in 6j4b, 36 permutations in 6j3b
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D1, 1* ranked variable in 6j4b
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Matrix element method

* Good modeling of MEM variables and good separation power, especially in D1
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SSLL, 4™ ranked variable in 6j3b
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