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Introduction

Motivation: Why search for ttH ?

-> after discovery of the Higgs Boson:
< what are its properties?
< is it really the SM particle?

= important: directly measure the top-Higgs Yukawa coupling Y;

-> top quark heaviest fermion:

— Y, largest: =~ 1

=> any deviation would be sign for BSM processes

> get constraint on relative sign between Higgs coupling to top and
W boson from tH process
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Introduction

Higgs production at the LHC

@ H — ~v: highest purity oL QD MOE)

g T T T T g o

Show two complementary approaches: £ °° = T T T
3

o H — bb: highest branching ratio *

o 10 =

=) E E

s :

pp - WH (NNLO QCD + NLO EW)

- b - ZH (NNLO QCD +NLO EW) i

\\

= Perform combination!
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H — bb

Why ttH (H — bb) ?

Challenges:
o largest BR for Higgs decay, but: g
_ b
o irreducible bkg from tZbb I
b

o large uncertainties on tt+HF

t

How to cope with irreducible bkg?

- exploit as much info as possible

2 > use a NN to get best possible S/B separation
=> use signal-depleted regions to constrain bkg and unc
- combined nuisance parameter fit to all regions

b
< analysis shown here: 8 TeV, 20.3 fb—! CIISENEISID
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-011/

Lepton+jets channel

ATLAS Preliminary Simulation Single lepton

\s=8TeV,|Ldt=20310" my = 125 GeV Event selection
219 Shom| 20 5B oo | 2195k 1w - 1 isolated lepton (25 GeV)
w05 w05 w05 . .
, PR e pr— => at least 4 jets, 2 b-tagged jets
i2b i3b >4b .
210 Z}Bio.w% g‘o g/JB:iOA% %‘0 2/15542‘3% - MVA based b—tagglng
mOS ‘005 mOS
pre——msi el | - no cut on MET/mt,w
26j,2b 26j,3b 26j,24b . .
“:”D o8 0% %"0 oo %'D o asn -> ttbar mOde”Ing with Powheg
DO- 0.0 0.0'

Discriminating variables

o signal-depleted regions: Hf,’-ad

o signal-enriched regions: MVA output
— input to MVA are 10 variables per region (backup)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2014-011/

Dilepton channel

ATLAS Preliminary Simulation
\s=8TeV,[Ldt=2031b"

8/ 43

Dilepton "
- 2 isolated leptons (25/15 GeV),
opposite sign

-> at least 2 jets, 2 b-tagged jets
-> MVA based b-tagger

- cut on Z-mass window

06f 2j,2b
2 | sB<01%
(/704

0.2]

0.

06f 3j.2b 06f 3),3b
%J SB=0.1% g SB=0.7%
LDOQ LDOA

0.2 0.2]

o ool I |

o6 >4j,2b o6l >4],3b 06 >4j,>4b
2 lsm-os%| 2 |sm-1e%| =
w04 w04 w04

0.0° 0.0 0.0

> Hr > 130 GeV (ep)

Discriminating variables

o signal-depleted regions: Hr

o signal-enriched regions: MVA output

< input to MVA are 10 variables per region (backup)
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Results ttH (H — bb)

% = ATLAS Preliminary -e-Data
540000 — - 1 Js=gTe -~
g T Jraowt fsoTer M 125) S [ ATLAS Preliminary —e- Data
= Single lepton tE+ight e L o
Pl it o [ [Lat-208mlis=8Tev  CII3tH (125 norm
g 4 e 2 re B (7H (125)
Sa0000- S g 100 Single lepton ] tivlight
4 77/ Total unc. o F 26j,24b Eg:g%
ol iV
L I non-t
L /. Total unc.
60—
a0l
B [
< L
H 20
B0O 1000 1200 o
Hi [GeV] L —
o 0 o T
S q25f .j,.. + .i.
ATLAS Preliminary 5=8 TeV, _[Ld«:zo.srb‘ S 1 //7%/%«&27%7}%‘/ //%7////////// 77%///
T T T T T T % 075" + +
=} sEL Y
I 7 05708 06 04 02 0 02 04 06
(tot) (stat) NN output
Diepton |- it 2.9 ¥23 (1.4) _|
Final results:
Lepton-+jets [— b——e——7 13+16 (0.8) 0
= 0 < 4.1(2.6) ogy obs. (exp.) @ 95 % C.L.
Combination [~ b——e——1 17414 (07) . .
PO s - Best fit signal strength: p=1.7+1.4

best fit ”:G/Gw for m =125 GeV
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Systematic uncertainties

Dominant uncertainties:

o heavy flavour modelling

< need a good understanding about

modelling of ttbar+HF
o b-tagging uncertainties

@ Jet energy scale components

ti+bb normalisation

Ap
4 05 0 05 1

LightTag
ti+HF i p, RW “ |
i MCgen RW o
thect A : |
LightTag2 -——07-1—' : |
1f cross section
{i+HF top p, AW |
CTagt .—.7_(
BTag3 |
CTag ._g_‘
JEST ; |

tE+V cross section
BTag2

BTag!

ATLAS
Preliminary
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Why search for ttH(— v7)?

v
Challenges/Features
o small branching ratoi: O(1073) w
@ good mass resolution B W
o small background contribution W
i
v
1 Analysis setup:
. . o both 7 and 8 TeV (4.5/20.3 fb~1)
. o leptonic/hadronic channels
@ get backgrounds from sideband in diphoton
4 mass spectrum

— exponential fit
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Leptonic: very loose cuts

o atleast 1 e/p
9 at least 1 b-jet
o MET > 20 GeV

o 2 photons: pr > 0.35/0.25 m.,,

e

]

> T
& 5L+ paa ATLAS Preliminary 4
wn C -1 |

r s =8 TeV (Ldt = 20.3 fb i
?g F — Background fit Vj J 1
2 4; ttH,H — yy, m, =125.4 GeV ]
] I - ]
U>J C H=13 8 TeV leptonic category |

3 E

2= E

T T
I T T I T A A I E

110 120 130 140 150 160
m,, [GeV]

T T T
Data ATLAS Preliminary

> N ]
(3

o L ]
© 10 s=8TeV [Ldt=203f"
@ r — Background fit  _ bl
2 r ttH, H — yy, m, =125.4 GeV -
[} I - 1
LE 8 L H=13 8 TeV hadronic category 4
6 E
aF :
2 7

—— I s
Ll 1 1 1 1 1

110 120 130 140 150 160
m,, [GeV]
Hadronic:

@ no e/, 2 photons as above

o < 6 jets with < 2 b-tags
9 or: <5 jets with < 2 b-tags

@ or: <6 jets with < 1 b-tags
— different b-tagging working points

13/ 43 — ttH production and CP violation — Andrea Knue



Search for ttH(— 7

. . o A T T T T =
Main Systematlcs: T E ATLAS Preliminary
MC Modelli § 35t 20112012 3
Qo n E E
oae & 35 Ldt=45f" (s=7Tev ]
255 JCat 2203708 5=8Tev
@ Theory E E
2= m, =1254GeV
o Jets/ETmiss a3 3
05t E
E \..A | | | 3
3% 05 1 15 2 25 3 35
T T T H
| ATLAS Prenmmaryr 7TeV fLdi=45 b R
2011-2012 (s=8 TeV, [L dt= 20.3 b |
Hadronic [ — Limit:
o < 6.5 (4.9) ogy obs. (exp.) @ 95% CL
Leptonic [ B Expected (0™=0) + 16 |
"""" Expected (07=0) = 20 Best fit signal strength:
— Observed
Combined [— —
ombine ‘ ‘ ‘ M slg?a\ |nJecle LeeH = 1. 3+ (stat ) 0 3(SySt )

0 5 10 15 20 25 30 35
95% CL limit on o™/o! at m,, = 125.4 GeV
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Set Limit on Yukawa-coupling via tH

q q 9 0000000 ———¢
~H
r - — >~ — - H
g t
b b — "
5wl T
T * sm - look at tH production:
2 12 __ BRH - )
S r BRgyH - yy) .. . .
§ 100 o(TH)og, ({TH) -> sensitive to relative sign of Y;
] E
=% E - o(tH)/og,,(tH) .
& o = define Y: = K¢ YtSM

(s =8TeV, =125.4 GeV . .
=8 TeV. My ¢ = if Kk < 0: fast increase of oy

;* ttH, H —~ yy

2E ATLAS Preliminary = if Kk not 1:

T A — modifications to BEH-mechanism
K
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Limit on Yukawa-coupling via tH

~ 10 T T T g
& £ ATLAS Preliminary [Ldt=4517 (s=7Tev ]
1|7 L 2011-2012 [Ldt=2031b% (s=8Tev ]
s = E
L r ]
2T oL
8|2 10k E

o} E =

c C ]

o
= 1 =i s s SRR El

1S E L E
= F —— Observed CLg limit 3
Li ot Expected CLg limit J
S E o 3
° L +20 ]

-2 e b by by by by by
10 2 0 2 4 6 g 10

Ky

= tH production sensitive to relative sign of Y;
2 -13<k <81lat95 % CL

=> constrain mainly models with negative sign
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Preliminary combination

T T AL T T T T \71
Complementary measurements: ATLAS Preliminary Vs=7 TeV, [L dt=4.5 fb

[ 2011-2012 Vs=8 TeV, [L dt=20.3 fb™ |
o H— bb —— (tot) (stat)
o po=12 26 2
oy |arge BR' |arge bkg H .y (748 TeV) [— I @it M, 17 a7 -
o
H - ’Y’Y tiH-bb (8 TeV) [— ——e—— p_ =18 jff *0077 |
tTH . d

— tiny BR, clean signal

{iH combined [— —e — =16 13 05 —
Mg =10 11 o6
| | | | I | I I

— 1 0 1 2 3 4 5 6 7 8 9
15=7 TeV, [L dt=4.5 fo™ best it p_ =™/}, for m =125.4 Gev

T T
| ATLAS Preliminary |
2011-2012 Vs=8 TeV, [L dt=20.3 b

S Combination:

iH —yy (748 Tev) [—

o Limit: o < 3.9 (2.3) osm obs. (exp.)

B Expected (0™=0) + 15 —|

ttH- bb (8 TeV)
0
------- Expected (0™=0) + 20 at 95 A’ CL
— Observed
i combined [ e SM signalinjected | o Best fit signal strength:
Il Il Il
0 2 4 3 8 10 12 T 1.6+i-31

95% CL limit on o™/o at m, = 125.4 GeV
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Search for CP violation in single top

@ CP violation observed in Kaon and B-meson decays
9 does not explain the size of baryon asymmetry
9 look for new sources of direct CP violation

9 here: investigate the Wtb-vertex
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http://cds.cern.ch/record/1527128/files/ATLAS-CONF-2013-032.pdf

CP violation

The Wtb-vertex:

_ jghv
Loy = — Y (VLPL+ Vi Pr) t Wy — .57 % (g P, 4 gnPr) t W +h.c.

g -
—=b
V2

Look at angular asymmetries:

Nevi(cos 0N > z) — Neye(cos OV < 2)

A, =
Neyi(cos OV > z) + Ny (cos N < z)

Alg ~ 0.64 P1m(gg)

=> high polarisation: P ~ 0.9

- EW corr: gg = (—7.17 — 1.23i) 1073 ¥

1Eur.Phys.J. C50, 519 (2007), Nucl. Phys. B840(2010) 349, JHEP 1107 (2011) 094
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Event selection /reconstruction

Preselection: Reconstruction:

9 1 high pr lepton o reconstruct W:
— from lepton and E7**

® 2 jets pr > 30 GeV, |n| < 4.5 — get pY from my constraint

(<]

1 jet with b-ta
Jet wi & @ reconstruct top:

Emiss > 30 GeV — W+ b-tagged jet

9 m7V'-/> 30 GeV

(<]

T T T T
ATLAS Preliminary
2 jets 1b-jet electrons

LLd(:zLSSfb]
s=7TeV

Final selection:

o forward light jet

Candidate events/0.25

@ additional cut on Hr

@ cut on top mass window

P S W77, o7 —

o low stat (ca. 1200 events)

I I I I I I I L I
-08 -06 -04 -02 0 02 04 06 08 1

< just use two bins cos 6
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CcpP ion

Method:
-> subtract background
-> unfold to parton level

= set limit on Im(gg)

Afg = 0.031 £ 0.065(stat.) ") 0. 031(syst )

= [~0.20,0.30] @95% CL

-> consistent with CP invariance

Main systematics:
=> t-channel generator
= tt generator + PS

= background norm.

1 T T T

[ ATLAS Preliminary 9

E 2 jets 1b-jet combined |

095 —

E[ra=466m" ]

F Vs=7Tev B

0.9~ Vs . -

[« SM prediction (LO) ]

[ — Observed 3

OB51 415 (68% CL) 1

C +20 (95% CL) bl

o8l Al =0.03+ 0.07 (stat. [J syst.) B

075~ -

0.7 L I L L L i L J
05 04 03 02 01 0 01 02 03 04 0)5
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Conclusion/Outlook
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Conclusion/Outlook

o ttHis only process to directly study the top-Higgs Yukawa-coupling
o search performed in H — bb and H — ~v

o very complementary, combined limit yields 3.9 (2.3) obs. (exp.)

o ratio ttbar/ttH will improve at 13/14 TeV

2 will also gain from boosted topology in Run2

@ other channels like multilepton have good potential

o search for CP-violation in top-sector

< no evidence found, Afrg consistent with 0

— ttH production and CP violation —



Backup
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[ ATLAS Preliminary —e Data
o5l [ Lot=20310" s =8Tev  CZIItEH (125) norm
L I (TH (125)
[ Dilepton I tf+light
r>4j,24b -
20’ [ (740D
O+
T Jnon-tt
7 Total unc.

o
IR R

B

e

SN

[
T

v v
08 -06 04 02 0 02 04 06 08
NN output
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Variable

Definition

mpp

Mass of the two b jets from the Higgs candidate system

Hy Scalar sum of jet pr and lepton pr

p';l} 3rd Leading jet prt

Cent Sum of pr divided by sum of E for all jets

Aplaj 1.542 (Second eigenvalue of the momentum tensor constructed from jets)
H4 Fifth Fox-Wolfram Moment

ARMaxdR Maximum AR between the Higgs candidate and the two leptons

AREJF“"R 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)
Mjcjl"segl Dijet mass closest to the defined Higgs mass

An}‘.ﬂm" Maximum Az between two jets in the event

MN}‘“M Minimum di-jet mass

M%“P' Mass of the two jet system with maximum pr in the event

M&i“dk Mass of the two b-jet system with minimum AR in the event

AR{W“dR Minimum AR between leptons and untagged jets

ARg/[""‘P' AR between the b-jet pair with maximum pr in the event

ARbb“"M AR between the b-jet pair with maximum mass in the event

Table 11: The variables considered for use within the dilepton Neural Network analysis.




Backup

| 4j4b | 4j3b | 3j3b |
1 1
8

MaxAn
An%}[indR
Mhh

My
AR{\‘/l[indR
NHiggs30

MaxP
A Rbhdx t

Aply;
MMinM
AR axdR
Mclosest

]

Hrp 2 6 3
ARMaxM
ARﬁ/ﬁndR 7 10 _

Cent - -
MMaxPt

i

H4 : | %
jet3
T

R=lie S e R . S I
LW~ =2 o

—_
(=1
1
-
(=1

= I “OEN-RR

P

Table 12: Best variables found in the region and their NB ranking in the dilepton channel
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Variable | Definition
Cent Sum of pr divided by sum of E for all jets and lepton
H1 2nd Fox-Wolfram moment

Mxmdk mass of the combination between two tagged jets with the smallest AR
N number of jets with pt > 40 GeV
average AR for all tagged jet pairs

Mf;}’[‘“]" mass of the combination between any two jets with the largest vector sum py

Aplay 1.5, where 1> is the second eigenvalue of the 3-dimensional linear
momentum tensor built with only tagged jets

H.';“d Scalar sum of jet p

M;}Amdk mass of the combination between any two jets with the smallest AR

AR}‘;‘;}‘fb‘Z AR between the lepton and two tagged jets with the smallest AR

M‘]’Vj“"dR mass of the combination between a tagged jet and any jet with the smallest AR

M"]‘("“"P‘ mass of the combination between a tagged jet and any jet with the largest vector sum pr

M‘glh“d Mass of the closest in AR pair of untagged jets

1)?5 Fifth leading jet pt

ARK}“"Pl AR between two tagged jets with the largest vector sum pr

MLVI,)"“M mass of the combination between two tagged jets with the largest invariant mass

pyh"‘d scalar sum of the pt’s of the pair of untagged jets closest in AR

Mjj; Mass of the jet triplets with the largest vectorial sum pr

ARV | AR of the closest in AR pair of untagged jets

M‘]’Vé“xp‘ mass of the combination between two tagged jets with the largest vector sum pr

Table 9: The variables considered for use within the Neural Network analysis in the single lepton channel.
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4j,2b

5i,2b

>6j,2b

4},3b

5),3b

>6,3b

4j,24b

5], 24b

>6j,245b

ATLAS
Preliminary
Simulation
my, = 125 GeV
Vs =8TeV
B {iH, H—bb
[CHiH, H=Ww
I {iH, He1T
I iH, H-gg
fiH, Hct
0 1iH, Hs2Z
[JtiH, H— others

Single lepton

Andrea Knue



Variable
in
Mbb
Cent
Hl
3 ’JTens
Aplay,
g Whad

MaxPt
.
)
ARIe }fgh
lax Pt
M,Jj
N)el

MM?ng
bi

v
=
s
e
v
IS
o

>6jet3b| 55>4b|5j3b
5 5 -

0 WMo
R = W
'

o o0 N R W =
'
~
'

R

=]

A= o
'S
'

'

Jii
ARWhad _ _ _
MaxPt _ 5 2
My

Table 10: The lists and rankings of the variables in each of the regions in the singel lepton channel.
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2j,2b

3j,2b

>4j2b

3j,3b

>4j,3b

24j,24b

ATLAS
Preliminary
Simulation
my, = 125 GeV
Vs =8TeV
B (i, H—bb
[CHiH, H=Ww
B {iH, H1T
I iH, H-gg
fiH, Hct
0 iH, Hs2Z
[JtiH, H— others

Dilepton
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£ § I+jets && dil. S L x
§ 58 TeV, I Ldt= 20310 ets g . ATLAS Workin Progress =8 TeV
& o 10 .
E Bl E Ldt=203 16
Wit (125 Ge E
[ ~+-Data2012
Background .
D 9 10 E Wik 125
E [Backarouna
Lepton-+jets & Dilepton
Prefit 10°E Postfit S+8
L L L 10
2} ST
g 18 ++ = 1
: PSRV, b =i B e
§ o5 g +
%35 3 25 2 4 35 B8 25 2

-1 -0.5
log, (S/B)

I
<1 -0.5
log, (/B)

Figure 23: Prefit and postfit yields per bin, ordered by log(S/B), for all bins used in the combined fit
of the single lepton and dilepton channels. For postfit yields, signal is normalized to the fitted value of

signal strength.

nd CP violation
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Region | 2 b-tags | 3 b-tags | > 4b-tags
4 jets HE*“‘ HyM H
Sjets | Hid | NNHF NN

>6jets | HiW NN NN

Table 6: A summary of discriminants used i

n analysis regions in the single lepton channel

Region | 2 b-tags | 3 b-tags | > 4b-tags
2 jets Hy
3jets | Hhud NN

>4 jets Hy NN NN

Table 7: A summary of discriminants used in analysis regions in the dilepton channel

— ttH production and CP violation —




Region | 2 b-tags | 3 b-tags | > 4b-tags
4 jets HE*“‘ HyM H
Sjets | Hid | NNHF NN

>6jets | HiW NN NN

Table 6: A summary of discriminants used i

n analysis regions in the single lepton channel

Region | 2 b-tags | 3 b-tags | > 4b-tags
2 jets Hy
3jets | Hhud NN

>4 jets Hy NN NN

Table 7: A summary of discriminants used in analysis regions in the dilepton channel

— ttH production and CP violation —




37/ 43

ATLAS for approval
[La-203" fo-sTov
Dilepton

ATLAS for approval
JLormmat' astev
Diepton

i (125

Events/ bin
Events/bin

Data/Pred
Data/Pred

2i.20 3i.20 4120 3i.3b 2aiab  24j24b BED 3j.2b 241,20 EED 24130 24),240

Figure 22: Prefit and postfit plots for the yields in all analysis regions in the dilepton channel.
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% ATLAS internal -+ [ 1 (125) % ATLAS ilarnal - oata W (125
£ i fLasmsntasn O e = Ve 2wl [amsntReen O ot = il
2 e o i 3 v g e H ix B3
10¢ (=] ] 15 = =
= = = =
- - e 22

10
100 10
10t 10¢
19 194
g = g s
s & ]
g om g msE 1
o

s spis  =6j dels e s s =sps i Spis  z6is 4jk  Sjels 26 s 5w 26
2biags 2biags 2blags 3blags Ibiags 3biags 24blags b iags > 4biags 2bigs 2biags 2blags 3blags 3blags 3biags 24blags > b iags 24 biags

Figure 19: Prefit and postfit plots for the yields in all analysis regions in the single lepton channel.
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Category Ny | geF VBF WH ZH  #iH tHgb WiH | N

8 TeV leptonic  0.59 | 1.0% 02% 8.1% 23% 803% 5.5% 2.7% | 0.970¢
8 TeV hadronic  0.50 | 7.3% 1.0% 0.7% 13% 84.3% 34% 2.0% 2.7t8:3
7 TeV leptonic  0.10 | 0.6% 0.1% 149% 4.0% 72.8% 5.0% 24% O.Sj&g
7 TeV hadronic  0.07 | 10.5% 1.3% 13% 14% 81.1% 25% 1.8% 05j§§

— ttH production and CP violation —
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ttH [%] tHab [%] WtH [%] ggF [%] WH [%]
had. lep. ‘ had.  lep. ‘ had.  lep. had. ‘ lep.
Luminosity +2.8
Photons £3.3
Leptons <0.1 £0.6 [<01 #05]<01 #05] <01 ] £0.6
Jets and ESS £74 0.7 | 16 +19 [ +11 21| 29 | £10
Bkg. modeling | 0.24evt. 0.16evt. applied on the sum of all Higgs boson production processes
Theory (o X BR) +10.-13 [ 4109 [ +24-19 [+IL-11] +55-54
MC Modeling +11 £33 | 213 #13 [ 12 #46| +130 | +100
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o 1_""|""|""|""|" T
[ ATLAS Preliminary 7]

L 2 jets 1b-jet combined i
0.95— —
L L dt=4.66fb™ 4

L Vs=7Tev ]
0.9 —
- e SM prediction (LO) ]

[ — Observed a
0.85— —
- 1o (68% CL) ]

C 420 (95% CL) 7

- A} =0.03+0.07 (stat. Os -
0.8— —
.75 —
07_....I....I....I....I u

05 -04 -03 -02 -01 02 03 04 05

Fy-F)
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ﬂ1000_||||||||||||||||||||||||||||||||||||||._
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Backup

43/ 43

Source

N
AApy

t-channel generator

{t generator and parton shower
Background normalisation

Jet energy resolution

Jet energy scale

Lepton id, reco., trigger and scale
PDFs

Unfolding

E'%I‘USS

b-tagging

W+jets shape

ISR/FSR

Jet reconstruction efficiency
Luminosity

Jet vertex fraction

+0.024 / -0.024
+0.010 /-0.010
+0.008 / -0.008
+0.007 / -0.007
+0.005 / -0.009
+0.004 / -0.006
+0.003 / -0.003
+0.003 / -0.003
+0.002 / -0.004
+0.002 / -0.002
+0.001 / -0.001
+0.001 / -0.001
+0.001 / -0.001
+0.001 / -0.001
<0.001 / <0.001

Total systematic

+0.029 /-0.031

— ttH production and CP violation —
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