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Motivation

ttH cross section directly proportional to Yukawa Coupling y,

Oggr =44 pb O/ Oggr ~ 0.01

Top associated Higgs production not yet observed
-> production cross section at 13 TeV 3.8 times higher than at 8 TeV



Searches for the ttH process

with the ATLAS detector

Nevents= L - Oy - 8 (H) - B(ttbar) - - A
H->bb 58.1 % Di-lepton (e,u) 4%
Results with : :
1 H->WW 21.5 % Single lepton (e,u) + jets 30%
L=13.6 fbl 0 gle lepton (e,u) +j
~ H->tt 6.3 % All jets 44%
H->vy 0.23 %
New results
with L = 36 fb! H->2z
->4 leptons (e,u) 0.0124 %
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Search for the ttH (H—bb) process

- Largest branching ratio (58.1%)
- Large irreducible background ttbb

event selection

/Semi-leptonic channel \

(one leptonic W decay)

* one electron or muon
* atleast4 jets

* atleast 2 b-tagged jets

di-lepton channel

(two leptonic W decay)

 Two opposite charge light leptons
(electron or muon)

e atleast3jets
k at least 2 b-tagged jets /
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ttH(bb): Analysis strategy

example: single-lepton channel

Signal and background

ATLAS Simulation Preliminary
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Simultaneous fit of all regions to reduce uncertainties:

* signal regions: try to separate ttH signal from background

* control regions: exploit different background compositions (tt+light, tt+c, tt+b)
Di-lepton channel similar but only 5 regions, best region has 6.1% S/B and 124 events
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ttH(H->bb) signal strength

ATLAS Preliminary tiH (bb), 1s = 13 TeV, 13.2fb™

l.—l Totl. I 1 | I I I I

-~ Stat.
Tot. ( Stat. Syst. ) Uncertainty of the measurement is dominated
29 1.4 426 i i i

Dilepton ; 4.6 29 (14 w28 by th.e normalisation and modeling of the
tt+b/jet background.
1.1 05 +1.0
Single Lepton| e 1.6 ’-1.1 ( +4>.s +o.9 )

+1.0 , +05 +09
2.1 -0.9( 05 07

0 2 4 6 8 10 12 14 16 18
Best fit u = o'™/o! for m, = 125 GeV

Upper limit on ttH signal strength at 95% CL

Expected (1 =0 Expected

Observed | Median pic/-w(# )+/-20 (ypi 1)

Dilepton 10.1 53 | [38,79] | 28,1261 | 6.0
Single lepton | 3.6 22 | [1.6,32] | [1.2,4.7] 2.9
Combined 40 19 | [14,2.8] | [1.0,4.2] 2.7
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Higgs decay mode Branching ratio
H->WW 21.5%
H->tt 6.3 %

Many possible final states

Search for the ttH (multi leptons) process

Focus on those with clean signature and
low background
6 categories: 210t(uu, ee,eun), 211t, 31 i

4
and 41 \ H—-WW, 3-leptons / |

Perform cut & count analysis

MME- TgGs voson derayunge — Ae T B
Light 2 (59) 2(SS) 3 Category WW‘ ZZ* Other (x107%)
leptons
jets >=5 >=4 >=4 or >=2
>=3
b-jets >=1 >=1 >=1or>= >=1
2
Thad 0 1 - - 7
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Results on ttH(multi-lepton)

T T T T T 5 LN LU N R A L LN R BNLANL LN JNLENLENL RN NELENL N BN
§ "} amLaspreimeary i I cer st ATLAS Preliminary ~ Vs«13TeV, 13210’
15=13TaV. 13.2%" Cluw Bz
w'p,,,., =°m Emﬂ-ww ’ —tot.  ~—stat. tot ( stat, syst)
QMiEARCO Ortar
7or ~ Yotal Uncertanty ' 2¢0nas L 4.0 :12'; (::.f- ::g)
_ | 261 hag et 6.2 37 (31, 5D
» ' 3| ol 05 (15, 4%
4 e < 2.2 (68% CL)
Combination re- 25 j:-f (jg. 3; )
0 5 10 15 20 25
best fit um‘fm m, =125 GeV

Profile likelihood fit on all channels simultaneously.
Systematic uncertainty is dominated by non-prompt background estimates in

the 2107, 211t and 3l channels
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Higgs decay mode

H->bb 58.1 %
H->WW 21.5%
H->tt 6.3 %
w—
H->ZZ->4 leptons 0.0124 %

* 9 event categories for ttH and tH in all top pair decay channels (all had, single- or di-lepton)
* 80-96% ttH signal event fractions in the different categories

 BDT used to separate ttH in all hadronic top decays from ggH and multi-jet background
e 16 ttH and 2.7 tH events expected in total of 36 fb!

* Results presented in ttH categories combined with tH (o, ~ 508 fb, o, ~ 74 fb)
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'+ Data  ATLAS Preliminary

Max likelihood fit for each event category

%
o L
P Background i5=13TeV, 36.1 fb"
2 —— Signal + Background m, = 125.09 GeV
ri] — Signal In(1+S/B) weighted sum Signal strength  u,, = u(ttH+tH)
6 ttH+tH Categories
5 Total Stat Syst Theo
4 +0.6 +06 +01 +01
2 R, = 9 _os [-o.s ~01 -00 ]
3
i ' } E
2f 35 =
+ M ' : Expected loc. significance: 1.8 ¢
g N ' Observed loc. significance: 1.0 o
:
£ Expected limit (u=1): 2.3
Eq Expected limit (u=0): 1.2
1.7

) ) m,, [GeV]
Signal model: double-sided Crystal Ball

Background model: data driven by reverting vy id or isolation,

or removing b-tagging; shape+normalisation from fit tom,,

Observed limit:
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ATLAS-CONF-2017-032, ATLAS-CONF-2Q17-047
tH+ttH (H->vy) and (H->ZZ*) combine_*

H'>YY 0.23 % Oggr * Bas EH ATLAS Preliminary
. Vs=13TeV, 36.1 b
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| -
| Stat. uncertainty | | O/ Oggr SM prediction |
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ftH SM prediction I -1 0 1 J 3 4 5 6
: Quantity normalized to SM
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
-1 0 1 )2 3 4 5
Process Result Uncertainty [pb] SM prediction
(lywl <2.5)| [pb] Total Stat. Exp. Th. [pb]

- 1037 (+036 +0.06 +0.05 +0.03
ttH 0.27 g3 (-0.31 —0.05 -0.02) 0.5970.05 11




Search performed in top pair production events with ©->\Wb and t->qH(H->yy)
Allowed in SM only at loop level with B~3-10-1>

Selection Hadronic Leptonic
Category 1 2 1 2
Signal t — cH 24 37082 0.23
SM Higgs boson resonant background 1.1 3.1 024 0.22
Other background 16 63 | 0.14 0.29
Total background 17 66 | 0.38 0.51
Data 14 69 2 1
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Summary

ttH measulrement performed for 5 different Higgs decay modes in data sets of 13.6 fb!
and 36 fb-

Signal strength u,, observed between 2.1*10 ., 2.5*13 | for ttH in H->bb and
H->multileptons,  and 0.5*%® . in H->yy for the combined ttH+tH. The
combined production cross section of ttH+tH and decay into either H->yy or ZZ* is
0.27%037 ., pb corresponding to u= 0.45.

The cross section ratio of 0,,/0

is measured to be (0.7*19,,)-10"2in agreement with
the SM prediction of 1.3 -1072.

gsF

Significant improvements expected with full 2015+2016 data set for the ttH multi-
lepton and the tttH(H->bb) analysis.

Un upper limit of the branching ratio of t->Hq is set to 2.2 103, indicating the absence
of FCNC
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ttH(H->yy) object & event selection

General H->yy selection of photons:

E;> 25 GeV

In| <2.37, excluding 1.37 < |n| < 1.52

Leading y: E; >0.35 m,,, sub-leading y: E;>0.25 m,,
Isolation (Xp;(charged particles in AR<0.2) / Pr, < 5%)

Event selection:
At least 2 photons
= 332 030 events with 105 GeV < m,, < 160 GeV.

ttH production channel:

Jet pT>25 GeV

>=1 b-jet, pT>25 GeV

Electron: p;>10 GeV, |n|[<2.47, muon: p;>10 GeV, |n|<2.7 (fiducial xs: >15 GeV)
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Limits on ttH+tH(H->yv)

Measurement | Observed | Exp. Limit | Exp. Limit | +20 | +lo | —lo | =20
(u=1) (u=0)
HUVH 2.2 2.5 1.5 3.1 22 | 1.1 | 08
Htop 1.7 2.3 1.2 26 | 1.8 | 09 | 0.6
L L L L L L B
ATLAS Int | F==== Expected (ui=0)i-10'
s=13 Te\r}, Bm cXpectegu=0) £ 20

..... SM Expected (1=1)

m, = 125.09 GeV — Observed

VH

top

llllll III I llll

0 05 1 15 2 25 3 35

Asymptotic Limits
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ttH(H->vyy) - details

BDT

* Input variables: H,'3d(scalar sum of jet pT), mass of all jets, N(jets), N(central jets),N(b-

jets)

* Training of ttH against ggH and data driven multi-jet background
* Data driven multi-jet background from events with yy+3jets with >=1y failing isolation

or identification requirement

*  Working points at 95, 89, 86, 79% fraction of ttH / (all H->yy)

WogH [iveF wH lizH [llogzH [+ [obH [tHib | tHW
ATLAS Internal # - yy, m, =12500Gev

Category Sekection
tH lep Ofwd Nip= LNES <3Ny g = 1, Nj' = 0(pF' > 25GeV) tH lap Otwd
tH lep 1fwd Nip = LNGE <4. Ny oy = LN > 1 (7F > 25GeV) tH lap thwd
ttH lep Nep 2 LN 2, Ny 2 1, Zg weto (P > 25GeV) te lop
ttH had BDT1 Nip=0.Nypis = 3, Np_gg = |, BD Ty > 0.92 & had BOT1
ttH had BDT2 Nip=0.Nyys > 3, Np_gg = 1,0.83 < BDTyy < 092 ttH had BOT2
ttH had BDT3 Niep = 0. Npis 23, Ny g > 1.0.79 < BDTy,; < 0.83 ttH had BOT3
ttH had BDT4 Nip=0.Nygys > 3, Np_gg = 1,052 < BDTyy < 079 ttH had BOT4
tH had 4j1b Nip = 0. N3 =4, Ny = 1 (7 > 25GeV)
tH had 4j2b N.,,_ON =4 Ny = 2 (7 > 25GeV)

17



ttH(H->bb)

Data vs Predictions in all bins

N 106"""""']""" vvlvvv"vvv l'
e ATLAS Preliminary -¢- Data
g 1s=13TeV, 13.2 o CtiH =4.0)
o 10° "
[T Background
7 Bkgd. Unc.
10° - Bkgd. (=0 fit)
10°
Dilepton and Single Lepton
Post-fit
% 2
S 15
2 1
@ 35 3 =25 =2 45 -1 05

log_(S/8)

Ordered by S/B 18



ttH(multi-lepton) event yields

Table 7: Expected and observed yields in the six signal region categories in 13.2 fb! of data at /s = 13 TeV.
Uncertainties in the background expectations due to systematic effects and MC statistics are shown. “Other”
backgrounds include tZ, tWZ, tHqb, tHW , tttt, ttWW , and triboson production. Values are obtained pre-fit, i.e.,
using the initial values of background systematic uncertainty nuisance parameters.

200Thaq e 200Tpag et 260Thaq ppt [ 201 Thag ) 3¢ 40

1w 29+0.7 9.1+25 6.6+ 1.6 0.8+04 6.1+1.3 —
tt(Z/]y") 1.55+029 43+009 26+0.6 1.6+£04 |[11.5+£20 | 1.12+£0.20
Diboson 038+0.25 25+14 0.8+05 [ 020+0.15 | 1.8+1.0 | 0.04 +£0.04
Non-prompt leptons 12+6 12+35 87+34 1.3+1.2 20+ 6 0.18 £ 0.10
Charge misreconstruction 6.9 + 1.3 7.1+ 1.7 — 0.24 £ 0.03 — —
Other 081 £0.22 22+0.6 14+£04 | 063+0.15 | 33+08 | 0.12+0.05
Total background 25+6 38+6 20+ 4 48+ 14 43 +7 1.46 + 0.25
ttH (SM) 20+0.5 48+ 1.0 29+06 | 1.43+£031 | 62+x1.1 | 059+0.10
Data 26 59 31 \ 14 ) 46 \ 0 )
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ttH(bb): di-lepton analysis

control regions Signal regions

2 3 4
_—

ATLAS  Simulation Preliminary nr b-tagged Jets
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ttH(bb):background composition

2 3 4

g:.::m Simulation Preliminary "7 , ight [Jti e 2tc [+ 210 control regions Signal regions
Single Lepton Wiy DNon-ﬁ
4j.2b 4j,3b 4j.24b

2 3 2
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26),2b 26[,3b 26)24b
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Reconstruction of H

in ttH (H—bb) process

»w 014
g ATLAS Simulation Preliminary
3 012 5=13Tev -
° Single Lepton
§ o1 26j,24b =
T ]
IE 0.08 [] 14, all events ]
[T 1, Higgs boson .
0.06 correctly matched .
—t1 ]
0.04 =
0.02 -
e

MMMMMMMMMMMMMM 1
00 50 100 150 200 250 300 350 400
Higgs mass [GeV]
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H->7Z7*->4leptons selection & vields

Event selection

/ Muons:

Jets:

Electrons:

Jet-lepton overlap removal:

Leptons and jets
pr > S5GeV, || < 2.7
pr > 7 GeV, |n| <247
pr>30GeV, |y| < 44

AR(jet, £) > 0.1 (0.2) for muons (electrons) *

\ Reconstructed m from 4 leptc
ttH category:
>=1 b-tagged jet

Lepton kinematics:
Leading pair (m>):
Subleading pair (m34):

Lepton selection and pairing
pr > 20, 15,10 GeV

SFOS lepton pair with smallest [mz — mgg|
remaining SFOS lepton pair with smallest [mz — mgg|

e >=4jets
or 1 add.l (e,u) + >=2jets

Event selection (at most one quadruplet per channel)

50 < myp < 106 GeV and 12 < m34 < 115 GeV

AR((;, €j) > 0.1(0.2) for same- (different-) flavour leptons
m({;, ;) > 5 GeV for all SFOS lepton pairs

115 GeV < mae < 130 GeV

Mass requirements:
Lepton separation:

Mass window:

! /¥ veto:

Final state SM Higgs YA Z + jets, tt Expected Observed
WZ,ttV,VVV Event
4u 20,1 +£2.1 9.8+0.5 1.3+£0.3 31.2+2.2 33 yields
4e 106+1.2 44+04 1.3+0.2 16.3+1.3 16
2e2u 142+14 7.1+04 1.0+£0.2 223+ 1.5 32
2u2e 108+1.2 4.6+04 1.4+0.2 16.8 + 1.3 21
Total 566  259+1.5 5.0+£0.6 87+6 102 23




Simplified template xs Matrix

ATLAS Preliminary H —yy, m_=125.09GeV

ly,1<2.5

g — Hil (= 1-jet, py = 1507
gg — Hil (O-jet, py = 150 GeV)
gg — Hil (p¥ <150 GeV)
qq — HIl (p! = 250 GeV)
m—>Hl|(z1-]et,1505|)"<25OGeV)
qq — HIl (0-jet, 150 < p¥ <250 GeV)
qq — Hil (p? < 150 GeV)
qq — Hiv (p! =250 GeV)
qq — Hi (= 1-et, 150 = py <250 GeV)
qq—:Hlv(O—jel,150sp¥<2506eV)
qq — Hiv (py <150 GeV)
(n—)Hm(p,zZOOGe

Hagq (r
Qq—*HQQ(VH) RN T

qq — Haq (VBF-like, 3-jet) DR
qq — Haq (VBF-like, 3-jet veto)
ggH (VBF-like, 3-jet)
mHMFIeHdWM

ggH (= 24et, p =200 Ge
ggH (= 24et, 120 = p} <200 GeV)
ggH(;21et,605p¢<1ZOGeV)
ggH (= 2-jet, p! <60 GeV)
ggH (1-jet, py = 200 GeV)
ggH (1-jet, 120 =< py <200 GeV)
ggH (1-jet, 60 = py <120 GeV)

STXS Regions

Region Purity / Category

agH (14et, pr <60 GeV) N
ggH (0-jet) T T T T T T T ] e ———
zZ OISZ3I0ISs o5 QESST
880855087 FLEEIEE8EE
ga:g;:aﬁaafiggggzmmg
T . -
5388338880508 132
“§E“
£>g5
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Flavour changing neutral currents

in t->qH with H->yy

Search performed in top pair production events with t->Wb and t->Hq
* Reconstruct top mass from decay products for both top quarks MWJ-,MJ-”(MJ.W)

e 152GeV<M, <190 GeV, 120 GeV<M...<220 GeV

YY)

)

* Category 1: both top quark masses reconstructed, category 2: no cut on M;; (M)

hadronic

>= 2y with p;>40GeV (p;>30GeV)

0 leptons
>=4 jets
>=1 b-jet

1 lepton (e,m)
>=2jets
m>30GeV

21u01d9|
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