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Why look for ttH (tH)?

® top Yukawa coupling in loops:
- Higgs gluon fusion production
- Higgs diphoton decay

®m Can be extracted from fit of all

tb Yi . Yi
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https://link.springer.com/article/10.1007/JHEP08(2016)045

Why look for ttH (tH)?

¢ SETOOOY !
® top Yukawa coupling in loops: e yt
- Higgs gluon fusion production th »=----- o
- Higgs diphoton decay 000900 i

®m Can be extracted from fit of all
production and decay modes

B Run 1 CMS-ATLAS result:
kt = Yt/Yt(SM) =0.87 +0.15

B But assumes no BSM contributions

in loop, while ttH (tH) process allows ‘ t
for direct measurement of top Yt
Yukawa coupling 13 TeV N
Process Cross section [pb]
ttH 0.51 ‘ b
tHqgb 0.074
tHW 0.015
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How to look for ttH?

Top Pair Branching Fractions

Signature depends on: tt—~WbWb

- ttbar system decay: O, 1, or 2
leptons ets 16%

- Higgs decay: bb, WW, TT, ZZ*: YY 1%%
A 2,
A%

46%

15%

Four very different analyses: d.mptoj s 16

ttH with H-Dbb (0, 1, or 2 e/p) o bb =
ttH to multilepton targets mostly

H - WWand H - Tt A= 21%
ttH with H — yy (0 or 1 e/p) H-Tt 6%
ttH with H - ZZ* — 4 leptons (e/p) H-ZZ* 2.6%
(all based on 36 fb-1) H-yy 0.2%
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ttH, H—-bb

Phys. Rev. D 97, 072016 (2018)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/

ttH, H—bb

® | argest Higgs BR, but:

- ttbb background large and difficult to
model

- Complex final state with large jet and b-jet
multiplicity — challenging object (b-
tagging) and event reconstruction

® Signhature:
- 1 (or 2) e/u+4(2)jets fromW's
- 4 b-jets (2 from ttbar, 2 from Higgs) o

-¢-Data [Jtircc  []Single top
10+ E-20.3 ! W Muttiet  [llt+ob  [fH (125)
Is = 8 TeV [Jtt+light Ot+v 7 Total unc.

Events / 0.1

107"

m All-hadronic channel also studied:

> Run 1 result: JHEP 05 (2016) 160 5 §727. %7 %
- Additional large multijet background ) O o:: 5o

ttH(bb) hadronic  BDT response
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-05/

ttH, H — bb: ttbb modelling

ATLAS Simulation

® ttbar inclusive MC: Powheg+Pythia8
normalized to NNLO+NNLL cross-
section

- tt+>1b and tt+>1c also from 107

Powheg+Pythia8 but left free-floating in
the fit

m Split into tt+HF categories depending
on HF jets at particle level:

- tt+b : 1 additional b-jet
- tt+bb : 2 additional b-jet
- tt+B : only one b-jet containing 2 B hadrons

b b-jet
- tt+>3b : other B t
- Rescale fractions of categories to
Sherpa+OpenLoops 4F scheme (massive -
t b-jet

b-quarks, first g - bb from ME)

---0--- POWHEG+PYTHIA 8
—e— SHERPA4F

Fraction of events

-
<
N

SHERPA4F
PowHEG+PYTHIA 8
[ IS
1
|

o

ft+b  t+bb  ©+B  tt+>30

o+
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ttH, H - bb: strategy

® Preselection:
- Dilepton: two opposite sign e/p, 3 jets, 2 medium b-tags
- Single Lepton: one e/y, 5 jets, 2 very-tight or 3 medium b-tags

- Single Lepton Boosted: one e/, large-R jets from R=0.4
reclustered jets, Higgs candidate (pT>200 GeV) and top candidate
(pT>250 GeV) (takes precedence over resolved channel)

- Single lepton trigger - leading lepton pT > 27 GeV

m Split into Signal and Control Regions based on jet and b-tag
multiplicity/quality

® Multivariate analysis to separate tt+jets from ttH in each
Signal Region

® Combined fit of all regions (fitting the MVA discriminant in the
Signal Regions)

2018/05/28 Higgs Toppings, Benasque 8



Semi-continuous b-tagging

Q 1-37""\"“I“"\""I """""
m Four b-tagging working points -~ biets  amas
calibrated on data: L TR
. . . 1.1+ -
- Loose — Medium — Tight — Very Tight i t — :
corresponding to: R R ]
85% - 77% - 70% - 60% eff. to tag a b-jet 0.9F 1
- Assign a b-tagging score from 1 to 5 (from 0_8; V2610, = 70%,single-ut O[] Total Uncerainty |
not_tagged to 60%) ; Anti-k, R=0.4 calorimeter-jets ~ —{— Stat. Uncertainty E
. . : 0.7 Lo oo ]
m Db-jets calibrated with ttbar events (2- 050100 {50 200 250 300
0 : - arXiv:1805.01845 Jetp, [GeV]
10% uncertainty, dominated by ttbar
mOdelllng) % 2: ATLAIS Iprlenlmiln;ry‘ | |c-‘ie‘tf‘rolmIlilcelnlii)rlatilorli:
. . . & 18- 513 Te 4 — SF(stat) b
m c-jets calibrated with ttbar events R ==
(W - cs) and W+c events (5-20% gt Clels E
uncertainty) 2 %\ N
1.2f .
= light-jets calibrated with dijets events o ;
(10-50% Uncertainty) 20 T30 60 B0 100 120 140

. ATLAS-CONF-2018-001 ietp;[GeV] .
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2016-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-001/

ttH, H - bb: Signal and Control Regions

®m Split into jet and b-jet multiplicity/quality, merge regions with
similar background content
- SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

st ondy ier  SiNgle Lepton, 26 jets (Singl_e Lepto_n S Jets
“ z;-fag)gi’n; ‘ g P J and Dilepton in backup)
discriminant
(3.3) (boosted has
4 3) only one region)
(5. 3) CRi t1ight
(4, 4)
CRI.H»b — ] CRJf—i—ZlC \
(5. 4) \
(5’ 5) SR, SR SRs “1—“-—-—.
/((5, 5) (5,4) (5,3)(5.2) (4.4) (4.3)(42)(3.3)(3.2) (2.2) (5.1) (4 1) (3.1) (221) (1, 1) (3:"', 4'M) jet
b-taggin
SR1: 4 b-tags at 60% eff. working point discriminant
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ttH(bb) (1 and 2 leptons)

Background composition

m O Signal Regions
m 10 Control Regions

ATLAS

[t +light [ ]t +>1c [t +>1b

/s = 13 TeV [J+v [ Non-t
Dilepton
3j 3j
CRtoigh CR{.>1p
>4 4]
CF{tT+Iigh CRi21c
SR3" SR3" SR

s

¢

=

Dilepton

ATLAS
Vs =13 TeV
Single Lepton

[ ]t +light [+ >1c [T+ 21b

Ott+v  [Non-t

5j 5 5
CR tij'+ligh CR t{'+21c CRI{+b
SRZJ SR15j GRboosted

>6i >6) >6)
CRIT+Iigh CRtt+21c CRtt+b

Single Lepton
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ttH(bb) (1 and 2 leptons)

Background composition

B Zooming in on most sensitive regions (Single Lepton 6 jets)
and splitting ttb into categories:
- tt+>1b ~ only relevant background in SR1 (four Very Tight b-tags)
- Within tt+>1b: tt+bb dominant, tt+>3b also important (two g — bb)

tt + light
tt+b
Wit + >3b

>6]
SR3’

it + >1c¢
tt + B
tt+V

MPI/FSR
Bt + bb
Non-tt

SR SR;®

2018/05/28
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Events / bin

ttH(bb) Multi-Variate Analysis

m Several MVA ingredients:
- Recontruction BDT to attempt to reconstruct top quarks and H - bb

- Likelihood (LHD) for ttH signal vs tt+>1b background using product of
1D pdf's of kinematic variables

- Matrix Element Method (MEM)

Slngle Lepton 6-jet SRl

T T T

400¢ ATLAS El tEt)at? " ERH g
-1 +lig +21C
350! gm |:a3|_TeeX)n36 T Bitesb @RV
o F [JNon-f 7/ Total unc.
300F SR7 -~ 1tH (norm)
Post-Fit .- Pre-Fit Bkgd.

250¢

200

150

100

Events / bin

450F T T T

‘eData  mtH
O +light i+ >1c |
Wit +>1b mi+V

S'”%!Je Lepton ONon-tt 7~ Total unc. |
SR3 -~ 1tH (norm)
Post-Fit --- Pre-Fit Bkgd.

Events / bin

| ATLAS

as  eDaa  mtiH
Ott + light Ottt +21¢c ]

-1
F Vs =13 TeV, 36.1 fb .It+>1b ot + v

S'”%!Je Lepton ONon-tt 7~ Total unc. |
SR3 -~ 1tH (norm)
- Post-Fit --- Pre-Fit Bkgd.

50
O e e T —_— o~ fL
g g g
© 125 o 125 o 125
.y 1 /74////yf////////////////////////////W@@%WW .y 1 B85535 //////WW 5/5‘/5(/%/5//_/ .y 1§ MW%?%%WW _é}?%%
©
g ors g ors g ors
a 05 : : : : : : : a 05 : : : : a 05
1208 —06 ~04 -02 0 02 04 06 08 1 0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Reconstruction BDT output (w/ Higgs info) LHD 171 + exp(-MEM_-4))
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ttH(bb) Multi-Variate Analysis

® Final discriminant: classification BDT. Input variables:
- Reconstruction BDT, LHD, MEM
- Kinematic variables

B Combined fit of all 9 SRs and 10 CRs:

- Signal Regions: fit the classification BDT output

- Control Regions: fit the event yield (except in tt+>1c 1l CRs: fit H, to
constraln tt+>1c)

E T T E T T T T T T T
Q ATLAS ¢ Data .tiH [t + light 2 10°F ATLAS ¢ Data .ttH \:ltt + Ilght
£ 107F (s=13TeV,36.1fb" [Jtt+>1c MtT+21b mtt+ Vv 2 {s=13TeV, 36.1 fb |:|tt+>1c -tt+>1b \:|tt+V
L%’ . Dilepton [JNon-it 7/ Total unc. ---ttH 5 10" F Single Lepton
107F Pre-Fit . i Pre-Fit Sln le Lepton Pre- F|t
Dilepton Pre-Fit 10°f 9 P
10" 10% k
10°F 10°F
10°F 10% ¢
10 10

- %WV%%%%%W%

C/qa 01915/ C/qs S/qg S/qs SRboq, C/q C/;us C,q;s S/; S/; S/q
To Belgry 21, 9/7

Data / Pred
3
R %
o PR
~77
/ﬁ‘i&/ \
\
§
Data / Pred
o
a

2018/05/28 Higgs Toppings, Benasque 14



ttH(bb) Multi-Variate Analysis

® Final discriminant: classification BDT. Input variables:
- Reconstruction BDT, LHD, MEM
- Kinematic variables

B Combined fit of all 9 SRs and 10 CRs:

- Signal Regions: fit the classification BDT output

- Control Regions: fit the event yield (except in tt+>1c 1l CRs: fit H, to
constraln tt+>1c)

E T T T E T T T T T T T
2 ATLAS ¢ Data [ i 4 + light 2 10°F ATLAS ¢ Data .ttH \jtt + Ilght
£ 107t (s=13TeV,36.11b"  [Jtt+>1c MtE+>1b mtt+ v g2 s=13TeV,36.11b" |:|tt+>1c .tt+>1b Dtt+V
Q Dilepton [INon-tt 7 Total unc. ---ttH © 10" Single Lepton ™
L 6 . L .
107 Post-Fit Post-Fit Single Lepton Post- F|t
- = 6 |
Dilepton Post-Fit 10 9 P
10° T 3
10°
4
10 10%F
3 L
10 10°E
102 FommTmeeeey 102
10 ] i ! ! ! E 10
k] o
® 125} . ] ® 125}
o o
a " SES———/777 -
S o7k ] £ o075t
© ©
Q o5 a o5
CR g CR 3 CR >y CR 34 SRz SRz SR2q CRs CRs CR5 SRy SRS SRbo, CR 26 CR 3 CR SRy SRz SRz
Q”*j"@m Rldé, /?”3% Hﬂf’e N R34 R34 R4 1{/*/1_%/?1/*970/?”i[7 Ry SRy SR 005/c0s ,,f//%/?,&,e 7019”*5 R385 SR36 SRze
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Events / bin

Data / Pred.

Events / bi

Data / Pred.

ttH(bb) Single Lepton Signal Regions:

| ATLAS
Vs =13 TeV, 36.1 fb™
400f Single Lepton

SR;®

T IR

— —
¢ Data mtiH
It + light [t + >1c
mit+21b @E+V ]
CONon-tt 77 Total unc.
---1tH (norm) ]

) P PP

e

160[ ATLAS

140l s =13 TeV, 36.1 10"
Single Lepton

120} SR

Pre-Fit

1001

1 208 -06 ~04 —02

02 04 06 08 1

Classification BDT output
e Data mtH
Ot + light Ot + >1¢
mit+>1b @i+ Vv
[CONon-tt  ~Total unc.
--- ttH (norm) 1

| ATLAS
Vs =13TeV, 36.1 fb™
- Single Lepton

Events / bin

Pre-Fit

Pre-fit

T
o Data t
Ottt + light  [Ott + >1¢

———
mtiH

mit+>1b @tt+V

CINon-tt  “~Total unc.]

-~ 1tH (norm)

Data / Pred.

IR

Events / bin

Data / Pred.

Events / bi

ATLAS
L Vs =13TeV, 36.1 fb"
Single Lepton

7

208 06 04 -02

02 04 06 08

Classification BDT output

¢ Data Wi+

Ot + light Ot + >1c

Wit +>1b @t +V

[JNon-tt  “~Total unc.

---ttH (norm)

(6, RN &) |

0.5

1 208 -06 -04 —02

02 04 06 08 1

Classification BDT output

Data / Pred.

Events / bi

Data / Pred.

208 06 04 -02

02 04 06 08

Classification BDT output
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1.25

-

0.75
0.5

>6
SR3’

b

L B L L L
| ATLAS ¢ Data

Vs =13 TeV, 36.1 fb™
r Single Lepton

[ Pre-Fit

T IR

o
WtH
It + light [t + >1c
mit+21b @E+V ]
CONon-tt 77 Total unc.
---1tH (norm)

208 06 04 -02

ATLAS
[ Vs=13TeV, 36.1b"

Single Lepton
S Rboosted

02 04 06 08 1
Classification BDT output
e Data mtH
Ot + light Ot + >1c
mit+>1b @i+ Vv
[COINon-tt  ~Total unc.
---ttH (norm)

Classification BDT output
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Events / bin

Data / Pred.

Events / bil

Data / Pred.

T T T T T T T T

ATLAS ¢ Data WtH
450F {5=13TeV, 36.1 b Ott + light Ot +21c 7
400} Single Lepton E}\tjgn.zt%b E%Ea\llunc ]

6i : - '

350k SR; --- ttH (norm)

Post-Fit
300}

0 ‘ | | e S EEEEEEes
1-251 %%%W%WQ%W
0.75

05

1601 ATLAS ¢ Data mtH
_ 1 Ottt + light  [Ott + >1¢
140[ 5= 13TV, 361107 2 U0 E+v
S'”g'e Lepton ONon-tf %~ Total unc.
120} SRi ---1tH (norm) ]
Post-Fit
100t

ttH(bb) Single Lepton Signal Regions:

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

Classification BDT output

1 208 -06 -04 02 0 02 04 06 08 1

Classification BDT output

Events / bin

Data / Pred.

Events / bil

Data / Pred.

ATLAS ) Qéta l‘tiH
900 = iaTev 364 Jf+light Ot +>1c
? ) >
800} Single Lepton AL LA
= O _on-tt ~ Total unc.
' SR2 -~ ttH (norm) ]
Post-Fit
600f :
500F + L&

1000f

800

400

ATLAS ¢ Data mtH
_ -1 OJtt + light  [Jtt + >1c
§—|13LT6:/,36.1 fo Wi+>1b @V
ngle Lepton [ONon-f 7/ Total unc.
| SR3 ---1tH (norm)
Post-Fit
600L . 2
1 /7‘////7‘////%/)6’/7‘////7‘////%///97‘//&@9‘_/@/@579%65%%%

Post-fit

1 rom s AR
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Classification BDT output

1 208 -06 -04 02 0 02 04 06 08 1

Classification BDT output

Events / bin

Data / Pred.

Events / bil

Data / Pred.
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36 [CINon-tt 7/ Total unc.
i SR3 ---1tH (norm)
Post-Fit

rrorrss s s S s i)

7 08 —06 04 02 0 02 04 06 08 1

Classification BDT output

ATLAS o Data mtiH
fs=13Tev,36.1 o7  LJii+light [t +=1c
| Single Lepton Wit +>1b @it+V
bgoostedp EII\_lon-tt 7/ Total unc.
SR ---ttH (norm)
[ Post-Fit

201 0 01 02 03

-0.3 -0.2

Classification BDT output
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ttH(bb) systematics

Pre-fit impact on u:

Ap

. : 0=0+A0 | 0=0-A0 -4 -05 0 05 1
. ]
By far domlnant- tt+21b mOdelllng Post-fit impacton u: T | T 1T | T 1T | T 1T | T 1T | T
0=0+A0 mo="08A8 | ATLAS
- Esp. Sherpa vs PP8 _
P P —e— Nuis. Param. Pull Is =13 TeV, 36.1 fb!
" Also important: MC stat. RSP ——— R
tt+>1b: SHERPA4F vs. nominal —0-'—
Uncertainty source A tt+>1b: PS & hadronization 5 —.—'
= 2 - = ti+>1b: ISR/ FSR —e—= §
tt + 216 mOdehng +0°46 —0.46 ttH: PS & hadronization *
Background-model stat. unc. +0.29 —-0.31 b-tagging: mis-tag (light) NP | __._
b-tagging efficiency and mis-tag rates +0.16 —0.16 K(tt+>1b) = 1.24 + 0.10 | -
Jet energy scale and resolution +0.14 -0.14 Jet energy resolution: NP | N ——
ttH modeling +0.22 —-0.05 ttH: cross section (QCD scale) .
tt + >1c modeling +0.09 —0.11 tt+>1b: tt+23b normalization — e —
JVT’ plleup modeling +003 —0.05 tt+>1c: SHERPASF vs. nominal I —— ; :
Other background modeling +0.08 —0.08 tt+>1b: shower recoil scheme *
tt + light modeling +0.06 —0.03 th+x1c: ISR/ FSR i
Luminosity +0.03 —0.02 Jet energy resolution: NP 1l —e—
Light lepton (e, ) id., isolation, trigger +0.03 —0.04 tt+light: PS & hadronization \
Total systematic uncertaint +0.57 —0.54 W clagram subir. vs. nominal ’ |
_0 Y Y : : b-tagging: efficiency NP | e
tt + >1b normalization +0.09 —-0.10 b-tagging: mis-tag (c) NP | _.__
tf + 2 ].C normalization +0.02 _0.03 E_rrniss: soft-term resolution i ® L
Intrinsic statistical uncertainty +0.21 —-0.20 b-tagging: efficiency NP Il o !
3 3 3 |||||||||||||||||||||||||||11||||||||1|
Total statistical uncertainty +0.29 —-0.29 o e s e s T s
Total uncertainty +0.64 —0.61 (6-6,)/A6
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ttH, H — bb: result

® Significance wrt bgd-only hypothesis: 1.40 (1.60 expected)
® Signal strength p = ottH/gttH(SM)
u<2.0at95% CL
U =0.84+0.64 - 0.61

ATLAS

{s=13TeV, 36.1 fb’

L LN BRI R
tot.
stat.

m, = 125 GeV
tot (stat syst)

Dilepton
(two-p combined fit)

{s =13 TeV, 36.1 fo’
H O

Dilepton _024 +1.02 , +0.54 +0.87 )
(two-uL combined fit) — o — 105 (052 —0.91) :
Single Lepton :
. two-i. combined fit) [ : n
Single Lepton 0.95 1065031 4057 ( : m, = 125 GeV
(two-11 combined fit e -0.62 (4).31 4).54) i H
"""""""""""""""""""""""""""""""""""" : f===5 Expected + 1o
+0.64 , +0.29 +0.57 R [ TP Expected + 26
Combined —o— 084 Z55 (029 o54) Combined — T Gbserved ]
T L L e — . |....."|".E.Xpe.Ct|eq(%l=.1.)|
-1 0 1 2 3 4 5 6 0 o 3 4 5
Best fit p = o™/o( 95% CL upper limit on /o (ttH)
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ttH, multilepton
Phys. Rev. D 97, 072003 (2018)
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ttH multilepton

® Channels w/o hadronic-t target H-WW (and H - ZZ*):
2ISS = 2 light leptons (e or p) of same sign
3l = 3 light leptons
4] = 4 light leptons (veto H— ZZ* - 41, treated by dedicated
analysis)

® Channels w/ 1 or 2 hadronic-t target H—-tt and H - WW.
21SS+1T, 2I0S+1T, 3l+1T, 11+2t

—_
o
o

'8 —
F 2
“6 cC
5 2 .0
2 g
= [T
< T
C
S
1 20SS+1Tha 30+1Tha @

0 3¢

0
2Sa Fgs W YU, 2ASg, <Og. Sy s

¢ h h
Number of light leptons o) eq " g

2018/05/28 Higgs Toppings, Benasque 21



ttH multilepton: strategy

2] F 1 T T T 3 lE
. . . R ATLAS EE”
m Common preselection: 2 jets, 1 b-jet res fox toTev, 01 10" 1.9
1.4 =
m Further sel. of jet and leptons optimized E N
1= :
for each channel ook B EIg
.. 06 Tl S EN
= Acceptance, S/B, bgd composition very 0.4;_J_ﬁ elaEn )
different across channels i I I [ SRS Ei
s e
205S 3¢ 4/ 1042mm0a  205S+1Thaa  200S+1mhaq  3€+17mh.q  Total
Axe[10° 7 23 13 0.6+0.1 2.3 1.7 7.8 0.8 50
= MVA discriminant trained against main
backgrounds: % @

- 2ISS: ttH vs tt and ttH vs ttV

- 3l: 5-dimensional multinomial BDT: ttH, ttW, ttZ, tt, VV
- 4| (Z-enriched): ttH vs ttZ

- Tau channels: ttH vs tt

(41 (Z-depleted) and 3l+1t: cut-and-count)

2/SS +1T4 2/0S+1 T

®
o

37 tiw CR 3¢ t1ZCR 37 VVCR 3¢ {TCR

v
o
”
®
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ttH multilepton: prompt lepton backgrounds

® [rreducible background from ttZ, ttW, diboson, from MC
m Also rare processes: tttt, ttt, tZ, tWZ, ttWW, tty*

50

P 70: T \ T T T T ] £ F \ T T . T T ._|
m CRsforttZand ttW e o0 50 LI S oA
[ 3/tiZCR [EDiboson  [ENon-prompt 40[- 3¢ {IW CR ENon-prompt  [JOther
C -Fi [Jother 7 Uncertainty | E Pre-Fit Uncertainty E
show good - @
1 40:, 7 30? E
agreement with SM ; 2 * | E
30 Z ] £ E
. - r % ] 20 E
L L 4 7 |
prediction: k 'L
C (V. 7 10__ _:
o t s 14- E
: o B N st ]
] 05 | \' ] L 7 ) Of T W
g 1‘251 ;- @ ; + r/// //0/72 E 25 i_ * l
a E E o
2 3 4 5 6 7 >8 ' 2 3 4 5 6 \ 7 X ?g t
Number of jets umber of jets
3l ttZ CR 3l ttw CR

® Electron charge mis-ID (for 2SSOt and 2ISS1t):

- reduced by dedicated MVA
- Data-driven estimate: rate from SS Z - ee applied to OS CRs
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ttH multilepton: fake/non-prompt lepton

backgrounds
Semileptonic Photon Non-prompt lepton >
b-decay conversions &fake T °
j j j
bfake.uﬁ+ i i : bfakef’* fake 1 g
W vVL» et .w
by ;:)\rc.)mpt{,’+ b~y ;hmptf* b, ;hmptf*
= BDT to reduce light lepton fake/non-prompt !
- |solation and b-tagging of track-jet near lepton
®m Bgd estimate (mostly) data-driven
- 2ISS0t/310t: Matrix Method. Real and fake eff. from

CRs, applied to loose-not-tight events
® MC-based correction for HF vs conversion comp.

- Fake t: fake SF from 21051t CR, applied to
simulation in all Tt channels

m 2|SS1t: must also consider fake light+fake t

Data / Pred.

FrrrTTT
[ ATLAS

T
¢ Data

- s =13TeV, 36.1 fbo! MNon-prompt Mg mis-id -
[ 2< Ny <3VR Ofw oz 1
Lt [ Diboson [CJother
Pre-Fit Uncertainty 3

S RARERRREE
WitH

)

20 30 40 50

60 70

80 90 12)0
p, () [GeV]

8001
700F

600

5001

F ATLAS D
E Vs=13TeV,36.1 o' []tiw

F 2/0S+1 T
[ Pre-Fit

I
¢ Data

[ Diboson

WFake 7,

.‘ITH =
Mtz ]
[C]other 1

Uncertainty

075 [
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ttH multilepton: fit of eight channels

20SS 3/ 4/ 1042mh0a  20SS+1Thaqa  200S+17haq 3l0+1Thaq
BDT trained against | Fakes and ttV  tt, ttW, ttZ, VV tt7 | - tt all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT Event count
Number of bins 6 5 1/1 2 2 10 1
Control regions - 4

£ 104:‘,‘.“H“‘H,H“‘D“(.“.‘i‘ﬁuu.‘.‘7 § e[ £ T T T e T T T £ AN R A S N AR AL R
E ata 3 ° r b ~ o ] = 3
P £ ’\AFTLAS S [Ciw Dtz E P r ’\AFTLAS ,Otw mttz ] P F AFTLAS Ofaw mtz ] @ AFTLAS Otw mtiz ]
£ F (s=13TeV,36.1 b ! ] NS 13 TeV, 36.1 " Epiboson [ Non-prompt ] € 35 5=13TeV, 3610 Snocon  mgmsia g =13TeV,36.1 " Sniboson  [JOther ]
& L 2788 DD'b‘?S‘?” [ENon-prompt | & b 87 SR [JOther Uncertainty & [ 2/SS+1Thag []Other [ Non-prompt o 2008 +1Thag WFake 7, Uncertainty |
10°L Post-Fit Mg misid  [JOther B [ Post-Fit --- Pre-Fit Bkgd. 1 30 Post-Fit WFake 7,,, 7 Uncertainty Post-Fit --- Pre-Fit Bkgd. -
0 E Uncertainty --- Pre-Fit Bkgd. 3 25F - E -- Pre-Fit Bkgd. B 3
F ] F ] 25 E ]
] 20 = g g ]
10° F ] 20F g E
151 — i ] ]
10 ToF— 10~ |
F 5F 3 s [FRRRSSSSSSSSSSMS—
r lz;é L F -
L ] F ] L 4
P S T N FE F T T ) M EWHE FEWWE RS FETT N N PR N N P I I S
E 125 £ E 125 F ‘ p E E E E 1.25 + l
> 1E (] ¢ + é ~ 1E ~ ¢ = = 1k 9 LS ) % + 5 + 2
% 0.75 + E % 0.75 E % Yosssscnsicss % 0.75 +
© sk © sk e © sk
“4 08 06 04 02 0 02 04 06 08 1 70 01 02 03 04 05 06 07 08 09 1 08 -0.6 04 -02 0 02 04 06 08 1 74 08 06 04 02 0 02 04 06 08 1
BDT output RDT antnit BDT output BDT output
c L B o B S B e R ® F B | 2 3, - i ® F q
5 r  Data 1 5 r ® Data ttH ] 5 [ ® Data MW ttH ] s 8 7 -
= [ ATLAS =i E“z ] 5 b ATLAS s Eom 1 2 L ATLAS Sz = Non-prompt | & F ATLAS # Data Wiin 1
2 Vs =18TeV,36.1 " Epioson  [J0ter [ 5=13TeV,36.11b er ] [ Vs=13TeV,36.1 fb" 0her Uncertainty - @ E Vs=13Tev,36.1 fb"[HtiZ [Epiboson 4
E 10°E 144209 WFake 7, Uncertainty 1ol 3¢+ 1Thag [ENon-prompt Ml Fake 7,y ] 250" 47 7-depleted - Pre-Fit Bkgd. B 7:_ 4¢ Z-enriched [E Non-prompt["] Other E
E Post-Fit -+ Pre-Fit Bkgd. E [ Post-Fit Uncertainty --- Pre-Fit Bkgd. | [ Post-Fit ] [ Post-Fit Uncertainty --- Pre-Fit Bkgd. |
r ] F 1 + 8 6 -
F 1 10 1 2 ] F E
r ] [ ] 5 E
E F B 150 3 : :
| o ] : z
i« ]
051 > E ]
Bl kel o Rl OE
© 1.25 [ 4 4 6 © 15 F 3
& : e E & e : | E
S 'k L/ i s E 3 5 E
T 075 F 3 g 075 | E g 2 F £ sk + E
B s 1 05 E ok o Lt

-08 -06 -04 -02 0 02 04 06 08 1
BDT output
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ttH multilepton: systematics

m JES:

- Largest experimental uncertainty

Systematic uncertainties already important for some multilepton channels

- Flavor composition: can be improved by taking into account predicted flavor composition

Fake estimates

Uncertainty Source Ap

ttH modeling (cross section) +0.20 —0.09
Jet energy scale and resolution +0.18 —=0.15
Non-prompt light-lepton estimates +0.15  —0.13
Jet flavor tagging and 7,4 identification +0.11  —0.09
ttW modeling +0.10 —0.09
ttZ modeling +0.08 —0.07
Other background modeling +0.08 —0.07
Luminosity +0.08 —0.06
ttH modeling (acceptance) +0.08 —0.04
Fake 1,9 estimates +0.07 —-0.07
Other experimental uncertainties +0.05 —0.04
Simulation sample size +0.04 —-0.04
Charge misassignment +0.01 —-0.01
Total systematic uncertainty +0.39 —-0.30

Can constrain ttW and ttZ backgrounds with more data

Pre-fit impact on p:

0=0+A0 0=0-A0

n

Post-fit impact on p:
0=0+A8 0=0-A8

—e— Nuis. Param. Pull

ttH cross section (scale variations)

Jet energy scale (pileup subtraction)
Luminosity

Jet energy scale (flavor comp. 27SS)
Jet energy scale variation 1

#tW cross section (scale variations)

ttZ cross section (scale variations)
Thad identification

ttH cross section (PDF)

ttH modeling (shower tune)

Flavor tagging c-jet/Thad

rare top decay cross section

37 Non-prompt closure

ttW modeling (generator)

Non-prompt stat. in 4th bin of 37 SR

-0.15 -0.1 -0.05 O 0.05
T T

ATLAS

Vs=13TeV, 36.1 fb™

0.1 0.15

o

S 2 A S N o O

]
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ttH multilepton result with 36 /fb

®m Observed significance over background-only hypothesis:
4.10 (exp. 2.80)

® Signal strength p = 1.6 +-0.3 (stat) +0.4-0.3 (syst)

= r~rr T T T T T T - T T T T T T T T
S - ATLAS ¢ Data ] 3
£ L Vs=13TeV, 36.1 fb” miH ( =1.6) ATLAS fs=13TeV, 36.11b
e | PostFit gH (n=1)
W 10°E [Background —
: 7//Bkgd Unc. E TOt e Stat Tot. ( Stat. , SySt )
B L,’# """" Bkgd' (H=0) ] 2¢08S + 1Thad beboe@mnnes - 1-7 tf; (jg ’ t} ‘1‘.)
i - Pre-Fit Bkgd. | A6 41 414
° 17 + 2755 | =t =@ == <l= -0.6 15 (—0_8 » - .3)
102 — - +.3 (+.3 +0.2
- ; ar| ke 0.5 5 (Cos: “03)
- . +1.8 +1.7 +0.6
- .= ] 37 + 1749 oo @nnnes 1 1-6 13 (—1_3 ’ —0.2)
1.7 1.5 0.9
- n 2fSS+1Thad UEEER JRRRRE. 3'5 t1_3 (i1.2’ t0.5)
+0.9 0.6 +0.6
12?) 3¢ o H 1.8 57 (Lo6s —0s)
;1 . 20F 0.7 +04 +05
%é 15 2¢SS *H 1.5 o6 (04 —04)
0= 1o . 555 A et | St B 0 N
s[5 ok combined | -  [ped | 1.6 o, (_0_3, -0-3.)
© L
Q@ o —2 0 2 4 6 8 10 12

Best-fit uﬁH for m =125 GeV
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ttH, H-vyy

arXiv:1802.04146 [hep-eX]

2018/05/28
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-21/

ttH, H-vyy

ggH [VvBF WH [lizH lgozH lttH [llobH [ tHg — tHW

] H N yy analysis defines 31 ATLAS Simulation H —yy, m_ =125.09 GeV

/tHIepOTWd
exclusive categories optimized to | = -

separate production processes . b i

. ttH had BDT3
and phase space regions
tH had 4j1b |— -

tH had 4j2b |— —
VH dilep

VH lep HIGH
VH lep LOW [—
VH MET HIGH

VH MET LOW [—

jet BSM [—

VH had tight [—

VH had loose [—

VBF tight, high ptl =
VBF loose, high pi¥ =
VBF tight, low pf¥ =
VBF loose, low p!il =
ggH 2J BSM |—
ggH 2J HIGH |—
ggH 2J MED |—
ggH 2J LOW —
ggH 1J BSM |—
ggH 1J HIGH |—
ggH 1J MED |—
ggH 1J LOW |—
ggH 0J FWD —

: g0 CEN (T D Lo b b b Lo L L
ol e | | 3 0 01 02 03 04 05 06 07 08 09 1

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

o

L e
¢ Data ATLAS
...... Background fs =13 TeV, 36.1 fo’'
—— Signal + Background my, = 125.09 GeV
—— Signal

600

[I\Illlll

2 weights / GeV

500

In(1+S/B) weighted sum

400

300

200

100

I|||||||||||4IIIYllIII‘IIIIlIII\lT

Y, weights - fitted bkg

Fraction of Signal Process / Category
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ttH, H-vyy

gogH llvBF. WH [lizH lgozH [littH [llobH | tHg = tHW

= One ttH leptonic category ATLAS Simulation  # —yy, m_ = 12509 Gev
® Four ttH hadronic category  wew
- Four bins of BDT output :::Eéf
m Four tH categories (in fact o
dominated by ttH) v a2
B oA m ttH leptonic: 1 e/y, 2 central
AT it jets, 1 b-jets
I | : = ttH hadronic: 0 e/p, 3 jets, 1
1 b-jet. BDT trained to separate
) ttH vs ggH+multijet
= Combined fit of each
5 category m(yy) distribution
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ttH, H - yy: result

m Considers both ttH and tH categories, signal strength
also applying to both ttH and tH processes:

tiop = 0.5 100 = 0.5 -0 (stat.) *o-} (exp.) Ty (theo.)
B Completely stat-limited!

T T T T I T T T T I T T T T | T T T T | T T T T I T T T T I T T
T | L L I 1T T T I T T T 7T l L | T 1T T 1 I 1T T T LI I I | I | ey A~ pmmm Expected (M:O) + 1 o
— ATLAS s :411;?'_':\? 361 Expected (M:=O) +20
s=13Tev,36.1 %"  F*— Total Stat. T 195006y T SM Expectet (11
L _ - yy, my=125. — Ob
H =y, my=125.09 GeV Total  Stat. Exp. Theo. H serve
+0.6 +06 +0.1 +0.1
Mop |- H—o—1 Moo = 05 o6 [—0.5 ~01 -00 }
+0.9 +08 +02 +0.2
Moy — o U, = 07 _gg I:_o.s ~02 -0 ] w
+0.6 +05 +03 +03 VH
Yoee H—e—H W, = 20 45 [_0.5 -02 -02 }
+0.19 [ +0.16 +0.07 +0.07
ggH [~ rol M gH =0.81 55 [—0.16 -0.06 -o.os}
T +045 [+012 +0.06 +0.07 | |
Youne [— senio  ted Moo = 099 ;i [—0.12 -0.05 70.05] Mtop —
+0.28 [+023 +0.40 +0.12
MRum — gaHl@NNLO IIQ 1 | ll'LRun-1= 1l-17 _o_zls [_0.23 I-o.os -o.ols} | | I | | |
0 1 2 3 4 5 6 7 0 0.5 1 1.5 2 2.5 3 3.5
Signal strength Upper Limits
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ttH, H-ZZ*- 4 light leptons

JHEP 03 (2018) 095

2018/05/28
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-22/

ttH, H - ZZ* - 4 light leptons

m Select Higgs candidates with mass 118 < m(4l) < 129 GeV

m  Split into categories:

VBF-enriched-p‘%-Low
VBF-enriched-p/T-High

cz; . . ggF-0j VBF-p’-Low
S ATLAS Simulation B ooF -1 p-Low T VBF-pl-High
2 T VH-Had

© H—Zz* - 4l I oo tj-ptMed

9 13 TeV, 36.1 b B ooF--pfHigh g v

o I goF-2/ B bbH

0 0f

° il

o 1 Py Low

- .

g 1j-p#-Med

7] 1j-p#-High

C

o)

o

o)

oc

VH-Had-enriched
VH-Lep-enriched

ttH ttH-enriched

Expected Composition

Events / 2.5 GeV

60 [ T T T [ T T T T T T Dlt T T T l T ]

L ¢ Data i

- ATLAS Higgs (m, = 125.09 GeV)
B * . Lz i

50 rH—2ZZ" — 4l 2V, VWV B
- 13TeV,36.1 0" B Z-jets, tt .
L 72 Uncertainty

40 -

30

20

10 -

0]
80 100 120 140 160
mg)lonstrained [GeV]
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ttH, H- ZZ* - 4 light leptons

m Select Higgs candidates with mass 118 < m(4l) < 129 GeV

= ttH-enriched category: 3 60  arias | e om T
- Higgs (m, = 125.09 GeV)
- > - i 0 - H— 2z2* - 4l -z 1
>1Db taQQEd Jet o 50 - 13 TeV, 36.1 1o -z:;{e}:\{fv E
- >4 jets (hadronic ttbar) or 2 o 77 Dresrany
G 40f
zor

11+>2 jets (semi-leptonic ttbar)
m Expect <0.1 background event!
®m Observe zero event

30 F

20 |

100

0
80 100 120 140 160
m‘(’l)lonstrained [GeV]

Reconstructed Signal A Other Total Observed
category backgrounds expected
ttH-enriched  0.39 + 0.04 0.014 + 0.006 0.07 + 0.04 0.47 +0.05 0
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ttH, combination of all channels
Phys. Rev. D 97, 072003 (2018)

2018/05/28
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/

ttH, combination of all channels

— .( tptf).(.St?t'|’§V§t'.)

N Combining: Ajf;j - (s=13 TeV, 36.1 fb"
~ H-bb, multilepton fiH 22 b <1.9 (68% CL)
- H- YY, H_ZZ*_ 4], fitting only iH yy I—e-L1 0.6 *37 (5¢.%% )

the ttH categories, fixing non-
ttH Higgs processes (incl. tH) to

_ — +0.6 +0.3 +0.6
ttH bb o= 0.8 06 ( 03505 )

SM prediCtiOn fiH ML Fo-d 1.6 0% (o35 503 )
T T 03 402 403
ttH combined lIOl 1.2 -0.3 ( 027 -0.2 )
1 1 1 E 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
-2 0 2 4 6 8 10

Best-fit Mo for m =125 GeV

Channel Best-fit Significance
Observed Expected Observed Expected
Multilepton 1.6 10> 1.0 10} 410 2.80
H — bb 0.8 ¢ 107158 1.40 1.60
H — vy 0.6 To5  1.070% 0.90 1.70
H — 4( < 1.9 1.0 ¥32 — 0.60
Combined 1243 10153 4.20 3.80
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ttH, combination of all channels

Uncertainty Source Ap

tt modeling in H — bb analysis +0.15 —0.14
ttH modeling (cross section) +0.13 —0.06
Non-prompt light-lepton and fake 7,,4 estimates  +0.09 —0.09
Simulation statistics +0.08 —0.08
Jet energy scale and resolution +0.08 —0.07
ttV modeling +0.07 —0.07
tt H modeling (acceptance) +0.07 —0.04
Other non-Higgs boson backgrounds +0.06 —0.05
Other experimental uncertainties +0.05 —0.05
Luminosity +0.05 —0.04
Jet flavor tagging +0.03 —0.02
Modeling of other Higgs boson production modes +40.01 —0.01
Total systematic uncertainty +0.27  —-0.23
Statistical uncertainty +0.19 —-0.19
Total uncertainty +0.34 —0.30
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Conclusion

m | atest ATLAS results using 36/fb recorded in '15-'16 show
evidence for ttH with significance of 4.20 (3.80 expected):

p=1.17+0.19 (stat.) 7037 (syst.)

m Cross-section measurement: o (ttH) = 590128 fb
in agreement with SM prediction: 5071%8 b

m {tH(bb) already systematics-limited. Requires some
breakthrough to make significant progress from here.

® {tH multilepton currently most sensitive analysis and still
mostly stat-limited.

= \With the additional data, ttH(yy) will become the single most
sensitive channel.

m Already close to 100 fb-1 now on tape!
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ttH(bb) (1 and 2 leptons)

®m Split into jet and b-jet multiplicity, merge regions with similar
background content
- SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

(1%, 2 jet  Single Lepton, 5 jets
b-tagging |
discriminant

(3.3)
(4.3)

(5, 3) CRi7t1ight

(4, 4) \
Cer'+b

— CRIf—l—ZlC

(5, 4) \ 
¥

(5.5) | SR, SR, T T

(5,5) (5.4) (5,3) (5,2) (4, 4) (43) (4,2) (3,.3)(3,2) (2,2) (5, 1) (4,1) (3,1) (2,1) (1, 1) (3=“', 4“‘) jet
b-tagging
discriminant_
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ttH(bb) (1 and 2 leptons)

®m Split into jet and b-jet multiplicity, merge regions with similar
background content
- SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

].St, 2nd iet = > H
( b-tag)gij:g h Dilepton Lepton, >4 jets

discriminant

(3, 3) CRiz4>1e

(4.3)

(5. 3) /

(4, 4) \ CRi7tight

(5, 4) SR,

(5, 5) SR, SRs

(5,5) (5.4) (5.3)(5.2) (4,4) (4.3) (4,2) (3.3) (3,2) (2,2) (5, 1) (4, 1) (3, 1) (2, 1) (1, 1) (;rd, 4“‘) jet
b-tagging
discriminant
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ttH(bb) (1 and 2 leptons)

®m Split into jet and b-jet multiplicity, merge regions with similar
background content
- SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

(1%, 2") jet  Dilepton Lepton, 3 jets
b-tagging N
discriminant

(3.3)

(4, 4) CRi711ight

(5, 5) CRiz>1p

5 4 3 2 1 3 jet
b-tagging
discriminant
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ttH(bb) Single Lepton Control Regions:

Pre-fit

ATLAS ‘eData  mttH ATLAS 'eData  mtiH

> >
Q Q
S - 8 S - 8

5000} 4 Ot +light Ot + 21 5000} 4 Ot +light Ot + 21
o = ol - o = _ _
8 éE I13LTeV,36.1 fb Wi+ >1b @t +V 8 éE I13LTev,36.1 fb Wi+ >1b @t +V
~ ngle Lepton [JNon-tt 7 Total unc. ~ ngle Lepton [JNon-tt 7 Total unc.
£ 4000f CRif>1c £ 4000f CRii>1c

Pre-Fi Pre-Fi

& &// & &//

30001 30001

2000} 2000}

1000 1000
. 0 . 0
B 125 B 125
% 0.75 Z % 0.75
a 05 : . : : . . : a 05 : . : : . . :

00 300 400 500 600 700 800 900 1000 00 300 400 500 600 700 800 900 1000
Hd [GeV] Hd [GeV]
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ttH(bb) Single Lepton Control Regions:

Post-fit

> F T T T T T T T T T T T T T T
3 2200 ATLAS e Data mtH E ATLAS e Data mtitH
o 2000 {s=13TeV, 36.1 fb" Jtt + light [Jtt + >1c o 5000} {s=13TeV, 361 fb" Ottt + light [Jtt + 21c 4
© 800k Sinle L mi+>b @i+v | S Sinlo L Wt +>1b mti+V
@ nge epton CINon-tt 7~ Totalunc. 1 = ngle Lepton [JNon-tt 7 Total unc.
& 1600f CRitxtc 1 £ 4000 CRiizte ]
G 4400t Post-Fit I Post-Fit
7 .

1200} : 3000} ELa PP ]

1000 g ]

800F . ] 2000¢ . ]

eoo;l—|—‘ .

400} . s 1000f®

200 ° . Ili[ﬂ
) O ! | Il ) 0 Il | |
B 125 B 125 ]
o 1 P mmiscisisansissrssdty e 1 PO s Opasareomer Dt A AT bkt 55
& 075 g 075 3
© ©
a a

300 250 300 350 400 450 500 550 600 650 300 300 400 500 600 700 800 900 1000

HI™ [GeV] H2d [GeV]
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ttH(bb) Dilepton Signal Regions:

Pre-fit

o L T T T T T T T L o T T T T T T T L o T T T T T T T L
5 200 aras eData  mfiH 5 ool ATLAS eData  mtiH 5 600r oTLAS eData  mtH
> _ 4 OJtt + light Ot + >1c > _ 4 OJtt + light Ot + >1c > _ 4 OJtt + light  [Jtt + >1c
£ §|-13Tev,36.1 fo Wii+>1b @V £ §|_13Tev,36.1 fo Wii+>1b @V £ 5007§|_13Tev,36.1 fo Wii+>b @RV
& 200 lepton CNon-i ~ ~/Totalunc.{ 3 500f 2lepton ONonf ~ ZTotalunc.{ 3 llepton [CNonf 7/ Total unc.
SRy --- ttH (norm) SR2 --- ttH (norm) SR3 --- ttH (norm)
Pre-Fit Pre-Fit Pre-Fit
_________________________________ 400 i 400¢
150 : 1 00
7 2
s 7
B Z 8 125 T 125 —O——Q—
£ o075 % £ o075 £ o075
© © ©
O 05 ‘ . . . : . : : : a} 057 : O 05 ‘ . . . : . . : :
-1 -08 -06 -04 -02 O 02 04 06 038 1 — —0 8 O 6 —O 4 O 2 0. 2 0. 4 0. 6 0. 8 -1 -08 -06 -04 -02 O 02 04 06 038 1
Classification BDT output Classification BDT output Classification BDT output
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ttH(bb) Dilepton Signal Regions:

Post-fit

c [ T T T T T T T L c T T T T T T T L c T T T T T T T L
5 200 arias eData  mtiH B gool ATLAS eData  mtH S 600f ATLAS ¢ Data ~ HtH
® =13 TeV. 36.1 fo! Ot + light Ot + >1c ® =13 TeV. 36.1 fo! Ot + light Ot + >1c ® =13 TeV. 36.1 fo! Ot + light Ot + >1c
= §| STeV. 86110 miti>ib mii+V = §| STeV. 86110 mifi>ib mii+V = 50075 STeV.86.110°  mti>ib mi+v |
I 200} 'ijton CNonf ~ /Totalunc.| 3 500f |(a>ejton ONonf ~ ZTotalunc.{ 3 |(a>ejton [CNonf 7/ Total unc.
SRy --- ttH (norm) SR2 --- ttH (norm) SR3 --- ttH (norm)
Post-Fit """""""""""""""" 400} Post-Fit 1 400 Post-Fit
1501 :
300F L2 et :
100 ‘
.0 - ‘ - ;
B 125 2 % B 1 K
o 1 MM% o 1 /74////%//9/%////%////////WW@WW y 1 297;@‘@39%/ G
% 0.75 //V % 0.75 o % 0.75
a o5 ‘ : : : : - : : : a 05 ‘ : : : : - : : : a o5 ‘ : : : : - : : :
1 08 -06 -0.4 02 0 02 04 06 08 1 1 08 -06 0.4 02 0 02 04 06 08 1 1 08 -06 0.4 02 0 02 04 06 08 1
Classification BDT output Classification BDT output Classification BDT output
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ttH(bb) systematics

Systematic source

Description

tt categories

tt cross-section
k(tt + >1c)
k(tt + >1b)

Up or down by 6%
Free-floating tt 4+ >1c normalization
Free-floating tt + >1b normalization

All, correlated

tt + >1e
tt + >1b

SHERPASFE vs. nominal
PS & hadronization
ISR / FSR

Related to the choice of NLO event generator
PowHECH+HERWIG 7 vs. POWHEG+PYTHIA &
Variations of uRr, pF, haamp and Al4 Var3c parameters

All, uncorrelated
All, uncorrelated
All, uncorrelated

tt + >1c ME vs. inclusive MG5_aMCQNLO+HERWIG++: ME prediction (3F) vs. incl. (5F) ¢t + >1c
tt + >1b SHERPA4F vs. nominal  Comparison of tZ + bb NLO (4F) vs. PowHEGHPYTHIA 8 (5F) tt + >1b
tt + >1b renorm. scale Up or down by a factor of two tt + >1b
tt + >1b resumm. scale Vary pq from Ht/2 to povmps tt+ >1b
tt + >1b global scales Set nq, pr, and pur to pcvmmps tt + >1b
tt + >1b shower recoil scheme Alternative model scheme tt+ >1b
tt + >1b PDF (MSTW) MSTW vs. CT10 tt+ >1b
tt + >1b PDF (NNPDF) NNPDF vs. CT10 tt+ >1b
tt + >1b UE Alternative set of tuned parameters for the underlying event tt+ >1b
tt + >1b MPI Up or down by 50% tt+ >1b
tt + >3b normalization Up or down by 50% tt 4+ >1b

2018/05/28

Higgs Toppings, Benasque

a7



ttH, multilepton

Channel Selection criteria
Common Niets 2 2 and Ny jeys > 1
2¢SS Two very tight light leptons with pt > 20 GeV
Same-charge light leptons
Zero medium 7,4 candidates
Njets 2 4 and Nb—jets <3
3¢ Three light leptons with pr > 10 GeV; sum of light-lepton charges +1
Two same-charge leptons must be very tight and have pr > 15 GeV
The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT
Zero medium 7,,q candidates
m({te™) > 12 GeV and |m(£T¢~) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(30) — 91.2 GeV| > 10 GeV
4¢ Four light leptons; sum of light-lepton charges 0
Third and fourth leading leptons must be tight
m(£T¢7) > 12 GeV and |m(££7) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(46) — 125 GeV| > 5 GeV
Split 2 categories: Z-depleted (0 SFOC pairs) and Z-enriched (2 or 4 SFOC pairs)
10427404 One tight light lepton with pr > 27 GeV
Two medium 7,4 candidates of opposite charge, at least one being tight
Njets 2 3
20SS+1Thaa  Two very tight light leptons with pt > 15 GeV
Same-charge light leptons
One medium 7,9 candidate, with charge opposite to that of the light leptons
N]ets 2 4
|m(ee) — 91.2 GeV| > 10 GeV for ee events
2008+17haq  Two loose and isolated light leptons with pp > 25, 15 GeV
One medium 7,,q candidate
Opposite-charge light leptons
One medium 7,,4 candidate
m({te=) > 12 GeV and |m(£7¢7) — 91.2 GeV| > 10 GeV for the SFOC pair
Njets 2 3
3l+1Thada 3¢ selection, except:

One medium 7,9 candidate, with charge opposite to the total charge of the light leptons
The two same-charge light leptons must be tight and have pt > 10 GeV
The opposite-charge light lepton must be loose and isolated
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ttH, multilepton

Process Cross section [pb] QCD scale [%] PDF+ag [%] Order

ttH 0.51 o5 +3.6 NLO QCD+EWK
tHqb 0.074 o5 +3.7 NLO QCD

tHW 0.015 e +6.3 NLO QCD

ttW 0.60 i +3.4 NLO QCD+EWK
tt(Z/v* — 1) 0.12 0 +4.0 NLO QCD+EWK
tttt 0.0092 o6 T2 NLO QCD

tHEW W= 0.0099 i +2.1 NLO QCD

tt 832 s +4.2 NNLO QCD + NNLL
tty 5.7 +50 NLO QCD

tZ 0.61 +50 LO QCD

tWZ 0.16 +50 NLO QCD

Single ¢ (s-channel) 10 +4 NLO QCD

Single ¢ (t-channel) 217 +4 NLO QCD

Single ¢t (W) 72 +5 NLO QCD + NNLL
VV(— lIIXX) 37 +50 NLO QCD

Z — 1Tl 2070 +5 NNLO QCD
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ttH, multilepton

Variable 20SS 3¢ 40 1U+42Thaa  20SSH1Thaa  200S+1Thaa
Leading lepton pr X

Second leading lepton pr X X X

Third lepton pt X

Dilepton invariant mass (all combinations) X Xk X

Three-lepton invariant mass X
Four-lepton invariant mass

Best Z-candidate dilepton invariant mass

Other Z-candidate dilepton invariant mass

X X X X

Scalar sum of all leptons pt
Second leading lepton track isolation X

Maximum |n| (lepton 0, lepton 1) X Xk

Lepton flavor X X

Lepton charge X

Number of jets Xk Xk X X X
Number of b-tagged jets X X X X
Leading jet pr X
Second leading jet pr X X

Leading b-tagged jet pt
Scalar sum of all jets pr X X X X
Scalar sum of all b-tagged jets pt X
Has leading jet highest b-tagging weight? X

b-tagging weight of leading jet
b-tagging weight of second leading jet X X
b-tagging weight of third leading jet
Pseudorapidity of fourth leading jet X

Leading Thaa pT X X
Second leading Thada pr

Lepton properties

Jet properties
X X
X

X

Thad
X

Di-Thaq invariant mass X

Invariant mass Thaa—furthest lepton X
AR(lepton 0, lepton 1)

AR(lepton 0, lepton 2)

AR(lepton 0, closest jet) X
AR(lepton 0, leading jet)
AR(
AR(

lepton 0, closest b-jet)

(lepton 1, closest jet) X
AR(lepton 2, closest jet)
Smallest AR(lepton, jet)
Smallest AR(lepton, b-tagged jet)
Smallest AR(non-tagged jet, b-tagged jet)
AR(lepton 0, Thaa)
AR(lepton 1, Thad)
Minimum AR between all jets X
AR between two leading jets X

Angular distances
X X X X X X X X

X X X X X

Missing transverse momentum FET % X X

Azimuthal separation Ag¢(leading jet, ﬁ"'i°’) X

Transverse mass leptons (H/Z decay) - ;T%miss X

Pseudo-Matrix-Element X

—rmiss
T
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ttH, multilepton

Systematic uncertainty Type Components
Luminosity N 1
Pileup reweighting SN 1
Physics Objects
Electron SN 6
Muon SN 15
Thad SN 10
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet flavor tagging SN 126
Emiss SN 3
Total (Experimental) - 191
Data-driven non-prompt /fake leptons and charge misassignment
Control region statistics SN 38
Light-lepton efficiencies SN 22
Non-prompt light-lepton estimates: non-closure N 5
~-conversion fraction N 5
Fake Th.q estimates N/SN 12
Electron charge misassignment SN 1
Total (Data-driven reducible background) - 83
ttH modeling
Cross section N 2
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1
Higgs boson branching fraction N 4
Shower tune SN 1
ttW modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
ttZ modeling
Cross section N 2
Renormalization and factorization scales S 3
Matrix-element MC event generator SN 1
Shower tune SN 1
Other background modeling
Cross section N 15
Shower tune SN 1
Total (Signal and background modeling) - 41
Total (Overall) - 315

2018/05/28

Higgs Toppings, Benasque

51



ttH, multilepton and combination

Channel Best-fit Significance
Observed Expected Observed Expected

200S+1Thad 1.7 739 (stat.) T17 (syst.) 1.0 733 (stat.) T1'7 (syst.) 0.90 0.50
14427404 —0.6 +lé (stat.) F1-3 (syst.) +1$1; (stat.) 1% (syst.) — 0.60
40 —0.5 733 (stat.) T93 (syst.) 0 17 (stat.) T93 (syst.) — 0.80
30+ 1Thad 1.6 711 (stat.) T95 (syst.) 1.0 +i? (stat.) 05 (syst.) 1.30 0.90
20SS+1Tha4 3.5 115 (stat.) 792 (syst.) 1.0 T55 (stat.) T035 (syst.) 3.40 l.1o
3¢ 1.8 700 (stat.) 102 (syst.) 1.0 108 (stat.) T93 (syst.) 240 1.50
2(SS 1.5 104 (stat.) T0° (syst.) 1.0 194 (stat.) T04 (syst.) 270 1.90
Combined 1.6 703 (stat.) 103 (syst.) 1.0 103 (stat.) To5 (syst.) 4.10 2.80

Channel Best-fit Significance

Observed Expected Observed Expected

Multilepton 1.6 702 1.0 5 410 2.80

H — bb 0.8 tgg 1.0 tgg 140 1.60

H — vy 0610F 1.0 0% 0.90 1.70

H — 4l <1.9 1.0 j?% — 0.60

Combined 1.2 o3 1.0 753 4.20 3.80
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ttH, H- ZZ* - 4 light leptons

Production bins Reduced - Reconstructed event categories

SELBL Stage 1

0-jet : 1 i N,=0
ggF-0j ; 0j

p," <60 GeV .H 3 — P <60 GeV
ggF-1j-p;f-Low |- 1j-p;*-Low
1-jet 60 < p,! < 120 GeV : T - ) 60 <p;" <120 GeV | N, =1
ggF ggF-1j-p;"-Medium | 1j-p;*-Medium
P> 120 GeV SR— — p.* > 120 GeV
ggF-1j-p;"-High . 1j-p,“-High
> 2-jets : 3
ggF-2j ; : py/ <200 GeV
p, <200 GeV . | VBF-enriched-p/-Low <—————— m, > 120 GeV
VBF-p,/-Low A
VBE pJ>200 GeV . - pJ> 200 GeV N =2
VBF-p/-High . | VBF-enriched-p/-High <———— Jets

Hadronic V decay 3 m, <120 GeV
VH-Had . VH-Had-enriched!

Leptonic V decay A N,, =5
VH-Lep 1 VH-Lep-enriched

3 ttH
ttH ttH . ttH-enriched

VH

: 1: VH-Had enriched is divided into p.* > 150 GeV
ATLA S 2 and p;" < 150 GeV sub-categories for tensor
« structure measurment

118 <m, < 129@ev|—
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ttH, combination of all channels

N — .(t.°t|'). (Istf'at.l,?,ylst.l)
ATLAS {s=13 TeV, 36.1 fb
—total stat.

- +1.2 +0.9 +0.8
ttH, H—1t k= - 1-5 1.0 ( 0.8 06 )

0.6 +0.7 (+0.7 +0.2 )

ttH, Hoyy o= 06 \ 0602

0.8 +0.6 ( +0.3 +0.5 )

ttH, H—bb o= -0.31 -05

1.5 +0.6 (+0.4 +0.5 )

ttH, H->VV K==+ 04 5 04

ttH combined Ir-l
I S P R Lo L L L
-2 0 2 4 6 8 10
Best-fit u _ for m =125 GeV
{fH

2018/05/28 Higgs Toppings, Benasque 54



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54

