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A Short Outline

 Some words of context

* ttH analyses:
» ttH(ZZ*—41)
> ttH(yy)
> ttH(bb)
> ttH(WW*, 17, ZZ*)

* H—bb:
» VBF+y, H—bb
» VH(bb)

e H—cc

e Conclusions
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Context
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Ehe New Jork Times

A Bit Of History e

* Higgs boson discovery 2012: e LD A S S
» ATLAS and CMS experiments Sy o “_WM_MM
> 48 years after its prediction ok ' |
» Nobel Prize in 2013

« Measure observed particle properties:
» Rich area of physics.

. . - . ATLAS Ho2z' o4
Mass measurements (high precision): | e
= E.gmilo I;—> Www* —)‘evpv
[ 0*SM+36 [s=8Tev, 203 b’
- 3 TS Coupllngs
ATLAS 124.98 + 0.28 GeV w I ——
Run 2 1Orrrrrtr 3;21-5‘:;\,8245475‘
CMS 125.26 + 0.21 GeV L L S
ig | | | | | | 1 |
L L AL A — T T T T [ T T T T [ T T T T [T T JF:U—'J:;"T Sz Ser iz ez b =
ST, e s mmom e
| To st sy Spin and Parity: 2;//,
LHC Run 1 ——— 12508 £ 0.24 (£ 0.21 £ 0.11) GeV F
e e — Compatible W e { S =t
- 4’|I|ww\|||\nnw\wnnlwwwlnnwlnnw
Hesyy :':—' 112511+ 0.42 ( + 0.212 0.36) GeV W|th SM 0+ o4 06 08 1 12 14 16 18
Combined HEIH 124.98 £+ 0.28 ( £ 019 : 0.2 GeV| [
| |
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Higgs Boson Searches at LHC

Searches in various production modes and final states.

 Higgs boson production at LHC « Higgs boson decay modes
q g gg” 1: ENEREE AR e ?%

Q

o
[
|

t/b

Higgs BR + Total Uncert [%]

| |

1 1 I 1 1 1 1 1 1 1 1 1 1
120 140 160

4 L I L I BT
1085 100 180 200

i/ M, [GeV]
Prod ggH VBF VH ttH
c (pb) (13 TeV) 48.5 3.78 2.25 0.507

Yukawa Coupling | Top, b, ..., BSM | Vector Boson \ector Boson




Couplings Measurements: Overview

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling | K,
Exp Unc. ‘
‘ Couplings to vector bosons Coupling to fermions
Fit to Asimov ATLAS and CMS -8 ATLAS+CMS
LHC Run 1 - ATLAS
dataset ~+-CMS

= | interval
— 20 interval

* Best constraints on Higgs boson couplings

* From ATLAS+CMS Run 1 combination:
> JHEP 08 (2016) 045

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

Couplings Measurements: Overview

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling

Exp Unc.

* High precision: ]
Today’s interest

> All 3 decay modes
observed in Run 1 data

BR: 21.5 % (WW), BR: 6.3 %
2.64 % (22) Obs at 5.56 (5.0 exp)
Stop counting o’s
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We Have Run 1 Couplings Measurements

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling | K, | Ky | K, | K; | Ky,
ExpUnc. | 10% | 10% | 15% | | 15% || 25%

» Largest Yukawa coupling in the SM
» Good constraint on top Yukawa coupling with respect to other couplings

» Combines indirect and direct measurements

P + ok e

AV a W Vo VWV Wl
¥ g g

~ top quark contribution to
the loop is fixed in SM.
But, what if there is BSM ?

i/
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We Have Run 1 Couplings Measurements

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling | Ky, | Ky | K
ExpUnc. | 10% | 10% |  15%

ATLAS+CMS Run 1
n=2397,,
4.4 (2.3) o obs. (exp)

t/b

\ BSM scenario

=> loop content unknown

i/
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We Have Run 1 Couplings Measurements

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

T

ExpUnc. | 10% | 10% | 15% | 15% | | 25%

Coupling | K, | Ky | K | K; | Ky,

b quark has highest branching ration
= crucial to constrain Higgs boson width.

Coupling to b: involved in indirect and direct measurements

t/bA ______ H + —————}{ _____

Similar to top, but sub-leading contribution in loops
=> most of the sensitivity from Run 1 H — bb searches

Thomas CALVET, SantaFe, Jan 31th 2018



ttH analysis
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ttH Channels

* ttH: direct access to k;
» Constrain BSM in loops

* Small cross section + complex final state
> Divided in 4 analyses ttH(bb), ttH(multi-leptons), ttH(yy), ttH(ZZ*—4l)

BR 58.1% 30.4% (ZZ+WW-+11) 0.227% 0.013%

ttH(bb) ttH(multi-leptons) ttH(yy) ttH(ZZ*—41)

1t0 6% 4 to 34% 11 to 52% 500%  Purity
. S/B

Thomas CALVET, Seminar in BNL, Jan 18th 2018



ttH(bb)

arXiv:1712.08895

Thomas CALVET, SantaFe, Jan 31th 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/

ttH(bb) A Complex Final State

* The ttH(bb) search is a complex analysis

Busy final state:
=~ lor2 leptons = single or di-lepton channels
@@ » 4 b-jets = b-tagging is a crucial input !

b) / > with perfect b-tagging, 6 Higgs boson
————— B candidates
» 0 or 2 additional jets (6 jets in single lepton)

""""""""""" o @ > 1 or 2 neutrinos = no real impact of MET
@@/

Tiaddddbadidbidbiattd

|

Run 2 addition: boosted selection

v : :
Targets hlgh_ Pt ng_gs and tops boosted S
v For future differential measurements hadronic Top H—bb
candidate /& .
By candidate
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How To Deal With tt+jets

b Main challenge
E‘+
; it tt+jets background:
..................... Ve — 350 times bigger than ttH(bb)
q — 82% of the background
------- ‘ Split in 3 components:
q — tt+light
""""""""""" q — tt+>1c¢
M W i — tt+>1b: irreducible
ql'
b

Strategy:

 Separate signal and each tt+jets components
* Fit all components to data simultaneously

Thomas CALVET, SantaFe, Jan 31th 2018




How To Deal With tt+jets

« Separate signal and tt+jets components:
» Advanced categorization to define control regions enriched in tt+light, tt+>1c and tt+>1b

» MVA technics to separate tt+>1b and ttH(bb)

 Fit all components to data simultaneously _ _
19 categories defined
Categorization: Bo3TeV e e B
. Dilepton
Use N(jets) and N(b-tags) at CF:@ -

control

¢

ti+ligh c
multiple working points @

Hand made for illustration

' ttH(bb)/tt+>1b like
g CH ﬁ"?\igh CR%E“
n - tt+>1c¢ like @ @
~tt+light like . ;
. SR3Y 2

—
: More b-tagged jets

Tighter b-tagged jets

Thomas CALVET, SantaFe, Jan 31th 2018




How To Deal With tt+jets

« Separate signal and tt+jets components:
» Advanced categorization to define control regions enriched in tt+light, tt+>1c and tt+>1b

19 categories defined

ATLAS ()i +light [Jif+21c [+ 21b

Categorization: fs- 13 TeV Heov Dnond
. Dilepton
Use N(jets) and N(b-tags) at ;3

. . . tT+ligh tt =1b
multiple working points @ control
CHﬁ"?\igh CR} 4J
b-tagging can’t separate @

ttH(bb) and tt+bb (4 b-quarks)

K i

= Maximum purity 5.4% SRy

¢
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How To Deal With tt+jets

« Separate signal and tt+jets components:

» MVA technics to separate tt+>1b and ttH(bb)
Reconstructed nggs mass

500

= T T T
3 ATLAS 5 Eatela o ElgH g
. +lig +>1c
b < < 400_g DIV @ @iy |

2 nge Lepton CINontf 7 Total unc.
) SRi -~ 1tH (norm)
& Post-Fit - Pre-Fit Bkgd.

300+

200

100

0

1.25 ¢

Step 1: reconstruction
— Exploit final state properties T s i
0.75 ¢ - —d)—_(?/ﬁ’?r -

— BDT to find best matching reco objets « final state particles ) S S —

05
mi9% (reco BOT) [GeV]

Data / Pred.

atiAs | eDaa  mtH
1 Ofi+light Cff+21c 1
f5=13Tev, 361" TIEHIOW DR+ o

Events / bin

400 Smil;e Lepton [JNon-tt 7 Total unc.?
SRy ---1tH {norm) 3
Pre-Fit

Step 2: Final BDT for ttH(bb) VS tt+bb separation:
— combines step 1 output with b-tag
and general variables

WWW |
Thomas CALVET, SantaFe, Jan 31th 2018 R R T T e T e i

Classification BDT output

Data / Pred.




How To Deal With tt+jets

« Separate signal and tt+jets components:
» Advanced categorization to define control regions enriched in tt+light, tt+>1c and tt+>1b
» MVA technics to separate tt+>1b and ttH(bb)

* Fit all components to data simultaneously

E T T T T T T E T T T T T T T T T T T
2 ATLAS ¢ Data WH [Jtt + light S 10°F ATLAS ¢ Data G [Jtt + light
£107F (5=13TeV,36.1 167 [+ 21c @+ 21b mtt+v £ (s=13TeV,36.1tb" [ti+21c @A+ 21b mtt+v
54 Dilepton [CINon-tf 7 Total unc. ---tiH 54 107F Single Lepton [CINon-tf 7 Total unc. ---tiH
% 10° | Pre-Fit 1 Bt PreFit
10°¢

10° foovo ooh

10° g 10k

10° 10°

Constrain
modeling
uncertainties

Match ol ;
observed ) S S
data

1.25

0.75

Data / Pred.
X
o
2

RN
§ 4
Data / Pred.

05 05
CRy Cry CRxy  CRa SRz SRz SRy Crs CRy Chy SRy SRH Shbe, CR:e CRx CRxy SRie SRiy SR
L. sy, iy ?i:?i\,c 3 £ [ gy fasy, ot g AP Shboogy, gy By, 7, 5% S i
=2 ATLAS # Data WtH [ + light S 10°F ATLAS # Data WtH [ + light
£ 107F s=13TeV,36.1 167 [Jt+>1c @i+ 21b Ott+v 2 fifs=13Tev.361f" [OQi+zlc @iE+21b mi+Vv
e Dilepton [JNon-tt 7 Total unc. ---ttH @ 10"F Single Lepton [JNon-tt 7 Total unc. ---ttH
W 10° L Post-Fit 1 w Post-Fit

B i
e -“%W‘;% =y et e Ot
T o075 3 Zorst
[3 [3
o os I o os
Ch 3 CR 3 CR 2 CR =y SRaq SR 24 Sy Crs CRy CRy SRy SRH Shbe, CR g CF x5 CRy SRig SRie SR
gk Hoa ety g 4 & 7 Totggy oy op L o gy, g b0



ttH(bb) result

« Separate signal and tt+jets components:
» Advanced categorization to define control regions enriched in tt+light, tt+>1¢ and tt+>1b
» MVA technics to separate tt+>1b and ttH(bb)

* Fit all components to data simultaneously

ATLAS {s=13TeV, 36.1 fb™
HL B LA DAL L B B BN B
tot. m,, = 125 GeV
~——— stat.
tot (stat syst)
i +1.02 , +0.54 +0.87
Dilepton —_ e — -0.24 —1.05(—0.52 -0.91 )

(two-u combined fit)

+0.65 , +0.31 +0.57

Single Lepton —o— 095 56 (531 o54)

(two-u combined fit)

-1 0 1 2 3 4 5 6

: TH)
Best fit u = 6"/cl

Thomas CALVET, SantaFe, Jan 31th 2018



And What About The Modeling ?

Impact of and corrections applied to
the 20 most important uncertainties

Pre-fit impact on p:

B = G+A9 G = Q'Ae
Post-fit impact on p:
o= 0+AD 0 =08-A0

—e— Nuis. Param. Pull

tt+=1b: SHERPASF vs. nominal
tt+21b: SHERPA4F vs. nominal
tt+=1b: PS & hadronization
tt+21b: ISR / FSR

ttH: PS & hadronization
b-tagging: mis-tag (light) NP |
k(tt+=1b) = 1.24 £ 0.10

Jet energy resolution: NP |
ttH: cross section (QCD scale)
tt+21b: tt+2>3b normalization
tt+=1c: SHERPASF vs. nominal
tt+>1b: shower recoil scheme
tt+>1c¢: ISR/ FSR

Jet energy resolution: NP Il
ti+light: PS & hadronization
Wi: diagram subtr. vs. nominal
b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |
ET'*: soft-term resolution

b-tagging: efficiency NP I

A
-1 -0.5 0 0.5 1

T T ‘ T T 1T | T T 1T | T TT ‘ T 1T l T T
ATLAS
(s =13 TeV, 36.1 fbo

.
——
N —e—
—
- B
_.t'_
S
——
_I_._

.
.

——
.

-2 -15 -1 05 0 05 1 15 2
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(6-6,)/A0




And What About The Modeling ?

Pre-fit impact on pu: Al
0="08+A0 | |6=10-A0 1 05 0 05 1

Impact of and corrections applied to Post it |
. .. ost-fit impact on p:
the 20 most important uncertainties MO =8+A0 [6=0A0 | ATLAS

‘ —e— Nuis. Param. Pull (s =13 TeV, 36.1 fb

. . tt+21b: SHERPASF vs. nominal
tt+>1b uncertainties .

tt+21b: SHERPA4F vs. nominal
tt+=1b: PS & hadronization
tt+21b: ISR / FSR

ttH: PS & hadronization
b-tagging: mis-tag (light) NP |
| kt+21b)=1.24+0.10
Jet energy resolution: NP |

ttH: cross section (QCD scale)
| tt+>1b: tt+>3b normalization

tt+=1c: SHERPASF vs. nominal

I tt+>1b: shower recoil scheme
tt+=1c: ISR/ FSR
Jet energy resolution: NP Il

ti+light: PS & hadronization
Wi: diagram subtr. vs. nominal

b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |

ET'*: soft-term resolution

b-tagging: efficiency NP I

-2 -15 -1 -05 0 05 1 15 2
(6-6,)/A0
; AL

‘{-
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And What About The Modeling ?

Impact of and corrections applied to
the 20 most important uncertainties

-

tt+>1b uncertainties

Very little guidance how to model
additional g—bb

Pre-fit impact on p:

0="0+A0 | |0=0-A0
Post-fit impact on p:
o= 0+AD 0 =08-A0

—e— Nuis. Param. Pull

A
-1 -0.5 0 0.5 1

T T ‘ T T 1T | T T 1T | T TT ‘ T 1T l T T
ATLAS
(s =13 TeV, 36.1 fbo

tt+=1b: SHERPASF vs. nominal
tt+21b: SHERPA4F vs. nominal
tt+=1b: PS & hadronization
tt+21b: ISR / FSR

="

—e—

ttH: PS & hadronization
b-tagging: mis-tag (light) NP |

-

| Kit+>1b) = 1.24 £0.10

Jet energy resolution: NP |

ttH: cross section (QCD scale)

| tt+>1b: tt+>3b normalization

tt+=1c: SHERPASF vs. nominal

I tt+>1b: shower recoil scheme

tt+>1c: ISR/ FSR

Jet energy resolution: NP Il
ti+light: PS & hadronization
Wi: diagram subtr. vs. nominal
b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |

Various model tested:

— Confidence in signal extraction

— Different predictions (g—bb from PS, ME, mix)
All giving the same results (within uncertainties)

= Dlution
b-tagc NP 11

Thomas CALVET, SantaFe, Jan 31th 2018

——
.
|
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ttH(WW?*, tt, ZZ%)

arXiv:1712.08891
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/

ttH(multi-leptons)

The needs of the many (leptons)
outweigh the needs of the few

< 100
PE‘ 90
S
’ ’ :gj 32 .H—>other
Combines many possible signatures £ e E:j;
Categorized with N(leptons: e, n) and @ 50 [
L
N(t: hadronic) 0

30
3 20
(=
5, 10
[7]
a
E 0
3 2Ss 3/39 4/2 r4/2 /S'S*k OS 3/”% 7/+22;,
lch efeq hag ;,a » o ag

Primarily targeting H-WW*, 11, ZZ*

1 2 3 4
Number of light leptons [

’@B RO Thomas CALVET, SantaFe, Jan 31th 2018




ttH(multi-leptons): Associated Backgrounds

leads to 2 main backgrou-
g mis-id | [JtIW _
@ Diboson Prompt lepton backgrounds: ttW, ttZ, di-boson
dKe Thad

Non-prompt — Use Monte Carlo prediction

ATLAS |:| Other . . .
f5= 13 ToV — Validated in control regions
2¢58 3¢ SR 4¢ Z enr. 4¢ Z-dep. / \
& S0 \ \ \ 1 \ T 3 e 70 \ T T \ | p— ]
5 £ ATLAS ¢ Daia Win g F ATLAS 4Data  [WtiH ]
G 5E 513 Tev, 36.1 " W Oz @ F E=13Tev, 3610w [OfZ E
4ol 3¢ LTW CR [ENon-prompt  []Gther [ 3¢{iZCR [Epiboson  [ENon-prompt 7
F Pre-Fit 7, Uncertainty [ Pre-Fit [Jother 77 Uncentainty
35 50— -

2¢0S+1 Thad 37+1 Thad 1+ 2rhad

@< 6

288 +1 Thad

40

b

3¢ fIW CR 3¢ (IZ CR 37 VV CR 3/ TCR 5 |z 1 E

.0 ‘ 7 ‘ ~ . oA
E 12 ] ’ N / E 1.25 Z
S Mt ///%f P <
= 075 5 ® 075
(=] (=]

0.5 s s L 0.

2 3 4 5 6 7 =8
Number of jet
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ttH(multi-leptons): Associated Backgrounds

-n leads to 2 main backgroun-

Semileptonic Photon Non-prompt lepton
b-decay conversions & fake T
. i .
b fake ¢+ ) j b j b fake ¢* ’ fake ©

¥ ¥ ¥
v prompt £* by prompt £* by prompt £*

Non-prompt leptons, T and charge misassignment:
— Data driven estimate in control regions
40 2.dep. — Reduced by applying cuts on dedicated BDTs

ATLAS
Vs=13TeVv

2¢8S

C ATLAS £ ATLAS

= T )

[&] 1 (&) |
E 15 1s=13TeV, 361 fo - E - is=13Tev.3s1m’ R
£ r e £ g ]
S read =4 % asf —o— =
- < ] P E
2¢88 +1Thag 2¢0S+1Thag 34+ 1Thag 1€+ 2Thaa 08 —— 7 0.8 — .
81 . . . o 3
S —o— Zee 3 B Zopu ]
0.7F -+ Data - 0.7~ —Data
£ -6~ MC ] E -e- MC E
0.6 ) - 0.6 ‘ i
[&] = E o F !
= i e I e
% 0.9 = J— W Stat. only - Syst. @ Stat, 3 % 09 :—‘— = B Stat. only | Syst. @ Stat. 3

o 09f = S 09F

10 20 30 40 50 6070 100 10 20 30 40 50 6070 100

3¢ tIW CR 37 {1ZCR 37 VV CR 37 tTCR Electron p_[GeV] Muon p_ [GeV]

Prompt e and u identification efficiencies
for the chosen BDT working point

® &
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ttH(multi-leptons): Fit Strategy

* Further reduce background contributions with BDTs

* Fit all components to data simultaneously

Thomas CALVET, SantaFe, Jan 31th 2018



ttH(multi-leptons): Fit Strategy

* Further reduce background contributions with BDTs

Similar strategy as ttH(bb), but:
— several backgrounds to isolate
— Independent MVVAs for each categories (with enough statistic)

2055 3¢ 4¢ 042ma  205S+1m.a 200S4+1Thaq 304+1Thaa
BDT trained against | Fakes and ¢tV tt, ttW, ttZ, VV 7 / - t all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT FEvent count
Number of bins 6 5 1/1 2 2 10 1
Control regions - 4 - - - - -

Thomas CALVET, SantaFe, Jan 31th 2018




ttH(multi-leptons): Fit Strategy

Further reduce background contributions with BDTs

Similar strategy as ttH(bb), but:
— several backgrounds to isolate
— Independent MVVAs for each categories (with enough statistic)

2055 3¢ 4¢ 042ma  205S+1m.a 200S4+1Thaq 304+1Thaa
BDT trained against || Fakes and ¢tV tt, ttW, ttZ, VV 7 / - t all tt -
Discriminant 2x1D BDT 5D BDT Event count BDT BDT BDT FEvent count
Number of bins 6 5 1/1 2 2 10 1
Control regions - 4 - - - - -
o Tlamas e mE Multi-dimension BDT (1 per process) 5 10 amas | ebas WA
5 30 E0iboson I Non-prompt 2 E Vs=13TeV, 36.1 fo' L1{IW Oaz
5 : IE:“ Et;HFl DI?mFtBkgd Uncertainty :>j | 2sSS [ Diboson  [ENon-prompt |
o5l 5| PostFit Mg misid [ ]Other
I . . 10 E 7/ Uncertainty -+ Pre-Fit Bkgd. 3
Output In 2 same-sign » g :
1 lepton category
T S In 3l: built 5 categories (4bkg + 1sig) :
N : Discriminant = signal focused BDT

0 01 02 03 04 05 06 07 08 09 1
BDT output

0.75 f—

Data / Pred.

\\3\\ ¢

;
N @%\ Thomas CALVET, SantaFe, Jan 31th 2018 e oseaez o0z ‘” s v

BDT output

o
o




ttH(multi-leptons): Fit Strategy

* Fit all components to data simultaneously

2£0S + 11,9
17 + 2Thag
4¢

3¢ + 1Thaq
2SS + 1154

37
2¢/8S

combined

ATLAS Vs=13 TeV, 36.1 o’
—Tot. -+ Stat. Tot. ( Stat., Syst.)
beee= 17 %9 (58, 0
bt e -0.6 1% (55, 13)
bod -0.5 35 (%3, 03)
bl g 1.6 775 (13, 199
e 3840 (43, 50
o 18 53 (G5, 18)
o 15 ¢ (%04, 02)
L """" 1677 (83, 0s)

2 o0 2 4 6 8 10 12
Best-fity  for m =125 GeV
iH

Channel Significance
Observed Expected

200S+ 17404 0.90 0.50
1042704 — 0.60
40 — 0.80
30+1Thaa 1.30 0.90
20SS+ 1.4 3.4o 1.10
3¢ 240 1.50
2SS 2.70 1.90
Combined 4.1c 2.80

Observed signal strength: p=1.6 95,

Corresponding to a 4.1¢ observed significance (for 2.8¢ expected)
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ttH(ZZ*—41)

arXiv:1712.02304
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-22/

ttH(ZZ*—41): A New Player

Included in main H—ZZ*—4l analysis:

Reconstructed Event Category

: . [ ggF-0 VBF:p -Low

ATLAS Simulation B oo Low T VBF—p’_:—High
" ] VH-Had
H—ZZ" - 4l I goF-¥-p!-Med = VH.L:,,

I goF-1-pf-High
I goF-2/

13 TeV, 36.1 b .t

. bbH

o
. 1j-p:'-Low
* “ttH enriched category™: Y-t
: . j-p?-High
1 b-tag + (>4 jets or 1 lepton and >2jetS ) & vuremcmer.ion
« \ery pure channel Ve !
- VH-Lep-enriched
* Very low stat: 0.39 ttH events expected
0 observed
Expected Composition
Reconstructed Signal z7* Other Total Observed
event category background backgrounds expected
ttH-enriched 0.39 +£0.04 0.014 £ 0.006 0.07 £0.04 0.47 £0.05 0
T I L I 1T I T T | LI ‘ L | L ‘ LI
ATLAS ¥ Expected SM
I H-—ZZ* —)714| L‘ Observed: Stat + Sys —
— e s Moem @ |
per IImItS a. ggF +. 1310720 1180+ 80
/0 CL (8 tlm VBF i | . 370" 1% ga+es h
" %F o g |
e g— B se
Inclusive +E| 1730'2%0 1340+ 90
B R B S B R R P
Thomas CALVET, SantaFe, Jan 31th 2018 o Bi(oB),,
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ttH(yy)

ATLAS-CONF-2017-045

Thomas CALVET, SantaFe, Jan 31th 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-045/

Signal as double sided
crystal ball around 125 GeV

ttH(yy)

eV

& o " ATLAS Prelminary -

e BT

. . . E\] 7§_Si9”a' :tnig-:ﬁlg):veigr_ned sum _§

* Included in main H—yy analysis 3 } #H Catogorios
» Rely on excellent M(yy) resolution )
over a continuous background

Strategy:
» Use H—yy selections e
> “Enriched ttH category™:

> high N(jets), N(b-tags)

» 0or1lepton = hadronic or semi-lep categories

> In hadronic categories:
> BDT to discriminate ggH and ttH WooH MveF [wH [lzH [logzH [MttH [llbbH [tHab | tHW

> Used to refine categorisation ATLAS Simulation Preliminary H - yy, m , =125.09 GeV

tH lep Ofwd
tH lep 1fwd I

Lo .mwas
T Ty

E weights - fitted bkg

Extract background
from side bands

tH had 4j1b
tH had 4j2b

oo - -

0O 01 02 03 04 05 0.6 07 08 09 1%’
Fraction of Signal Process / _Category |

Thomas CALVET, SantaFe, Jan 3itl



Signal as double sided
ttH ('Y'Y) crystal baII around 125 GeV

I N ' ATLAS Preliminary -
3 8 ----- Background {s=13TeV, 36.1 6" o
. . . = 75_:2:322:+Bac und mH=1g5.09 GeV 3
* Included in main H—yy analysis Ak In+95) weighed um 2
Rely on excellent M(yy) resolution 3 } E
over a continuous background ;
Strategy: | :., — ! A A 3
> Use H—yy selections + E
> “Enriched ttH category”
> Consider categories enriched in tH I
m,, [GeV]
' ;
ed fit with other H—yy ¢ Extract background
(ttH) = 0.5+ 0.6 from side bands
L L L L L L L B L L
ATLAS Preliminary o, Toal o Stat WggH MVeF [ WH lizH [lgozH [lttH [llobH | tHab  tHW
L Vs=13TeV,36.1fb" . . ..
ATLAS Simulation Preliminary H - yy, m , =125.09 GeV
].me — H—e— Yo = 0.5 J—ro:s [tds “04 -00 } tH lep Ofwd
My = e By = 07 Toa [tgﬁg ‘os o ] t Ietpt:;zz
[T HeH B = 21 oo [t os ot ] ttH had BDT1
+0.19 [ +0.16 +0.07 +0.06 ttH had BDT2
Yo [ e oy =020 o[ o0 ot ] thao 073
T gt 090 L0 ] s
Ham [peme ot M7 ek e o o] S
0 1 2 3 4 0O 6 7 0 01 02 03 04 05 06 07 08 09 1%
Thomas CALVE‘E‘Qgg @E@Eﬁf Jan 3it| Fraction of Signal Process / _Category



ttH combination
arXiv:1712.08891

Thomas CALVET, SantaFe, Jan 31th 2018


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

Combination Of ttH Analyses: Result

( lpt‘. ) ( .St?“t-l . syst. )

Best fit value: p=1.2+0.3

ATLAS {s=13 TeV, 36.1 fb’'

— Compatible with SM H 22 _mtaol—— e < 1.9 (68% CL)
— Syst limited:

.- . ttH vy o= 0.6 *07 (%04.%%)
— Channel specific modeling unc.
i o fiH bb o 0.8 ‘0¢ (3,3 )
— Signal uncertainties os (030
fFH ML ho 1.6 02 (23,23 )
Channel Best-fit u Significance iH combined |lo1 12 93 (%2.%2 )
Observed Fxpected Observed Expected B S R T
Multilepton 1.6 107 1.0 73] 410 2.80 Best-fitp for m,=125 GeV
H — bb 0.8 106 1.0198 L4o 1.60
Hoyy o 06T 10Ty 090 L7o Kappa coupling: fermions against bosons
H — 4t <1.9 1.0 F33 — 0.60
L 3r - - :
Combined 1.2 793 1.07193 4.20 3.80 S it atias
280 e et Ter 301 %
: : o ]
Evidence of ttH production: ;
150 e
Measured Cross section: ost e ]
+230 . +35 : 1
790 -210 fb (SM " 507 -50 fb) % 0.5 1 15 2




H—bb analysis

Thomas CALVET, SantaFe, Jan 31th 2018



Where To Search For H—bb ?

* 4 production modes are available:

H

w7/
Thomas CALVET, SantaFe, Jan 31th 2018




Where To Search For H—bb ?

* 4 production modes are available:
t/b

1 m— Already discussed: need tt+bb v/

b

w7
Thomas CALVET, SantaFe, Jan 31th 2018




Where To Search For H—bb ?

* 4 production modes are available:

t/b

1 m— Already discussed: need tt+bb v/

/b
Only 2 b-jets in the final state
ggH .| > ; —— => Large multi-jet contamination
= Not viable
May be possible at high p; in boosted regime
(see CMS paper: arXiv:1709.05543)

w7
Thomas CALVET, SantaFe, Jan 31th 2018



https://arxiv.org/abs/1709.05543

Where To Search For H—bb ?

* 4 production modes are available:
t/b

1 m— Already discussed: need tt+bb v/

b

ggH .| > . » =g N\ Ot yet ViabIle % (boosted ?)

2Jets + 2b-jets = large multi-jet background
—p —> Cr0ss section: 3.78pb
— However: large increase in S/B with

an additional photon | To
discuss

The most sensitive channel;
=——>  Relatively high o X BR (2.25pb x 58%)

w7
Thomas CALVET, SantaFe, Jan 31th 2018




VBF+y, H—bb

ATLAS-CONF-2016-063

Thomas CALVET, SantaFe, Jan 31th 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-063/

VBF+y With H — bb ATLAS-CONF-2016-063

Trigger additional photon:

= large loss in cross section

= drastic multi-jet reduction + background
destructive interference

Stepl: Signal VS background BDT
to define 3 regions Step 2: Fit m,, in each regions
(avoid variables correlated to my,)

USSR,
- [ Data e
2oF ATLAS Preliminary +VBFH(125)+”105

[&2] T I I | [ E
0 B T T T T .I T . T T | : T T T T T ] ? _ _1
S 0.12-ATLAS SimulationfPrelimingry [ VBF H(125) + y = - ‘Eiahggﬁv- 1260 mm g:;gg&%
> = 7 =1 = 60j —
0 [ Vs =13 TeV EZJNonRes Bkgd - T Doy
i -] 2 50F
2 E

405

Low sensitivity:

» - + ' 0.4c exp
7 10; o= - 3.9+2.8_2 .

Done at 12.6 fb!
will need stat

o

N

7

NN
NV

|
(Data-Bkg)/Bkg
OS‘”J: o2
WL oL W O

- ) l
0.6 60 80 100 120 140 160 180 200 220 240
My, [GeV]

BDT response



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-063/

VH(bb)

JHEP 12 (2017) 024

Thomas CALVET, SantaFe, Jan 31th 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-29/

VVH(bb) The Savior

q Reconstruction of the 2 b
‘ IS a key ingredient
W/z

Precise p(b) measurements

Wiz “Re-calibrate” b-jets:
q — Muon in jet corrections
or {—> Use response from MC (PtReco)
— 21 channel: fit lIbb transverse kinematic

High performance b-tag

@ 10— )
E F E 0)
S| ATLAS Simulation Preliminary | Improves m,,, resolution by up to 40%
© 3 ) ]
5 1F Vs=13TeV,tt —bjess -
< E —-cjets 4
. . a_¢o 21T T T T T L T T T T T T T
- --- Light-flavour jets Flavor Efflc'ency % : \ATLAIIS Sir\nUIati(l)n L} T T
i g 1'8; \s =13 TeV, 36.1 b /}&
3 . ~J ygf. Powheg MINLO SM ZH - I'bb o
] b_ J et 70% @ L 2leptons, 2 jets, 2 b-tags | \
g 1_4:_ p$21SOGeV % .
. 0 = 12i O Standard Jet Caloration (Ste) . '\
C-jet 8.2% S L e N
‘1-‘__‘ El -E 1 [~ 2 Std +p-in-jet + Kinematic Likelihaod Fit " ’4‘”
_‘.‘_.’. 3 - - 0 < r G (CANELY ’ r@;
A - o8| X A ]
ey Y R T v Ilght Jet 0.3% FoTpEeer o ;
MV2¢10 BDT Output 08p e REeer B

04 — 88Gev 42%

0-2;7 ""%h
Thomas CALVET, SantaFe, Jan 31th 2018 0BG pEEERSS EETI TR Tt 1

m,, [GeV]

iR o
Bl

i
I
100




VH(bb) Channels

Analysis split in channels
depending on N(lep)

Ay .y YR

0-lepton
and MET K&

(and MET)

| e



VH(bb) Final Categories

Vel

Events / 0.13

Data/Pred.

R =
+ Dala i
ATLAS Hl VH — Vbb (u=1.20)
104 (5=13Tev, 361" -Elhoson =
0 lepton, 2 jets, 2 b-tags = Single top B
pY = 150 GeV mm W+(bb,be,cc,bl) ]
T Wicl B
W+
10° mm Z+(bb,bc,cc,bl) ]
m Z+cl 3
Z+l 3
Uncertainty T
...... -=- Pre-fit background
= SMVH — Vbb x1¢
10° =
10
1.5 F770 I I I I I TTT I
i *WWW_\)‘&\;\}\;\N
05 B v b b b b b b 1y

Z+HF W+HF ttbar

-1 08 06-04-02 0

0.2 04 06 08 1
BDT,,, output

Further categorize events:
— Sensitive to relatively high pr(V)
— Also split in 2 or 3 jets

Channel

Categories

75 GeV < pr < 150 GeV

Y > 150 GeV

SR/CR

2 jets |

3 jets

2 jets | 3 jets

Events / 0.13

Data/Pred.

O-lepton SR -
lepton SR -
lepton SR v

1-
9.

105:4H| I‘...Da]a‘“‘lwllué
m ATLAS Bl VH — Vbb (u=1.20) T
[ (5=13Tev,36.1f0" - Elhoson g
10t 1 lepton, 2 jets, 2 b-tags jm Single top _
E pY =150 GeV Multijet 3
£ 7 mm W+(bb,bc,co,bl} 3
C Wl b
[ W+l 7
103 [ S P Bl Z+(bb,bc,cc,bl) —
E Uncertainty 3
E = Pre-fit background J

Main backgrounds:
W+HF ttbar

= SM VH — Vbb x 20

1.5 g

0.5

1

S N N N N N B R R
-1 08 06-04 02 0 02 04 06 08 1
BDT,,, output

Events / 0.13

Data/Pred.

R T
+ Dala
10" ATLAS = VH — Vbb (u=1.20) 5
(s=13TeV,36.1 10" -?lt(lggobn b 3
. Il £+(bb,be,cc,| b
2 leptons, 2 jets, 2 b-tags m Z+cl n
v Z+l
10% = PY = 150 Gev ﬁ+ =
I Single top =
mm W+(bb,bc,cc,bl) b
Uncertainty 7
107 -=- Pre-fit background —|
= SMVH — Vbb x10 3
10 E
1
1.5 F
1 g‘;_\\\\ ;‘L\\*\\T\t\:;\:\\ W
D_sH“\“.\.“\“.\.‘.I L I |

v

Z+HF,

v v
v v
v v

ttbar

-1 08 06-04-02 0

02 04 06 08 1
BDT,,, output



VH(bb) Final Categories

Further categorize events:
— Sensitive to relatively high pr(V)
— Also split in 2 or 3 jets

Categories
75 GeV < pp < 150 GeV | pp > 150 GeV
Channel SR/CR 2 jets | 3 jets 2 jets | 3 jets

0-lepton SR - - BDT | BDT
1-lepton SR - - BDT | BDT
2-lepton SR BDT BDT BDT | BDT

Reduce impact Tlepton | W + HF CR |- : Yield | Yield
of backgrounds 2-lepton | ep CR M u Yield | my

Add ttbar (+single top) and W+HF control regions

Fit BDT

LN B I L I = LI L e B e B L I

10° A Emaa T

o R o = L — o AR mmEm =
- —e— Data i - E —e— Data E - —e— Data
S ATLAS = VH - Vbb (u=1.20) = F ATLAS mm VH — Vbb (u=1.20) J S 10*= ATLAS mm VH — Vbb (u=1.20) =
% 10 =13Tev, 361 0" i Diboscn = 2 r (s=13TeV, 361" f Diboscn ] 2 Is=13Tev 361 10" mm Diboscn 3
S 0 iepton, 2 jets, 2 b-tags = gingle top 3 S 10t 1 lepton, 2 jets, 2 b-tags = gingle top _ S 2 leptons, 2 jets, 2 b-lags = %:gib,bc,cc,bl) ]
& pY = 150 GeV mm W+{bb,bc,cc,bl) 3 & E pY =150 GeV Multijet 3 @l 10° PY > 150 Gev Z+ll _
T Wicl i £ T mm W+(bb,bc,cc,bl} ] T it E
W+l r Wacl b I Single top I
10° mm Z+(bb,bc,cc,bl) | r Wi - mm W(bb,bc.cc,bl) g
0 .  Z+cl = 103 - Il Z+(bb,bc.cc,bl) — Uncertainty 7
== Z+1 ! E =3 Uncertainty 3 107 =+ Pre-fit background —
=3 Uncertainty ] E e Pre-fit background 3 = SMVH — Vbb x10 3
...... «-=- Pre-fit background 7| = SMVH — Vbb x20 7 =
= SMVH — Vbb x1¢ T i
107 = 3 10 =
10 1
10
e I—— <15
= 3" g ke 8o +
— % 1 ;FWWW_\)\;\\\\N % 15 g SRS IR s S S N % 1 :s»»;\.\lﬂaw«k\\ SRR ST 3
- T DR B S N I D B (B 05 Bl bbbl L LS 05 Bl L L L T
C o [} o
— -1 08 06-04-02 0 02 04 06 08 1 7 -1 08 06-04-02 0 02 04 06 08 1 -1 08 06-04-02 0 02 04 06 08 1

BDT,,, output BDT,,, output BDT,,, output



VH(bb) Run 2 Results

T T T T T T S 12F amas T T Ulpa T
ATLAS VH, H(bb)  \s=13 TeV, 36.1 fb" @ [ Vs-13Tev,36.1 1" - VH - Vbb (1=1.30),
w10 0+1+2leptons . .
—Total Stat. I - 243 jets, 2 btags fsy Uncertainty
( Tot. ) ( Stat., SySt- ) % 8; Weighted by 5/B Dijet mass analysis
fe] L
+0.68 +0.40 +0.55 - -
WH H—e—— 1.35 550 (lo3s s 045 ) B
£
Ry
. =
+0.50 +0.34 +0.37
ZH F 1 1.12 -0.45 (Z0:33 » 030 ) -
=
(0]
........................................................................ (D
Comb 0.42 0.24 +0.34 2
. Ko 1.20 )58 (023, o8 ) - E
II\\iIIII\\\Illll\‘\Illlll\\llllll\\\llllll "g 2—‘ I ‘ ‘ ‘ { ‘ ‘ ‘_
_1 O 1 2 3 4 5 6 7 8 L - s T T N N T T T T T T T T T O I B o
LT>j 40 60 80 100 120 140 160 180 200

Best fit u°® for m =125 GeV
VH

m,, [GeV]
Best fit p = 1.20%042, ., H—bb mass peak emerges clearly
— compatible with SM from backgrounds !
— High channel compatibility Fitting m, yields compatible results:
Obs (exp) Significance: 3.5 (3.0) ¢ — p = 130702, ,; (stat) %7 g 9 (SYst)

Thomas CALVET, SantaFe, Jan 31th 2018




VH(bb) Run 1 + Run 2 Results

LR I LI LA I I [Tt
ATLAS VH, H(bb) \s= 7TeV 8 TeV,and 13 TeV
Total - Stat [Ldt=4.7 6™, 20.3 o™, and 36.1 fb"
—Total - Stat.
(Tot.) (Stat., Syst.)
+0.45 0.30 +0.34
WH i HeH 1.21 50 (%295 7030 )
+0.35 +0.27 +0.23
ZH r-e-4 0.69 -0.33 (—0.26 » —0.21 )
Comb. +0.28 0.18 +0.21
Ferd 0.90 -0.26 (:LO.18 ’:ro.19 )
Illli IIIIIIII |IIII|IIIIIIIIIIIIIIlIIIIlIIII

-1 0 1 2 3 4 5 6 7 8
Best fit u® for m =125 GeV

I
Thomas CALVET, SantaFe, Jan 31th 2018




H—cc in VH(cc)

ATLAS-CONF-2017-078

Thomas CALVET, SantaFe, Jan 31th 2018


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-078/

ZH(cc): A VH(bb) “Spin Off’ Target c-jets !

Focus on ZH(cc) in the 2-lep channel:
Signal with relatively high p.(2)

‘ — Categorization with p(2)

(same as VH(bb))

Require c-jet identification !
Standard b-tagging: b-jet VS c-jet (no c- VS light- jets)
= build dedicated c-taggers

Thomas CALVET, SantaFe, Jan 31th 2018



c-tagging et

Secondary
’ Vertex
Flight path lengths: b-hadron > c-hadron > light-hadron ’ Pmy ' c-jetsl are
vere i 4 jin between
light-jets i ||
et
c-jet identification:
— Same input variables as standard b-tagging 05
— 2 BDT: c- VS light- and c- VS b- jets S L ATLAS Simulation Preliminary | | = &
: : L - : 8 ls=13Tev,tt iy 170453
— Working point efficiencies: 41% c-jets, 25% b-jet, 2 s ey s 5
5% light-jets = o i 0'35 £

0.3
0.25

c-jet calibration: 10°8
E 0.2

— Same methods as standard b-tagging

— b-jets in t—Wb events 0.15

0.1

—> c-jets in W—cs, cd events TS

b jet rejection

Thomas CALVET, SantaFe, Jan 31th 2018



ZH(cc): A VH(bb) “Spin Off’ Target c-jets !

Focus on ZH(cc) in the 2-lep channel:
Signal with relatively high p.(2)

! ‘ — Categorization with p(Z)

N ! (same as VH(bb))

" Use identified c-jets:
W » — Reject background: cuts on cc system
50 GeV <m < 200 GeV, small AR, (2.2 to 1.3, depend on p4(V))

— Refine categorization: 1 or 2 c-tags

Fit m_. in all categories

10°E

ATLAS  Preliminary t Dﬂe‘ai
Vs=13TeV, 36.1 b’ —_ Fit Result

=, Best fit: p = — 69 % 100
— Mostly limited by flavor

Events / 10 GeV

10°
— ZH(cT) (100xSM)

10°

tagging uncertainties (73%)
Upper limit: 2.7pb (110 x SM)
60 80 100 120 140 160: 180 200 N EXpected 39pb (150 X SM)

OO=t_. =
oomc'_.r\:
o

~B0 B0 100 120 140 160 180 200
m,_, [GeV]

! Data/Bkgd.

Thomas CALVET, SantaFe, Jan 31th 2018



Conclusions
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A Good Timing For An ATLAS Higgs Talk

 Evidence of ttH production in ATLAS 13 TeV data

 Evidence of H—bb decay in VH(bb) analysis with
ATLAS 13 TeV data

Thomas CALVET, SantaFe, Jan 31th 2018



Some More Conclusions Though

— .(lptl.)‘(‘stgt.l,‘svlst.l)

—————
ATLAS Ys=13 TeV, 36.1 fb
—total stat.
fiH zZ —_— < 1.9 (68% CL)
fiH vy e 06 ‘0 (756,702 )
- _ 0.6 0.3 0.6
{iH bb e 0.8 */s (‘03,705 )
: 0.5 0.3 0.4
fiH ML o |ren 1.6 0% (o303 )
I S 02 103
ttH combined I|.-I 1.2 :03 (i02 t02 )
I 1 | | Lo |

2 0 2 4 &8 8 10
Best-fit p_ for m =125 GeV
1H

Uncertainty on p,,, improved
by factor 2 compared to Run 1

Coupling| K, |

ATLAS VH H(bb) \s= 7TeV 8TeV and 13 TeV
Total —Stat |Ldt=4.7 67, 20.3 6", and 36.1 b
—Total —Stat.
(Tot.) ( Stat., Syst.)
+0.4 0.30 +0.34
WH i HreH 1.21 795 (%050 7050 )
| +0.35 +0.27 +0.23
ZH e 0.69 53 (Toz6- 021 )
Comb. 0.28 0.18  +0.21
l(T‘ 0.90 fo_ze (f0.18 ’:r0.19 )
I | | [T IR EAATIT B

4 0 1 2 3 4 5 6 7 8
Best fit ueP, for m, =125 GeV

Uncertainty on gy, Improved
by factor 1.5 compared to Run 1

|k (ttH+ggH) | w (ttH) | x,

10%

Ky | K
| 15% |

Exp Unc. | 10% |

If improvement p =

Thomas CALVET, SantaFe, Jan 31th 2018

15%

Improvement k
Personal optimistic computation =

| 3%

| %
‘\\\‘\* ~15%




And There Are Also CMS Results

-~ . VH(bb) measurements
ttH production measurements
LHC Run 1 (Full comb) —e—i 2.3%7 Run 1
{TH ATLAS Run 1 N —e— 1.73: ATLAS ——— 0.52::
CMS Run 1 —e—oJ 2.9, B 0s
CMS '_T_' 1.0,5
LHC Run 2 (Full comb) ??7?
H ATLAS Run2| [ 1.2%3 Run 2
CMS Run 2 772 ATLAS —— 1.2%4
- ATLAS: 36.1fb" +———  <1.9(68%CL) L ’
TH(ZZ*—4l) L 0s
{ CMS: 359107 &—H 0.05 oMS i "4
_ ATLAS: 36.1 fb" —e— 0.5, Run 1+ Run 2
tTH(vy) = ot
CMS: 35.9 b —e— 22 ATLAS —et— o2
- s 0.9;
B ATLAS: 36.1 fb™ —e— 0.8, - >
ttH(bb) — 0.8
CMS: 13 fp™| F—e— 02,5 CMS | —tro— | | m:;:l
l?H{mu"i-"ep) ATLA8361 fb1_ I—H 1.62:: _05‘ L1 |D| L1 |0-5| L1 1 L1 |1-5| L1 \2| L1 |25
CMS:35.91fb"| —o— 1.507 Best fit  for m =125 GeV
ttH(t,+X) { CMS: 35.9 fb [ i _| [ ..|.0.'.7.g:;:
-1 0 1 2 3 4 5 -
Best fit 1 for m =125 GeV CMS also has H—bb evidence
] From VH(bb) : arXiv:1709.07497
» Most ttH channels at 36 fb! (bb)
] I
Coupling

Even more to gain !

ExpUnc. | 1



https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-16-044/index.html

Thank you for you attention

Thomas CALVET, SantaFe, Jan 31th 2018



backup
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Intro
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Couplings Measurements: Why .

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling | K, | Ky | K, |
ExpUnc. | 10% | 10% | 15% |
Why k; ?
— Higgs potential sensitive N
Top quark: largest » to small changes in k; » § e}
Yukawa coupling — Investigate stability of =l
h Hi fi I le+64 I
the Higgs field arXiv: 1411.1923 el i o L
K, directly involved cLi _a-1.0-0— S€2lar (SM)

0.08; iy

—-(@=0.0=1)=—> Pseudo-scalar
. (a=1, b=1 ..
@15 — CP-mixing

in ttH production

Sensitive to Higgs » m
boson CP nature

arXiv: 1501.03157v2 ““I



https://arxiv.org/pdf/1501.03157v2.pdf
https://arxiv.org/abs/1411.1923

Couplings Measurements: Why «,

* Coupling measurements: Kappa Framework k ; “=Ti/Tig,

Coupling | K, | Ky | K, |

ExpUnc. | 10% | 10% | 15% |
( Why K, ? /]

b quark has highest branching ration
= crucial to characterize Higgs boson width.

K, measured mainly with
H—bb in VH production

Higgs-Z invariant mass (pp —+ HZ — bb(*i~)

VH invariant mass N =
q o » sensitive to BSM » R e o
effects in EFT g | - -]
%‘é 10_37_ B Cw =q50+(?£) +—-—

0 cnw =0.015 —'—__G_’
arXiv: 1512.02572 10—

50+
0

50 e e

|

.

~
0BSM %e

1 o T
0?50 200 250 300 350 400 450 500
___________ My [GE‘V]
H

trrersrs —r e e s, L taFe, Jan 31th 2018



https://arxiv.org/abs/1512.02572

ttH(bb)

Thomas CALVET, SantaFe, Jan 31th 2018



The tt+jets Background

» After selection mostly tt+jets:
> 92% of the background
» 350 times bigger than signal —— g
 Divided in 3 components:
» Depending on additional jet flavor

Component | tt+lights tt+>1¢ tt+>1b
: - : High N(b-tags)
Phase space Low N(b tags) . . Medmr_n N(b tags) . : — leading contribution in
— negligible in signal regions | — not significant in signal regions : :
signal regions
Relatively well known: No alternative measurement Not well known:
Modelling — Generator tuned 7 TeV data | — Hard to identify c-jets — Hard to model theoretically
— Parton Shower tuned — Large uncertainties
8&13 TeV data (~ 25 to 35%)

Thomas CALVET, Seminar in BNL, Jan 18th 2018




The tt+jets Background

 After selection mostly tt+jets
» Divided in 3 components

Component

1% in best signal

region

tt+lights

Phase space

Low N(b-tags):

— negligible in signal regions

Modelling

Relatively well known:
— Generator tuned 7 TeV data

— Parton Shower tuned
8&13 TeV data

Particle level, absolufe cross-saction

2 E
PR
5 -

B

o

1

o |« ATLAS Data, vE=7 TV
E- —— Powheg+Py6, hygmp =
E — Powhag+Pya,

102

Miop
F =1.5- t
F —— Powheg+H7, hygrg = 1.5-Migg 1

——

ITIW<

16

14 E
12

ecd/Data

1 g
08

.ﬂ’ 06
04 | | |

ATL-PHYS-PUB-2016-020

& ¥ 8
Nigis (8t Py = 25 GaV)

Thomas CALVET, Seminar in BNL, Jan 18th 2018



https://cds.cern.ch/record/2216168

The tt+jets Background

 After selection mostly tt+jets
» Divided in 3 components

Component

tt+lights tt+>1c¢ tt+>1b

Phase space

Medium N(b-tags):
— not significant in signal regions

Modelling

No alternative measurement

— Generator tuned 7 TeV/ data | — Hard to identify c-jets — Hard to model theoretically
— Parton Shower tuned

— Large uncertainties

8&13 TeV data (~ 25 to 35%)

Thomas CALVET, Seminar in BNL, Jan 18th 2018




The tt+jets Background

 After selection mostly tt+jets
» Divided in 3 components

tibb dilepton

tt+>1b

Component

High N(b-tags)
— leading contribution in
signal regions

Phase space

Not well known:
— Hard to model theoretically

— Large uncertainties
(~ 2510 35%)

FeddlprES
;
i

Modelling

5 1015 20 25 30 35 20 40 60 80 500 1000 1500

Further split in sub-components
tt+bb: +2 b-jets tt+b: +1 b-jets | tt+B: +1 bb-jets | tt+>3b: the rest




How To Deal With tt+jets

« Separate signal and tt+jets components:
» Advanced categorization to define control regions enriched in tt+light, tt+>1c and tt+>1b

19 categories defined

H . ATLAS Tl Te> Ty
Categorization: -t Tay B:L'vgm B;:On_;c Wi+ =1
ilepton

Use N(jets) and N(b-tags) at — -

mU|t|p|e Working pOintS tF+ligh c
In reality, for each channel, N(jet) i é;

(1%, 2") jet  Single Lepton, > 6 j

control

¢

b-tagging 24 4]
discriminant Cchl\igh CRtEJ—Ew
3.3)
(4.3)
(5, 3) CRi7+light
(4. 4) \
CRip | CRi7> 1 SR 3
5.9) —
3
(5.5) | SRi| SRy SR; T

(5.5) (5,4) (5.3) (5.2) (44) (4.3) (42) (3.3) (3.2) (22) (5.1) (4 1) (3,1) (2, 1) (1, 1) (3™, 4™) jet
b-tagging
discriminant
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S/B

Single Lepton Categories
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0.02

0.01

[t +light []ti+21c [l +21b

O+ v

[INon-t

cR%

t+=21c

v
¢

5i
c Hti«-b

control

ATLAS
Is=13TeV
Single Lepton
5
CR t%+li

= I I I I I I I I I = LE

[ ATLAS = 2 @»

— _ -1 - = )

T {s=13TeV,36.1fb :1.8 SR52J

IIIllIIIIWIIIIIIIIII

LH

Jll\ll{

 Single Lepton .
r g : iy 1.6
o 1.4
I 1.2
-l
-——- 1

1

SR}

SRpoosted

0.8
CRZY

0.6 T4l
0.4

0.2

0

JIIJIILlIHII\II

Hll\lll

C )
i

CR

t1g

-
c Hﬁlb

Crs Crs SrRs SRy S &/~
b'gh?frierf [ Ry SRy Hbo"s"sa

26/CR 25,CR26:SR 26/ SR26: SR26;
”*ﬁg;f"‘*i:f”*é 359 °R39 SR

26j
SR3)

S

SR

SRS
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BDT Input Variables:

Dilepton

Variable Definition SRZ%  SRZY SRZY
General kinematic variables
mggi“ Minimum invariant mass of a b-tagged jet pair v v -
mpe* Maximum invariant mass of a b-tagged jet pair - - v
mpin AR Invariant mass of the b-tagged jet pair with minimum AR v - v
my T Invariant mass of the jet pair with maximum pr v - -

B Invariant mass of the b-tagged jet pair with maximum pr v - v
Anl‘:l:'g Average An for all b-tagged jet pairs Ve v v
An?‘,jax Maximum A7 between a jet and a lepton - v v
ARZPT AR between the b-tagged jet pair with maximum pr - v v
Higgs 30 Number of b-tagged jet pairs with invariant mass within v v )

bb 30 GeV of the Higgs-boson mass

fi?m Number of jets with pt > 40 GeV - v v
Apl it 1.5\, where Az is the second eigenvalue of the momentum v

panantyejet | tensor [100] built with all b-tagged jets ) )
Ha! Scalar sum of pr of all jets and leptons - - v
Variables from reconstruction BDT
BDT output Output of the reconstruction BDT Ve Ve v
mﬁjggs Higgs candidate mass v - v
ARp 47 AR between Higgs candidate and ¢t candidate system e - -
ARE® Minimum AR between Higgs candidate and lepton v v v
ARER Minimum AR between Higgs candidate and -jet from top v v -
AR Maximum AR between Higgs candidate and b-jet from top - v -
ARi{;ggs AR between the two jets matched to the Higgs candidate - v -
Variables from b-tagging

Higgs Sum of b-tagging discriminants of jets from best Higgs can- _ v )

b-tag didate from the reconstruction BDT
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BDT Input Variables:

Single-Lepton

Varijable Definition | SR.f—"gJé SR‘?’;2
General kinematic variables
ARpE Average AR for all b-tagged jet pairs v v
AR PT AR between the two b-tagged jets with the largest vector sum pr v -
Apnox Maximum An between any two jets v v
it AR Mass of the combination of two b-tagged jets with the smallest AR v
mj'_-;‘i" AR Mass of the combination of any two jets with the smallest AR v
AHises 30 Nurnh_er of b-tagged jet pairs with invariant mass within 30 GeV of y Y
b the Higgs-boson mass
Fhad Scalar sum of jet pr v
ARpin A.R between the lepton and the combination of the two b-tagged jets v
/ with the smallest AR
Aplanarity 1.5As, wher'e )\2. is thE.‘ second eigenvalue of the momentum ten- Y
: sor [100] built with all jets
H,y Second Fox-Wolfram moment computed using all jets and the lepton
Variables from reconstruction BDT
BDT output | Output of the reconstruction BDT v v
m})gggs Higgs candidate mass v v
M b o Mass of Higgs candidate and b-jet from leptonic top candidate v -
AR:];ggH AR between b-jets from the Higgs candidate v v
ARy AR between Higgs candidate and tf candidate system v '
ARH lep top AR between Higgs candidate and leptonic top candidate v
ARH by vop | AR between Higgs candidate and b-jet from hadronic top candidate v
Variables from likelihood and matrix element method calculations
LHD Likelihood discriminant v v
MEMpy Matrix element discriminant (in SR?‘Sj only) -
Variables from b-tagging (not in SR?S'])
wg ::ig; tSll:;nr of b—t‘agl;gi.n.g discriminants of jets from best Higgs candidate from s v
he reconstruction BDT
Bji,t 37 Jargest jet b-tagging discriminant v v
Bj"et 40 largest jet b-tagging diseriminant v v
Bjit gth largest jet b-tagging discriminant v v
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Pre-fit impact on p.: Au
[ 10=0+A0  |0=10-A0 -1 05 0 05 1

And What About The Modelinz s w7

—e— Nuis. Param. Pull Is =13 TeV,36.1fo"

ti+>1b: SHERPA4F vs. nominal

tt+>1b modeling uncertainties <> main limitation

tf+21b: PS & hadronization
tfl+>1b: ISR/ FSR

‘ tt+>1b: SHERPASF vs. nominal

- tiH: PS & hadronization
Build a complex model: b taging: i 129 gy NP |
. . . k(tt+21b) = 1.24 + 0.10

— Aim: test in data all unknowns in

. ttH: cross section (QCD scale)
tt+2 1 b mOdellng N tt+>1b: 1t+23b normalization
t1+21c: SHERPASF vs. nominal

I tt+>1b: shower recoil scheme

tt+21c: ISR/ FSR

I n parti CU Iar b . Jet energy resolution: NP Il
fas I n beSt ttba r M C: POWh eg+ Pyt h Ia 8 ti+light: s; & hadronization
— g -> bb from Parton Shower e

: b-tagging: mis-tag (c) NP |
>ﬂm7%ﬂ7777m< b ET™*: soft-term resolution
b-tagging: efficiency NP II —
.1 \ Generated Sherpa+OpenLoops: S YTV TOPT OO FOTIION Y
q
W

L1
-2 -15 -1 05 0 05 1 156 2

— Massive b-quarks (4 flavor PDF, 4F) (6-6,)/0
— g -> bb from Matrix Element at NLO

¢ 7
b

Split in several components:

tt+B Best modeling can differ:

-------- = — tt+bb, tt+b: best model by ME ?

— tt+B: gluon splitting at low angles PS ?
tt+>3b: — tt+>3b anyway combination ME and PS
the rest




Pre-fit impact on p.: Au
0=0+A0  |0=0-A0 -1 05 0 05 1

And What About The Modelinz s w7

—e— Nuis. Param. Pull | 15=13TeV,36.11b"

tf+>1b: SHERPASF vs. nominal 3 —
tt+>1b modeling uncertainties <> main limitation ‘“”,]f;f;?i“;’;‘:;fojﬂﬁj e
ti+=1b: ISR/ FSR _._?' :
- tiH: PS & hadronization ‘—‘,.—'
BUIId a Complex mOdEI b-tagging: mis-tag (light) NP | o H ‘ I
. . . K(tt+>1b) = 1.24 +0.10 : ey :
— Aim: test in data all unknowns in — 1 ——
. ttH: cross section (QGD scale) ——————
tt—i_z 1 b mOdellng I t+>1b: tt+>3b normalization — ; | |
tf+>1c: SHERPASF vs. nominal L —e— :
I tf+>1b: shower recoil scheme — | |

tf+21c: ISR/ FSR i ——

I n artiCU Iar b . et energy resolution: —
P In best ttbar MC: Powheg+Pythia8 o A
¢ : diagram subtr. vs. nominal ;
L ., — g -> bb from Parton Shower o i
b-tagging: mis-tag (c) NP | _._
‘ >7mm7%777777m<b ET™*: soft-term resolution —d——o—t—
b-tagging: efficiency NP Il —_— !
.1\ Generated Sherpa+OpenLoops: S0l POV TR AT
q
W

NN FNRTE ENARE FRREL SN

t. ' — Massive b-quarks (4 flavor PDF, 4F) S e
? — g -> bb from Matrix Element at NLO

Various model tested:

— No discrimination in data g D%fferent 4F/SF mix
— No recipe to mix 4F and 5F ' B Plfferent MC samples
All giving the same results
— Confidence in signal extraction
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tt+jets uncertainties

c T T T T T
2 10°F ATLAS ¢ Da
@ s=13TeV,36.11b" [Jti+
S 7L ar

L%’ 10" F Single Lepton [JNol

Pre-Fit

* Philosophy: cover and test all modelling unknowns
 tt+jets modelling uncertainties:
> 6% tthar cross-section uncertainty
» tt+>1c and tt+>1b normalizations un-constrained
> Known offset: Run 1 + 50% tt+>1b
> Also in Run 2 data/MC —
» Consider all relevant MC variations

> Uncorrelated across tt+light, tt+>1c, tt+>1b " CRg Cmy CRy SRy SAp
> tt+light, tt+>1c¢, tt+>1b fractions fixed to PP8 o

Data / Pred
B
\§ B

Variation: | Generator | PS and hadronisation | Radiation
MC sample: Sherpa 2.2.1 (incl ttbar) Powheg+Herwig7 Up/Dow radiation samples
Reference: Powheg+Pythia8 Powheg+Pythia8 Powheg+Pythia8

B 4 s 2 A 4

Typically large norm+shape uncertainties
(few % to 30%0)
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tt+HF additional uncertainties

tt+>1b additional uncertainties g [ ATLAS Simiaton z
‘E 1 weyy POwHEG+PYTHIA 8 .
» Also account differences between tt+bb § pesous —o— SrereadF ;
(Sherpa+OpenLoops 4F) and ttbar generators (PP8): « [ 8 ‘ ]
. ) SSSESS
> Uncertainties on tt+b, bb, B, >3b fractions: 107 E
> Use 8 variations of the Sherpa+OpenLoops sample | ]
» Add 50% prior unc. on tt+>3b 102k &\\\\%
> Kinematic difference: Sherpa4F vs Nominal ° oF i ;
> Compare BDT shape in Sherpa+OpenLoops and PP8 %% 15_ e S
& z 0.5E N 3
o t+b  tt+bb  &+B  tt+>3b
tt+21c additional uncertainties g ° ATLAS Simulation Preliminary j—>|
g r —o—ﬂct:,HTM ]
55— (. 5 05,2 !
« Similarly to tt+bb, exist tt+cc generator % £ @S E %
> No hint from data which is the best T |
» tt+cc subdominant compared to tt+bb ) 1S
» Use difference 5F and 3F as a systematic i §
r @)}
JRI: o
813 -
08 =
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i
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https://cds.cern.ch/record/2153876

- - VT ST
Sample CR?iJ?Jrlight CR?}zlb CRt_fiL:]ight CRt_Eiszc

Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit
ttH 322 + 3.8 27 + 20 8.7 + 1.1 7.3 = 5.4 114 + 11 95 + 70 35.3 = 3.6 29 £+ 22
tt + light|63100 4+ 5500 59100 4+ 1400| 290 4+ 110 255 4+ 44 [42500 + 9700 37100 + 1300(1730 + 730 1410 4 180
tt + >1ec 4800 £+ 2100 7700 + 1100| 360 + 160 536 + 89 6300 £+ 2800 10300 + 1400|1410 £ 590 2160 =+ 290
tt + >1b 2130 £+ 230 2620 £+ 240 710 += 140 848 + 75 2510 £+ 280 2850 £+ 290 (1080 £+ 120 1240 £+ 110
tt +V 113 £+ 31 112 £+ 29 7T + 27 7 + 30 350 = 180 330 £ 170 52 £+ 41 50 + 39
Non-tt 6300 £+ 1500 6500 £+ 1200| 110 + 29 112 + 23 4700 = 1100 4930 £+ 910 420 £+ 120 460 £+ 100
Total 76400 4+ 6500 76010 £ 390 |1500 + 260 1765 £ 60 [56000 £ 11000 55650 £ 420 (4700 = 1100 5350 £ 120
Data 76025 1744 b5 627 5389

SR=Y SR=4 SR=4
Sample 3 2 1
Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit

ttH 21.9 + 2.5 18 + 13 29.1 + 4.2 25 + 18 15.6 = 2.5 12.9 + 9.5

tt + light 83 £+ 41 95 + 30 250 + 110 215 £+ 43 6.4 + 9.9 11.1 + 9.3

tt + >le 235 + 61 313 + 53 340 + 210 427 £+ &9 12.6 = 9.4 25.8 £ 7.8

tt + >1b 819 + &5 917 £ 71 590 + 96 669 + 59 247 = 61 263 + 20

tt+V 15 += 35 15 £+ 34 22 + 38 22 + 39 7 = 56 7 + b7

Non-tt 75 + 17 78 + 16 115 + 36 121 + 29 13.6 = 3.8 14.6 + 3.8

Total 1250 + 140 1436 + 55 1350 + 320 1479 4+ 66 302 £ 85 334 £ 59

Data 1467 1444 319
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Yields

5j 5j 5j
Sample CRt%—Hight CRt%—l—zlc CRt:JYer
Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit
ttH 224 + 22 190 £+ 140 187 £ 2.5 15 £ 12 68.0 = 7.6 57 £+ 42
tt + light | 197000 + 26000 179900 + 4900 | 2580 4+ 720 2300 + 210 4250 £+ 920 3560 + 240
tt + >1lec 27500 £ 4300 44100 £ 5500 | 1280 4 500 1840 £ 250 1770 £+ 270 2590 £ 390
tt + >1b 11300 + 1100 13500 + 1300 790 + 130 944 + 94 3400 + 440 4030 + 320
tt +V 589 + 55 584 4+ b4 232 4+ 4.1 21.3 £ 2.9 48.1 &£ 5.9 46.6 & 5.4
Non-tt 21300 £ 4100 20900 £ 3200 520 £ 180 440 4+ 100 960 + 190 860 + 160
Total 2568000 £ 29000 259320 £ 910 5200 £ 1100 5560 4+ 160 | 10400 £ 1300 11140 £ 290
Data 259 320 5465 11095
SR5j SR5J SRboosted
Sample 2 1
Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit

ttH 40.1 £ 5.1 34 + 25 159 £ 2.1 133 &= 9.8 | 16.9 £ 1.9 14 £+ 10

tt + light 500 = 210 393 + 67 15 £+ 33 12.5 = 9.3 180 £ 120 112 £ 32

tt + >le 436 + 92 610 + 100 30 + 17 28 + 14 168 £+ 70 235 + 39

tt + >1b 1230 &= 200 1450 £ 110 273 £ 53 336 £+ 25 236 = 89 229 + 33

tt +V 19.9 + 2.9 19.7 + 2.4 6.4 + 1.3 6.4 + 1.2 | 16.1 &+ 2.9 16.6 + 2.4

Non-tt 269 + 64 220 + 52 54 + 11 28.1 + 8.4 104 £+ 30 101 £ 26

Total 2440 £ 390 2724 4+ 70 371 + 68 423 + 23 710 £+ 200 708 + 40

Data 2798 426 740
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Yields

>6j p ST
Sample CRt_t_iJlight CRt_Eijzlc CRt_f?er
Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit
ttH 450 + 48 370 + 280 102 + 13 87 + 64 100 + 12 83 + 61
tt + light | 125000 £ 34000 108200 + 4300 4300 £ 2000 3350 4+ 430 | 2220 £+ 520 1820 + 170
tt + >1c 28400 4+ 7200 45700 £ 5100 3600 £+ 1300 5300 £+ 680 | 1460 4+ 330 2080 + 300
tt + >1b 13100 + 1800 14600 + 1400 2660 =+ 540 2050 + 280 | 3670 + 500 4080 + 320
tt +V 1010 £ 120 996 £+ 91 118 £ 21 118 + 14 70.5 + 8.5 679 £ 7.2
Non-tt 12600 + 3000 11800 + 2000 1060 + 340 1000 + 210 710 + 160 600 + 110
Total 181000 £ 39000 181690 + 860 11800 £ 3200 12810 £ 260 | 8200 + 1100 8730 £+ 230
Data 181 706 12778 8576
R 26 gR26 SR=6
Sample 3 2 1
Pre-fit Post-fit Pre-fit Post-fit Pre-fit Post-fit

ttH 85 + 10 71 £ 52 81 £+ 10 68 £+ 50 62 £+ 11 51 £+ 38

tt + light 750 + 370 586 + 98 210 + 210 96 + 33 14 + 10 12.1 + 5.8

tt + >lec 880 £+ 350 1330 + 190 350 + 100 473 + 99 53 + 33 44 £+ 20

tt + >1b 2100 £ 420 2290 £+ 170 | 1750 £+ 370 1850 £ 130 | 1010 £+ 240 1032 £+ 59

tt+V 51.2 + 7.4 50.8 + 5.9 40.8 + 5.7 40.3 + 4.8 25.8 + 3.7 25.3 + 3.2

Non-tt 303 £+ 82 267 4+ 63 155 + 52 134 + 46 75 + 20 58 + 17

Total 4140 + 850 4590 =+ 110 | 2550 + 510 2657 + 82 1220 + 250 1223 + 42

Data 41698 2641 1222
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ttH(multi-leptons)
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Selections

Channel

Selection criteria

Common

Njets 2 2 and Nb-jets 2 1

2688

Two very tight light leptons with pr > 20 GeV
Same-charge light leptons

Zero medium Ty,q candidates

Zvjets > 4 and Nb—jets <3

3¢

Three light leptons with pt > 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 Th,q candidates

m({te~) > 12 GeV and [m(£t¢~) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(3f) —91.2 GeV| > 10 GeV

40

Four light leptons; sum of light-lepton charges 0

Third and fourth leading leptons must be tight

m(lT¢7) > 12 GeV and |m(£T£7) — 91.2 GeV| > 10 GeV for all SFOC pairs
|m(40) — 125 GeV| > 5 GeV

Split 2 categories: Z-depleted (0 SFOC pairs) and Z-enriched (2 or 4 SFOC pairs)

104+27had

One tight light lepton with pt > 27 GeV
Two medium 7,4 candidates of opposite charge, at least one being tight

Njets 2 3

208S+1Thaa

Two very tight light leptons with pp > 15 GeV

Same-charge light leptons

One medium 7,4 candidate, with charge opposite to that of the light leptons
Zvjets Z 4

|m(ee) — 91.2 GeV| > 10 GeV for ee events

2005+17Thad

Two loose and isolated light leptons with pt > 25, 15 GeV

One medium 7,,q candidate

Opposite-charge light leptons

One medium 7,,q candidate

m(lT¢7) > 12 GeV and |m(fT£7) — 91.2 GeV| > 10 GeV for the SFOC pair
Zvjets Z 3

304+-1Thad

3¢ selection, except:

One medium 7,4 candidate, with charge opposite to the total charge of the light leptons
The two same-charge light leptons must be tight and have pr > 10 GeV

The opposite-charge light lepton must be loose and isolated
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Fake And Non-Prompt Leptons

20SS 3¢ 4/ 1042Thag 20SS+1Thaq 200S+17haa  3l+1Thad
Non-prompt lepton strategy DD DD semi-DD MC DD MC MC
(MM) (MM) (SF) (FF)
Fake 7y,,q strategy - - — DD semi-DD DD semi-DD
(SS data) (SF) (FF) (SF)
Control Region Selection
Light lepton 1T*, 1L | 3L 1T 1T*, 1L 2L" —
Thad OM | 1T, 1M < 1M 1L -
Njets 2§]Vjets§3 |1§Njets§2 23 QS—]Vjetsgg 23 -
Nb-jets 2 1 | =0 —

Mostly data-driven estimates:
— Matrix Method (MM): derives real and fake efficiencies from control regions
— Fake Factor (FF): derives fake efficiencies from control regions
— Semi-data driven: correction factors for MC from control regions

Uncertainties:
— Closure test
— Control region choice
— Prompt subtraction and modeling
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BDT Input Variables

Variable 2058 30 AL 1042Thaa 2055+ 1Thaa  200S+1Thaa
Leading lepton pt X

Second leading lepton pr X X X

Third lepton pr X

Dilepton invariant mass (all combinations) X X ®

Three-lepton invariant mass X
Four-lepton invariant mass

Best Z-candidate dilepton invariant mass

Other Z-candidate dilepton invariant mass

Scalar sum of all leptons pr

Second leading lepton track isolation X

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

Lepton flavor K Kk

Lepton charge X

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

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

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

Leading Thaa pr X X
Second leading Thaa pr
Di-Thaq invariant mass X

Lepton properties
X X X X

X

X

Jet properties
X

X

Thad
X

Invariant mass maq—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(lepton 0, closest b-jet)

AR(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, Thad)

AR(lepton 1, Thad)

Minimum AR between all jets X

AR between two leading jets X

miss

Missing transverse momentum FEr X X

Azimuthal separation A¢(leading jet, p_fmiss) X

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

Pseudo-Matrix-Element X

Angular distances
X X X X X X X X

X X X X X




ttH(multi-lepton): Post-Fit Systematics

Pre-fit impact on p.: Ap

[ 16=B+a0 6=0-A6 045 0.1 -005 0 005 01 0.15
Post-fit impact on p: UL L B B B B BN LN
o 0=0+AB 0=0-AD ATLAS

—e— Nuis. Param. Pull s =13TeV,36.1fb"

ttH cross section (scale variations)
Jet energy scale (pileup subtraction)
Luminosity

Jet energy scale (flavor comp. 2¢SS)
Jet energy scale variation 1

ttW cross section (scale variations)
ttZ cross section (scale variations)
Thag identification

ttH cross section (PDF)

ttH modeling (shower tune)

Flavor tagging c-jet/1,aq

it¢ ¢ cross section

37 Non-prompt closure

ttW modeling (generator)

Non-prompt stat. in 4th bin of 3¢ SR . ———————

2 15 -1 05 0 05 1 15 2
(6-6,)/A0
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Yields

Category Non-prompt  Fake 7j,,4 g mis-id tw 1tz Diboson Other Total Bkgd. 1tH Observed
Pre-fit yields
2£SS 233 +39 - 33 +11 123 £ 18 414 +£5.6 25 x15 284 +59 484 + 38 42.6 4.2 514
3¢ SR 145+43 - - 55 +£12 120+ 1.8 1.2 £1.2 58 =14 39.1 £ 52 11.2+1.6 61
3¢ 1tW CR 13.3+4.3 - — 19.9 £ 3.1 87 +1.1 < 0.2 453+£092 465+54 4.18 £ 0.46 56
3¢ttZ CR 39 +£25 - - 271 £056 66 =11 84 +53 129+42 93 +13 3.17 £ 041 107
3¢ VV CR 27.7+ 8.7 - - 49 +1.0 21.3+34 51 +30 179 + 6.1 123 +32 1.67 +0.25 109
3¢t CR 70 +17 - - 10515 79 +1.1 72 +438 73 =19 103 +17 4.00 = 0.49 85
4€ Z-enr. 0.11 £ 0.07 - - < 0.01 1.52+0.23 043023 021+009 226+034 1.06+0.14 2
4¢ Z-dep. 0.01 £ 0.01 - - < 0.01 0.04 + 0.02 < 0.01 006 £0.03 0.11+0.03 0.20=+0.03 0
164211049 - 65 =+21 - 0.09+009 33 £1.0 1.3 £1.0 098+035 71 <21 43 +1.0 67
20SS+1th,g 24 14  180+030 0.05+0.02 088+0.24 183+037 0.12+0.18 1.06+024 82 +1.6 3.09 + 0.46 18
200S4+1 T4 756 =80 - 6.5 +£1.3 11.4+1.9 20 £1.3 58 1.5 782 + 81 142 +2.0 807
3+ 1ty - 0.75 £ 0.15 - 0.04 £0.04 1.38+0.24 0.002+£0.002 0.38=+0.10 255+£032 1.51+0.23 5
Post-fit yields
2¢£SS 211 £26 - 283+94 127 £ 18 429+ 54 20.0 £ 6.3 285+£57 459 +24 67 +18 514
3¢ SR 13.2 + 3.1 - - 58 £1.2 129+ 1.6 1.2 £1.1 59 +£1.3 39.0 +£4.0 17.7+4.9 61
3¢ 1tW CR 11.7 £ 3.0 - - 204+30 89 +1.0 < 0.2 454+088 456 +40 66 +19 56
3¢ 1t7Z CR 35 £21 - - 2.82+056 704 +38.6 7.1 £3.0 136 +42 974 +86 51 14 107
3¢t VVCR 224 +£5.7 - - 5.05+£094 220+3.0 39 =11 18.1 £59 106.8 +9.4  2.61 +0.82 109
301t CR 56.0+8.1 - - 10.7+14 81 +1.0 59 27 71 +£18 878 79 63 =138 85
4¢ Z-enr. 0.10 £ 0.07 - - < 0.01 1.60+0.22 0374015 022+0.10 229 +0.28 1.65=+0.47 2
4¢€ Z-dep. 0.01 £ 0.01 - - < 0.01 0.04 + 0.02 < 0.01 007 +£0.03 0.11 £0.03 032+0.09 0
1642Thag - 58.0+ 6.8 - 0.11 £0.11 331+090 098+0.75 098+033 634 +67 65 +2.0 67
268S+11h,9  1.86 £ 091 1.86+0.27 0.05+0.02 097+026 1.96+0.37 0.15+£0.20 1.09+024 79 +12 51 *1.3 18
20084+ 1 T4 - 756 +28 - 6.6 £1.3 1.5+ 1.7 .64 £092 6.1 £15 782 27 21.7+£59 307
30+1Thad - 0.75+0.14 - 0.04 £0.04 142+0.22 0.002+0.002 040+0.10 2.61 +0.30 2.41+0.68 5
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tH in ttH(yy)
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ttH(yy)

* Included in main H—yy analysis

* Rely on excellent M(yy) resolution
over a continuous background

Strategy:

> Use H—yy selections

> “Enriched ttH category”

> Consider categories enriched in tH

Interference in WtH production:
= sensitivity to «; sign
— anomalous top Yukawa couplings

Thomas CALVET, SantaFe, Jan 3itl

Signal as double sided
crystal ball around 125 GeV

E s oma | W ATLAS Preliminary -
8F" -.---- Background {s=13TeV, 36.1 o' ]

F —— Signal + Bac| jund m,, = 125.09 GeV
F~ — Signal

eV

z weights / G

In(1+S/B) weighted sum 5
ttH+tH Categories -

o n (%) N 3] =) ~
\
[

Lo .mwas
T T TTIAT I T T T 77T T R e T[T T T TTTT] 7

E weights - fitted bkg

110 120 T30 40 50 160

Extract background
from side bands

WggH ver | WH lizH oozt ttH llobH | tHgb  tHW

ATLAS Simulation Preliminary H —yy, m ., = 125.09 GeV
Y

tH lep Ofwd
tH lep 1fwd |-

ttH had BDT2
ttH had BDT3
ttH had BDT4

7t!-7|7had4'727b7
0O 01 02 03 04 05 0.6 07 08 09 1%’
Fraction of Signal Process / _Category |




ttH summary
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Combination Of ttH Analyses: Summary

— ttH analysis divided in 4 channels:

a) H — bb: arXiv:1712.08895 ) H— yy: ATLAS-CONF-2017-045

b) H — multi-leptons: arXiv:1712.08891 d) H—ZZ* — 4l: arXiv:1712.02304

— 4 different challenges:

ttH(’Y’Y) ML and bb — Different backgrounds

ttH(muItl Ieptons)

-Fake DM:

%@@@

.
g E 4 om ' ATLASP lmm y
BE ...... Background 5=

— Similar strategy: categorisation + MVA

ttH(bb)

i
A
¢ @D %

E WII . t 1NI(1 )Mo L I\:;t ar ftw CR ar fZCR ar WCR af fiCR ‘g @ %
xcellent M(yy) resolution
over continuous background @ @ @ @ > & G
Small syst uncertainties —s ttV + fakes and non-prompt — tt+>1b
Stat and Syst error similar imi
ttH(ZZ*—41): — y —>8y5t||m|t9d
v" Excellent S/B : : .
v Small: 0.3 ttH events Expect important improvement fro combination

Thomas CALVET, Seminar in BNL, Jan 18th 2018



https://arxiv.org/abs/1712.08895
https://arxiv.org/abs/1712.08891
https://cds.cern.ch/record/2273852
https://arxiv.org/abs/1712.02304

VH(bb)
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Yields

Z/W — I, lvv, vv related
H — bb related

Selection 0-lepton 1-lepton 2-lepton
e sub-channel 1 sub-channel
Trigger ETe® Single lepton ETs® Single lepton
Leptons 0 loose leptons 1 tight electron | 1 medium muon 2 loose leptons with pt > 7 GeV
with pr > 7 GeV pr > 27 GeV pr > 25 GeV > 1 lepton with pt > 27 GeV
Emiss > 150 GeV > 30 GeV - -
e — — 81 GeV < myp < 101 GeV
Jets Exacﬂy 2 or 3 jets Exactly 2 or > 3 jets
Jet pr > 20 GeV
b-jets Exactly 2 b-tagged jets
Leading b-tagged jet pr > 45 GeV
Hrt > 120 (2 jets), >150 GeV (3 jets) - -
min[Ag( ERS jets)] > 20° (2 jets), > 30° (3 jets) - -
Ag(Emiss bb) > 120° R R
| Agébl:bg) < 140° | - -
AG(EF™, BF) < 90° = E
p regions > 150 GeV (75, 150] GeV, > 150 GeV
Signal regions v mpy > 75 GeV or myep < 225 GeV Same-flavour leptons
Opposite-sign charge (pp sub-channel
Control regions - I mpy, < 75 GeV and myop, > 225 GeV Different-flavour leptons

I
Thomas CALVET, SantaFe, Jan 31th 2018




The Multi-Jet Background

* Negligible in 0-lep and 2-lep
« Data driven in 1-lep:
» Define “multij-jet CR”: invert lepton isolation cut “anti-tight”

» Extract background shape from CR (both mV and BDT variables)
> Fit m:" in SR to extract normalization

R B
900—ATLAS —e— Data —

>
(]
O] r 7
b aooF {s=13TeV,36.1 1" —— SMVH > Vbbx40
@ [ 1lepton, 2 jets, 2 b-tags Multijet
S 700[p! >= 150 GeV B W (bb.bcech) ]
T E electron sub-channel B Wl ]
6001—NMJ Contributions : [ single top —
= N - 3
© 4.8% +2.6% (stat) * ] ?;;: (syst) i
: B Z-(bb,be.ce.cl) E
[ Diboson =
Bl sM VH — Vbb ]

Data/Pred.




Systematic Uncertainty: List

Z + jets
Z + Il normalisation 18%
7 + ¢l normalisation 23%
Z -+ bb normalisation Floating (2-jet, 3-jet)
Z 4+ be-to-Z + bb ratio 30 — 40%
7 4+ cc-to-Z + bb ratio 13 - 15%
Z + bl-to-Z + bb ratio 20 — 256%
0-to-2 lepton ratio 7%
Myb, p¥ S
W+ jets 7 un-constrained

W + [l normalisation 32% . .
W 4+ el normalisation 37% / nOI’mal |Zat|0ns '
Floating (2-jet, 3-jet)

W -+ bb normalisation

W + bl-to-W <+ bb ratio 26% (O—Iepton) and 23% (l—lepton)
W + be-to-W + bb ratio 15% (0-lepton) and 30% (1-lepton)
W + ce-to-W + bb ratio 10% (0-lepton) and 30% (1-lepton)
0O-to-1 lepton ratio 5%
W 4+ HF CR to SR ratio 10% (1-lepton)
My, PT 5 /

tt (all are uncorrelated between the 0+1 and 2-lepton channels) 4
tt normalisation Floating (0+1 lepton, 2-lepton 2-jet, 2-lepton 3-jet)
0-to-1 lepton ratio 8%
2-to-3-jet ratio 9% (0+1 lepton only)
W + HF CR to SR ratio 25%
Mpb, P S

Single top quark
Cross-section 4.6% (s-channel), 4.4% (t-channel), 6.2% (W)
Acceptance 2-jet 17% (t-channel), 35% (W't)
Acceptance 3-jet 20% (t-channel), 41% (W)
Mpb, P S (t-channel, Wt)
Multi-jet (1-lepton)

Normalisation 60 — 100% (2-jet), 100 — 400% (3-jet)

BDT template S




Systematic Uncertainties: List

47

Normalisation

0-to-2 lepton ratio

Acceptance from scale variations (var.)
Acceptance from PS/UE var. for 2 or more jets
Acceptance from PS/UE var. for 3 jets

myy, pv, from scale var.

)
mpp, pY, from PS/UE var.
mpp, from matrix-element var.

20%
6%
10 — 18% (Stewart—Tackmann jet binning method)
5.6% (O-lepton), 5.8% (2-lepton)
7.3% (O-lepton), 3.1% (2-lepton)
S (correlated with W Z uncertainties)
S (correlated with W27 uncertainties)
S (correlated with W Z uncertainties)

wz
Normalisation 26%
0-to-1 lepton ratio 11%
Acceptance from scale var. 13 — 21% (Stewart—Tackmann jet binning method)
Acceptance from PS/UE var. for 2 or more jets 3.9%
Acceptance from PS/UE var. for 3 jets 11%

‘/’
mup, pT, from scale var.
s
myp, pY, from PS/UE var.
mpp, from matrix-element var.
?

S (correlated with ZZ uncertainties)
S (correlated with ZZ uncertainties)
S (correlated with ZZ uncertainties)

WWw

Normalisation

25%

Thomas CALVET, SantaFe, Jan 31th 2018




Ap

Systematic Uncertai 02-015-04-005 0 0.05 0.1 015 02

VH acceptance (PS/UE) i 7 /’:
Wijets p¥ .—;—%—1
b-jet tagging efficiency 1 |—§_ ‘(/ —
_ : V,
2-lepton tt m,,, shape E »
VH acceptance in 3-jet (PS/UE) E Z//j
Process Normalisation factor oG N 777
I Single top Wt acc. . // //
tt 0- and 1-lepton 0.90 £+ 0.08 : /A':/ ;
## 2-lepton 2-jet 0.97 4 0.09 g 7
tt 2-lepton 3-jet 1.04 £ 0.06 g 42 :
I/V —|— HF 2—jet 1 .22 :I: 0, 14 MC stat. 1 lepton 2 jet, bin 13 ; Z,/‘j: L ;
I/-[/ —|— HF 3—jet 1 .27 :I: 0. 14 b-jet tagging efficiency 0 E %—.—— ;
Z + HF 2_jet 1'80 :I: 0'10 Z + HF 3-jet scale factor E 7/// E OH
Z + HF 3-jet 1.22 + 0.09 g o it shape s : =
bb : /
MC stat. 1 lepton 2 jet, bin 12 i % @
Luminosity ',/ /'
Vs=13TeV —— Pull: (B -8,)/A8
A TLAS s=TeTe P == Normalisation
I Ldt = 36.1 fb +1o Postfit Impact on
mH=1 25 GeV |:| -1 Postfit Impact on p

I|IIIIJIIII|lllIlIIIIIlIIIlIIllIIIII

-1 -1 05 O 0.5 1 1.5
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The di-boson Validation

« Analysis repeated to fit VZ:
> Lower p:°° and m,,
» Change BDT signal: VZ instead of VH

"""""""""" e
ATLAS vz Z(bb) I1s=13 TeV, 36.1 fb

—Total — Stat.
(Tot.) ( Stat., Syst.)

+0.60 [ +0.24 +055
WZ e 1.02 "5 (D545 052 )

ZZ Hed 143 020 (4016 4024

5.86 obs (5.36 exp)v’
Comb.| ™ 111 98 (012,92 Compatible with SM v/

-1+ 0 1 2 3 4 5 6 7 8
Best fit u°
VZ
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