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Introduction |

Higgs discovery big success for the Standard Model (SM)

Open question now:
» |s the found boson the SM-Higgs boson?
» How compatible are its features with the SM-Higgs
boson?

Stepping stones toward an
answer are measurements of:

t

» spin properties ()
» CP-properties
» coupling to
fermions/bosons
ttH provides access to the top Yukawa coupling Y;

Y; is sensitive to new physics — deviations of SM value might
have dramatic consequences for vacuum stability of the

niverse
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Introduction Il

» Measurement of ttH-signal strength
(ugg) in LHC run I:
4.4 sigma combined significance,
cross-section above SMvaluebut | 0.5pb M.l
consistent within large uncertainty.

» Why ttH in run II?

— large increase of the ttH cross-section!
though backgrounds increase at a comparable rate in
the signal regions...

t

ATLAS and CMS & ATLAS+CMS
LHC Run 1

— ttH-production cross-section is < 1% of ggF
production x-section

Cross section (fb) Hogr = -
@NLO ttH  ttW  ttZ  tt(NNLO) w [ i
8 TeV 133 232 206 2,53E+05 | —
13 TeV 507 566 760 8,32E+05 ‘Mw _ ——=—
13 TeV/ 8TeV 3.8 24 37 3.3 "zu_ —

IH

Lol bl
-1-050 05 15 2 25 3 35
Parameter value
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ttH in Atlas run 1l

Higgs decay mode  Branching ratio [%]

H — bb 58.1
H— WW 21.5
H— tt 6.3
H—77 2.6
H—-vyy 0.23

Dedicated analysis for all channels but:

— focus on H — bb decay!

It has:
» largest branching ratio

» offers sensitivity to bottom
Yukawa coupling

Higgs BR + Total Uncert

I 1 I
100 120 140 160 180 20
my [GeV]

ttH(bb) Feynman diagram

.

it semi-leptonic decay _/

Goal of this talk: summarize public material by Atlas in

ttH(bb), a.k.a. ICHEP result.
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ttH(bb) in ICHEP - Event selection

Single Lepton

> one electron or muon
> atleast 4 jets
> atleast 2 b-tagged jets

ATLAS
\s=13Tev
Single Lepton

Simulation Prefiminary [ ight [+ 21 [+ 210

WiV [Noni

Event selection:

Dilepton

> 2 opposite charge light (e,y)

leptons

> atleast 3 jets

> atleast 2 b-tagged jets
— Categorize according to # of jets and # of b-jets

1s=13TeV

4i.2b

5i.2b

26).2b

@ # of jets m—

4},3b

5i.3b

-

4j,24b

v« € |3

Dilepton

ATLAS  Simulation Preliminary

[t +tight [Jti+>1c Wi+ 210
Wi+v  [Nondt

26j,3b__

5iz4b

26),24b

24j2b

3},3b

24),3b

24j,24b

Signal region

Control region

e _if O b-jts >
> tit > 1D, tt+ =1, tt+light'are main backgrounds
> target different background composition in fit to reduce uncertainties
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ttH(bb) in ICHEP - Event selection

Event selection:

Single Lepton Dilepton
> one electron or muon > 2 opposite charge light (e,)
> atleast 4 jets leptons
> at least 2 b-tagged jets > atleast3 jets

> atleast 2 b-tagged jets
— Categorize according to # of jets and # of b-jets

ATLAS Simulation Preliminary ATLAS  Simulation Preliminary

1s=13TeV, 132" 18=13TeV, 132"
Single Lepton Dilepton
2/4j,2b 2/4j,3b 2/4j,24b
S/B =0.0% S/B=03% SB=22%
] L @
s & &
— o Lo—
215i.2b 2/5i,3b 2/5),24b
S/B=0.1% S/B=06% S/B=36%
] L] @
» » »
— [ [l
2[26j,2b 2[26j.3b 2f26j,24b i H
S/B=0.1% SB=13% S/B=52% SIgnaI reglon
- - e .
2 | S - 2 Control region
v B “
| |

> tt+ > 1b, tt+ > 1¢, tt+light are main backgrounds
> target different background composition in fit to reduce uncertainties
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MC modeling of backgrounds

» Using MC prediction for tt+jets from Powheg+Pythia6 at
NLO
Correcting top and tt-py to NNLO calculation
Reweight the tt+ > 1b-category in PP6 to 4-flavor
Sherpa+OpenLoops calculation

» Systematic uncertainties of different kinds considered,
e.g. generator, parton shower, PDF, ...

Uncertainty source Au
T 10°E ATLAS Simulation  —— Sherparopentoops -5 tF+ > 1b modelling +0.53 —0.53
S | Preliminary cevtnes MGS_aMC@NLO+PS fib5 Jet flavour tagging +0.26  —0.26
2 [ is-13Tev e MG5_aMC@NLOsHpp tsb5 1H modelling +0.32 —0.20
S10°E —— tisjets Powheg+P6 Background model statistics +0.25 —0.25
2 tF+ > le modelling +0.21  —0.23
S ok Jet energy scale and resolution +0.19  —0.19
(i+light modelling +0.10  —0.18
F Other background modelling +0.18  —0.18
,L Jet-vertex association, pileup modelling  +0.12  —0.12
E Luminosity 1012 —0.12
E tiZ modelling +0.06  —0.06
10! Light lepton (e, ;1) TD, isolation, trigger  +0.05  —0.05
3 Total systematic uncertainty +0.90__—0.75
g 13 10+ > 1b normalisation 1034 —0.34
5! tf+ > 1e normalisation 1014 —0.14
B o Statistical uncertainty 040 —0.49
Q g; . Total uncertainty +1.02 —0.89
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ttbb-modeling (not Atlas analysis)

> study of different generators for prediction of the
irreducible background ttbb in LHC yellow report 4
arXiv:1610.07922v1

7 of 1 top (ttbb cuts)

FITTT T T
* —pp — tibb @13TeV Sherpa+OpenLoops

5

do/dy [pb]

—— MG5aMC@NLO
—— PowHel+PY8
»»»»»» NLO

1=

LHC HIGGS XS WG 2016

0/ Osherpa+OpenLoops
Shrh N b
) i

090 mmpR

— ongoing discussion how to treat tthb
— bottleneck for measurement of ttH, theo. uncertainty (40%) at NLO
Multiscale problem: What scale to use in simulation?
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https://arxiv.org/abs/1610.07922

Reconstruction of events

2-step BDT approach
» ambiguities in the assignment of b-jets to Higgs or top

» target to overcome this ambiguity with a BDT (boosted
decision tree)

o 0.14F T T T T T T T £ 016 T T T T |
. F ATLAS Simulation Preliminary S o ATLAS Simulation Preliminary 7
3 0.12F s =13TeV 3 0.14F Vs =13 TeV -
k) r Single Lepton 5 £ Di-lepton ]
5 o Lt >6),54b FRCAES o E
? F ] 1H, all events E 0.1 [ i, all events 4
& 008 :_ + [ iH, Higgs boson w £ [ tiH, Higgs boson !
006 + correctly matched 0'08? correctly matched
s —+i 006 —+i E
0.04: 0.04f-
0.02F 0'025_
0, b 0, E | L L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300
Higgs mass [GeV] Higgs mass [GeV]
12% correctly assigned jets 42% correctly assigned jets
8% without Higgs information 29% without Higgs information
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BT B Mo B > fitin 14 regions

o g‘:ﬂ: Lepton [INon-tf 7 Uncertainty-- ttH _ _
> tt+>1band tt+>1c

normalisation taken as free

parameters from the fit
> variable in SR: BDT

Events / bin
3,

3 s —O0—O0——0— ‘407
e % A . .
£ > variable in CR: H; (scalar sum
Cl Y2p Giap G2y Y3 Ta gy Y2qy Toe 6, .

: o T e of all jets)
- e > e
gL ATLAS Preliminary --Data E G800 ATLAS Preliminary Data -
g7000c V5= 13TeV, 13210 MRIH Srooof 15=13Tev, 13210" MIH - 2
:6000 Single Lepton %ﬁ: gc - Single Lepton %ﬁ: gc E
2 5j,3b it + 21b £60005),3b Mt + >1b
L% 5000F Pre-fit E:\‘l + th L%sooo Post-fit 5;\5 + Vti

on- on- ]
4000 7 Uncertain 77 Uncertain

3000

2000

N

1<)

S

S
T T I T T T T
I I I I I T I

1000 1000F L -

) .0

B B1as

& B & 1 pros

= O = 0.75

T T 05

Q 700 200 300 400 500 600 O "J00 200 300 400 500 600
H [GeV] H [GeV]
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Events / bin

Data / Pred.

Events

Data / Pred.

10°F ATLAS Preliminary  g-Data Wt [Ott + light
qork 15=13TeV, 132" [Otf+ >1c @ +21b [i+V
| Single Lepton [CINon-tf 7 Uncertainty-- tiH
10°F Pre-fit
—O0——O0—0—,
5 iz
"z 9z oz G G G Tag gy ng
S AR RSN ARA AR AR RRARARE RERR RS
700i ATLAS Preliminary -e-Data E
[ (s=13TeV, 13210 -:%H ot ]
600F Single Lepton %ﬁ : ;gm
fF>6j,24b mtt + >1b
5008 pre-fit mtt+V
L [INon-tt
4001 77z Uncertain
300; ~ttH (norm.
200
100
fi=== b
15 o 00050 O
|4 A
0.5
0 08060402 0 0204 0608 1
Classification BDT output
Ti

v

v

v

v

Data / Pred.

fitin 14 regions

tt+ > 1b and tt+ > 1c
normalisation taken as free
parameters from the fit
variable in SR: BDT

variable in CR: H; (scalar sum
of all jets)

T e g
7005 ATLAS Preliminary -e-Data E
E (s=13Tev, 132" HHtH it ]
600 Single Lepton %g : ;91 ct 4
[26),24b Wt +>1b
500 post-fit mt+Vv
C [INon-tt |
400 77 Uncertainty 3
£ ~—ttH (norm.
300;
200
100
OE e
1.25 o
0 75: © -
05

-1-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1
Classification BDT output
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ICHEP results

o ST T T T T T imil i D) = !
s 10 EATLAS  Preliminary 4 Data A'I"LAS‘ Pre‘llmln‘ary ftH (b‘b), |‘E 1?Te\(, 13;2 fo
% Fis=13TeV, 132" H (1., =4.0) Tot.
z 10k Wt @ =2.1) Stat.
E [JBackground Tot. ( Stat. Syst. )
F 7/ Bkgd. Unc.
) 29 414 426
10'E - Bkgd. (u=0fit) Dilepton ——e—— 46 53( 5 o)
sl
10 . 1.6 *11 (05 1
E Single Lepton| e 9 ( 05 -09 )
102}ttH (bb) Combined
E Dilepton and Single Lepton
E ooen +1.0 (405 +0.9
X L P‘Qs‘ fit L ! ! ! ! ! Combined ro 2.1 Ty (o5 07 )
el
ht I B I e TR
151
2 Best fit u = o™/ for m, = 125 GeV
-4 35 8 25 =2 15

log, (S/8)
data vs MC prediction ranked in S/B for all analysis bins (left)
summary of measurement (right)
result is:
> compatible with SM expectation
> systematically dominated

— tt+ > 1b and tt+ > 1¢ normalisation and modeling are main
systematics

— adding just more data does not help
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How to improve ttH(bb)-measurement?

Measurement would benefit from:

» regions enriched in tt+ > 1b, tt+> 1c and ttH
— more accurate measurement of normalisation factors

> more accurate tthb-prediction, better tt+jets modeling

» clear(er) prescription how to use 4-flavor prediction in
experiment
— embedding in 5-flavor? reweighting?
— Do we have something beyond cook-book solutions?
(theo. accuracy?)

» better b-tagging performance
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b-tagging in Atlas

b-tagging: identification of jets originating from b-quarks

Mainly 3 different ideas:

1. Secondary vertices Main algorithm .
(combination of these ideas):
2. Impact parameter of tracks

8 AOpr ey
. ‘e = E
3. Decay chain of a B-hadron 3 | ATLAS Simulation Preliminary |
g [ _
5 1 (s=13TeV, tt —bjets E
Displl(aced < £ —-cjets d
CKS .

---- Light-flavour jets

Secondary
Vertex

=TT

|

vl b b b b e b benn e vy

-1 08 -06 -04 02 0 02 04 06 08 1
MV2c10 BDT Output

— Result is a powerful variable to separate b-jets from other jets
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Improvements in b-tagging

Traditional b-tagging vs continuous b-tagging

10 T T

ATLAS Simulation Preliminary

1 Vs=13TeV,ft —pjets .
; —-cjets

---- Light-flavour jets

10 RN RS RS LA AR RN LR RARE

ATLAS Simulation Preliminary

1L Vs=13TeV, — bjets -
E —-cjets

---- Light-flavour jets

Arbitrary units
Arbitrary units

RN
~ o
~N O~

EN
1)
~

not tagged

not tagged
Covoloiidinil It
-1 -08 -06 -04 -02 0 02 04 06 08 1
MV2c¢10 BDT Output

I L Il
-1 -08 -06 -04 -02 0 02 04 06 08 1
MV2c10 BDT Output

Traditional b-tagging: Continuous b-tagging:
uses 2 bins of the attempt to use more bins
distribution and gain more information
» Need to convert fixed-cut calibration into (pseudo-)continuous
calibration

» Underlying calibrations need to be present
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Conclusion

ttH(bb)-ICHEP analysis is systematics dominated

— The time for improvements of the analysis is now
(maybe not too late from now...)

Complicated analysis with many different objects

possible improvements in:
» MC prediction
» b-tagging
» analysis strategy which exploits improvements in
b-tagging

Stay tuned for more news!
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MC details

Simulation of tt+jets:

NTE gen. Powhes Box | Powhes Box Powheg Box | Powhez Box
PS/UE gen. | Pythia 6.428 | Herwigtt 2.7.1 Dythia 6.428 | Dythia 6.428
Ren. scale | (/m+pd, | /mP+pd, b mi s, | 2 rh,
Fact. seale | (/7 +pd, | yfmtpde | mF B0kt rR) | B yfmEaak, |20y /mE o0k,
hdam, m me - 2.m m
ME PDF cTo CT10 CT10 110 CTio
PS/UE PDF | CTEQGLL | CTEQSLI CTEQSLL CTEQGLL CTEQSLL
Tune P2012 UE-EESH UE-EES P2012 radHi P2012 radlo

Simulation details for ttbb:

ME gen. MG5_aMC MG5_aMC SherpaOL
PS/UE gen. Herwig++ 2.7.1 | Pythia 8.210 Sherpa
Renorm. scale HCMMPS HCMMPS HCMMPS
Fact. scale Hr/2 Hr/2 Hr/2
Resumm. scale fQ\/s7 fQ\/§ Hr/2
ME PDF NNPDF3.0 4F | NNPDF3.0 4F CT10 4F
PS/UE PDF CTEQG6L1 NNPDF2.3
Tune UE-EE-5 Al4 Author’s tune
Tim Wolf
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Reco BDT details single lepton

Variable >6j, >4b  >6j, =3b  =5j, >4db

Topological information from ¢¢ :

tlep Mass

thad Mass

Incomplete thaq mass

Whad mass

Mass of Whaa and b from tep

Mass of ¢ from Whaq and b from tep
Mass of Wi, and b from ty,,q
AR(Whad, b from taa)

AR(q from Wiaq, b from th,4)
AR(Whad, b from tip)
AR(q from Whag, b from tiep)
AR(lep b from t1ep)
AR(lep, b from thad)
(

(

(

(

<

NN

EEEENENY

AR(b from liep, b from lhad)
AR(qr from Whad, g2 from Whaa)
AR(b from thaa, ¢ from Wiaa)
AR(b from thad, g2 from Wiaq)
min. AR(b from ty,q, g from Whaa)
AR(lep, b from tiep) -

min. AR(b from thad, q from Wiag)
AR(lep, b from tep) -

AR(b from lpad, ¢ from Whaa)

Topological information from Higgs :

NN N N N N N SR NE NN NENEEENEN
IENENENEN

NN N N N N N NN N

Higgs mass

Mass of Higgs and ¢ from Whaa

AR(h from Higgs, by from Higgs)
AR(by from Higgs, lep)

All(bl from Higgs, b from liep) -
AR(b; from Higgs, b from t.q) -

EENENEN
EENENENENEN
EENENENENEN
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Reco BDT details dilepton

Variable

Topological information from ¢f :

AR(b from ¢, lep from t)

AR(b from t, lep from )

Mass of b from ¢ and lep from ¢

Mass of b from ¢ and lep from #

pr(b from t, lep from t)

pr(b from ¢, lep from %)

AR(b from ¢, b from )

|AR(b from ¢, lep from t) - AR(b from ¢, lep from )|
Min. AR(b from ¢, lep)

Max. AR(b from tf, lep)

Topological information from Higgs :

Higgs Mass

AR(b; from Higgs, by from Higgs)

AR(Higgs, tt)

|AR(b; from Higgs, by from Higgs) - AR(b from ¢, b from ?)|
Min. AR(Higgs, lep)

Max. AR(Higgs, lep)

Min. AR(Higgs, b from tf)

Max. AR(Higgs, b from tt)
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Classification BDT details single lepton

Variable l Definition
Ceneral ki ic variables
Angy Average [Ay] among pairs of b-jots v = =
Agmax Maximum A between any two b-jets v v
AE Average A among jet pairs v
max AR between the two b-tagged jets with the largest
AR T vector sum pr © ¢ v v v
AR between the two b-tagged jets with mass
Higgs gged J
AR closest to the Iliggs boson mass v - -
o m AR between the two b-jets with the largest
AR invariant mass v v v
max pr Mass of the two b-tagged jets with the largest
M, veclor sum pr - - v
Mass of the two b-tagged jets closest to the
Iliggs gged J
gy Higgs boson mass v v v
mpe Minimum mass of two b-tagged jots - - v
Mass of the combination of the two b-tagged jets with
min AR gged )
miy, the smallest A v v v
PR Minimum b-tagged jet pr - - v
Hy" Scalar pr sum of all leptons and jts - v v
Nuwmber of b-jet pairs with invariant mass within
-Miggs 30 Jel p
Ny 30 GeV of the Higgs boson mass v - v
iggs 30 Nuwber of jet pairs with invariant mass within
Njj 30 GeV of the Higgs boson mass v
A .| 1.3X2, where A, is the sccond cigenvalue of the
planarity | moméntum tensor [42] built with all jets v v v
. Sum of the pr divided by sum of the E for all jets and
Centrality | both leptons v -
H2jou Third Fox-Wolfram moment computed using all jots - v -
Fifth Fox-Wolfram moment computed using all jets
Him and leptons - - v
Variables from reconstruction BDT output
BDT output ' 'a =
my Higgs boson mass v v
Angpip Minimum Ay between the Higgs boson and a lepton vt v -
Angye Maximum Az between the Higgs boson and a lepton v v -
Agin Minimum A between the Liggs boson and a b-jet v - -
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Classification BDT details dilepton lepton

Variable ‘ Definition
General kinematic variables
ARTE Average AR lor all b-lagged jel pairs % % 7
max AR between the two b-tagged jets with the
ARp™ largest vector sum pr v - -
Ao Maximum Ay between any two jets v v
Mass of the combination of the two b-lagged
min AR 2
miy jets with the smallest v v
i AR Mass of the combination of any two jets with
mj the smallest AR - - v
i pr Mass of the combination of a b-tagged jet and
m RE R ; oo & - v -
bj any jet with the largest vector sum pr
A pr of the fifth leading jet v v v
Higgs 50 Number of b-jetpairs with invariant mass within
N 30 GeV of the Higgs boson mass v - v
N Number of jets with pr > 40GeV - v
Hpad Scalar sum of jet pr - v v
Apmin Ak | AT between the lepton and the combination
bl of the two b-tagged jets with the smallest AR - - v
) 1.5, where Ay is the second eigenvalue of the
Aplanarity | yomeéntum tensor [42] built with all jets v v v
. Scalar sum of the pr divided by sum of the E for
Centrality | 21 jets and the lepton v v v
Secoud Fox-Wolfram moment computed using
H1 all jets and the lepton v v v
Variables from reconstruction BDT output
BDT oulput 7 'S 'S
my Higgs boson mass v v v
Mip,, ., | Mass of Higgs boson and b-jet from leptonic top v - -
ARigiges bb | AR between bjets from the Higgs boson v v v
ARy AR between Higgs boson and #f system vt v v
ARy jep top | AR between Higgs boson and leptonic top v
ARip,s o | AR between Higgs boson and b-jet from hadronic top v* V'
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