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The Standard Model of Particle Physics
« The Large Hadron Collider and the ATLAS detector

Physics results: coupling of the top quark to Higgs boson

« Perspectives ”

ATLAS 4 «

EXPERIMENT

Run: 303079
Event: 197351611
2016-07-01 05:01:26 CEST
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The Standard Model of Particle Physics

Elementary particles cannot be broken down
Truly point like particles
* the basic constituents of matter (three families)
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Not to scale
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cannot be found isolated in nature,
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The Standard Model of Particle Physics

Elementary particles cannot be broken down
Truly point like particles

* the basic constituents of matter (three families)

* the force carriers of the fundamental interactions

\ . Three generatlons
y, ¢ of matter (fermlons)
/
Gluons (8) % 1| \
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Quarks charge -| 24 2/
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Solar systems q:mdQ :z:"; Baryons Nuclei name - up charm
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And the newly found
Four forces govern our life Higgs to give us mass!
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What is the origin of particle masses ?

In the Standard Model, elementary particles acquire :gs [
mass via their interaction with the Higgs field. > 10°F t
10'fF b
. . . L
Is there a specific particle that sticks out? € 10t »
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Volume of sphere proportional to particle mass
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Top quark is special

4 -
In the Standard Model, elementary particles acquire :gs [
mass via their interaction with the Higgs field. 2100 @
O w'F  »
8100 S °
Is there a specific particle that sticks out? E 10'f n
* Myp (~172 GeV) > My (<125 GeV) 10°r ¢
* my,,: fundamental parameter H 1071 e
* Myggs ~ Weak scale -
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Volume of sphere proportional to particle mass
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Top quarks
are crucial to pin down the Standard Model nature of the Higgs
can play an important role in the observations related to the electroweak symmetry breaking
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The Standard Model does not explain the complete picture

« Despite the SM success, several questions remain unanswered

» the nature of dark matter and dark energy 5% VW

» the hierarchy problem: Higgs boson mass (~weak scale)
much lighter than the Planck mass

x why only three families of elementary particles ?

» the non-zero neutrino masses

» the matter/antimatter imbalance in the Universe

» gravitation is missing in such theoretical scheme, ...

25% Dark Matter

Extensive search for possible SM extensions,
but not signs of New Physics yet

Searches for New Physics

d ~

Direct test of specific models Precision SM measurements
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The Large Hadron Collider: factory of top quarks and more

Inelastic proton-proton reactions 10°/s
bb pairs 5 106 /s
t{t pairs 8 /s
W >ev 150 /s
Z >ee 15 /s
Higgs 05 /s
Gluino, Squarks (1 TeV) 0.03 /s

20/12/18

Run-l phase (2010-2012)
\s =7 TeV, L~5 fb™
Vs = 8 TeV, L~21 b

Run-ll phase (201 5-201 8)
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Only 4% of data collected so far at the LHC

LHC HL-LHC
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Reaching tt+X tiny signals

tt+X(W,Z,H) ~18-30 events/h
Very complex analysis with several final state objects.

Event Rate
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Top quark couplings

Top quark couples to other SM fields through its gauge and Yukawa interactions.
t->Wb coupling measured already at the Tevatron.

High statistics at the LHC: ft + massive bosons (Z, W and H) becomes available
- Observation of these processes reported at the LHC for the first time!!
Flagships measurements but very challenging, both experimental & theoretical side

W helicity, R=B(t=>Wb)/B(t>W7q),
single top, top decay CP violation and different single top
(Wb vertex) quark measurements

\'A%

t- to Z tEr L
Top charge 2 t+Z Top weak isospin

Differential cross-sections
(spin correlations,
charge asymmetry)

1[s):1+ P4 coupling, how to measure it?
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Top quark couplings

Flavour changing charged current ... and neutral current
= Witb

A m}——{»{

Flavour conserving neutral current ’ tZq

T e o
> {7t ® 1yq L
'—’—g ¢

¢ g X vl

> tyt h t—v—/ 5 - q

> tHt £, T
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Decay of the top quark and of the Higgs boson

ﬁ g g H—bb 58%
w* y/ 4 v 3 H—-WW* 22%

t>Wb ~100% L - S
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Full detector shining

Run Number: 160958, Event Number: 9038972
Date: 2010-08-08 12:01:12 CEST Jets (quarks, gluons

. calorimeter cluster

Muon Y SO .
. calibration is essential

. inner tracker+muon chamber

b-jets (b-quarks)

. jet with tracks from a
secondary vertex

I Electron
P . (isolated) calorimeter energy
. matched to a track

Neutrinos | Also hadronic taus
. from momentum conservation
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Several challenges...

Trigger challenge

How to select ~1500 out of 20M events per second while keeping the interesting
(including unknown) physics

Computing challenge

How to reconstruct, store and distribute ~1500 increasingly complex events per
second (~50 PB per experiment per year - now >300PB) [size: ~1MB/event]

Analysis challenge

Maintain high (and as much as possible stable) reconstruction and identification
efficiency for physics objects (e, y, T, jets, E{Mss, b-jets) up to the highest pile-up
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And also physics modelling uncertainties

Monte Carlo generators used at LHC include multi-leg or fixed NLO+PS predictions.

Theoretical modelling uncertainties are typically important/dominant.

40 Ll Proton PDF
Q { 0/ / "Wl Hard process
7~ ~ \(\| /'- ) }11 -+ ‘ 'Jf'.
¢ DS p ) _J Resonance decays

W Hadronization

Hadron decays

Strategies to reach the ultimate precision:

> Experimental side: measurements that allow constraining these uncertainties from data
- differential measurements, ratios, etc.
- provide results at particle level in a fiducial region experimentally accessible
> allow to improve MC tuning

- Theoretical side: provide higher order calculations (NNLO corrections)

“J Parton shower, MPI
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Challenging backgrounds

Categorization by Higgs boson decay:

ttH(bb) ttH multi-leptons ttH(yy) ttH(ZZ*—4])
Low S/B (need MVAs) Clear peak (bump hunt)

High Higgs Branching Ratios Low Higgs Branching Ratios

tt+H(H->bb) vs. tt+ets(bb)

tt+H(H> WW,TT,22) vs. tt+W/Z I

tt+H(H->vyy) vs. tt+y(y)
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Evidence reported one year ago (2015+2016 dataset)

Categorization by Higgs boson decay:

ttH(bb) ttH multi-leptons ttH(yy) ttH(ZZ*—4])
Low S/B (need MVAs) Clear peak (bump hunt)

High Higgs Branching Ratios Low Higgs Branching Ratios

/rtfH(Habb) vs. tt+jets(bb)
B Phys. Rev. D 97 (2018) 072016

tt+H(H->WW,tT,Z2) vs. tt+W/Z | Evidence of tt+H process

Phys. Rev. D 97 (2018) 072003 4.20 (3.80 exp) [36 b1 @13 TeV]

ZZ—4l: JHEP 03 (2018) 095
Phys. Rev. D 97 (2018) 072003

tt+H(H->vyy) vs. tt+y(y)

@/s. Rev. D 98 (2018) 052005/
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And with more data... observation of tf+H process!

Categorization by Higgs boson decay:

ttH(bb) ttH multi-leptons ttH(yy) ttH(ZZ*—4])
Low S/B (need MVAs) Clear peak (bump hunt)

High Higgs Branching Ratios Low Higgs Branching Ratios

/rtfH(Habb) vs. tt+jets(bb)
H Phys. Rev. D 97 (2018) 072016

tt+H(H->WW,tT,Z2) vs. tt+W/Z | Evidence of tt+H process

Phys. Rev. D 97 (2018) 072003 4.20 (3.80 exp) [36 b1 @13 TeV]
ZZ—4l: Physics Letters B784 (2018)

New!
@80fb-!

\z;tiH(He YY) VS. tt+v(y) Observation of tt+H process
: J

ysics Letters B784 (‘/@';:"f‘t',’_,
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tt+H (bb)

* Fermion-only production and decay
b | * Higgs boson reconstruction possible, but challenging due to

__Ii_< multiple b-quarks and additional radiation in the final state @ =
b

* Irreducible tt+bb background: large theoretical uncertainty—

"
_ '
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tt+H (bb): irreducible tt+bb background

* Fermion-only production and decay
b | * Higgs boson reconstruction possible, but challenging due to

__|i__< multiple b-quarks and additional radiation in the final state (¢
b

* Irreducible tt+bb background: large theoretical uncertainty Vo
L

_ D'
i |
Biggest challenge: good and precise modelling of the ft+HF (21b, 21¢) background

b
g t

b

Nominal tt+jets sample (Powheg+Pythia8): 5-flavour scheme (m,=0)
Relative contribution of tt+=1b subcomponents scaled to tt+bb NLO
predictions by Sherpa+OpenlLoops (4-flavour scheme, m,!=0)
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tt+H (bb): divide and conquer

* Fermion-only production and decay
b | * Higgs boson reconstruction possible, but challenging due to

__Ii__< multiple b-quarks and additional radiation in the final state @
H | e lrreducible tt+bb background has large theory uncertainty S

"
_ "
t
Analysis strategy
Categorization
1€ & 20 (e,u)
# of jets

b-tag score of jets (4 working points)

1

S | amassmuaton | | || o _ _
€ [ (5=13TeV,f i Several categories with very different fractions of
[ T el backgrounds tt+light, tt+21c, tt+21b and tt+H signal
R ] + Boosted category (1 top quark & H->bb in two large-cone jets)
b 1 10 CRs
o°g Ra— 1114 9 SRs

jet pT>20 GeV, nl<2.5

0805 204 02 0 02 0.4 06 08 1
MV2c10 BDT output distribution
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tt+H (bb): divide and conquer

2 leptons 1 lepton <

Resolved regime Resolved regime Boosted regime

>3 jets, 22 medium b-jets 25 jets, 22 very-tight boosted Higgs p>200 GeV
or 23 medium b-jets (2 loose b-jets),
boosted top p;>250 GeV

(1 loose b-jet + 21 non-tagged jet)
+ loose b-tagged jet

»
—P>

After this preselection, further categorize events
-> control (background-enriched) and signal regions

(1%, 27d) jet  Single Lepton, > 6 j

02 ) . . ..
| briveging b-tagging discriminant

@3.3) none loose medium tight very-tight

- 85% 77% 70% 60%

.3) 1 2 3 4 5

(5. 3) CRi711ight

(4.4)

CR+p = = CRi7y>1c
(5' 4) \
5.5) . SRs SR,

(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) (3, 4th) jet

b-tagging
Bsrs [ Jtt+light [ Jti+=1c [tf+=1b

discriminant
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tt+H (bb): several control and signal regions

10 CRs with different compositions ATLAS Preliminary [t + light [+ =1c [+ =1b
9 SRs fs=13TeV MiE+V [INond

3 dilepton (=4 jets),
6 single lepton (=5 jets, =6 jets, boosted)

J:_nﬂs Preliminary [t + light []f+ =1c [l +=1b
5=13TeV
fT+V Non-it
l [

CRifse1h
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tt+H (bb): very sophisticated analysis

2 leptons 1 lepton < )
Resolved regime Resolved regime Boosted regime

ATLAS  Simuator Pro minmry
1376V, 13200

1§ =13
Diepion

D _ Events are categorised according to # of jets & # of b-tagged jets
S ttH reconstruction
Generic variables & ttH variables
MVA classifier & MEM classifier : iy
" oo
Perform a i B S0 g
likelihood fit Extract a signal
Data, bkg. MC, strength
Signal MC MttH

"1 -08 -06 -04 -02 0 02 04 06 08 1
Classification BDT output
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tt+H (bb): cascade of MVAs

* Fermion-only production and decay
b | * Higgs boson reconstruction possible, but challenging due to
multiple b-quarks and additional radiation in the final state @

* Irreducible tt+bb background has large theory uncertainty

UL
'

e
'

Analysis strategy - cascade of MVAs

Categorization Intermediate BDT (in SRs) Final BDT
1€ & 20 (e,u)
# of jets Reco BDT, matrix element & BDT: ttH vs. bkg
b-tag score of jets (4 working points) likelihood discriminants (1¢)_ .
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv 2 s Jata :
§ T 3 0 aTLas eData ~ WtH 2 450'%T:?3Tev, ge.1fpt  LIG+loht DI+ =to
% | ATLAS Simulation Q f5=13Tev, 361" Ll +lioht Dt +=1c $ 400} Single Lepton W=l WY
S I 5= 7 , > 400} Single Lepton mit+=o QM+V 1 SRS DOfontt 77 Total unc.
= \s=13TeV,tt tjets P = CJNon-tt 7 Total unc. 350F ttH (norm)
2 | N & SRy - {iH (norm) Post-Fit
S 1oL k o Post-Fit --- Pre-Fit Bkgd. 300¢
Lﬁ i -'~._ - - - llight-flavour [ets i 300} ]
rn T Y Wal T e D B 7SS
T, {1 10 CRs s00l L
o°g RS NP oy 9 SRs
100¢
-1 | 1ty 50
. e e ppEmm——— g O e
b B ) © 125f /
jet pT>20 GeV, nl<2.5 5\: 1 253 WWWWW o 1 %%We%fgfz@é/_g/}w e
P P PR T PUUR T PO Fd g om o e g 075
1 08 06 04 02 0 02 04 06 08 1 o  os ’ : ‘ : ‘ 300 = 08 =08 -06 04 02 0 02 04 06 08 1

MV2c10 BDT output distribution

0

50

100

150

200 250 350
mE9% (reco BDT) [GeV]

Classification BDT output
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tt+H (bb): results

Signal extraction: Binned profile likelihood fit to all signal and control regions.
Normalization of {t+=1b and tt+=1c left free-floating in the fit.

_ NF(tt+=1b) = 1.24 = 0.10
Signal strength: p=cl/oyg,

ATLAS s =13 TeV, 36.1 fb”" NF(tt+=1¢c) =1.63 £ 0.23
— ot m,, = 125 GeV
stat.
tot (stat syst)
i +1.02 ; +0.54 +0.87 . .
wo combinag 1| F——¢—— 7924 T105 (%o oo Dominant systematics
- Modelling of tt+21b (+0.46)
i +0.65 ; +0.31 +0.57 - Limi isti +
o, S::r:)gr:‘i itg:it(f)irt‘) e 0.95 0850314057, Limited MC S’[at.IStICS (£0.30)
: - Jet flavour tagging (+0.16)
o 0D - Jet energy scale & resolution (+0.16)
Combined —eo— 0.84 "o (-0.29 -0.54
PENSN EPRESETE ST ST SRS ST SR SR

-1 0 1 2 3 4 5 6
Best fit u = o™/oflt}

R ) Systematically limited:
Significance: Requires improvements from both
1.4 o (expected 1.6 o) theoretical and experimental communities!
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tt+H (multi-leptons)

* Targeting: ZZ', WW" and tt decays combined with
leptonic tt decays - distinct multi-lepton signatures® @

* Higgs reconstruction is difficult 0 HtH(ZZ4£) events

within H—ZZ—4¥f

20/12/18 Maria Moreno Llacer — BNL Leona Woods lectureship: seminar 28



tt+H (multi-leptons): categorization & MVAs

* Targeting: ZZ', WW" and tt decays combined with
leptonic tt decays - distinct multi-lepton signatures™ @

- Higgs reconstruction is difficult ,, “tHH(ZZ—4£) events
within H—ZZ—4¢

'

100
90
80 . H — other
70
60
50
40
30
20

1 2 3 4
Number of light leptons 1 0

Categorization

N

Number of Thaa
Signal Fraction [%)]

-

3/* % 7/4 2

9/ 2. Ase <o
n"/Che delo/ S I S hag hag

Asg I SR U2,
Cleg "aq had
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tt+H (multi-leptons): categorization & MVAs

* Targeting: ZZ', WW" and tt decays combined with
W / Z/ T| leptonic tt decays - distinct multi-lepton signatures* @

W/Z/T * Higgs reconstruction is difficult 8 HH(ZZ40) events
within H—ZZ—4¢f

B g mis-id [JiTW

ATLAS oz [ Diboson Main backg rounds

Vs =13 TeV M Fake 7, [ Non-prompt

Dt - Very different background composition
2¢SS 37 SR 4¢ Z-enr. 47 Z-dep.
f 9 @ @‘ tt+W tt+Z7 Y4"4 NonPrompt

dedicated control regions ., inly from tt

for constraining (semileptonic b-decay,
SIGNAL REGIONS irreducible backgrounas v conversions),
26SS +1Thn 2£0S+1Ts 36+ 1Thag 164 2ag estimated from data

3¢ i CR

C o<
=

5
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tt+H (multi-leptons): categorization & MVAs

* Targeting: ZZ', WW" and tt decays combined with
W / Z/ T| leptonic tt decays - distinct multi-lepton signatures* @

W/Z/T * Higgs reconstruction is difficult 8 HH(ZZ40) events
within H—ZZ—4¢f

Main backgrounds
- Very different background composition

tt+W tt+Z 4% NonPrompt
dedicated control regions ,
. mainly from tt
Semileptonic Photon Fake light leptons for constrainin . :
b-decay conversions & fake taus g (semileptonic b-decay,

irreducible backgrounds vy conversions),

b fake ¢+ b fake 7+ estimated from data

b~ prompt 7+ b~ . prompt 7+ b~ prompt 7+

strongly reduced with PLI  50% of the “fakes” in 3¢! 70% from ttin 26SS+1T
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tt+H (multi-leptons): categorization & MVAs

* Targeting: ZZ', WW" and tt decays combined with
leptonic tt decays - distinct multi-lepton signatures™ @

- Higgs reconstruction is difficult ,,

| ttH(ZZ—4¢) events

within H—ZZ—4¥f

Main backgrounds
- Very different background composition

i
2 t+W tt+Z 4% NonPrompt
“ dedicated gqntrol regions o ly from tt
1 for constraining (semileptonic b-decay,
irreducible backgrounds y conversions),
0 estimated from data

Number of light leptons

Object level discrimination:
Isolation BDT to reduce non-prompt background, Charge misID BDT
- lepton and overlapping track jets properties

- lepton track/calorimeter isolation variables o
Factor O(20) rejection

for leptons from b-hadrons
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tt+H (multi-leptons): categorization & MVAs

* Targeting: ZZ', WW" and tt decays combined with
leptonic tt decays - distinct multi-lepton signatures™ @

- Higgs reconstruction is difficult ,,

| ttH(ZZ—4¢) events

within H—ZZ—4¥f

Main backgrounds
- Very different background composition

i
2 t+W tt+Z 4% NonPrompt
“ dedicated gqntrol regions o ly from tt
1 for constraining (semileptonic b-decay,
irreducible backgrounds y conversions),
0 estimated from data

Number of light leptons

Object level discrimination:
Isolation BDT to reduce non-prompt background, Charge misID BDT

- lepton and overlapping track jets properties
- lepton track/calorimeter isolation variables

Event level discrimination
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tt+H (multi-leptons): categorization & MVAs

2(SS 3¢ 4¢ 1642Thaa  20SS+1Thag  200S+11haq 30+ 1 Thad
BDT trained against | Fakes and 1tV tt, ttW,ttZ, VV ttZ /- 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 - - - - -
B R LA AR RN RARA RN AR RARRS AR RRRRS
8 F s ® Data W tH 5
2 T \/Aérifs TeV, 36.1 16" Hlbibocon  manon-prompt | § 10 ATL;IAS I I I I * Data I I- fiH I
'-g 104__|||||||‘|||‘|\|||||||||‘|\||\\7||||||||__ L%) 30:_3st' DOther_ %Uncenaimy_: ?Q r p ‘:lt?w |:|ﬁZ
. £ ATLAS ¢ Data WiiH E F Post-Fit --- Pre-Fit Bkgd. 1 0tk S = 13.’ TeV, 36.1 fb [ Diboson [ Non-prompt
£ © s =13TeV, 36.1 o' [1tIW Mz ] BF E Post-Fit I g mis-id [ Other
2 [ 2/8S [ Diboson  [MNon-prompt | a0k E B Fake 7, 7/, Uncertainty
| PostFit Womisid  [JOther . (04 --- Pre-Fit Bkgd.
10 3 7/ Uncertainty --- Pre-Fit Bkgd. J 151 =
L » ‘/:
102 3
E 1.25 — * ) —
T 075 3
§ ° 0'50: 01 02 03 04 05 06 07 08 09 71
C BDT output | | | |
i 1 5 s T obm midn ] B
i 17||IIIII‘III‘I\IIIIIIIIIEIII!III!III!III7 E 35‘_1*_13TV361fb,||:|ﬁW Eltfz __ nh- /*/ .
B sk 1§ Fesan S Bowewd 5] S cacac il e i i s
"l\“ 1 iy//yf////yf///@////%///#///ﬁ/%//*/ 545555 ///% 302— Post-Fit -Ef:i.:"é"kgd/// Uncertainly—; g 0.7.5 3 | | | | | | | | | |
® 075 3 - A
2 05 B ‘ ‘ , : ‘ , + . 3 255 / “ss *sg et g;/[}cf I/Vgglfcﬁefssﬂij*lr”:/Z\fo?\de;éeﬁajfos*7’/;
-1 -08 -06 04 02 0 02 04 06 08 1 200 e @ aa
BDT output 15 _
10F
5f
. OF
0:1 -0.8 -06 -04 -02 0 02 04 06 038 -1

BDT output
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tt+H (multi-leptons): background validation

2¢ SS “Low N;.;” region 3¢+0T
2 <Njgs =3, ttw CR
Nb-jets =1
% El T TT I T TT I T TT | T TTT I T TT I T TT | T T l_l I T TT IE -se 50_ | | I | | _l ]
0] - ATLAS ¢ Data W itH 18 - ATLAS ¢ Data WiH
= - Vs=13TeV, 36.1 fo' EdNon-prompt  Mgmisid 1 I 45F 5_13Tev, 36.1 fb! LIHIW Mtz
E 2 < Njets < 3VR D”‘W Citz 403_ 37 ttW CR [ Non-prompt [ ]Other 3
S 10°E efut, ptet /.leoson. [_]Other = " Pre-Fit 7/ Uncertainty .
AT = Pre-Fit 7 Uncertainty 3 350 =
I | 30— =
10° E 25f_ _f
- 20EL =
) 15F =
10 - .
e 10 E
A - .
- — D / -
gy — @ = ]
) 1 | | [ | L1l ) O | I e I
o) o C . ]
© 125 © 125 F / /'
o a 2
R //*/// % %/ ////// / / S WM N 7
W 0.75 © 075 F %
a O - 3
0.5 0.5 : : : :
20 30 4 100 2 3 4 5 6 v >8
PT (|1) [GeV] Number of jets
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tt+H (multi-leptons): results

Signal extraction: Binned profile likelihood fit to all signal and control regions.

Signal strength: y=o/oqm

. . . . . . . . Channel Significance
—Tot.  --Stat. Tot. (Stat., Syst.) 200S+11h44 0.90 0.50
2£08S + 11y SO 1.7 30 (2,59 1642 Thag ) 0.60

14 + 2T g | bk - @ -l 0.6 7% (as, ) ", 0.8
4| bed 0.5 %5 (%95 “03) ) e
3¢ + 1Thag bofona 1.6 75 (17, 703) 30+ 1 hag 1.30 0.90
2/SS + 1Thag po-oeed 3.5 07 (N2 107 20SS+1Thag 3 4o 110

o 1.8 109 (+06 406 a ) '

37 *H 8 57 (Zoes 05) 37 24 15
i — A 15 55 (22, 5 - o
combined | -  [ped | .1 .6 ji ngs fgg) 2(SS 270 1.90

-2 0 2 4 6 8 10 12 .
Best-fitu__ for m, =125 GeV Combined 410 2380
Significance:

4.1 o (expected 2.8 o)
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tt+H (multi-leptons): results

Signal extraction: Binned profile likelihood fit to all signal and control regions.

Signal strength: y=o/oqm

ATLAS (s=13 TeV, 36.1 10" Dominant systematics
fot (St Svet tt+H theory cross-section unc. (+0.20,-0.10)
fot. St o (SEL.SSI T jet energy scale/resolution (+0.17)
2708 + 174 PR B SRR 1.7 59 (L5, 5471)
P 06718 (1 ) Non-prompt e/u (+0.14)
had s 08 8 large contribution from limited CR stat.
LA 0.5 ;5 (S0 Z03)
3¢ + 1Thag bof@a 1.6 75 (4, 199)
2088 + 1Thag po-oeed 3.5 07 (N2 107
3¢ oM 1.8 313 (o8, 02
2rss| ] O 15 g5 ((04: Tos)
combined | : ll'O'l'I . .1 6 ji ngs tg:;)
=2 0 2 4 6 8 10 12
Best-fitu _ for m =125 GeV . o
ttH Systematic ~ statistical unc.
Significance: New data will improve the precision on
4.1 o (expected 2.8 o) channels that are still statistically limited and

help constraining tt+Z & tt+W background
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tt+H (multi-leptons): results

Signal extraction: Binned profile likelihood fit to all signal and control regions.

Signal strength: y=o/oqm

ATLAS Vs=13 TeV, 36.1 fb"
—Tot. - Stat. Tot. (Stat., Syst.) « Compatibility (7 chan.) = 34%
2£08 + 1Thag T P 1.7 21 (118, 14 - Alternative fit:
1 + 2raq | bt @21 -0.6 72 (3. 1) ftZ and ftW normalisation free-floating
40| Eoe -0.5 05 (Y5, 19%) very similar result,
3¢ + 1Thag boof @t 1.6 75 (73, 702) 15% loss in sensitivity
2688 + 1Tha voed 3577 (3, 107)
3¢ oM 1.8 0% (155, 709
ws| . gen s (3125
combined | -  |ped | .1 .6 ji (i?,g, J_rg:gl)
2 0 2 4 6 8 10 12

Best-fit e for m =125 GeV

Significance:
4.1 o (expected 2.8 o)
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I A
[+ "
v * Small rate ™
H _~ » Higgs boson can be reconstructed as a “narrow” peak,
- Y side-bands can be used to estimate the background.
g _
L b

Analysis strategy (new!)

- Categorization based on tt decay: leptonic (=1#) and hadronic (0f)

- Further categorization based on XGBoost BDT discriminant value: 4 hadronic and
(events w/ low BDT scores rejected) 3 leptonic categories

New!

i 2] 1:""[""|""""I""I""[""I""l""l!'@aofb.|

§ 0.9E ATLAS - Data Sideband | -

W gE Vs=13TeV,79.8 " Dt’;z"'fﬂ Higgs
Input variables to XGBoost BDT: S ogb | Eregon -
photons 4-vectors (p/m,,), jets, S oeb | - : Kept
E;™ss (both cat), T oosE e rejected.
lepton(s) (lep cat), 045 |out
b-tag (had cat) gz; , ot '
Training tt+H (from simulation) vs. main backgrounds: °T :-‘.7-:r - o

........ PRI I T S i T T |

vy, tt+yy (from data CRs), other H (from simulation)

0 0102030405060708091

BDT Output

20/12/18
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I. ]
v + Small rate >
» Higgs boson can be reconstructed as a “narrow” peak,
Y side-bands can be used to estimate the background.
LY t.

Analysis strategy (new!)
- Categorization based on tt decay: leptonic (=1#) and hadronic (0f)
- Further categorization based on XGBoost BDT discriminant value: 4 hadronic and

(events w/ low BDT scores rejected) 3 leptonic categories
@ T T T T T New!
5 '°F amas + Data @80fb-!
L Vs=13 TeV, 79.8 b = tl\:gn(-lti:ljlfl)iggs
. I Cont. Bkg.
Input variables to XGBoost BDT: .
Had categories Lep categories

photons 4-vectors (pr/m,,), jets,
E Miss (both cat),

lepton(s) (lep cat),

b-tag (had cat)

20F =

—tH (u=1.4)
10 4 =
0 1 1 1 1 1

T

Training tt+H (from simulation) vs. main backgrounds:
vy, tt+yy (from data CRs), other H (from simulation)

Data - Bkg.

Had 4 Had 3 Had 2 Had 1 Lep 3 Lep 2 Lep 1
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tt+H (yy): results

Background estimation and signal extraction

performed by simultaneous unbinned fit of m,, spectra (105-160 GeV) in all 7 categories:
 Higgs signal parametrization: double-sided Crystal Ball function
» Continuous background parametrization: smooth function (power-law or exponential)

10

Sy

> T New!
& 35E 4 Data ATLAS s
0 303_ """"""" Continuum Background s = 13 TeV, 79.8 fb B
N - - Total Background m, = 125.09 GeV . . T
E) 25 — Signal + Background All categories _: Dor_n"_"ant uncertalntles
53 E In(1+S/B) weighted sum . Stat|St|Ca| (~29%)
= 20p 7 tt+H parton shower model (8%)
"g 151 1  photon isolation, energy resolution & scale (8%)
@ 10F 3 jetenergy scale & resolution (6%)
2 E

] ,
S bt o, ¥
0 120 130 140 150 160
m,, [GeV]
Significance:

4.1 o (expected 3.7 o)
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tt+H (ZZ*->4l)

» Extremely low rate ~
» Very clean final state with high S/B

wld4r — :|
[ L [ ] ata
5 [ ATLAS 1 A
W 1.20H 72" >4 g gorion @80fb-!
C 13 TeV, 79.8 fo'! VBF ]
i W VH ]
1 — 115<m,, <130 Gev - 77 -
tt+V, VV_V ]
- Bl Z+jets, tt ]
I 0.8 ¢ 74 Uncertainty |
Analysis strategy (new!) : :
0.6 .
[Based on tt deca)] 0.4 E

A 0.2

E—lad ronia Leptoni:] |
I 0

Based on BDT output Simultaneous fit to all regions > no events observed
input vars: production and decay kinematics

including matrix element discriminant (tt H vs. ttV) EXp significance' expected 1.2 Pol

A}

Eight (Had Iﬂ &oose (Had Zﬂ Very statistically limited

Had 2 Had 1 Lep
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tt+H (vy & ZZ*->4l)

» Extremely low rate ~ New!
- \ery clean final state with high S/B A&
Expected Observed

Bin ttH (signal) Non-ttH Higgs  Non-Higgs Total Total

H — vy
Had 1 | 4.2(11) 0.49(33) 1.76(55)  6.4(13) 10
Had 2 | 3.41(74) 0.69(56) 7.5(11) 11.6(15) 14
Had 3 | 4.70(88) 2.0(17) 32.9(22)  39.6(32) 47
Had 4 | 3.00(55) 3.2(31) 55.0(28)  61.3(47) 67
Lep 1 | 4.5(10) 0.25(9) 2.19(59)  6.9(12) 7
Lep 2 | 2.23(39) 0.27(10) 459(91)  7.1(10) 7
Lep 3 | 0.82(18) 0.30(13) 458(91)  5.70(S8) 5
H—Z7" - 4

Had 1| 0.169(31)  0.021(7) 0.008(8)  0.198(33) 0
Had 2 | 0.216(32)  0.20(9) 0.22(12)  0.63(16) 0
Lep | 0.212(31)  0.0256(23) 0.015(13)  0.253(34) 0
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{t+H combination

| | | | | | | | | | | | | | | | | | | | | | | | | | |
ATLAS e Total | | Stat. [ Syst. — SM Significance
Vs=13TeV, 36.1-79.8fb" Obs. Exp.
Total Stat. Syst.
ftH (bb) @ 079+ 08 (+ 92 .o53)| 1.60 140
ttH (multilepton) He=—1 156+ 02 (£ 90 .00y 410 280
ftH (yy) 139+ 248 (£ 02 L, 08y 1 410 380
New!
@80fb-!
ttH (2Z) fe <1.77 at 68% CL Oc 120
| | | | | | | | | | | | | | | | | | | | | | | | | | |
—1 0 1 2 3 4
SM
Oy Oy
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{t+H combination

ATLAS e Total | | Stat. [ Syst. — SM Significance
Vs=13TeV, 36.1 - 79.8 fb” Obs. Exp.
Total Stat. Syst.

ttH (bb) @ 079= 3% (= 0% ,x053)| 1.60 140

ttH (multilepton) He=——r 156+ 02 (£ 90 .00y 410 280
ftH (vy) 139+ 248 (£ 02 L, 08y 1 410 380
A (22) fe <1.77 at 68% CL Oc 120
Combined H—— 1.32= 022 (+0.18,= 2 )| 580 490

| | | | | | | | | | | | | | | | | | | | | | | | | | | 1

-1 0) 1 2 3 4
SM
4/ Ot With Run 1:

6.3 510

20/12/18 Maria Moreno Llacer — BNL Leona Woods lectureship: seminar 45



ttH cross-section measurement and top-Yukawa coupling

o (13TeV) = 670 + 90(stat) 150 (sys)fb Kt — 1,()3J_r8-}%
GttHNZOo/O Kt~1 OO/O
5‘ 1: LN N N N I B B L B B L ] E>|> B ATLAS Prellmlnary ' i _|
,'% 0.9F ATLAS = % 1E" Vs=13Tev,36.1-79.8 fb" 7 #7E
L - . ] 0 - m,=125.09GeV,ly, | <25 LA R
T 0.8 BEE Theory (NLO QCD + NLO EW) = El: 10_1;_ __________ SM Higgs boson w 1 3
% 073_ iSH CI)omblned data _f § § O(I)
~—" C Y ] - ""‘.' | -~
5 0.65 £ 102 e ER
- ] — T . L
- ] 10° = O
0.4 = S 3 L,)
- . - 1 9D
03:_ _: L—i 10 é_ :} T ! E é
- ] v 13 -]
0'25_ (5=13TeV,36.1-79.8 10" ] 5 ‘121: E <
0.1 fs= 8TeV,20.3 fb" - v S } __________________________ # +_
0E —’ | | | | E 0.9 .
6 8 10 12 14 16 ool |
107 1 10 10°
\/g [TeV] Particle mass [GeV]
Dominant tt+heavy flavour modelling (10%) o
systematics {t+H modelling (6%) Very similar CMS results...

Non-prompt leptons (5%)
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Imagine ttH is measured to be different from SM...

Who is the responsible ?

g

0.09

Eur. Phys. J. C (2017) 77: 887

BSM SM
Ono - 10nLo

— ZH
— WH
— ttH

— ggF
— VBF

— tHj

-10 -5 j 5 0 K3

0.08 | O(ko) — _ _
L ooy o i { The power of differential measurements:
2 o005} 13 TeV LHC o o ] .
3 004} Variations in Higgs-self coupling ()\;) will
— 0.08 f . .
0.02 | affect the shape of kinematic,
35[; ' _ e.g. low pt(H) region would be highly
50| Differential { affected while it is not deformed in the tail...
< 40 \HHH& _
S 30} ; :
S ol \ New Physics effects?
1.0 F g
0.0 1 l l 1 NEXT . .
0 100 200 300 400 500 STOP : differential measurements
) pr(H) [GeV]
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... heed to explore ttH differential regime ...

CMS Phase-2 Simulation Preliminary

3ab’ (14 TeV)

_l 6 I 1 1 ML 1 I 1 ' I 1 I 1 I I 1 1 1 | I 1 1 I | 1 1 1 I
. ’ . s -1 - -
< CMS Phase-2 Simulation Preliminary 3ab’ (14 TeV) c . w/ YR18 syst. uncert. .
< - _

@ —#4— Stat + exp. syst. + ggH+VH theo. uncert. 5l— _
g 1072 | Hadronic categories only C}I S T Stat. uncert. only —
~ | Leptonic categories only : ] ] ]
=~ = (oI Expectation «, = 10 B Hadronic categories only i
E -------- Expectation k, = -5 4 - ]
= #tH+tH theo. uncert. L 95% CL Leptonic categories only

= L

? L
- : 3—

s I : -

x 10°— ey | ﬂ """"" - ]
L - — ! (p!'>350 GeV)/150 GeV ol _
=2 [ I 20-40% precision I ; B ]
kel - : L _

- IYHi <25 AR | | 1E ]
L Hosyy:pl > 20 GeV, bl <25 ; - 68% CL .
>=2 jets: p"T > 25 GeV, Injl <4, at least one b jet E : :
o s T aw = og———=% ; : 5 = 2
Pt (GeV) B B «
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and also further reduce uncertainties in top quark mass

Expectations for HL-LHC:
k<4% and m,,~0.2 GeV (0.1%)

- Qutstanding level of precision reached
and continue pushing the limit.
- Common effort with the TH/MC community.
- Only 4% of the data have been collected so far,
—> a vast potential for discoveries!

(?g E _ CMS | - Exciting program ahead with great opportunities.
E; 3t ‘ Preliminary Projection CMS 2018
c 2 5:- = mn JP, JHEP 12(2016)123 127 7 7
o =¥t - === g (tf), JHEP 08(2016) 029
2 A — sec. vix, PRD 93(2016)2006
g 2:_""""""% ----- single t, arXiv:1703.02530 126
o] . e l+jets, PRD 93(2016)2004
e 1.5 3
4 1) >
> - - - - i Y imimimim i v
5 o O 125
[ |.,. .............. ..f2 -~
IS C ' "\t‘ EI
0'5: \____ Tt ok S M =172.25 %+ 0.63 GeV
O: / My, =125.09 + 0.24 GeV
Runl 0.3ab’,14TeV 3ab’, 14 TeV / / / Metastable
123 L L L 1 1
0.920 0.925 0.930 0.935 0.940
; Yelu=172.2 GeV)
Fedor Bezrukov's talk . . . . .
. . 170 171 172 173 174
@ Higgs Couplings 2018 M., GeV (pole)
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THANKS FOR YOUR ATTENTION
MERRY CHRISTMAS
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BACK-UP
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Process Event generator ME order Parton Shower PDF Tune
ttH MG5_AMC NLO PyTHIA 8 NNPDF 3.0 NLO [71] Al4
(MG5_AMC) (NLO) (HErwic++)  (CT10 [72]) (UE-EE-5)
tHqb MG5_AMC LO PYTHIA 8 CT10 Al4
tHW MG5_aMC NLO HERWIG++ CT10 UE-EE-5
tHW MG5_AMC NLO PyTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
tH(Z/y* = 1) MG5_AMC NLO PYTHIA 8 NNPDF 3.0 NLO Al4
(SHERPA 2.1.1) (LO multileg) (SHERPA) (NNPDF 3.0 NLO) (SHERPA default)
tz MG5_aAMC LO PyTHIA 6 CTEQ6L1 Perugia2012
tWZz MG5_AMC NLO PYTHIA 8 NNPDF 2.3 LO Al4
ttt, tttt MG5_AMC LO PYTHIA 8 NNPDF 2.3 LO Al4
tHW W= MG5_AMC LO PYTHIA 8 NNPDF 2.3 LO Al4
tt PowHEG-BOX v2 [73] NLO PyTHIA 8 NNPDF 3.0 NLO Al14
tty MG5_AMC LO PyTHIA 8 NNPDF 2.3 LO Al4
s-, t-channel, PowHEG-BOX v1 [74,75,76] NLO PyTHIA 6 CT10 Perugia2012
Wt single top
VV(—= lIXX), SHERPA 2.1.1 MEPS NLO SHERPA CT10 SHERPA default
qqVV,VVV
Z — 17~ SHERPA 2.2.1 MEPS NLO SHERPA NNPDF 3.0 NLO SHERPA default
20/12/18 Maria Moreno Llacer — BNL Leona Woods lectureship: seminar 52



Systematic source

Description

tt categories

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

Up or down by 6%
Free-floating ## + >1¢ normalisation
Free-floating 7 + >1b normalisation

All, correlated
tr+>1c
tr+2>1b

SHERPASF vs. nominal
PS & hadronisation
ISR /FSR

Related to the choice of the NLO generator
PowHeG-Box+HErRwIG 7 vs. POWHEG-Box+PyTHia 8
Variations of pr, pg, hgamp and Al4 Var3c parameters

All, uncorrelated
All, uncorrelated
All, uncorrelated

tt + >1c ME vs. inclusive MGS5_aMC@NLO+Herwic++: ME prediction (3F) vs. incl. (5F) 7+ >1c¢
tf + >1b SHErPA4F vs. nominal ~ Comparison of 7 + bb NLO (4F) vs. PowneG-Box+Pythia 8 (SF) 7+ >1b
tt + >1b renorm. scale Up or down by a factor of two tt+2>1b
tf + >1b resumm. scale Vary uq from Ht/2 to pcvmps tt+2>1b
tt + >1b global scales Set puq, uRr» and pg to LeMMPS tt+2>1b
tt + >1b shower recoil scheme  Alternative model scheme tt+2>1b
tt + >1b PDF (MSTW) MSTW vs. CT10 tt+2>1b
tt + >1b PDF (NNPDF) NNPDEF vs. CT10 tt+2>1b
tt + >1b MPI Up or down by 50% tt+>1b
tt + >3b normalisation Up or down by 50% tt+2>1b

® Many sources of modelling uncertainty considered:

O Generator: Powheg+Pythia8 vs. Sherpa (5F)

O Parton shower: Powheg+Pythia8 vs. Powheg-+Herwig7

O 5F vs. 4F in Sherpa+OpenlLoops

O Scale variations in Sherpa+OpenlLoops
® All tt+jets modelling uncertainties uncorrelated between tt+>1b/>1c/light
® Scale variation uncertainties correlated across each tt+>1b sub-component
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Extraction of top quark pole mass from N%*, , M(tt),y(tt)]

CMS Preliminary 35.9 fb™ (13 TeV) CMS Preliminary 35.9 fb' (13 TeV)
R [N M(tt y(tt], dof = 23, data and PDF unc.| [N° M), y(tD)] N
: m, = Am, / GeV [, ] PDF | . mP*"® with total unc.
©-171.05 +- 0.70 [ 28] CT14
300/ 517112 +- 0.68 [ 34] MMHT2014 - — data unc.
~A-170.81 +- 0.68 [ 33] NNPDF31 | — PDF unc.
- 170.83 +- 0.66 [ 28] HERAPDF20 . —— punc.
- 5~ 170.95 +- 0.66 [ 21] ABMP16 . +0.001 unc.
200 B 170.38 +- 0.66 [ 23] JR14 .
~+4-171.17 + 0.67 [ 27] CJ15 | ABMP16 =
2 ] Am 0
1 good x?/dof; HERAPDF20 e~ 0.5%
100 B CT14 ==
] = i World average [PDG2018] .
] | 1 1 I | 1 1 1 I 1 1 1 1 1 1 1 1 I | 1 | 1 | 1 | 1 | I 1 1 1 1
0 170 175 165 170 175
pole [G eV] I,“{)ole [G eV]

@ used as from each PDF set (s = 0.118 in CT and HERAPDF, as = 0.119 in ABMP)

@ precise determination of mP®®is possible using these data
@ no significant dependence on PDF set
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@ followed standard approach: using HERA DIS data only, or HERA + tt data to demonstrate
added value from tt on PDF and as determination

@ settings follow HERAPDF2.0 fit (very similar to TOP-14-013), use xFitter-2.0.0
@ input data: combined HERA DIS [1506.06042] + tt (further details in BACKUP)

Data sets e = = CMS Prelimina 35.9 b (13 TeV)
Nominalfit_+New s () MU] | g o[ Soria] % R sea e s g vy Y B i

CMS tt 10/23 ° <400GeV <500GeV <1500GeV <400GeV <500'Gev <1500'Gev % Data, dof=23

HERA CCe p, E, = 920GeV | 55/42 55/42 E 0.15 - - - e - -

HERA CC e*p, E, = 920GeV | 38/39 39/39 T —NLO fit, =22

HERANC e p, Ep = 920GeV | 218/159 217/159 0.1 1 _

HERA NC e*p, E, = 920GeV | 438/377 448/377 oosl L’-‘ _ good fit!

HERA NC e*p, E, = 820GeV | 70/70 71/70 | ,

HERA NC e*p, E, = 575GeV | 220/254 222/254 \ 14— NN AU AR BN RN

HERANC e'p, Ep = 460GeV | 219/204 220/204 5 MALet S PO SN EPUE S A g

Correlated x> 82 90 gg ) ) . . o

Log-penalty x2 42 _7 T2 1 2 1 2 1 2 1 2 1 y%ﬁ)

Total x2/dof 1341/1130 1364 /1151

as(Mz) = 0.1135 £ 0.0016(fit) 7% 302 (mod) % 508 (par) 75, 0 (scale) = 0.11357% %L (total)

mP® = 170.5 + 0.7(fit) % ', (mod) =% (par) %5 (scale) GeV = 170.5 =+ 0.8(total) GeV

— two SM parameters are simultaneously determined from these data to high precision with only
weak correlation between them (p = 0.3) + constraints on PDFs (next slides)

https://indico.cern.ch/event/746611/contributions/3202851/attachments/1755641/

Simultaneous PDF+ag+top quark pole mass fit
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Top quark coupling to gluons and g->bb splitting: tt+bb

ATLAS = ‘ — l
lepton+jets ( = 3b) VE=13TeV, 36.1 fb-! .. [ 4
al n
lepton+jets (= 4b) | I ]
| |
i
1
I

- ata - tEX(X = H, V) =
eu(=3b)+ _.-% o ttStat. uncert. ; - .—I—
|| Total uncert. | |
Sherpa 2.2 tibb (4FS) &
[ | Powheg+Pythia8 ttbb (4FS) M [ |
eu(=4b) _..'-l PowHel+Pythia8 ttbb (5FS) M ..
[ | PowHel+Pythia8 tibb (4FS) W [ ]
101 162 163 104 0t5 1.0 -1:5
Oriq [fb] Pred./(Data - ttX)
Generator sample Process Matching Tune Use
PowHEG-Box v2 + PyTHIA 8.210 tt NLO POWHEG hgamp = 1.5m;  Al4 nom.
MADGRAPH5_aMCQNLO + PyTHIA 8.210 tt +V/H NLO MCQ@QNLO Al4 nom.
PowHEG-Box v2 + PyTHIA 8.210 RadLo tt NLO POWHEG hgqamp = 1.5m;  Ald4Var3cDown  syst.
PowHEG-Box v2 4 PyTHIA 8.210 RadHi tt NLO POWHEG hg,p,p, = 3.0m;  Al4Var3cUp syst.
PowHEG-Box v2 + HERWIG 7.01 tt NLO POWHEG hgamp = 1.5m;  H7UE syst.
SHERPA 2.2.1 tt tt +0,1 parton at NLO MEPs@QNLo SHERPA syst.
+2,3,4 partons at LO
MADGRAPH5_.aMCQNLO + PyTHIA 8.210 tt NLO MC@QNLO Al4 comp.
SHERPA 2.2.1 ttbb (4FS) B tt_bl_) NLO MCQ@NLO SHERPA comp.
PowHEG-Box v2 + PyTHIA 8.210 ttbb (4FS)  ttbb NLO POWHEG hgapmp = Hr/2  Al4d comp.
PowHEL + PyTHIA 8.210 (4FS) ttbb NLO POWHEG hgamp = Hr/2 Al4 comp.
PowHEL + PyTHIA 8.210 (5FS) ttbb NLO POWHEG hgamp = Hp/2 Al4 comp.
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Top quark coupling to gluons and g->bb splitting: tt+bb

40
35
30

Events / GeV

)]

Data/Pred.
o 00 Mo O

(&N

25}

20F
15}

- ATLAS » Data E
F Vs=13TeV, 36.11b" DEH =
C eu channel _ ]
C > 3b@77% post-fit v .
n 4 8 Single top -
B Z/y* +jets ]
C Diboson =
. 10 NP & fake lep. ]
Syst. 7
[} ]
——_ o
- T T T —— —
. -
E N A ¢« T 3
. 1 L

700 200 300 400 500

mayin [GeV]

MC

MC MC
Data-ttX Data-ttX Data-ttX

ttb
QCD
ttb

do

Qco
fib
Owp do

o

© 20 = 9
© oL o

- ATLAS
| Vs=13TeV, 36.1 b

E o Data- tIX (X = H,V)
Powheg+Pythia8

| == Powheg+Herwig7

e

L MG5_aMC@NLO+Pythia8

eu channel 1
> 3 b-jets

= Syst. 4
E [ Stat. —
B T . —— : T T —— ._
~— Powheg+Pythia8 --- Powheg+Pythia8 (RadLo) T
- — Powheg+Pythia8 tbb (4FS) -'- Powheg+Pythia8 (RadHi)
N L 1 1 " PR | 1 1 N L PR R T
- - Sherpa 2.2 ff -+~ PowHel+Pythia8 tfbb (4FS)
- i -
= = Sherpa 2.2 ttbb (4FS) — PowHel+Pythia8 ttbb (5FS) —
- — MG5_aMC@NLO+Pythia8 | N

20 3040

10 2x10° 10°
mamin [GeV]
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Top coupling to vector bosons: tt+Z/W

ttZ: directly sensitive to neutral current top coupling
ttW: charge asymmetric process, source of same-sign leptons,
—-> Both are backgrounds for new physics searches and ttH(ML) process

. g . Oobservation with
¢ ‘ LHC Run-1 8 TeV data

t

New 13 TeV results
w ATLAS-CONF-2018-047

q Z q
(¢ t g t g t )
Z
z ) I CSM _ 5CSM
“ || Direct access to top-Z 7OV = 1C57)
coupling in ft+Z FSR CoM = T? — 2Q,sin*(Ow)
L 4 ¢ 4 ¢ q ¢ ) CﬁM _ 73
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Top coupling to vector bosons: tt+Z/W

ttZ: directly sensitive to neutral current top coupling
ttW: charge asymmetric process, source of same-sign leptons,
—-> Both are backgrounds for new physics searches and ttH(ML) process

. g . Oobservation with
7 ‘ LHC Run-I 8 TeV data
t
f New 13 TeV results
q z q w ATLAS-CONF-2018-047
(& t g t g 7 )
g ‘ : CMS Proiminary 7741 (13 Tey
% | @ Dat; l -thI i
C | mwz [ Multiboson |
g t & t g ¢ g 601 =t;\z(“’ Etzmw)l(q -
. J ; | [ Nonprompt e/u. [ Total unc. i
"ac'; 2-3 jets, 1 b-tagged (BDT > 0.5)
. observation reported by @ [ :
- 40 . -
tZq: probes both {2 and WWZ coupling CMS two weeks ago i |

—

3 ‘[CIstat.unc. [_]Total unc. E
| B . +J_

0 50 100 150 200
p.(Z) (GeV)

Data/Pred.
o
(@] (.fl _On
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tt+Z/W: many experimental signatures

» Experimental analyses focus on 21 OS or SS, 3l and 4l channels with e and/or p.

Process tt decay Boson decay Channel
+ _ + . Z decay modes:
tHtW (€+ vb)(q_qb) g +v S fhlep ton BR(Z — ee/uu/z7): 0.10
(f_Vb)(f_FVb) v Tl'lleptOn BR(Z—> VV): 0.20
77 (qqb)(qgb) e OS dilepton BR(Z— jj): 0.70
(£*vb)(ggb) e~ Trilepton
(£*vb)(€Tvb) A Tetralepton
_ , _ 210SZ: Z+jets
» Channels further split according to lepton flavour/charges, # jets, etc. 31Z: WZ+jets
» Statistics, S/B ratio and main backgrounds vary across channels | 4>. -7 +jets
7 enr Y
3 '<:etw q MN 2ISS: non-prompt leptons
b ! -
0000 b v
t A% }

wH er _ 9 /W\/\J\/\ AL
erw
z e

‘lmma<

31 non-prompt £ (from tt)
WZ(+HF)
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tt+Z/W: several analysis regions

210S 4|

Q24T T T TIITTIIITTITI I TITTTTTTS A o L L L I I L LU I UL I
c E  ATLAS Preliminary e Data itz H4 £ .3 ATLAS Preliminar E i
O 220 F = Yy E
L g - [5=18TeV, 36 tf mZ+2HF 3 I_%’ 10 fs=13TeV, 36.1 fo' g ?_Tffggslhrgg?rfyb e Data  EmtiZ
180 S har o Gneerat = (post) -ENI% L C (postfih =éfher =:¥:|fe Leptons
E Oth 7 Uncertaint 3 ake Leptons =
160 £ FOther 777 Bncenainy E 2Uncerta|$1ty 7/ Uncertainty i
140 - . = 3
120 |- /*/24*’44 s E -
00 E 7 Ak, + = -
80 £~ $ E
80 £ ) ? I
40 £ 10
20
o]
15 F =
g ¢ + i _ 15 . . . .
o i %/(/)//’//}/Ayff////A//*ﬁ/éyfff////+//7’//+/~/+///%/*7f g f— ) | 5 15
s F ¢ VD D1 e s s e B 79////? //////////}/////7/////+‘//////7//////////////6////%
805 = = £ 05 : : ; : s
0 "1 08 06 04 02 0 02 04 06 08 5 S 32, 35 3L 3L 7 05
~Tby; by =T vl W, L. 9L 9L 9L
BDT output 2 by bg) <2bg; 2cx ° SEp Sk O, OF. 5 ch,?
(/)103_|||||||||||||||||||||||||||_
- = =
S = ATLAS Preliminary e Data o ttW =
3 C {s=13TeV,36.1 10" mmtiZ m WZ ]
- (post-fit) mm Other mm ttH n
m % m Charge-flips v+X N
102 Bl Fake Leptons // Uncertainty |
10

Charge-asymmetric production

1

g z‘f#pfn/!f .ﬁf+,/‘/~+ +//¢//{/¢//;/(/+W//i/‘/i/i/+dﬁy
% 05 n':IEECCCEB:G:D’:D’:ZID:B:U:IQ:IG:n:NNc:n:g:u:n:n:&‘N
fa SO0 G0CC Q90 CQGCH PIGSHSELH QGGG &3 3
222222284848484848488888R0 0222222807
GERERtacsiitacaisstiaeazaety
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tt+Z/W: cross-section measurements

2D: tt+Z vs. tt+W Inclusive cross-sections
= T T T T ] Uncertainty Otz Oniw
'% 1.6\—ATLAS Preliminary * ATLAS best fit — — Luminosity 2.9% | 4.5%
'% . \s=13 TeV, 36.1 b —— ATLAS 68% CL ] CR and simulated sample statistics 1.8% | 7.6%
3 - 1 JES/JER 1.9%  4.1%
%) 14 ATLAS 95% CL —

g u o _ Flavor tagging 4.2% | 3.7%
':3 i _ NLO prediction i Other object-related 3.7%  2.5%
= {o— T — Data-driven background normalization 24%  3.9%
B ! ] Modeling of backgrounds from simulation 5.3%  2.6%
- ‘\, - Background cross sections 2.3%  4.9%
1__ N Fake leptons and charge misID 1.8% | 5.7%

- 1 tiZ modeling 49% | 0.7%
08— . | W modeling 0.3% | 8.5%

i T ) 1 Total systematic 10.2% 16.0%| |
sl 7 Statistical 84%  15.2%
oo s T 2 g e Towl 13.0% 22.2%

ttW cross section [pb]
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Top quark coupling to photons: tt+y

e 7 TeV data: Observation of tt+y (fiducial cross-section)

e First differential measurements with 8 TeV data
in single lepton channel: photon p; and |n|

e At 13 TeV: single and dilepton channels explored p(y), |n(y)|, AR(Y,)min, [AN(E,L), AD(L,0)]

: . A B O
— Total ] 200 ATLAS ¢ Data Wy 3 201 5+201 6 data
ATLAS —— Statistical | © [ (s=13TeV,36.1 for' MHactake  Mefake 1 1
i Th g 180— Dilepton Wz ] Other prompt 36 fb
V/s=13TeV, 36.1 fb eory & 160:— 7/ Uncertainty E
: Total  (stat sys) u F Prefit . ar’XiV' 1 81 2 01 697
140F = . .
. ! +0.09 (+0.03 +0.08) = B
e+jets 'E".H 107 908 (-0.03 —0.08) 120F ]
> e e L B =
' 1 0.09 (+0.03 +0.09 ] = 3
pi+ets e 101 1008 Uoos ooe) 100 EC - ATLAS e Unfoided data .
i 1013 (+0.09 +0.10) = |, | Vs=13TeV, 361 T mggimg:ﬁgﬁ;
m et 1 00 ooe ~oo8) 80 8|~ 107 £ Normalized cross-section a5 amo + Pythias (A14 Up) 5
1 0.08 (+0.05 +0.06, 4 ° = Dilepton MG5_aMC + Pythia8 (A14 Down) J
eu EH-O-H 1.09 io_os §i0_05 iO,OG; 60 —lo na Powheg + Pythia8 tf ]
oo i 100 *0-14 (+0.10 +0.10) 40 = | e — 2:2@ Syst |
H_?_H 00 513 (—0.09 -0.09) 2 107 € e ' 3
) 1 +0.08 (+0.02 +0.08) E ! 3
Single-lepton |-:-|q—| 105 “5'08 (L002 -008) o J . - ﬂ ]
1 5 E
Dilepton o 100 1008 (+0.04 +006) ® 1.25 ){/ 3 1023 -
.07 (~0.04 —-0.06) T y . g E
. i +0.06 (+0.02 +0.06) 3] W W WM/M% - P
Combined (5‘ channels) !-H-| 1.oel Z006 (-0.02 0.6 § 0.75 3 - ]
0.0 05 1.0 1.5 2.0 NLO 05 50 100 150 200 250 300
Oty /O, P, (1) [GeV]

Pred./Data

In agreement with the NLO QCD+LO EW prediction
Main uncertainties
Single-lepton: jet-related and background modelling
Dilepton: data statistics, followed by signal and background modelling

Other/Nom.

50 100 150 200 250 300
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tt+H (multi-leptons): systematic uncertainties

1 02 1 vii — 1)2
L(,0) = Lpois(p,0) - | | N -5 | 11 Noree —(;—2)
5 V2T i 20 i 0% ij
Systematic uncertainty Type Components
Luminosity N 1 reg bins(j)
Pileup reweighting SN 1 ,l,l,SzJ + sz)
Physics Objects LPozs H H | exp (_(IJ’S’LJ + bZ]))
Electron SN 6 :
Muon SN 15
Thad SN 10
Jet energy scale and resolution SN 28
Jet vertex fraction SN 1
Jet _ﬁavor tagging SN 126 Given:
Exss SN 3 “u I === .
Total (Experimental) 191 p | : +1 a, nomlnal, and
Data-driven non-prompt/fake leptons and charge misassignment 1 1 _ .
Control region statistics / SN 38 nominal To Of eaCh systematlc
Light-lepton efficiencies SN 22
Non-prompt light-lepton estimates: non-closure N 5 . i
~-conversion fraction N 5 Assume |nterp0|at|0n of
Fake 1.4 estimates N/SN 12 -
Electron charge misassignment S/N 1 unce rtalnty between [_1 ! 1 ] c
Total (Data-driven reducible background) - 83
ttgror;osiftlﬁlg N 5 “down” Assume full correlation between
Renormalization and factorization scales S 3
Parton shower and hadronization model SN 1 -1 0 +1 >
Higgs boson branching fraction N 4 . 0
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 One parameter of interest: p(ttH)
Shower tune SN 1 .
Total (Signal and background modeling) - 41 31 5 nuisance paramete rs
Total (Overall) - 315

20/12/18
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tt+H (multi-leptons): object definition

Thad
Medium BDT ID to reject jets
L L LT T L U LyTT (1M, 1T in 1£+27)
[solation No | Yes No I Yes pr > 25 GeV
Non-prompt lepton BDT No | Yes No | Yes
Identification Loose | Tight Loose BDT to reject el faking T
Charge misassignment veto BDT No | Yes No
Transverse impact parameter significance, |do|/o4, <5 <3 T-H OVerlap removal
Longitudinal impact parameter, |z sin 6| < 0.5 mm
b-jet veto
L =Loose ' T = Tlght'(PLI isolated) Tog vertex is PV
L+ =+ Loose isolated T* =+ QMisID MVA veto (el only)

* = 4 H
L PLI isolated Jets pr > 25 GeV
BJets MV2c10 70% WP
20SS 3¢ 4¢ 10421,  205SS+17,q 200S+17h,0  30+1Thag
Light lepton 3T 1LF, 2T% 2L, 2T 1T 3T oL LT, 2T
Thad OM OM - 1T, 1M 1M 1M 1M
Njets;Nb—jets 247:172 22721 22721 23721 24721 23721 22721
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tt+H (multi-leptons): non-prompt and fake leptons

Method 2/SS+0T 2/SS+1T Ll
[parametr.] channels

DD (MM) pseudo- MC
el: [pr, NBjets] DD ( "
p: [pr, dR(p,j)] (Fake SF) VER] Sl
ee: eM: MM: SR:
2.0+05 | 1704 | 15=05]| 1.8+0.8
Semileptonic Photon Fake light leptons
b-decay conversions & fake taus
J J
b fake 7+ j b b fake 7+f fakerT

b~ v prompt £+ b prompt £+ b prompt £+
strongly reduced with PLI  50% of the “fakes” in 3¢! 70% from tt in 2655+1T1
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tt+H (multi-leptons): fake taus

Estimate method 2/0S+1T 2/SS+1T

[parametrisation]

DD (FF)
[p1]

pseudo-DD (MC correction with
270S+17 DD SF)

Fake tau DD (SS data)

100
90
80
70
60
50
40
30
20
10

ATLAS Simulation
Vs =13 TeV

[ other

@ electron
@3 gluon
[light quark
c-quark
[ b-quark

Fraction of fake z, _, [%]

e
—
—
—
T
=
—
—
—
=
e
f—
=9
—
=
=
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tt+H (multi-leptons): results

For most of the channels, MVAs are used to separate ft+H signal from tt+V and tt+jets (fakes).
One of the most discriminant variables in ndets. Thus, ft+W/Z+jets estimation seems relevant...

tt+H —  4W+2b — 6j (inc. 2b)+2ISS +E ;s Or 4j (inc. 2b)+3l+1,ss  Or 4j (inc. 2b)+41+E s
tt+V — 2W+V+2b — 4j (inc. 2b)+2ISS +E+ ;ss Or 2-4j (inc. 2b)+3I+E+ s OF 2j (inC. 2b)+41+E+ 165
ft —  2W+2b — 4j (inc. 2b)+1I+E s or 2j (inc. 2b)+2I0S +E; ;s [1 jet fakes a lepton]

Accuracy of tt+Z/W predictions of ~12-13% (NLO QCD+EW):

_ +9.6% +2.8% +2.8%
— +U.C +U. _ +12.9% +2.0% +2.7%
u=1.6 T03 (stat.) 703 (syst.) / oew = 06008 £ 154 (scale) '35 (PDF) 577 (as) pb
Uncertainty Source CMS. ]
ttH modeling (cross section) OA{O 09 | n=123 rhee jL(;) 2256 (stat.) +0.37(Sy3t')
gl - : s -0.43 - -0.35
Jet energy scale and resolution [+0.I8 -0.15 —— :
| Non-prompt light-lepton estimages” +0.15 —0.13 | Source / Uncertainty [%] Ap/u [%]

Jet flavor tagging and nmp/ide/miﬂcation +0.11 —0.09 e, u selection efficiency 2-4
W modeling +0.10 -0.09 | T, selectjon efficiency 5 4.5
117 modeling +0.08 —-0.07 b tagg' g efficiency 2-15 [57] 6
Other background modeling +0.08 -0.07 :
Luminosity +0.08 —0.06 | Redugible background estimate 1040 11 |
ttH modeling (acceptance) +0.08 —0.04 Jet ehergy calibration 2-15 [65] 5
Fake mhag estimates +0.07 =0.07 Th ¢nergy calibration 3 1
Other experimental uncertainties +0.05 -0.04 .
Simulation sample size +0.04 -0.04 | Theoretical sources ~10 12 |
Charge misassignment +0.01  -0.01  Integrated luminosity 25 5
Total systematic uncertainty +0.39 -0.30
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tt+H (bb): results

M3 ATLAS
=St P Uncertainty source Ap
Uncertainty source +0y, (observed) +0; (expected) 1+ > 16 modeling 1046 2046
total experimental +0.15/-0.16 +0.19/-0.17 Background-model statistical uncertainty +0.29 -0.31
b-tagging efficiency and mis-tag rates +0.16 —0.16
b tagging +0.11/-0.14 +0.12/-0.11 Jet energy scale and resolution +0.14 —0.14
. . ttH modeling +0.22 -0.05
jet energy scale and resolution +0.06/-0.07 +0.13/-0.11 it > .1 c modeling 10.09 011
total theory +0.28/-0.29 +0.32/-0.29 JVT, pileup modeling 003 —0.05
Other background modeling +0.08 —0.08
tt+hf cross-section and parton shower +0.24/-0.28 +0.28/-0.28 ft + light modeling +0.06 -0.03
. Luminosity +0.03 —0.02
size of MC samples +0.14/-0.15 +0.16/-0.16 Light lepton (e, u) id., isolation, trigger +0.03 —-0.04
total systematic +0.38/-0.38 +0.45/-0.42 Total systematic uncertainty +0.57 —0.54
statistical +0.24/-0.24 +0.27/-0.27 |t + > 1b normalization +0.09 -0.10 |
tt + > 1¢ normalization +0.02 -0.03
total +0.45/-0.45 +0.53/-0.49 Intrinsic statistical uncertainty +0.21 -0.20
359 fb-‘ (13 TeV) Total Statistical uncertainty +0.29 —0.29
éM'S 'Prlelir'nir'var'y T Total uncertainty +0.64 —0.61
: u  tot stat syst
; oL N L4 LU AL
Dilepton l—+—l—0—§ -0.24 *1% 0% oo — ot m,, = 125 GeV
: stat tot (stat syst)
H Dilepton —0.24 +1.02 ( +0.54 +0.87)
Single-lepton H—er 084 ,,_g:gg ‘.8‘_52 ,,-g::; (two-p. combined fity| -1.05 \ -0.52 -0.91
2 (two_usér;ﬂi;eeg?i?) e 095 55 (5% 5
Combined Hmb 072700 S e | o o
. . o Combined —-e— . 061 (020 -0554)
—2 0 2 4 6 PEFEN PSS BYETErEr SrErErErE SrESTErE SUETErEri ST SrArArar S
S0 1 2 3 4 5 6
Best fit u = o/ o atm, =125 GeV ) —
M Best fit p = ¢"/ogy,
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Latest tt+H (H->bb) results

m) ttbar norm only
m) ttbar norm but can affect njets shape
m) ttbar norm+shape (can affect MVA shape)

m) btagging
JES/JER
CMS supplementary 35.9 b (13 TeV)
- 1 ti+bb cross section (50%) I I '—.I—‘ l : :
- 2 b tagging: charm (linear) : u—o—- 5
3 tfH cross section (renorm./fact. scales) p——
4 jet energy scale (1) R
- 5 t1+2b cross section (50%) —— :
6 b tagging: If fraction L o——
: 7 b tagging: If stats (quadratic) —— :
- 8 " scale (tf) '—"_‘
mp ° PSscale: ISR (ti+ll) | | ——e——
m) 1 PS scale: FSR (ti+H) L
- 1 b tagging: hf fraction ——
12 b tagging: charm (quadratic) S
=) 13 ME-PS matching (il L ——
14 jet energy scale (2) ——
16 jet energy scale (3) P o——
17 PDF (gg ttH) -—-—-
) e b tagging: hf stats (quadratic) Do
19 jet energy scale (4) P
‘ 20 i cross section (renorm./fact. scales) w '_.'._' . . .
2 -1 0 2 -0.1 0 0.1

- Pull @ +1o Impact [[-1o Impact

1
(6-6,)/A0

£

ATLAS

EXPERIMENT

Pre-fit impact on pi:
8= ﬁ+A9 6= B-AB
Post-fit impact on p:
mo=08+A0 1o=08A40

—e— Muis. Param. Pull

“ ti+=1b: SHERPASF ve. nominal
“ ti+=1b: SHERPA4F vs. nominal
ti+=1b: PS & hadronization

tt+z1b: 1SR / FSA

ttH: PS & hadronization

b-tagging: mis-tag (light) NP |
kitt+=1h) = 1.24 +0.10

Jet energy resolution: NP |

tTH: cross section (QCD scale)
tt+=1b: tt+230 normalization

&3
&3

ti+=1c: SHERPASF vs, nominal
ti+=1b: shower recoil scheme
tt+=1c: ISR/ FSR

Jet energy resolution: NP 1|
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 —-1.5

ttbar syst legend
v' CMS has it
CMS partially has it
# CMS does not have it

Ap
-1 =05 0 0.5 1
L LI LI LN LN LN LA L LN LB
ATLAS

¥s=13TeV, 36.1 fb”

i

-

H H
B i
—
i ie ‘

—_—,

& M
- o

lI[IllllIillllllll’llIlllﬂllilllllllll

-1 05 0 05 1 15 2
(6-6,)/A0
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Towards a global fit at the LHC

Standard model deviations are described by higher dimensional operators.
—> need to identify which operators contribute to each process

Process O Oy Ow Ogc)) Ogc)) Opt Oty Oy O O
t— bW — bl+v N L L L

pp — tg N L L L

pp — tW L L L N N N
pp — tt N L L L
pp — tty ~_|L L N L L L
pp — ttZ L L] [ L L L) N L L L
pp — tth L L L L L
gg—+HH—=~+y N \ \ N L

® Oy, Opq3, Oy - ttZ vertex
@ Ouwy,Op - ttZ and tt~ vertices
o O,c - ttg vertex

Opt, Opq3; Orw, Ot Owv, OB
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EFT operators

Standard model deviations are described by higher dimensional operators:

(6) _ (4)
‘C + Z A2 O T Interference SM-BSM Pure BSM term

C; ey CiC; (2)
T=05M ¥ Z AATVES T 2 (AITeV)E

(]

Dimension 6 operators relevant 09 = ily? (SOT«B, 0) (@r7'Q)

for top quark physics.

7 0l =ity (¢ Dup) (@1Q)
modify vector and axial S Opt = iy (o' (B#‘P) (t7"t)
coupling of top to EW Oy = ily? (w‘ﬁ’ugo) (by»b)
gauge bosons Ow = Y19 (Qo* TIt) W,

Ovw = Ypguw (Qo* 7)WL,
O:5 = Y9y (Qo*"t)¢By,
O, Oyy: EW dipole operator Oic = yi9s(Qo** T4t)¢G,

O,5: chromomagnetic = (¢'9)(QtP)
dipole operator Oyt = i(" Do) (Ey+b)

Oc = g, fABCGAGBrGCH
O = g2 (1) G, G

4-fermion ops
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