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Introduction

ttH associated production allows tree -
level measurement of the Higgs Yukawa
coupling to top-quarks.

Due to the small cross section, it has
been eluding observation.

o
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. . . . . =0 " {s= 13 TeV3
Observation is becoming possible with & Feenemoocuomy bt
the increasing datasets collected by i I
ATLAS and CMS. 10 3

3 [ PP — 4gH (NNLO QCD + NLO EW) 7]
S} r s

PP~ WH (NNLO QCD + NLO Ew)

Already CMS has reported observation of 1R ONORED o Ew

E_pp - ttH (NLO QCD + NLO EW)

the ttH production with an observed =
(expected) significance of 5.20 (4.20) |
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bbH (NNLO QCD in 5FS, NLO QCD in 4FS)
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LPC

Introduction

ttH— multilepton decay is one of the
most sensitive channels in this search.

Number of Thad
~

7 (6) analysis categories are defined by
ATLAS (CMS), according to:

@ number of light leptons (e,u)

@ number of hadronically decaying
3 4
taus (T had)- Number of light leptons

3641Thaa
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Background contributions

Prompt lepton backgrounds
obtained from MC simulation, e R
validated with the data: fa-roTey Bl o St

EBFake 7., EINon-prompt
COther
° tfv 3 SR 4 Z-em. 4 Z-dep.
’

& @

o Rare: #tWW, tH, tZ, WtZ, VVV,

— 2 SS+1Thag 2 08+17g 3 +10hgg

Non-prompt-lepton&
electron charge-flip background o awen s e s *

@ significantly reduced by tight @ @ % 9

object (e, pt, Thad) identification

criteria (incl. BDT); Figure: Background contribution in the
@ main source of background in the defined analysis categories.
pre-MVA region.
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Background rejection BDTs ;p(-/

Non-prompt-lepton BDT

@ 70%/60% efficiency for
u(e) at pr = 10 GeV*

Variable Description [*] 9 8 % ( 9 6 % ) for

Wipes In track jet Number of tracks collected by the track jet

1P2 10g(Py/ Pighn) Log-likelihood ratio between the b and light jet hypotheses with the IP2D algorithm

P3 102(Ps/ Pighi) Log-likelihood ratio between the b and light jet hypotheses with the TP3D algorithm pT > 45 G eV .

Nraawe SV +JF Number of tracks used in the secondary verlex found by the SV1 algorithm

in addition to the number of tracks from secondary vertices found by the JetFitter algorithm with at least two tracks
plepion ket The ratio of the lepton pr and the track jet pr H H 20 f |
AR({lepton, track jet) AR between the lepton and the track jet axis ° reJ eCtI on ~ [©) € pto ns
Lepton track isolation, with track collecting radius of AR < 0.3 f
i i < rom b hadrons.

prVarCone30/ py
ErTopoCone30/ pr Lepton calorimeter isolation, with topological cluster collecting radius of AR < 0.3

(*lepton candidate pt > 20 GeV).

Electron charge mis-ID BDT

o e mome @ 95% efficiency for right

Transverse momentum

rr
Pseudo-rapidity
charge xdy Blectric charge times the ranswerse impict parameter c h ar ge e | ectrons.
Elp Ratio of the cluster energy to the track momentum
Ry Ratio of the energy in 3 x 3 cells over the energy in 3 x 7 cells centred at the electron cluster position
Agy A¢ between the cluster position in the strip layer and the extrapolated track H H ~ f
Myecatea A¢ between the cluster position in the middle layer and the extrapolated track @ rej ection 17 of wron g
where the track momentum is rescaled o the cluster energy before extrapolating the track Lo the middle layer
ar Significance of the curvature of the track defined as the ratio of the reconstructed charge 1o the track momentum C h a rge e | ectrons.

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Non-prompt-lepton background

Events with non-prompt-leptons (fake):

@ semi-leptonic B/C-hadron decays;
@ mis-identification of hadronic jets as electrons;
@  conversions,

100

ATLAS Simulation
Vs=13Tev

@ other

Bl electron

@@ gluon

3 light quark

[ c-quark

@ b-quark

Fraction of fake T, _, [%]

Fraction of fake and non-prompt leptons [%]

0
21SSep 2SS 3le 3 2ISSe+Ir 2ISSp+r 20, , 2l0g,, S 2ss,, U, Uy,
n i u e Sur o OSugy M s TSSuz 21 o W21 g,

Figure: Non-prompt light-lepton composition Figure: Non-prompt m,,q4 composition
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Fake Factor Method

The ratio 6 of fake-leptons passing/failing the tight ID criteria is measured in a
fake enriched control region (CR) and applied to the signal region (SR).

Example: Contamination from fake 7.4 in 200S+17,q:

Stylianos Angelidakis (Laboratoire de Physique de Cler

A (SRT)
@ 2/0S, >3 jets,
@ >1 b-tagged jets,
@ 1 Thaq(tight).

B (SR.Z)
@ 2/08S, >3 jets,
@ >1 b-tagged jets,
@ 1 7y,,q(anti-tight).

W .
C(CRT) D (CRZ)

@ 2/0S, >3 jets, @ 2/0S, >3 jets,

@ 0 b-tagged jets, @ 0 b-tagged jets,

@ 1 Thaa(tight). @ 1 7,4 (anti-tight).
v v

fak dat prompt
0 :ZVC;ae :NCaa_NC Nfakeze . nrfake
Thad NfDake Ngata — Ngrompt A Thad B

ttH multilepton: background estimation
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Fake Factor Method

Systematic uncertainties include:

@ statistical uncertainties in the CRs,
@ uncertainties of the subtracted (INP*™P') background,
@ definition of the CR,

o difference in the fake composition between CR and SR.

Both the CMS and ATLAS teams employ the Fake Factor (FF) method for the
determination of fake-lepton contamination.

In ATLAS it is mostly used for the determination of fake 7y.4:

Q 200S+17h,4: fake e, u MC, m,.q DD (FF),

Q 104+27,q: fake e, u MC, 1,9 DD (FF),

@ 3l+1mhaa: fake e, p MC, Thaqa MC scaled to DD/MC of 200S+17h,4,

Q 2/SS+1m4,q: fake e, u DD (FF), Thag MC scaled to DD/MC of 200S+17a4,

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Matrix Method

Similar to the Fake Factor method, but for pairs of leptons (CPPM).

ex(e):  efficiency of tight criteria on real (fake) leptons,
measured in real (fake) lepton enriched regions.

then applied to the SR (before application of tight-criteria)
to express the composition of tight (7') and anti-tight (7) events as:
SR application (simplified for 1 lepton):

v g~ =[5 A ]
N7 =¢rNT—|—§/fo N7 & & [NT

where ¢ =1 —e.

N;., Ny in the SR are obtained by inversion of the matrix, i.e.:

N™|  le& e L INT
N T\ 4] [N
CMS: arXiv:1803.05485

ATLAS: Phys.Rev.D97(2018)no.7
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Matrix Method

Extension to 2 leptons. Here the order ij follows the order of pr.

NTT €r€r  Er€f  €f€  EfEf N™
NTT _ €p fr €p ¢f Ef 9_/T Ef 9./f Nrf
NTT ¢r€r ¢T€f ¢f€7" ¢f€f NfT

N77 ¢r ¢r‘ %r ﬁ/f %f ﬁ/r ﬁ/f ¢f NIT

Most important systematic uncertainties are:

@ uncertainties of the subtracted (INP™™P') background in the CRs,

@ truth closure.

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7

Stylianos Angelidakis (Laboratoire de Physique de Cler ttH multilepton: background estimation May 23, 2018 10 / 22



http://arxiv.org/abs/arXiv:1803.05485
https://doi.org/10.1103/PhysRevD.97.072003

Matrix Method

w [ T T T ] w [ T T T ]
0.14[- ATLAS Data-pfe* 4L ATLAS Data - it ]
0 1ol 8= 13TeV. 361 1" Ny 22 [ Vs=13TeV,36.1 b 1<min(AR,)<5 ]

T o Nyage =1 ] 0 8_— o 0<min(AR )< 1]
0.1+ 1 [ ]
0.08= % - 0.6 .
005 T o :
0.04f : i ]
. 5 3 0.2~ ]
0: ! L L L] CQ """ K I o 7
50 100 150 200 50 100 150 200
p; [GeV] p; [GeV]

Figure: electrons Figure: muons

Tight selection efficiencies for loose fake and non-prompt leptons, as measured in data
control regions. Parameterization in [pr,Ny_¢ags] for electrons, [pr,minAR(y, jet)] for
muons.
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Electron charge-flip background
Mis-identification of the electron charge sign:

@ Hard Bremsstrahlung— photon conversion, where the wrong charge electron
inherits the largest pr fraction.

@ mis-reconstruction of the electron charge due to small track curvature in the
inner detector (dominant at high pr).

= Contamination from OS events \ i
(predominantly ¢t).

e

Figure: Tight electron charge-flip
rates.

e: rate of charge-flipped electrons is measured from the ratio of Z — ee events,
reconstructed with opposite (N©%) and same-sign charge (N5%).

NSS

== 5A0S CMS: arXiv:1803.05485
2N ATLAS: Phys.Rev.D97(2018)no.7
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Electron charge-flip background

Parameterisation:

€ rates obtained in bins of pr, n (2D).

Loose electrons can be used (3D) to improve the statistics with

"tight/loose” combinations (LPC) .

Bin correlations are described in a
profile Likelihood, maximised with
respect to €.

Uncertainties:
e statistical errors (LH);
@ definition of Z mass window;

@ truth closure;

ATLAS
Vs =13TeV,36.11b"

Smis-id
3
T

f

—e—p, €[15,60] GeV
L L

—+— p, €[130,1000] GeV|
—+ p. €[90,130] GeV
—=— p, <[6090] GeV

o
by
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Electron charge-flip background

The contamination in the SR (NBS) is estimated from the reconstructed
OS data events (N93) passing SR criteria (except the SS requirement).

@ For OS eu/pe events, where e falls in bin 4, the dilepton
charge-flip rate is equal to the flip rate of the electron (¢;) =

(3 1_€i 7

NBG _ _&  poOs J

@ For e"e™ events, falling in ij, the dielectron charge-flip rate
is the XOR of the individual flip rates (€;,€;) =

E-S-S_E'+€'—€'6' BG ezsz's oS
ij — & J i€j Nij = 1_GS_SNZ-J- J
ij

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Conclusions

@ Background estimation is a crucial aspect to the ttH — multilepton search.

@ Common approaches, presented above, are used by both ATLAS and CMS
teams for the measurement of non-prompt lepton contamination (LPC,
CPPM, LPSC).

@ In conjunction with robust background rejection techniques (CPPM, LPSC,
IPHC, IPNL) we hope for a prompt discovery of the tH final state by both
experiments.

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Background Yield (ATLAS)

Category Non-prompt  Fake Thag g mis-id 1w 1tz Diboson Other Total Bkgd. ttH Observed
Pre-fit yields
2(SS 233 +39 - 33 x11 123 +18 414 +5.6 25 =+ 15 284 +59 484 +38 426 +4.2 514
3SR 145+43 - 55 +12 120+18 12 =12 58 +14 39.1+52 112+ 1.6 61
3¢1itW CR 133+43 - - 199+31 87 x1.1 <02 453+092 465+54 4.18 + 0.46 56
3011Z CR 39 25 - - 271+056 66 =11 84 +53 129 £42 93 +13 3.17 + 041 107
3¢ VVCR 277+ 87 - - 49 10 213%34 51 +30 179 +6.1 123 +32 1.67 +0.25 109
3¢1f CR 70 +17 - - 10515 79 x1.1 72 +48 73 £19 103 =17 4.00 + 0.49 85
4( Z-enr. 0.11+0.07 - - < 0.01 152+0.23 043+023 021+0.09 226+034 1.06+0.14 2
4( Z-dep. 0.01+0.01 - - < 0.01 0.04 +0.02 <0.01 0.06 £0.03 0.11+0.03 0.20+0.03 0
1042Thaa - 65 +21 - 0.09+0.09 33 x1.0 13 +1.0 098 +£035 71 =21 43 1.0 67
20SS+1Thaa 24 =14 1.80+030 0.05+0.02 0.88+024 183+037 0.12+0.18 106+024 82 x1.6 3.09 + 0.46 18
200S+1Thaa 756 +80 - 65 +13 114+1.9 20 =13 58 =15 782 + 81 142+20 807
30+1Thaa - 0.75 +0.15 - 0.04 £0.04 138+0.24 0.002+0.002 038+0.10 255+032 151+0.23 5
Post-fit yields
2(SS 211 +26 - 283+94 127 +18 429+54 200+6.3 285+57 459 +24 67 +18 514
3SR 132+3.1 - - 58 12 129x16 12 =11 59 +13 390 +40 17.7+49 61
3¢1itW CR 11.7+3.0 - - 204+30 89 +1.0 <02 454+088 456 £40 6.6 =19 56
3011Z CR 35 +21 - - 2.82+056 70.4+8.6 71 +£3.0 136+42 974 +86 51 =14 107
3¢ VVCR 224+5.7 - - 5.05+094 220+3.0 39 =11 181 +59 106.8+94 2.61+0.82 109
3¢1f CR 56.0+ 8.1 - - 10714 81 %10 59 +27 71 18 878 £79 63 =18 85
4( Z-enr. 0.10 + 0.07 - - < 0.01 1.60+0.22 037+0.15 022+0.10 229 +028 1.65+047 2
4( Z-dep. 0.01+0.01 - - < 0.01 0.04 +0.02 <0.01 0.07+£0.03 0.11 £0.03 0.32+0.09 0
1042Thaa - 58.0+6.8 - 0.11+0.11 331+090 098+075 098+033 634 +67 65 +20 67
20SS+1Thee 186091 1.86+027 0.05+0.02 097 +026 196+0.37 0.15+020 1.09+024 79 =12 51 =13 18
200S+1Thaa - 756 +28 - 6.6 +13 1.5+ 1.7 1.64+092 61 =15 782 +27 21.7+59 807
30+1Thaa - 0.75 +0.14 - 0.04 £0.04 142+0.22 0.002+0.002 040+0.10 261 +0.30 241+0.68 5
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Background Yield (CMS)

Process 10+ 27, 20ss 20ss + 17,
ttH 58 + 1.9 53.8 + 17.0 94 428
tz/y* 63+ 1.1 80.9 + 10.4 92+12
HEW + tEWW 0.5+ 0.1 150.0 + 16.9 91+ 1.0
WZ+ 227 21+ 16 165 + 13.1 39 +3.0
tH 04+ 0.1 27402 0.5 +0.04
Conversions < 0.02 121 £ 58 14 +05
Sign flip — 27.5 + 8.0 0.5+ 0.1
f’hs‘de““ﬁed 1957 + 13.6 942 4212 86 +2.1
eptons

Rare backgrounds 14+ 0.7 39.0 + 21.2 31415
Total expected 2063+ 140  4230+380 361+ 42
background

Observed 212 507 49
Process 3¢ 30+ 11, 40

ttH 185 + 6.0 21407 09403
tzZ/ " 49.0 + 6.9 34405 21+ 04
HW + tEWW 352 + 4.2 0.4 + 0.04 <2x1073
WZ+ 27 99 + 24 0.3 £ 0.05 0.1 +0.1
tH 12402 0.1+ 0.01 <4x10°*
Conversions 53 +29 < 0.02 < 0.02
Misidentified 27+ 67 0.9 +02 <0.04
leptons

Rare backgrounds 8.2 + 138 02401 01402
Total expected 1314 + 182 5305 24 +04
background

Observed 148 7 3

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Signal Region definitions(ATLAS)

Channel

Selection criteria

Common

N > 2 and Ny s > 1

2SS

Two very tight light leptons with p7 > 20 GeV.
Same-charge light leptons

Zero medium 7,4 candidates

Niews = 4 and Ny jois < 3

3¢

Three light leptons with pr > 10 GeV: sum of light-lepton charges 1
Two same-charge leptons must be very tight and have pr > 15 GeV

The opposite-charge lepton must be loose, isolated and pass the non-prompt BDT
Zero medium 7,4 candidates

m(E*€7) > 12GeV and |m((*€7) —91.2GeV| > 10 GeV for all SFOC pairs
[m(36) =91.2GeV]| > 10 GV

4

Four light Ieptons; sum of light-lepton charges 0
Third and fourth leading leptons must be tight

m(*€) > 12GeV and |m(£*€7) = 91.2GeV| > 10 GeV for all SFOC pairs
|m(#46) - 125 GeV| > 5 GeV

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

[TZE

One tight light lepton with p7 > 27 GeV.
Two medium mag candidates of opposite charge, at least one being tight

Nes 23

20851 Ty

Two very tight light leptons with py > 15 GeV.
Same-charge light leptons

One medium 7y, candidate, with charge opposite to that of the light leptons
Niets 2 4

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

2008+1hag

Two loosc and isolated light keptons with pr > 25, 15 GeV.
One medium 74 candidate

Opposite-charge light leptons

One medium Tq candidate

m(*€) > 12GeV and |m(¢*€7) —91.2GeV| > 10 GeV for the SFOC pair
Nets 2 3

36+ e

3¢ selection, except:
One medium 7y, 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

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Trigger requirements (ATLAS)

@ Single-electron(muon) trigger:
2015: pr > 24 (20) GeV.
2016: pr > 26 GeV.

@ Double-lepton triggers:
2015 (2016): 12+12 (17+17) GeV for dielectron;
2015 (2016): 1848 (22+8) GeV for dimuon.

@ Electron+muon: 17+14 GeV.

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Control Region definitions(ATLAS)

Channel Region  Selection criteria
2(SS 2 < Njs < 3 and Npjes 2 1
30) One very tight, one loose light lepton with pr > 20 (15) GeV
Zero Tp,g candidates
Ereal Opposite charge; opposite flavor
Efake Same charge; opposite flavor or pu
4t 1< Njus <2
Three loose light leptons; sum of light lepton charges +1
Subleading same-charge lepton must be tight
Veto on 3¢ selection
Either ~ One SFOC pair with |m(£*£7) — 91.2 GeV| < 10 GeV
EF™* < 50 GeV, mr < 50 GeV
or No SFOC pair
Subleading jet pr > 30 GeV
2SS+ Thaa 2 < Niets < 3 and Npjers > 1
One very tight, one loose light lepton with pt > 15 GeV
A SFSC pair
[m(ee) —91.2 GeV| > 10 GeV
Zero or one medium Ty,q candidate, opposite in charge to the light leptons
16+27paq Niets = 3 and Npjers > 1
One tight light lepton, with pr > 27 GeV
Two Tiy,q candidates of same charge
At least one Thad candidate has to satisfy tight identification criteria
200S+1Thad Two loose and isolated light leptons, with pr > 25, 15 GeV

One loose Thad candidate
[m(£*€¢7) —91.2 GeV| > 10 GeV and m(£*¢7) > 12 GeV
Niets 2 3 and Np.jers = 0

CMS: arXiv:1803.05485
ATLAS: Phys.Rev.D97(2018)no.7
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Non-prompt-lepton BDT efficiency (ATLAS)

& [ amnas ) g | anas ; E
Eis= 3 1 Vs = 3 =
§ 1: Vs =13TeV, 36.1 fb § E Vs =13TeV, 36.1 b - e
i C 139: . | o C —Oo—e— |
09— - 0.9 -
£ . B £ B
C o | £ ]
08~ —— — 0. -
C o Z—ee ] Z-pp ]
= e 1 1
0. —e-Data —| 0.7 —e-Data
---MC 3 -=-MC E
0. . — 0.6 . —
o £ 3 Q 3]
= s e 5 S 1 o= ]
= £ —— 3 = —o—0— 3
2 —— I Stat. only [ Syst. @ Stat. E S e [ Stat. only | Syst. ® Stat. E
S o.9F ] 8 09F ]

10 20 30 40 50 6070 100 10 20 30 40 50 6070 100
Electronp_ [GeV] Muon p_ [GeV]

Figure: electrons Figure: muons

The efficiency to select well-identified prompt muons (left) and electrons (right) at the
chosen non-prompt lepton BDT working point, as a function of the lepton pr.
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