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) yniversityof Why is ttH interesting?

- Production of ttH is rare = o ~ 0.5 pb & 2000000000 o
- Direct measurement of Top-Yukawa coupling y: ;
at LHC only possible with ttHandtH | H
-yt expected to be largest Higgs-ferminon b
coupling in SM

- Heavy particles from BSM physics would
lead to significant deviation

- Searches/Measurements are targeting different 2" e}
combinations of Top-quark pair and Higgs- :T:m g
boson decay modes g | :
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Why do we want to measure tH?

III I IIIIIIIIIIlIIIIIIIlIII |I2

||l||||||l|||
102 M(H)= 125 GeV =&

Even smaller production
/ cross-section than ttH!

6 7 8 9 10 11 12 13 14 15
Vs [TeV]

- ttH can only determine magnitude of y:
- tH is sensitive to sign!

- Depending on relative sign of gw and y:
destructive (SS) or constructive (OS)

- tH can be measured simultaneously with ttH
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University of . - . Ty If not otherwise indicated on the slide, the first
Zurich™ P U bl Icatl on Ove rview - ttHItH publication in the respective box is presented

CMS,

ATLAS >

EXPERIMENT S
up to Full Run-2 +E

Phys. Rev. Lett. 125 (2020) 061802 Phys.Rev.Lett. 125 (2020) 6, 061801

CMS-PAS-HIG-19-015 (H — yy comb.,

ATLAS-CONF-2020-026 (H—yy comb.) includes a.o. tH)

ATLAS-CONF-2019-045 CMS-PAS-HIG-19-008

CMS-PAS-HIG-19-001 (H—ZZ—4l)
2004.03447 (H-ZZ—-4l) CMS-PAS-HIG-19-009 (H—~ZZ— 4l
anomalous couplings)

CMS-PAS-HIG-18-030

ATLAS-CONF-2020-027 (Higgs Comb)

Phys. Lett. B 784 (2018) 173 (ttH)
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) fonacder fEH(vy) - Strategy

Full Run-2 results available by both experiments!

+ CP measurement

- Select events with two isolated photons in
Higgs-boson mass range

- m,, € [105,160] (ATLAS) / [100,180] (CMS)
- Categorization into leptonic and hadronic

channels

- Leptonic: = 1 Jet (CMS) / = 1 b-Jdet (ATLAS)
and = 1 lepton (e/p)

- Hadronic: = 3 Jets, = 1 b-det and no leptons

- Main background tt+yy (both channels) and
vyy+dets (hadronic channel)

- Construct discriminant per channel
BDT(CMS) / BDT+CP-BDT(ATLAS)
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Had. Channels

CMS 137 b (13 TeV)
E ' "¢ Data []ttH(125)]
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i zaien 0 ttH(YY) - Fit to myy

wuw

- oy B, = 1.56f8:§8(stat)f8:8§(sys) fo - oy B, = 1.64J_r8:§2(stat)f8ﬂ(sys) fb

> M = 1.38Z050(stat) 77, (sys) - gy = 1.43%0 3 (stat) )1

Z0.158Y8)

e AR e g s o = e s I woF T 3
- 3 ¢ Data 3
sl % 8 = /“_i’-“'s o ©35 —sQ al + Background 3
o -opo opg Yseg3TeV, 139 3 = Total backgro d 3
CMS 137fb (13TeV) 6 W« - Ho |- - §SOE - Continuum background 3
> (L L O L %.260 225: —E
e 3 Data —160; ] (o} o 0o te 5 520 E 3
O] Co¢ | — Stat+Syst i P i o Deecns 3 E E
S0f Es0 Y 1 & 240 Z15F - + =
-~ r—S+B X Stat only 5 g EEEE 0800 ndadno o o gwf_ATLAS } 3
2 E oo Background <40;  SMexpected A ] 5 ® 000c00cscocanoes o.M, 3 f B5=13Tev, 1000 + ¥+ £
qC> 50_—-+10 a0 6ol 3 5.0 00sOosoooescoffon 2 E In(1 + S/B) Weighted Sum ' . E
S H - ¢ 14 53 Jooo[Jonoposson poss0Q 5 ° ™0 120 130 140 150 160
L C +2 f 501 ] . 200 s
a0k 20 20, { z »000-0000oc 2000 o, s m[GV]
© L [ 407 £ E F 1
® 10-\ i £ 1000 0H0c00EREc0c00 osobog) 3 3 ATLAS 3
= Loy 0fs N Whos B Oo0ofo o UI:IEIEIEIEIEIDEIDEI 5505 +' §=13Tev, 139" ]
D 30n : S,GO BoBcO0ofj00o0c 0. c0000: o _| c40 [ _+_'+' In(1 + S/B) Weighted Sum -]
g L 1([7 K g Dluunuuulnu o uu u|:| 2 ]
o S 30 -
d R |1 3 sJoOod0o00ceno e 580 F ]
o 20f+ [N ¢ & 140 nDEIEI Doffo-sso Dn.Du, . %20;_ _+_+ + E
+ . o 0°0°0:0000 oo oome e f o4 ++ E
b 310k =
@ 1 L Y S+ * b,
= b o/ : e ol it PRI I AP s APRATES [ N 0 % | L L 785
w e ! # IR 110 120 130 140 150 160 100 150 200 250 300
9 1 A 1 1 Lode P8O0y m,, [GeV] Reconstructed Primary Top Quark Mass [G&Y)
00 110 120 130 140 150 160 170 180
m,, (GeV)

CMS-PAS-HIG-19-015 ATLAS-CONF-2020-026

- From the H— yy combination: - From the H— yy combination:

. _ 0.8 ¢
- Observed: o,y - B,, = 0. 8J_ro7 - UL on tH production rate of 8
(UL of 12 times SM rate) times SM prediction

Observation of the ttH process in a single Higgs-boson decay channel now available by ATLAS and CMS
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i)yttt §tH(yy) - CP structure measurement

Measurements point to SM-like J¢P=0++ Higgs boson

my o m
A(Ht) = =, (K +ike75) B £ == Hyiwcos(a) + isin(@)ysly } H
Htt %] . - CP-even (SM): k=1, a = 0
fCP |K |2+ |K |2 Slgn(Kt/Kt)- - M=

- Pure CP-odd (@ = 90°) excluded

- CP-even (SM): k=1, K =0 with 3.90

Hﬂ - |a| < 43°is excluded at 95% CL
- Pure CP-odd = 1) excluded

with 3.20 T T T T T

F — 1o —+ Best fit X SM .

15F .20 e,

- Fractional CP-odd contribution is e LT

constrained to f775 = 0.00 £ 0.33 "o \3
at 68% CL _05_

F ATLAS
-1.5 {5=13TeV, 139 fb =
_2:l 11 1 1 l 11 1 l 11 1 1 I Ll 1 1 ] Ll 1 1 I Ll 1 1 l Ll 1 1 I—
15 -1 05 0 05 1 15 2
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AHA™) University of £g] - ttH(ZZ — 4l) is included in
zicn=~ ttH Multilepton H— ZZ— 4] measurement

- Measurement of ttH in final states with multiple
- Electrons, Muons and

- MVA-based removal of non-prompt leptons (from tt+b)

: . ATLAS SRs
- hadronically decaying T leptons e S e
/s =13 TeV, 79.9fb (W Fake 7,4

| Post-Fit [ tt(Z/ y*)(high) [ tty*(low)
107 [ Diboson [ Non-prompte
7] Non-prompt . [l Multi Non-prompt
[l QMisID [ Mat Conv

[]Other Uncertainty

- Irreducible backgrounds: ttW, tt(Z/y*) and VV

Events / bin

- MVA methods using track and calo features

- ttW and ttZ are taken from simulation but still

challenging (e.g. modeling of QCD radiation in
ttW)

Data / Pred.

- Normalization determined by fit

- Reducible backgrounds: From ,,non-prompt

leptons®, charge misidentified electrons and
misidentified THad

15.09.20 TOP2020, Korbinian Schweiger (UZH)



| perivof ttH Multilepton - Categorization SSieiess

Signal Regions

tt, ttW, ttH and LJ are further spilit into total of 11 additional categories based on lepton flavor, charge, jet and b-jet multiplicity

Subdivided into Z enriched and Z depleted categories \

BDT (tTH VS. tT) / 3|
BDT (ttH vs. ttV)

Multiclass BDT

Counting EXPERIMENT
2I1SS + 171

tt ttw ttH

MatC

ttw

21SS <\

Counting
3l+ 1T

26 Categories

35 Categories

CMS

ANN 3I-CR A

2lss+0 T

(ttZ, W2)

BDT BDT BDT BDT
1M+1T 2os+1 71 3l + 171 4] + Ot
ttH tH tW Bkg
EC =T 2Is§l\iN1 T
ol + 2t 2l + 21
ttH tH  Bkg

EFach Node subdivided into ee, ey and pu [= 3]
15.09.20 TOP2020, Korbinian Schweiger (UZH)

Subdivided into < and = 2 tight b-tags [= 2]
Subdivided into ee, ey, pu ® < and = 2 tight b-tags [= 7]



universityof ttH Multilepton - Result

ATLAS Preliminary {s=13TeV, 79.9 b
rrrTrTrTrTTT T T T T T T 1 1 U
o ATLAS
orss| Tred w=0.38 057 4045 EXPERIMENT
3¢ o 4 n=093 o5 oW S I f . 2
DO - Simultaneous fit in 25
47 [ p=052 57,  oes . . .
e 0r 077 distributions
1€ + 2% g | H—@— = =030 59 oes
+0.94 +0.83
2¢SS + 17,54 e 1 n=049 g o7 . N
: i - QObs. (exp.) significance 1.8 (3.1)
37 + 1%49 | ® | n=043 55 _o79
combined Fod k=058 73 0%
sl b v by by by e by by sy

4 0 1 2 3 a4 5 8 7

best fit u = 6™/cH for m, = 125 GeV

CMS Preliminary 137 o (13 TeV) CMS Preliminary 137 fo” (13 TeV)
1 +0.26 [ +0.19 0.17 - +4.1 +28 +3.0
Combined | u=0.92 """ [ Q019 (stat) (syst)} Combined | u=5.7 ° [ 27 (stat) (syst)]

dlss 4 0c | - 1010 fiH - Simultaneous fit on
| s (35 x 3) distributions

tH

+0.43
3l + 07, w=153 0"
2lss +0t, | u=32%°

_ +0.54
2lss + t, | w=06275

_ +0.51
1+ 27, u=036 >

- ttH: Obs. (exp.) sig. 4.70 (5.20)
3+0y, | u-tssy tH : Obs. (exp.) sig. 1.40 (0.30)

- +0.85
2los + ty, | =049 )%

3l + 1, w=1527""
2l + 27, w=0.00
_ +1.62 1 =
Ha0g, | ue1287 U B - Constrained yt: -0.9 <yt < -0.7
0l + 27, =222 ho| B75% s

or 0.7 <yt < 1.1 times SM
R expectation

4 5 -10 -5 0 5 10 15 20 25
Best fit u(ttH) Best fit u(tH)

+2.20
N+t | w=18072%

-3 -2 -
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) Universtyof §8H(ZZ — 4)

- Events with 2 SFOS lepton pairs passing kin. requirements
to increase sensitivity are selected?

T: Exact selection requirement differ between
experiments but are not relevant for this overview

og *26 15.4 190

-17 -1.3

ATLAS

- Main irreducible background from ZZ via qqg annihilation — H— 22" > 4

Vs=13TeV, 139 b

HE
—
75| ————

XX

L L L
4 1.6 1.8

tt+X plays only minor role o ot
- ttH categories: High number of jets, b-tagged jets and 0 ooF |
(hadronic channel) or 1 (leptonic channel) additional leptont mosio woszo |
VH 5l 5240
- Signal extraction: | [ e |
. Inclusive Eia llllllllllllll 134\01.12(.) jss?ilso‘
_ CMS: Fit to my and kin. discriminant DE‘QQ in all I
Categori es CMS Prefminary ;i‘zfzbl:fev’
. . . . . 0.97T§%§(]s:;?*5°ﬂ(syst.) H m,, profiled
- ATLAS: Fit to NN based discriminants or observed yield o 5 094100
depending on category (ttH Had: NN / ttH Lep: yield) w |
0.64'2:15(stat.) f_;;:(syst.)
- Various anomalous coupling measurements published
with full Run-2 dataset by CMS but S e S
are still limited by statistics.
ttH,tH
- E.g. anomalous Higgs-boson couplings to top quarks in %= ax®) =
Ht_z_ +O.13 pnn bl b b b bewna b B Bei s
— = — 005115225338354455
the ttH process cp 0.137,, observed ;
15.09.20 TOP2020, Korbinian Schweiger (UZH) 11
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7anene " ttH(bb) - Results

- . L (5= 13TeV, 361 1

- Targeting final states with at least 4 b- o 12sGev
tagged jets in the dileptonic, fot (stat sysh)
Dilepton |~ o 4 ~0.24 02 (102 et

semileptonic and fully-hadronic tt decay  woucombineat

Single Lepton 0.95 +065(+0.31 4057
mOdeS (two-u combined fit) -e-- ~062 (031 -054)

............................................................

- Dominated tt+Jets background Combined —om 084 581105 020
_ S B R S S B B
> Irreducible tt+bb background Best it = oo}

35.9 fb™ (2016) + 41.5 fb™ (2017) (13 TeV)

> Large uncertainties on tt+bb and cMS Preliminary |
tt+cc normalization Fuly-hadronic | remes 038 7102 0% a8

- Measurement dominated by systematic =~ """ = 2w o o
uncertainties Ditepton P 1045 o o

- oA . 2016 w085 08 02 5

- b-tagging, tt+bb modeling ;
2017 - 1.49 040 “020 038

Combined i 115 "33 “0i2 ‘o2

CMS tH combination: S - ——T

Phys. Rev. D99 (2019) 092005: o
- SM

Observed (expected) UL on oftH(bb)) 6.88 (3.1971:5) pb

15.09.20 TOP2020, Korbinian Schweiger (UZH) 12



| priversiyef {tH(bb) -Treatment of the ft+bb background

- tt + bb background is taken from 5FS POWHEG+PYTHIAS simulation
- A more precise prediction is needed!

- Large discrepancies in Ntag Spectrum obeserved

- Large uncertainties on tt+bb
- Examples how this is tackled:

- CRs introduced to fit to control tt+bb

- ATLAS: Additional reweighting to improve modeling of additional bJets (4FS vs.
S5FS)

CMS Preliminary 41,57 (13 TeV) CMS Preliminary 4157 (13 TeV)
(/)] 1010 | | | <t 5 T | T T 171 | T T 1771 | T T T | T 11 | T T 171 T T T
= . . o = . — - .
S 10° SL (=4 jets, =2 btags) e Data 15 x ttHgy, S 10 = SL(=6jets,=3btags) e Data [Jsignal E - ATLAS Simulation .
o Wit [@Singlet > - @t [Singlet : B 5 . y
10 [Ott+cc  [JV+ets £ 10tk oSt [Ottecc  [JV+jets - 1= =+-0--- POWHEGHPYTHIA 8 —
107 Wb [tV o S Wb [t E £ 2 —o— SHeRPA4F :
10° [tt+2b [l Diboson L . [tt+2b [l Diboson s o - -
[lii+ob Y Uncertainty 10° Bt+ob JUncertainty Bt B |
105 - ] (o]
- ] C
B 7] o 1= -
10 10% E 5 0 F 3
10° E E L*L“f - .
10° 10 = —O0—
10 10 2 :_ -------- o ----- ‘.:‘
1 1 - ] } 1 =
: : e = < °F —o—]
] © = -
£ o1 = £ 1; S \{ L‘EE 1.5 S—— E
- ' =
S \\\x\\\\\\\\\\\\\\\x\\\\\\x\\\\\a S e f#f\f\fw\f\#—\——\ﬁ'\——\ﬁx—\k—\—*\—\—;a—\}\}\f \\%\ i
5 05 = 5 08 s
(@] ‘ ‘ ‘ = ()] 06 | v v v v L b b by (o] ’ N N N 3
2 3 4 =5 0.2 0.3 0.4 0.5 0.6 0.7 a t+ b ft+bb t+B ft+ =>3b
Number of b-tagged jets ANN discriminant
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- Latest full Higgs combination
published by ATLAS

- Includes all previously
discussed Run-2 results

- Observed (expected) upper
limit at 95% CL on the tH
cross section is 8.4 (8.2) times
the SM prediction.

- neg. kK, excluded with 2.90

(2.70 expected) in scenario
with no BSM contribution to
total Higgs width

ATLAS Preliminary Total Stat Syst.
Vs=13TeV, 139 fo' B /B I'IE—| 107 ‘014 (H012 w007,
my =125.08 GeV, |y, | <2.5 e | w042 1041t -0
_ o, +0.57 , 4048 +0.30
P, = 95% B,3/B . == o7 33 (4 o0
—e—] Total Stat.
== Syst. | SM 0 0> ! s ¢
Total Stat. Syst.
Ot pf < 10 GeV 082 20 (X018 000
. " 0.15 ,+0.13  +0.08,
0-jet, 10 < p’ < 200 GeV 112 50 (g4 ‘007
1-jet, p* < 60 GeV = = 0.61 030 (028, 10.19)
1-jet, 60 < p'’ < 120 GeV 131 050 (1028 018
. +0.45 <042 +0.15
1-jet, 120 < p¥ < 200 GeV —= 0.72 ‘541 (Zoa0 009
gg—H x By 22-jet, m; <350 GeV, p!/ <120 GeV  |—=m8—| | 0.30 £0.45 (+0.42, +0.16)
> 2-jet, m; <350 GeV, 120 < pf <200 GeV |—=m=—] 0.67 045 (1044, 02
: : I 4 (o _
> 2-jet, m; > 350 GeV, p* < 200 GeV |-|—55—-| 161 oo (s o)
200 < p'! < 300 GeV o] 119 5o (0% ‘o1
300 < p' < 450 GeV |—a:—1 039 %8 ((03e 1030
o 1.44 1.33  +0.55
pf =450 GeV |--|—¥—-| 1.76 tmz (:‘05, t0.40)
. 0.99 , +0.95
< 1t |—s|5—| 1.00 ‘o3 (‘o +029)
>2-jet, m, < 350 GeV, VH veto |I—E.§—-| 220 N8 (7108 0%
> 2-jet, m; < 350 GeV, VH topo ——— 065 55 (Jie 103D
qq—Hqq x B, ] ; I 4064 4059 +0.26
> 2-jet, 350 < m;; < 700 GeV, pff < 200 GeV |—g?—-| 081 “ges (Toem g2t
2 24et, m, 2700 GeV, p!’ < 200 GeV |T-a-| 116 ‘038 (1028 012
> 2-jet, m, = 350 GeV, p > 200 GeV e 120 04t (0ah Toid
1.18 , +1.16 +0.22
Py <75GeV 1 = i 246 105 (T102 0.19
75< p! < 150 GeV —=— 170 o0 (C05s, 02
9a2HYXBor | oV < 250 GeV I 1093 083 +0.42
<pr< o |'_|E'§_| 146 572 (065 -032)
+0.79 ,+0.71 +0.34
py 2250 GeV =— 128 556 (052 -0.21)
p¥ <150 GeV ——] 0.19 078 (1028, 103
99/qq—>Hil X Bz | 150 < p/ < 250 GeV |_E_.|I 1.30 _cg:gg (lg:ég. lg:gf)
Py =250 GeV =—— 141 053 (7059 “020
e _I _______ e = ==
p* <60 GeV = 0.72 07F (707 oL
ttH x B 80 py < 120 GeV = ) I 066 0% (‘04a 009
X Bz 060 ,+0.59 10.14
120 < p!! < 200 GeV |—In—| 1.00 ‘o1 (‘ozo 040)
H X +0.52 .1
2200 Gov n—-1—| oss 95 (32 919
13.31 ,+323 0.7
tH x B P . 2 (2440 063
I 1 1 I | 1 | I 1 1 1 l 1 1 1 l

universityof Something left to say about ttH?

]

Parameter normalized to SM value

15.09.20 TOP2020, Korbinian Schweiger (UZH) 14
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iR

et Four-top-quark production

. t
- Production: 6,,, 77 g3 = 12J_’§:§fb : w/

» Veryrarel 6,,_, =y =& 500fb ! E

pp

» {tH is a background t

g
- All final states are very busy w\_
t

- 4 top quarks = 4 b quarks + 4 W

bosons "
- Can be used to constrain magnitude gw,/
of y: CP properties \ t
H
- Production can be significanty | <
enhanced by BSM particles and ‘ t

. . £.90090099 -
Interactions
\\E

15.09.20 TOP2020, Korbinian Schweiger (UZH)
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| prversityef Pyblication Overview - tttt

up to 2017 data taking
Full Run-2
@ATLAS —
EXPERIMENT o
W T

2007.14858 Eur.Phys.J.C 80 (2020) 2, 75

(Wil not be covered in this Talk:
Detailed presentation
,_by E. Varnes on Friday at 3‘

15.09.20 TOP2020, Korbinian Schweiger (UZH) 10



a gyt tttt - SL and OS DL " ot 16 137 ' messtremen procentod nest

- Analysis done in two channels:

- Semileptonic (lj): Exactly 1 p(e), = 7 (8) jets with 2 b- CMS 35815 (13 TeV)
tags, HT = 500 - ‘°“E R oo | Neane e
§ 10°
- Dileptonic(ll): Opposite sign lepton (e/p) pair, =4 jets
with 2 b-tags, HT = 500 10
- Further categorization to increase sensitivity by jet- and 10" ]
b-tag multiplicity 8 osf T
ég_o_g - . 4 . %}‘_
- Final discriminant: BDT separating between signal and . _ oL
background trained per channel mmihz o mtwx —@ CIreno

- Main background tt taken from simulation
> Uncertainties for Top pr reweighting, jet multiplicity modeling in tt+jets, tt+bb rate

- Only this analysis: Upper limit on o(tttt) of 48 fb could be set

- Combination with previous CMS resultst: oftttt) = 13J_rélfb and obs. significance of 1.40

15.09.20 TOP2020, Korbinian Schweiger (UZH) 17



i Uniersityof {1£f - SS, multilepton - Strategy and SM results

CMS 137 b1 (13 TeV)
% 10° BDT (post-fit)
. . > t{ Data Nonprompt lep. Charge misid.
- Baseline selection: HT > 300, > 2 Jets, =2 b- @ R e —
J -t 2 L -t 102 feo . ttgv Rare ettt
ets, > eptons e
L . . 10" 4
- ,BDT-based” categorization by discretizing the
BDT (tttt vs. SM bkgs) output 10°
- Main backgrounds 10-1
_0'3
Q2
- ttw, ttz E 14 //*////J A AWk 6 Ao 4 //////J///J/
sl ———--————————————
S FrgpfpgEEgRrogigec:
- CRforttZ °° ? 066650

- modeling is improved by applying a reweighing based on additional ISR/FSR jets
- ttW and ttZ normalization can be constrained by the fit

- ttH (mainly H=>WW), tt (misidentified prompt lepton / additional non-prompt lepton)

- In agreement with SM: oftttt) = 12.6fg:§fb and obs. (exp.) significance of 2.60 (2.70)

- 95% confidence level (CL) limit of [y,/y Y] < 1.7.

15.09.20 TOP2020, Korbinian Schweiger (UZH) 18



soversityof {ttt - SS, multilepton - Strategy and SM results

— Spoiler alert:
| ATLAS results (2007.14858) :

Obs. (exp.) significance w.r.t.
backgorund-only: 4.3(2.4)o

o(tttt) = 24 1o

See Talk by E. Varnes on Friday at 14:30

15.09.20 TOP2020, Korbinian Schweiger (UZH)



A0 ™) University of
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- Analysis can also be interpreted to constrain
BSM particles and couplings:

15.09.20

Higgs boson obligue parameter H<0.12
at 95% CL

Upper Limits ranging from 0.1 to 1.2 for
new scalar (¢) or vector (Z’) particle with
mass < 2mt

Upper limits, between 15 and 35 fb at 95%
CL, for cross sections of new scalar (H) or
pseudoscalar (A) particles with m > 2m;
(interpretation in context of Type-Il two
higgs-doublet model)

TOP2020, Korbinian Schweiger (UZH)

CMS

tttt - SS, multilepton - BSM Interpretations

137 fb~' (13 TeV)

-

scalar

2 2my
mw

95% CL exclusion regions
3 Obs. (gsm=1,gom=1)
1 Exp.(9sm=1,gom=1)
C__! Obs. (gsm=1, gom =0.5)
C__! Exp.(9sm=1,gom =0.5)

0
300

400

500 600 700
my (GeV)
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Conclusion

- Increasing number ttH/tH measurement using the full Run-2
dataset are available

- Further transition to precision measurement instead of pure
searches

- Sensitivity driven by precise modeling of backgrounds and
multivariate techniques

- Upper Limit on o, : 8 times SM prediction

- All results are consistent with the SM but there is still room for
BSM physics

- First four-top results using the full Run-2 dataset were published

15.09.20 TOP2020, Korbinian Schweiger (UZH) 20
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Thank you for your attention!

15.09.20 TOP2020, Korbinian Schweiger (UZH)
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I
ttH(yy) — ATLAS |
0.3
ATLAS
0.9 g 025 \s =13 TeV, 139 fb'
05 —10? @ 0.2 ® Data
- : ] S —— SMttH + tH
BDT trained to separate CP-odd and S § 01 e w80k = 1HH +tH
CP-even type events 07 i 8 o ‘
= [2]
g 5 0.05
§° i 0
2 s 0 01 02 03 04 05 06 07 08 09
HadrOnic channel g 0 10° % Hadronic Bkg. Rej. Discriminant
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Hadronic CP Discriminant

The events are weighted by

In 1+ S/B with S and B being the

fitted signal and background
yields in the smallest my, interval
containing 90% of the signal in
each category
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CMS-PAS-HIG-19-015 — tHq DNN

10°

Events/(0.015)

10

15.09.20

CMS Preliminary 137 fb" (13 TeV)

| [ ttyy — tHq x 200
[ tty +jets L

= [y +jets ttH x 10

- Wy +2bjets Data

- [y +jets | Stat. Uncert.

Events/(0.025)

10

CMS Preliminary 137 b (13 TeV)
- Il ttyy — tHQq x 200

- [tty +ets —

By +iets ttH x 10

= vy +2bjets Data

- [y +jets | Stat. Uncert.
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CMS-PAS-HIG-19-015 — Bkg-BDT SR and CR
.o CMS Preliminary 137 fb” (13 TeV) . CMS Preliminary 137 o™ (13 TeV)
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i CMS Simulation Preliminary (13 TeV) i CMS Simulation Preliminary (13 TeV)
> E I I | I | I | I I I I | I | I I [ | I | I E > = I I I | I I I | I I I | I I I I | I I I I I —
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C - tHq process | £ - tHW process 1
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Figure 15: Probability for tH signal events produced by the tHq (left) and tHW (right) pro-
duction process to pass the event selection criteria for the 2¢ss + 07y, 3¢ + 07y, and 2¢ss + 11},

channels in each of the H boson decay modes as a function of the ratio «,/xy of the H boson
couplings to the top quark and to the W boson.

- K, : Coupling modifier yt / ytsm

- Ky:Same as K, for for H-W coupling (H-Z is assumed to scale equal)
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| yoherityof - CMS-PAS-HIG-19-009 - Htt coupling

CMS Preliminary 137 b (13 TeV)

 —Observed -~ Expected | 2
— ttH(yy) — ttH(4l)
— ttH(yy+4l)

CMS Preliminary 137 fb™ (13 TeV)

20
18

-2AIn L

10

-
£
<
o

95% CL

68% CL

e c— — —— et — — i c— — —

L os 0 0.5 1 2 -1 0 1 2

fop <
Figure 9: Constraints on the anomalous H boson couplings to top quarks in the ttH process
using the H — 4/ and <y decays. Left: Observed (solid) and expected (dashed) likelihood
scans of fg,tt in the ttH process in the H — 4/ (red), vy (black), and combined (blue) channels,
where the combination is done without relating the signal strengths in the two processes. The
dashed horizontal lines show 68 and 95 % CL. Right: Observed confidence level intervals on
the x; and &; couplings reinterpreted from the fgpﬁ and p,;p; measurements in the combined
fit of the H — 4/ and <y channels, with the signal strength ;1 in the two channels related
through the couplings as discussed in text. The dashed and solid lines show the 68 and 95 % CL
exclusion regions in two dimensions, respectively.

Parameter Scenario Observed Expected
ttH (H — 44) +1¥2[-1,1] 0+1[-1,1]
ttH (H — ) [26] 0.00 +0.33 [—0.67,0.67]  0.00 & 0.49 [—0.82,0.82)]

Hit ttH (H — 44 & v7) 0.00 +0.31 [—0.67,0.67]  0.00 & 0.48 [—0.82,0.82)]
fep ggH (H — 40) —0.321938 [—-1,1] 0+1[-1,1]
ggH & ttH (H — 4¢) —0.50103 [—1,1] 0.00 £ 0.65 [—1,1]

ggH & ttH (H — 4 & yy)  —0.1370-23 [~0.61,0.43]  0.00  0.29 [—0.63,0.63]
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st ttH Multilepton / ATLAS / Selection if Categories

o s QMisID [ Other
ATLAS Preliminary =3 Non-prompt e 3 Non-prompt p
4 B Multi Non-prompt @ Mat Conv
fs=13TeV,79.9 fb @ Fake T 3 Diboson
Pre-Fit =3 (/7 *thighy =3 tty*(low)
o fw
2¢MatC 2¢IntC 3¢MatC 3ZIntC 2¢LJ(el)

2¢LJ(e2) 2¢LJ(u) 2¢tHu)+ 271t e)+ 20ttW+

27ttW- 271tH -

2¢ttH+

37w 14174 3rVvv 37t 3ttH

4¢ Zenr 241t 172t

P C T @€
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) feZY°" ttH Multilepton / ATLAS / ttW

ATLAS Proiminary w0 = To minimise the dependence of the
W ms w2 i tt H signal extraction on the tt' W
prediction

I
o)
o

Az -11.6 25.9

- 3 ttW normalization factors in fit

| |
N N
o o
abejuaolad

i ~eL] +0.30 32¢HI _ +0.19 36 _ +0.30
-0 Aiw = 1.56705¢, Az = 1.267 14, and A5, = 1.687 3¢

- ¢ 7 H
Hiiwy Xt  hid /\,3,-‘9
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H — ZZ — 41 — Signal fractions

CMS Simulation Preliminary 137.1 b (13 TeV)
Untagged [REEECSE(OMEE I — ?,%F
. B WH, W—X
VBF-ljet [T exp. events ‘ Bl WH, W—lv
tagged 1 ZH, Z-X

VBF-2jet BN ZH, Z-=2i
tagaed 13.80 exp. events I ttH, tt—01+X
99 B ttH, tt—1+X

VH-hadronic 7.54 exp. events B tiH, tt—2/+X
tagged ) bbH
- i tH
Vh-leptonic 1.73 exp. events
tagged
ttH-hadronic [EEers exp.
tagged
ttH-leptonic I . . W gg2H-0j-p*-Low [ gg2H-p*'-High
tagged 0 i 0 exp. events ATLAS SImU|at|0n = QQZH-Oj -p;i_‘-High - qq2quT-VBF
- - - = - = . . s H— ZZ* — 4| g92H-1j -p”-Low qg2Hqq-VH
0O 01 02 03 04 05 06 07 08 09 1 St B qo2H-1-pP-Med I qq2Hag-BSM
Signal fraction ) ’ B gg2H-1j-pr-High [ VH-Lep
B gg2H-2; B ttH+tH

0j-p*-Low
0j-p*-Med

T
1 -p#'-Low
1j-p*-Med
1j-pHlHigh
1j-p4-BSM-like
2j
2j-BSM:-like
VH-Lep-enriched
0j-p*-High
{tH-Had-enriched
ttH-Lep-enriched || |

0 01 02 03 04 05 06 07 08 09 1

Reconstructed Event Category

Expected Composition
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tt+bb 5FS vs. 4FS

tt+bb in 5FS

- tt+bb described by tt+jet ME
and g — bb shower splittings
- Additional b-jets from PS

- Residual uncertainties difficult
to quantify

ttg + ttg +

15.09.20

tt+bb in 4FS

- tt+bb described by tt+bb ME
(with mb > 0)

- Additional b-jets from ME

- Theoretically preferred option
for tt+hf modeling

TOP2020, Korbinian Schweiger (UZH)
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ttH(bb) — ATLAS — Categorization
ATLAS [t +light [Jtt+>1c [ltt+>1b
finZILSL:z::m Ctt+v [ INon-tt
CR Fuigh CR 1 CR,p

ATLAS [t +light []ti+>1c [t +>1b w ®
Vs =13 TeV

Ctt+v  [INon-t

Dilepton
CR g CR{.21p SR SR} SRboosted
>4 4] . . i
CR tf+l|igh CRiti>1c CR fﬁl" CR i.?z 1o Cthf?b
SR3’ SR3" SRr” SR SR3" SRy®

6 €

15.09.20 TOP2020, Korbinian Schweiger (UZH) 33




i <) University of
e ) Zurich™
gy £Uric CMS sSimulation Preliminary SL (4 jets, >3 b tags) Pre-fit expectation
tt+If node tt+c€ node tt+b node
S/B = 0.0018, S/YB = 0.23 S/B = 0.0021, SWB = 0.15 S/B = 0.0029, SWB = 0.15

ttH(bb) — CMS — Categorization

&

ees

ttH
B if
tt+cT
CMS simuilation Preliminary Pre-fit expectation +2b node fi+bb node fiH node Wb
DL (3 jets, 2 b tags) DL (3 jets, 3 b tags) S/B = 0.0053, SIVB = 0.28 S/B = 0.0092, SVB = 0.33 S/B=0.0118, SAB = 076 }
S/B = 0.0007, S/VB = 0.14 S/B = 0.0083, SVB = 0.28 B tt+2b
B b
ttH Other Bkg
B o
tt+cC

DL(=4jets, 2btags) DL (=4jets, 3btags) DL (>4 jets, >4 btags) [iisb CMS simuiation Preliminary SL (5 jets, >3 b tags) Pre-fit expectation

S/B = 0.0028, S/VB = 0.53 S/B =0.0173, B = 0.88 S/B = 0.0624, S/VB = 0.89 tt+If node tt+c€ node tt+b node
. tt+2b S/B = 0.0039, S/YB = 0.42 S/B = 0.0053, S/¥B = 0.31 S/B = 0.0070, SIVB = 0.33
/ | [
Other Bkg ttH
Bt if
tt+cC
tt+2b node ti+bb node ttH node | [
S/B = 0.0090, S/YB = 0.41 S/B = 0.0144, SIWB = 0.60 S/B = 0.0307, SWVB = 1.59 _
B tt+2b
B t+0b
CMS Preliminary Pre-fit expectation Other Bkg
FH (7 jets, 3 b tags) FH (8 jets, 3 b tags) FH (= 9 jets, 3 b tags)
S/B =0.0037, S/B = 0.76 S/B = 0.0046, SVB = 0.86 S/B = 0.0055, S/VB = 0.88

CMS simulation Preliminary SL (6 jets, >3 b tags) Pre-fit expectation
tt+If node tt+c€ node tt+b node

S/B = 0.0077, S/¥B = 0.71 S/B = 0.0108, SVB = 0.58 S/B =0.0125, SNB = 0.54
Mu Itij jet
. tt+|f

FH (7 jets, = 4 b tags) FH (8 jets, =4 b tags) FH (=9 jets, =4 b tags)
S/B =0.0131, s(\fE =076 S/B = 0.0150, s(\(ﬁ = 0.98 S/B = 0.0158, s(le = 1.02 . tt+b

B tt+2b

~

R

M ti+bb tt+2b node ti+bb node ttH node

W " l' Other Bkg S/B=0.0148, S/VB = 0.79 S/B = 0.0221, SWB = 0.95 S/B = 0.0589, S/VB = 2.86

Other Bkg

o

&
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ttH(bb) — Impacts

Pre-fit impact on p:

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

—o— Nuis. Param. Pull

tt+>1b: SHERPASF vs. nominal
tt+>1b: SHERPA4F vs. nominal
tt+>1b: PS & hadronization
tt+>1b: 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+=1b: tt+>3b normalization
tt+=1c: SHERPASF vs. nominal
tt+>1b: shower recoil scheme
tt+>1c: ISR/ FSR

Jet energy resolution: NP |
tt+light: PS & hadronization
Wt: diagram subtr. vs. nominal
b-tagging: efficiency NP |
b-tagging: mis-tag (c) NP |
ET"*°: soft-term resolution
b-tagging: efficiency NP I

—2

15.09.20
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ATLAS
{s =13 TeV, 36.1 fb™
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(6-6,)/A0

1.5 2

N o g s~ 0O DdN

© o

11
12
13
14
15
16
17
18
19

20

ttH (renorm./fact. scales)

tt+bb cross section (50%) (2017)

tt+bb cross section (50%) (2016)
multijet (norm) 9 Jets, = 4 b tags (2016)
tt+cC cross section (50%) (2017)
multijet (norm) 8 Jets, = 4 b tags (2016)
PDF (gg ttH)

multijet (norm) 9 Jets, 3 b tags (2016)
multijet (norm) 8 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, 3 b tags (2016)
multijet (norm) 7 Jets, = 4 b tags (2016)
jet energy scale (1)

b tag charm (linear) (2016

tt+2b cross section (50%) (2016
underlying event (tt+bb) (2017)

PS scale: ISR (tt+If) (2017)

underlying event (tt+If) (2017)

PS scale: ISR (tt+lf) (2016)

1st bin multijet MEM modelling (4b) (2016)

b tag charm (linear) (2017)

--Pull [[]+10 Impact [ ]-10 Impact
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CMS Preliminary =115
T g
——
1,083
01802
——
o5
roos
10072
oorsE
I Lanen
-2 -1 0 1.2 -0.1 0 0.1
(0-6,)/A6 Au
Uncertainty source Afi
Total experimental +0.15/-0.13
b tagging +0.08/-0.07
jet energy scale and resolution  +0.05/—0.04
Total theory +0.23/-0.19
signal +0.15/-0.06
tt+hf modelling +0.14/-0.15
QCD background prediction +0.10/-0.08
Size of simulated samples +0.10/-0.10
Total systematic +0.28/-0.25
Statistical +0.15/-0.15
Total +032/-029 39
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tttt - SL and OS DL

Channel Best fit 4 Best fit oy  Exp. significance Obs. significance
(fb) s.d. s.d.

Single-lepton 1.6173¢ 15132 0.21 0.36

OS dilepton 0.0+27 0+2 0.36 0.0

Combined 0.0 22 0+20 0.40 0.0

(this analysis)

SS dilepton + multilepton 1.8 713 17713 1.0 1.6

Combined 147112 13131 1.1 1.4

(this analysis + [21])

Channel Expected limit, # Observed limit, 4 Expected limit Observed limit
(fb) (fb)

Single-lepton 941755 10.6 86129 97

OS dilepton 73752 6.9 67 %3 64

Combined 57123 5.2 52+ 48

(this analysis)

SS dilepton + multilepton 25133 4.6 2121 42

Combined 22152 3.6 20+ 20 33

(this analysis + [21])
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tttt OS, multilepton — Uncertainties, Impact and Yield

Impact on
Source Uncertainty (%) o(tttt) (%)
Integrated luminosity 2.3-2.5 2
Pileup 0-5 1
Trigger efficiency 2-7 2
Lepton selection 2-10 2
Jet energy scale 1-15 9
Jet energy resolution 1-10 6
b tagging 1-15 6
Size of simulated sample 1-25 <1
Scale and PDF variations 10-15 2
ISR/FSR (signal) + 5-15 2
ttH (normalization) t 25 5
Rare, X7, ttVV (norm.) t 11-20 <1
ttZ, ttW (norm.) t 40 3-4
Charge misidentification t 20 <1
Nonprompt leptons t 30-60 3
leestlj/iSR 1-30 2
o(ttbb) /o (ttjj) t 35 11

15.09.20

Postfit predicted backgrounds

SM background tttt Total Observed
CRZ 102 £ 12 1.11+043 103+12 104
SR1 3.95 £ 0.96 <0.01  3.96+0.96 4
SR2 142 +1.8 001+0.01 142+1.8 19
SR3 25.5+£3.5 0.04£0.03 25.6+3.5 19
SR4 34.0£4.0 0.08+0.05 34.0+4.0 33
SR5 36.7 4.0 0.15+0.07 36.8+4.0 36
SR6 39.8 4.2 023+0.12 40.0x4.2 44
SR7 40.3 = 3.7 0.31+0.16 40.6 +3.8 41
SR8 473 +£43 0.724+:0.28 48.0+43 46
SR9 58.5+5.2 1.18 046 59.7+5.2 48
SR10 52.1 4.3 191074 54.1xt42 61
SR11 43.0+3.5 3012 46.0+3.5 62
SR12 32.1+3.0 3714 358+£29 40
SR13 16.7 = 1.6 43+16 21.0+2.0 15
SR14 101 1.2 42+16 1431138 16
SR15 5.03 £0.77 41+1.5 91xt1.6 4
SR16 2.49 = 0.61 34x13 59x13 7
SR17 0.57 £ 0.36 1.08 £042 1.65+0.50 3
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tttt SS, multilepton — Interpretation | L Phys. . 80 2020) 2, 75

- ,, The measurement can be interpreted as a constraint on the

Higgs boson oblique parameter H, defined as the Wilson
coefficient of the dimension-six BSM operator modifying the
Higgs boson propagator*

- ,Feynman diagrams where the virtual Higgs boson is replaced
by a virtual BSM scalar (¢) or vector (Z’) particle with mass
smaller than twice the top quark mass (m < 2mt), are used to
interpret the result as a constraint on the couplings of such
new particles”

- ,new particles with m > 2mt, such as a heavy scalar (H) or
pseudoscalar (A), can be produced on-shell in association
with top quarks® — New scalars can also decay to top-quark
pairs
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Exclude couplings larger

than 1.2 for mg in the 25- ,<comparing these limits with the Type-Il 2HDM
340 GeV range and cross sections with tan = 1 in the alignment limit,

larger than 0.1 (0.9) for we exclude scalar (pseudoscalar) masses up to

mz' = 25 (300) GeV 470 (550) GeV, improving by more than 100 GeV

with respect to the previous CMS limits*,
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