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Motivation of ttH analysis

After Higgs discovery, focus now: property
= Mass, width, Spin, parity etc
= Couplings to fermion, gauge boson, and itself

- Top-Higgs Yukawa coupling measurement
= The largest coupling to fermion ~1
= |ndirect constrains from gluon fusion production
= Direct measurement at tree level via ttH

- Not yet observed so far
« 4.4 sigma combine ATLAS/CMS @ run1 L ———

- 20 deviation from SM @ run 1
= Consistent with SM due to large uncertainty ah
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ttH measurement @ 13 TeV

T T

[F pp — H(NNLO+NNLL QCD + NLO EW)

10

L pp — qgH (NNLO QCD + NLO EW)

Vs= 13 TeV

T

T
LHC HIGGS XS WG 2016

[___Pp — WH (NNLO QCD + NLO EW)
+ EW)

E pp — ttH (NLO QCD + NLO

[ Pp— bbH (NNLO QCD in 5FS, NLO QCD in 4FS)

S SR T S T L1 L
120 122 124 126

128 130
M,, [GeV]

"dileptons™

ctjets 15%

- Low production cross section

= 2 orders smaller than gluon fusion

Top Pair Branching Fractions

“alljets™ 46%

THjets 15%x

ptjets 15%

"lepton+jets"

- Complicate final states: tt + Higgs

- Advantage:
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ttH, H>bb analysis
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- Divided into 1 lepton and 2 lepton analysis
= One e(p) of Pt > 30 (25) GeV,|n|<2.1, >= 4 jets of Pt>30GeV,|n|<2.4
= Two e/u of Pt > 20/15 GeV, |n|<2.4, >=3jets of Pt>30,30,20GeV, |n|<2.4

- Categorize events based on number of jets, b-jets (next slide)

- Combined fit with all categories

= Background categories: constrain backgrounds
= Signal enriched categories: extract signal

CMS ttH @ 13 TeV 4



= 6 jets, 3 b-tags

L

and Higgs
Candidates

8/B=0.004, SNB=0.324 §/8=0.003, SNB=0.137 $/8=0.006, SNB=0.252

4 jets, 4 b-tags 5 jets, = 4 b-tags = 6 jet, = 4 b-tags

ttecc

yes

>3 jets and||=® ietsof' =2b|/>4 jets and
22 b-tags || >4 jets & =3 b|| =2 b-tags

SIB;J.OIO, sNB=0.121 §/8=0.028, s:E=o.275 soa-:o.oos. SNB=0.456 s;::m. SWB=0204 l yes l yes lyes
Dilepton
3 jets, 2 b-tags 3 jets, 3 b-tags > 4 jets, 2 b-tags > 4 jets, 3 b-tags D||epton Lepton ‘s Jets Boosted
Categories || Categories || Category
§/B=0.000, SNB=0.026 $/B=0.005, SNB=0.047 $/8=0.003, S¥B=0.148 S/B=0.014, ::;:o 223
=4 jets, = 4 b-tags . .
gy e - Event selected in 13 categorizes
— = BDT and/or MEM used per category
M tt+bb . i ) .
e = Tt+jets dominated in all categories




ttH,H—>bb results

- Simultaneous binned maximum likelihood fit to all categories
- Results with 2015 data only (2.7 fb")

= 2016 data (>20 fb-' now) analysis are ongoing

CMS Preliminary 27 b (13 TeV) CMS Preiiminary 2.7 (13 TeV)
' 5552 Expected =10
e . - Expected +20
Lepton+Jets —.— Lepton+Jets - Observed
Dilepton = Dilepton
Combined —a— _
Combined
1 1 1 1 | 1 1 1 1 | i 1 1 1 |
-10 -5 0 5 '

1 10
95% CL limitonu = o/oSM atm, =125 GeV

My <2.6(3.6)

Best fitu =o/o_ atm, =125 GeV
SM

CMS ttH @ 13 TeV




ttH,H->yy analysis

Use MVA to Separate Very clean, low rate, Best Higgs mass resolution

diphoton pairs
2 categories

Leptonic Tag

= 2V, Pt>mW/2, mW/4

= >=1 |ep, Pt>20GeV

= >=2 jet, Pt>25 GeV
- >=1 b-tagged CMS si

ulation Preliminary 13 TeV CMS Simulation Preliminary 13 TeV

;0.16__"I-'|'I""l""I""l""l"':l"" S o4 T T T

. () C H-yy () H-yy TTH Hadronic Tag 1

Hadronic Tag S ol S o3 ' ;
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YY YY & 0.4l — Parametric 2 025 =

No lept 2 b ™ $ " 5

m O 1eptons @O gosb @ g2 E
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o
—
wm

« >=5jets, Pt>25 GeV  oxf
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_ >=1 _t 004__ 0.1 ]

b agged 0.02F ) 0.05 : =

E _ ;_;'_‘-" .'..';:_._” I P S .._.___7,;-.""‘ ‘.',_:.__ el __

Good mass resol. G 2 125 13 0 S 0 e 120 125 130 3 0
m,, (GeV) m,, (GeV)

CMS ttH @ 13 TeV 7




ttH,H->yy analysis

- Signal extracted by fitting m,, with smooth falling B + signal

= Limited statistics

o CMS Preiimin: 129" (13 Te
>
() H—> .
O B8R 26,0 Gev, i=0.95  TTH Leptonic Tag
a 7 ¢+ Data
5 — S+B fit
ij 6 - L.
5
4
3E |l [ |
2f 35 ‘9 . 1
il

iiuluu...u.n,.t.....

" B component subtracted -

100 110 120 130 140 150 160 170 150

m,, (GeV)

My = 1.9177° 4,

CMS ttH @ 13 TeV
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¢+ Data
10 — S+B fit
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8 o
[1*20

H YY
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ttH, H> multileptons analysis

v low rate, low background

- ttH,H->Multilepton from H>WW,ZZ, 11

- Select events based on number of leptons
= 2 same sign leptons(Pt>25,10(15)GeV)+4 jets(Pt>25GeV)+E Miss + H Miss
= >=3 leptons (Pt>10GeV, with Z veto) + 2 jets(Pt>25GeV) + E{™'ss + H Miss
- B-tagged jets requied
= Atleast 2 loose or 1 medium b-tagged jets
CMS ttH @ 13 TeV




Uu ee eu 3¢
ttW 183+09 68+06 245+1.1 122 +0.7
ttZ /v* 58x0.6 74=x06 153=x=13 226 1.0
Di-boson 14+02 11=x02 2.6 £0.3 57x04
tttt 0.8+02 04401 1.5+0.2 1.2 +0.1
tqZ 02x03 04=x=04 0.6 =0.6 2.7 x£0.8
Rare SM bkg. 1603 05=*=0.1 1.8 0.1 0.3x0.1
Charge mis-meas. 6.7+0.1 10.0=£0.1
Non-prompt leptons 334+12 231=x11 61.9=x=17 51.0x=1.8
All backgrounds 61.5+17 46415 1180=L2.5 95.7 2.3
ttH (H — WW*) 6.3+02 26=x0.1 8.51+0.2 8.0+0.2
ttH (H — 77) 1601 07=x0.1 25+0.1 21+0.1
ttH (H — Z2Z%) 02+00 01+0.0 0.3+0.0 0.5+£0.0
Data 74 45 154 105
Dominate background ww ew eer 3l

= Non-prompt(Fakes) ~50% b tight | | b tight

ttW ~25% b loose i b loose i
- Events further categorized by

Event categorization and yields

= Presence of tau jets, leopton charge, jets"

SS2L with hadronic tau

CMS ttH @ 13 TeV

b tight

b loose

|1G-16-022
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- Data validated performance

- Non-prompt backgrounds

= Mainly from b-jets in tt events
= Few from mis-identified light jets and decay-in-flight

- Multivariable used for separation

= |solation
= Vertex

= Relation with nearby jets

Data-driven estimation

= Loose - tight fake prob.
= Loose - tight charge flip prob.

CMS ttH @ 13 TeV

12.9 b (13 TeV)
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ttH,H-> Multilepton signal discrimination

- Using BDT to separate signal against tt and ttV

= Jets multiplicity, lepton/jet angular separation, MET, lepton Pt

- New MEM weights for ttH and ttV hypotheses (3 lepton only)

w1 (@) = %/d% ,54(p;14 LY p;:) [, ur)f(x2,ur) IMa(Pi‘)IZ W@ |D,)

k>2 X1X2S

CMS Preliminary 129 b (13 TeV) CMS Preliminary 12.9 b7 (13 TeV)
.E O.SL_’"I"'I"'I"'l‘"I"'l"'l"'l"’l"'_ .E DR D A R D D D S
Q i —ttH Q —ttH 3

2 | —TTw 2 07 —Tw
7] - : 7] .
c 04 2z - C 06 T1Z -
(0] i ] o - ]

o i —Fakes ho) —Fakes
i 0.5 -
0.3 _ 7 . .
_ ttH against tt ] 04f ttHagainst ttV ]
[ T 1 0.2 -

0.1 ‘ ]

- _\—|_ | 0.1 -
00' mem I I PR PP IR PP T e 0.0 T T U PO P DU = N
"-1-0.8-0.6-0.4-02 0 02040608 1 "-1-0.8-0.6-04-02 0 02040608 1
BDT (ttH, t) BDT (ttH,ttV)

CMS ttH @ 13 TeV
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CMS Preliminary 129 b (13 TeV CMs Preliminary 129 b (13 TeV
7] wARNLANRE ILRLN LR AR AN RN UL RN IR 2] AR RS RN R IR ARSI R IS
o Pre-fit, p=1 E c - Pre-fit, p=1 _
E’ 80 :l;)at: = § 1201 ;&Dm:
i} . WtH iT] - Wt
- TTW - " TTW
o 2ssitt = o 2lss: ttV =
- [ es [_|Fakes
i 80- CIFlips

Events

CMS Preliminary
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Events

1
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© © <4 ® 05
8 0.5 8 0.5 o o
00568060402 0 02 04 0608 1 004082060402 0 02 04 06 08 1 09758060402 0 02 04 06 08 1 0035060402 0 02 04 06 08 1
BDT (ttH, 1t) BDT (ttH,ttV) BDT (ttH, tt) BDT (ttH,1tV)
CMS Preliminary 12.9 fb' (13 TeV) CMS Preliminary 129 b (13 TeV)
"e LA I AL LA L B B 'l'-' | Il 9 ” =
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W
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Table 9: Coordinates of the bins that represent the partitioning of the 2D BDT plane,

binl  bin2 bind  bind bind  bin  bin7

Us() (10,02 (0201 (04,04 (0L,04] (0410] (0410 (04 10]
dss(V) (1010 (020 (10,03 (0310] (10,04 (01,04 (04 10]

ME) (10,03 (03,03 (03,03 (0310 (0310]
EV)  (1010] (10,025 (02510] (10,025 (025,10]

CMS ttH @ 13 TeV

Data/Pred.

2Iss post-fit

Data/Pred.

BDT (ttH,tt/ttV) bin

15
1.0
0.5

05 1 15 2 25 3 35 4 45 5 55

BDT (ttH,tt/ttV) bin
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ttH,H->Multilepton results

. CMS Preliminary 129fb (13TeV)
- Results with 13 TeV data Pals T

= 2015 (2.3fb™") + 2016 (12.9fb")

Category Obs. limit Exp. limit £1c Best fit y 10
Same-sign dileptons 4.6 1.7109 45 2.7t 4
Trileptons 3.7 23712 4 1.3712_
Combined categories 3.9 14107 4, 23709 g
Combined with 2015 data 34 1.3106_g4 20108 o7

5
CMS Preliminary  2.3+12.9 fb” (13 TeV) CMS Preliminary  2.3+12.9 b (13 TeV) 8
m,, = 125 GeV m,, = 125 GeV
B combined p = 2.0 "0 combined p = 2.0 )% o sop Y 290 .0.3.T?Y)
: Obs.320 | £ 5 =
3l W
u=25 :;
2,11, [ trilepton
u=00"3 M= 253;
ee,not, |
U= 1.2 ::‘ -
MM, no T B "
h=26" 3 dilepton s
emnot | n=19 s
9'2‘4"_3 '§ 15
2-10 1.2 3 4 5 6 005 1152253354 45 L,
Best fit u = O’/O'SM Best fit u = cs/crSM B off

CMS ttH @ 13 TeV



Summary and outlook

- The 13 TeV ttH analysis is presented
« ttH,H->Dbb: 2.7 fb' @ 13 TeV, data 2015: y,, < 2.6 (3.6) @ 95% CL
= ttH,H->vyy: 12.9fb"' @ 13 TeV, data 2016: py, = 1.91*15_
= ttH,H->Multilepton: 12.9 fb' @13 TeV, data 2015 + 2016: p,,, = 2.0*08 .

- Evidence of ttH can be observed in multilepton channel only
= EXxpect observation soon

CMS Preliminary 2.3+12.91b" (13 TeV)

CMS 5= 7TeV,505.1 1", {528 TeV, 19.319.7 " ) m,, = 125 GeV ‘
y 8mH=125 GeV 2.3-2.71b" (13 TeV)
e —— H combination
Run 1 £ os i Data 2015 + 2016
5 7+8TeV —4— D e |
. ;R - Multilepton only
Tl [ X 100 g
i —— i 13TeV n=25"4
ar o 3 | ' ;
Same-Sign 2/ = —— 2 ' dllepton
1:_ 19 +09
Combination [ - i 08
111 I L1l I L1l I L1l | L1l II IIIIIII 11 | L1l I 111 [
0 8§ 6 4 2 0 2 4 6 8§ 10 0 .
: 00511522 335 4 4!
Bestft /o at m, = 125.6 GeV by, Bast Tit s
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ATLAS 13 TeV results

- 13 TeV 13.2-13.3 fb™
- Combine H->bb,multilepton, yy

LU N B B B N S B S B B S e BN S R B B R L B e e i L JL I I S B N S S N B B

ATLAS Preliminary (s=13 TeV, 13.2-13.3 fb™* ATLAS Preliminary (s=13 TeV, 13.2-13.3 fo*
—total ~ stat. (tot.) (stat., syst.)
t —a—] +12 , 12 402 ttH(H—
a3 Tg‘,-' g‘ ;?:X) -0.3 1.0 ( -1.0 0.2 ) (13 Tev 1(3.3 mrg)
fEH(H—WW/t1/22) ——e—— 25 *13 +0.7' +1.1 ttH(H>WW/11/2Z) ‘
(13 Tev 132 o) : a1 (0705 ) (13Tev1321™)
ttH(H—bb) e 22 B9 (202,007) tiH(H->bb) ‘
(13 Tev 132 o) : ’ (37evis2n) 5558 Expected (u=0) + 1o
e [T e e ik RO i inaion| & i | e Expected (u=0) 20
fiH binati +0.7 +04 +06 ttH Combination :
((:g;\e \I,r)'la on 0= 1.8 07 041 -05 ) astev) | . . : e == Observed
_ : ttH Combinaton| & =+ |} e Expected (u=1)
ttH combination : e - 1.7 tgg ( tg?, :gg ) (7-8TeV, 4.5-20.3 o) N T T T
( 7-8TeV, 4.5-20.3 ﬂ)l) T l " 1 N T B R B 1 2 3 4 5 6 7
0 2 4 6 8 10 i _
95% CL limit on he, atm =125 GeV
Channel Significance
Observed [o] | Expected [o]
ttH, H - yy -0.2 0.9
ttH . H - (WW,tt,ZZ) 2.2 1.0
ttH, H — bb 2.4 12
ttH combination 2.8 1.8
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= S/B: 1/53

CMS Preliminary 2671 (13 Tev CMS Prelimina 267" (13 Te . CMS Prellmmarx 267 fb’ (1 3Te
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dat/MC
o

Z
T T B TR R S B - L
B-tagging likelihood ratio min A R (tag,tag) Di-filterjet mass of Higgs candidate

data/MC

el "
R 2 0 2 6 10

» B-tagging likelihood ratio: tt+bb-likelihood/it+If-likelihood, calculated from
b-tags of jets, taking n and pr dependency of b-tagging into account

» min AR(tag,tag): two close tagged jets in ttH events
w Di-filterjet mass: peak close to Higgs boson mass

CMS ttH @ 13 TeV
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Data/MC comparison for ttH,H-> Multilepton

CMS Preliminary
R

12.9 tb"' (13 TeV
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