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Why?

« What place does a discussion on ttH / tH searches have at a workshop on
precision top quark physics?

— Challenging topology to isolate - searches suffer from huge backgrounds and/or
difficult to mitigate systematic uncertainties

— Some systematics are not just difficult to mitigate but difficult to accurately
understand their impact

— CMS and ATLAS have only so far established the ttH process at the 3-4 std. dev.
level, and it’s been a long road to get to that point

* It’s very likely there!

— Significant uncertainty remains in trying to pin down the ttH content in the data
* We can’t yet precisely say how much though ...

* Looking forward however, the inclusion of top-Higgs analyses in a
precision top quark physics program is essential
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A brief interlude into Higgs physics...
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Studies of Higgs Couplings

Higgs couplings to particles of ————
the SM a primary target of the - ATLAS and CMS
"LHC Run 1

characterization campaign

Look for deviations from SM
predictions for couplings to
vector bosons and fermions

- Ocombined [Jr-yy

L [(Hozz [JH-ww
Do Do
Here assume same ky, for each 0 0.5
vector boson, and same i for QLA EPUHIEE

all fermions Fermionic and bosonic coupling modifiers
(ky, kg) = (1.0, 1.0) is the SM ~ look very SM-like
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Studies of Higgs Couplings

* Assume SM only particles participating in

ATLAS and CMS -8-ATLAS+CMS - ' =
ATLAS an o ATLAS loop-mediated processes and BR(BSM)=0

-+ CMS
— 1o interval

Examine prominent unique couplings that
are accessible

= ATLAS and CMS
- LHC Run 1

| _ } ATLAS:CMS -
I, | : ------- SM Higgs boson
1 — N

||||||||||||||i|||||||||||| E _[M,S]nt

2 -1 0 1 2 3 LA [ ]68%CL
JHEP08(2016)045 Parameter value [ ]95% CL
Ll 1

. o fo . o o =t R T L 11 Ll
Particle-specific coupling modifiers 0 10 ppe

look very SM-like assuming no influential JHEP08(2016)045 Particle mass [GeV]
BSM content




Studies of Higgs Couplings

But if one allows for the presence of BSM particles, things look a little less settled.

ATLAS and CMS — 10
LHC Run 1 -~ ATLAS+CMS —~+—ATLAS —~CMS —*2¢

.
1

—e—
1
Bgen 20 ~— BR(BSM) < 0.34 Basm=0

| — at 95% CL
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JHEP08(2016)045 . . Parameter value
Allowance for BSM contributions leaves a

good deal of phase space remaining open.




Studies of Higgs Couplings

But if one allows for the presence of BSM particles, things look a little less settled.

ATLAS and CMS — 1
LHC Run 1 -o- ATLAS+CMS —~+—ATLAS —=CMS — 20

H I

Tantalizing!

p—

—o—
eyl < 1 — L
Bgey 20 — BR(BSM) < 0.34 Basu=0

— at 95% CL
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JHEP08(2016)045 . Parameter value
Allowance for BSM contributions leaves a

good deal of phase space remaining open.




Loops and Higgs and Top

«  Workhorse analyses
already probe the top-
Higgs coupling, though
there are issues...

Vs= 13 TeV

LHC HIGGS XS WG 2016

* Consider gluon fusion:

. 6(pp = H+X) [pb]
L o3
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Loops and Higgs and Top

—
o
>

Vs= 13 TeV

«  Workhorse analyses
already probe the top-
Higgs coupling, though
there are issues...

—
)
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LHC HIGGS XS WG 2016

Consider gluon fusion:

o(pp — H+X) [pb]
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—

107"

1072

| IIIIIII| | IIIIIII| | IIIIILIJ | IIIIIII| | IIIIIII| | IIIIIII| L L

1073

0 20 30 100 20 1000 2000
M,, [GeV]

= [TTTI

CMS/|

\'/ Christopher Neu A



Loops and Higgs and Top

 Similar problems on the
decay side:

LHC HIGGS XS WG 2013

160 180 200
My [GeV]

The results of the multi-channel fits indicate
that the couplings that “are SM-like”.

To really know what is going on, we need a
direct probe of the top-Higgs coupling...

\'/ Christopher Neu /




Motivation: The top-Higgs Coupling

Within the SM, the Higgs coupling to the
top quark, Y, is predicted to be by far the
largest of all the fermionic couplings
— my,, implies relatively large coupling, Y, ~ 1
* ~x30 larger than Y,
« ~x100 larger than Y,

— Strongest coupling among all known SM particles

Loop-induced processes, for example:

Fermionic couplings: ttH production:

— LHC analyses have so far only been able to probe
the Yukawa couplings Y, and Y directly

Also Y, will be the easiest (and perhaps
only) up-type fermion coupling to probe
Best channel: ttH production

— tHX production also accessible — sensitivity
to sign of Y,

Imperative:
Absolutely need to measure Y, directly to know the
true nature of the couplings of the new boson.

V-~ Christopher New ot 1




Summary of CMS ttH Analyses

H->
H% bb H 9 TT WW,ZZ

Thad Thad Thad T Tiep

CMS-

HIG-12-035 various
(NN) JHEP 1305

(2013) 145
(NN)

EPJC 75
(2015) 251
(ME) CMS-HIG-13-020 various

(SS-2lep, 3lep, 4 lep)
CMS-HIG-13-019
(BDT)

JHEP 09(2014)087

CMS-HIG-16-004 CMS-HIG-15-008

CMS- CMS- CMS-

CMS-HIG-16-038  1416.17.003 HIG-17-004 HIG-16-040
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Summary of CMS ttH Analyses

r

H-> bb H- Tt Multilepton H - vy

CMS-

7 TeV HIG-12-035 various
(NN) JHEP 1305

(2013) 145
(NN)

EPJC 75

(2015) 251
(ME) CMS-HIG-13-020 various

(SS-2lep, 3lep, 4 lep)
CMS-HIG-13-019
(BDT)

JHEP 09(2014)087

CMS-HIG-16-004 CMS-HIG-15-008

CMS- CMS- CMS-

e HIG-17-003 HIG-17-004 HIG-16-020
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ttH, H - bb

V Christopher Neu
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Overview: H>bb

« H->bbisa prime CMS  Simulation LeptonsJets Channel CMS-HIG-16-038
target of ttH

g = 6 jet, = 4 b-tags = 6 jets, 3 b-tags 4 jets, 4 b-tags 5 jets, = 4 b-tags

analyses: oo et o e
) b tielf

— Largest Higgs BR . oo .
for M =125 -
EWK e BEWK
tteb tte2b
tebb
tebb teb te2b te2b ttebb Tebb

S/B=0.015, S/\B=0.242

$/B=0.035, S/VB=0.973 S/B=0.011, S/\B=0.895 S/B=0.024, S/{B=0.532

e (CMS considers two

tOpOIOgleS : CMS Simulation Dilepton Channel
— Single-lepton
. =4 jets, = 4 b-tags =4 jets, 3 b-tags 3 jets, 3 b-tags
channel: one high -
prisolated e/u, >4 o

jets, 22 b tags

— Dilepton channel:
two opposite-sign s
leptons, 22 jets, >2 $/B-0.040, SE-0.417
b tags

ttelf
thecc thelf
tecc,
EwK teeo
2ebb
ttebb fe2b
fted
the2d b

S/B=0.012, S/NB=0.453 S/B=0.004, S/YB=0.084

A discriminant is devised in each category for signal extraction and

« Split selected events : " ,
a simultaneous fit is performed across all categories.

into categories based

on jet, b-tags Low-signal categories serve to help constrain backgrounds.

Details of sgal extraction in backup.

o1 1 AT
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Big Issue: Understanding the tt+HF Background

> 6 jet, = 4 b-tags

tt+cc

tt+b

tt+bb
S/B=0.035, S/YB=0.973

©
8
=
O
T
2]
=
)

Modeling of tt+jets process:

 tt+bb production poses irreducible
background:

— Poorly known theoretically
— Measurements of ttbb CRUCIAL

— Powheg+Pythia8, normalized to NNLO

prediction

— Separate templates for tt + b, tt + bb, tt +

2b, tt+cc, tt + LF

— 50% rate uncertainty per tt + HF process,

uncorrelated in final fit
* Among the leading uncertainties

— Add. sources include parton shower,

hadronisation, PDF, ISR/FSR

\%

Christdpher Ne

Measurement of ttbb productlon at CMS

Wtibb WtiLF BESingle t
[Jttbj [ttothers PDYJets
Witicc @ttv ¢+ Data
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ttH, H-> bb: Results

* Not yet achieving sensitivity to SM-level of 11.4-12.9 16" (13 TeV)
ttH,Hbb production CMS Preliminary

« Upper limit on p = o/og,

- u<l1lb (1.7) obs (exp) at 95% CL Dilepton

11.4-12.9 fb" (13 TeV)

Lepton+jets

CMS Preliminary =5 Expected +1o
xpected +

------ Expected +2¢
—----- ttH(u=1) injected
—a— Observed

L tot. stat. syst.
Combined

. 5 +1.50 +1.05 +1.01
Dilepton *—'—'—’r—l -0.04 "3 005 106

10
oMs-HIG-16-038  99% CL limit on W= G/GSM at mH =125 GeV

® BeSt ﬁt: H = '0.19 +O45_O44(Stat) +066_068(Syst)

Combined o  Systematics limited...how can we
| improve?
6
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The Key: Understanding tt+HF

Inclusive b-jet multiplicity distribution

Canonical ad-hoc 50% rate uncertainty on all

tt+HF processes

— tt+charm even less known than tt+b-jets
— Huge impact on analyses

The tt+b-jets process is poorly understood

— Only recently do we have NLO calculations
for the xsec

— And even more recently NLO ME+PS events
for use in analyses

But NLO # better, necessarily, if the
predictions are poor

Focus currently:

— Compare various NLO ME+PS events for tt+bb
+ Consistency under well-defined conditions?
* New scale treatment in MG5_aMC@NLO 2.5.4?

— How do these state-of-the-art tools compare to

CMS data

* Need control regions independent from ttH
signal-extraction campaign

\'/ Christopher Neu
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pp — ttbb@13TeV s=== Sherpa+OpenLoops
—— MGsaMC@NLO

LHCHIGGS XS WG 16

¢/ OMmGsaMCENLO 7/ OSherpa+OpenLocps

O [OPowHel +PYS

See Section 1.6.8 of Yellow Report 4 of
the Higgs Cross Section Working Group
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ttH, H 2 multileptons (WW, ZZ, )




ttH, H & multileptons

« ttH, H—leptons:
— Targeted Higgs decays and BR H=>WW?* (~20%) ,tt (6%), ZZ (3%)
— leptons originate from Higgs and top system

» Targeted experimental signatures include multiple leptons
— 2 same-sign leptons (2Iss)

- 3 leptons Event selection and signal
extraction details in the backup

— 4 leptons

other___ dilep

H. A —_ " )
iggs 2 HoWW | ‘\ 2lep-ss

semi-lep

tt system (ttH) y

othe‘_'r_'.____-_ﬂ dilep other___ dilep

| ‘ & Hor ) < 3-lep

semi-lep

semi-lep o othergm

Dwez g 4 lep

note: only colored modes targeted quadlep

Low-rate but relatively low—ba%ground signatures.
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ttH, H - multileptons: Signal Extraction

» Further categorization occurs to exploit different signal purities available via b-
tagging requirements and the charge asymmetry present in ttW

« Signal extraction:

— 2lss, 3lep: Two BDT classifiers one each targeting tt+jets and ttV (V=W,Z)

— 4lep: simple counting experiment

BDT inputs

max eta
Njets
min DelR(l,j)
Mtrans
BI)Thadtop
BDThiggsdecay
Max Py
Min Py

MEM
(Blep only)

Data/pred.

Data/pred.

CMS Preliminary 35.9 fo (13 TeV)

14015t postfit (SM prediction)

-+Data @WZ  §Non-prompt

120 WttH [JRares [[Charge mis-m.

(=)= J

DPONED® >

cPoONBP DD >

WtW  EWW* g Total unc.
[ttZ  [[Conv.

1 -08-06-04-02 0 02 04 06 08 1

BDT (itH. tt)
CMS Preliminary
%, post-fit (SM prediction]
«Data @WZ  [Non-prompt
WttH  [JRares [[Charge mis-m.
W @W'W ETotal unc.
[tz [Conv.

1 -08-06-04-02 0 02 04 06 08 1
BDT (ttH,ttV)

35.9 fb™ (13 TeV)

ttH vs tt BDT output

>

\'

ttH vs ttV BDT output

Christopher Neu
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Data/pred.

CMS Preliminary

35.9fb" (13 TeV)

FI*, post-fit (SM prediction)

+-Data @WZ NINon-prompt
WttH  [TJRares [[[ICharge mis-m.
WtW  @W*W* ggTotal unc.
[tz

4

5 6 7 8
BDT (ttH,t/ttV) bin

21



ttH, H & multileptons: Final Fit
2lep-ss 3lep

CMS Preliminary 359 fb! (13 TeV)

4lep

CMS Preliminary 35.9fb" (13 TeV)

CMS Preliminary 35.9 fb! (13 TeV)

FI*, post-fit (SM prediction) 31, post-fit (SM prediction) 41, post-fit (SM prediction)
+-Data @WZ Non-prompt +Data [JtZ [JConv. -« Data [Rares

WttH [JRares [[ICharge mis-m. EttH @WZ SNon-prompt WmtH  ETotal unc.
WtW  @W'W gETotal unc. Wttw [JRaresf@Total unc. @tz

[tz  [Conv.

5 . 5 T 5
otal unc. stat. unc. total unc.
é_ [Jtot é_ ] = é.
3 3 3
6 7 8 20 40 60 80 100 120 140 160 180 200
CMS-HIG-17-004 BDT (ttH,tt/ttV) bin BDT (ttH,tt/ttV) bin min M, (GeV)

Final fit simultaneous across all categories, post-fit distributions shown here

Starting to see sensitivity to SM-level of ttH production — no scaling factors on
the red histograms here!

Fit prefers a slight bit more signal in the 2lep-ss channels than expected in the SM

V_ Christopher Neu C% 22



ttH, H 2 multileptons: Results

CMS Preliminary 35.9fb" (13 TeV)
=125 GeV

p=1.5 _:: [ 0.8 (stat) 104 (syst)]

2l

+0.6
”'18$6

3l

- +0.8
u=1 0_07

4|

+2.3
p=09_0

-1-050 05 115 2 25 3 35
CMS-HIG-17-004 Best fit y(ttH)
Best fit: u=1.5"93,(stat) 104 ,(syst)

Significance of observation is 3.30, whereas the expectation, assuming SM-
level of ttH production was 2.40

Systematics limited...how can we improve?
\' Christopher Neu
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Leading systematic uncertainties

Opportunities:

— Improve our understanding of authentic leptons but from
non-prompt sources
— Theoretical cross sections on tW and ttW:

* NLO currently good to ~+15%, driven by missing higher
order terms

« NNLO tricky computationally

\'"4 Christopher Neu /
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ttH, H =2 =t

V Christopher Neu

25



ttH, H =2 =t

 Historically, ttH,H->tt analyses were folded in to other
endeavors:

— In 8 TeV, signatures containing two hadronic tau decays were
included in a “hadronic decays” analysis, along with H->bb

— The 2lep-ss + hadronic-tau category was considered in the

context of an earlier iteration of the ttH, H>mulitleptons search
in 13 TeV.

* We do a fine job at taus here at CMS, no need for these
signatures to play a subordinate role in other analyses

 First time in top-Higgs campaign at CMS: Dedicated
ttH,H-> tt analysis focusing on the 2016 13 TeV data
sample

\' Christopher Neu C B
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ttH, H - tt: Event Selection

Common selection

A

2 1 tight lepton
2 1 tight tau (medium WP)

b-tag requirement: = 1 b-medium OR 2 2 b-loose

m(¥) > 12 GeV

1L + 2Thad

==1 tight lepton, pT > 25(30) u(e)
> 2 tight Tnea W/ lead pT > 30

OS requirement on 2 leading Trea
23 jets

2(SS + 1Thad

3{ + 1Thad

r

==2tight leps, pT > 25,10(15) u(e)

2 1 medium Traa

SS requirement, tight-charge on leps
23 jets

Z veto + MET LD in ee events

23 tight leps, pT > 25,10,10

2 1 medium Tnea

lep charges + Thas charge =0
22 jets

Z veto + MET LD in SFOS events

Designed to be orthogonal to ttH,multileptons se

\'/ Christopher Neu

lection to ease future combination.
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CMS-HIG-17-003

ttH, H - tt: Signal Extraction

CMS Preliminary 35.9 fb” (13 TeV)

e Observed [tz
0 . Fakes W
EXtraCtlon methOdS. B tH H- 1t [ Electroweak
[JttH, H > WW/ZZ [] Rares

Uncertainty
11421,

— 1lep + 2t,: BDT, ttH v. tt+jets

— 2lep-ss + 1t,: MEM-based discriminant \\ \\\\\\\\\
 Also split further by whether there is Q\;\\\\ \\\\\\ S

evidence of a hadronically decaying W. S
aka, “missing jets” v. “no-missing-jets”
— 3lep + 1t,,: Two BDTs, one for tt+jets and
one for ttV

» Significant amount of commonality with

ttH, multilepton approach
CMS Preliminary 35.9fb™ (13 TeV) CMS Preliminary 35.9fb™ (13 TeV)

e Observed [ Electroweak e Observed I8 Electroweak
B ttH, H— [ Rares B tH, H—> [ Rares
[ttH, H > Ww/zz Fakes [ttH, H > Ww/zz Fakes
[tz Flips [tz Flips
I W Uncertainty B W Uncertainty

2ss+1r, 2ss+1r,
no-missing-jet missing-jet

1

Data - Expectation

35.9 b (13 TeV)

e Observed I Electroweak
M ttH, H-> []Rares
[CItiH, H - Ww/zZ Fakes
itz Uncertainty

W 3,

! = b e
e e B = i ~ SN

c
8
©
3
3
>
i
g
o
a

Expectation

Data - Expectation
Expectation
Data - Expectation

—_

MEM LR



ttH, H -2 tt: Results

CMS Preliminary 35.9fb" (13 TeV)

—— Best fit Combined
------- SM Expectation M= 0'723):32

CMS-HIG-17-003 Best fit n= OIOSH

Best fit: u=0.72 %062, (stat © syst)

Significance of observation is 1.4, whereas the expectation, assuming SM-
level of ttH production was 1.80

\"/ Christopher Neu C%
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ttH, H 2 vy

V Christopher Neu
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ttH, H 2 vy

* Very rare process — yet very pure signature

CMS-HIG-16-040

* Important:
— Completely reconstructible final state
— No combinatoric background
— Hence, only ttH search channel in which one can reconstruct a clear mass peak!

 Event selection:

— 2 photons (requirements on BDTyID and EM deposits), Inl <2.5
— (sub)leading y py/m,, > 0.5 (0.25)

— 100 <m,, <180 GeV
. - So considering a window o
— Categorize events according to ttbar system decay: | EySEErEH S e el thenf
* Leptonic: will be ~4.5 background

ts in the ttH Leptoni
— >1 pT>20 e or H far from Y and MZ’ > pT>25 jetS, >1 b-tag eoenits Z]’lcateegory. eptonic

» Hadronic: S/B ~ 0.85

— special BDT event classifier
— ==0 e or y, 23 pT>25jets, 21 b-tag



Backgrounds so low —
allows for very
simple signal
extraction:

— Determine signal
shape inm,,
exploiting superior
resolution of CMS
crystal ECAL

Assume a falling
exponential in m,
the uncorrelated

diphoton background

y for

See what amount of
signal is favored in the
data for a specific My
hypothesis

Events / GeV

5L H-oyy

1CMS Preliminary
L e

CMS Simulation Preliminary 13 TeV

TTH Leptonic Tag ]

2}
3
c
8
o
E

Parametric
model

—— 04 =1.60 GeV

FWHM = 3.17 GeV

:
T P T

e O o T ol

110 115 120 125 130 135 140

m,, (GeV)
35.9 fo' (13 TeV)
TTTTTTTTT T

[ H— -

’Y .
f,-125.4 GeV, fi=1.16 U Leptonic Tag

¢ Data
— S+B fit
B component
[ ES K
[ ]¥20o

LI Y B |
v b by b v 0

(]
[[ LTT 1™ Tr sttty

" B component subtracted 3

Events / (0.5 GeV)

Events / GeV

o L L9 2 o o o o o
.y N w &~ 4] o ~ oo ©
8H||\||||||||||||||||||\||||||||||||||||||\||
n

—O

CMS-HIG-16-040

CMS Simulation Preliminary 13 TeV

H—yy TH Hadronic Tag 1

%2}
3
c
=1
o
=]

Parametric
model

—— o, =1.48GeV

FWHM = 3.05 GeV

|IllI|IllI|Illlllllllllllllllllllll

110 115 120 125 130 135

my, (Ge

CMS Freliminary 35.9 o (13 TeV
L L L L B LN BN BRI RN
—Hovy i
F r'ﬁH=125.4 GeV, ﬁ=1.16 ttH Hadronic Tag
F ¢ Data
— S+B fit

B component
A+
[(J¥20o

T4
v)

I~

" B component subtracted

170 180

my, (GeV)




CMS-HIG-16-040

35.9 o' (13TeV) 35.9 ol (13TeV)
- Combined + 16 - Combined * 1o
Untagged 0

Untagged 1 [ 0.91 2= —&— Per category * 1o —& Per process * 16
Untagged 2 y e
Untagged 3 7 H=tsy

VBF Tag 0 = 1.16 015 = 1.16

N
VBF Tag 1 A% H ombined = -0.14 combined —
0.

RE T3 my, profiled
ttH Hadronic H P

ttH Leptonic
ZH Leptonic
VH Lep Loose

VH Hadronic
VH MET

* Results from two ttH categories combined:
— Mg =2.2%%7_,5 assuming My =125.4 GeV

— Uncertainty driven by statistics

e Largely an afterthought...but will be a workhorse
— Many recent changes in analysis of full 2016 data sample targeted for improving ttH
sensitivity

— Good things come to those who wait...and build g solid analysis in the meantime
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Single top + Higgs Searches
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tHq Analyses: Different Approach to Y,

Ky = vy / SHVV(SM)

Y= K Yt(SM)

o(tHq) = ax?2+b ky?+cK, Ky

* Hence this process is dependent on the sign
of the top-Higgs coupling

* Interference effects suppress tHq production
in the SM, but if Y, is negative there is
considerable enhancement:

— For example, at 13 TeV,
* ogu(tHq)=711b
* o(tHq, Y=-1)=739 fb (x10 effect)

« ttH is far less sensitive to this negative

coupling

\'"4 Christopher Neu )




tHq in Multilepton Signatures at 13 TeV

CMS-HIG-17-005

CMS Preliminary 359 fb" (13 TeV) CMS Ppreliminary 35 9 fb (1 3 TeV)
: A | ‘Observed limit (¢ x BR)

pp — tH + ttH o
- pected limit (¢ x BR)
H— WW/ ZZ[tT +1 standard dev.

Ky = Ky +2 standard dev.
' .. ofe%. x BR (kv = 1.0)
o % BR (s = 1.0)
» atH x BR (ky = 1.0)

BDT bin

Similar event
categorization as in
ttH, multilepton search

For k,/ ky = -1, observed
(expected) upper limit on
oxBR =0.64 (0.32) pb

\' Christopher Neu



Summary

* Higgs physics has now moved from the search and discovery phase into a
precision measurement era

 Characteristics of this Higgs boson need to be measured with high
precision. The measurement campaign has so far revealed no significant
deviations from the predictions of the SM

« A few crucial ones remain to be measured — the most foremost being the
coupling between the top quark and the Higgs boson

2017 Status, Signal Strength
13 TeV analyses U= 0/0gy,

. e +0.
0.72 1062 . (stat © syst)
2.2709 . (stat © syst)

 First direct measurement of the top-Higgs coupling is among the primary
goals of the LHC physics program.

\'/ Christopher Neu
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What's Next

* Near term:
— Establish ttH in all accessible decay channels

— We have some work to do to make this happen:
* Improve understanding of tt+HF process and uncertainties
* Improve theoretical understanding of ttV
* Improve upon already-mature treatment of non-prompt leptons

* Longer term
— SM-driven backgrounds to ttH, H->vvy, ie ttyy* at NLO
— Refine background models
— Increase purity
— Differential cross sections

Things like EFTs / top partners / exotic 4™ gen / 2HDM / etc look like SM
top-Higgs...until you look closely, in the tails.

We will enter that regime in the future — best to lay the groundwork now.

V_ Christopher Neu C% 38




Backup

V Christopher Neu
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II|
Vs= 13 TeV

ttH: Experimental Challenges

LHC HIGGS XS WG 2016

* Higgs production in association
with a top-quark pair
— Comparatively small production

cross section wrt other Higgs
production channels

1000 3oV — Spectacular signature — rich final

state

| IIIIII[I | II[IIIII | l[IIIIII | IIIIIIII | IIIIIIII | IIIIIII| | IIIIIIJ.I.I

T I IIII|I|| I |Il||||| I |l|||||| [ |III|II| T T T |J°I|I||| T TTIIT
[~

—
o

 ttH production cross
section dwarfed by main
background, tt+ets:

root(s) [TeV]

o (ttH (125)) [fb] 90 130 510

o (tt+ets) [fb] 177000 253000 830000

Ratio 5.0E-4 5.1E-4 6.1E-4
V_ Christopher Neu g




ttH,H->bb: Signal Extraction

. . o0 . s e dat —ttH x 28
* Single variable not very sensitive CMS Preliminary g miece
. lepton+jets, .mgb W t2b
— Jet energy resolution >6 jets, >4 b-tags =3++,-ets Etstf?ue Top

B Diboson

— Combinatorics in jet assignment

* Different choices and combinations of
more advanced classifiers
— Boosted-Decision-Trees (BDTs) and
Neural Networks (NNs)

« Combination of various input
variables, trained per category

 Separation against all tt +X

processes 0
« Used in signal vs. background 0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1
separation and in event reconstruction [FeYEEsi(eBtRE: fourth highest btag
— Matrix-Element-Method (MEM) BDT inputs in SL >6j, >4t category:
classifiers  Best Higgs candidate mass
* Likelihood of event kinematics under e M(t,t) closest to 125
signal or background hypothesis e M lf ]
* Particularly powerful against difficult . 4thl";];tz1 5t highest b-tag disc score
33571019 |oE1e ol * Sum P;of all jets, lepton, MET
\'/ Christopher Nea //i 41




ttH,H->bb: Signal Extraction

* Great deal of power added to

the final analysis by combining CMS Prefiminary &0
ot +lf

these different multivariate lepton+jets, b
>6 jets, >4 b-tags @ttt +bb @ Single Top
approaches. ' ) BViets DItV

pre-fit expectation

) ”/

@l Diboson

 For instance, the MEM
discriminant can be used as an
input to a BDT along with other
kinematic variables

 Or asis done here, further
categorize according to BDT
score and then use the MEM in Ry ) ) _ 04 08

each subcategory... CMS.HIG-16.038 BDT output
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Approach:
1.

4 jets 5jets =6 jets

low/high BDT

low/high BDT low/high BDT low/high BDT

CMS Preliminary * data

lepton+jets

>6 jets, 24 b-tags
BDT<0.13
Divide events by
jet,tag
multipliticyt
Subdivide by low/
high BDT score
Fit MEM
discriminant in

each subdividded
region

Data/Bkg.

00 0.1 02 03 04 05 06 0.7 08 0.t

CMS-HIG-16-038

CMS Preliminary
lepton+jets,

>6 jets, >4 b-tags
pre-fit expectation

12.9fb" (13 TeV)

— ttH(n=-0.19)
.n+oc
W20
.single-l
.V+jets

Mtt+LF
Wit+b
| [
[Cttev

W diboson

MEM discriminant

Data/Bkg.

Similar approach is
used in the DL
categories except 3j,3t
(BDT fit only)

12.9fb" (13 TeV)

— ttH(n=-0.19)
.n+oc

[ [
.single-l
.V+jets

CMS Preliminary *data
Wtt+LF

Wit+b
| [
[Cttev

W diboson

lepton+jets
>6 jets, 24 b-tags
BDT>0.13

00 0.1 02 03 04 05 06 0.7 0.8 0.9

CMS-HIG-16-038 MEM discriminant
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ttH, H-> bb: Results

12.9fb" (13 TeV) 11.4-12.9f" (13 TeV)

CMS Preliminary ¢ data —15 xttH CMS Preliminary ¢ data —15 x ttH
Dtt+LF Biticc Dtt+LF Piticc

lepton+jets Mo BWtt2b dilepton Mo BWtt2b
Dtt+V . V+jets Dtt+V . V+jets

[l diboson [l diboson

Data/Bkg.

BDT>0.26 |
>4 b-tags
BDT<0.26
BDT>0.26 |
=6 jets
BDT<0.13 |
3 jets
3 b-tags
>4 jets
3 b-tags
BDT<0.23
>4 jets
3 b-tags
BDT>0.23
>4 jets
=4 b-tags
BDT<0.23

BDT<0.26 |
5 jets

3 b-tags
BDT<0.12
BDT>0.12 |
4 jets

4 b-tags

4 jets

4 b-tags

>4 b-tags

>6 jets
3 b-tags

CMS-HIG-16-038

; >6 jets

O
@

% = highest signal/background, hence highest sensitivity categories
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4j,4t 1oW

4j,4t high

5j,4t low

5j,4t hig,1*

6j,3t low

6j,3t hig]

6j,4t low

6j,4t hig]

combo

ttH H—>bb: Results

CMS Preliminary

12917 (13 TeV)

==== Expected +1o
Expected +2¢
—&- Observed

"

=]

KN
4

DA

|

L

LI

SL

1 10

aral
107

CMS-HIG-16-038 95% CL limiton p = c/o'SM atm, = 125 GeV

CMS Preliminary

11.4-1291" (13 TeV)

3j,3t
S - Expected +2¢
—&- Observed
fj,3t low]
j,3t high +
fj,4t low|

fj,4t high fﬁf ‘

combo

=== Expected +1o

=t

PR |

e

s

.

v
!

DL

|

1

22 L 2 2 2l
10 10%

CMS-HIG-16-038 95% CL limiton p = c/cSM atm, = 125 GeV

» Highest signal purity / sensitivity bins show upward fluctuation
« Compensated by overall deficits elsewhere

\' Christopher Neu
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Search for ttH Production, H->Multileptons

Same-sign dilepton Three lepton Four lepton
2 e/pn with py> 20 1 e/u with p;>20 1 e/p with pp>20
>4 jets with pp > 25 1 e/u with p;>10 1 e/p with py>10
>] b-tagged jet 1 e(pn) with p;>7(5) 2 e(pn) with pr>7(5)
>2 jets with p > 25 >2 jets with pp > 25
>1 b-tagged jet >1 b-tagged jet
Veto M, ~ M, Veto M;; ~ M,

Low-rate but relativgly low—ba%ground signatures.
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ttH, H & multileptons: Per-Category Yields

CMS-HIG-17-004

HH eu ee
ttW 51.0 £ 0.6 (stat.) == 6.9 (syst.) 72.8 £0.7 (stat.) =10.2 (syst.)  20.5 4 0.4 (stat.) £ 3.1 (syst.)
ttZ/v* 17.7 £ 0.8 (stat.) £ 2.9 (syst.) 473 £ 1.6 (stat.) = 9.0 (syst.)  17.5+ 1.0 (stat.) £ 3.6 (syst.)
Wz 4.2 £0.6 (stat.) = 4.1 (syst.) 7.0 £ 0.8 (stat.) = 6.8 (syst.) 1.8+ 0.4 (stat.) £ 1.7 (syst.)
Rare SM bkg. 4.2 +1.5 (stat.) £ 3.0 (syst.) 13.3 £ 1.9 (stat.) £ 9.3 (syst.) 4.8 + 1.1 (stat.) £ 3.6 (syst.)
WWss 3.5 £ 0.6 (stat.) == 2.5 (syst.) 4.1 + 0.6 (stat.) £+ 3.2 (syst.) 1.4+ 0.3 (stat.) = 1.2 (syst.)
Conversions 7.8 £2.5 (stat.) == 2.3 (syst.) 3.6 £ 3.5 (stat.) = 1.7 (syst.)

Charge mis-meas.

Non-prompt leptons 38.7 £ 1.6 (stat.) £ 20.5 (syst.)

16.4 £ 0.2 (stat.) £ 9.1 (syst.)
61.8 + 2.0 (stat.) = 13.0 (syst.)

10.5 £ 0.2 (stat.) =5.9 (syst.)
17.7 £ 1.1 (stat.) == 5.4 (syst.)

All backgrounds 120.3 £2.5 (stat.) = 11.7 (syst.) ~ 231.2 +4.3 (stat.) £13.3 (syst.) 77.9 £4.0 (stat.) 9.0 (syst.)

ttH signal 20.1 £0.5 (stat.) &= 2.1 (syst.) 27.9 £ 0.5 (stat.) = 3.0 (syst.) 8.0 £ 0.3 (stat.) = 1.1 (syst.)

Data 150 268 89
3L 41,

ttW 32.8 £ 1.0 (stat.) £4.9 (syst.)

ttZ /v* 49.8 £3.9 (stat.) £11.1 (syst.)  2.15£0.24 (stat.) == 0.44 (syst.)

Wz 9.1 £0.9 (stat.) = 4.0 (syst.)

Rare SM bkg. 8.8 £4.3 (stat.) =5.9 (syst.)  0.27 £ 0.16 (stat.) == 0.19 (syst.)

WWss

Conversions 5.3 £ 1.2 (stat.) = 4.0 (syst.)

Charge mis-meas.

Non-prompt leptons 30.8 = 1.5 (stat.) = 10.9 (syst.)

All backgrounds 137.3 £6.2 (stat.) £ 12.4 (syst.)

2.42 +0.28 (stat.) = 0.56 (syst.)

ttH signal 19.5 + 1.0 (stat.) = 3.0 (syst.)

1.00 £ 0.09 (stat.) £ 0.11 (syst.)

Data 148
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tHq 8TeV Analyses

JHEP 06 (2016) 177

tHqg, H 2 bb tHg, H > WW, tt tHq, H 2 vy

Leptonic W decay Same-sign 2lep and 3lep Enhancement on
3-,4-tag categories MVA for tHq v. bkgd  production and decay side.
MVA for tHq v. ttbar No events survive in data.

19.7 o™ (8 TeV)

Muon channel ¢ Data
3 tag region [ tHq (C=1)
m=125 GeV B .05

\ - tt+b

19.7 fb" (8 TeV) _ 19.7 fo" (8 TeV)

wtt channel ® Data } Data
BEtHq (Ci=-1)
I tEW, ttZ, ttH [ Jtg ©,=-1)

Events/Bin
8
o

—s U ExtratH (G = 1)
B W'W'qq .

[7] Rare SM B i

[ ] Nonprompt -

Events/Bin

th+cc

D tt+f

Stat.+syst.

7 50x tHq (G-
%g Sl | [0 Stat.+syst.
103 180
% m,, (GeV)
Expected (observed) I ————_
upper limits: tHq classifier
o/o(Y,=-1)<5.4 (7.6) o/o(Y,=-1)<5.0 (6.7) o/o(Y,=-1) <4.1 (4.1)

Combined upper limit o/0(Y,=-1) < 2.0 (2.8)
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