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THE 3 ‘““BIG’’> QUESTIONS

¢ What 1s 1t? — Higgs Boson

2¢ Where does it come from? — Production
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* Where does it go? — Decay
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HIGGS BOSON DISCOVERY
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% We found “A” Higgs boson!

Al

¢ Many of its measured characteristics seem to indicate
it's “THE" Higgs boson, but there 1s more to measure
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WHY TTH?

Al

% Hasn'’t been studied thoroughly before

Al

S Complementary to other H searches

A

% Directly probes the Yukawa Coupling between Higgs
boson and top quarks.

Al

2 Key component to evaluate the consistency of the new
boson with SM expectations.

A

% It could be sensitive to Beyond SM physics.
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¢ Advantage:

Al

s Highest branching fraction
e Chaﬂenges

% 1. Tiny production cross section

—

—

-
(B

s¢ 2. Higgs invariant mass hard to
reconstruct

s¢ 3. Dithicult irreducible
background ttbb

=

-—
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A\VA

Spht channels by top pair decay

¢ Lepton + jets (e, p): LJ channel ;

s Dilepton: DIL channel / ke
¢ For each channel, separate g . g o+

events into categories by number o H ) < ;

of b-tags and number of jets ; b
2 Use BDTs/MEM to separate S/B ¢ il o

and fit simultaneously all t 9,4

categories to data to extract

S

signal

. CMS ; I ETCIE
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¢ Data: total integrated luminosity of L. = 12.9/tb

¢ Recorded by CMS 1n early 2016 at vs = 13 TeV
2% Collected using single-lepton or double-lepton triggers

¢ Signal and background MC: leptons + jets + neutrinos

2 Signal ttH: Powheg+Pythia8, all Higgs/top decays
allowed

% Main background ttJets: Powheg+PythiasS8,

separated by extra jet content: tt+lf/bb/b/B/cc

s Other relevant bkg MC: tt+Z/W, Wdets, ZJets, WW,
WZ, ZZ, single top

. CMS ; I ETCIE
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CHALLENGE 1

TINY PRODUCTION
CROSS SECTION



* Details 1n backup

.

% Leptons™:

NA

¢ Tight and Loose: different cuts on Pr, Inl or Isolation

NA

% LJ: exactly 1 tight lepton, no additional loose leptons

Al

s DIL: exactly 2 leptons(=1 tight), opposite sign
e Jets™:

-—

A

s Require jets not overlap with leptons spatially

s Use CSV(Combined Secondary Vertex) algorithm to
identify jets coming from b-quarks(b-tags)

s >4jets + 22b-tags for LJ and >2jets + 1b-tag tor DIL

S

s Corrections to MC: Pile up, lepton scale factors, jet
energy scale/resolution, b-tagging reweighting

. CMS ; I ETCIE
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EVENT CATEGORIZATION

A

2t Different channels based on top pair decay
¢ LJ channel and DIL channel

s For each channel, categorize events based on number of
jets and number of b-tags

Lepton + Jets(LLJ) Dilepton(DIL)
4jets Hyets >0)ets 3)ets >4jets
2tags X X X 2tags X X
Stags 5% X Stags 2
>4tags >4tags
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CMS Simulation Lepton+Jets Channel

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

tt+cc tt+If

tt+If

tt+2b

tt+cc

EWK EWK
tt+bb
tt+bb tt+b t+2b tt+2b tt+bb tt+bb
S/B=0.035, S/VB=0.973 S/B=0.011, S/VB=0.895 S/B=0.015, S/VB=0.242 S/B=0.024, S/\B=0.532
CMS Simulation Dilepton Channel
> 4 jets, = 4 b-tags > 4 jets, 3 b-tags 3 jets, 3 b-tags
tt+b th+If tt+If
B tt+cc
B tt+b
ttH Bl tt+2b
EWK
e B it+bb
tt+2b EWK
tt+2b tt+b - ttH
S/B=0.040, S/VB=0.417 S/B=0.012, S/VB=0.453 S/B=0.004, S/VB=0.084
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DATA/MC AGREEMENT

2 All corrections to MC applied
* Good agreement between Data and MC
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CHALLENGE 2

HIGGS INVARIANT MASS
HARD TO RECONSTRUCT



Y

% Can't use Higgs invariant mass as discriminant like

other analyses (H—=yy or H—=ZZ—4l).

-

* Background very similar to Signal

% Multi-Variate Analysis:

—_

¢ Combine several varables’ discriminating power

s¢ Use Boosted Decision Tree (BDT)
¢ Train separate BDT for each ) et/tag category

—_—

-
=

=

¢ it BDT output discriminators from all categories
simultaneously to extract signal

. CMS ; I ETCIE
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BDT EXAMPLE

Input variable: min_dr_jets nput variable: higgsLike_dijet_mass

Input variable: higgsLike_dijet_mass2
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It

¢ Begin from a selection of well-modeled variables of

Az

several types:

VA

« CSV tagging, invariant mass, angular correlations, event

QU

shapes, and jet Pt variables

VA

¢ Rank these variables based on 1D separation
between S and B and pick the top ones

Az

VA

¢ Train MVA with appropriate number of variables

/A

=

¢ removing some would worsen limit, adding won't help
much and causes overtraining

. CMS ; I ETCIE
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BDT INPUT/OUTPUT

Events

Input variables ..

Data/Bkg.

Events
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Data/Bkg.
o o>

o
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CHALLENGE 3

DIFFICULT IRREDUCIBLE
BACKGROUND TTBB



—

2 Irreducible background ttbb

¢ Use Matrix Element Method(MEM) to turther
distinguish ttbb from ttH

Az

Numerical Momentum conservation  Resolution function (allow ISR)

integration \ x{ /
vy & [ dx,dxg d3py 5\ 5(E Ry (5 8
w@iH) =Y [ G | kq( ) @) 6 (- zpk) (5 - 1)

8 (xa, )8 (xp, ) [ My (Pa, Po, P1, - P8) PW (7, 7)) ,

/ )ﬁ ~ Detector transfer function

. . LO Scattering amplitude
Parton density functions (Open Loops)

w(y|ttH)
ZU(}?’&H) + ks/bZU(ﬂtf—FbB)

. Cf\F TR
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BDT/MEM 2D APPROACH

e W129107(13 TeV)
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ADDITIONAL TTH+HF UNCERTAINTY

A

¢ Contribution from tt+HF very similar to signal

2

‘¢ uncertainty on rate/shape has a big impact on our search

-
— .

% Due to lack of more accurate higher order theory
predictions, we obtained tt+HF estimate and
uncertainty based on the inclusive ttbar sample

A

¢ On top of other uncertainty, assign an extra 50% rate

uncertainty for tt+bb/b/B/cc independently
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LIMITS

Lepton+dJets Dilepton
CMS Preliminary 12,91 (13 TeV) CMS Preliminary 11.4-12.9 1" (13 TeV)
4 jets, 4 b-tags (low BDT) | #=== Expected +1o N o gy e g=== Expected +16 -
----- Expected +2¢ ’ ----. Expected +26
4 jets, 4 btags (high BD
: e —&- Observed L ; | = Observed
5 jets, > 4 b-tags (low BOT) ik FRIESLS AR Rl B
5 jets, = 4 b-tags (high BDT) B > 4 jets, 3 biags (high BDT) + -
> B jets, 3 b-tags (low BDT) L
> 6 jets, 3 btags (high BDT) " ol St Fl ol g b b
= R o ) BN >4 jets, > 4 btags (high BDT) R
=6 jets, = 4 btags (high BDT) B |
LJ combined - i ‘
PN | » 5 TR A | T | PR | » 5 ST A | T |
1 10 107 1 10 10°

95% CL limiton p = o/c_ atm, = 125 GeV 95% CL limiton p = o/c_ atm, = 125 GeV
SM SM
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11.4-12.9 b7 (13 TeV)

CMS Preliminary

Dilepton + :
Lepton+jets + L

------ Expected =10

, . I%xpected +20

Combined Py ttH(u=1) injected
= —a— Observed
1 1 | | | | | | 11 1 | 1 |
1 10

95% CL limit on u =

o/c at m, = 125 GeV
SM

11.4-12.9fb" (13 TeV)

CMS Preliminary
W tot. stat. syst
- L L +1.50 +1.05 +1.01
Dilepton = -0.04 135 095 -106
: i +1.02 +0.51 +0.88
: | +0.80 +0.45 +0.66
Combined L 019 ot 044 08
| | | | | | | | | | | | | | | | | | |

-2 0 2 4 6

Best fit u = o/c__atm, =125 GeV
SM

Channel Observed UL Expected UL Best-fit u

Dilepton 3.2 3T —0.041 130 (tot.) Troo(stat.) T10¢(syst.)
Lepton+jets 1.8 g —0.43110%(tot.) 02 (stat.) 05 (syst.)
Combined 1.5 B —0.197 98] (tot.) T0 2 (stat.) 708 (syst.)
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SUMMARY

-
—

-—

*ttH (bb) directly probes top-Higgs Yukawa coupling

/2

¢ It also has a few challenges:

Al

% Small production XS: split events to channels/categories

Al

#* Higgs invariant mass not applicable: use BDT/MEM to

extract signal

% Difficult tt+HF bkg: MEM, extra uncertainty

-

¢ Latest results are approaching SM sensitivity
¢ Observed (expected) upper limit: 1.5(1.7)
¢ Best fit signal strength: -0.2+0.8
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yield interesting findings

LHC Runi

JHEP 08 (2016) 045

CMS Run2

Preliminary |

TY

HIG-16-040, 36 fo™" |

4|

HIG-16-041,36 fo ' |

bb

HIG-16-038, 13 fo™" |

multileptons

HIG-17-004, 36 fo™" |

1:h+X

HIG-17-003, 36 fo™' | |,

Wuming Luo

ttH production

¢ Updated ttH(bb) results with 36/tb data come out soon
% Combined 13 TeV ttH searches(all

decay modes) might

—— —

2.35

2.2
0.0 %%
-0.2 :08
1.5:05

0732

1 o0 1

2
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4

5

Signal strength relative to SM prediction
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DATA SAMPLES

% Runs B, C, D 1n 2016, Vs = 13TeV
¢ The total integrated luminosity 1s: L = 12.9/tb

lepton+jets triggers

Dataset

Trigger Name

SingleMu
SingleMu

HLT _IsoMu22_vx*
HLT _IsoTkMu22_ vx*

SingleEle

HLT_Ele27_eta2pl_WPTight_Gsf_vx*

dilepton triggers

Channel

Trigger Name

P
prp”

HLT_Mul7_TrkIsoVVL_TkMu8_TrkIsoVVL_wvx*
HLT_Mul7_TrkIsoVVL_Mu8_TrkIsoVVL_v*

eTe”

HLT_Ele23_Elel2_CalolIdL_TrackIdL_IsoVL_DZ_v*

pret
pre

HLT _Mu23_TrkIsoVVL_Elel2 CaloldL_TrackIdL_IsoVL_vx
HLT Mu8_TrkIsoVVL_Ele23_CaloldL_TrackIdL_IsoVL_vx

Wuming Luo
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Muons Single Muon Leading ID Sub-Leading Dilepton ID

Channel ID Dilpeton Veto ID for Single Muon
pr [GeV] > 25 25 15
In| < 2.1 2.4 54
ID tight tight tight
Isosg/pr < 0.15 0.25 0.25
Electrons Single Electron Leading ID Sub-Leading Dilepton ID
Channel ID Dilpeton Veto ID for Single Electron
pr [GeV] > 30 25 15
n| < 2.1 2.4 2.4
ID 80% eff. non-trig. MVAID  80% eff. non-trig. MVA ID  80% eff. non-trig. MVA ID
Iso,a/pr <  0.15 0.15 0.15

—_— .

 Lepton Pt > trigger thresholds

uwTp~ and ete™ Channel:

My > 20 GeV #Tight ID and 1solation to
mpe < 76 GeV or myy, > 106 GeV ek
MET > 40 GeV suppress multi-jet events
¢ Veto Z+jets events for DL
Wuming Luo 28




Jets Single Lepton Channel Dilepton Channel
Leading 2 Jets Dilepton Subleading Jets Dilepton

Type PFJets, CHS PFJets, CHS
Algorithm anti-kt 0.4 anti-kr

pr [GeV] > 30 20

n| < 2.4 2.4

Lepton cleaning  Require AR(4,j) > 0.4  Require AR(¢,j) > 0.4

¢ Jet multiplicity:
2 >4 jets 1n LLJ channel
% 22 jets in DL channel
s b-tags: jets originating from b quarks
¢ use CSV(Combined Secondary Vertex) algorithm

st 1dentity as b-jets if passing Medium working point
% 1(2) b-tags for DL(ILJ) inclusive selection

Wuming Luo 29

CMS

BOHIO



DATA/MC AGREEMENT

2 All corrections to MC applied
* Good agreement between Data and MC

x10° 12.9 b (13 TeV) 12.9 b (13 TeV) 00210 12.9 b (13 TeV)
2] SRESALL L ELE BN AL B LN B (AU ) UL ILEL SURLELA LRLELE NURLELEY BLALECS S BLALELE BLULELE U 2} . 1 1 T T I T T
= - ) od - 467 < - P od — ttH x 554 < C P o d —ttH x 467 ]
& ssof- CMS Preliminary gtk @it 1 g40000- CMS Preliminary gl mtecs 5 - CMS Preliminary — gulf  mtes . -
u - lepton+jets, =tt+gb =tst+2b o] w 35000: lepton+jets, =“+Eb =lst+2b . W 600 lepton+jets, =t§+26 =t;+2b —
- . . tt+ ingle Top . : _ tt+ ingle Top L ; - t+ ingle Top
- 2 4 jets, = 2 b-tags DVsiets [tV . 24 jets, 22 b-tags EVsiets ItV _ 4 jets, = 2 b-tags DViets [ty ]
200 @@ Diboson — 30000 @ Diboson 500— @@ Diboson —
N . 25000F- , 400F E
150_— ] - // N Z.&

B - 20000 C

C . - 3001

100~ - 15000 E

K _ - 200—

B ’ 10000 -

50— — o & -

¥ . 5000 : 100
ok ol : -
o 1.9 o 1.5 o 1.5 —]
s F & F g , :
= 1F A7 3 1F yn SIS s Ihh s s @5 %
5 F : 5 F 5 7 g
0.5 R B 0.5 e e e e e S 050 . 0y —
0 250 300 0 20 40 60 80 100 120 140 160 180 200 0 0.2 0.4 0.6 0.8 1
P, of all jets lepton P, B-tag of all jets
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lll: Matrix Element

Numerical Momentum conservation ~ Resolution function (allow ISR)

integration /
dxadxb 5 o(E. ) (= 8
Z;'/ 2X4XpS /,1—[1 (27 32Ek (2m)* 6 (Pa + Py — Z Pk) (PT,kZ‘1 Pk) X

8§ (xa, )8 (xp, 1) [ My (Pa, Po, P1, - - p8) "W (7, 7)),

/ %ﬁ : ~ Detector transfer function

. . LO Scattering amplitude
Parton density functions (Open Loops)

w(yf|ttH)
w(if|ttH) + kg pw(if|tt+bb)

Ps/b —

i Construct per-event signal/background probability

1\ using full kinematic information in an analytical approach
.4

|deal for final states with many reconstructed objects.

Built for ttH(bb) vs ttbb

Wednesday 2 November 16




SYSTEMATIC UNCERTAINTIES

Al

¢ PileUp re-weighting: use 69.4 mb + x%
¢ Lepton SF

A

¢ iIndependently vary 1d and HLT efficiency
% b-tag SF
#JER and JES

Al

¢ JER has a negligible effect on shape or normalization

A

¢ Luminosity: x.x%

A

5t Cross section

Al

2% Use CMS standard model cross section uncertainties
5 M C statistics

W (2

% Q) scale/Parton Shower for ttJets

% extra 50% rate uncertainty for tt+ HF
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