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Why ttH?

® large top quark mass:

® expect top quark Yukawa (Yt) coupling to be of
order one

® too large to observe Higgs-to-top decay

® Y also contributes to
® fermion loop in H production from gluons
® H decay to photons

® But due to potential BSM physics contributing to the
loop they can’t be used to measure Y directly

® ttH allows direct measurement of Y:

® Deviation from SM prediction could hint at heavy
top-partners
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Why H(bb)?

® Advantages:
® Highest branching fraction

® Fermion-only production and decay

® Disadvantages: b
® complicated final state t_*# e, u
d 000000 W Vo V,

® Jlarge backgrounds 5

® irreducible ttbb background has large H b

theory uncertainties g 000000 W- q'

t 9

b
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o UP

Overview

to 12.9 fb-! at 13 TeV

® Details: CMS PAS HIG-16-038

® Strategy:

V.

Select events compatible with tt—dilepton / lepton+jets and
H — bb decay

Categorize according to jet and b-tag multiplicity
Discriminate between signal/background with BDTs and MEM

Extract limit by combined fit to data in all categories

Thursday 10 November 16



|: Event Selection

® Jets:anti-kt (R=0.4) using CHS input

® > 4 with pt > 30 GeV for Leptont]ets

® > 2 with pr > 30 GeV (pr> 20 GeV subleading) for Dilepton
® Leptons:

® Exactly one electron (pt>30 GeV) OR muon (pt>25 GeV) for Lepton+]ets

® Exactly two opposite-sign leptons. Leading pt > 25 GeV
sub-leading pt>15 GeV

e Corrections:
® Pile up reweighting
® |epton scale factors
® Jet energy scale and resolution corrections

®  b-tag discriminator
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® Data:

® Leptontets: 12.9 fb’!
e Dilepton: 12.9 fb"! (U, ep) / 11.4 fb! (ee)

® Signal and tt background MC:

l: Samples

CMS Integrated Luminosity, pp, 2016, v's = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC
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l: Categories

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-+f

tt+cc

tt+2b

tt+bb

tt+bb tt+2b tt+bb

tt+b tt+2b

tt+bb
S/B=0.035, S/YB=0.973 S/B=0.011, S/VYB=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+1f - tt+If

ttH Bl it+20

= B tt+bb

tt+bb

tt+2b " EWK

tt+b B -

S/B=0.040, S/VB=0.417 S/B=0.012, S/VB=0.453 S/B=0.004, S/VB=0.084

Thursday 10 November 16



lll: Boosted Decision Tree

® Gradient boosting decision trees
® Train for ttH(bb) vs sum-of-backgrounds
® |[ndividual training and variable selection for each jet/b-tag category

® Hyperparameters and selection of variables optimized using particle swarm

algorithm 12.9 10" (13 TeV)
7 L B B B B ) I L L) L L LA ]
5 - CMS Pre//mlnary - cela _tHx 28 3
. . [ th+if ft
® Only consider well modeled variables @ 140 onton+ets, —H He
R iote o4 he Et:ob @ Single Top
100l =6 Jets, =4 b-tags |:|V-:-jets thLrl?e >
B @ Diboson
1004
Example: 7
BDT input in Lepton+jets >6 jets >4 tags: %0
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best Higgs mass

Ma(tag, tag) closest to 125 GeV
M(jets, lepton, MET)
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4th and 5th highest b-tag discriminator score o 15 —
> pt (jets, lepton, MET) E o
S 05 i T —
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8 (plot is pre-fit) fourth highest btag
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lll: Matrix Element for ttH(bb) vs ttbb

Numerical Momentum conservation ~ Resolution function (allow ISR)

integration \ x /
, /.

dxadxb

5(E2 ) (=
zxa.XbS /H( 27T 32Ek) (27T> (Pa‘i‘Pb ZPk) (pT/k_Zl Pk>><
g(xa, ur)8 (xp, we) | May (Pas P P1s - P8) W (7, B)

/ {A : ~ Detector transfer function

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

(i)
w(if|ttH) + ks w (7]tE+bb)

Ps/b —

= - E— —— e =

1 Construct per-event signal/background probability

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

Works best for final states with many reconstructed obijects.

Possible but computationally expensive to integrate over missing jets

I
|
|
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12.9 6™ (13 TeV)
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V: Dilepton fit pue e
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Systematics

® Shape uncertainties
® b-tag discriminator
e |ESand]ER
° Lepton ID/Isolation, Trigger efficiency, Pile up, Q? scale,

® Rate uncertainties

® Normalisation of different processes
Separate for each tt+heavy flavour channel

° PDF for different production channels (gg, qq, qg, ttH)

° Parton Shower

® MC bin-by-bin statistics
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Yields - Post Fit

12.9 b (13 TeV)

ﬂ 1065|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
o = CMS Preliminary ¢ data  —ttH(u=-0.19)
i 108 i [Htt+LF  [tt+cc
= lepton+jets Bl tt+b B tt+2b E
Bl Bi+ob  [[lsingle-t _
10* [ Jttev [ V+ets -
[ diboson 3
10°
102
10
_ 1
g 1.5 —
SRR Gl 7z il 2
©
o 05 | | | | | T
(qV] Al © (e} U)© U)© wm m(*)
055 %5 83 85 8¢ 20 4,86 420
oL ol eSS g S A A DAY B AL
S oD fomasvds<vDoAIDwrid SN FNa

11.4-12.9fb" (13 TeV)

-(L) 106'IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII'
o CMS Preliminary ¢ data  —tH(u=0.19)
>
L 5
10 dilepton
10*
[l diboson
10°
10°
10
_ 1
g 1.5
SR i i didididd. A /}7////%/
©
a 0.5 | | | N
m% ‘Dga- wg'). %g 8)53
g2 289 g83 299 giR
" 328 Ya8 ¥%23 138
14

Thursday 10 November 16



140

Events

120

100

80

60

40

20

Data/Bkg.
o

o
o

0.0 0.1

Lepton + Jets j6 t4, high BDT
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Results

11.4-12.9f" (13 TeV)

11.4-12.9f" (13 TeV)

CMS Preliminary CMS Preliminary
u  tot. stat. syst.
Plepir ' oieton| 11—+ 0,04 1% 1% "1
. P . o +1.02 +0.51 +0.88
Lepton+jets + - Lepton+jets e -0.43 5 050 087
------ Expected +1o
P Expected =20 |
. E 0 ttH(u=1) injected : | +0.80 +0.45 +0.66
Combined + | —-—Obsl;rvedj Combined - -0.19 Togy 044 -0es
] || ] ] ] ] ] L1 || ] ] ] | | ] | ] | ] ] ] | ] ] ] | ]
1 10 -2 0) 2 4 6

95% CL limiton u = G/GSM atm, =125 GeV

Best fit u = o/0__atm, =125 GeV
SM
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Dilepton

Lepton+jets

Combined

Lepton+]ets per Category

11.4-12.9fb" (13 TeV)

CMS Preliminary

N —>

------ Expected +1o

N Expected 20
. ttH(u=1) injected
e —- Observed

1 10
95% CL limit on u = G/OSM atm, =125 GeV

® High-purity bins provide highest sensitivity (as constructed)

signal region

4 jets, 4 b-tags (low BDT)

4 jets, 4 b-tags (high BDT)

5 jets, = 4 b-tags (low BDT)

5 jets, = 4 b-tags (high BDT)
> 6 jets, 3 b-tags (low BDT)

= 6 jets, 3 b-tags (high BDT)
> 6 jets, = 4 b-tags (low BDT)
> 6 jets, = 4 b-tags (high BDT)

LJ combined

® Most sensitive single category shows upward fluctuation in

CMS Preliminary 12.9 b (13 TeV)

----- Expected =10 LT
----- Expected +20

—& Observed ¥
L
]
N
X
o
]
oo Wl
1 10 10

95% CL limiton u = O/OSM atm, =125 GeV
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Dilepton per Category

11.4-12.9fb" (13 TeV)

CMS Preliminary
Dilepton +
Lepton+jets +
------ Expected +1o
L e Expected +20
Combined I ttH(u=1) injected

: —m— Observed

11 | L |

1 10

95% CL limit on u = G/OSM atm, =125 GeV

High-purity bins provide highest sensitivity (as constructed)

Most sensitive single category shows upward fluctuation in

signal region

3 jets, 3 b-tags

= 4 jets, 3 b-tags (low BDT)

= 4 jets, 3 b-tags (high BDT)

> 4 jets, = 4 b-tags (low BDT)

> 4 jets, = 4 b-tags (high BDT)

DL combined

CMS Preliminary 11.4-12.9fb™ (13 TeV)

----- Expected +1o +
----- Expected =20 '
—— Observed :+

1 10 10°
95% CL limit on u = O/GSM atm, =125 GeV
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Conclusions

e Update of HIG-16-004 to up to 12.9 fb"! o 0 1A4-1290 * (13 TeV)
s [ CMS Preliminary 4 data E
® Simple combination of BDT and MEM £ 44| leptonsjets, dilepton O ey = 1.0)
discrimination techniques ¢ | combined W H (= —0.19)

LLI —— Background

Bkgd. Unc

® Observed (expected) upper limit 1%

of U < |.5 (1.7) at the 95% confidence level, _
and a best fit value of g = —0.19%080 g, 107

¢ Now we need to get back and 101;_
analyze the 40 fb"! on tape :

® Reuvisit boosted events g’ 301
o 2.0 |
. o o Lar

® More complex classifier combination g . .

-2.0 -1.5 -1.0 -0.5

: . log1o [S/B] (prefit expected
® Higher statistics ttbb sample B10 (P g )

® Stay tuned..

Thank you!
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Bonus Slides
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Particle Swarm

®  See: Particle swarm optimization,
). Kennedy, R. Eberhart
Proceedings of the IEEE International Conference on Neural Networks, 1995.

e Optimization algorithm
e Different BDT setting (i.e. tree structure and variables) form the search-space
® A specific setting corresponds to one point in this search space
e Algorithm:
® Create swarm of candidate BDTs
e Each BDT is initialized with a random set of input variables and position in parameter-space
® Do N iterations
® Repeatedly train/test at current position.
® Vary input variables to maximize ROC while KS>threshold

® Then the BDTs move to new positions, based on their own and swarms best
previous positions

21
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Final Discriminators
Leptont|ets
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Lepton + Jets j4 t4, low BDT

pre-fit

12.9fb™" (13 TeV)
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Events

Data/Bkg.

post-fit

12.9fb™" (13 TeV)
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Lepton + Jets j4 t4, high BDT

pre-fit post-fit

12.9fb™" (13 TeV) 12.9fb™" (13 TeV)

U) IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ U) —IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—
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Lepton + Jets |5 t4,low BDT

pre-fit

12.9 o™ (13 TeV)
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Final Discriminators
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Lepton+]ets
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List of BDT Inputs
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11.4-12.9 fb™ (13 TeV)
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List of BDT Inputs

3 jets, 3 tags >4 jets, 3 tags >4 jets, >4 tags
(d) tagged Centrality(jets & leptons) | Centrality(jets & leptons)
Hi (jets) C(jets) Centrality(tags)
M];ljiggs-like Hy(tags) Hy®
tagtag M]}Jliggs-like M]}]ﬁggs—like
min ARtag tag Mgt ictjet min ARjet jet
max Affjetjet Mgg‘ég M]r-?ti,rt‘ng
min ARjetjet min ARgag tag M{Ia‘gl’;a%‘ass
> PTjets leptons max Afjtag tag M{S‘gnég
H,4/Hp(tags) Tiagtag max Affiet jet
max Aftag tag
median Mjet jet
46

Thursday 10 November 16




Systematics
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Source Type Remarks

Luminosity rate  Signal and all backgrounds

Lepton ID/Iso shape Signal and all backgrounds

Trigger efficiency shape Signal and all backgrounds

Pileup shape Signal and all backgrounds

Jet energy scale shape Signal and all backgrounds

Jet energy resolution shape Signal and all backgrounds

b-tag HF fraction shape Signal and all backgrounds

b-tag HF stats (linear) shape Signal and all backgrounds

b-tag HF stats (quadratic) shape Signal and all backgrounds

b-tag LF fraction shape Signal and all backgrounds

b-tag LF stats (linear) shape Signal and all backgrounds

b-tag LF stats (quadratic) shape Signal and all backgrounds

b-tag charm (linear) shape Signal and all backgrounds

b-tag charm (quadratic) shape Signal and all backgrounds

QCD scale (ttH) rate  Scale uncertainty of NLO ttH prediction

QCD scale (tt) rate  Scale uncertainty of NLO tt prediction

QCD scale (tt+HF) rate  Additional 50% rate uncertainty of tt+HF predictions

QCD scale (t) rate  Scale uncertainty of NLO single t prediction

QCD scale (V) rate  Scale uncertainty of NNLO W and Z prediction

QCD scale (VV) rate ~ Scale uncertainty of NLO diboson prediction

pdf (gg) rate  PDF uncertainty for gg initiated processes except ttH

pdf (gg ttH) rate  PDF uncertainty for ttH

pdf (q@) rate  PDF uncertainty of qg initiated processes (tt W, W, Z)

pdf (qg) rate ~ PDF uncertainty of qg initiated processes (single t)

Q7 scale (tt) shape Renormalization and factorization scale uncertainties of
the tt ME generator, independent for additional jet fla-
vors

PS Scale (tt) rate  Renormalization and factorization scale uncertainties of
the parton shower (for tt events), independent for addi-
tional jet flavors

Bin-by-bin statistics shape statistical uncertainty of the signal and background pre-

diction due to the limited sample size
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Pre-fit Shape impact on
lepton+jets |6 t3

Process tt rate up/down [%]  ttH rate up/down [%]
Jet energy scale +12.6/ —11.8 +8.4/ — 8.0
Jet energy resolution +0.2/ -0.3 —0.0/ - 0.1
Pile-up +0.1/ —0.1 —0.2/+0.1
Electron efficiency +0.5/ - 0.5 +0.5/ —0.5
Muon efficiency +0.4/ —0.4 +04/ - 04
Electron trigger efficiency +1.2/—-1.2 +1.3/—1.3
Muon trigger efficiency +0.8/ —0.8 +0.9/ - 0.9
b-Tag HF contamination —-9.4/+9.8 —2.6/+28
b-Tag HF stats (linear) -3.1/+33 —25/+27
b-Tag HF stats (quadratic) +2.6/ —24 +24/ —22
b-Tag LF contamination +7.1/ =52 +5.8/ —45
b-Tag LF stats (linear) —2.0/ +4.4 +0.5/ 4+ 15
b-Tag LF stats (quadratic) +2.1/+0.2 +1.5/ 405
b-Tag charm Uncertainty (linear) —-11.1/ 4+ 14.9 -3.1/+4.1
b-Tag charm Uncertainty (quadratic) +0.5/ - 0.5 —-0.0/+0.0
Q7 scale (tt+LF) —6.2/+75 —

Q? scale (tt+b) ~1.7/ 420 —

Q? scale (tt+2b) —1.1/+14 —

Q? scale (tt+bb) —2.0/+25 —

Q? scale (tt+cg) —43/+54 —

PS scale (tt+LF) +4.8/ —9.0 —

PS scale (tt+b) —09/+4+0.7 —

PS scale (tt+2b) —0.8/+0.9 —

PS scale (tt+bb) —15/+27 —

PS scale (tt+cc) —-3.9/+3.0 —
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