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Overview

 H — bb in the Standard Model
« VH — Vbb (5+19 fb-1)
« VBF H— bb (19 fb-1)

+ ttH — ttbb (5 +19fb1

... And Beyond
bH+X, H — bb (2.7 - 4.8 fb-")
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B-Tagging in CMS

CMS Simulation, \'s = 7 Tev CMS Preliminary 11.5fb™ at {s =8 TeV
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b-jet efficiency CSV Discriminator Value

» Jets: particle flow inputs to anti-kT algorithm, R = 0.5

» B-tagging: Combined Secondary Vertex (CSV) discriminant
« EXxplicitly reconstructed secondary vertex information
e “Pseudovertex”: tracks with high impact parameter significance
* |ndividual track IP's, jet and track kinematics
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Analysis Strategy: VH — Vbb 2

« Categorize by vector boson (V) decay: Z(wv), Z(.£.£), W(.tv), W(tv)

 Require 2 b-tagged jets, leptons & MET as appropriate

 Binin pT(V): signal-to-background increases at high pT

« Multivariate b-jet regression to improve bb mass resolution

« Boosted Decision Tree (BDT) trained for each Higgs mass

» Additional specialized BDT's for background rejection

 Likelihood fitto BDT @
distributions

. Backgrounds: tt, V+bb,  Jet \{ Ly

V+b, V+udscg, QCD, L
single top, VZ >° ° > @ e
 Dominant systematics: b- N i

tagging, MC statistics, .
data-driven background y @
normalization k\
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B-Jet Regression

Frr T
~ CMS Simulation —Namiaa,,, B

—
~

» Additional correction of b jet to parton

energy, using BDT, to improve mass {g1.2§-;f.-;i{:g’;L=1°-°fb" _;
resolution § |
* Trained on simulated H — bb events 03
e Variables used: Zj |
e Jet kinematics 1 |

« Charged/neutral fraction, el

I|III||II|III .
80 100 120 140 160_ 180

lead track pT, etc. s

- Vertex properties S0 Lo
 Soft lepton properties 2o ]

« MET —Z(ll) only 600 - ]

* Improves Higgs mass resolution by ~15% 400,
— analysis sensitivity 2001 ]
improved by 10-15% % 02040808 1121416102
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CMS

Boosted Decision Tree

« Trained for each channel and each Higgs mass
e |nputs

* Higgs candidate jet pT and CSV
* Dijet properties: m(jj), pT(jj), dEta(jj), dR(jj), color pull angle
» Additional jets: Naj, max CSV, closest dR to Higgs candidate
. dPhi(V,H), dPhi(E_mss j)
. Angular varlables of VH system
8 oo TR S o armramy TETTT] EO3. cMsPreliminay . -
S 4of fs=8TevL=100m" S E = L \E=8TeV,L=19.0 fb" 5&53%: = 2 T \s=8TeV,L=19.0fb" ]
% 355_2( vi)H(bb) ;$F;“: 53000;—“’“‘“’"‘“’ Ez.mm E EO'SS;W(ev)H(bE) % me :
ng,j 30§_ 2500; =4 ; m_04:_ e o E
zZ: Tzz: E -0.452— + 4 _
15?— 1000; —_1 -0.5; m** _f
10E B ] - ¥ 4
sE- 500 055 |+ e o -
§ o L B % m
o 2F o % 1_2; : E 0.6 .
% 1_51, : a 12 .- - .aga 3 E :
gy n o5 R L s ™
of : _ e 08 07 06 05 04 03 02 01 0 01 02 0 50 100 150 200 250
0 0.2 0.4 0.6 0.8 1 BDT output M; [GeV]

CSV,,(1,i2)
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Signal Extraction
S GO 1
W ® i
W(uv) High pT Z(ee) High pT ¢ Err e
+ 45 O T i CMS Preliminary 3
S 10 CMS Prellmlnar E @ 6 T L S < 0% (s= 7TeV,L=5.01b"
e s= 8TeV, L =19, nf{' aln vﬁ': 5 1 s v CMS Preliminary & e E 38 {s = 8TeV, L =19.0 b’ E
I =15 i1 2 {s= 8TeV,L=19.0 fb" C_z+b6 E ]
0 4 W(uv)H(bb) == W+udscg @ 5 I:IZ+ bb ] = 4 ]
£ 10 E 8 10° = ZeeHpD) =121 s 5 10 4
i — £ . g to -
10° == Uz%l;hs 10° ——— MC uncert. (stat) __|
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i 1
1
10"
107 E
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E i« [ E =
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5 13 é Lot ‘P'H' 34}}# ertest 05 3 E
Co. SE H . " . ) L . . N 5 1;—a-+o—.—.—.—....z-f-1—.—r-o-ﬁ.,_~._1-o-ri—t—t—s_+_r+ =
-1 -08 -06 -04 02 0 02 04 06 08 1 E osE
1 08 06 04 02 0 02 04 06 08 1 BDT output S e T e

BDT output Iogm{SfB?

T T A « Simultaneous fit in all 14 signal regions

el | CFails’ e Z(w): 3, Z(24): 4, W(ev): 6, W(tv): 1
anti-tt Anti-VY

MVA MVA « Visualize fit by summing bins by log(S/B)

anti-V+jets “Passes” all
MVA Background-

Specific MVA's
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VH — Vbb Results

o R

\s=7TeV,L=50f" Vs=8TeV,L=19.01b" T 1 T T ™
CMS Prelimi —125GeV| L | QP i e ctomewa | S | |
Combined eliminary my= e B [ Vs=7TeV,L=5.01b" e CL. HizGinjectsd ] >
n=1.00=0.49 S 5[ (s=8TeV,L=19.0fb" ., cLbxpectes | O
< | VH(bb), BDT combined CL, Expected= 10 | 3 ibo
g - CL, Expected = 2 o] 8 |
3 17 |

5 - s=7TeV,L=5.0fb"

g 104k Vs=8TeV, L=19.0 fb"

N 2 g VH(bb), combined

=052+ 097 B 5 10° DI
e L LI [ B O
ok B mifeevi o™ [Gel\/]
oy ] . 4.5/ CMS Preliminary E
-2 0 2 4 T '.'s=7'Te\l’,L=5.l.'ifb"_1 :
Best fit o/oy,, < 45 Vhiob mBDT combination :

. . . . 3.5¢
Results of BDT likelihood fit for 125 GeV Higgs: o o ossored
—_ —_ + 255 ~-.--- Expected H(125)
» y=o/o, =1.00%*0.49 i
* Observed (expected) 95% CL limit: 0.95 (1.89) ™ ;
* Observed (expected) significance: 2.10 05 et
. . . | T T I . NV ol I .
 |n combination with H — tt: 3.40 M0 1S 120 1% 130
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Validation with VZ — Vbb

— 17—
CMS Preliminary

L L L L B
CMS Preliminary

2 o P - |
o 10" s = 8TeV, L =19.0 ft" S JF (5=8TeV,L=1901" éfﬁ’ ls=8TeV,L=1901b
_§ 10° W(uv)H(bb) _§ 10 Z(e'e*)H(bb) %iﬁ.ﬂsc ..
E £ - Egingle:p Combined CMS Prﬁ]lmlnﬂw UZ(bb}
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BDT output BDT output 045
W(iv)Z(bb)
. u=119"% "
 Expected: 6.30
1 1 1 1 I L 1 1 1 I [l 1 1 I 1 1 1 1 I 1 1
e Observed: 7.50 40 : > 3
Best fit o/o
1 . SM
 Bestfity:1.20+£0.28
[ ]

Method gives correct SM result!
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M/

VH — Vbb Mass Analysis

» Tighten selection of BDT input variables
* To visualize: welght each category by S/(S+B)

z :ICIMIS Fl’rell;'nrlm;r); IIIIIIII L rrrTTTT
— —
2 5001 (o 7Tev, L =501 5:"“_25“’ - ~ 8o~ CMS Prellmlnary e Data ]
= - - €%, L =120 0t" e Fideee @ - Vs= 7TeV,L=5.01fb"
— — + | —
g awof-" — - E - Vs= gTev,L=100f" [ VH (125GeV)
o} - gle c -
= @ pp—*VH H - bb Vv
sl : 5 ool ] §
= 300 % — Sub. MC stat. uncert. |
i g’ — Visible MC stat. unceri.|
200[- = -
100}
O_ 2 =0.217 K, =0.991 ' E
o 2F KT [ ]MC uncert. (stat.) 3
%1.52— ]
R R
Sosf 3 | | | I
0 50 100 150 200

_I 11 11 IIII|_
M. (GoV) 0 50 100 150 200 250

» Results of fitin M __for 125 GeV Higgs: My [GeV]
e M= O_76+0.68_0.66

* Observed (expected) 95% CL Limit: 2.0 (1.4)
o Similar to latest ATLAS results! (ATLAS-CONF-2013-079)
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®

Jet pT > (85,70,60,40) GeV

Quark jets from VBF required to
have Ar]qq > 2.5, m > 300 GeV

Higgs candidate jets: dg <2

Construct Artificial Neural
Network (ANN) to separate QCD-
dominated background from VBF
gqgH — qqgbb events

Events / 0.04

Data/MC

0 T DT TR

v by by by by by by by
° 04 02 0 02 04 06 08
ANN Output

% 0.06 : CMS Simulation

Separate into categories and fit S oos o
for background in each 5 o4
 Polynomial for QCD, S oo
templates for SM backgrounds 0.02f

0.o1§ SNy
%2 TIRERY
ANN Output
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CMS

ANN Training and Inputs

CMS Preliminary |s =8 TeV

108
10°
10*

Events / 160 GeV
Events / 0.04

103§
107

Data/MC

Data /MC
Data / MC

°"""500 1000 1500 2000 2500 3000 3500  4O( o . . L ‘ L P S N T T R
Myq (GeV) 0 0.2 0.4 0.6 0.8 1 0 .02 0.4 0.6 08 1
1st jet (btag ordering) btag discriminant 3rd jet (btag ordering) quark-gluon discriminant

- Input variables — no strong correlations with m_
. Anqq, 6Anqq: separation b/w qq jets, difference from b-jets
Mass and pseudorapidity of qq pair system, n of 3" jet

CSVs of b-tagged jets

Quark/gluon discriminant of q jets (constituent kinematics)
» H_—scalar sum of soft track jets in the event

Kinematics of bb system w.r.t. qq system (H/g separation)
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Signal Extraction
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VBF Results > |

Results of fit for 125 GeV Higgs:

« p=olo, =0.7+1.4

* Observed (expected) 95% CL limit: 3.6 (3.0)

* Observed (expected) significance: 0.50 (0.70)

14— —7r1 1 1 i

& - CMS Preliminary —=— CL Observed .
E 12 s =8 TeV — - CL¢ Expected _

o) N L=19.0fb7  ----- CL H125 Injected 7 ° :
8 10 [ VBF H— bb CL, Expected= 10 ] U nC?rta”Tty
£ - CL, Expected= 2 - dominated by
- 8F - background
o o B statistics
- ] « All systematic
7 e E uncertainties
R 2 - combined worsen
N limit by ~15%

115 120 125 130 135

Higgs Mass (GeV)
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Analysis Strategy: ttH — ttbb Z

« Lepton+Jets (lvivbb), Dilepton (lvqgbb)

. Subcategories: number of jets and b-tags (CSVM, p_> 30 GeV)

_ L i:nn+_]ets | | Dilgptﬂn |
Jets >6 |4 |5 | 26| 4| 5 |26 2| 23
Tags 2 3 3 3 | 4 | >4 | >4 2 | >3

 BDT tuned in each subcategory

 Global fit of BDT distributions

» Systematic uncertainties

* |nputs: kinematics of single or
combined objects, “best Higgs mass”’,
event shape, CSV discriminants of jets

L < ’
e |Includes ttH — tttt for 8 TeV b

« Experimental: b-tag efficiency and fake
rate, Jet Energy Scale, ...
« Theoretical: Q2 on tt+jets, extra 50% on tt+HF, ...
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BDT Inputs and Training

« Training and variable selection separate for each channel
« Up to 10 variables with highest 1D signal/background separation

e Specialized BDT trained against ttbb used as input for event-wide
discriminant in most sensitive categories: 13% overall improvement

it W it + cT Bl tt+b

B it + bb B single t tt + W,Z o
B EWK —e— Data [ 4 Sum MC  ttbb/ttH discriminant

Lepton + 5 jots + =4 bolags CMSF" eliminary f=8TeV,L=19.4 15’
Diepton + 24 efs + 2 biags CVS Preliminary {S=8TeV,L=19.45 o' ® Lepton+ Sjets+ 3b-tags CMS Preliminary f5=8TeV,L=19.4f0" 8 8o - H_l;?gu e (32.3 T
E K (153.9) v (53.7) _ single t (97.1) - T h‘tEEil}BB} -tf +cff (520.0) W Af + b(SSTD] = = _ I 37.7) - gl 8 t(10.3) HH+WZ(25
4000 o6 (50.1) b : o7 5 ogof MM i to(1580) W snglet(I161) _ f+wz (g € [ mmbinds 55 —+ Daia (219) [ Sum MG (164.2)
= f (3184 4516.0) C (4226.2) gsl}l:l—-EWK( BU) —+ Daia (3883) = [7J Sum MC (3625.4) @ 70 — tHios | 52330]
E tiH125 (16.1x263. W [ = tiH125 (21.1:30) C
3500 BOOF
3000 700F
2500 6001
500F
2000 g
400F
1500 F
300F
1000 -
200F
500 100F
2 2
% 3 o b 2
8 1 : + § E f
8 1 g’ E | =
0 ; : : s - s - . . . . . .
D I i 1 Il 1 1 G 1
4 45 5 55 6 65 7 7-5Ni 8 075 08 085 09 098 1 08 -06 04 02 0 02 04 06
ets average CSV output (b-tags) MVA output

26 July 2013 S. Zenz - Higgs to Bottom quarks - Higgs Hunting 2013 16



Signal Extraction

S Coract Meon Scisnols

Events

Pre-Fit
Lepton + =6 jets + =4 b-tags  CMS Preliminary, {s=BTeV, L=19.51"

Lepton + =6 jets +=4 b-tags  CMS Preliminary, (s=8TeV,L=19.5f"

Post-Fit (S+B)

Post-Fit (S+B)

[ i 710) W i 4T (51.8) -'tt+b(333) L 601 mm i+t (598) 0 T + 0T (53.9) -n+b(371) - ttH(bbrr): LJ + OSDIL + TAU GMS Preliminary, s=8TeV,L=19.51b"
GO;EE\I‘EEEESSO) !%g?eiééoo)) =8 Mc(24é\;o) g SOLEEWLES(%?‘;D) !gggrae(éécu)) @gﬁn Ve (25;5 "u:: E —+—Data Su m MC .tfH1 -
* | g
10t 3
10° =
107 =
SRE. eyt | -
1_1 Lo s 1 ! :
° -UI.B -6.5 -0..4 -0:2 0 0.2 0:4 0:5 0 -0'.3 -DI.E -0.4 -6.2 0 0:2 0.‘4 0:5 10
MVA output MVA output — | Lol
o~ 2 EFit= F;;:E‘, ' 5+8 p-value u’l:ll.ﬂﬂu
W tt + cT Bt +b - ——
B single t tt+W,2Z S ———
—— Data ”ASumMC | | , |
-3.5 -3 -2.5 -2 - -
Log, (S/B)
« Simultaneous fit in all categories, including tau
* Visualize fit by summing bins by log(S/B)
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ttH — ttbb Results

CMS Preliminary \s=8TeV,L=19.5fb" CMS Preliminary Vs=8TeV,L=19.5fb"
T | (== Expected+ 1o
Combination — ----- Expectedt+2 o Combination |— [ ]
— Observed
Lepton + Jets — ! Lepton + Jets |— .
Dilepton — : ‘ Dilepton |— | ]
Hadronic Tt — Hadronic Tt [~ L
....I..,LI.....:I....I..l.l.,.,l.,L P B P T T i B BT T N R
0 5 10 15 20 25 30 as -6 -4 2 0 2 4 6
85% CL limit on o/ag,, at m, = 125 GeV Best fit o/ag,, at m, = 125 GeV
CMS preliminary bb, 11, vy (s=7TeV,L=5.0f"{s=8TeV,L=19.5"

* Observed (expected) 95% CL
limit for 8 TeV at 125 GeV:

 Combined [t1,bb]: 5.2 (4.1)

* Lepton+Jets: 4.9 (4.7)

* Dilepton: 9.1 (8.2) |
. Combined 7+8 TeV ttH(bb) + .......................

8 TeV ttH(tt,yy): 3.3 (3.9) L A a7

my (GeV)

10— —e— Observed
----- ttH(125) injected

8 - Expected + 1o ......................

————— Expected £ 26

95% CL limit on clcSM
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Analysis Strategy: bH — bbb %

* All-Hadronic analysis

« 3 reconstructed jets with |eta] < 2.2
e 2 online b-tags required for trigger
« Low-mass: pT(j1,j2,j3) > (46,38,20) GeV — 2.7 b
¢ Medium-mass: pT(j1,j2,j3) > (60,53,20) GeV — 4.0 fb™"
« Semi-leptonic analysis
 Require muon (pT > 15 GeV) from semi-leptonic b decay
« Reduce trigger rate, allow jet pT(j1,j2,)3) < (30,30,20)

« Derive QCD background in 3 b-tag signal sample using events
with 1-2 b-tags

 Dominant systematics: trigger and b-tagging efficiency, jet
energy scale, factorization/renormalization QCD scale
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CMS

All-Hadronic Background

CM52011 L 27 fb \S 7 TeV

. . w 02— AL
» Construct 2 variables for fits: S o1 Rsadroic s
« Dijet mass of 2 leading jets (T . W (Eb)b -
. 2 0.14:— ; — (Ch)b E
- Event Btag variable X__ vz T @bk E
. E I ol bbX ]
- Defined based on masses of 008 | - E
. 0.06 [} - =
reconstructed b-vertices ooal B o E
- Sufficient statistics in all bins et T s oo
. 50 100 150 200 250 300 350 400

* In 2 b-tag sample, define templates cusos 427 \"jﬂj‘ij}’]

. . 0w 07 ‘
using assumed flavor of untagged jet £ - AllHacronic Analysis -
. o >0.6j Low-Mass Scenario -
» B-tagging efficiency from MC E (Bb)b :
. 2 E — (Cb)b B
_ Function of (pT,r]) ) 0.4 L (?)E)I: E
- Data/MC scale factors 03E | e £
« Additional simulation-derived 027 - S
corrections for non-bb contribution =~ o= — E
(3-4%), online btagging L R S

o
S
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Semi-Leptonic Background %

Templates derived using two methods émo:""+'+'*""""s;;,;i.e;,i;n;;im;._;si;";
. . . . . . - L "*- Low-Mass Scenario
using disjoint samples: bbj, bjj A 1

RC S T e

Likelihood ratio to differentiate h seckgons |

. . . - % |  neares t-neighbor
background-like from signal-like events w0 Y E
r A

« Jet pT, separation of lead jets in g
(n,¢), and separation from 3" jet r* 1
Matrix Method: template from bbj e e

events; b-tagging probabilities for 3" jet 5 4500 ST L=g 05T TV
Nearest Neighbor method: use
kinematically-similar background S T O N o
events in control region to predict bjj — o A Ceree |
bbb probability 1 ;
Good agreement between methods! O E

M,, [GeV]

26 July 2013
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All-Hadronic Signal Extraction

CMS 2011,L =27 fb"\s=7TeV

> 20000 7| TTT | TTTT ‘ TTTTTTTTT ‘ TTTT | TTTT ‘ TTTT | TTTT ‘ TTTT | TTT L
& = All-Hadronic Analysis .
o 18000~ (a) Low-Mass Scenario -
o . NG = 12171111 ]
£16000— —
% C « Data ]
1Dl 14000 o oee =
o Qb)b ]
12000~ - }Cb,’b -
10000 -
8000 -
6000 ~
4000~ =
2000 -

OG 50 100 150 200 250 300 350 400 450 500
My, [GeV]

CMS 2011, L=4.0 b\ =7 TeV
> 1 6000 7| TTT ‘ TTTT | TTTT TTTT | TTTT | TTTT ‘ TTTT | TTTT ‘ TTTT ‘ TTT |7
g L All-Hadronic Analysis i
o L (© Medium-Mass Scenario ]
& 14000 PN = 100/ 111 ]
" C ]
< C * Data 7
8 120007 - .
C I bhB ]
10000~ B (b ]
C (Ch)b ]
L (Bb)b _
8000~ BG Uncert. I
6000 -
40001 =
20001 .

DO 50 100 150 200 250 300 350 400 450 500

26 July 2013

M;; [GeV]

Events

CMS 2011, L=2.7 fb" Vs =7 TeV

70000

60000

50000

40000

30000

20000

10000

g

IIII‘IIII‘IIII‘IIII‘II
All-Hadronic Analysis
Low-Mass Scenario
NG = 1217111

* Data
bbX
B bbB
B (Qb)b
(Cb)b
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bH — bbb Results

S Coract Meon Scisnols

« Limits placed on cross section for bH+X cross section times H
— bb branching ratio

» Interpreted as limits on parameters in the MSSM m m&

benchmark scenario
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Conclusions

* Broad, well-developed CMS H — bb Program

» All possible SM production mechanisms exploited

« Multivariate techniques maximize kinematic information
» Everything consistent with Standard Model so far!
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Extras
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M/

VH Systematic Uncertainties

Yield uncertainty (%) Contributionto  Removal effect on

Source Type range uncertainty (%) total uncertainty (%)

Luminosity normalization 2.2-44 <2 <01

Lepton efficiency and trigger (per lepton) normalization 3 <2 <01

Z(vv)H triggers shape 3 <2 <01
Jet energy scale shape 2-3 5.0 0.5
Jet energy resolution shape 3-6 5.9 0.7
Missing transverse energy shape 3 3.2 0.2
b-tagging shape 3-15 10.2 2.1
Signal cross section (scale and PDF) normalization 4 3.9 0.3
Signal cross section (py boost, EWK/QCD) normalization 2/5 39 0.3
Signal Monte Carlo statistics shape 1-5 13.3 3.6
Backgrounds (data estimate) normlization 10 15.9 5.2
Single-top (simulation estimate) normalization 15 5.0 0.5
Dibosons (simulation estimate) normalization 15 5.0 0.5
MC modeling (V+jets and tt) shape 10 7.4 1.1

- |
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. VBF Systematic Uncertainties

Source Uncertainty
Background fit depending on the statistics of each category
Z+jets cross section +20%
top cross section +20%
Signal and Z peak position (JES) +1.5%
Signal and Z resolution +10%
Luminosity +4.4%
Trigger efficiency +5 — 8%
Signal acceptance due to JES +10%
Signal acceptance due to JER +2%
VBF cross section +3%
VBF Monte Carlo acceptance +10%
PDF +5%
VBEF ANN shape due to b-tag +2%
VBF ANN shape due to quark-gluon discriminator +2%
VBF ANN shape due to UE modeling —8 — +2%
GF cross section +15%
GF Monte Carlo acceptance +50%
GF ANN shape +50%

26 July 2013
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ttH Systematic Uncertainties > |

Source Shape | Remarks
Luminosity No | Signal and all backgrounds
Lepton ID/ Trig No | Signal and all backgrounds
Pileup No | Signal and all backgrounds
Top py reweighting Yes | Only tt background
Jet Energy Resolution No | Signal and all backgrounds
Jet Energy Scale Yes | Signal and all backgrounds
b-Tag hf fraction Yes | Signal and all backgrounds
b-Tag hf stats (linear) Yes | Signal and all backgrounds
b-Tag hf stats (quadratic) Yes | Signal and all backgrounds
b-Tag If fraction Yes | Signal and all backgrounds
b-Tag If stats (linear) Yes | Signal and all backgrounds
b-Tag If stats (quadratic) Yes | Signal and all backgrounds
b-Tag Charm (linear) Yes | Signal and all backgrounds
b-Tag Charm (quadratic) Yes | Signal and all backgrounds
(QCD Scale (ttH) No Scale uncertainty for NLO ttH prediction
QCD Scale (it) No | Scale uncertainty for NLO tt and single top predictions
QCD Scale (V) No Scale uncertainty for NNLO W and Z prediction
QCD Scale (VV) No Scale uncertainty for NLO diboson prediction
pdf (gg) No | Pdf uncertainty for gg initiated processes (tt, ttZ, ttH)
pdf (qq) No | Pdf uncertainty for qq initiated processes (tW, W, Z).
pdf (gg) No | Pdf uncertainty for qg initiated processes (single top)
Madgraph Q¢ Scale (tt+0p,1p,2p) | Yes | Madgraph Q¢ scale uncertainty for tt+jets split
by parton number. There is one nuisance parameter per parton
multiplicity and they are uncorrelated.
Madgraph Q? Scale (tt+b/bb/cc) | Yes | Madgraph Q7 scale uncertainty for tt+b/bb/cc.
Madgraph Q¢ Scale (V) No | Varies by jet bin.
Extra tt+hf rate uncertainty No A 50% uncertainty on the rate of tt+b, tt + bb, tt + cc.
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bH Systematic Uncertainties

S Coract Meon Scisnols

Source all-hadronic  semi-leptonic type
Trigger efficiency 10% 3 —-5% rate
Online b-tagging efficiency 32% - rate
b-tagging efficiency 10 — 13%" 12% shape/rate
b-tagging efficiency dependence on topology 6% - rate
Jet Energy Scale 14 —6.8% H2% shape /rate
Jet Energy Resolution 0.6 — 1.3% 1.9% shape/rate
Muon momentum scale - 0.2% rate
Muon momentum resolution - 0.6% rate
Signal Monte Carlo statistics 1.1 -2.6% rate
Integrated luminosity 2.2% rate
PDF and a5 uncertainties* 3 —6% J_rg;:i:ﬁ% rate
Renormalisation and fragmentation QCD scale* 6 — 28% rate
Underlying event and parton showering* 4% rate
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