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Brunel Overview
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e LHC producing millions of tops per year g .; _.X

Ill“”“‘
‘ e B + rFacTory

LL '.-__

* Comprehensive set of measurements of differential top
quark pair cross sections

* A new era of precision physics

« Leptonp,n

- Top p,y

 Toppairp,yand m(tt)

e Jet multiplicity and jet veto “gap fraction™ distributions

*  o(ttbb)/o(ttjj)
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* Verify the production and hadronisation
mechanism through different decay channels

e Test of perturbative QCD

e Different Generators

e Constrain theory uncertainties

Renormalisation scale (up: x4, down:x0.25)

Q* = m(top)® + Y pr(jets) (MadGraph)
Q? =m(top)> (MC@NLO/Powheg)

* Window to new physics

Different Monte Carlo Generators

ME PS Method PDF

MadGraph Pythia ME+PS CTEQG6LI1
MC@QNLO  Herwig NLO CTEQ6M
Powheg Pythia NLO CTEQ6M

Parton Matching (up:x2, down:x0.5)
MadGraph nominal: 20 GeV
Contains up to 3 additional partons

e Background to ttH and many BSM searches
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UBN'T&Q?! General Analysis Strategy
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1. Event Selection 2. Kinematic Fit
(get a very pure ~90% tt sample)

10° CMS Preliminary, 12.1 fo'at {s=8TeV
X

Reconstruct the tt decay to obtain top quark kinematics

. CMS Preliminary, 12.1 fo'at Vs = 8 TeV

I B B B B B o
§ 0.02F e/ + Jets Combined ﬁge%% ":r' = PN E o_ozs?em”em A ;Eas'i";nal
- Il Z+Jets 1 y =) L [ tt Other
-~ I W+Jets ] y N 0.02 I Z+Jets
2 ] QCD Multiet 7 / > N o B Wilets 1
k<] -Si.ngIeTop B L/ = Egig;eM_ll_:)lgjel ]
j% - Dibosen g 0.015— [JDiboson |
: g :
| oot ]
o_oosf
40 60 80 100 120pIT [ (1320\/] N /> 50 100 150 200 250 303tT EéOeV‘H;]O
AN
3. Background estimation/subtraction 4. Unfolding
Calculate the differential cross section Detector and selection effects removed
1 . 1 \\\\ 10)(1073 CMS Preliminary, 12.1 fo™ at ¥s = 8 TeV
doy _ Ndata — Nokg > O e o S
— 1 Z L// é é_ :MadGraph E
i Aens e o S
—|b E Y Approx. NNLO J
8 ;, (arXiv:1205.3453) ,;
— 4?—[ —f
A i BN ]
- Can then compare with different Generators, i f
mOdelS, eXperlmentS or with 7 TeV data | TR T T ey T ESO 4];)0
- - pfr GeV
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UBN'T&Q?! Typical Event Selections
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Jet:
‘ pr=61.7 GeV/c 4 % "
. | n=138 el
l Muon: N S "é -?-_)‘
5 y pr=64.4 GeV/c - 519 =
. n=0_29 o A7 NN et: S o £+
w NN p;=135.9 GeV/c S Jo
<\ n=0.79 ||
® o , N ! tau+jets
~ f t Missing E;: | == = e & .
W \ 65.9 GeV // R 5 3 | muontjets
7 b 1IN o | O electron+jets
q Jet: NP Wit wd cs
Jet: p;=51.5 GeV/c &
Pr= 61.7 GeV/c n= -0.12
n=0.81
CMS < ~ Dilepton channel (BR(ee, pp, epn)~6%)
“Semileptonic channel (BR(e,1)~34% "y
P (BR(e,p) E“’?’t 81;53%3 » Two opposite sign leptons(ee, pu, ep)
High p_ > 30 GeV single 1solated lepton ] :
e & P o m(I'T) > 12 GeV (QCD rej.)
(e orp)

 m(I'T)—m(Z)| > 15 GeV (Z veto)
e Additional leptons vetoed

e >2jets
o >4jets (p.>30 GeV
Jets (p, ) - » MET>40 GeV (ee & pp only)
* =2 b-tags - » >I b-tag 4
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&fﬂﬂ?\! Kinematic Reconstruction
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Semilentoni pemmtrmee 8 Constrained system CMS Prefiminary, 12.1 b at ¥5 = 8 TeV
emileptonic {m im

l
e/u + Jets Combined * Data
Il tt Signal
1 tf Other
B Z+Jets
B W+Jets

---- e Vary 4-momenta of jets,
lepton, and neutrino within = 6B e
. I Single Top
resolutions —Dboson

Events / 0.025

ems ¢ Consider up to 5 leading jets

-,
-
L]

7 e Choose permutation with best
el L fit hypothesis (min. y%) o

-
-

II\I‘IIH'IHI \III‘I\II L ilrrrrbrg IHIlH
0 0102 03 04 0506 07 08 09 1
probability (best fit hypothesis)

-~ -
________

m(W) = 80.4 GeV
m(t) = m(t)
Initial p(v)=0

* Under-constrained system (2 neutrinos)
* Top mass varied from 100-300 GeV in 1 GeV steps
* All jets passing selection considered

* Solutions with multiple b-tags preferred
p,,(xy) +p_(xy) = MET

Both methods ~90% efficient

July 19th, 2013 Top Pair Differential Cross Sections at CMS 6



Brunel Unfolding
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Correct for detector and selection effects

5 CMS Preliminary, 12.1 fo” at s = 8 TeV CMS Preliminary, 12.1 fb" at s = 8 TeV

1 Response Matrix, A 0.8 e
- IR RN A R R nn AR RSN RARNY RRARI RARAN v o=, [ L, ] b! dl . Dlt T
o - el + Jets Combined * Data . CMS Simulation | Ol © - e/i+ Jets Combine ata .
~ 5 __ - tE Signal A Migration Matrix - Transition Probability [%] Aol 0.7 —— MadGraph .
£ a o pgiOther " 100 - 2= MC@NLO ]
@© L LK) i - 06K _
a r I W+Jets ] Q 90 z --POWHEG
v al 1 QCD Multijet ] = - ]
=5 - I Single Top 80 0.5 3
g_ L 1 Diboson i 70 N 3
a 3F . - 2 0.4 —
© r ] 55 » .
g ] . = 03 4
2r- ] ’ C ]
r ] ) 0.2 =
: | 5 —z
L ] 72._52'5_2_1'5_1_0'500'5 11'522_'5 E Tl b v b v b b b o 10 E
05 8”5 1050 05 1 15 % 55 gen y! 952151050 05 1 15 2 2.5
yt vt
Binning Choice Regularisation Phase Space definition
Define two (purity and stability) e Basic unfolding involves the Can correct back to parton
variables sensitive to migration simple inversion of the response or particle level in full or
in and out of bins matrix: visible phase space.
N, rec&gen,i N, rec&gen,i N . _ A* 1 N . (Varlable dep endent)
pi = ——— Si = —F—— i,unf — 44,5 ANj meas
Nrec;i Ngen,i
e Regularisation 1s used to
Require values of ~>0.4 remove large statistical ==
fluctuations (SVD) P meters
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[ e/ + Jets Combined * Data

—— MadGraph
e MC@NLO

-- POWHEG
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CMS Preliminary, 12.1 fo''at Vs = 8 TeV
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, CMS Preliminary, 12.2 fs'at Vs = 8 TeV

— 25T LS R I UL R I
> [ Dilepton Combined e Data

9'__ r — MadGraph 7

%Ecr 20 e MC@NLO
o+ --- POWHEG

p,(lead lep)

T NI i ]
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p-\}azldl [GeV]
CMS Preliminary, 12.2 f5'at (s = 8 TeV

E 0.6_\ll|l||||lll|||lll|\\\\llllllllll‘\\\llllllllll
8 = T Dilepton Combined e Data

‘_|D-U F — MadGraph E

o5~ mm MC@NLO ]

L -- POWHEG i

S _
: / ;
0.2;— ‘J \ _E
o1 n(lead lep) ‘\5;:

111l 11 L1 Ll M)
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[Gev]

do

NLead.|
S
[=]

B

—lo 0_5__

0.4

Measurements in the visible phase space

Lepton differential cross sections

CNS

8

X\1|0 TTTT l TTTT I TTT1T I TTTT I TTTT I TT 1T I TTTT

£ Dilepton Combined e Data E
F — MadGraph E
= = MC@NLO =
3 -- POWHEG -

p,(2nd lep)

0.6

0.3
o0.2f

0.1

LJJJIII\III]_IJ_A[_IJJJ]LLLL:
50 100 150 200 250 300 350 400
p.r:LEGM [Ge\"]
CMS Preliminary, 12.2 f5'at s = 8 TeV

C lll\\\llllllllllllllllll\\‘\lllllllllllllllll
I Dilepton Combined e Data

C — MadGraph 1

----- MC@NLO -]

-- POWHEG ]

-,\ ]

n@nd lep) |

NN NN 11 1
-1.5 —1 05 0 0.5 1 15 2
MLead.|
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TeV (12.2 fb")’

, CMS Preliminary, 12.2 f5'at {s = 8 TeV
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Top differential cross sections
8 TeV (12.2 fb™)

, CMS Preliminary, 12.1 fo” at {s = 8 TeV , CMS Preliminary, 12.2 fo'at \s= 8 TeV

10 TTTT TTTT TTTT TTTT TTTT TT 1T TTTT TTTT ~™ 10 TTTT Trrr TTrTT TTrTT TTTT UL TTTT TTTIT
(= SERRN \ I | I I RRRRS : FrTT | | | T T RRRRF .
% gL &/l + Jets Combined ¢ Data E E £ Dilepton Combined e Data E ApprOleate NNLO
3 c —— MadGraph ] -D—L . F — MadGraph 3 o
= 8C Zes MC@NLO 3% &= 0 mceno 4 gives the best
ola” _F --POWHEG ] ok -- POWHEG ] inti
Olo 7 - 7= =
—|o - = Approx. NNLOJ F o~ e Approx. NNLO 1 descrlptlon Of pT(top)
6L (arXiv:1205.3453) - 6 (arXiv:1210.7813) - d . . °
- - : ] istribution
5__ _______ — 5k —
1 p(top) é
4:— 3 4= -
3= = 3 .
o 1 g
1 = e =
0 |||||\||\|\||||||\||||\|||||| 0_|||||I|||‘I|\I|I||I|II\I|\I|||_|—I'|;||—|—'r-
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
t
pT [GeV] p. [GeV]
CMS Preliminary, 12.1 fblat {s =8 TeV CMS Preliminary, 12.2fb'at {s = 8 TeV
b _‘_‘>\ 0.7 _\ TTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT ‘ TTTT | TTTT | TTTT | TTT \_ -8 “% 0.77l TTT | LU | TTTT | LU | TTTT | LU | TTTT | LU | TTTT | TTrT l7
O| o T e/u + Jets Combined ® Data 7 —lo r Dilepton Combined e Data ]
o gt —— MadGraph ] 06 —— MadGraph 1 G :
61 ] o . ood agreement with
- === MC@NLO . I MC@NLO ]
osh - POWHEG - ~rowsec 1 all predictions
. Approx. NNLO ] ] — Approx. NNLO ]
C (arXiv:1205.3453) ] C (ar¥iv:1210.7813) 7
r ] 0.4F .
- Jy(top) | 2
L ] 0.3 -
. 02F .
L ] 01:— "'-'—_
el e b e o b oo b b [NEEY JENRE RERNE FRERE RERNE ARERI RRRNE FRRN RRRE) YRERE
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Measuremerits in the full phase space
Top Pair Differential Cross Sections at CMS | TOP-12-027/TOP-12-028
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UBNrI'\HE'R-l?\I( Top pair differential cross sections

Lo N b oN 8 TeV (12.2 fb™)

g CMS Preliminary, 12.1 fo'at ¥s = 8 TeV , CMS Preliminary, 12.2f5"at (s = 8 TeV
= 257| LA L L L L L L L L B l';l 25?!01 Tr[rtrrrprrrrrrr T T
> L e/n + Jets Combined ¢ Data L Dilepton Combined e Dat °
8 i —— MadGraph ._8. F o M:IC?Graph - COHS]Stent
B — el a" [ 7 .
o MC@NLO R Mceno - gbservations between
5 ---- POWHEG --- POWHEG

dilepton and
semileptonic channels

N

0 i 111 | | 111 1 | | | s s ot i . 5 ! - 0 i L1 11 | L1 1 ‘ Lt b T r————e )
0 50 100 150 200 250 300 0 50 100 150 200 250 300
_ pi[Gev] pf [GeV)
p,(tt) sensitive to higher order effects
CMS Preliminary, 12.1 fo" at s = 8 TeV CMS Preliminary, 12.2 fb'at {s= 8 TeV
= 0.8_||‘||||||||||||||\\‘||||||||||||\\‘\Illlllllllll\ D|I=>.|O.8—IIIIIIIII|I‘lllllllllllIlllllllllllllllll‘IIIIIII-
.8 > C elu + Jets Combined ¢+ Data ‘-U‘|D-U - Dilepton Combined e Data .
~lo 0.7 —— MadGraph 0.7 — MadGraph : P _
: <=+ MC@NLO - MoaNo ] Typical pr?c1s10n 5
061 ---- POWHEG 061" —-powiec 3 10% per bin
05F 0.5/ -

0.4F

y(tt)

Main systematics: Jet
energy scale (JES), model
(Q? and Hadronisation)

0.3F

0.2f

0.1F

S s s 00 1 s 2 s
_ tt y
y(tt) sensitfve to the gluon distribution
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_ CMS
UBNrI'\g'R-!‘?\I( m(tt) differential cross sections
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8 TeV (12.2 fb™)

CMS Preliminary, 12.1 fo" at {s = 8 TeV CMS Preliminary, 12.2 fo'at \s = 8 TeV

'rl F | T T T | T T T | T T T | T T T | T T T | T T T : l'gl l I T T T l T T T | T T T | T T T | T T T l T T T
> - elu + Jets Combined ¢ Data ] 8 - Dilepton Combined e Data _
3 102 — MadGraph = 102k — MadGraph ~_|
— - === MC@NLO  * 8 £ == MC@NLO
2 E ----POWHEG - o --- POWHEG ]
o 108 E I |
- E " 107 E
B ] m(tt) = =
107 L ~ | = ; 1
. | S
[ . 105 e
10 L v v v by b by g Py g E Lo b b by M -

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

mt [GeV] m* [GeV]

Sensitive to resonances and an important background for all new searches
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tt+Jets

* A large fraction of tt events contain additional radiation (~50%)

* These studies are a good way of constraining ISR/FSR

CMS Preliminary 5.0 fb™, /s = 7 TeV

@29 05 L B B e e e BRI A e e o
5 e, 23 jets, >2 b-tags 3
> B« ]
w o, [l single Top |
10 [ w+Jets E
B Z+Jets i

10° (] Q.CD Multijet ?
[ Diboson E

—_
o
HH‘ I \IH\H‘ TTTT

‘\_JIHl TTTT

1
o 1.5 P 1
< 1
© L g L 2
3 * ¢ '
055 | Ll | | Ll
3 4 5 6 >8
Jets
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CMS Preliminary 5.0 fo™!, /s = 7 Tev

Jet multiplicity after event selection

QST T T ‘.|D‘t‘ - @
c >3 jets, >2 b-tags ata 3 <
u, 23 jets, g 3
o B 3 g
w, Bl singleTop | w
10 [ w+Jets E
I Z+Jets ]
103 \:lQ'CD Multijet _:
[ Diboson 3
1025 =
(@] gl g
= e
o 1 . * L ®
8 L ¢ 1
0.5%‘|HH|"H|HH|HH|H.‘*‘%
3 4 5 6 7 28

Jets

Top Pair Differential Cross Sections at CMS

CMS Preliminary, 19.6 fo'at s = 8 TeV
I T T I T I T I

7
i Dilepton Combined p™> 30 GeV
10° s Data

5 I tt Signal
10 [ {f Other

" [ Single Top
10 I W+lets

B Z /v — eelp)r
EmZiy =1t
[ Diboson

1
.+L
3 4 5 86 7 8 0
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CMS
Brunel Jet Multiplicity

LONDO N 8 TeV (19.6 fb™)

CMS Preliminary, 19.6 f5'at {s = 8 TeV CMS Preliminary, 19.6 f5'at Vs = 8 TeV
. ol E T T 3 ofd F 1 T T T
S F Dllepton Combined PJ > 30 GEV E B2 [ Dilepton Combined P“ > 30 GeV
o o
. . ™ ol . MadGraph-Pythi ™ ok - Do
10F adGraph-+Pythia 10F

Kinematic fit used : BV R c ﬁziGrapmpvth'a

[ ---- POWHEG+Pythia ] [ Q¥4

e Additional jets defined as
those not identified as

1 - - - - Matching up
F - - - - Matching down

part of tt system B
107 Ty
. 1071 ! ! ! ! : 3 107 | I I ! L=
TOP-12-041 N — = e
2 ’ ' i szets i 3 ' 5 2EJets

Main systematics: Jet energy scale (JES), model (Q*> and Hadronisation)
7 TeV (5 fb)

CMS Preliminary, L=5 b at ys=7 TeV CMS Preliminary, L=5 b at {s=7 TeV
| 2 s T L B B L B B | 2 T T L B B L B LI L
: ° 3 Z'E . — o Z- ____________ _
Semileptonic channel ® =T ° A
o “lo
Cut and count analysis 107 - | = = =
. . C # Data(combined) = oo . SR . - » ( o o |
with data driven BG - ] o MadCraphepya .
estlma‘[lon | —— T MadGraph+Pythia 1 I AMedraph @F soglovp [ b
| I ] B (R 7
. . . 102 IR tf MC@NLO+Henwig _ 107 - tf MadGraph Q? scale down |
B ln-by-bln unfOIdlng E i = F ----- tf MadGraph match threshold up ._-_-_-_-i ----- =
a lied E — {POWHEG-+Pytnia é_._._‘_._._‘_i E ----- tt MadGraph match threshold down :
pp @ | M —— a 3 | | | | |
g 18 R g E
[ N S — S 15E
= F sl ! 3 =
063 4 5 6 T >8 3 4
Jet Multiplicity Jet Multiplicity

TOP-12-018

July 19th, 2013 Top Pair Differential Cross Sections at CMS 13


https://cds.cern.ch/record/1547532
http://cds.cern.ch/record/1494576

. CMS,
&f&ﬂ?\! Jet veto “Gap Fraction” =

Lo N b oN 8 TeV (19.6 fb™)=——

CMS Preliminary, 19.6 fb™ at ys=8 TeV
-

-
o
)]

L L B B BN
Dilepton Combined

i
3
i

PESTPPRPNLIL AL

fraction

 The fraction of events that do not
contain an additional jet above a certain =~ §°°
p, or H threshold s

* Data
[ | Syst+Stat error

Ogj ‘ — MadGraph+F'ythlia
f(pr) = ~APT) (1) fHp) = NI | G oo
N total Niotal 06

S :
« H_defined as sum of p_ of additional jets ~ = ™ ™ ™ #% %0 30 @00
I I o8 CMS Preliminary, 19.6 fb™" at {s=8 TeV
. . . . S C Dilepton Combined 3
- P/H ofleading additional jet varied 5 ot E
¥=0.95 —
from 35 GeV to 380 GeV g os 3
0.85 =
08 e Data _E
[ ] Syst+Stat arror 3
0.75 S MildGraph+Pythia E
0.7 —— POWHEGH+Pythia =
Main systematics: JES, background ooy Me@niortens
0.6 e
E 1105}_ _____ .
%0. 5?"_ 3
£

9 ]
09750400 150 200 250 300 350 400
T additional jet p, [GeV]
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&f&ﬂ?\! o(ttbb)/o(ttjj) Measurement
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>~

e Test of perturbative QCD, BG to Higgs
physics

e Perform a template fit of B-jet
multiplicity in semileptonic channel

e DY BG estimated from data
* Most systematics cancel in ratio

B-tag scale factors and Q' dominant
systematics

o(ttbb) /o (ttjj) = 3.6 & 1.1(stat.) & 0.9(sys.)%

Bii+bb 3

0 1 2 3 4 01 2 3 401 2 3 4

b-Jet Multiplicity (CSVM)

103' CMS Preliminary ;gaﬂm
- 5.0 fb"atVs =7 TeV Wi+
g - i ee

102 - H H |

10¢ 5 E

3

c 1 2 3 0 1 2 3 0 1 2 3

b-Jet Multiplicity (CSVT)
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http://cds.cern.ch/record/1479150

?N'f\%ﬂ?! Summary
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e CMS has produced many top pair differential cross section
results on both 7 and 8 TeV datasets

e Precision now good enough to start discriminating
between different generators and parameter choices

e Most measurements show a good agreement with SM
predictions

* Aim 1s now to further improve precision by reducing
systematics

Thanks for your attention!
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The CMS Detector and Object
Reconstruction

TRACKER
CRYSTAL FCAL

Total weight : 12500 T
Overall diameter : 150 m
Overall length 215 m
Magnetic field : 4 Tesla

y PRESHOWER

Embedded 3.8 T solenoid
Trackers, ECAL and HCAL “=™

within solenoids field
volume | D
Muon chambers outside e e e

All parts of detector used to

reconstruct events (particle
flow)

July 19th, 2013 Top Pair Differential Cross Sections at CMS
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Leptons / 10 GeV

Events /5 GeV

Some Kkey variables after event selection

10° CMS Preliminary, 12.1 fo'at ys = 8 TeV
X

LA e e e e e A
e/l + Jets Combined * Data

Il tt Signal

[ i Other
Il Z+Jets

[ w+Jets
[ 1 QCD Multijet
I Single Top
[ 1Diboson
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Pl [GeV]

CMS Preliminary, 122 f5' at (s = 8 TeV
|\Illl||IIII\Ill\llllll\lll\|||||]_

Dilepton Combined

X
-

0
T

® Data

I i Signal
0 i Other

I Single Top
I W+Jets
Bl Z/ Yy —eeln
|Z/y'—=nu
[ ] Diboson
[ QCD Multijet

L L L R L B UL |

o bevea b b b 10F

100 150 200 250 300 350 400

pLe [GeV]
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X
(000 )2Ls] L L L L L L BN LN R =

Top quarks / 20 GeV

0.01

0.005

Events / 5 GeV

Top Pair Differential Cross Sections at CMS

0.02

0.015

s CMS Preliminary, 12.1 fo'at ys =8 TeV

* Data
Il tt Signal
I tf Other
Bl Z+Jets
I W+Jets
[ 1QCD Multijet
Il Single Top
[ ] Diboson

e/p + Jets Combined

0 50 100 150 200 250 300 350 400

p‘T [GeV]

. CMS Preliminary, 12.2 fb'at {s = 8 TeV
X

L AL L L L L L L I O L B IO =

Dilepton Combined

® Data

I i Signal
0 f Other

I Single Top
I W+Jets

B Z/ v — eely
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[_] Diboson
[_1QCD Multijet

e b b bene b BT b e
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p_l_read.l [GEV]

Top quarks / 0.1

Top quarks / 0.2

3 CMS Preliminary, 12.1 fo'at s =8 TeV

0
9 \\\‘II\Ill\II‘\II\|\\II‘III\|I\\Il\l\\ll\lll\llt
e/u + Jets Combined ¢ Data 3
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25 -2 .15 -1 -05 0
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, CMS Preliminary, 12.2 fo'at \s= 8 TeV

[=]

[ Dilepton Combined

® Data

I i Signal
0 f Other
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I W+Jets
Bl Z/ Y —ee/up
EeZ/iy -t
[_] Diboson
[_1QCD Multijet
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e Performed in putjets channel using a kinematic fit

* Extract parton multiplicities using a template fit of the ’

Main systematics: Jet energy scale (JES), model (Q* and Matching threshold)

CMS Preliminary, L=5 o' at {5=7 TeV
L L L I B

@ Data (p+jets)
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Jet multiplicity at different jet p_ cuts
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Additional jet Kinematics
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| NLO Calculations
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- Garzelli et al., JHEP 11 (2012) 056
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