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W & Z Cross Sections

proton - (anti)proton cross sections
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Top Quark Pair

Production
at the LHC




Producing Top Pairs
Tevatron (1.96 TeV) LHC (7 TeV)

quark annihilation gluon fusion
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Top Pair Decay Channels

SM: w* _
Br(t—>Wb) ~ 100% Ve d
t . .
top pair rates are determined
b by the W branching fractions
Top Pair Decay Channels Top Pair Branching Fractions
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b-je

jet

Top Pair Event Classification

jet

Dilepton

@ 2 isolated oppositely-charged leptons (e or u), 2 b-jets, large E;™ss
@ three channels: ee, pyp, ey

@ BR=4.7% (1+1+2)

@ few backgrounds, mainly Z+jets

Lepton+dJets

@ 1 isolated lepton (e or p), 2 b-jets, 2 light-quark jets, some E;™iss

@ two channels: e+jets, p+jets

@ BR=29.2% (1 +1 ) at the LHC, W+jets production
@ moderate backgrounds, mainly W+jets is charge-asymmetric

All Hadronic

@ no lepton, 2 b-jets, 4 light-quark jets, no E;™iss
@ BR=45.7%

@ huge QCD-multijet background

Hadronic Tau
Qo tWO Channels T+e/“ T+JetS dilepton and lepton+jets channels

i ’ usually include contributions of e and p
@ BR=4.7%+14.6% from T-lepton decays



Top Cross Section at Tevatron

Top pair production cross section in proton-antiproton collisions at s = 1.96 TeV

CDF Run Il Preliminary, 9.0 b 1 T T T

Top Pair Production Cross Section at CDF

Cacciari et al., arXiv:0804.2800 (2008)
Kidonakis and Vogt, arXiv:0805.3844 (2008)
MMM Moch and Uwer, arXiv:0807.2794 (2008)

Assume M=172.5 GeV/c’
+ (stat.) £ (syst.) £ (lum.)

7.40+0.58 + 0.63+ 045
7.82+0.38+0.37£0.15
7.32+0.36 £ 0.59+ 0.14
7.21£0.50+1.10+0.42
7.99+0.55+0.76 + 0.46
711+ 0.49+ 0.96 + 0.43
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CDF Prelim (2012)

Consistency among various channels

@ mains systematic uncertainties: Jet Energy Scale (JES), b-tagging, W+jets modeling

Consistency between experiments

Good agreement with SM predictions
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0,7(CDF-combined) = 7.50 £ 0.48 (stat + syst) pb (6.4%)

D@ Run Il July 2011
lepton+jets + dileptons (pLB) > +0.19  +0.57

5315 740 51 o5 PP
lepton+jets (topo + b-tagged, PRD) - +025 +0.75

530" 7657525 Zos7 PP
dileptons (topo + b-tagged, PLB 045 +0.76

‘ p opo lagge: ) H&H 7.27 :E P ﬁ:z pb

531
lepton+track (b-tagged)* o H 5.0 .15 :gg 03 pb

1.0
tau+lepton (b-tagged) +1.34 +1.20

ot H—e— 7.327 7,7 45 =045 pb
tau+jets (b-tagged, PRD) H—l 6.30 *1154072 .0 40 pby

1.0~ b )
alljets I(brtaggcd‘ PRD) e 69 *! ‘ ‘,‘ 1 04 pb

1.0 " ?

(stat) (syst) (lumi)
gy = 175 GeV. Bwm C.BCCIEITI efal., JHEP 0809, 127 (2008)
CTEQG.6M N. Kidonakis @nd R. Vogt, PRD 78, 074005 (2008)
! S. Moch and P, Uwer, PRD 78, 034003 (2008)
| |
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= preliminary
red = 2011 result = Iy
blue = 2010 results G (pp — tt + X) [pb]

DO arXiv:1105.5834 (2011)

0 ,7(D0-combined) = 7.56 T5-% (stat +syst) pb [(8%)




Top Cross Section at the LHC

Preliminary LHC o,; combination, \'s = 7 TeV - September 2012
Ly=07f"-1.1f"
. fsa: Gii ) HATHOR theory prediction
A‘TLAS.; dl‘lepton L, L) : 173+ 6 + 12
A g - 179+ 4+ 11 Theory (approx. NNLO)
i g el —e 167+ 18+ 78 o(tt;7 TeV)=167*17 ;5 pb
ATLAS combined —-— 177+ 3 * 11 ,
CMS, di-lepton (ee, ep, up) 'I 170+ 4+ 18 (1 1 A")
CMS, 14Ty e @t 149+ 24+ 28 |
CMS, Ljets | experimental result
il Py —— 164+ 3+ 14 ;
CMS, all jets : more precise than
S & 136+ 20+ 41 theO red.Ct.0n|
' : Iction!
CMS combined —_— 165.8+2.2+13.2 ryp
LHC combined o 173.3+2.3+98
: - for m=172.5 GeV | - = AL ultimate limitation:
50 100 150 200 250 300 350

o, [pb] JES, luminosity

ATLAS-CONF-2012-024

0,7(ATLAS-combined, 7 TeV) = 177 + 3 (stat) !> (syst) & 7 (lumi) pb (6%)
CMS-TOP-11-024

0,7(CMS-combined, 7 TeV) = 165.8 + 2.2 (stat) + 10.6 (syst) £ 7.8 (lumi) pb  [(8%)

ATLAS-CONF-2012-134, CMS-TOP-12-003

0,7(LHC-combined, 7 TeV) = 173.3 + 2.3 (stat) £ 9.8 (syst) | (6%)



Dilepton

Run Number: 158582, Event Number: 27400066

Date: 2010-07-05 07:53:15S CEST




ATLAS: Dilepton

Standard selection
@ 2 oppositely-charged leptons (e or u)
@ pr>25(20) GeV for e ()

JHEP 1205 (2012) 059

@ atleast 2 jets with pr > 25 GeV B0 ATLAS nonb sy AN channels 3

= 1 * Data
In ee and pu channels : gU-0mr o J
@ Y veto: M(ll) > 15 GeV & Fake leptons |

M Other EW |
77 Uncertainty |

@ Zveto: | M(ll) - m,| > 10 GeV
@ E.mss > 60 GeV

In ey channel
@ H;>130 GeV

80

120 160 =190

ETS [GeV]
Selection with b-tagging
@ working point: 80% b-tagging efficiency
@ >1 b-tagged jet
@ E Mss > 40 GeV

Backgrounds
@ data-driven estimation of fake-lepton and DY
@ diboson and single-top from simulation + (N)NLO theory

ATLAS
LHC@/s=7 TeV (2011)
fLdt = 0.7 fb"

< e i 7
8250 ATLAS non-b-tag e;u:
] J' .+ Data 1
s Ldt=0.70 fb th‘t/ !
Eonnl W Z/ytejets |
%200 Fake leptons |
+ I Other EW |

150/ ) 72z Uncertainty |
i 3 7 ]

[ ]
100~ i 1
i ]
50 1

[ ]
o) . ¢

0 100 200 300 400 500 600:=665

H, [GeV]

very pure samples of top pair events

H; is defined as the
scalar sum of the
transverse energies of
the two leptons and all
selected jets
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ATLAS: Dilepton

Signal extraction
@ profile likelihood in individual channels

@ 1920 (1400) signal events without (with) b-tagging

Jet multiplicity in ee+pu+ep channels

non b tagged Jets

b-tagged jets

w C ||||||_ w AN LA RN LARAN B ULRN RARRN RARE
§ - ATLAS non- b tag AH channefs - § ~ ATLAS b-tag All channels
w * Data w 4 * Data
12001 | LAt=07015" Cle 1 - | Lat=0701b Cle
r B 2y “+jets 1 800 B 2y wjets |
H o Fake leptons-| F Fake leptons.|
10001 7| Bl Other EW (27 [ Other EW
i 77 Uncertainty | 777 4 Uncentainty _
800" i %%,
6001 400 -
400: s
200" 1
0

3

>4

Number of jets

Number of b-tagged jets

Main systematic uncertainties
@ JES, E;™Mss, fake-leptons
@ signal modeling

ATLAS
LHC@/s=7 TeV (2011)
fLdt = 0.7 fb"

Combination of channels

JHEP 1205 (2012) 059

IIIIII]I{

ATLAS

_[ Ldt=0.70fb"

ee
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e
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Theory (approx. NNLO)

m, = 172.5 GeV
+31 +9
18617 "5 *3
- 167112 157 *7
' +15
- 172+ 7713 28

45 +8
1640870 18

+45 +9
168+24 * 3> *3

184+15 *22 "3

0

i

ee w/ b-tagging
up w/ b-tagging e 175+ 11 *17 +8
el w/ b-tagging it 192+ 7 *17 +8
Combination et 176+ 5% +8
1 1 1 1 I 1 1 1 1 | 1 1 1 1 | Iil 1 1 | 1 1 1 I(151at]+ sys‘)+“un?l
50 100 150 200 250 300
c.lpb]

07(ATLAS-dilepton, 7 TeV) = 176 £ 5 (stat) 17 (syst) =8 (lumi) pb | (9%)
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The Golden Mode: Lepton+Jets

hadronic side

leptonic side

@ High rate: 30% of top pairs
@ Low backgrounds
S/B > 1
@ Wreconstructed in
the hadronic channel:
in-situ constraint on
the jet energy scale (JES)
@ Full reconstruction
of the top quark on the
hadronic side
direct mass measurement

But:

@ Very high jet combinatory:
importance of
- efficient b-jet tagging and
- excellent di-jet resolution

12



Lepton+jets

CMS Experiment at LHC, CERN
Data recorded: Mon May 2 10:44:23 2011 CEST
Run/Event: 163817 / 685608658

jet
pT=31 GeV/c

.

Top quark pair candidate event

* high probability to be tt event

* 2 b-tagged jets

* top candidate in forward direction

* antitop candidate centrally produced

b jet
3 pT=65 GeV/c
L 4
b M+
pT=52 GeV/c
Chitl, S
* i
Pbjet ‘ N .
je —
pT=91 GeV/c N

pT=47 GeV/c
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CMS: Lepton+Jets

Selection g
: LHC@/s=7 TeV (2011)
exactly 1 isolated lepton (e or p) SLdt = 0.8-1.1 b

pr > 45 (35) GeV for e ()

consider jets with p; > 30 GeV

> 1 jet(s) b-tagged (SV algorithm, WP: €é~55%, mistag~1.5%)
E mss > 30 (20) GeV in e (u) channel

© © 0 ¢ ¢

_ _ CMS-TOP-11-003
Signal extraction

400 CMS Preliminary \s =7 TeV JI- Ldt=1.1fb", Muons

@ profile likelihood fit to Nigs, Np jets 3
and secondary vertex mass g0 2 2 2 2| oo

@ determine simultaneously £ = = 2 £ | W
Signal, W+light-jet and W+heavy-jet s 8 g 2 |

@ templates from simulation (except QCD) 2"" % % % % W

@ nuisance parameters: N = . - | g
b-tagging efficiency, light-jet mis-tagging, oF [aco
JES, WH+jets factorization scale .

50 5
Secondary Vertex Mass (GeV)

Main systematic uncertainties
@ JES, b-tagging efficiency, W+jets modeling

o.7(CMS-lepton+ijets, 7 TeV) = 164.4 + 2.8 (stat) + 11.9 (syst) £ 7.4 (lumi) pb [ (8.7%)
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CMS: Cross Sections at 8 TeV

CMS-TOP-12-006 lepton+jets

CMS Preliminary 28" at {s=8Tev CMS Preliminary 27" at {s=8Tev
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‘g CMIS prelllminall'y. 241]0 pb ! # datn ' ] ' CMIS prelllminall'y. 241]0 pb ! # data
4 ey channel W2y~ [T pmopy] ) | ee,up channels W2y T oy
w Hvv B 1 Hvv
V5=BTeV v o " (s=BTeV v 1l
1l Non WZ lnpions—| 2000 [l Mon W7 laptons |
Wil signal L W sigral 4

Cbs/Exp Ratic

»3 a

2 3 1 2 23
b-tagged jet multiplicity b-tagged jet multiplicity

CMS Preliminary, \s=8 TeV

CMS
LHC@/s=8 TeV (2012)
fLdt = 2.4-2.8 fb"

q

——
CMS I+jets (e/utjets)
TOP-12-006 (L=2.8/fb)

@
CMS dilepton (ee iy ep)
TOP-12-007 (L=2.4/fb)

@
CMS combined ]

=

[ Approx. NNLO QCD, Kidonakis, arXiv:1205.3453 (2012)

[0 Approx. NNLO QCD, Caccian el al., arXiv:1111.5869 (2011)

[ Approx. NNLO QCD, Langenfeld ef al., PRD B0 (2009) 054009 (Scale @ PDF uncertainty)
[ Approx. NMLO QCD, Langenfeld ef al., PRD 80 (2009) 054009 (Scale uncerdainty)

228+ 92 +10pb

(val. + stal. & syst, + lumi.)

227+ 3+11+10pb

(val. + stal. £ syst. £ lumi.)

227+ 3+11+£10pb

{val. + stat. £ syst. + lumi.)

0 100 200

300 400

o(tf) (pb)

0,7(CMS-combined, 8 TeV) = 227 £+ 3 (stat) + 11 (syst) = 10 (lumi) pb (7"/:).
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ATLAS: Cross Sections at 7 TeV

ATLAS-CONF-2012-024

LU B B | L] 1 LI L L L LI L
| | | | [ |

: —NLO QCD (pp) ¥ Single-lepton 179+ 12 pb
| [JApprox. NNLO (pp) A Dilepton 173 *7 pb

--NLO QCD (pp) O All-hadronic 167 + 81 pb
102 —{ JApprox. NNLO (pp) @ Combined 177 /pb ___;
m CDF =
+ DO

o, [pb]

T TTI

180

10 :
- T{" 160 s
L/ 140 ]

i ATLAS Preliminary . .

6.8 7 7.2
1 i1 L v v by e b e e b e e by

1 2 3 4 2 6 FJ 8
Collider Energy \s [TeV]
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CMS: Cross Sections at 7 & 8 TeV

5(8TeV)/s(7TeV) = 1.41 + 0.11

CMS Preliminary

o [
Q . -
= | ®CMS combined 7 TeV (1.1 b’
=) ® CMS combined 8 TeV (2.8 fb
o) - o CDF
o DO
n35OCMS Preliminary
102 = g | .
L = [ ®CMScombined7 TeV (1.1 o)
— %300__ : -1
L ® CMS combined 8 TeV (28 fb)
~ 250/
- 200[—
_ Approx. NNLO QCD (pp) 1501  woaco
Scale uncertainty o2 gfn%;é: :m
Scale ® PDF uncertainty : T Ra TS P TN T Dy
L | I R | IS 1

_______ Approx. NNLO QCD (pp) 8055 7 7.5 8 85 9
Scale uncertainty
I Scale ® PDF uncertainty

Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
MSTW 2008 NNLO PDF, 90% C.L. uncertainty

IIIIIIIII[IIIIIIIII|IIIIIIIIIIIIII

1 2 3 4 5 6 7 8 9
Collider Energy Vs (TeV)




Top Constraints on PDFs

NLO tt cross sections at the LHC (s = 7 TeV) NNLO (approx.) tt cross sections at the LHC (V'S = 7 TeV)
210 'I T T T I T T T ] T T T I T T T '[ T T T I S 220_IITI|IIIIIIIIIITIII'[IIIIIIIIIIIITIIITI'IIIIIIIIIII—
o _ o
200 wern CMS, L = 0,8-1.09 fb” ™ = 171.3 Gov =2 » s CMS, L = 0.8-1.09 b mp = 1713 GeV
4454 ATLAS, L =0.7 fb’ = 200— G499 ATLAS, L=0.7 i’
190 = -
180 /// }%// = -
//// : ' ; m / 2/
170 -;ﬁ/// LTS 0% C.L. POF é , _. I/” /‘: é
@ e @ msTwos I e . vovae s | 68% CL PDF & £
160 M cTecss : 160 | e j @ mstwos — :
= A cT10 - WL PR () NNPDF2.1 7 -
150 -z~~~ () NNPDF2.1 5 i T Y [] HERAPDF10 || 5
= e [} HERAPDF1.0 g 140 — I ) { /\ HERAPDF1.5 | ¢
140" .eeee™ h { /\ HERAPDF15 B 1 O ABKMO09 .
" 'Vertical error bars il > ABKMO09 I Vertical error bars JR09 ]
130~ Inner: PDF only IR0 ~  Inner: PDF only 5
= Outer: PDF+ 8 120~ Ouler PDF+ —
= 1 1 l 1 1 1 I 1 1 1 I 1 1 1 ] 1 1 1 I L L Ll I L1l I L1l I
1200114 0.116 0.118 0.12 0.122 0.124 0111 01120113 01140115 0116011701180119 012 0121
2
ous(V3) os™?)

Top quark pair production cross section measurements at LHC
are already at a level that allows some discrimination between
NLO/NNLO predictions with various PDF sets

expect ultimate resolution on cross section around 5
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Spin Correlations

Top quark pair production property
Top quark spins are correlated

Near threshold Complementary between Tevatron and LHC

@ guark annihilation: : : a .
parallel spins, opposite helicities

@ gluon fusion: >—““‘< M
antiparallel spins, same helicities 3 - . .

Dominant Dominant
spin correlation at Tevatron spin correlation at LHC

Far from threshold
@ angular momentum plays a role

Decay before hadronization Spin correlations at the LHC (SM)
— possibility of measuring the spin correlations
from angular correlation of the decay products
of the 2 top quarks

Spin analyzers from W-boson decay

1 do 1
— = —(1 4 S Ql
o dcosb; 2( i x cos 0y)

Best spin analyzers
charged leptons and down-type quarks: a=1 First one needs to define the
(but difficult to distinguish down- from up-type quark jets) quantization axis...
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Spin Correlations

Observable: Spin Correlation Coefficient

A depends on

4 NOD+NUD = N = N(1) the production
N + N + NI + N B

first, one needs to define the
quantization axis...

Definitions of the spin analyzing vectors

]

@ Beam Basis: q_7(_q
bisector of the beams in the t-tbar CoM frame (Collins-Soper) t /

@ Helicity Basis: ,fzf
direction of flight of the top quark in the t-tbar CoM frame, T a
defined such that the spin analyzing vectors have opposite sign 4

@ LHC Maximal Basis: ttw‘
a basis for which the correlation coefficient —
is maximal for top pairs produced by gluon fusion ,;,/t'

2
1 d%o _ ! (1 + Aajas x cos 6 cosfy) ~ SM Predictions:
odcostidcostr 2 @ A, =0.78
Tevatron: evidence for non-vanishing in the Beam Basis at the Tevatron
t-tbar spin correlations @ A, =031
(but statistically limited) in the Helicity Basis at the LHC
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ATLAS: Spin Correlations

Strategy:

@ use dilepton channel (standard selection)

@ fit the difference in azimuthal angle
between the two leptons A

@ template method

@ no requirement on M(t-tbar)

Hypothesis testing
@ HO: spin correlation from Standard Model
@ H1: uncorrelated top quark spins

results inconsistent with zero
spin-correlation hypothesis at the
5.10 level

Apel = 0.40 £ 0.04 (stat) 555 (syst)

ATLAS
LHC@/s=7 TeV (2011)
fLdt = 2.1 fb"

PRL 108, 212001 (2012)

wn Fr oo T T T T T T T 1 T T T T T T 71 T T T 1 A
S900° « data | ATLAS
T anob 1t (SM) 47
" 800117 7 (uncorrelated) | Ldt=2.1fb"-
- M single top 1
700F g Z/y*+jets T
- diboson : .
600?. fake leptons : 4

500} .
a00f [t :
300F-; [--o-r--- E
200F - E

0 0.5 1 1.5 2 2.5 3
Ad

in good agreement
with SM predictions
at parton level
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CMS: Top Polarization

Measurement of top polarization in the Helicity Basis

CMS

LHC@/s=7 TeV (2011)

@ At LHC, top pairs are produced unpolarized from QCD

a small net polarization from EWK corrections

@ Top polarization: a new observable to distinguish between models
proposed to explain the large charge asymmetry at the Tevatron

1 do 1
odcosfs 2 (1+2F0p x c05 Oyt )

Quantization axis
@ direction of the top quark in the
t-tbar rest frame
differential cross section
as a function of the angle

of the positively charged lepton
with the quantization axis

Prop = —0.009 £ 0.029 (stat) 4 0.041 (syst)

top polarization consistent with zero,
as expected in SM

)

1/0 do/d(cos(6
o o
(0)] (0]

o
o

o
no

fLdt =5 fb-!

CMS-TOP-12-016

CMS Preliminary, 5.0 fb" at \/s=7 TeV

—»— ( Data - BG ) Unfolded

_il[l[\I[IEIIIIIIIIII!I!II[I

[Trrprrr[rr

j Syst. Uncertainty p
: Powheg parton level

E ‘i’ Y= al s Y ......_....?...........
N background subtracted 1
L and unfolded to parton level
7JI\|\\I‘l[llll[lllll\l\‘I\l‘\l\]\llll[l7
1-0.8-0.6-04-02 0 0.2 0406 0.8 1

cos(6))
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Test of V-A Coupling to W

Top quark decay property

W bosons from top decays are polarized:
@ longitudinal (69.6%)

@ left-handed (30.3%)

@ almost no right-handed (~0.1%)

Angular distribution of the charged lepton
in the W-boson rest frame

lepton

1 dI’
T dcosf*

b quark 0* —

W boson
7 rest frame

# neutrino

direct measurement of
W-polarization in top decays
might reveal
non-standard couplings

f ~30% f, ~ 70%

I
O#I o{';

Left-handed W Longitudinal W
(Aw=-1) (Aw=0)

f.,=0.1%
w

AT

{1

Right-handed W
(An=t1)

3 3 3
— f_g(l — cos 6*)? + fgi(l — cos? 0%) + f_,.E(l + cos 6%)?
left-handed

polarization

longitudinal
polarization

right-handed

polarization

= 0.8 [ — left-handed
= 0 3 — longitudinal
- right-handed
.§ 0.6 - —sﬁm{SMJ
0.4f
0.2
-1 -0.5 0 0.5 “l
cos 6
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Events

ATLAS: W Polarization

Lepton+jets and dilepton channels

C T T T T ‘ T T T T T T ‘ T T T T

I ATLAS dilepton channels 7
600;_ I Ldt=1.04fb" ol E%g i E

L exp.
5001 v Bkg bgs! fit

Unc. best fit |

400¢ fixing

: fx=0
300 - R
200 -]
100

:. ...... g

0 0.5

fo=0.67£0.03 (stat) = 0.06 (syst)
fr =0.0140.01 (stat) & 0.04 (syst)
fr = 0.32 4 0.02 (stat) & 0.03 (syst)

CMS
LHC@/s=7 TeV (2011)
fLdt = 1.04 fb!

CMS-TOP-12-016

fo(fr = 0) = 0.66 £ 0.03 (stat) £ 0.04 (syst)

ATLAS f Ldt=1.041fb"

B NNLO QCD
Combination
-4+ Data (FR/FL/FO)

Template (single leptons) e

Two methods:
@ templates
@ angular asymmetries

V-A top coupling to W
is confirmed at LHC

Template (dileptons)

@

Asymmetries (single leptons) +e-~
Asymmetries (dileptons)

Overall combination

1 1 I 1 1 1 1 I 1 1 1

e

il

———

B S

0

IR —A——
L1 TI | :_T [
0.5

1

W boson helicity fractions
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LHC Mass Combination

LHC Migp combination - June 2012, Lint =35 pb‘1 -49fbh! ATLAS + CMS Preliminary,\/s = 7 TeV
TLAS 2010, et ATLAS + CMS Preliminary\'s = 7 TeV
1Y, et o 169.3+ 4.0+ 4.9 ATEAS 2010, et ) 5.3
Ly =35pb, (@ CR, UE syst.) Ly =35pb7, (8 CR, UE syst) |
IS PO e — 1745+ 06+ 23 ATLAS 2011 bets 933
ATLAS 2011, all ets o 1749+ 21+3.9 ATLAS 2011, all jets 05
L, =2, (® CR, UE syst) L,,=21M", (& CR, UE syst) .
CMS 2010, di-lepton CMS 2010, di-lepton
Ly, =36 pb, (@ CR syst) ® 1 1755+ 4.6+ 4.6 L =36 pb™, (@ CR syst) 1.5
CMS 2010, l+jets . CMS 2010, l+jets
L, =36 pb”, (® CR syst) 1781 t 21 + 27 Ly, =36 pb™, (® CR syst) 0.2
CMS 2011, di-lepton CMS 2011, di-lepton
Ly =231, (® CR, UE syst) = 173.3+1.2+27 Lo =231, (& CR, UE syst) I 3.7
CMS 2011, u+jets CMS 2011, u+jets
L, =4.91f", (& CR, UE syst) 1726+04+1.5 L, =481, (& CR. UE syst) - 65.7
LHC June 2012 == 173.3£05+£13
LHG m,,, combination
Tevatron July 2011 B 1732+£06+0.8 June 2012
| | | | + (stalt.}i (syst.) | |
150 160 170 180 190 -100 0 100

Miop [GeV] Relative importance [%]

M., (LHC-combined) = 173.3 + 0.5 (stat) + 1.3 (syst) GeV
M., (Tevatron-combined) = 173.2 + 0.6 (stat) + 0.8 (syst) GeV

(0.8%)
(0.6%)



Methods to Measure the Mass

Template method

fit an observable with MC-generated distributions
assuming different values of my,,

Ideogram method

event likelihood computed as the convolution of a resolution function
with a distribution for the signal, plus wrong-pairing and backgrounds

Matrix Element method

build an event probability based on LO matrix element,
using the full kinematics of the event

0.2p T

8 otaf. ATLAS Srmulation - ey JES crucial for top quark measurements!
2 oef  Preiminay Sx % - In channels with > 1 W decaying hadronically, use the
S oref © invariant mass of light-quark jet pairs (constrained to the W
£ o ; mass) to calibrate the JES
< 0.08F =
) 0.06] E

0.04F : . . . . e

yad 3 Use b.-tagglng mforrpahon tollmp.rove probability of

0™T20 140 160 180 200 220 240 260 280 300 ChOOSIﬂg the correct Jet combination
my, [GeV] in the reconstruction of the top-quark pair system

example of templates (ATLAS, all-hadronic)
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ATLAS: Leptont+dets

Strategy
@ simultaneous fitting using a global jet scaling factor (JSF)
@ “in-situ” calibration of JES: correct light-jet energy
back to parton level to agree with my,
@ 2D-template fit as a function of JSF and my,,

Selection: similar to cross section measurement
@ ~3,400 etjets and ~5,100 u+jets signal events

= R ERRR RER T L
o] - . >
ATLAS \s =7 TeV 2011 Data

O 600 B m_ - 1725 GeV g iti
by " + Jets B <o oo, m_ - 1725 Gev ] JSF sensitive not only tg JES
= 500: J'L I — 1 but also to MC modeling
%': C xw‘_wz,zz 1 (fragmentation, radiation)

- + jets il
Lﬁ 400:_ ’/ - QCD multijets _:

7477 Uncertainty

Kinematic 2 fit

» e : Q
000 150 200 250 300 350 400 @ keep j-j-b triplet with maximum pr as top candidate
Q

Mige” [GeV]

Events / 6 GeV

ATLAS
LHC@/s=7 TeV (2011)
fLdt = 1.0 fb"

Eur. Phys. J. C (2012) 72:2046

Fit of the j-j mass spectrum
(before kinematic constraint)

r T T T T 7]
1200 amias — Py +Pog 7

L 1 bkg ]
1000  "*F* e Data A
[ |vdt=1.04m" ]

800[-
600}

400}

200

C 1 I 1 L 1 ]
%0 60 70 80 90 100 110
mie [GeV]

templates for the m,,"°° fit
depend only on JSF

@ identify best light jet combination per event
determine corresponding parton scales for jet energies

rescale energies of jets used to compute m;,,"*
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ATLAS: Leptont+dets

ATLAS
Fit of the j-j-b mass spectrum LHC@/s=7 TeV (2011)
(after kinematic constraint) fLdt = 1.0 fb!
= 800:_|‘"'l"“l‘"'|""\"'w""_:
g 7005— ATLAS —E . o o
3 ek ek E Simultaneous determination
g sk PPy E of mass and JES
o < Daia E with 2D-template method
300 5_ JSF = 0.986 + 0.006 _5
= m,, =1750+08 . GeV  J ;_mL1‘027--~-w‘--|~-~|--w|w-w'~w ------- 7
o = = - —1o ATLAS .
100" e 4  Signal: Gauss+Landau 101 L og -
i e TSy Background: Landau - JSF = 0986 0,006 1
100 150 200 250 300 350 400 = | Mo = 175050800, GOV
M (GeV] F ]
0.99F- \ A
templates for the my, " fit - Q ;
depend on my,, and JSF 0.08F ]
- W + jets ------- ! E
Main sources of systematic uncertainties 097J““”"’-
A 171 172 1783 174 175 176 177 178 179
Q J!ES and fIavpr-JES (for b-jets) -
@ signal modeling, ISR/FSR
@ color reconnection
. . . . . . b-Jet Energy Scale
@ b-jet tagging (efficiency and mis-tagging) unconstrained by this method

Mo, (ATLAS-lepton—+jets) = 174.5 £ 0.6 (stat+JSF) 4+ 2.3 (syst) GeV [(1:4%)
and: JSF = 0.986 + 0.006
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CMS: Lepton+Jets

5 i CMS
CMS, Vs =7 TeV, i+jets 4000 CMS, I\'s =7 TeV, i+jets
Fr—r T 71 T T T [ S S IELE B R S S S S e e T _
E BOOOE %ﬁunmatched =Z+iets E % F [ unmatched B Z+jets E LHC@\[S—7 TeV (201 1 )
- ttwrong Wijets — (0] [ i Wejets _ 1
T} [ Mt correct [ single top 1 e 3500:_ -:;:;::i. I single top B J.Ldt = 5.0 fb
~ 7000 @1t uncenainty ® Data(50fb™ — ' 77 uncenainty o Data(5.0M")
“C" r 9 @ 3000}
o 60001 = o ,
© : ! % 2500} y bef
£ 5000 ; - £ ! : efore CMS-TOP-11-015
£ 40007 3 E 2000E f E constrained subm. to JHEP
o [ _ F . . .
3000 4 & 1500 . kinematic fit
20001 E 1000
1000/ - 500;

0 100 200 300
mige® [GeV]

300 400

reco
m [GeV] CMS preliminary, 4.7 fb ™", \ s=7 TeV
SRR T Rl PR

———r
10° EM i correct E a‘f’lv .
[ tt wrong I Z+jets 3

Cfiunmatched  mm single top
; [ Itiuncertainty  —e- Data (4.7 fb™

Selection: similar to cross section measurement
@ 1lepton + E{™ss + >4 jets + > 2 b-tagged jet
@ ~5,174 events selected (purity>90%)

Constrained kinematic fit
to reduce wrong matching probability
@ two light-jets:

constrain mass to my,

@ lepton and neutrino (MET fraction of correct pairing: : -
ch)nstrain mass to m ( ) 13% — 44% Fit probability > 20%
w

i dt ight tati
@ two top candidates: (used to weight permutations)

constrained to equal masses

Number of permutations / 0.05
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CMS: Lepton+Jets

CMS, Vs =7 TeV, /+jets
T T

Selection: similar to cross section measurement

——
% [ [t unmatched B Z+jets ]
O 3p00- M itwrong I Wejets N
[Te) [ I correct I single top ]
~ r 1T uncertainty e Data(5.0fb")

©n 2500- ,
S r

= C +

© 20001 % |
2 r

c L

.© 1500 .
I . .
3 r =
E 1000+ .
@ r

& 500}

] r B
E L. N e
>

A 0 100 200 300

miEee [GeV]

Sum of permutation weights / 5 GeV

1200k

1000f

800

B800[

200[

CMS, (s =7 TeV, (+jets

400F

T T T
b [ 1 unmatched I Z+jets
[ tt wrong I W+jets N
I 7 correct [ single top
r 1f uncertainty e Data(50fb")
i b
- ]l
i I
L il I ]
s B
1
I I‘l‘-_ ]
lh—“"_— -

400
mit [GeV]

@ 1lepton + E{™ss + >4 jets + > 2 b-tagged jet
@ ~5,174 events selected (purity>90%)

Constrained kinematic fit
to reduce wrong matching probability
@ two light-jets:
constrain mass to my,
@ lepton and neutrino (MET)
constrain mass to my,
@ two top candidates:
constrained to equal masses

CMS
LHC@/s=7 TeV (2011)
fLdt = 5.0 fb"

CMS-TOP-11-015
subm. to JHEP

after
constrained
kinematic fit

CMS preliminary, 4.7 fb ™', \ s=7 TeV
SRR T Rl PR

——r—rg
5 T e o] -
10° Mt correct — il -
[ tt wrong —p e
Cfiunmatched  mm single top
10t ; [ Ittuncertainty e Data(4.71b"

Number of permutations / 0.05

fraction of correct pairing:

13% — 44%

Fit probability > 20%

(used to weight permutations)
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Events / 10 GeV

CMS: Lepton+Jets

CMS, is=7TeV,iujets ] Simultaneous determination of mass and JES

8000 gem | with 2D-ideogram method
= 200
L o 150
6000 100 Per-event likelihood CMS, 5.0 fb, (5= 7 TeV, (+jets
L 50 ] ) 0 : o5
i i @ as a function o.f.mtOIO anq.JES L
4000 - TS @ sum of probability densities: = 20
o o - signal with correct jet assignment 1§~
2000, e P signal with wrong jet assignment 15

| » Data (50 ") backgrou.nd . o
0 s r E— Qo parametgnzeq analytically 0.99 S

mi" [GeV] (from simulation) 0.985 ~ Is
Main sources of systematic uncertainties 0.0 I =,
@ color reconnection effects e e m, [g‘ZV]
@ b-jet JES ) _ :
° D and N dependent JES method calibrated with pseudo-experiments
@ underlying event tune

M., (CMS-lepton+jets) = 173.5 + 0.4 (stat+JES) £ 1.0 (syst) GeV | (0:8%)
and: JES parameter = 0.994 + 0.003 (stat) £ 0.008 (syst)
Also, check of CPT symmetry:

arXiv:1204.2807,
Am,,, = —0.44 + 0.46 (stat) £+ 0.27 (syst) GeV subm. to JHEP
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Selection: similar to cross section measurement

CMS: Dilepton

CMS
LHC®/s=7 TeV (2011)

@ 2 leptons + Z veto + E{™ss + > 2 jets + 2 b-tagged jet JLdt = 5.0 fb"
@ 6,990 selected events (1,151 ee + 4,365 ey + 1,474 py)

CMS 2011, 50fb ' at \s=7 TeV

1600
1400
1200
1000
800
600
400
200

fo

@ Main sources of systematic uncertainty:

III|III|IIiI!II|III|III|III|III|II

0

150

28002- 4
700
600F
500F-
400F
300E
2008
100F-
O s e i
160 165 170 175 180 185
Top quark mass [GeV]
4+ Data

= {f signal

+ T background

= Single top

= Drell-Yan

= Diboson

-2 In(L/L

200 250 300 350 400
Reconstructed mass [GeV]

CMS-TOP-11-016

Analytical Matrix Weighting Technique (AMWT)

Underconstrained system:
24 (6x4) parameters, 14 measurements (4x3+2)

@

@
o
]

constraints: masses of final states particles (6),
W-boson mass (2), equal top-antitop masses (1)

— one free parameter: the top quark mass

For a given top mass (1 GeV steps from 100 to 400 geV)
up to 8 solutions of the kinematic equations

(analytical determination of the 2 neutrino E;).

A weight is assigned to each solution, which takes into
account the PDFs and the probability of producing 2
leptons with the measured energy (LO Matrix Element)
Vary all the experimental quantities within resolution
Assign the mass with the maximum weight to the event
Template fit of mass distribution (range 100-300 GeV)

b-JES, scales, fit calibration (pseudo-exp.)

M.op (CMS-dilepton) = 172.5 + 0.4 (stat) + 1.5 (syst) GeV | (0.9%)

most precise measurement in di-lepton mode to date
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Top Mass from Cross Section

The definition of the top quark mass is ill-defined color reconnection W

@ The mass measured at colliders, from the invariant
mass of the top decay products (bW) is assumed
to be close to m,,
@ problem: for a quark, m,,, cannot be determined
experimentally with accuracy better than O( Aqcp)
- in the case of the top quark (decay before hadronization)
the limitation is traced to extra radiation and color reconnection

b

400 S. Moch, P. Uwer, PRD 80 (2009) 054009

The renormalized mass Hathor

@ is a fully-perturbative quantity unambiguously defined 350
within a renormalization scheme
- for instance, the MSbar scheme 800
@ is a running quantity according to RGE “
- it varies as a function of the renormalization scale
@ is used in perturbative calculations of the cross section
@ can be linked to m,,
- up to an uncertainty of O( Aqcp) of course...

LHC 7 TeV
MSTW 2008 NNLO
NLO

B o,

250

o [pb]

200

150

- (160t 16) pb
Extract the top mass from a measurement of the 100 F —e—

L Ml EPEPETETE EPEPETET B A

inclusive cross section o M5 10 1 160 165 0 1 18
@ Compare the measured cross section with m(m)
(N)NLO QCD prediction

@ Exploit the Ac/c = -A x Am/m to extract m R
corresponds to a 4 GeV uncertainty on the mass

34



Top Mass from Cross Section

~ 600
'E_ o 1 CMS Preliminary, vs=7 TeV, L=1.14 fo!
= - CMS Preliminary, Vs=7 TeV, L=1.14fb )
= X Top quark pole mass from cross section
©
approx. NNLO x MSTWO8NNLO: CMS (Prel., L=1.14 Ib'1) approx. NNLO ® MSTW0SNNLO value = theo @ exp * a,(m,)
| S| Langenfeld et al. Langenfeld et al. 1703 62438
400 Kidonakis Kidonakis ———————— 1700 *58437
Ahrens et al. Ahrens et al. t————————+ 1676 +_:.§ :3363
ATLAS (Prel., L=35 pb™') approx. NNLO @ MSTWO08NNLO
I Langenfeld et al. _— .- 166.4 1:;2
Kidonakis —_————————— 166.2 1:;:
Ahrens et al. —_— 162.2 +8
200 | -7.6
DO {L=5.3 fb™') approx. NNLO ® MSTWOSNNLO
i Langenfeld et al. —_—. 167.5 t:l;
R Measured cross section Kidonakis ‘ 167 135
| @ Cross section corrected for m:""e (Langenfeld et al.) Ahrens et al. —_— 163 51
Measured cross section dependence on m:"c Tevatron direct measurement (July 2011) - 1732 *03
0 1 1 1 1 | 1 L | 1 1 1 1 | 1 1 ‘ L 1
I 1 1 1 L | 1 1 L | L 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1
e A58 o8 b 1B:ole i 140 150 160 170 180 190
m‘ (GeV) mPole (GeV)
t
extract my,, using a joint likelihood: _ CMS measurements in the MSbar scheme:
- dependence of the measured cross section pole MS
through acceptance Approx. NNLO x MSTWOSNNLO | m; / GeV | m™ / GeV
- dependence of the theory cross section Langenfeld et al. [7] 170.3f2'; l63.1f2‘§
Kidonakis [8] 170.077° -
Ahrens et al. [9] 167.6°2° 159.8772

uncertainties are large, but
important cross check of direct mass measurements
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Electroweak Fit & W Mass

; “ [ Fit excluding Higgs searches
E . DFilinc\ndi.ng exp. Higgs limits CDFII J-Lar-2.2fb"
? -: Fit assuming Mn=125 GeV
3 ‘% : ::v:-::tri:{c-h[:::::7[-:::].Leu.a7o3 422-427] E i _“:ﬂ;"“ L] Data
: ) 2 15000 Pl s

F - using approx. NNLO of [Phys.Rev.D.80,054009] E | - 1 £ S im Ul a" on
R | P | *f“ 4
;_ : g - ,J'J ‘-
E \ g o’ -
AN 9 L 10000 muon 1
60 165 170 175 180 185 190 195 200 i g i

m, [GeV] 5000__ :‘ My, = (80379 + 16,,,) MeV 7,
3 '[F'“Y'_ , [ | Xé/dof = 58/48 e
;_ ‘.‘"‘. |:|Fi1e.xcludin9 Higgs se:uche:s ] _; ; ) ) o ‘_‘h'*-ﬁ“m
=\ Emmme | ]S e,
E 5 y E m; () (GeV)
:_ ‘.“ = M, = B?.BBSt 0.015 GeV _f
3 e 1.1M W events (e and p)
3 E Current precision: 15 MeV
— —1c a
26 803 8032 80.34 B80.38 80.38 804  80.42

M,, [GeV]
Er 7 AN N s . . . .
N d] g SRR /_ Systematic uncertainties:
3 3 @ PDFs: ~14 MeV
- REK E @ lepton energy calibration
NN AR 2, 16 MeV (DY), 5 MeV (CDF)
il s DRSS 4w Goal at LHC? 5 MeV!
- 100 1;0' ‘ '1}10' 160 1;5 ' .2(;0. T220 240

M, [GeV] Am; = 0.9 GeV + Amw ~ 5 MeV

W-Boson Mass Measurements at Tevatron

370000 £(b) DO, 4.3 fb" “Data e
s 00000 -Eackground
%' 50000~ y?dof = 26.7/31
E 40000
130000 -
20000
10000
= af | 1Lt I| I
2t e
of +.Jr LG LRI A A A L O

25 30 35 40 45 50 55 60
p$(5Ge\?)

1.7M W events (e only)

—
DO | 80483 + 84
—
CDF I 80433 + 79
DELPHI 80336 + 67
L3 80270 + 55
—_—.—
OPAL 80416 + 53
—_—
ALEPH 80440 + 51
——
Do Il 80375 + 23
o
CDF II 80387 =+ 19
-
World Average (preliminary) 80385 = 15
30006 I 50106 . 80200 I 6‘0300 - 804:-0(‘] éogob I 80600

W boson mass (MeV/c?)
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5 MeV on the W Mass at LHC?

With 56 MeV W-mass accuracy
assuming present central values,
one could exclude the SM at the 95% CL!

80-60 T I T T T I T T T | T T T [ T T T I T T T ] T T
"~ experimental errors 95% CL.: ]
LEP2/Tevatron: today i
| —— LHC: future (3M,, = 5 MeV)
M =123 .. 127 GeV
80.50 — h *
I MSSM|
S .
o
o] _
=
=
80.40
80.30 —SMIMy, =127 GeV MSSM, M, = 123..127 GeV

SM, MSSM
Heinemeyer, Hollik, Stockinger, Weiglein, Z
_I I 1 1 | I 1 1 1 | 1 1 | l 1 1 | I 1 1 1 | 1 1
168 170 172 174 176 178
m, [GeV]

A challenge for ATLAS and CMS!

@ need to understand p(W) distributions
in theory (and in the data)

- for W* and W-

@ need improved quark density functions
(and realistic uncertainties)
experimental handles are:

- lepton charge asymmetries

- Z rapidity distributions

- low mass Drell-Yan (sea anti-quarks)
- W+charm (strangeness)

Critical: strange contribution to W production!
Experimental challenges
@ control lepton energy scale at <0.1%

@ energy resolution to ~1%
@ p; dependence of the efficiency to 1%

Critical: huge pile-up!
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Electroweak and
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Gautier Hamel de Monchenault
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Differential Cross Sections




W Transverse Momentum

0.07F
o b PDF uncertain
Important ancillary measurement for W mass 0.06, = Non_pem:aﬁ::
@ the bulk of the W production is at low g zzz \ [ Resummed
QCD predictions are delicate oca} [ Pertubatve
@ the W production at high g 0.02}
test of perturbative QCD at higher orders oo
OO 5 10 15 20 25 30 35 40 45 gl)
p, (GeVic)
PRD85 (2012) 012005
U)1,5__r.rr:rr.||. ‘r'"T—r'"r'—r—r":
8 1,55 =W lv ATLAS _ % 20000 ". . \::;m
ﬁ =z ILdt=30-40 b ] & 1eocobl CMS N v Signal MC cor"recte.d
T 14F E 14000 ey @ for hadronic recoil
= & Data 2010,\s=7TeV ] 12000F ) f
£k E 10000t |8 rom Z sample
= : oo " o atNNLO level
t2E { 1 J s w0 o, using RESBOS
F | : . 2000 e
e L’ﬁ ' 1 E % 20 40 60 80 100 120 d40T 70 *Te"*Zo
1%% _______ | S —— . [ W Boson pr (Gevie) NNLO corrections are
Fo } : ] 8 e - o needed to describe
Y % E 2 .. — - the perturbative
0.8 k- 10° region up to 200 GeV
075" Too Ts0 200 250 300 hi
py [GeV] 1
R g Q Q Q ! &0 80 100 120 140 160 180 200 NOte RESBOS
unfolded fiducial distributions for W and Z, weosonp, cev | tUNEA fONTeVatron data
compared to RESBOS NNLO calculation
(observe shape distortion at low energy) _.
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Z Rapidity

= 160 . T —
o 140: ATLAS ] - CMS 1
N E 0.35[u414 ++ -
> = ] + 1
S 1201 = AN g +++ ]
S - 0.3p t * ﬂ E
100F = = F. il ]
gl Jret=sssept  Z 1T - §0.25:— JLot=36pb atvs=7Tev | T w {} g
B ] © : ]
_ =4 Data2010 (1s=7 TeV) ] - -
60:_ A MSTWO8 __-D"'r = % 0'22 + ++ ]
H HERAPDF1.5 —}— Uncorr. uncertainty _: = :_ [
40:_ O ABKMO9 * Total uncertainty y ] :0 15:
20; JRO9 ; ] 0 1:_ —=— data (e and p combined)
..cg - III””IH”I“I:JI”IIHIII!I;‘JIII-: .E|:|POWHEG+CT10
S ik e 0.05) +
= _ _ . i
B 0-9_ i 1“ _l - l Ll L I L L1 1 l Ll L1 l - J Ll 1 1 l L1l ld
= 0 05 1 15 2 25 3 35 O 05 1 15 2 25 3 35
= ly,| ly|
Fiducial cuts Fiducial cuts
o pr>20 GeV o E;>20GeV
@ 66 < M(up) < 116 GeV @ 60 < M(ee) < 120 GeV

Strong constraints on PDF sets



1/c do/dy

Tevatron versus LHC

Very different Drell-Yan rapidity distributions at the Tevatron and the LHC

1
D@, 0.4 fb 0.4 e e I
0.3 Z/y* Rapidity CMSE
¢ DZRun Il Data 0'35¥++++++H+++ ++++ 4 + E
— NNLO, MRST 04 0.3F - t H»H =
0_2__ %0,25;— J.Ldt=36 pb'at \'s=7 TeV HJ —
L b B i
T 0.2 + + -
© | :
50.15_— } g
0.1- 0.15_ —=— data (e and 1 combined) "'1
- POWHEG + CT10 i
0.05}f 1
0_||H||H|\\|H||\||\\|H|H \ :||||||||||||||J|||||||||||||||||||:
0 0.5 1 1.5 2 2.5 3 O 05 1 15 2 25 3 35
Boson Rapidity, |y| ly|

Explore much larger x-Bjorken range at the LHC!
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W events: Lepton Pseudo-Rapidity

+
lepton—
Fiducial cuts
@ E mss > 25 GeV \
\
@ my; > 40 GeV
neutrino
ATLAS: separately for W+ and W- PRD85 (2012) 072004
— 800 4 — 600- = .
8 | ATLAS 1 8 F ATLAS |
§.r:‘ 700;— _g L‘ Lo 0,0 e l D—_ %‘ 500— ]
8 oo R o IR 400" i -
- I | ! ! h_ E ﬂﬁﬁ . ]
500 — 300F —
- _[Ldt =3336pb" W™= Iy, ] 8 ILdt -33.36pb " Wy, ]
400_ =4 Data 2010 (1s = 7 TeV) . 200_ == Data 2010 (1s = 7 TeV) |
A MSTWOS . i — A MSTWOB . N
- —|—Un:urr. uncertainty . - —|—Un:urr. uncertainty .
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Lepton Charge Asymmetry

the lepton charge asymmetry is a

complex interplay of u,, dy, sea quarks 0.5 T
L LHC 7 TeV
and the VzA structure of the W decays 04 F \isTW2008 NLO
03F
P P P P 0.2 ?91020
Ot ) =0 2
01 ———
— = Boost Boost ._/
We W- - __00F
= 0.1 :
/7 s + -0
.‘/(_/ %// < E
________________________ P 02
v/ ) 03F
~at W rest frame © at W rest frame F
) 04F
e+ v 05 _ — W asymmetry
Tt lepton asymmetry,
06 F variable pTlep(min)
i MCFM LONG=7 Tav orb
3 o 0 1 2 3
g 16" 5o MSTW2008 PDFs
14- w yIep or yW

i the asymmetry varies as a function of n of the lepton and

04— ATLAS changes sign: at large n the W- cross-section is higher than

°%2- CMS LHCb the W* cross-section, as a consequence of the V-A structure
b T 3

AL, of the W to lepton coupling



Lepton Charge Asymmetry

ATLAS

o
B

LI AT N ER |
- ATLAS Preliminary
" —4— Data 2010 fs=7 TeV)
| 444 MC@NLO CTEQ66 PDF
L m MC@NLO HERAPDF 1.0

ML s MC@NLO MSTWO8 PDF

_-_J.Ldt=35pb'1

=
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B
o

= W—=ev

o
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o
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pT(e) > 35 GeV

MCFM:
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Lepton Charge Asymmetry

0.3 \s=7 TeV ATLAS+CMS+LHCb-
- Preliminary -

ATLAS+CMS
charge asymmetry
results already improve
u, d, u/d quark PDFs
by up to 40%
in the range 103 < x < 1072

wTans o V¥ s tatarargiot
e i PR W b
== S REpEs T e
[T S v
R e
o EERe
. S e m A 4

0.1

| Q2= M, ratio to NNPDF2.1 |

ATLAS (extrapolated data, W — Iv) 35 pb™
CMS (W— puv) 36 pb™
LHCb (W— uv) 36 pb™
MSTWO8 prediction (MC@NLO, 30% C.L.)
HHEE CTEQS66 prediction (MC@NLO, 90% C.L.)

0.3 555 HERA1.0 prediction (MC@NLO, 90% C.L.)
-'_Illll\IIIII\IIIIIII‘IIIIl\IIIIIIIIIIII\

|
0 0.5 1 15 2 25 3 35 4

Lepton charge asymmetry

=t 9

LHCb has coverage in rapidity
that goes beyond ATLAS+CMS acceptance
and extends sensitivity to much lower x values

LPCC - LHC EW Working Group
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Drell Yan




The Drell-Yan Process

falzp. Q%)
B
rpPp
rAP4

fq(i‘:—’l ] (;)2)

+

g+7q— 2%~ — 070~
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A Differential Measurement

Raw spectrum Unfolding Acceptance &
5 S — St ] FSR correction Efficiency
o - . -
= * data % A 8 of b \'s = 7 TeV, CMS Simulation E
-g 01 12—y g 600 4 % 180 ' - U YIZ = pp at\'s= 7 TeV, CMS Simulation |
5 W yZ-su = F e 1 § : H ] r Wﬂ_&w_—‘_“f
o] " m = 107 2 18F ¢ 0sL e e —
£ 240 " E £ F : ] o s - e
3 5 £ 14F 3 _ Pt
= = r ] = ot o
% 120 E 12 = 0'5: f ©
@ 60 = 102 2 1: “Mn.uua ‘ + { * 0,4j ',;. ]
@ o.a_— * 3 r e —-— A
1 30 o . e 02 = - .
g 15f R 20 30 40 100 2x10° M, t&]e\n’] O: *"" - Axe
[} 51_ | 'S5 30 60 120 240 600 1500 'O - 15 30 60 120 240 600 1500
S 5w 60 120 240 600 7500 generated M(up) (post-FSR) [GeV] M(up) (post-FSR) [GeV]
M(up) [GeV]
Backgrounds Final State QED Radiation

@ estimated from control samples
in the data when possible (QCD, top)
otherwise from simulation

@ subtracted bin-by-bin

Unfolding
@ correct for migrations
from bin to bin due (here)

to detector resolution effects
- response matrix from simulation
- several methods to invert the matrix

@ correct back to the propagator level
- bin-by-bin by comparing pre-FSR and post-FSR
invariant mass spectra

Acceptance and Efficiency
@ using POWHEG MC
- event-by-event corrections to NNLO with FEWZ

Additionnal Sources of Syst. Uncertainties

@ lepton energy scale
@ theory: PDFs, EWK corrections
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entries per bin

Drell-Yan

CMS

45m'atns=7Tey  CMS Preliminary RaW
LHC@/s=7TeV (2011)
"o Spectrum [Ldt = 4.5 fb"
o CMS-EWK-11-007

W EwK
10¢ it

3

o - oo CMS Preliminary
102 - - ‘!__l T T T y LIS N B B N N RN B B R R T T T Y T T
% 1 45" at\s =7 TeV
) : O, 10°
N L = . YIZ a3
15 30 60 120 240 600 1500 % 10% - |
M(up) (GeV] -§—~ B = =
Q 10 E 3
B 10 =
N = 3
L 10°
10° _E ~+ Data (u, 4.5 o' in 2011) 3_
Fully-Corrected 4F :
Spectrum 10 . NNLO, FEWZ+MSTWO08 3
108 =
normalized to 10 b allows direct
Z region > 45 . comparison
60-120 GeV N NN o with
S sl | NNLO FEWZ
] . 0
of the order of ° 15 30 60 120 240 600 1500 calculations
1.4M events! M(uu) [GeV]
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(1/c) do/d|y|

data/theory
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0.04 F AT

CMS: Doubly-Differential DY

Low Mass Region
20 < M(up) <30 GeV

T T T T[T [T T [T [T T T [T [T T[T 17T
CMS Preliminary, 4.5 fb™ at\'s = 7 TeV, 20 < M < 30 GeV -

—ea— Data (11, 45" in 2011) J

POWHEG+CT‘0MLO _; Z Mass Region
g-;gﬁglpmmmmmé 60 < M(pu) <120 GeV

TTT T T[T T T[T T[T I T[T oT TTTTTT TTT

non SESINEE S S i E_':':"""'. - ; C
e e e _:"_'_._:*t_;_._ E + CMS Preliminary, 4.5 fb'atys=7 Te\.l’ 60 <M< 120 GeV

— * — e o -
0 -8 1 —e— Data (1, 4.5 b in 2011) —
i — [ ]
— R - [3) B = 1
o -= - OWHEG+CT10 NLO -
= . o08H —
- —_ i J
- == - | FEWZ+MSTW2008 NNLO
1 1 l. 1 -

- shape comparison “m

only in this mass bin =

0032 04 08 D8 1 1.2 14 18 18 2 22 24 02

Dimuon Rapidity, |y| r (normalization bin)

P PR PO PO PP P P PV PO P S B Y
g
2 U S OO SO S S S S
= 1
. g - B o8
rapidity |y| of the DY pair B s s it s o s St S
“0702 04 06 0.8 1 1.2 14 16 1.8 2 2.2 24

Dimuon Rapidity, |y|

@ significant differences between data

and calculations at low mass and mid-rapidity:
- with FEWZ NNLO below 45 GeV
- with POWHEG NLO below 30 GeV

fully-corrected and unfolded rapidity distributions
in 6 bins of di-muon invariant mass

High Mass Region

200 < M(up) < 1600 GeV

3.120022 '
bn 002
o o
80018 -

©

0.0012 T
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00004 F
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datatheory

B.0016 F
="

0.0014

RN R R R SRR EEEEEEE RN
CMS Preliminary, 4.5 fb”' al\s 7 TeV, 200 < M < 1500 GeV

—ea— Data (i, 4.5 in 2011) _:

| POWHEG+CTIONLO ]

020406081121416182222

lul
ES

Dimuon Rapidity, |y|
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Entries per 20 MeV/c? Entries per 10 MeV/c?

Entries per 2 GeV/c?

LHCb: DY in Forward Region

LHCb preliminary

—4— 2010 data

N
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LHCb-CONF-2011-013

DY in dimuon channel

tests of NLO calculations
and PDFs at
low mass & large rapidity,
probing different
(x,Q2) regions

. ) ) 107,
Dimuon invariant mass [GeV/c™]
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= 400
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Q2 (GeV?)

Probing Low x Values at LHCDb

LHC parton kinematics Trrvflrrrr oo
detect forward S
low Pt muons X, = (/14 TeV) exply) | 8 GeV x<1o
10°F Q=M M=10TeV =3
from Drell Yan e
T DY lepton pair production at LHCb
10 F —_ 1k -
o]
5 L
10* 10 [ 16 GeV
19<y<49 =
10° L 'GPDs | ly| <25 < 10 "
""" 8 =
10'f ZW—mms ~ 10k  M=100GeV 3
e ©
10°f s?
102 01F Drell-Yan @ LHC (14 TeV) ]
[ MSTW2008 NLO ]
L S [ with 16 pdf uncertainties
10° f 0 .1““2““3““4”“5
w0'} Fixed target X y_uu
0" 10° 10® 10t x‘ 103 | 1u‘4 l1n“" l1‘;)° LHC@14 TeV

LHCDb at 14 TeV can potentially explore the experimentally
poorly-known region of very small values of x (x<10-%)
for relatively high Q2 (test validity of DGLAP equations at low x)
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Drell-Yan Angular Analysis

3ma? x
doy, (s) = TQGED Qg (1 1 cos? 9) v* exchange
dcost 5 GQSMQ - ZIy* interference
QqeplbpiVly § — Vi, 2 Gagdar
— BW(s 1+ cos“6)+2 (3086’]
2\/§F% S ( ) quvqgvﬁ [ ( ) Gvagve
3G .M 8
ﬁ BW(s) (gvq® + gug”)(gve® + gae®) [ ( 1+ cos® (9) + —Afg cos 9]
I 3
ith ~ BW(s) oL 1o, =3, ST
i s) = an = - ;
v (s — M2)? + 5212 /M2 b = g
The forward-backward asymmetry Arg results Sy T i
from an average over all flavor of quarks Tt ' e B
0.4 .
do (2°/y* = £707) 3 2 o . T
" =3 (14 cos®0%) + Ay cos 0 0.2E
of et
Difficulty at the LHC: the initial state is symmetric! ooF i :g_) ZZ
- at large rapidity, the longitudinal boost e — pp—e'e
of the Z boson indicates more likely the direction 04t : (Tevatron)
of the parent (valence) quark o6l . - . .
10? M, (GeV)

(use of Collins-Soper frame)
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0.5p "
[ Born Level ]
0.4F POWHEG (CT10) + PYTHIA (22) with PDF uncertainties —
E | Data with statistical @ systematic error bars ]
0.3 s + Data with statistical error bars -
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Forward-Backward Asymmetry
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good agreement
with NLO predictions
no sign

of New Physics

at high mass

Combined e+u forward-backward asymmetries in Collins-Soper frame
(unfolded to Born level)
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Full Angular Analysis

Triple-differential cross section for s=MW2, y and cos 0* (in Collins-Soper frame)
@ at reconstruction level:

dg eveln * OC C *
l q=u.d.,s,c,b
Tog(8,c080%) ox g (1 + cos® 0%)
with
Fidluclial g%ts oot (s, cos %) oc AFL (s, Ow) x cosf”
e In*| <2
@ p <18 GeV .-
o ST < 25 GeV Quark “luminosity” F Acceptance function D
° 86 <M < 110 GeV using LO parton densities determined from Pythia at LO

(CTEQG6) parameterized
as a function of s and y

ui,dd, ss, cc,bb, all qq
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o
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Fraction / 2 GeV
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Events / 0.8 GeV

Mixing Angle

projections of the unbinned maximum likelihood fit

%10° CMS 1.1 fb" at\'s = 7 TeV x10° CMS 1.1 fb" at\s =7 TeV «10° CMS 1.1 b at\s = 7 TeV
,,,,,,,, ——— e — —
® CMS data 8_
— fit projection [
40 — i
<
- 6 o
S b S
%’ - 2
o 4 S
20k 4 D - ® CMS data o ® CMS data
- w
2 i — fit projection — fit projection
h 1 L L L " L L 1 L " L L L " 1 0 R T T P R L
%o 85 90 95 100 2 A 1 2

< o}

m (GeV)

Analysis in the muon channel
@ 1.1 fb' of 2011 data
about 300 000 events with 0.05% background
@ efficiency, resolution and final-state radiation corrections

sin? g = 0.2287 + 0.0020(stat) £ 0.0025(syst)

: : _ CMS-PAS-EWK-11-003
Main sources of systematic uncertainties

@ LO modeling (POWHEG-NLO vs Pythia-LO)
@ FSR corrections, PDF uncertainties
@ resolution, tracker alignment
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Charge Asymmetry

in Top Quark
Pair Production




Charge Asymmetry in t-tbar

Charge asymmetry refers to differences in rapidity of top quarks and antiquarks

@ SMatLOQCD: charge asymmetry is exactly zero q ¢ g g
@ SM at NLO QCD: a small asymmetry appears due to >'jg"< + g1
- interferences between Born and box diagrams in qq — tt q t q -

- interferences between ISR and FSR in qq — ttg
- amplitudes odd under the exchange of t-tbar in qg — ttq

small asymmetries at NLO
in quark annihilation and flavor excitation,
no asymmetry in gluon fusion

Tevatron: Forward-Backward Asymmetry
s N(Ay >0) — N(Ay < 0)
P N(Ay > 0) + N(Ay < 0)

dominant production at Tevatron: qg annihilation

where Ay =1y, —yz

LHC: Charge Asymmetry events]] —top
initial state is charge symmetric: no forward-backward asymmetry ~anitop
N(Aly] > 0) — N(Aly| <0)
A, = where Aly| = |y| — |yr
dominant production at LHC: gluon fusion >
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Tevatron: Charge Asymmetry

Experimentally, strong asymmetries are seen in D& and CDF:

CDF Run Il Preliminary L = 8.7 i’

% 2503— W D@, 5.4 fb” E‘- = k:: o162 0.047
g [ [EWijets o[> 2F — NLo (acD+Ew) i
200 [ Multijet S5 E Acg = 0.066 #::t
- o Data 15|~
150 E l
: i =
100— .:. i
E 05|
50:— N 4 4
g 0—_+_IIJLIJI
3 3 -2 1.5 -1 0.5 0 0.5 1 1.5 2
Ay Parton Level Ay
Ay in the lepton-jets channel
Forward-Backward Top Asymmetry, % o COF Run I Preliminery L = 27 &7 Slgn'f'cant asy mmetries
Reconstruction Level oo oy = (156 % 5.0)10° predominantly at
3 - (Correlated Uncertainties) o
— °*I'— NLO (QCD+EW) & Q hlgh mass
[Ay]<1 6.1+4.1 oal  Om = 3310
5 Q@ low pT
. @ large Ay
|Ay]>1 21.3+9.7 01;
N B Qo3 l;.,o' : s;oL e |‘ N:.;o(‘G ‘73{; S Hints of inconsistency
- arton Leve - evV/c o . .
- . n * * @ with NLO QCD predictions
arXiv:1107.4995, arXiv:1207.0364 CDF-Note-1080 up to 35 at high mass
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1/c do/dAly|

ATLAS: Charge Asymmetry

ATLAS
e , LHC@/s=7 TeV (2011)
S aexaiemberiag] Lepton+jets channel fLdt = 1.04 fb-!
1200 [ Lat=1.0a15" g @ event selection and e —
+jets 1 . . arxiv: .
1000 7y e - background estimation
W R— sty similar to that of cross-section measurement

%% Uncertainty |

@ jet assignment with kinematic likelihood

600
. Charge asymmetry
2 ] @ inclusive and in two bins of the t-tbar mass
A e @ (2D) iterative Bayesian unfolding method
Alyl
e+jets channel 015
OMEarAs | esbkfelai it < et ATLAS |
0 3; L dt=1.04 fb" S ACINLO 7 0.1}~ —e— unfolded data -
i ++ ] E %MC@NLO E
0.25) . 0.05- ]
02} + i NS B } agreeement
0.15] —+— ] - I 1 with NLO QCD
ot unfolded ,, 0058 ] predictions
8 to parton : o1 R
005 level
LI B 015 < 450 > 450
o m; [GeV]
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New Physics in A

New Physics can result in a charge asymmetry
by exchange of new heavy particles, for instance:
@ Z’-bosons

@ W’ bosons with right-handed couplings
@ axigluons

@ Kaluza-Klein excitations of gluons

0.1

0.05

-0.05

inclusive arXiv:1203.4211

|||T[ll1i]llll|lWII|ITT: 0.15
- ATLAS 4 "]

w RN -0.05

PR S T T SN W M | L T NN S [ ST W SN AR N N

0 0.1 0.2 0.3 0.4 0.5

AFB

LHC results tend to disfavor minimal Z’ models

symmetry ?

scans of model parameters taking
into account available cross section measurements
and constraints from searches for New Physics

m(tt)>450 GeV

IIII}I[IIIIII[IIIlI[IIIWIIIII[II[W

ATLAS | -

IR R N N AN T N S

)

e e e

PR SN AT T T TS AT T [ S ST A T W

0 01 02 03 04 05 06 07

AFB
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Electroweak and
Top Quark Physics
at the LHC

Gautier Hamel de Monchenault
CEA-Saclay IRFU-SPP
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Run Number: 160958 , Event Number: 9038972

Processes
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CMS Experiment at the LHC Run 195397 Event 509398 CMS Experiment at the LHC Run 195397 Event 509398
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@ One of the most important 1
sources

W/Z | NNLO | NNLO
of backgrounds |

PS

for many processes: L L_- _L
top quark physics, V425 NLO NLO
dibosons, V43 | LO | NrO
searches 2 | s |
(Higgs, SUSY, exotica) apn 19 ‘ ki LO NLO
V+5 Kejpogialion s
Accurate predictions for W/Z+jets production ,
at the LHC are available S
@ Monte Carlo event generators 8 ol [Jwo E
& NLO + parton shower %m_ o
(MC@NLO, POWHEG...) s F ey
& LO (many legs) + parton shower “E Pt Srepe
(Alpgen, MadGraph, Sherpa) s 5 R 08 anbir
@ Parton level codes for distributions at NLO oooz- ]
% BlackHat, Rocket... oc.i v

300 350 400
First jet P; 1 [GeV]

A tool to test most recent perturbative QCD predictions



Theory/Data Theory/Data

Differential Distributions

W+jets: p; 15t jet

10— 3
2 4 W—lv + jets 3
10 Ldt=36 pb © Data 2010,\s=7 TeV &
Py ¥ ALPGEN E
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W+3-jets: prjet1,2and 3

[pb/GeV]
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MC/data
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Jet transverse momenta

S I L LI R I E

E Wi+1,2,3 jets : Q{]Of\b data E
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=== %

IR ETRT R i AR [
50 100 'ISU 200 25{! 3“(]
P [GeV]
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W+charm Production

Sensitivity to the strangeness content +

. w W
of the proton (— input for W mass)
gluon
Muon channel : . > =
@ pr>25GeVand|n| <21 c c
@ m; > 50 GeV - -
@ no other muon X ol T CMS preliminary T Rl T CMS preliminary =
o at Ieast1jetW|th ?):80 36 pb at\s—?TeV" : 36pb at\s=7TeV E
T [ e Data ® Data 3
pT > 20 Gev an_d |Tl| < 21 qsa 70 I w +charm [ w+charm } E
@ not more than 2 jets with o 60 [Jwight ) Weight E
. hat [Ctop [Ctop
pT > 40 GeV (agaInSt top) 2 50 [J Other bekg. [ Other bekg.

@ require secondary vertex
with positive or negative
projection onto the jet axis (tags)
@ high efficiency B-tagger
(secondary vertex significance)

pt_ O (WT +¢) A MCFM + CT10
- = = 0.92 £ 0.19(stat) £ 0.04(syst ).006
e st £ 0.04wst) R = 0915103

W+ +¢ R. = 0.12570-013
TV +C) 143 + 0.015(stat) + 0.024(syst) 0.007

R. = :
o (W* +jets)

CMS-PAS-EWK-10-015
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Electroweak Production

of the Top Quark




Production of Single Top Quarks

Production of the top quark via electroweak interactions

q' t-channel _ g H
s-channel
q t
g t 4
w tW channel i
b t b L
t q' b
g b
" t
m,,=172.5GeV |  tchannel | tWchannel |  s-channel |
Tevatron @ 1.96 TeV 2.3 pb 0.3 pb 1.0 pb
64.2 pb 4.6 pb
LHC @ 7 TeV 15.6 pb
41.7pb 22.5pb 3.2 pb 1.4 pb
Motivations

@ test of the SM predictions: sensitivity to the Wtb vertex in many ways
@ constraints on u/d, b-quark and gluon PDFs

@ test unitarity of the CKM matrix; measurement of |V,|

@ search for non-SM phenomena at the Wtb vertex
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Single Top at the Tevatron

CDF Il Preliminary 7.5 fb”'

ag ? .1
At the Tevatron .% + CDF Data g DO 5.41b
@ very low cross sections a .k @2
t- and s- channels comparable B Z+Jets s
& M Diboson S
tW channel even smaller maco - w
@ similarities with WH(bb) ;. 85 085 0.9 055 o
testing ground for ‘ $
advanced analysis techniques

=

n Higgs boson searches oSS RO %6 07 08 09
( - O Eree erElEes) NN Discriminant Ranked t-channel discriminant
' 5W+Jets, NN Discriminant CDF Il Preliminary 7.5 b
o) ® CDF Data ) e DG 5.4 fb !
% [ SM prediction: B 68.3% CL ‘E" 68% C.L.
O  4F arXiv:0909.0037v1 95.5% CL % = ggzo gt
3] 99.7% CL 2 4 % C.L
Measure t- and s-channels 2 : B SM(NNNLO) -
. D of
simultaneously g . &
@ t-channel: S 2 g Lf
observation at 5.50 £ § | e m e
o s-channel; ¢ 1 R O e
. e ’ O rFenc™
no observation yet s . . . 9% 2
1 2 3 4 5 s-channel cross section [pb]

s-channel Cross Section [pb]

Osit-cn(CDF) = 3.04 £ 0.57 (stat+syst) pb Ostt-ch(DO) = 3.43 + 0.74 (stat+syst) pb
B
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Single top, t-channel

W

flavor excitation

q q
W ¢
b -
b

W-gluon fusion

Main backgrounds
@ W +jets, top quark pairs, QCD multijets

Cross section @ LHC : 64 pb =42 pb [t] + 22 pb [tbar]

t-channel cross section
[t+tbar] about 40% of

Scattering of virtual W with a b-quark R el
considered either through:

@ flavor excitation: from b-quark density from the proton

@ W-gluon fusion: from gluon splitting, g — bb

Event topology

Single top quark recoiling against a jet:

o W f.rom top: D@ Experiment Event Display
1 ISOIated Iepton (e Or “ ) Single Top Quark Candidate Event, 2.3 fb™ Analysis
ETm iSS ::r;f::&:: 2257278544 Sun Jul 23 19:21:41 2006

b Jet

@ b-quark from top:
central high-p; b-tagged jet
@ one light-quark jet
at high pseudo-rapidity
@ possibly one low-p; b-jet
from gluon splitting

Muon
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Single top, t-channel

4 "A LA S Run Number: 179739, Event Number: 10617167
Sald I Date: 2011-04-16 01:19:41 CEST

EXPERIMENT
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CMS: t-channel

RIIN AT .. Selection CMS

: éw"’e @ exactly 1 isolated lepton LIHL%(fisj 71_T$V5(f2b911 !
| Hoco @ exactly 2 jets, exactly 1 b-jet
' . CMS-TOP-11-021
: @ E.Mss > 35 GeV (e); m(W) > 40 GeV (M)
; Signal extraction
e v T PR @ UML fit to pseudo-rapidity of light-quark jet |n/iehtiet|
top-mass estimator m(lvb) in the |nlishtief| > 2.8 region cos 6~ in the |n'iehet| > 2.8 region
.?N%.p.m‘."."f"?'?’. 114 fb ) MUOHS \'S ? TEV _ CMS I!ll'9|lll'T1.lﬂal'l‘,a'l 1. 51. fb ‘ .El?l.:t.mhs.w. : _7 .TBV CcMS prehrnmaw 1. 14.’1 516, MuonstIectrons N5 =7TeV
g of 3 E 40{; T ;l::.:mnel 5 90” angle of Iepton _;;:cl:annel
E - muon | s .. electron { Moot " 80 wrt light-quark jet 3 Dvwanarne
: EIE): 104 ?UE in top rest frame el
a0f 255 _i .2:::::“ BD; _ ; =x:::ht
30l 20(- 3 =w+e.c ET
M 155 = Howesen Bomosen
E 105 I : - [Caco [aco
10 E m e E

?00 120 140 160 180 200 220 240 260 280""301 '1 0.8 -06-04-02 0 02 04 06 IZIB. 1

{IJ[]O 120 140 160 180 200 220 240 260 280"\300

Systemati tainti
o JES. T)_';;;ﬁgrljr':i 168 Teen(CMS, 7 TeV) = 70.2 + 5.2 (stat) + 10.9 (lumi) pb

@ W+2-jets, from SB of (16%)
[130 < m(lvb) < 220 GeV]

and 2-jets/0-b-tag ’ V,,| = 1.04 £ 0.09 (exp) £ 0.02 (theory)
@ t-tbar, from 3-jets/1-b-tag (9%)
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CMS: t-channel

t-channel single top quark production

) CMS preliminary, 1.14/1.51 fb’ A

o [pb]

1 02 v DO, 5.4 fb’!

A CDF, 3.2 fb”

1 Illllll
| IIIIII|

10

------- NLO QCD (5 flavour scheme)
» theory uncertainty (scale ® PDF)

1 IIIIIII
IIIIII|

Campbell, Frederix, Maltoni, Tramontano, JHEP 10 (2009) 042 _

1
ey
]

NLO+NNLL QCD
theory uncertainty (scale @ PDF)
Kidonakis, Phys.Rev.D 83 (2011) 091503

L | L I 1 Il 1 I L | | I 1 1 1 I L |

4 6 8 10
\s [TeV]

—
Illllll

o
N
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Single top, tW channel

Also known as Associated Production of Single Top
Cross section @ LHC : 16 pb [t+tbar] (charge symmetric)

tW channel not observed at the Tevatron

Top quark produced in association with a real W boson

Event topology

g ’ Single top quark produced with a W
@ 2 W bosons

t dilepton

2 isolated leptons (e or u)

large E,™Miss

lepton+jets

1 isolated lepton (e or p)

b 2 light-quark jets
) - E_I_miss
@ 1 b-quark from top:
1 central high-p; b-tagged jet
@ no additional jet

b w

Wt at LO

Main backgrounds
@ t-tbar (!)
@ DY (in dilepton channels ee and pu)

Interferences at NLO QCD

between tW channel and top pair production.

To define the tW signal, two schemes:

* DR (remove doubly-resonant diagrams)

» DS (locally cancel the contribution of top pair
diagrams)

POWHEG implements DR and DS

MC@NLO implements DS

g t

W=

9 b

Wt at NLO (example)

so far, tW only studied at the LHC
in the Dilepton channel
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ATLAS, CMS: tW channel

Event selection similar to t-tbar Dilepton channel CMS

(except for jet requirements)

I-Idla-ta- anE

1200 CMS Prelimiﬁary.\l’s =7TeV [ o daa | 250[ CMS Prrsliminarg,l'.\.fsE='7''I"rs\a‘J '
T 2.1 b, eelep/up [ Jw T 2.1 b, eelep/pp [ Itw
L I L I
1000 — . W 2 +jets 2001 + W2y +jets |
I Other L + I Other
i
9 1-jet ]
1-b-tag 1

1jet 1 tag 2jet 1 tag 2jet 2 tag 400 500 = 600

H, [GeV]
%2000 T *DI, 8100— L I B B N ™
ata 4 [ + ]
c|>.) i ATLAS @JES uncertainty | o ATLAS M?glsaumcenaimy ]
W der:zosib‘ o > 80 JLdl:Z.DSth' =i
Cwwzzwz ] T + COWwWZzwz 1
\s=7TeV CZ(eelpp)+jets | ) FoAs=T7TeV Z(eelpp)+jets
D Z(t7)+jets | > ., . D Z(t7)+jets
I Fake dileptons W i~ Dilepton 1 jet I Fake dileptons  —
1000 g 1 i | ]
] 40- ) W
500} 1 - et I
] 20 !
T * r'y i
0 0 1 2 3 4 5 26 0
Nes BDT output

ATLAS: first evidence of single-top in tW channel

LHC@/s=7 TeV (2011)

Ldt = 2.1 fb"
CMS-TOP-11-022 JLat b

@ exactly one b-tagged jet
@ 964 events selected (exp. signal: 152)
bkg-only hypothesis rejected at 2.70 level

orw (CMS, 7 TeV) =22 +£ 9 (stat+syst) pb

ATLAS
LHC@/s=7 TeV (2011)
fLdt = 2.05 fb"!

arXiv:1205.5764,
subm. to PLB

> 1 jet (no b-tagging requirement)

BDT against t-tbar (22 kin. variables)

1-jet: 934 events selected (exp. signal: ~150)
bkg-only hypothesis rejected at 3.30 level

© 0 0

oww (ATLAS, 7 TeV) = 17 £ 6 (stat+syst) pb

...current results are consistent with predictions
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G [pb]

ATLAS: Single Top Summary

102

10

T ] T | T I T I T [ T I T | T I T
~ATLAS Preliminary Single top production 7]
~[ L dt=(0.70-2.05) fb"

t-channel

Wit-channel

1IIIII|

—Theory (approx. NNLO)
I stat. uncertainty

s-channel

/_ $ t-channel, arXiv:1205.3130
= § Wt-channel, arXiv:1205.5764

I s-channel, ATLAS-CONF-2011-118 7
v95% CL limit

1 | Py N | 1 |

P
5 6 7 8 9 10 11

| 1 | [
12 13 14
CM energy [TeV]

ATLAS Preliminary

t-channel 1.04 fb’
arXiv:1205.3130

t-channel top 4.7 fb™
ATLAS-CONF-2012-056

t-channel antitop 4.7 fo™' —e—
ATLAS-CONF-2012-056

Wit-channel 2.05 fb! -

arXiv:1205.5764

s-channel 0.70 fb! ——
ATLAS-CONF-2011-118

Theory (approx. NNLO)

|IlIIIIIIJJJ]JJJlIII|III|III|III|lIlIlIIIIIJJ

III|III|III|III|IlI|

—e——383,pb

——

\s=7 TeV

+20
5311 pb
30"] pb
17"3 pb

< 26 pb

0 20 40 60 80 100120
single top cross section [pb]

@ slight excess in t-channel, both charges (not confirmed by CMS)

- the R, ratio provides original constraints on u and d-quark PDFs
@ evidence for tW channel, in agreement with prediction
@ s-channel still far from independent observation

- larger cross section at 8 TeV will help
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Pair Production
of Gauge Bosons

Y, W, Z

t-channel TGC



Signature: two leptons plus missing ET

o = 1 1 I I I I I I I .
S as00F ATLAS Preliminary —+— Data e
i = [ Diboson p
30001 I W-+jet/dijet =
= I T [ top u
2500 : [ Drell-Yan 3
F T C I WWslviv 3
2000 i [0 Fstatesyst -
1500 ) E
g J Lot = 4,701 E
1000} \s =7TeV 3
500 b 3
: L ee, ey, U3
05 L 1 i i l ! =

0 1 2 3 4 5 68 7 8 9
Jet Multiplicity
b | o S I UL LA BN L R o
fo] 4005 ATLAS Preliminary —— Data E
2 = ~ 1 [ Dibosan =
S asob JLat= 470w . W jevdiet E
£ - 18=7TeV [ top E
2 300F 4 [ Drell-Yan .
b s e [ WW—lviv 3
2501 - 0 O 3
200F- =
150E- ATLAS, 7 TeV =
100F - L=
2 1-jet bin 3
50 2

K

7TeV

50 100 150 200 250 300 350
miss
mr(IET**)[GeV]

ATLAS 53.4 4 2.1 (stat) 4.5 (syst) £ 2.1
2

CMS 52
theory

| +2.0 (stat) £ 4.5 (syst) £+ 1
45.1 +£2.8 pb

(lumi) pb
(lumi) pb

entries / 5 GeV

data / prediction

— — — " —
| e data [ Z+jets CMS preliminary |
ww W-jets L=3ss0f" |
data-driven normalization
mw top
7 p

77} stat @ syst

200 =

1007 _E

ATLAS

LHC®@/s=7 TeV (2011)
fLdt = 4.7 fb"

ATLAS-CONF-2012-025

 ias

entries / 5 GeV

data / prediction

fLdt =

CMS
LHC@/s=8 TeV (2011)

3.54 fb!

CMS-SMP-12-013

T T
o d W z+ets CMS prelimi
2001 %y wiee s
. w top data-driven normalization
i 77 stat @ syst i
150
+ CMS, 8 TeV |
-
pt =+ + ee, ey, uu |
S0 - +- . 1-jet bin
- T+ 4
| B ﬁzl*:: T
0 - | 7‘%
2 T -
15 F 7 E
1E ?7”’”4;"(/4%&{‘%*%;// 4
05 . ‘ vy H
0 0 50 100 150
pr [GeV]

CMS 69.4 + 2.8 (stat) £ 5.6 (syst) £ 3.1 (lumi) pb

*
—
.
— . R
="
0 | [ e o
2
15 F E
o5 i % .
%0 60 80 100 120
P! [GeV]
8 TeV
theory

h7.3+ 24 pb

S
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Events / 5 GeV

Events / 4 GeV

WZ

CMS ATLAS
LHC@/s=7 TeV (2011) LHC@/s=7 TeV (2011)

Signature: one Z bosons + one isolated lepton fLdt = 1.1 fb! fLdt = 4.6 fb!

+ missing ET

T T T

T T

F T
F ATLAS
60 -»-Data
F [Ldt=46M" \s=7TeV Owz
50 [DZ+jets
40
30F
20F
10
% 20 40 60 80 100 120 140
MY [GeV]
200F 7y T
180 -+ Data =
Owz 3
160: OZ+jets E
140F @zz 3
120F WZ+y 3
100 @Top 3
8of 3
60 =
40 3
20F =
% 60 80 100 120 140

Z Candidate m; [GeV]

arXiv:1208.1390
subm. to EPJC

CMS-PAS-EWK-11-010

ATLAS, 7 TeV

Data/MC

[S ]

CMS, 7 TeV
E ATLAS — Monte Carlo (MC@NLO)
E ® Data - CMS S 2011 s =T TeV
[ Data2011(1s=7TeV) Total Uncertainty ] 5> g T AT\ - A e
E | La-ssm’ - 3 F Ldt=1091" J
F B o 30F +Data  WW+Jets -~
E — P E mvy  Eg 3
£ = = 2sE WZ+Jets CIWZ—-31lv
E = z Ok ;
g = o20f 3
F 3 15 4
E ——e—=—e— 10E =
w ......... == _+__ 5 -
E — 3 ﬁ: + ]
0-30  30-60  60-90 90-120 120-150 150-180 180-2000 0 3
P [GeV] 0 70 80 90 100 110 120

m, (GeV)

7TeV

ATLAS 19.0 1.4 (stat) £ 0.8 (syst) £ 0.4 (lumi) pb
CMS  17.0+2.4 (stat) + 1.1 (syst) + 1.0 (lumi) pb
theory 176 £ 1.1 pb
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Events / 3 GeV

ZZ

Signature: 4 leptons, no missing ET
eeee, JUY, eeu (1+1+2)

16
14
12
10

o N A~

| I
CMS
fs=7TeV,L=5.1fb"
fs=8TeV,L=53"fb"

I|IIIIIII|III|III]I]I]III|I[I

I
¢ Data
B z+X

Czy, 2z

CIm, =125 GeV

ZZ

I|III|III|III|IIl]l]IIIII|IlI

Leading lepton pair mass [GeV]

—_ —_ —_ —_ N
\S] B (o)} o] o
o o o o o

—_
o
o

60

40

20

@ Select both Z bosons on-shell
@ ATLAS: [66-116] GeV

@ CMS:

[60-120] GeV

ATLAS Preliminary

® Data

Z/y* Z/y* Simulation

I Ldt=5.8f0"

Poois= 8 TeV

\I[.II\‘Illl.l\\ll‘IIl\IIlII\lII\ll\ll\ll‘l

20 40 60 80 100 120 140 160 180 200
Subleading lepton pair mass [GeV]
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CMS ATLAS

LHC@/s=7 TeV (2011) LHC@/s=7 TeV (2011)
JLdt = 5.0 fb"* JLdt = 4.7 fb!

ATLAS-CONF-2012-026

> 24_ L | UL | LU | LI | L LI _
8 20 ATLAS Preliminary o  pata - CMS Preliminary \'s = 7TeV L 5.0 fb™
o g ] I I
& 20 _[ Ldt=4.7fb' [ 2z Simulation - > e DATA
= & S5 Total Uncertainty | 14 .
E 15§_ \s=7Te Estil;n:ted Ba:::ground'_; 8___ 191 D Y4 _
- 55 (stat) ' T (syst) ’ :
TS 07 o7 (stal) ;7 (syst) - £ ol T wz/z + jets _
= ] ) |
12— ] >
- 3 w  8r —
10 ] [ ]
8F- 3 6 7
.3 E 4 .
af- + - »
a 4 E
:I | 1 1 I 111 I L1 11l +J & Ll : I I
100 200 300 400 500 600 700 ? 00 200 300 400 500 600
Four-lepton mass [GeV]
m,, (GeV)
ATLAS 7.2+ 1.1 (stat) £0.4 (syst) £ 0.3 (lumi) pb
7TeV CMS 6.2 £ 0.9 (stat) & 0.4 (syst) & 0.2 (lumi) pb

theory 6.5+0.4 pb
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CMS ATLAS

LHC®@/s=8 TeV (2012) LHC®@/s=8 TeV (2012)
JLdt =5.26 fb" JLdt =5.8 fb"!
ATLAS-CONF-2012-090 CMS-SMP-12-014
CMS Preliminary ys =8 TeV, L = 5.26 fb™
> SRR LSS LU LU UL UL UL I -~ I I -
(C'D’ 35:_ATLAS Preliminary —4 Data E o 25 - « DATA
S E | Ldt=5.81b" CJzz-m ] g
> 30F \s=8TeV [ ] Background(d.d.}] N 20 ! 2z -
% 25E T77]] Cstatssyst E 0 . WZ/Z + jets
i - ZZ5IT ] g o |
= T =] =
% - E T
150 = 10+ -
o L .
5 | &Jt : 5 :
S n 41 4_ =
o Wb ) L h bb
100 150 200 250 300 350 400 450 500 200 400 800 800
Four-lepton mass [GeV] m,, [GeV]
ATLAS 9.3+ 1.1 (stat) £ 0.4 (syst) £ 0.3 (lumi) pb
8 TeV CMS 8.4 £ 1.0 (stat) & 0.7 (syst) £ 0.4 (lumi) pb

theory 7.5+0.4 pb
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Anomalous Gauge Couplings

Effective Lagrangian WWV (V=y,2)
Llowwy = ml [HJVH ryv
AV
U” "t

+gx P (WID,W,

— OWHI,
V
1q RI H'T va 1[”7 i + 1 A

i A
WLV V!

Effective Lagrangian ZVy (V=y,Z2)

Lyyry» \5 = [0 FP) + tE(0, 7' Z,(0°Z,
+[fOFy) + [2(0° 2,0 210 75
—[h](don)nth 7 Zy )]Z;F*”
~[13 (0, F7") + 15 (0,2°)

@ anomalous couplings result in violation

I_.{_.-"r V, WH] 4 Y ]_.{_..-'J W, VHY

I A o f)'_l, II TIIV(();JI I + ()UI ;.t)

3)

}Z“ e +dim 8

of partial wave unitarity at large energy

Tevatron/ATLAS: assume energy dependence

(form factors) to preserve unitarity

WWV: 10 anomalous couplings
assume QED, C and P invariance,
and additional (LEP) relations

— 3 anomalous couplings

n AKY, Ag»lz, 7\-4:7\/,Y:>\/Z

= anomalous
SM: all zero

Z\Vy: 12 anomalous couplings
assume CP invariance and dim<8

- — 4 anomalous couplings
ha', hy?, 147, 2

- anomalous
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Wy, Zv : Anomalous Couplings

Wy Zy

- "ATLAS i B ATLAST ' 7
- 0, H .

- 95% CL intervals 8 C 95% CL intervals from Zvy i
i : | L — ATLAS(1.02 fb™, A=1.5 TeV) -
B —— ATLAS(1.02fb",A=2TeV) _| L hZ g ]
i 1 ATLAS (1.02 b5, Ame) i - Ty - ATLAS(1.02 b, A=o0) il
B = - —— = -
i ?“Y — DO (4.2 ", A=2 TeV) ] i Do(7.2 fb ,1/\_1_5 TeV) i
B — GMS (36 pb™. Amee) J L - CDF(5.1 b, A=1.5 TeV) _
I - LEP i i — CMS(36 b, A=) i
[ I v b b by = =
| -0.4 -0.2 0.2 0.4 0.6 0.8 1 - —
LA — ] R ]
- AKy - E - h; &
7| L1 1 ‘ | I | | 1 | | [ 1 | L I I ) ‘ | 1 |7 —I Ll \ L1l | L1l \IIIJIIJI{II\III\IIl\II\lIiII"

-2 -1 0 1 2 3 4 -03 02 -0 O 01 02 03 04 05 06



WZ/ZZ:. Anomalous Couplings

£ 160p .
3 [ ]
w140 ATLAS ~#-Data =
5 F [Ldt=46f" \Ns=7TeV CIsMwz ]
> 120_— -Bkg -
w ks Dcslal+sysl ]
100 L k=005
80: -- AKE =0.57 ]
Bty e AGE =010 ]
1 .
. 401~ =
q " - 31
20 s
0 0-30 30-60 60-90 90-120 120-150150-180 180-2000
TGO pZ [GeV]
7 Z
.AL’-.‘-‘Aé,[H‘w”,‘..l.r.‘.‘wu Y F e o IR i e e e e
—— ATLAS, \s =7 TeV A4 4
i NTSHNS ATLAS Ldt=46fo"
= ATLAS, \s = 7 TeV 0.05+ \S=7TEV -
——— 487, A=2TeV b ]
Agf RO ---GDF,15=1.96 TeV | |
7MY, A=2TeV
- — D0,1s=196TeV | 1
41", A=2TeV i ]
— 07 =
A Aoy WZ s P I |
95% C.L. i h
" -0.05(- =
K e e 4 ” o
z B e + W*Z— ['vI'l,95% C.L. |
PTETE UV EVAEES SYUTETI VIS SYRET ArRr W | ST IR IR BT B
-06 04 -02 0 02 04 06 038 -0.1 -0.05 0 0.05 0.1
Z
Ag1

Ak,

0.5

95% CL limits from WW production

ATLAS (1.02 b, A=3TeV)
ATLAS (1.02 fo'!, A=ec)
cnvnrned CMS (36 pb!, A=ee)
; LEP

R T + CDF (3.6, A=2TeV)
R -+4 DO(1.1 b A=2TeV)

ATLAS Ldt=461f" |
\s=7TeV

WZ > Fvlfl,95% C.L. |

o b b e by a1

-0.05 0
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ZZ: Anomalous Couplings

CMS Preliminary ys=7TeV,L=5.0fb"

Eovilic I I I

T T
"_0 04 — Observed pp— 2Z — il |
’ f=== Expected + 1o 95% CL
----- Expected + 20
| T I 1 T | I 1 T T 1 1 I 1 I T T T 1 | 1 T T 1 | T I 1 T | 0.02 [ -
ATLAS .ATLAS,ILCII: 1.02f0"
B \s=7TeV, A=co ]
f T ;;;;ATLAS._[Lm= 1.0210" O 7
50 _—.: T
H vs=7TeV, A=2TeV
: = LEP, _[Ldl:?(lu pb’ -0.021 N
v e = No form factor assumed
f 40 e — \'s= 130-209 GeV aTGC values outside contour excluded
: i ; ~ I I l I I
B : §§°°-JL“‘=‘“’ N 0-04 502 001 0 0.01 0.02
i \s=1.96TeV, A= 1.2 TeV 2
2 —— 4
f
=0 T CMS Preliminary \s=7TeV,L=5.0fb"
: ~ 0 T T T T T
ZZ i "_0 ol — Observed pp—ZZ— Il |
fz 95% C.I. e : {55 Expected + 1o 95% CL
40 o I N IR Expected + 2¢
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 l 1 L 1 1 | 1 1 1 1 | L 1 1 1 | 0.02 f— —_
-1.5 -1 -0.5 0 0.5 1 1:5
0 (— —
-0.02- —
No form factor assumed
aTGC values outside contour excluded
_004 | |

1 1 1

-0.02  -0.01 0 0.01 0.02
z
fS
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107

10

Summary of Cross Sections
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Summary of W/Z Cross Sections
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