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Top Quark
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With a mass of m; = 173.3 & 1.1 GeV (July 2010), the TOP quark (the up-type quark of
the third generation) is the heaviest elementary particle produced so far at colliders.

Because of its mass, top quark is going to play a unigue role in understanding the EW
symmetry breaking = Heavy-Quark physics crucial at the LHC.

- - Pair
Two production mechanisms :
: E / Production
< pp(ﬁ) — tt >ﬂzvmm\< el oL,
a f gowo—e— { Single Top

% b Ty Wt
q’ (@) q’ (@)

Signal or background for new physics

Top quark does not hadronize, since it decays in about 5-10~2°s (one order of magnitude
smaller than the hadronization time) — opportunity to study the quark as single particle

$ Spin properties
® [Interaction vertices

Wt
® Top quark mass

4/
t th//

Decay products: almost exclusively t — Wb (|[Vip| > |Vial, |Vis|) N,
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Top Quark

o

| I

Tevatron

Up to 2010 the Top quark could be
produced and studied only at the
Tevatron (discovery 1995)

pp collisions at /s = 1.96 TeV

L ~ 9fb~*! reached in 2010 (12fb~—*
expected by 2011)

O(103) tt pairs produced so far

2009 observation single-top

Ny “‘_ ':Feva__tggn

| I B

LHC

Running since end 2009
pp collisions at /s = 7 (14) TeV

LHC is a factory for HQ (
L~ 100fb—1/y @14 TeV, tt at ~1Hz!)

Recently ~ 36pb~—! @7 TeV
~ O(103) tt pairs produced so far

Single top: first measurement June
2011
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Top Quark @ Tevatron

tt events measured at Tevatron

® pp—tt— WHbW —b — lvlvbb Dilepton ~ 10%'
oy ~ 7pb ® pp—tt— WTbW b — lvgd'bb Lep+tjets ~ 44%'
® pp—tt— WHbW b — q7'qq'bb All jets ~ 46% I
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Top Quark @ Tevatron

tt events measured at Tevatron

Dilepton ~ 10%'
® pp—tt—-WTOHW b— lyq(j’bg Lep+jets ~ 44%'
® pp—tt— WTbW b — qf q7'bb All jets ~ 46% I

2 high-pr lept, > 2 jets and ME
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Top Quark @ Tevatron

tt events measured at Tevatron

Dilepton ~ 10%'
Lep+tjets ~ 44%'
All jets ~ 46% I

2 high-pr lept, > 2 jets and ME I

1 isol high-pr lept, > 4 jets and ME
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Top Quark @ Tevatron

tt events measured at Tevatron

® pp—tt— WHbW —b — lvlvbb Dilepton ~ 10%'
® pp—tt— WTbW b — lvgd'bb Lep+jets ~ 44%'

el (L — WHOW b — gdgg g All jets ~ 46% |

2 high-pr lept, > 2 jets and ME I
NO lept, > 6 jets and low ME

1 isol high-pr lept, > 4 jets and ME |
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Top Quark @ Tevatron

tt events measured at Tevatron

® pp—tt— WHbW —b — lvlvbb Dilepton ~ 10%'
oy ~ 7pb ® pp—tt— WTbW b — lvgd'bb Lep+tjets ~ 44%'
® pp—tt— WHbW b — q7'qq'bb All jets ~ 46% I

2 high-pr lept, > 2 jets and ME I

1 isol high-pr lept, > 4 jets and ME |

NO lept, > 6 jets and low ME

Background Processes

W+jets QCD Drell-Yan Di-boson
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Top Quark @ Tevatron

tt events measured at Tevatron

® pp—tt— WHbW —b — lvlvbb Dilepton ~ 10%'
oy ~ 7pb ® pp—tt— WTbW b — lvgd'bb Lep+tjets ~ 44%'
® pp—tt— WHbW b — q7'qq'bb All jets ~ 46% I

2 high-pr lept, > 2 jets and ME I

1 isol high-pr lept, > 4 jets and ME |

NO lept, > 6 jets and low ME

Background Processes

qg——L-»-- wT g q q q, q .- W

W+jets QCD Drell-Yan Di-boson
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Top Quark @ Tevatron

Single-top events measured at Tevatron

Ot ~~ Spb

® pp—tq — WHbg (— lvbq)
® pp— th — WTbb(— lvbb)
® pp—tW- — WTbW—(— lvivd)

t-channel ~ 63% I
s-channel ~ 30% I
associate (~ 7%) I
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Top Quark @ Tevatron

Single-top events measured at Tevatron

pp — tq — WTbG (— lvbg ) t-channel ~ 63% I

Vo 15— ib— W ob(— Lubb) s-channel ~ 0% |
® pp—tW- — WTbW— (— lvivb) associate (~ 7%) I

Ot ~~ Spb

1 high-py lept, 1 bj, 1 j big 7 + ME
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Top Quark @ Tevatron

Single-top events measured at Tevatron

t-channel ~ 63% I
s-channel ~ 30% I
associate (~ 7%) I

Ot ~~ Spb

1 high-py lept, 1 bj, 1 j big 7 + ME I

1 high-pr lept, 2 b jets and ME
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Top Quark @ Tevatron

Single-top events measured at Tevatron

® pp—tq — WHbg (— lvbq)
or ~ 3pb ® pp— th — WTbb(— lvbb)
® pp—tW- — WTbW—(— lvivd)

1 high-pr lept, 1 bj, 1] big n + ME I
1 high-pr lept, 2 b jets and ME I

Large Background

/ +
g /m\‘gq q _,_Qi_,___ w g t
A g "\QQQQ g g
q—»—1 —» - W+ q/—<— —————— 7 g {
W+jets Di-boson Top Pair

t-channel ~ 63% I
s-channel ~ 30% I
associate (~ 7%) I
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Top Quark @ Tevatron

Ndata — kagr
eL

® Total tt-pair Cross Section

® Good test for the SM (in particular QCD)

March 2010

preliminary
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Combination CDF-DO (m: = 175 GeV)

using 4.6 fb—! of data

(AUtE/Utf ~ 9%)

o7 =17.0+0.6pb
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Top Quark @ Tevatron

Ndata — kagr
eL

® Total tt-pair Cross Section

® Good test for the SM (in particular QCD)

March 2010

preliminary
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Combination CDF-DO (m: = 175 GeV)

using 4.6 fb—! of data

(AUtE/Utf ~ 9%)

o7 =17.0+0.6pb

very recently = Ao,z/o; ~ 6.5% (o z for the luminosity)
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Top Quark @ Tevatron

» Total Single-Top Cross Section Single Top Quark Cross Section August 2009
CDF Lepton+jets 3.2 b 2 2 2.17 :8 22 pb
® Good test for the SM CDF VET+jets 2110 50 35 pb

DG Lepton+jets 2.3 b 3.94 i(()) gg pb

# |[tis important for the determination of |V, N Combina“oni
(experimental value |V;,| = 0.88 & 0.07) |

Il B.W. Harris et al., PRD 66, 054024 (2002)
N. Kidonakis, PRD 74, 114012 (2006)
|

2.76 035 pb

Migp = 170 GeV

0 2 4 6 8

Combination CDF-DO (m: = 170 GeV) G (PP — th+X, tgb+X) [pb]

Os+t =2.7670°5pb  (Aci/or ~ 20%) using 3.2 (CDF) and 2.3 (D0) fb~! of data

. CDF Run Il Preliminary, L=3.2 fo
D@ 5.4t Y

Loy 5 F T T T T T T T T T
o 2 E ® Best Fit
= 68% C.L. & 45F [l 68.3%CL E
S N 90% C.L. F m 95'50/ i
= B 95% C.L. s 4F =% E
& g i ] 99.7%CL
3 © 35 7
3 o Ut [ SM(NLO)
2 8 3Ff B SM(NNNLO)
_ = C
O .
s- versus t-channel S S 2| :
c L
g g 2F I 4
o @ Measurement S i
[&) [ ] SMu] < 15 F *
g [1] PRD 74: 114012, 2006 . 2 E
[2] EPJ C49: 791, 2007 O FOUTQBHEI’?;]IOI"IS 1E ]
[3] PRD 63: 014018, 2001 L
[4] PRL 99: 191802, 2007 O Top-fla}l/]or E
O FcNe 05 | ]
0 L L L | L L L | L L E
0 2 4 0

| | | | | | | | !
0O 05 1 15 2 25 3 35 4 45 5

s-channel cross section [pb
[p ] s-Channel Cross Section o [pb]
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Top Quark @ Tevatron

® Top-quark Mass

#® Fundamental parameter of the SM. A precise

measurement useful to constraint Higgs mass

from radiative corrections (Ar)

#® Correspondence of the parameter measured at

Tevatron: pole mass?

® Top-quark pole mass is “physically” not well
defined: O(Agcp) ambiguity

® A possible extraction from precise o,z

Combination CDF-DO (July 2010)

me = 173.3 £ 1.1 GeV (0.63%)

® Top-Anti Top Mass Difference @ DO

$® Top-quark Width

Mass of the Top Quark

July 2010 (* preliminary)

S —
CDF-I dilepton

167.4 +11.4(+103+4.9)

D@-| dilepton

————

CDF-Il dilepton *

168.4 +12.8(:12.3+ 3.6)

170.6 + 3.8 (x2.2+3.1)

D@-II dilepton *

CDF-I lepton+jets

D@-| lepton+jets
CDF-Il lepton+jets *
—
D@-II lepton+jets *
CDF-I alljets

CDF-Il alljets

CDF-Il track

1
Tevatron combination *

174.7 + 3.8 (:29:24)
176.1+ 7.4 (+51:53)
180.1+ 5.3 (+39:36)
173.0+ 1.2 z07+11)
173.7 + 1.8 (z08+16)
@ et
186.0 +11.5¢10.0+5.7)
1748+ 2.5 (z17+19)
175.3+ 6.9 (z6.2:3.0)
173.3+ 1.1 :06+09)
(+stat + syst)

X¥dof = 6.1/10 (81%)

)

150 160 170

180 190 200

m,,, (GeVic?)

Amy = 3.8+ 3.7GeV

'y < 7.6GeV (95% CL)
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Top Quark @ Tevatron

® W helicity fractions F; = B(t — bW T (Aw =1)) (¢ =

—1,0, 1) measured fitting the
distribution in 6*

(the angle between [t in the W rest frame and W direction in the ¢ rest frame)

1 dI’ 3 3 3
fdcosg* — ZFO Sin2 9* AL gF_(]. . COSQ*)Q s §F+(1 —I—COSQ*)Q

50_ D@ Run Il praliminary

Lept +jets channel —1—ng 1 =il :a)
K‘s'!
v g

Fo+Fy +F_ =1

Entries/0.1

40: ﬁ_,—"l‘ ._+_‘ :IB kgrfx :|
Fp =0.66+0.16 + 0.05 F, = —0.03 + 0.06 + 0.03 U LY Theba
-1 -0.5 0 0.5 1

cosf*

—> Ok with SM prediction at NNLO: Fy = 0.687(5) F4+ = 0.0017(1) F_ = 0.311(5)

A. Czarnecki, J. G. Korner, J. H. Piclum, Phys. Rev. D 81 (2010) 111503(R)

® Spin correlations measured fitting the double distribution
(61 (62) is the angle between the dir of flight of 71 (I2) in the ¢ (%) rest frame and the ¢(¢) direction in the ¢t rest frame)
1 d*N
N dcos 61 d cos 92

1
—(1 + Kk cos @1 cos 02)

& = 0.328723 — Ok with QCD prediction at NLO: x = 0.389

W. Bernreuther, A. Brandenburg, Z. G. Si, P. Uwer, Phys. Rev. Lett. 87 (2001) 242002
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Top Quark @ Tevatron

lab(ored) _ N(ye(or Ay) > 0) — Nyt (or Ay) <0)
FB =
N (yt(or Ay) > 0) + N(y¢(or Ay) < 0)

$ FB Asymmetry

® AtLO top and anti-top quarks have identical distribution. Ap g starts at O(a?))

& CDF(5.3fb7 1) Ve T
Ag%b) = (15.0 & 5 stat & 2.4 syst) % ] g i
Agg = (15.8 = 7.2 stat &+ 1.7 syst) % 2

AUD (Mg < 450G6V) = (—11.6 + 14.6stat + 4Tsyst) % "R
AUD M,z > 450GeV) = (47.5+ 10.1 stat +49syst) % ]

t
450 GeV/c? M,

® DO0(4.3fp7 1) ]
Agﬁg = (8.0 = 4.0 stat £ 1syst) % (uncorrected) ghn .
® THEORY "]
A%‘]’Bb) = (5.1 £0.6) % (NLO QCD+EW, Kihn and Rodrigo'98) ™| |
Agg = (7.8 £0.9) % (NLO QCD+EW, Kuhn and Rodrigo '98) 1 T
AYD — (7.2471 94402y o7 (NLO + NNLL, Ahrens et al. '11) o9 y

Ay
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Top Quark @ Tevatron

lab(ored) _ N(ye(or Ay) > 0) — Nyt (or Ay) <0)
FB _
N (yt(or Ay) > 0) + N(yt(or Ay) < 0)

$ FB Asymmetry

® At LO top and anti-top quarks have identical distribution. A g starts at O(a3))

® CDF(5.3fv 1) i — T
AL — (15.0 & 5 stat + 2.4 syst) % ool & o [l
AUD — (15.8 + 7.2 stat + 1.7 syst) % o]

Agg (M < 450GeV) = (—11.6 £+ 14.6 stat + 4.7 syst) % °‘°” *******
AUD M,z > 450GeV) = (47.5+ 10.1 stat +49syst) % ]

® DO @43fv71)

A = (8.0 4 4.0 514 See the
Al — (51 4 0.6) Talk by S. Westhoff

A% — (7.8 +0.9) % (NLO QCD+EW, Kuhn and Rodrigo 98
Agg = (724f(1)g§t837) % (NLO + NNLL, Anrens et al. '11) o i

Ay

$® THEORY
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Top Quark @ Tevatron

Tevatron searches of physics BSM in top events

® New production mechanisms via new spin-1 or spin-2 resonances: qqg — Z' — ttin
lepton+jets and all hadronic events. Bumps in the invariant-mass distribution
(excluded at 95% CL vector resonances with mass in the range 450-1500 GeV)

® Top charge measurements (recently excluded exotic top-quark with Q; = —4/3)
» Anomalous couplings
g ioHY (pt — py)v <
L =——b~* (VP Vr P P B tW
ﬁ{W(LLJr rPR) + My (9L PL + 9gr R)} 1

® From helicity fractions

® From asymmetries in the final state

® Forward-backward asymmetry

°

Non SM Top decays. Search for charged Higgs: t — HTb — qg'b(Tvd)

® Search for heavy ¢ — Wb in lepton+jets (recently excluded ¢’ with m,, < 360 GeV)
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Top Quark @ Tevatron

Tevatron searches of physics BSM in top events

9

| I

New pi ttin
lepton-

(excluc eV)
Top ch /3)

No Evidence
" of New Physics so far

Non SM Top decays. Search for charged Higgs: t — HTb — qg'b(Tvd)

Search for heavy ' — Wb in lepton+jets (recently excluded ¢’ with m,, < 360 GeV)
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Top Quark @ LHC

End of 2010, new top pair results became available from CMS and ATLAS collaborations, for pp
collisions at /s = 7 GeV, analysing almost 3 pb™*:

$» CMS o = 194 4+ 72(stat.) + 24(syst.) £ 21 (lumi.) pb arXiv:1010.5994

® Only di-lepton channel: ete—, ptp—, et p®
Based on 3.1 pb—! of data (11 events, 2.1 4+ 1.0 background)
Background (Drell-Yan ...) estimated from data and/or modeled with MADGRAPH

Selection efficiency of signal events: MADGRAPH + PYTHIA + CMS detector
simulation

e o @

® ATLAS o = 145+ 31752 pb arXiv:1012.1792

® Lepton+tjet and di-lepton channels

#® Basedon2.9pb—! (37 eventsinl+jand 9in di-l, 12.2 £ 3.9 and 2.5 + 0.6
background)

® Background and selection efficiency modeled with MC@NLO, ALPGEN
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Top Quark @ LHC

End of 2010, new top pair results became available from CMS and ATLAS collaborations, for pp

collisions at /s = 7 GeV, analysing almost 3 pb~!:
$» CMS o = 194 4+ 72(stat.) + 24(syst.) £ 21 (lumi.) pb arXiv:1010.5994
® Only di-lepton channel: ete—, ptp—, et p®
#® Based on 3.1 pb—1! of data (11 events, 2.1 £ 1.0 background)
® Background (Drell-Yan ...) estimated from data and/or modeled with MADGRAPH
® Selection efficiency of signal events: MADGRAPH + PYTHIA + CMS detector
simulation
® ATLAS o = 145+ 31752 pb arXiv:1012.1792
® Lepton+jet and di-lepton channels
#® Basedon 2.9 pb—! (37 events in I+j and 9 in di-l, 12.2 £ 3.9 and 2.5 + 0.6
background)
® Background and selection efficiency modeled with MC@NLO, ALPGEN

very recently CMS = 36 pb—! analyzed, arXiv:1105.5661, arXiv:1106.0902
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Top Quark @ LHC

End of 2010, new top pair results became available from CMS and ATLAS collaborations, for pp
collisions at /s = 7 GeV, analysing almost 3 pb~!:

E‘ | T L L T
o L ® ATLAS ----- NLO QCD (pp)
I_|:- | (2.9 pb®) —— Approx. NNLO (pp) ¢ o
b“ YCMS @ NLO QCD (pp) ‘_.__;_,_..:_,2;'-‘“‘” -
102 = (3.1pb? ----- Approx. NNLO (pﬁ) =
- = CDF .
[ 4 DO 300,
- 250F
10 200} '
- 150 ]
- 100} ]
i 6.5 7 7.5
1L L1 1 1 el
1 2 3 4 5 7 8
\'s [TeV]
$» CMS o = 194 4+ 72(stat.) + 24(syst.) £ 21 (lumi.) pb arXiv:1010.5994
® ATLAS o = 145 + 31722 pb arXiv:1012.1792
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Top Quark @ LHC

Very recently, new results became available from CMS about the measurement of the t-channel
single-top production cross section at /s = 7 GeV, analysing 36 pb—1!:

$» CMS ot = 83.6 & 29.8(stat. + syst.) £ 3.3(lumi.) pb arXiv:1106.3052

® The measurement uses the decay channels: t — evb, t — uvb, and t — 7vb, with
leptonic ~ decays

#® Background: tt, single-top s and ¢tW channels, and W/Z + jets estimated with

MADGRAPH. Di-boson production, multi jets QCD estimated with PYTHIA. + full
simulation of the detector response with GEANT4

The single-top cross section can be used as a test of the unitarity of the CKM matrix. Under the
assumption |Viq|, |Vzs| < |Vys| the following value is found:

|Vip| > 0.68 |at the 95% CL

® ATLAS ot =76 731 pb|  ATLAS-CONF-2011-027

® Using 156 pb—1!. 1 lepton + MEr + 1 b jet and 1 add jet
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Top Quark @ LHC: Perspectives

9

tt Cross Section

® With 100 pb~*! of accumulated data an error of Ac,z/0,; ~ 15% is expected
® After 5 years (in the high-luminosity high-energy pahe) of data taking an error of
Aoz /o.5 ~ 5% Is expected
Single-top Cross Section
® With 10fb~! of accumulated data an error of Ao /oy ~ 10 — 20% is expected

Top Mass
® With 1fb~! Mass accuracy: Am; ~ 1 — 3 GeV

Top Properties
® W helicity fractions and spin correlations with 10fb~! — 1-5%

® Top-quark charge. With 1fb~! we could be able to determine Q; = 2/3 with an
accuracy of ~ 15%

Sensitivity to new physics
# all the above mentioned points

® Narrow resonances: with 1fb~* possible discovery of a Z’ of M, ~ 700 GeV with

ATLAS CSC book
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Theoretical Framework: QCD

Let us consider the heavy-quark production in hadron collisions A1 + hs — QQ + X

According to the

hi{p}

hZ{paﬁ}

FACTORIZATION THEOREM

the process can be sketched as follows:

1 1
Chyhg =3 /0 day /O 43 Fry 101, 1) Py 5 (B2 ) G5 (3,0, 0o (1), 1 1)
,J

s = (pn, +ph2)2 , 8§ = X128
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Theoretical Framework: QCD

Let us consider the heavy-quark production in hadron collisions A1 + hs — QQ + X
According to the | FACTORIZATION THEOREM | the process can be sketched as follows:

Q
hi{p}
4 PDFs: Universal Part
Evolution with the factorization scale
predicted by the theory
hZ{paﬁ} -,
1
Ohy,hy = Z/O d£U1/ - S , Mty Qs ,uR) HF, ,uR)
i,]

S = phl +ph2 ) 8§ = T1T28
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Theoretical Framework: QCD

Let us consider the heavy-quark production in hadron collisions A1 + hs — QQ + X

According to the

hi{p}

hZ{paﬁ}

1 1
Ohy,ho :Z/o d$1/0 dz2 fny,i (1, 1F) fhy,j (T2, 1
(2%]

FACTORIZATION THEOREM

the process can be sketched as follows:

Partonic Cross Section

Process dependent part
Calculation in Perturbation Theory

' a-lj (§7mtaoé8(:uR)nuF7:uR)

HEP2011, July 21, 2011 — p.15/26



Cross Section: LO (stable top)
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Cross Section: L O (stable top)

Top-Antitop production at leading order, partonic diagrams:

q(p1) + q(p2) — t(p3) + t(pa)

q t
Dominant at Tevatron
~ 85%
q t
g(p1) + g(p2) — t(p3) + t(pa)
g t
OO0 ——
Dominant at LHC
A A
~ 90%
g DOOOD et o
t
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Cross Section: L O (stable top)

Single-top production at leading order, partonic diagrams:
t-channel: ¢(q) +b — ¢'(¢’) + ¢

9q@) . .  4(q)

Dominant at
Tevatron and LHC

W
| ~ 60 — 70%

s-channel: ¢ +3@ — b+t

q t

Second at Tevatron
~ 30%

associated tW— production: g +b — t + W~ (five-flavour scheme)

b Wb < - W

Second at LHC
~ 20%
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Cross Section: NL O (stable top)

tt Fixed Order

® NLO QCD corrections quite sizable: + 25% at Tevatron and +50% at LHC.

Nason, Dawson, Ellis '88-'90; Beenakker, Kuijf, van Neerven, Smith '89-'91;
Mangano, Nason, Ridolfi '92; Frixione et al. '95; Czakon and Mitov '08

» NLO EW corrections small: - 1% at Tevatron and -0.5% at LHC.

Beenakker et al. '94 Bernreuther, Fuecker, and Si '05-'08
Kuhn, Scharf, and Uwer '05-'06; Moretti, Nolten, and Ross '06.

Single-top Fixed Order

» NLO QCD corrections to the ¢t-channel: + 9% at Tevatron and +5% at LHC.

Bordes, van Eijk '95; Stelzer, Sullivan, Willenbrock '97-'98;
Harris, Laenen, Phaf, Sullivan, Weinzierl '02; Sullivan '04-'05

® NLO EW corrections t-channel: <1% at Tevatron and <1% at LHC.

Beccaria, Macorini, Renard, Verzegnassi '06; Beccaria et al. '08

» NLO QCD corrections to the s-channel: + 47% at Tevatron and +44% at LHC.

Smith, Willenbrock '96; Harris, Laenen, Phaf, Sullivan, Weinzierl '02; Sullivan '04-'05

» NLO QCD corrections to the tWW-channel: + 10% at LHC.

Giele, Keller, Laenen '96; Zhu '02
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Cross Section: NLO + resumm (stable top)

® The QCD corrections to processes involving at least two large energy scales
(8, m? > AéCD) are characterized by a logarithmic behavior in the vicinity of the

boundary of the phase space

o~ Z Cn,magIn™ (1 — p) m < 2n

n,m
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Cross Section: NL O + resyumm (stahlo ton)

Inelasticity parameter

® The QCD corrections to processes involving at lea
(3, m? > A% p) are characterized by a logarithm

boundary of the phase space

o~ Z Cn,masIn™ (1 m < 2n

n,m
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Cross Section: NLO + resumm (stable top)

® The QCD corrections to processes involving at least two large energy scales
(8, m? > AéCD) are characterized by a logarithmic behavior in the vicinity of the
boundary of the phase space

o~ Z Cn,magIn™ (1 — p) m < 2n

n,m

® Evenif as < 1 (perturbative region) we can have at all orders | a2 In™ (1 — p) ~ O(1)

Resummation — improved perturbation theory
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Cross Section: NLO + resumm (stable top)

® The QCD corrections to processes involving at least two large energy scales
(8, m? > AéCD) are characterized by a logarithmic behavior in the vicinity of the

boundary of the phase space

o~ Z Cn,magIn™ (1 — p) m < 2n

n,m

® Evenif ag < 1 (perturbative region) we can have at all orders | o2 In™ (1 — p) ~ O(1)

Resummation — improved perturbation theory

tt Cross section

9 Next-to-Leading-Logs (N |_|_) Kidonakis and Sterman '97; R. B., Catani, Mangano, and Nason
'98-'03.
9 Next—to-Next—to-Leading-Logs (NNLL) Moch and Uwer '08; Beneke et al. '09-'10; Czakon et al. '09;

Kidonakis '09; Ahrens et al. '10

Single-top cross section

®» Next-to-Leading-Logs (NLL) Kidonakis '05-'07; Zhu, Li, Wang, Zhan '10-'11
» Next-to-Next-to-Leading-Logs (NNLL) Kidonakis "11
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Cross Section: NLO + resumm (stable top)

® The QCD corrections to processes involving at least two large energy scales
(3, m? > AéCD) are characterized by a logarithmic behavior in the vicinity of the

boundary of the phase space

o~ Z Cn,magIn™ (1 — p) m < 2n

n,m

® Evenif ag < 1 (perturbative region) we can have at all orders | o2 In™ (1 — p) ~ O(1)

Resummation — improved perturbation theory

tt Cross section

9 Next-to-Leading-Logs (N |_|_) Kidonakis and Sterman '97; R. B., Catani, Mangano, and Nason
'98-'03.
9 Next—to-Next—to-Leading-Logs (NNLL) Moch and Uwer '08; Beneke et al. '09-'10; Czakon et al. '09;

Kidonakis '09; Ahrens et al. '10

Single-top cross section

®» Next-to-Leading-Logs (NLL) Kidonakis '05-'07; Zhu, Li, Wang, Zhan '10-'11
» Next-to-Next-to-Leading-Logs (NNLL) Kidonakis "11

Very energetic tops with SCET (for the moment not in hadronic collisions)
Fleming et al. '08; Jain et al. '08; Hoang et al. '08; Hornig et al. '11; Kelley et al. '11
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Cross Section: NLO + resumm (stable top)

® The QCD corrections to processes involving at least two large energy scales
(8, m? > AéCD) are characterized by a logarithmic behavior in the vicinity of the

boundary of the phase space

o~ Z Cn,magIn™ (1 — p) m < 2n

n,m

® Evenif as < 1 (perturbative region) we can have at all orders | a2 In™ (1 — p) ~ O(1)

Resummation — improved perturbation theory

tt Cross section

9 Next-to-Leading-Logs (N |_|_) Kidonakis and Sterman '97; R. B., Catani, Mangano, and Nason
'98-'03.

® Next-to-Next-to-Leading-Logs ( Czakon et al. '09;

. . See the
Single-top cross section -
P Next-to-Leading-Logs (NLL) Talk by B PeCJak

® Next-to-Next-to-Leading-Logs (

y L1

Very energetic tops with SCET (for the moment not in leptonic collisions)
Fleming et al. '08; Jain et al. '08; Hoang et al. '08; Hornig et al. '11; Kelley et al. '11
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Distributions
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Distributions

D | pp(p) — tt+1jet

#® |mportant for a deeper understanding of the ¢t prod :E& :EE
(possible structure of the top-quark) gmg ; gmz ;
® Technically complex involving multi-leg NLO diagrams B P .
oy (LHC) = 376.2117 pb WEL wiﬁi
orpy;(Tev) = 1.7977 29 pb .> oGPF = 1.6 +0.2(stat) + 0.5 (syst) pb
() [ (wem) (o]

pp — tt+jet + X
Vs = 14TeV

pD — tt +jet + X
/s =1.96 TeV

10 1000 f

100 ¢

0.1 F
10
LO

0.01

o 0 5‘0 1(‘)0 1;)0 2(‘)() 250 300 o 0 160 2(;0 360 460 -5(;0 660 700 S Dlttmaler’ P Uwer and S WeInZIerI’
T e O ] Phys. Rev. Lett. 98 (2007) 262002
Lo ] Lor ] Eur. Phys. J. C 59 (2009) 625
L0 m 1.0 -g—-‘
0.5 : : : : : 05 L— : : : : -
0 50 100 150 200 250 300 0 100 200 300 400 500 600 700
PT,jet [GeV] PT,jet [GeV]

confirmed by G. Bevilacqua, M. Czakon, C.G. Papadopoulos, M. Worek, Phys.Rev.Lett. 104 (2010) 162002
K. Melnikov and M. Schulze, Nucl.Phys. B840 (2010) 129-159
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Distributions

® Invariant mass and pr distributions: NLO + resummed (SCET) NNLL
comparison with CDF and DO data

N
<

100
,f\\ Vs = 1.96 TeV 80 ‘ ‘
i ‘\ DO Data Vs =196TeV
% | \ -;- - - NLO + NNLL
Q | . o
q'g 1 i \ 9 NLO
= . O 10.0- ‘
5 b ol
E : =" 40 \ 50 N\
== , ~
~ I & I 2.0}
) | $
| &)
| (S

' CDF data \ ' \
i- NLO + NNLL \500 250 300 350

0.0%5 200 400 600 800 1000 1200 0 100 3oo 400
M [GeV] PT [GeV]

V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak, and L. L. Yang, JHEP 1009 (2010) 097
V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak, and L. L. Yang, arXiv:1103.0550
N. Kidonakis, arXiv:1105.3481
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Distributions

s-channel

do /dprs (fbIGeV)

I
()]
TT T[T T TT[TT T T[T TT T [TTTT[TTT
I I I I I

LI B B B L B B B BN B B B B BN L B B

PETETEN INETETT S AVEPETEN S ATECATAVEN AVET A ATE AT

PR ST S AN T SN TN T T TR TN ST SO N ST S N

0.12

0.10

do [ dny (pb)
o o
o o
& o

o
o
=

0.02

0.00

50 100 150 200
1 (GeV)

T T T T I T T T T I T T T T I T T T T
r MDF ----- ]
1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
-2 -1 0 1 2

b

t-channel

T T T T I T T T T I T T T T I T T T T
r . PSS —— 1
L
. : MDF —-—-- E
5 I L , .
3 4F : -
o [ | ]
O o p
~ 3 - J
= N T, ]
§ F ]
5 2 —
& r % ]
1F “ .
- | -
O 1 t‘ 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1
0 50 100 150 200
pri; (GeV)
0.20 T T T T I T T T T I T T T T I T T T T
[ PSS |
L - MDF |
0.15
= [ |
g [ |
§010r ]
~
b - -
’E - -
0.05 | ]
0.00 i 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 ]
2 1 0 1 2

i

B. W. Harris, E. Laenen, L. Phaf, Z. Sullivan, S. Weinzierl, Phys. Rev. D66 (2002) 054024
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Tools@ NLO

The corrections at NLO for the ¢t and single-top productions are implemented in a series of
public codes

» MCFM

J. M. Campbell, R. K. Ellis, Phys. Rev. D60 (1999) 113006
» MC@NLO

S. Frixione, B. R. Webber, JHEP 0206 (2002) 029
» POWHEG

S. Frixione, P. Nason, C. Oleari, JHEP 0711 (2007) 070
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NL O with decay Products. Fact. Corrections
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NL O with decay Products. Fact. Corrections

9

9

The calculations shown so far consider a stable top (anti-top) quark. Advantage:
reduction in the complexity of a NLO calculation

In “reality” the out states are leptons and hadrons — experiments put cuts on leptons
and hadrons. Desirable a description of the process in terms of actual out states
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NL O with decay Products. Fact. Corrections

® The calculations shown so far consider a stable top (anti-top) quark. Advantage:
reduction in the complexity of a NLO calculation

® In “reality” the out states are leptons and hadrons = experiments put cuts on leptons
and hadrons. Desirable a description of the process in terms of actual out states

® | Factorizable corrections | do not mix production and decay stages!

1 7
hm == 5 p2 s m2
P PR = 3)E £ mdTE gl PE T M)

Production . Decay

—

\

+ Ot /m)

\

/

® The non-factorizable corrections do not decouple, but in sufficiently inclusive observables

they become small: ~ O(Ft /mt) Fadin, Khoze, Martin '94; Aeppli, van Oldenborgh, Wyler '94; Melnikov,
Yakovlev '94; Beenakker, Berends, Chapovsky '99

® One can keep track of the spin of the top and anti-top and compute spin correlations
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NL O with decay Products. Fact. Corrections

® NLO corrections to various kinematic distributions for Tevatron and LHC
(Bernreuther et al. include also EW corrections)

[RC—

NLO

NLO (LO decay)

Tevatron

NLO (LO decay)
.

0 50 100 150

NLO (LO decay)

L § 1 400
LH i i §
‘ H e
L ; ; 130 3
' B
200

do
97 [fb/Gev
iy, /G

. Lo 10

C L L L
100 110 120 130 140

NLO

NLO (LO decay)
.

200

0 50 100 150

® NB: the study can be extended at NNLO
W. Bernreuther et al., Nucl.Phys. B690 (2004) 81

W. Bernreuther and Z. Si, Nucl.Phys. B837 (2010) 90-121
K.Melnikov and M. Schulze, JHEP 0908 (2009) 049
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NL O with decay Products. Fact. Corrections

® Single-top production and decay in the ¢t channel at the LHC

> 120 Top - 2
8 r —NLO (= 120 F
o ~Born 2 -
S 100 ~O(a) sum =100 |
2 5 = B
~ 80 T 80
2 - B -
\b 60 - © 60
© - L
40 } 40
20 7 20 |-
0 : \\.-——v.-—-‘ | L L L - 0 ; L ‘ L : : : :
0 100 150 200 0 1 2 3 4
Electron p . [GeV] Electron | n|
< 45 | Top
G) [ —_
o F ~Born
S 350 --O(ag) sum
‘E‘ 30 ;
25
20 b
15
10 £
5F .
0 - T R. Schwienhorst, C. -P. Yuan, C. Mueller, Q. -H. Cao, Phys. Rev.
0 50 100 150 200 D83 (2011) 034019.
E; [GeV]
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NL O with decay Products. Fact. Corrections

® Off-shell effects for ¢t- and s-channel single-top production at Tevatron and LHC

daldM [fbiGev]
= N
[6;] N [6;]

=
T

LO
NLO mmmm
NLOnot

05

120 130 140
My (top) [GeV]

150 160 170

180

=3 ‘

NLO mmmmm
NLOnot

T
[0 | |

y(top) [GeV]

4 106
4 103

4 1016
< 1.008

do/dp; [fb/GeV]

LO
NLO mmmmm
251 NLOnot ——-———-
2 L
15+
l L
05}
12 | [ B
108 4 104
0.96 - ) N ; ) B e R | [U:95
0 20 40 60 80 100 120 140 160

Py (top) [GeV]

P. Falgari, F. Giannuzzi, P. Mellor, A. Signer, Phys. Rev. D83 (2011) 094013.
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NL O with decay Products. Full Calculation
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NL O with decay Products: Full Calculation

Finally, very recently two groups computed the full set of NLO corrections to | pp — WWbb

® Calculation technically challenging (~ 1500 Feynman diagrams, up to 6 external legs)

® The direct calculation confirms that for inclusive quantities the non-factorizable
corrections are of O(T't /my)

® Possibility to study many distributions imposing realistic experimental cuts

P = W =T W T = e LD R

cr [ | PR W e WO 6 e [ | bR W e WO s, BRI i [-”.*?. 1
i ] . Te e bt . e Mt A S L6 TRy
i L W = LG T T L W= LT v
| . .
.l
50
.
Lk 1.1 -
EE 10 '
- e B 0
E N0
A sl |
e : s " i 1100011 . L L
i 50 R 50 205 i 200 1 i) 1i1) 15) )
e (Gl g [ CR0W i h[ﬂe\-’]

(Plots S. Pozzorini's ZH 2011 talk)

A. Denner, S. Dittmaier, S. Kallweit, and S. Pozzorini, Phys. Rev. Lett. 106 (2011) 052001
G. Bevilacqua, M. Czakon, A. van Hameren, C. G. Papadopoulos, M. Worek, JHEP 1102 (2011) 083
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Towardsthe NNL O
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Towardsthe NNL O

Experimental requirements for o,;:

® Tevatron Ao/o ~ 9% = already < (Ao /o)

$ | HC (14 TeV, high luminosity) Ac /o ~ 5% < (Ac/o)rp !
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Towardsthe NNL O

Experimental requirements for o,;:

® Tevatron Ac/o ~ 9% = already < (Ao /o)1 H

$ | HC (14 TeV, high luminosity) Ao /o ~ 5% < (Ao /o)1 !

Different groups presented approximated higher-order results for o,;

® Including scale dep at NNLO, NNLL soft-gluon contributions, Coulomb corrections

oy HOPPY (Tey, my = 173 GeV, MSTW2008) = 7.08 73-9975-35 pb

o HOMPPY(LHC, my = 173 GeV, MSTW2008) = 163 T719 pb
Kidonakis, Vogt '08; Moch, Uwer '08; Langenfeld, Moch, Uwer '09, M. Aliev, et al. '11

Kidonakis, arXiv:1105.3481
» Mean between integration of the invariant mass and pr distributions at NLO+NNLL

NNLO appr _ i 4+0.07+0.63(0.33)
o.; (Tev,my = 173.1 GeV,MSTW2008) = 6.63 0.41-0.48(0.25) pb
NNLO appr . . +8+14(8)
o (LHC, my = 173.1 GeV, MSTW2008) = 155 ") /o) pb
V. Ahrens, A. Ferroglia, M. Neubert, B. D. Pecjak, L. L. Yang, arXiv:1105.5824
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Towardsthe NNL O

For the single-top cross section we have:

® i-channel. m: = 173 GeV, MSTW?2008.

t-channel single top + single antitop cross section
o PO PP (Tey) = 1.04 7300 £0.06 pb S
op NEOAPPT (1 HC) = 41.7 T18 £ 0.8 pb 100k
gr OPPPIALHC) = 225, £ 0.5 T
% 10¢ / NNLO approx E
r / + - scale and pdf ]
® s-channel. m; = 173 GeV, MSTW2008. F o/ *Do_
’ = CMS
1k e ATLAS i
NNLO appr = 4+0.014-0.030 : f
“org  (1eV) = 0523 Zol0s—poos PP b,
S " (TeV
o NNLOappr ([ ) = 3.17 4 0.067012 pb e

NNLO 0.06
or O PPPY(LHC) = 1.42 £0.01702 pb

Kidonakis, arXiv:1105.3481
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Exact NNL O for ¢t ... In progress

The NNLO calculation of the top-quark pair hadro-production requires several ingredients:
» Virtual Corrections
® two-loop matrix elements for qg — tt and gg — tt

Czakon '08, R. B., Ferroglia, Gehrmann, Maitre, von
Manteuffel, Studerus '08-'10, Ferroglia, Neubert, Pec-
jak, Yang '09
#® interference of one-loop diagrams

_ Korner et al. '05-'08; Anastasiou and Aybat '08
® Real Corrections

#® one-loop matrix elements for the hadronic production of ¢z + 1 parton
® tree-level matrix elements for the hadronic production of ¢t + 2 partons

Dittmaier, Uwer and Weinzierl '07-'08, Bevilacqua, Cza-

kon, Papadopoulos, Worek '10, Melnikov, Schulze '10
» Subtraction Terms

® Both matrix elements known for ¢t + 5 calculation, BUT subtraction up to 1
unresolved parton, while in a complete NNLO computation of ,; we need
subtraction terms with up to 2 unresolved partons.

Need of an extension of the subtraction methods at the NNLO.
Gehrmann-De Ridder, Ritzmann '09, Daleo et al. '09,
Recently double real in 047 Boughezal et al. '10, Glover, Pires '10

Czakon 10, Anastasiou, Herzog, Lazopoulos '10
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Exact NNL O for ¢t ... In progress

The NNLO calculation of the top-quark pair hadro-production requires several ingredients:
» Virtual Corrections
® two-loop matrix elements for qg — tt and gg — tt

Czakon '08, R. B., Ferroglia, Gehrmann, Maitre, von
Manteuffel, Studerus '08-'10, Ferroglia, Neubert, Pec-
jak, Yang '09
#® interference of one-loop diagrams

_ Korner et al. '05-'08; Anastasiou and Aybat '08
® Real Corrections

#® one-loop matrix elements for the hadronic production of ¢z + 1 parton
® tree-level matrix elements for the hadronic production of ¢t + 2 partons

Dittmaier, Uwer and Weinzierl '07-'08, Bevilacqua, Cza-
' i chulze '10

» Subtraction Terms
[". nresobveq partor See the
subtraction terms Talk by A Von Manteuffel

Need of an extens

et al. '09,
Recently double real in O Boughezal et al. '10, Glover, Pires '10

Czakon 10, Anastasiou, Herzog, Lazopoulos '10
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Conclusions

® Inthe last 15 years, Tevatron explored top-quark properties reaching a remarkable
experimental accuracy. The top mass could be measured with Am/m: = 0.63% and the
production cross section with Aoc,z/o:; = 9%. Other observables could be measured
only with bigger errors. First evidence of single top production.

» At the LHC the situation will further improve. Many observables will be measured with an
extraordinary accuracy. The production cross section of ¢t pairs is expected to reach the
accuracy of Ao,z/o; = 5%

® This experimental precision requires a complete and precise theoretical analysis. Many
groups are contributing to this effort.
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