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OUTLINE

@ Factorization and NLO calculations
@ Beyond NLO

@ Applications
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FACTORIZATION FOR INCLUSIVE PRODUCTION

Factorization for hyhy — ttX:

daﬁfﬁm = Z Xm dX2 f,'hl (X17 #F)f)‘hZ (X27 ,uF)da'U (§ Mg, ..., as(/”R): HEs ,U’R)
1,j=49,9,8

s= (ph1 + ph2)2 , S = X108

Strategy:

o take PDFs from data (PDF set collaborations)
@ calculate partonic cross sections dé;; in QCD (Feynman diagrams)
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FEYNMAN DIAGRAMS FOR ddj

Born level:
q t g t g t g ¢
q t g t g\iii{t y\:jz}<t
@ qg dominant at Tevatron (~ 90% of cross section)

o gg dominant at LHC (~ 75% of cross section at 7 TeV)

Higher-order corrections:
@ virtual corrections and real emission

o (qg,qg) — ttX (numerically small)
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NLO CALCULATIONS

NLO calculations of total and differential cross sections known for 20 years
Nason, Dawson, Ellis (’88-’90); Beenakker, Kujif, van Neerven, Smith,

Schuler (’89-’91); Mangano, Nason, Ridolfi (’92), Czakon and Mitov (’08)

@ implemented in numerical parton MC programs; MCFM, MadGraph
@ or including parton showers; MC@NLO, etc.

NLO calculations have roughly 15% factorization and renormalization scale
uncertainties, to make full use of LHC data should go beyond them.

@ For illustration, compare o(y/s= 7 TeV) at NLO with 5% exp. error

NLO

5% error —
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BEyonD NLO

Two routes:

1) NNLO in fixed order

2) soft gluon resummation

o extended from NLL to NNLL in last few years

@ a priori useful for distributions in certain corners of phase space
(e.g. large pair invariant mass)

@ when used for total cross section, introduces uncertainties beyond just
scale variation
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NNLO IN FIXED ORDER

0,1;1_\’1_1;(0 — O'VV + O'RV + O,RR

Many partial results in fixed order

) O‘VV: Czakon, Mitov, Moch; Bonciani, Ferroglia, Gehrmann; Neubert,

BP, Yang; Kniehl, Korner, Merebashvili, Rogal

o oV (1-loop tf +j): Dittmaier, Uwer, Weinzierl ’07;
Bevilacqua,Czakon, Papadolpoulos, Worek ’10; Melnikov, Schulze ’10

@ oBR: Czakon ’11; Abelof, Gehrmann-De Ridder ’11

Need to combine the different pieces, now looks feasible
@ Time frame?

@ Differential cross sections?
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WHEN FIXED ORDER IS NOT ENOUGH ...

Example: differential cross section at large pair invariant mass

-~ -3 [ & ez

d&,,

dM,
1
dz C my (1-2)
NZ/'?#;j(T/Z7/Lf [5(1—2 J+Z Z O mn{ﬁ] +]
i 7 m n<2m-—1 +
@ when 7 = M2 -/s — 1, logs give large corrections, fixed order expansion fails

@ large logsin z = ﬁ/s — 1 limit related to soft gluon emission and can be
resummed using effective theory and RG techniques

fi(y, pue) = fyl &£y (X, 1if) fi/my (v /X, pif) are parton luminosities
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FACTORIZATION AND RESUMMATION IN THE SOFT
LIMIT

Momentum scales at z = Mf;/é — 1:

8, MZ, m; > EZ ~3(1 - 2)* > Ngep

Factorization:

dé

_ 2E.(2)
dM,zd cos6

pf

Tr |H(Myz, me, cos 0, ur) S ( JVit Vi, as(,uf))] +0(1-2)

Kidonakis, Sterman (’97)

@ Hj; are hard matrices (related to virtual corrections)

@ Sj; are soft matrices. They depend on z through §(1 — z) or

1-z n

@ use RG equations to sum logs, need soft anomalous dimension T
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RESUMMED PARTONIC CROSS SECTION

All-orders resummation formula (A ~ 1 — z): Perturbative ingredients
for NNLL
d& (X, pr) o< exp[4ae (s, pr)] TY[UA(M, pis) H(pin) _
) o Yeusp r H, s\
) e 2N |1 (2E(A 3 2 i
U;(,uh,us)sk(an,as(,us))] e [X < u( )) } oop oop oop
T Ahrens, Ferroglia,
+*9(A) Neubert, BP, Yang

(09, ’10)

@ when matched with fixed order to NLO+NNLL accuracy, state of the art for
invariant mass distribution at large Mz

Important question: is this also useful if Mz is not large?
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DYNAMICAL THRESHOLD ENHANCEMENT

dl\/ltt Z/ fi(r/z,ne) |[61—2)CT+> > aldh, [%—22)]++

m n<2m-—1

Leading terms in z — 1 limit dominant if:
@ 7= M?2%/s — 1 (high invariant mass)

o fij(7/z, 1) largest as z — 1, even if 7 not close to 1 (“dynamical threshold
enhancement”)

LHC (7 TeV), 7 ~ 0.003 Tevatron, 7 ~ 0.04
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DOMINANCE OF SOFT GLUON CORRECTIONS AT NLO

—~ 50 =1. —
< V5 =196 Te =
O 4 &
~ ~
& o g
§ 20 %
& 10 Il
S <
30 70 750 500 00355 70 750 550
M (GeV) M (GeV)

@ green band = exact fixed order at NLO (ur = 200, 800 GeV)
@ dashed lines = leading terms for z — 1 at NLO (uf = 200, 800 GeV)

Soft gluon corrections dominate cross section even at low Mz
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RESUMMATION IN THREE SOFT LIMITS

pi(p1) + pi(p2) — t(ps) + t(pa) + X(k)  (pi,pj €1{a,8})

Name Observable Soft limit

production threshold & B=+/1—4m?/3—0

single-particle-inclusive (1P1) | d&/dprdy | sz = (ps + k)?> — m? — 0

pair-invariant-mass (PIM) | d6/dMzdd | (1—2)=1—M2%/5—0

dé = da_leading,soft + ﬁ

@ can derive NLO+NNLL resummation for dgleading;soft iy eqch case

@ power corrections contained in R are different in each soft limit
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PHASE SPACE IN PIM AND PRODUCTION THRESHOLD
LIMITS

4m? B S

FIGURE: Phase space in the (3, M?) plane. In the blue region along the diagonal
threshold singularities arise, and the cross sections receives its main contributions.
In the small green region near the origin Coulomb singularities appear and the

small-G expansion applies.
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NNLL CALCULATIONS

1) production threshold (3 — 0, total cross section only)
@ Langenfeld, Moch, Uwer ‘08, ’09; Czakon, Mitov, Sterman ’09
@ note: method for simultaneous resummation of soft gluon and Coulomb
terms (~ 1/3) in developed in Beneke, Falgari, Schwinn ’09
2) 1PI kinematics (p1 and y distributions)
@ Kidonakis ’10

@ in SCET Ahrens, Ferroglia, Neubert, BP, Yang ’11

3) PIM kinematics (M; distributions)

® in SCET Ahrens, Ferroglia, Neubert, BP, Yang ’10

Will compare results for total cross section using “approximate NNLO
formulas”
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APPROXIMATE NNLO FORMULAS

(1) + Ollsla',(ﬁ

N : . (0 s
NNLO approx (,8, qu) _ OéU,(J ) + ), approx

(c22t In® B + o In[}+c{’0't‘)+cg) +R'P(p)

A(.Z)a_pproxp.t det In m
"5

J=q49, 88

m 2E5(S4)//M)} +C1P16(54)+’f?’11>1(54)}

~(2) approx. 1PI __ 1p1 | In (

0 [ a3 L)

A (2) approx. PIM /thtdg{ZdPH\/I {In 21E5_(Z)/uf)] + PNy - )+ I/\?/PIM(Z)}
+

ij=q3,88

@ pieces in blue determined exactly from NNLL (or Coulomb res. for p.t.)

@ in 1Pl and PIM, the logs depend on soft energy Es. Two schemes
Mz(1—2) . _ s
trﬁ— 1P|SCET- 2E5(54) = m%+54

Ahrens et al '10,'11 | PIMsceT: 2Es(z) =
Kidonakis et al '01 | PIM: 2E,(z) &~ My(1 — z) 1PI: 2Es(ss4) = sa/my
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RESULTS FROM SOFT GLUON RESUMMATION
me = 173.1 GEV, m,/2 < pr = pir < 2me, MSTW2008 90% CL

1) production threshold (result from HATHOR aliev et. al. ’10)
Tevatron | LHC (7TeV)

T0.36 70.37 T2078
ONLO (Pb) 6.727076 024 159757
0.304+0.4 3 9

ONNLO approx 7 11t0440t0,3 164+ +

2) 1PI threshold (m;=173 GeV) Kidonakis ’10

+0.00 +-0.36 +7+9
ONNLO approx, 1PI | 7-08—0424—0.24 | 163

3) PIM and 1PI threshold in SCET ahrens et.al. 10, ’11

0.00 +-0.33 3 8
ONNLO approx, 1Plscer | 0637057765 | 155757

40.05 +0.33 +s +g
ONNLO approx, PIMscer | 0.6270730 054 | 15575

0.16 +0.32 7 8
ONLO+NNLL, 1Plscer ‘ 6. 55+0 14+0 24 ‘ 150+7+8

0.18 +0.32 7 8
ONLO+NNLL, PIMscer | 0-4670715 52, | 147767

Note: large discrepancy between PIM and 1Pl kinematics observed in Kidonakis et. al. '01 not

present in SCET calculation.
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NNLO APPROXIMATIONS AT TEVATRON AND LHC7
m: = 173.1 GEV, m:/2 < pr = pr < 2m;, MSTW2008

NLO
Moch et.al. e
Kidonakis (1PI) —

1PlsceT
PIMscet e

L L L L L \ L L L L L
55 6.0 6.5 7.0 75 80 130 140 150 160 170

o (pb), Tevatron o (pb), LHC7

@ scale variation not necessarily good indication of uncertainties from
subleading terms in soft limits

@ study of NLO cross sections indicates that PIMscet and 1PlsceT receive
smallest power corrections away from soft limit (backup slides)
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OUTLINE

@ Factorization and NLO calculations
@ Beyond NLO

@ Applications
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TOP PRODUCTION: SOME KEY OBSERVABLES

@ total cross section
@ tf invariant mass distribution

o forward-backward asymmetry
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THE TOTAL CROSS SECTION AND m;

a L _ -1
8 D@, L=5.3 fb
S
12—
R Can extract pole mass through cross
100 section
ROy @ NNLO would be very useful
o T e @ can also use MS mass
6?_._0(‘]% o - ot [Langenfeld, Moch, Uwer '09] or
[ —Exp. depend i
4l NNLO appros Kidonakis other short-distance masses
[ —— NNLO approx Moch and Uwer
[ NLOWNNLL Arens etal. ‘ [Ahrens et. al]
2150160 170 180 _ 190
Top Quark Mass (GeV)

Figure from DO in lepton+jets,
arXiv:1101.0124
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THE TOTAL CROSS SECTION ¢'X(s =7 TeV) AND

PDF DETERMINATIONS

ABKMO09
CTEQ6.6
GJR08
HERAPDF1.0
MSTWO08
NNPDF2.0

o (pb)
139.55
156.2
169
147.31
168.1
169

M= 171.3 GeV

zero width approximation,

no branching ratios
68% cl uncertainties

scales up= pg =My

8 (pb)
7.96

8.06

6

+5.18 -13.76
+7.26.0

7

comment

combined PDF and o,
combined PDF and a *
PDF only

combined PDF and a.**
combined PDF and o, ***
combined PDF and a_****

* 6,63 (PDF) 4.59 (t,)

** expt.+model+param. +a, , see report for details

4 +4.7-6.6 (PDF) +3.8-4.6 (og)

**** 16 (PDF)

+4 (o)

PDFA4LHC Working Group Interim Report, arXiv:1101.0536 (January 2011)

37

Stirling, Heavy Particles at LHC, Zurich ’11

@ predictions range between 131-175pb at 68% CL (difference due mainly
to gluon distribution at x ~ 2m;/+/s)

o measurement of o™X (s = 7 TeV) important for discriminating PDF

sets
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@ total cross section
@ tt invariant mass distribution

o forward-backward asymmetry
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THE tt INVARIANT MASS DISTRIBUTION

The distribution in the invariant mass M% = (p; + pz)? can be used to
search for s-channel heavy resonances

10° ¢ -
E \ \ \ \ \ E

L do(pp ~ (G ~) tt)/dmy [pb/20 GeV] ]

Ll 10, CTEQ6L1, LHC 1

10° & m,=600 GeV 3
L /M ,=0.04

100 - - K/ =002
E ©/W =001 3

107t = —
1072 O -
s b L

500 1000 1500 2000 2500 3000
tt invariant mass [GeV]

Frederix and Maltoni (’07)
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THE tt INVARIANT MASS DISTRIBUTION AT TEVATRON

10

L \ @ good agreement with between
theory and data at Tevatron

0.1 }
CDF data

I NLO+NNLL

O'OJD 200 400 600 800 1000 1200

@ Tevatron result: no tt resonances to 900 GeV

o LHC will extend reach to higher energies
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do/dMg AT 400 AND 1000 GEV

Tevatron M = 400 GeV [fb/GeV] | M = 1TeV [fb/GeV]
NLO, leading 36.553 11 (23.274213%) 1073
NNLL 41.3753549 (29.671922) - 1073
LHC (\/s=7TeV) [ M =400GeV [fb/GeV] [ M = 1TeV [fb/GeV]
NLO, leading 656 27% 71719709
NNLL 77553515 10.831984 1.0

@ at M = 400 GeV, subleading terms in soft limit potentially important

@ at M = 1000 GeV, subleading terms from soft limit less important,
PDF uncertainties go up (due to large x)
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INVARIANT MASS DISTRIBUTION AND my

560 R ]
r <mg> [GeV] ]
540 } NLO, CTEQ6EM, LHC {
520 } {
¥ ] Mean invariant mass
500 — —
C Red: pg=m/2 ] Mcutoff d
[ Black: pg = m, ] g
480 [— Blue:  pp=2m, — <Mtf’> = thf Mtf—
F Dashed: sy = m/2 | thf norm.
F Solid:  py = m, ]
460 [ Dotted: u, = 2m, 1
Bl Ll o Ll L1
160 165 170 175 180

top quark mass, m, [GeV]

Frederix and Maltoni (’07)

@ theory errors can be reduced compared to total cross section

@ example: 1% measurement of (Myz) = dm;/m; ~ 1.3%
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@ total cross section
@ tf invariant mass distribution

o forward-backward asymmetry
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FORWARD-BACKWARD ASYMMETRY IN pp(p) — ttX

Nt(yi > 0) — Nt(yi <0) _ Aorp
Ne(y' > 0) + N¢(y' < 0) o

P
AFB_

@ measured in | = pp or tt rest frame

o Tevatron: Nz(y) = Ni(—y), so is a charge symmetry

QCD predictions:

o Tevatron: ALy ~ 5% from NLO (a2) contribution to Aogp from qg
channel (gg is charge symmetric)

o LHC: A%B = 0, since initial pp state is symmetric
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TOTAL ASYMMETRY IN tt FRAME
Experiment

App = 0.158 4 0.072 stat = 0.017 syst (CDF, 5.3pb~1)
Arp = 0.08 & 0.08 stat 4 0.01 syst (DO, 4.3pb™1)

Theory (m; = 173.1 GeV, m;/2 < puf < 2my)

MSTW2008 CTEQ6.6
Aocrp [pb] ALg [%] Aorg [pb] | Afg [%]
NLO 0.4007% 7% ooy | 7-41705 Tooy | 0.3947575 | 7.2370 75
NLO-+NNLL [ 0.4527GF 0% [ 732705 5% | 04657507 | 7-2476%

@ resummation greatly improves scale dependence Aopg, but NLO result for
Arp rather stable

@ PDF uncertainties roughly halved in Apg compared to Aopp

@ earlier results at NLO+NLL (in moment space) had similar findings
[Almeida, Sterman, Vogelsang 2008]

@ theory and experiment agree at about lo

BEN PECJAK (MAINz U.) Toprs AND QCD 29.05.11 29 / 38



COMPARISON WITH BINNED CDF RESULT

AIL;TILB(mlv m2) =

smmmmmmm  NLO+NNLL

[0 /| Ap— NLO |
my do —}— CDFdaa
dMz —
my i l:<deT>F <thT>J E(EOZ
[ el (), ()l
o L\dMs ) \dMa )
-0.2]
450
Mz [GeV]
Mgz < 450 GeV Mgz > 450 GeV
Aogg [pb] Ars[%] Aogg [pb] Ars[%]
CDF 116753 475702
NLO 0-”%’-%?%2020 5.3t20~;t§di1 0.21t20;§§7t§d§§0 10.6%,;8*,3521
NLO+NNLL | 021755 %% | 5275560 [ 0.2470% 600 | 11.177676%

NLO+NNLL numbers from [Ahrens,Ferroglia,Neubert,BP,Yang], in progress
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INVARIANT-MASS DEPENDENT ASYMMETRY

Vs=196Tev

A (My)

NLO+NNLL [

25 04 S e{do/dMa)g o
. —
50 NLO [ . 2

4

. 022
s
10 1075 4 L
: 01~

dAofy/dMy [fb/GeV]
1/o do/dMz [GeV™!]

500 600 400 600 800 1000 1208'0
Mz[GeV] M [GeV]

<da> _<da> dAoty
thf F thE B __ thf

tt N _
Ars(Mi7) = do L do - do
th; F thE B thE

@ Figure from [Ahrens,Ferroglia,Neubert,BP,Yang], in progress

g
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TOTAL ASYMMETRY IN LAB FRAME

CDF, 5.3fb~!

Arg(lab) = 0.150 + 0.050 stat & 0.024 syst

Theory (my = 173.1 GeV, m;:/2 < puf < 2my)

MSTW2008 CTEQ6.6
Aorp [pb] Fe (%] Aors [pb] | Ats [%)

NLO 0.2607 5 T 000 2 8170 B0 [ 0256705 | 4.6075%

NLO-+NNLL | 0.31279% F00 |2 88 0 00 11703107002 | 479917

@ resummation improves Aorg more than Agg, for which NLO is quite stable

@ theory and experiment agree at about 2o
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RAPIDITY-DEPENDENT ASYMMETRY IN LAB FRAME

dAofh/dy [pb]

0.5,
Vs=196Tev NLO+NNLL [ I NLONNLL 45 =196 TeV
NLO [ NLo
0.5 1.0 15 20
y
@) (%) dnofh,
5 y Y/ ly=— dy
APP _ y==vy =
ra(Y) da) da) do
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SUMMARY

o Total and differential cross sections in top-pair production at hadron
colliders have been known at NLO for 20 years.

@ Two routes beyond NLO

@ NNLO in fixed order (in progress)
o soft gluon resummation to NLO+NNLL < approximate NNLO
(known in three different soft limits)

@ NLO-+NNLL calculations have reduced scale uncertainties compared
to NLO, but care must be taken in applying to the total cross section,
because of power corrections to the soft limit

@ Higher-order QCD corrections do not explain current discrepancies in
Arp at the Tevatron
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backup slides
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COMPARING SOFT LIMITS

If subleading terms in soft limit are known, the production, 1PI, and PIM
formulas agree. For instance, at NLO

2
(1) _ . C
Oij=q5,8¢6 = Z dhyt In™ B +

m=1

- /dedy{Z d1PI [M} X + c™PLs(s4) + IA?1P1(54)}

p.t.

+ Cp4t. 4 ""?pt(ﬂ)

m=0 S4
_ /dl\/lt;dé'{z db™ {'” (255(2)//#)} 4+ PIMy(1 - 2) + ,"?PIM(Z)}
o 1—=z I

By evaluating NLO corrections using only leading pieces in soft limits and comparing
with exact answer, know size of [,[R]. Will compare using

d 4m; .
d_; 5(1 22’@( )m%( i: v:u‘f); 5:4’"?/(1_52)

@ if R is not small at NLO, weaker case for it to be at NNLO
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THE [(-DISTRIBUTION AND TOTAL CROSS SECTION

2
Z_; 1(1_5222’@( )mt0u<4;ntnuf); §:4mf/(1—ﬁ2)

o fij(y, pur) = f = fi/m (X, pue) fi/m, (y/ X, ¢ ) are parton luminosities
0 &~ [ps[Tr[HS]j + OV, A ={Es(2)/M, Es(sa)/m:}

@ for B — 0, gluon emission is
soft, 1PI, PIM, and exact QCD
/ should agree

/ o for larger 3, expect power
corrections to be more
important in 1Pl kinematics
than in PIM kinematics
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APPROXIMATE VS. EXACT NLO (RED = 3 — 0)

! Vs = 1.96 TeV 1o
5= 1. e
. 3F qd-channel 08
B 9t Hy=me 206
a 2
g ! 304
g g=|
S 0 Exact £ 0.2
= ——— 1PIscer 5
° B S 1PI NN B S 0.0
§ ,f —-- PIMgcpr . ] S0l
2f T PIM 0.2
-3 . . . . 0.4
0 0.2 0.4 0.6 0.8 1
&)
20 T T 150
Vs =7 TeV
- qg-channel s
2 [ =m 2100
a 2z
S S .
g 0 g 50
= 1PIscET =
S o S
<] —_—— PH\’ISCET f;
rrrrrrr PIM
20 , . . . 50
0 0.2 0.4 0.6 0.8 1
&)
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