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Top Mass
What are we Measuring?

•What is the top mass?

High Precision Top Mass

Threshold Scan:
√

s " 350 GeV (Phase I)

! count number of tt̄ events

! color singlet state

! background is non-resonant

! physics quite well understood

(renormalons, summations)

→ δmexp
t " 50 MeV

→ δmth
t " 100 MeV

(param. est. → many authors)

What mass?
√

srise ∼ 2mthr
t + pert.series

(short distance mass: 1S↔ MS)

Reconstruction: any
√

s (Phase I + II)

Chekanov,Morgunov:

! e+e− → 6 jets (y6
cut)

! b-tagging

! #P1 + #P2 < ∆p

! M1 + M2 < ∆M

k!!t

q2!mt
2 top ?

top ?

→ δmex,stat
t " 100 MeV

( L = 300 fb−1)

What mass?

Pole Mass ?

ambiguity: ∆mt ∼ ΛQCD

There is s.th. to understand here !

∆mt ∼ αs(Γt) Γt

LCWS 05, Stanford, March 18-22 2005 A. H. Hoang – p.8

•Which top mass?
Top mass measuremen!

Made the world’s most precise measurement. The 

precision in the combined CDF and D0 top mass 

measurement has reached 2.1 GeV (or 1.2 %). 

The measured value is: 171.4 GeV

W mass measuremen!

The world’s single most-precise measurement with 

48 MeV uncertainty.

The measured value is: 80.413 GeV

The world’s average is now: 80.398 GeV

Light"mass Hi#s preferred !

The precise determination of the top and W mass 

values are used to predict the Higgs mass. 

The good news for Tevatron program is that, as 

the top mass has moved low and the W mass 

high, a Higgs with lighter mass is preferred. This is 

the mass region best suited for our experiments.

! 3

Current Top Mass 

Mesurement:

• Top is a colored parton.  Cannot define physical on-shell mass. 
• Top mass is a parameter of the Lagrangian.

• Top mass parameter is scheme dependent.

renormalon ambiguity, poor perturbative behavior. •Pole mass? : 

m = 171.4± 1.2 (stat) ±1.8 (syst) GeV

•
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Reconstruction at LHC and ILC

ATLAS (l+jets)

~

~

δm ∼ ΛQCD

αs

mb,mc
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The functions ωi(s) entering ωi
T,L(s) contain all the de-

pendence on
√

s, which cancels in the q2 spectrum. All
ln(µ/mb) terms that usually appear in the functions
ω77,79

i (s) have been moved into C7 (along with the ap-
propriate constant term contained in mb/m1S

b ).

The χj
i (s) containing the O(1/m2

b) corrections in
Eq. (13) can be extracted from Ref. [24]:

χ99
T (s) = −

λ1 + 3λ2

6

5 + 3s

1 − s
− 2λ2

s(4 − 3s)

(1 − s)2
,

χ90
A (s) =

λ1 + 3λ2

6

3 + s(2 + 3s)

(1 − s)2
− 2λ2

3 + s(4 − 3s)

(1 − s)2
,

χ99
L (s) =

λ1 + 3λ2

6

3 + 13s

1 − s
− 2λ2

s2

(1 − s)2
,

χ77
T (s) =

λ1 + 3λ2

6

3 + 5s

1 − s
− 2λ2

3 − 2s2

(1 − s)2
,

χ77
L (s) = −

λ1 + 3λ2

6

13 + 3s

1 − s
− 2λ2

s(4 − 3s)

(1 − s)2
,

χ79
T (s) =

λ1 + 3λ2

2
− λ2

5 − 3s2

(1 − s)2
,

χ70
A (s) =

λ1 + 3λ2

6

3 + s(2 + 3s)

(1 − s)2
− λ2

5 + 3s(2 − s)

(1 − s)2
,

χ79
L (s) =

λ1 + 3λ2

2
− 2λ2

1

(1 − s)2
. (A17)

APPENDIX B: NUMERICAL INPUTS

In this Appendix we collect all of our numerical inputs.
All values are taken from Ref. [38] except where stated
otherwise. To evaluate the Wilson coefficients we use

mW = 80.403 GeV ,

sin2 θW = 0.23122 ,

mpole
t = (171.4± 2.1)GeV ,

αs(mZ) = 0.1176 ,

µc
0 = 80 GeV ,

µt
0 = 120 GeV . (B1)

µ = 2.35 GeV µ = 4.7 GeV µ = 9.4 GeV

αs(µ) 0.2659 0.2140 0.1793

C1(µ) −0.4642 −0.2880 −0.1506

C2(µ) 1.019 1.007 1.001

C3(µ) −0.0096 −0.0043 −0.0017

C4(µ) −0.1247 −0.0795 −0.0508

C5(µ) 0.00069 0.00029 0.00009

C6(µ) 0.00205 0.00081 0.00026

C8(µ) −0.2012 −0.1778 −0.1598

mb(µ) 4.703 4.120 3.707

C7(µ) −0.3637 −0.3293 −0.2982

C7 −0.2435 −0.2611 −0.2687

C9(µ) 4.504 4.209 3.790

C9 4.258 4.207 4.188

C10 −4.175 −4.175 −4.175

TABLE I: Values of the Wilson coefficients to O(αs) at dif-
ferent low scales µ.

Here, µc,t
0 are the matching scales in the charm and top

sector, respectively, and we use the same values as in
Ref. [19]. For the top-quark mass we use the newest CDF
and D0 average [43]. The resulting values for the Wilson
coefficients at O(αs) run down to the low scale and the
corresponding values for the Ci according to Eq. (A2) are
listed in Table I. Note that the residual scale uncertainties
of C7 and especially C9 are much smaller than those of
C7,9(µ). We use a Mathematica code by Bobeth with
the initial conditions and renormalization group running
as given in Refs. [19, 20]. For C9(µ) this requires the
three-loop mixings calculated in Refs. [44].

In the decay rates we use

αem(mb) = 1/133 ,

|VtbV
∗
ts| = 41.09 × 10−3 ,

mB = 5.279 GeV ,

τB = 1.584 ps ,

mK∗ = 0.892 GeV ,

mb ≡ m1S
b = (4.70 ± 0.04)GeV ,

δm ∼ αs(Γ)Γ

• MS

mpole −mMS(m) ∼ 8 GeV

Top Quark Physics at LHC, Bad Honnef , January 26-27 
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Remarks on Quark Masses
•Which mass are the experimentalists measuring?

•For better precision we need a short distance top mass.

•How can we extract a short distance mass? Which mass?
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(CDF/D0)

Run I published Run II preliminary

CDF DØ CDF DØ

l+j di-l all-j l+j di-l l+j di-l all-j trk l+j di-l

CDF-I l+j 1.00

CDF-I di-l 0.29 1.00

CDF-I all-j 0.32 0.19 1.00

DØ-I l+j 0.26 0.15 0.14 1.00

DØ-I di-l 0.11 0.08 0.07 0.16 1.00

CDF-II l+j 0.33 0.18 0.20 0.20 0.07 1.00

CDF-II di-l 0.46 0.28 0.33 0.22 0.11 0.36 1.00

CDF-II all-j 0.15 0.10 0.12 0.10 0.05 0.17 0.19 1.00

CDF-II trk 0.16 0.08 0.07 0.12 0.05 0.20 0.12 0.06 1.00

DØ-II l+j 0.10 0.08 0.06 0.07 0.04 0.23 0.15 0.10 0.11 1.00

DØ-II di-l 0.07 0.06 0.04 0.04 0.03 0.16 0.11 0.07 0.07 0.52 1.00

Table 2: The resulting matrix of total correlation coefficients used to determined the world
average top quark mass.

The measurements are combined using a program implementing a numerical χ2 minimiza-
tion as well as the analytic BLUE method [21, 22]. The two methods used are mathematically
equivalent, and are also equivalent to the method used in an older combination [40], and give
identical results for the combination. In addition, the BLUE method yields the decomposition
of the error on the average in terms of the error categories specified for the input measure-
ments [22].

5 Results

The combined value for the top-quark mass is:

Mt = 173.1 ± 1.3 GeV/c2 , (1)

with a χ2 of 6.3 for 10 degrees of freedom, which corresponds to a probability of 79%, indicating
good agreement among all the input measurements. The breakdown of the uncertainties is
shown in Table 3. The total JES is ±0.73 GeV/c2 with ±0.48 GeV/c2 coming from its statistical
and ±0.55 GeV/c2 from non-statistical component.

8)2 (GeV/ctopm

150 160 170 180 190 200
0

14

CDF March’07  2.2± 1.5 ±12.4 

Tevatron March’09
*

 1.1± 0.6 ±173.1 
  (syst.)±(stat.)  

CDF-II trk
*

 3.0± 6.2 ±175.3 

CDF-II all-j
*

 1.9± 1.7 ±174.8 

CDF-I all-j  5.7±10.0 ±186.0 

D0-II l+j
*

 1.6± 0.8 ±173.7 

CDF-II l+j
*

 1.3± 0.9 ±172.1 

D0-I l+j  3.6± 3.9 ±180.1 

CDF-I l+j  5.3± 5.1 ±176.1 

D0-II di-l
*

 2.4± 2.9 ±174.7 

CDF-II di-l
*

 2.9± 2.7 ±171.2 

D0-I di-l  3.6±12.3 ±168.4 

CDF-I di-l  4.9±10.3 ±167.4 

Mass of the Top Quark (*Preliminary)

/dof = 6.3/10.0 (79%)2!

Figure 1: A summary of the input measurements and resulting world average mass of the top
quark.

10

2

• What is the top mass?

• Scale and scheme dependent:

• “Kinematic reconstruction” not sufficient at high precision.

• NLC can be ideal for precision mass extraction with field 
theoretically rigorous knowledge of top mass schemes.

Pole, MSbar, 1S, jet mass,... 
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FERMI NATIONAL ACCELERATOR LABORATORY

FERMILAB-TM-2427-E
TEVEWWG/top 2009/03

CDF Note 9717
DØ Note 5899

March 2009

Combination of CDF and DØ Results
on the Mass of the Top Quark

The Tevatron Electroweak Working Group1

for the CDF and DØ Collaborations

Abstract

We summarize the top-quark mass measurements from the CDF and DØ experiments at
Fermilab. We combine published Run I (1992-1996) measurements with the most recent
preliminary Run II (2001-present) measurements using up to 3.6 fb−1 of data per exper-
iment. Taking correlated uncertainties properly into account the resulting preliminary
world average mass of the top quark is Mt = 173.1 ± 0.6 (stat.) ± 1.1 (syst.) GeV/c2,
assuming Gaussian systematic uncertainties. Adding in quadrature yields a total uncer-
tainty of 1.3 GeV/c2, corresponding to a relative precision of 0.75% on the top-quark
mass.

1The Tevatron Electroweak Working Group can be contacted at tev-ewwg@fnal.gov.
More information can be found at http://tevewwg.fnal.gov.
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• Tevatron measurement:

Which mass is this?

Monday, March 29, 2010



Top Mass
• Threshold scan

1S mass scheme

Threshold Scan

•Physics well understood 

•NRQCD is the appropriate EFT.

•Well defined relation to short distance mass. eg. 1S mass

•NNLL results known.

•Theoretical uncertainty:

δmth
t ∼ 100MeV

(Fadin & Khoze; Peskin & Strassler; Hoang, Manohar, Stewart, Teubner,...)

•Top pair production in the threshold region 

•Shape of total cross-section sensitive to top mass.

•Top width provides IR cutoff.

•Non-perturbative effects are small.
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FIG. 5. Comparison of Q2
t R

v with fixed M1S
t mass for the fixed order and resummed expansions.

The dotted, dashed, and solid curves in a) are LO, NLO, and NNLO, and in b) are LL, NLL, and
NNLL order. For each order four curves are plotted for ν = 0.1, 0.125, 0.2, and 0.4.

√
s (GeV) 347 350 353

Q2
t R

v
LL ν = 0.1 0.387 1.556 1.276

ν = 0.125 0.355 1.411 1.215

ν = 0.2 0.302 1.175 1.105
ν = 0.275 0.276 1.054 1.043
ν = 0.4 0.251 0.940 0.980

Q2
t R

v
NLL ν = 0.1 0.230 0.881 0.770

ν = 0.125 0.237 0.917 0.804
ν = 0.2 0.243 0.944 0.835
ν = 0.275 0.242 0.937 0.837

ν = 0.4 0.237 0.912 0.827

Q2
t R

v
NNLL ν = 0.1 0.237 0.888 0.842

ν = 0.125 0.240 0.920 0.836
ν = 0.2 0.244 0.955 0.841

ν = 0.275 0.245 0.961 0.845
ν = 0.4 0.244 0.955 0.846

TABLE I. Numerical values of Q2
t R

v which appear in the NNLL results in Fig. 5b.

VII. DISCUSSION

In this section we carry out a detailed analysis of Rv and Ra in the 1S mass scheme with
the main emphasis on assessing the remaining theoretical uncertainties in our computation.
In Fig. 5 we have displayed results for Q2

tR
v over the c.m. energy

√
s for M1S

t = 175 GeV,
αs(mZ) = 0.118 and Γt = 1.43 GeV. For the strong coupling four-loop running is employed
and all light quark flavors (nf = 5) are taken massless. Fig. 5a shows results at LO (dotted
blue lines), NLO (dashed green lines) and NNLO (solid red lines), while Fig. 5b shows the

19

δmt ∼ 1 GeV

tt̄

e+e− → tt̄

pp→ tt̄X

√
s " 2mt
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Reconstruction at LHC and ILC

~

~

ATLAS (l+jets)

! Which parton shower MC to use ?

! Which jet algorithm ?

9Thursday, June 12, 2008

(Hoang, Manohar, Stewart, Teubner)
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FIG. 15: F(Mt,Mt̄), the differential cross-section in units of σ0/Γ2
t , versus Mt and Mt̄. The result

is shown at NLL order.
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FIG. 16: Normalized peak cross-section, F(Mt,Mt) versus Mt. The dashed curves have µΓ = 5GeV,
and the solid curves have µΓ = 3.3, 7.5GeV. The left panel shows results at LL (lower purple
curves) and NLL (upper red curves) with the jet and ∆̄ schemes. The center panel shows results

in the jet-mass scheme (red) versus the pole-mass scheme (blue), where in both cases we use the
∆̄ scheme. The right panel shows results in the ∆̄(µ) scheme for the gap parameter (red) versus
the ∆ scheme (magenta), where in both cases we use the jet-mass scheme.

fixed, having in mind that it can be extracted from LEP data. In Fig. 15 we show F at NLL

for our default parameter set as a function of the two invariant mass variables Mt and Mt̄.

The underlying short-distance quark mass is mJ(µ = 2 GeV) = 172 GeV, and the peak of

the cross-section occurs for Mt and Mt̄ values which are ! 2.4 GeV larger. This peak shift

occurs due to the presence of the low energy radiation described by the soft function as dis-

cussed in Ref. [2]. At LO the shift is in the positive direction to Mpeak
t ! mJ +QS [1,0]

mod/(2mJ),

where here S [1,0] =
∫

d!+d!− !+Smod(!+, !−) ∼ ΛQCD is the first moment of the underlying

soft-function model [2]. As described below, this linear behavior with Q/m persists at NLL

order, although the slope is no longer simply S [1,0]
mod. Above the peak one sees in Fig. 15 the

perturbative tails from gluon radiation, and that the tails are largest if we fix one of Mt or

Mt̄ at the peak.

65

a) b)

FIG. 5: Tree level top-quark jet functions in a) SCET and b) bHQET. {fig:Bjet}

graphs in Fig. 5 which have a trace over spin and color indices. This gives for Γ = 0 and in

the pole mass scheme

BΓ=0
+ (ŝ) =

−1

4πNcm
(−Nc) Disc

( i

v+ · k + i0

)
=

1

4πm
Im

( −2

v+ · k + i0

)

=
1

m
δ(2v+ · k) =

1

m
δ(ŝ) = δ(s) , (89)

which is identical to the result for the corresponding SCET jet function, so at tree level

T+ = T− = 1. Plugging Eq. (87) into Eq. (81), the final form for differential cross section is
(

d2σ

dM2
t dM2

t̄

)

hemi

= σ0 HQ(Q,µm)Hm

(
m,

Q

m
, µm, µ

)
(90) {bHQETcross-hem}

×
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d$+d$− B+

(
ŝt −

Q$+

m
, Γ, µ

)
B−

(
ŝt̄ −

Q$−

m
, Γ, µ

)
Shemi($

+, $−, µ) ,

where we still have HQ(Q, µ) = |C(Q, µ)|2 and the soft function

Shemi($
+, $−, µ) =

1

Nc

∑

Xs

δ($+ − k+a
s )δ($− − k−b

s )〈0|Y n̄ Yn(0)|Xs〉〈Xs|Y †
n Y

†
n̄(0)|0〉 . (91)

Note that Eq. (90) depends on two renormalization scales, µm and µ. The matching scale

µm ∼ m was the endpoint of the evolution of the hard function HQ(Q, µm). From the

matching at m we get the dependence on µm in Hm, and from running below m we get

in addition a dependence on µ which cancels against dependence on µ in the bHQET jet

functions and the soft function.

So to sum the remaining large logarithms we have in principle two choices. We can either

run the Wilson coefficient Hm of we run the individual functions B± and S. The first option

essentially corresponds to running the bHQET top pair production current of Eq. (33), and

we will call this method “top-down”. The relation

Hm

(
m,

Q

m
, µm, µ

)
= Hm(m, µm)UHm(µm, µ) (92)

defines the corresponding evolution factor UHm that is shown in Fig. 4. The second option

means running the jet functions B± and the soft function Shemi independently with the

evolution factors UB±(µ, µm) and US(µ, µm) respectively, as is also illustrated in Fig. 4. This

running involves convolutions, such as

µ
d

dµ
B+(ŝ, µ) =

∫
dŝ′ γB+(ŝ− ŝ′) B+(ŝ′, µ) ,

B+(ŝ, µm) =

∫
dŝ′ UB+(ŝ− ŝ′, µm, µ) B+(ŝ′, µ) , (93) {Brun}
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Hm

(
m,

Q

m
, µm, µ

)
= Hm(m, µm)UHm(µm, µ) (92)

defines the corresponding evolution factor UHm that is shown in Fig. 4. The second option

means running the jet functions B± and the soft function Shemi independently with the

evolution factors UB±(µ, µm) and US(µ, µm) respectively, as is also illustrated in Fig. 4. This

running involves convolutions, such as

µ
d

dµ
B+(ŝ, µ) =

∫
dŝ′ γB+(ŝ− ŝ′) B+(ŝ′, µ) ,

B+(ŝ, µm) =

∫
dŝ′ UB+(ŝ− ŝ′, µm, µ) B+(ŝ′, µ) , (93) {Brun}
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I. INTRODUCTION

• explain current puzzle in the structure function moments Q2 dependence. What to expect:
Parton model at high Q2 and power law from higher twist effects at low Q2.

• Review existing data (plots) that show the puzzle.

• Review existing attempts to explain this puzzle

• explain what we are going to do: a complete analysis of twist-4 n = 2 perturbative effects.
Leading log running, mixing, etc.

II. OPERATOR BASIS

log
R′

R
(1)

e+e− → tt̄X (2)

Q" m" Γ > ΛQCD (3)

MS : R′ = m̄(µ)" Γt, Top Resonance scheme : R ∼ Γt $ m (4)

m = Mpeak − Γ(αs + α2
s + · · · )− QΛQCD

m
(5)

• Explain how situation is simple at twist-2(only two types of ops).

• Explain how situation is more complicated at twist-4: mixing between many ops.

• list operator basis

∆ · Q1(k,!)
n = gψ̄R∆/ d

←!
d
→k

ψR ψ̄R∆/ d
→n−2−k−!

ψR,

∆ · Q2(k,!)
n = gψ̄Rτa∆/ d

←!
d
→k

ψR ψ̄R∆/ d
→n−2−k−!

τaψR,

∆ · Q3(k,!)
n = gψ̄R∆/ d

←!
d
→k

ψR ψ̄L∆/ d
→n−2−k−!

ψL,

∆ · Q4(k,!)
n = gψ̄Rτa∆/ d

←!
d
→k

ψR ψ̄L∆/ d
→n−2−k−!

τaψL,

∆ · Q5(k,!)
n = gψ̄L∆/ d

←!
d
→k

ψL ψ̄L∆/ d
→n−2−k−!

ψL,

∆ · Q6(k,!)
n = gψ̄Lτa∆/ d

←!
d
→k

ψL ψ̄L∆/ d
→n−2−k−!

τaψL,

∆ · Q7(k,!)
n = ψ̄ d

←k
f/∗ γ5d

→n−1−k
ψ,

∆ · Q8(k,!)
n = iψ̄∆/ d

←k
f/ d
→n−1−k

ψ,

(6)
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•Final result with 

NLL resummation.
(Fleming, Hoang, Mantry, Stewart)
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FIG. 15: F(Mt,Mt̄), the differential cross-section in units of σ0/Γ2
t , versus Mt and Mt̄. The result

is shown at NLL order.
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FIG. 16: Normalized peak cross-section, F(Mt,Mt) versus Mt. The dashed curves have µΓ = 5GeV,
and the solid curves have µΓ = 3.3, 7.5GeV. The left panel shows results at LL (lower purple
curves) and NLL (upper red curves) with the jet and ∆̄ schemes. The center panel shows results

in the jet-mass scheme (red) versus the pole-mass scheme (blue), where in both cases we use the
∆̄ scheme. The right panel shows results in the ∆̄(µ) scheme for the gap parameter (red) versus
the ∆ scheme (magenta), where in both cases we use the jet-mass scheme.

fixed, having in mind that it can be extracted from LEP data. In Fig. 15 we show F at NLL

for our default parameter set as a function of the two invariant mass variables Mt and Mt̄.

The underlying short-distance quark mass is mJ(µ = 2 GeV) = 172 GeV, and the peak of

the cross-section occurs for Mt and Mt̄ values which are ! 2.4 GeV larger. This peak shift

occurs due to the presence of the low energy radiation described by the soft function as dis-

cussed in Ref. [2]. At LO the shift is in the positive direction to Mpeak
t ! mJ +QS [1,0]

mod/(2mJ),

where here S [1,0] =
∫

d!+d!− !+Smod(!+, !−) ∼ ΛQCD is the first moment of the underlying

soft-function model [2]. As described below, this linear behavior with Q/m persists at NLL

order, although the slope is no longer simply S [1,0]
mod. Above the peak one sees in Fig. 15 the

perturbative tails from gluon radiation, and that the tails are largest if we fix one of Mt or

Mt̄ at the peak.
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a) b)

FIG. 5: Tree level top-quark jet functions in a) SCET and b) bHQET. {fig:Bjet}

graphs in Fig. 5 which have a trace over spin and color indices. This gives for Γ = 0 and in

the pole mass scheme

BΓ=0
+ (ŝ) =

−1

4πNcm
(−Nc) Disc

( i

v+ · k + i0

)
=

1

4πm
Im

( −2

v+ · k + i0

)

=
1

m
δ(2v+ · k) =

1

m
δ(ŝ) = δ(s) , (89)

which is identical to the result for the corresponding SCET jet function, so at tree level

T+ = T− = 1. Plugging Eq. (87) into Eq. (81), the final form for differential cross section is
(

d2σ

dM2
t dM2

t̄

)

hemi

= σ0 HQ(Q,µm)Hm

(
m,

Q

m
, µm, µ

)
(90) {bHQETcross-hem}

×
∫ ∞

−∞
d$+d$− B+

(
ŝt −

Q$+

m
, Γ, µ

)
B−

(
ŝt̄ −

Q$−

m
, Γ, µ

)
Shemi($

+, $−, µ) ,

where we still have HQ(Q, µ) = |C(Q, µ)|2 and the soft function

Shemi($
+, $−, µ) =

1

Nc

∑

Xs

δ($+ − k+a
s )δ($− − k−b

s )〈0|Y n̄ Yn(0)|Xs〉〈Xs|Y †
n Y

†
n̄(0)|0〉 . (91)

Note that Eq. (90) depends on two renormalization scales, µm and µ. The matching scale

µm ∼ m was the endpoint of the evolution of the hard function HQ(Q, µm). From the

matching at m we get the dependence on µm in Hm, and from running below m we get

in addition a dependence on µ which cancels against dependence on µ in the bHQET jet

functions and the soft function.

So to sum the remaining large logarithms we have in principle two choices. We can either

run the Wilson coefficient Hm of we run the individual functions B± and S. The first option

essentially corresponds to running the bHQET top pair production current of Eq. (33), and

we will call this method “top-down”. The relation

Hm

(
m,

Q

m
, µm, µ

)
= Hm(m, µm)UHm(µm, µ) (92)

defines the corresponding evolution factor UHm that is shown in Fig. 4. The second option

means running the jet functions B± and the soft function Shemi independently with the

evolution factors UB±(µ, µm) and US(µ, µm) respectively, as is also illustrated in Fig. 4. This

running involves convolutions, such as

µ
d

dµ
B+(ŝ, µ) =

∫
dŝ′ γB+(ŝ− ŝ′) B+(ŝ′, µ) ,

B+(ŝ, µm) =

∫
dŝ′ UB+(ŝ− ŝ′, µm, µ) B+(ŝ′, µ) , (93) {Brun}
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I. INTRODUCTION

• explain current puzzle in the structure function moments Q2 dependence. What to expect:
Parton model at high Q2 and power law from higher twist effects at low Q2.

• Review existing data (plots) that show the puzzle.

• Review existing attempts to explain this puzzle

• explain what we are going to do: a complete analysis of twist-4 n = 2 perturbative effects.
Leading log running, mixing, etc.

II. OPERATOR BASIS

log
R′

R
(1)

e+e− → tt̄X (2)

Q" m" Γ > ΛQCD (3)

MS : R′ = m̄(µ)" Γt, Top Resonance scheme : R ∼ Γt $ m (4)

m = Mpeak − Γ(αs + α2
s + · · · )− QΛQCD

m
(5)

• Explain how situation is simple at twist-2(only two types of ops).

• Explain how situation is more complicated at twist-4: mixing between many ops.

• list operator basis

∆ · Q1(k,!)
n = gψ̄R∆/ d

←!
d
→k

ψR ψ̄R∆/ d
→n−2−k−!

ψR,

∆ · Q2(k,!)
n = gψ̄Rτa∆/ d

←!
d
→k

ψR ψ̄R∆/ d
→n−2−k−!

τaψR,

∆ · Q3(k,!)
n = gψ̄R∆/ d

←!
d
→k

ψR ψ̄L∆/ d
→n−2−k−!

ψL,

∆ · Q4(k,!)
n = gψ̄Rτa∆/ d

←!
d
→k

ψR ψ̄L∆/ d
→n−2−k−!

τaψL,

∆ · Q5(k,!)
n = gψ̄L∆/ d

←!
d
→k

ψL ψ̄L∆/ d
→n−2−k−!

ψL,

∆ · Q6(k,!)
n = gψ̄Lτa∆/ d

←!
d
→k

ψL ψ̄L∆/ d
→n−2−k−!

τaψL,

∆ · Q7(k,!)
n = ψ̄ d

←k
f/∗ γ5d

→n−1−k
ψ,

∆ · Q8(k,!)
n = iψ̄∆/ d

←k
f/ d
→n−1−k

ψ,

(6)
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•Final result with 

NLL resummation.
(Fleming, Hoang, Mantry, Stewart)
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• Top hemisphere jet mass  
   distribution

Jet mass scheme
(S.Fleming, A.Hoang, SM, I.Stewart)

(Fadin &Khoze; Peskin & Strassler,...)

Monday, March 29, 2010
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• Higgs shifts height of peak, top mass shifts position of peak.

(Y.Kiyo)

• Also, studied the effect of SUSY models on the the line shape.
Monday, March 29, 2010
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                                Germán Rodrigo Heavy resonances in the top quark sector               Beijing 2010                                                1

CDF [Conf. Note 9724, PRL101(2008)202001, new measurement soon, Rob Roser] 
    
                                      AFB

ppbar = 0.193 ± 0.065 (stat) ± 0.024 

(syst)   3.2 fb-1

                             AFB
ppbar = 0.17 ± 0.07 (stat) ± 0.04 (syst)           

1.9 fb-1

A charge asymmetry arises at O(αS
3)

[Kühn, GR,1998; Antuñano, Kühn, GR, 2008]

[CDF note 9602 (Nov 2008)]

(G.Rodrigo)

• Top quarks like to be produced in the direction of the incoming 
quark.
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2.8σ from zero,  (Aexp – ASM)ppbar
 =0.142 ± 0.069   

room for BSM within 2σ  
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• Top quarks like to be produced in the direction of the incoming 
quark.
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                                Germán Rodrigo

■ room for BSM within 2σ at the Tevatron from the measurement of the 
top quark charge asymmetry (forward-backward), early to claim new 
physics, but, together with dσ/dMttbar, allows to set constrains in the top 
quark sector

   ✔ Flavour Universal axigluons with large vector couplings

   ✔ Flavour non-Universal axigluons: sign(gA
q )= -sign(gA

t )

   ✔ Flavour violating scalars in the t-channel: triplet or sextet

   ✔ Flavour violating Z´ and W´ relatively light O(200 GeV)

with very positive and exciting evolution

■ The charge asymmetry can be measured at the LHC too, and is a good 
observable to discriminate among different models

■ If BSM colored  physics is discovered at hadron colliders, the ILC will 
study loop-effects or multijet events, LQ are still an option

Heavy resonances in the top quark sector               Beijing 2010                                                2

(G.Rodrigo)

Monday, March 29, 2010



Summary of Limits from Hadron Colliders

D. Choudhury and PS (arXiv:0911.5016)

Considering chromomagnetic and chromoelectric dipole moments
separately and rephrasing the results in terms of commonly used
notation :

1

Λ
(ρ + iρ′) ←→

1

2mt
(κ + i κ̃)

ρ = +1 : Λ ≥ 10 TeV
⇒ -0.038 ≤ κ ≤ 0.034

ρ = −1 : Λ ≥ 9 TeV

ρ
′ = ±1 : Λ ≥ 3 TeV ⇒ |κ̃| ≤ 0.12

SM : gs t̄γ
µTatG

a
µ

gs
1

Λ
t̄σµνTatF

µν
a igs

1

Λ
t̄σµνγ5TatF

µν
a

Chromomagnetic Dipole Moment Chromoelectric Dipole Moment

Lint !
gs

Λ
t̄σµν(ρ + iρ′γ5)TatF

µν
a

(P.Saha)

Monday, March 29, 2010



Linear Collider Prospects

e+e− −→ tt̄g

q(p1)

q̄(p2)

t (p3)

t̄ (p4)

g

T.G. Rizzo, Phys. Rev. D 50, 4478 (1994); arXiv:hep-ph/9605361

Limits obtained by fitting the energy spectrum of the gluon.
Rizzo (1996)

√
s = 500 GeV ; L = 50 fb−1(solid), 100 fb−1 (dotted) ; Emin

g = 25 GeV

95% CL allowed region

Considering only one of κ and κ̃ to be non-zero at a time, from the
dotted curve we have :

-0.015 ≤ κ ≤ 0.033 |κ̃| ≤ 0.47

Rizzo (1996)

√
s = 1 TeV ; L = 100 fb−1(solid), 200 fb−1 (dotted)

Emin
g = 50 GeV Emin

g = 25 GeV

95% CL allowed region

Considering only one of κ and κ̃ to be non-zero at a time, from the
dotted curve on the right panel we have :

-0.024 ≤ κ ≤ 0.026 |κ̃| ≤ 0.14

Better sensitivity to κ but not to κ̃

(P.Saha)

• Limits on anomalous magnetic
  moment can be improved at   
  1 TeV FLC.

Monday, March 29, 2010



Top polarisation probes and top anom. couplings. z distn. and anom. coupling

Conclusions

• Measurement of Top polarization can be a very good probe of some

types of BSM physics

• Secondary decay lepton angular distributions are the most faithful

polariometers, robust to effects of non standard tbW couplings as well

as higher order corrections.

• Energy fraction of the lepton and b–jet can be used for the boosted

tops. Lepton distribution less sensitive to the anom. coupling and

hence a better probe.

• At the LHC showed that φ distibutions can be used to construct

obeservables which directly probe the polarisation produced in the

decay of a resnonance. An example of an extra Z’ decaying into tt̄
was presented.

March 29, 2010. LCWS10, Beijing

Top polarization as probe of New Physics

(R.Godbole)

Monday, March 29, 2010
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(Y. Kiyo)
2

tion value of the Wilson loop as

VQCD(r) = − lim
T→∞

1

iT
ln

〈0 |Tr Peig
H

C
dxµAµ | 0 〉

〈0 |Tr1 | 0 〉

=

(

µ2eγE

4π

)ε ∫

dd"q

(2π)d
ei#q·#r

[

−4πCF
αV (q)

q2

]

(1)

where q = |"q|; C is a rectangular loop of spatial extent
r and time extent T . The second equality defines the
V -scheme coupling contant, αV (q), in momentum space.
We employ dimensional regularization with one temporal
dimension and d = D − 1 = 3 − 2ε spatial dimensions.
A prefactor is included such that αV (q) is defined to be
dimensionless; γE = 0.5772... denotes the Euler constant.

In perturbative QCD, αV (q) is calculable in series ex-
pansion of the strong coupling constant. We denote the
perturbative evaluation of αV (q) as

αPT
V (q) = αS(µ)

∞
∑

n=0

Pn(&)

(

αS(µ)

4π

)n

(2)

with

& = log(µ/q). (3)

Here, αS(µ) denotes the strong coupling constant renor-
malized at the renormalization scale µ, defined in the
modified minimal subtraction (MS) scheme; Pn(&) de-
notes an n-th-degree polynomial of &. The RG equation
of αS(µ) is given by

µ2 d

dµ2
αS(µ) = −αS(µ)

∞
∑

n=−1

βn

(

αS(µ)

4π

)n+1

, (4)

where βn represents the (n+1)-loop coefficient of the beta
function.[29] For n ≤ 2, the only part of the polynomial
Pn(&) that is not determined by the RG equation is an ≡
Pn(0). For n ≥ 3, Pn(&) includes IR divergences in terms
of poles of ε and assoicated logarithms, whose coefficients
are not determined by βn. At 3–loop order, we have

P3(&) = a3 + (6a2β0 + 4a1β1 + 2a0β2)&

+ (12a1β0
2 + 10a0β0β1)&

2 + 8a0β0
3&3, (5)

a3 = ā3 +
8

3
π2C3

A

(

1

ε
+ 6 &

)

. (6)

CF = (N2
c − 1)/(2Nc) and CA = Nc denote the eigenval-

ues of the quadratic Casimir operators for the fundamen-
tal and adjoint representations, respectively, of the color
SU(Nc) gauge group; Nc = 3 in QCD.

The IR divergence is an artifact of the strict pertur-
bative expansion of VQCD(r) in αS ; beyond naive per-
turbation theory, this IR divergence is absent and reg-
ularized by the energy difference between color–singlet
and octet intermediate states. The difference between
VQCD(r) and its perturbative expansion [VQCD(r)]PT can

be treated systematically within the effective field theory
“potential non–relativistic QCD” [19]. ([VQCD(r)]PT is
obtained from VQCD(r) if we replace αV (q) in eq. (1) by
αPT

V (q).) This difference

[

VQCD(r)
]

US
= VQCD(r) −

[

VQCD(r)
]

PT
(7)

is given by contributions of ultra–soft (US) degrees of
freedom.[30] In the region r ' Λ−1

QCD, the leading–order
contribution to [VQCD(r)]US in double expansion in αS

and log(αS) is readily obtained from the result of [7] as

[

VQCD(r)
]

US,LO
=

CF C3
Aα4

S

24 π r
×

[

1

ε
+ 8 log(µ r)

− 2 log
(

CAαS

)

+
5

3
+ 6γE

]

. (8)

Upon Fourier transform, 1/ε and log µ terms of eqs. (6)
and (8) cancel each other. In general, at r <
Λ−1

QCD, one may perform operator–product–expansion
of [VQCD(r)]US as multi–pole expansion in r. In this
case, non–perturbative contributions to [VQCD]US are
parametrized in the form of non–local gluon condensates.

We may classify ā3 in (6) according to the powers of
the number of flavors nl of the internal quarks:

ā3 = n3
l ā(3)

3 + n2
l ā(2)

3 + nl ā
(1)
3 + ā(0)

3 . (9)

The purpose of this paper is to compute ā(0)
3 .

Let us describe our calculational procedure. At tree–
level and at 1–loop order, computation of [VQCD(r)]PT

is more or less trivial. The 2–loop correction to
[VQCD(r)]PT is expressed in terms of 5 master integrals,
all of which are expressed in terms of Γ function and ra-
tional functions of ε [20]. Hence, we may easily obtain
expansion coefficients in ε necessary for the 3–loop com-
putation.

We first generate 3-loop Feynman diagrams for the
scattering of static quark and antiquark using GRACE
[21] and QGRAF [22]. There are about 20,000 diagrams;
we confirmed that the diagrams generated by the two
programs coincide. Next step is to eliminate iterations
of the lower-order potential at the diagram level, which
includes appropriate rearrangements of color factors asso-
ciated with diagrams; we use the general algorithm devel-
oped in [23]. This procedure eliminates diagrams which
contain pinch singularities. Subsequently the color factor
for each diagram is simplified using the program color

provided in [24].
Our computation is carried out in Feynman gauge.

The loop integrals are classified according to different
numerators and denominators. At an early stage of the
computation, we identify those integrals which are triv-
ially zero in dimensional regularization and eliminate
them. To reduce the labor of computation, we collect
integrands with a common denominator and cancel nu-
merators against denominators as much as possible, by
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LHC probing BSM physics through top

Narrow electro-weak resonance Z'
G ~ 3 % M
s x BR (X->tt) ~ 1 pb

tt

Z'

Broad coloured resonance: KK gluon
Randall, Lillie and Wang, JHEP 0709:074 (2007) 
G = 15.3 % M
s x BR (X->tt) > 10 pb

New approach boosts expected early LHC sensitivity for tt resonances:

Could see 1 TeV state if s x BR = several pb  

(CMS-JME-09-001-PAS, CMS-TOP-09-009-PAS, CMS-EXO-09-002-PAS, CMS-EXO-09-009-PAS 

ATL-PHYS-CONF-2008-008, ATL-PHYS-CONF-2008-016, ATL-PHYS-PUB-2009-081, ATL-PHYS-COM-2010-153)

top reconstruction to cope with boosted topology
Lillie, Randall, Wang, JHEP 09 (2007) 074, hep-ph/0701166,

K. Agashe et al., Phys. Rev. D77 (2008) 015003, hep-ph/0612015, 

U. Baur and L.H. Orr, Phys. Rev. D76 (2007), 094012, 0707.2066, 

J. Thaler and L.T. Wang, JHEP 07 (2008) 092, 0806.0023.

L.G. Almeida et al.,  Phys. Rev. D79 (2009) 074017, 0807.0234.

D.E. Kaplan et al., , Phys. Rev. Lett. 101 (2008) 142001, 0806.0848.

Early = 2011 = 1 fb-1 @ 7 TeV

(M.Vos)

Monday, March 29, 2010



LCWS10 top session, march 29, 2010 16

100 GeV

  10 GeV

1 GeV

ILD00

a=5,
b=10

Impact parameter resolution
100 mm

   10 mm

Impact parameter resolution vs polar angle of 
shallow tracks 

Nominal
services

Additional services 
along beam pipe!

Up!

tt production cross section at ILC: 
~0.6 pb (√s = 500 GeV)
at (nominal) LHC:
~833 pb (√s = 14 TeV)

Sensitivity to heavy Z' through 
interference with standard model 
production (AFB)

Coloured resonances?

ILC can constrain Ztt vertex, taking 
advantage of excellent detector 
performance.

25 % of tt-bar events have a b-jet 
emitted in forward region (q < 30o)

Understand relation with detector 
performance!

(M.Vos)
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BSM with tops; take-away

BSM with tops at the LHC is very exciting

Translation of discovery into physics case for the ILC had received little 
attention, but this going to change (i.e. benchmark list from the physics 
panel)

Whole set of detector requirements to be derived:
- forward vertexing
- jet substructure analyses

Can we include a tt sample at 1 TeV to complete the series 350, 500, ..., 
multi-TeV?

If you're looking for a challenge: BSM with 4 tops at FLC

(M.Vos)
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1

1-loop corrections for total width of 
(M.Jimbo)

• One loop corrections to stop 
decays using Grace.
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Conclusions
• Top quarks will play a dominant role in search for new physics.

• FLC has clear advantage for high precision top mass  
  determination needed to better constrain BSM physics.

• Independent determinations of top Yukawa and top mass possible 
  at FLC with high precision.

• FLC can be a precision machine for physics discovered at the 
   LHC or a discovery machine depending on the new physics.
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