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LHC: proton-proton collisions
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Pitfalls
New physics?

Jet Transverse Energy
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LHC Processes

Typical LHC processes:

jet production
W , Z production (single or pair)
leptons: 2, 3, 4, . . .

with Ecm =
√

s = Q up to a few TeV.

Q ∼ 1 TeV, MW ,Z ∼ 0.1 TeV, mproton ∼ 0.001 TeV

Hierarchy of scales:

Q2 � M2
W ,Z � Λ2

QCD

Note: MZ effects at the LHC are the same size as mb effects at LEP.
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Worked out a general formalism for computing EW corrections at high
energy.
Work done with Jui-Yu Chiu, Frank Golf, Andreas Fuhrer, Randall Kelley

Applicable to all hard scattering processes at high energy.

A collinear function for each particle that depends on the energy

Fi(E) : i = uL,uR,eL,W ,Z , . . .

A universal soft function that depends only the directions of the
outgoing particles

S ∝
∑
〈ij〉

Ti · Tj log
ni · nj

2

The corrections are large, e.g. 37% to WW production at 2 TeV.
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Infrared Singularities in Radiation

k

p

The intermediate propagator is

1
(p + k)2 −m2 =

1
2p · k + k2 =

1
2Ep ωk − 2 |p| |k| cos θ + M2

For massless particles, Ep = |p| and ωk = |k|

2Eω (1− cos θ)

singularities as ω → 0 (soft) and θ → 0 (collinear).
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Sudakov Form Factor
(Q2 ≡ −q2 = −(p2 − p1)2) ,

FE (Q)

[
ū(p2)γµu(p1)

]
= 〈p2| JµEM(q) |p1〉 =

 q

 p1

 p2

If coupling strength is small we calculate FE (Q2) perturbatively in
powers of α = e2

4π .

= + + · · ·
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General perturbative structure of FE(Q)

L = log Q2/M2

FE (Q) = 1 LO

+ α1
(

L2 + L1 + L0
)

NLO

+ α2
(

L4 + L3 + L2 + L1 + L0
)

N2LO

+ α3
(

L6 + L5 + L4 + L3 + L2 + L1 + L0
)

N3LO

The αn term has powers of L up to L2n.

2n + 1 terms at order n
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Structure of Terms

A =



1

αL2 αL α

α2L4 α2L3 α2L2 α2L α2

α3L6 . . .

...


In the leading-log regime L ∼ 1/α, the various terms are of order

A =



1
1
α 1 α

1
α2

1
α 1 α α2

1
α3 . . .
...


.
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Resummation: Exponentiated Form
Exponentiated form using EFT methods:

logA =



αL2 αL α

α2L3 α2L2 α2L α2

α3L4 α3L3 α3L2 α3L α3

α4L5 . . .

...


In the leading-log regime αL ∼ 1:

logA =



1
α 1 α

1
α 1 α α2

1
α 1 α α2 α3

1
α . . .
...


.
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Resummation: Exponentiated Form

logA = L f0(αL) + f1(αL) + α f2(αL) + . . .

=
1
α

f0 + f1 + αf2 + . . . =
1
α

[
f0 + αf1 + α2f2 + . . .

]
so that f1 and f2 are corrections to log A.

A = exp
[

1
α

f0 + f1 + αf2 + . . .

]
= e

1
α

f0 × ef1 × eαf2 × . . .

Must include the LL and NLL series. The NLL series is not a correction.

LL: one-loop cusp

NLL: two-loop cusp, one-loop non-cusp, one-loop D1

NNLL: three-loop cusp, two-loop non-cusp and D1, one-loop C and D0
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Outline of Calculation
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SCET Formula

log FE (Q2) = C(α(Q))

+

∫ M

Q

dµ
µ

[
A(α(µ)) log

µ2

Q2 + B(α(µ))

]

+D0(α(M)) + D1(α(M)) log
Q2

M2

C: matching at Q

A logµ2/Q2 + B: SCET anomalous dimension

D0 + D1 log Q2/M2: matching at M

There is a log Q in the matching at M
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SCET degrees of freedom (modes)
p+ = E − pz , p− = E + pz

For a particle in the +z direction:

p− ∼ 2E , p+ ∼ M2

2E

Light Cone Coordinates:
Hard Modes: p2 ∼ Q2

integrated out
Collinear modes: p2 ∼ M2

Ultra-Soft modes: p2 ∼ M4/Q2

do not contribute

p+

p-

Q

Q

Ultra-Soft

Hardn coll

n-bar coll

Q2

M2
M /Q2

M /Q2
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High scale matching: µ ∼ Q

full theory:

p1

p2

(a)

EFT:

p1

p2

(a)

p1

p2

(b)

p1

p2

(c)
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Scattering

(a) (b)

The intermediate gauge boson is off-shell by Q2, and can be shrunk to
a point.

Study 4-particle operators in the effective theory.
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Electroweak corrections to uū → µ+µ− as a function of
√

ŝ in GeV
t̂ = −0.2ŝ, (dotted blue)
t̂ = −0.35ŝ (dashed red)
t̂ = −0.5ŝ (solid black)
t̂ = −0.65ŝ (long-dashed magenta)
t̂ = −0.8ŝ (dot-dashed cyan)
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t quark forward backward asymmetry

qq → t t

Forward: t in direction of q

CDF collaboration arXiv:1101.0034

AFB = 0.475± 0.114

Theory:

AFB = 0.088± 0.013

Large discrepancy
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Summary

20 0 20 40 60

 arXiv:1106:6051 (2011)
V. Ahrens et. al., 

arXiv:1107:2606 (2011)
W. Hollik and D. Pagani, 

ForwardBackward Top Asymmetry, %

Production Level

1bfCDF, 5.3
+jets)l(

1.7±7.2±15.8

1bfCDF, 8.7
+jets, prelim)l(

4.7±16.2

1bfDØ, 5.4
+jets)l(

.62
+1.8

6.0±19.6

1bfCDF, 5.1
(dilepton, prelim)

4±15±42

10 0 10 20

ForwardBackward Lepton Asymmetry, %

Reconstruction Level

1bfCDF, 8.7

+jets, prelim)l(

2.5±6.6

1bfDØ, 5.4

+jets)l(

3.8±14.2

For more information: arXiv:1107.4995
Doug Orbaker (Rochester) Asymmetry Workshop May 2, 2012 19 / 25
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mass dependence 

17 

•  Mtt for forward and backward 

•  mass dependent asymmetry  

•  linear fit 

–  slope is >3σ from 0 

–  fit χ2 p.d.f. 0.3  

–   pNLO = 0.00646    
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(a)

σtot = α2
s + α3

s + . . .

σFB = 0 · α2
s + α3

s + . . .

Tree-level EW gauge boson exchange can produce FB asymmetry
because of V-A coupling.
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A =
σF − σB

σF + σB

Many models proposed to explain the FB asymmetry. Usually a new
production mechanism that is constrained by the total dijet rate.

A =
(σF − σB)SM + (σF − σB)NP
(σF + σB)SM + (σF + σB)NP

σtot = (σF + σB)SM + (σF + σB)NP

A Manohar (UCSD) 10.07.2012 22 / 28



Tevatron: pp LHC: pp
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Introduction/Motivation

The top/antitop differential distributions in tt̄ events are predicted to be different
in perturbative QCD.

This is an NLO effect. Only qq̄ → tt̄ and qg → tt̄q events exhibit an asymmetry.
Due to interference of amplitudes with relative sign under the exchange of t and t̄.

At the LHC, the asymmetry is diluted (mostly gg → tt̄), and AFB = 0. Charge

asymmetry ↔ tops preferentially emitted in quark direction. Since quarks

generally carry a larger momentum fraction of the proton than antiquarks, tops

tend to be more forward than antitops in the lab frame.

2 / 24

AC =
N(∆ |y | > 0)− N(∆ |y | < 0)

N(∆ |y | > 0) + N(∆ |y | < 0)
, ∆ |y | = |y |t − |y |t
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A. Manohar and M. Trott arXiv:1201.3926

Computed the resummed EW corrections

RFB(t) =
σQCD+EWS

FB (t t̄)
σQCD

FB (t t̄)
, Rt =

σQCD+EW
t t̄

σQCD
t t̄

.

Bin [GeV] At t̄
FB(%) RFB(t) Rt

[2 mt t̄ ,1960] 7.7 7.5 1.02 0.98
[2 mt t̄ ,450] 5.6 5.4 1.02 0.98
[450,900] 11 12 1.02 0.97

Bin[GeV] Abb̄
FB (%) RFB(b) Rb Acc̄

FB (%) RFB(c) Rc
[50,1960] 0.4 0.4 1.06 0.99 0.3 0.3 0.99 0.99
[50,350] 0.4 0.4 1.06 0.99 0.3 0.3 0.98 0.99

[350,650] 8.1 7.8 1.00 1.00 6.7 6.6 1.04 1.00
[650,950] 20 17 0.97 0.98 18 16 1.06 0.99
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LHC

7 and 14 TeV

Bin [GeV] Rt Rb Rc
[50,3000] − − 0.99 0.99 0.99 0.99

[350,3000] 0.97 0.97 − − − −
[50,250] − − 0.99 0.99 0.99 0.99

[250,500] − − 1.00 1.00 1.00 1.00
[350,500] 0.98 0.98 − − − −
[500,750] 0.97 0.97 0.99 0.99 0.99 0.99

[750,1000] 0.95 0.95 0.98 0.98 0.98 0.98
[1000,1500] 0.94 0.94 0.97 0.97 0.96 0.96
[1500,2000] 0.92 0.92 0.95 0.95 0.95 0.95
[2000,2500] 0.90 0.91 0.93 0.94 0.93 0.93
[2500,3000] 0.88 0.89 0.92 0.93 0.92 0.92
[3000,3500] 0.87 0.88 0.90 0.91 0.91 0.91
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EWS correction (left axis) to the Tevatron dijet spectrum as a function
of dijet invariant mass (solid black). Also shown are the corrections to
dijet processes involving external gluons (red dashed), and no external
gluons (blue dotted). The black triangles are the ratio of cross sections
(right axis) with and without external gluons.
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LHC at
√

s = 7 TeV (lower curves) and 14 TeV (upper curves).

Large change in the dijet rate.

A Manohar (UCSD) 10.07.2012 27 / 28



Summary

EW corrections are now largest source of uncertainties in current
calculations.
Have a formalism that can compute them all in the regime where
they are important
Working the C. Bauer to include them in the GENEVA code
Should be able to do it in a way that others can use it
A universal formula in the regime where they are important (high
energy)
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