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Why QCD resummation?
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Leading order
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The origin of large logarithms
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Divergences

dσ

dω
= 1 + aS(L2 + L + 1) + a2

S(L4 + L3 + L2 + L + 1) + . . .

where L represents a potentially large logarithmic term:
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1

p2
T
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p2
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√
p2
x + p2
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dσres
dω

= C (aS) exp (Lg1(aSL) + g2(aSL) + aSg3(aSL) + . . .)+R(aS)

I C (aS),R(aS) are well-behaved and computable perturbatively.

I The different gi resum up to a given order.
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Warmup: QED resummation



QED resummation

M = v̄(pb)A0(pa − k)
i(/pa − /k + m)

(pa − k)2 −m2
(−ieQf )/ε(k)u(pa)

= v̄(pb)A0(pa)
i(/pa + m)

−2pa · k
(−ieQf )γµu(pa)εµ(k)

=Mp→p′(−eQf )
pa · ε
pa · k

Generalization to n-photon emission:

iMp→p′+nγ = iMp→p′
en

n!

l∑
i=1

n∏
r=1

ηi
pi · εr
pi · kr



QED resummation

(
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dΩ

)
p→p′+γ
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(
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×
∫

|~k|≤∆E

d3k

(2π)32E
e2

(
−p2

a

pa · k
+
−p2

b

pb · k
+

2pa · pb
(pa · k)(pb · k)

)

(
dσ

dΩ

)
=

(
dσ0

dΩ

) ∞∑
n=0

Y n

n!
=

(
dσ0

dΩ

)
exp (Y )

Including virtual corrections in soft limit:1(
dσ

dΩ

)
=

(
dσ0

dΩ

)
exp (Y + 2X ).

1For full treatment see D. Yennie et al., Ann. Phys. 13, 379 (1961).



The very basics of QCD resummation



Hadronic cross section in Mellin space

Distribution from QCD factorization

M2 d2σAB
dM2dp2

T

(τ :=
M2

S
) =

∑
ab

∫
dxadxbdz xafa/A(xa, µ

2)xbfb/B(xb, µ
2)

× z σ̂ab(z ,M2,M2/p2
T,M

2/µ2)δ(τ − xaxbz)

Mellin transform

F̃ (N) ≡ F (N) :=

∫ 1

0
dx xN−1F (x)

M2 dσAB
dM2dp2

T

(N−1) =
∑
ab

fa/A(N, µ2)fb/B(N, µ2)σ̂ab(N,M2, p2
T, µ

2)



Factorization1

M2dσab
dM2

(N − 1) = ψa/a(N, µ2)ψb/b(N, µ2)

× Hab(M2, µ2)Sab(N,M, µ2).

I Hard function H:
I Perturbatively computable:

Hab(M2,M2/µ2) =
∑∞

n=0 a
n
SH

(n)
ab (M2,M2/µ2)

I Parton-in-parton distributions ψ:
I Satisfy the evolution equation:

∂ψa/a(N,M2)

∂ log M2 = γa(aS(M2))ψa/a(N,M2)

1Collins, Soper, Sterman, Nucl. Phys. B261, 104 (1985).



Threshold resummation

The final formula reads:

σ̂ab(N,M2, µ2) = Hab(M2, µ2) exp(Gab(N,M2, µ2)),

with

H(0)
ab (M2, µ2) = H

(0)
ab (M2, µ2)

H(1)
ab (M2, µ2) = H

(1)
ab (M2, µ2) +

π2

6
(A

(1)
a + A

(1)
b )H

(0)
ab (M2)

Gab(N,M2, µ2) = log N̄g
(1)
ab (λ) + g

(2)
ab (λ, µ2) + aSg

(3)
ab (λ, µ2) + · · ·



Still. . .

I Double counting

I Inverse Mellin transform
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BSM at the LHC



A QFT is defined by:
I Symmetries

I Gauge symmetries (internal)

I → New gauge groups (U(1), SU(2), . . . ), GUTs
 New gauge bosons

I Spacetime symmetries (external)

I → Extra dimensions
I → Supersymmetry

I Particle content

I → Right handed neutrinos, . . .
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New gauge bosons at the LHC



Phenomenology of new gauge bosons

New spin-1 particles must be gauge bosons associated with SSB.
→ The breaking mechanism determines the charges and (up to
mixing terms) the couplings of the theory.

Z ′µ(gL
u ūLγ

µuL + gL
d d̄Lγ

µdL + gR
u ūRγ

µuR + gR
d d̄Rγ

µdR

+ gL
ν ν̄Lγ

µνL + gL
e ēLγ

µeL + gR
e ēRγ

µeR)

W ′+
µ√
2

[
ūi (C

R
q,ijPR + CL

q,ijPL)γµj + ν̄i (C
R
l ,ijPR + CL

l ,ijPL)γµej)
]



The sequential standard model (SSM)

I Defined to have the same couplings as the SM.

I Widely used by experimental collaborations.



G(221) models

I Many BSM theories include an additional SU(2) symmetry.
→ They lead to Z ′ as well as W ′ bosons.

I The most studied is the left-right model.

The symmetry SU(2)1 × SU(2)2 ×U(1)X must break to the SM:

BP I: SU(2)L × SU(2)2 ×U(1)X → SU(2)L ×U(1)Y

BP II: SU(2)1 × SU(2)2 ×U(1)Y → SU(2)L ×U(1)Y

Model SU(2)1 SU(2)2
U(1)X

quarks leptons

Left-right (uL, dL), (νL, eL) (uR, dR), (νR, eR) 1/6 -1/2
Leptophobic (uL, dL), (νL, eL) (uR, dR) 1/6 YSM

Hadrophobic (uL, dL), (νL, eL) (νR, eR) YSM -1/2
Fermiophobic (uL, dL), (νL, eL) YSM YSM

Ununified (uL, dL) (νL, eL) YSM YSM

Nonuniversal (uL, dL)1,2, (νL, eL)1,2 (uL, dL)3, (νL, eL)3 YSM YSM



SSM cross sections

Boson Mass
√
S σLO (ab) σNLO (ab) σres (ab)

Z ′ 3 TeV 8 TeV 54.5+9.3
−7.5 62.9+6.9+6.4

−6.0−2.6 69.7+1.2+7.1
−0.6−2.8

W ′+ 3 TeV 8 TeV 310.1+55.4
−44.4 275.7+31.3+40.0

−27.1−29.5 310.7+1.8+43.2
−0.0−32.0

W ′− 3 TeV 8 TeV 94.4+17.1
−13.7 122.2+13.0+19.3

−11.5−11.4 136.6+0.9+21.4
−0.2−12.4
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SSM: Transverse momentum distributions



Uncertainties
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SSM: Mass-dependence
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Parting words



Conclusions

I Resummation provides a powerful tool for LHC BSM
predictions:

I Restores convergence in critical kinematical regions
I Improves overall precision
I Resummation corrections become more important for larger

masses

Code
Code is open source and available at
http://www.resummino.org/.
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Thank you for your attention.
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