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SiversEffectAsymmetriesin

Hadron-HadronCollisions

CedranBomhof

•IntroductiontoPDFs.

•Introductiontogauge-linksand

theirconsequences.

•p
↑
p→ππX
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deepinelasticscattering

PSfragreplacements

P
X

〈X|J
µ
(0)|P〉

J
µ
(0)=ψ(0)γ

µ
ψ(0)

dσ
Hadron

∝
∑

q

∫

dxf(x)dσ̂
parton

(x)

f(x)∝FT〈P|ψ(0)ΓU(0,ξ)ψ(ξ)|P〉

thef(x)areuniversal
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gauge-linkinSIDISandDY

U
C
(0,ξ)=Pexpig

∫

C

dz·A(z)

•SIDIS(`+h1→`
′
+h2+X)

U
[+]

:

PSfragreplacements

0

ξ

ξ
−

ξT

•Drell-Yan(h1+h2→`+`+X)

U
[−]

:

PSfragreplacements

0

ξ

ξ
−

ξT
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consequencesofgauge-linksfor

T-odddistributionfunctions

⇒T-oddfunctions,e.g.Siversf
⊥(1)
1T(x):

(f
⊥(1)
1T)

[±]
(x)∝

∫

dk
−
d

2
kTkTFT〈ψ(0)U

[±]
(0,ξ)γ

+
ψ(ξ)〉

∝±f
⊥(1)
1T(x)

PSfragreplacements

0

ξ

ξ
−

ξTi-
+〈AT(+∞)−AT(−∞)〉

(inlight-conegauge)

−〈AT(+∞)−AT(−∞)〉¾i
PSfragreplacements

0

ξ

ξ
−

ξT
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exampleofazimuthalasymmetry

inpp→ππX
Transverseplane:

PSfragreplacements

K1⊥

K2⊥

δφ

⊙
P1

⊗
P2

φ2

φ1

δφ=φ2−φ1−π

Theweighedcrosssection

〈sin(δφ)dσ〉=

∫

dφ2

2π
sin(δφ)dσ

issensitivetointrinsictransversemomenta.
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exampleofgauge-linkinp
↑
p→ππX

e.g.ud-scattering:

u

d

5

4
×−

1

4
×

=
5

4
×Tr

(

U
[¤]

)

U
[+]
/3−

1

4
×U

[¤]
U

[+]
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calculatinggauge-links

TakesomehardscatteringprocessH.
Resummingallcollineargluoninteractions...

INOUT

PSfragreplacements
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calculatinggauge-links

TakesomehardscatteringprocessH.
Resummingallcollineargluoninteractions...
amountstoattachingWilsonlinesonalltheexternallegs.

OUT IN

PSfragreplacements

U
[−]†

U
[−]

U
[−]†U

[+]

U
[+]†

U
[+]

H
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calculatinggauge-links,example:ud̄→ud̄

PSfragreplacements
U

[−]

U
[+]†

U
[+]

ψ(ξ)ψ(0)

=
7

8

PSfragreplacements
U

[−]

U
[+]†

U
[+]

ψ(ξ)ψ(0)

+
1

8

PSfragreplacements
U

[−]

U
[+]†

U
[+]

ψ(ξ)ψ(0)

=
7

8
U

[−]Tr[U
[+]†

U
[+]
]

3
+

1

8
U

[+]Tr[U
[+]†

U
[−]
]

3

=
7

8
U

[−]+
1

8
U

[+]Tr[U
[¤]†

]

3
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calculatinggauge-links,example:ud̄→ud̄

N→∞

PSfragreplacements
U

[−]

U
[+]†

U
[+]

ψ(ξ)ψ(0)

=

PSfragreplacements
U

[−]

U
[+]†

U
[+]

ψ(ξ)ψ(0)

=U
[−]Tr[U

[+]†
U

[+]
]

N

=U
[−]
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consequenceforT-oddfunctions

5

4
×−

1

4
×

?

kT-weighing
?

5

4
×〈AT(∞)−AT(−∞)〉−

1

4
×3〈AT(∞)−AT(−∞)〉

=
1

2
×〈AT(∞)−AT(−∞)〉
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Siverseffectsinidentical-quarkscattering











U=
5
4Tr(U

[¤]
)U

[+]
/3−

1
4U

[¤]
U

[−]

=⇒Siverseffect=
1
2f

⊥(1)
1T











U=
9
4Tr(U

[¤]
)U

[+]
/3−

5
4U

[¤]
U

[−]

=⇒Siverseffect=−
3
2f

⊥(1)
1T
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Siverseffectsinidentical-quarkscattering

usingthe‘universal’Siversfunctionf
⊥(1)
1T

H H

u

u
=+

1
2f
⊥(1)
1T

+

1
2f
⊥(1)
1T

−

−
3
2f
⊥(1)
1T

−

−
3
2f
⊥(1)
1T
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Siverseffectsinidentical-quarkscattering

Hadronicscatteringcrosssection

dσ
HADRON

∝f
⊥(1)
1T(x1)f1(x2)dS

uu→uu
D1(z1)D1(z2)

withgluonicpolecrosssection

dS
uu→uu

=+
1
2+

1
2

+
3
2+

3
2

6∝dσ̂(uu→uu)
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comparingGPCSandPCSinqq̄→qq̄

0.20.40.60.81
y

-2

-1.5

-1

-0.5

N→∞

N=3

GPCS−PCS
PCS

y=−t̂/ŝ=cos
2
(

1
2θ)

θ:polarangleofoutgoingpioninc.o.m.
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comparingGPCSandPCSinqg→qg

0.20.40.60.81
y

-1

-0.8

-0.6

-0.4

-0.2

0.2

N→∞

N=3
GPCS−PCS

PCS

y=−t̂/ŝ=cos
2
(

1
2θ)

θ:polarangleofoutgoingpioninc.o.m.
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weighedscatteringcrosssection

〈sin(δφ)dσ〉

∝M1

∑

qi

f
⊥(1)
1T(x1)f1(x2)

dS
SIVERS

dt̂
D1(z1)D1(z2)

+M2

∑

qi

h1(x1)h
⊥(1)
1(x2)

dS
BOER-MULDERS

dt̂
D1(z1)D1(z2)

+Collinseffectcontributions

+gluon-Siverscontributions
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summary

•Gauge-linkscanbecalculatedbyresummingallinitial

and/orfinalstateinteractionsofcollineargluons.

•Consequenceofthegauge-linksisthatT-oddfunc-

tionsappearwithdifferentcalculablestrengthsinthe

differentscatteringchannels.

•Azimuthalasymmetriesinp
↑
p→ππXcanbewritten

asaconvolutionofuniversalPDFs,FFsandprocess-

dependenthardparts,thegluonicpolecrosssections.

Thegluonicpolecrosssectionsare,ingeneral,different

fromthepartoniccrosssections.
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