
QCD Anatomy of Photon Isolation

Samuel Favrod

In collaboration with
Thomas Becher and Xiaofeng Xu

University of Bern

April 2022

S. Favrod SCET workshop Bern April 2022 1 / 22



Outline

• Introduction and isolation cone

• Photon production factorization, fragmentation and resummation

• Results

• Conclusion

S. Favrod SCET workshop Bern April 2022 2 / 22



Intro: Source of photon in proton collision

• Emission from a parton
• Perturbative emission
• Non-perturbative fragmentation Di→γ

pq pγ = zpq

Dq→γ(z, µ)

• Hadron decays, for example:

π0 → 2γ

• How do we separate photons from different origins?
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Isolation cone

• Define a distance between parton i and photon γ:

ri =
√

(ηi − ηγ)2 + (φi − φγ)2, ηi =
1

2
log

( |~pi |+ pzi
|~pi | − pzi

)

OUT

IN

R

• For ri > R OUT: no restrictions

• For ri ≤ R IN: restriction on
Ehadronic

• Different types of energy
restrictions: Fixed energy cone,
Frixione cone

S. Favrod SCET workshop Bern April 2022 4 / 22



Isolation criteria

• Fixed energy cone (E = ET at hadron collider):

Ehad < Eiso = εγEγ + Ethreshold for ri ≤ R

• Typically Eiso � Eγ , Ethreshold sometimes 0

• Smooth cone (Frixione, 9801442):

Ehad (r) < Eiso (r) = εγEγ

(
1− cos r

1− cosR

)n

= Eγχ(εγ , n,R; r) for r ≤ R

• χ(r = R) = εγ and χ(r = 0) = 0

Fixed Energy Frixione

γ from hadronic decays suppressed 3 3

non-pertubative Di→γ suppressed 7 3

NNLO computations done 7 3

Experimentally realisable 3 7
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Factorization for γ isolation, wide cone

• e+e− or pp → γ + X with large cone, εγEγ = Eiso, εγ � 1
• Factorization wide cone with xγEγ = Q

2

dσ(εγ ,R)

dxγ
=
∞∑

m=2

〈Hγ+m ({n},Q,R)⊗ Sm ({n},Qεγ ,R)〉

• Resummation of log εγ in 1803.07045 3
• Narrow cone, logR terms?

Iso radius R Total σ NLO

1.0 3765.1
0.4 4524.5
0.1 5431.1

No isolation 5217.9

Data from 0204023, log R
resummed in 1306.6498 3
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Narrow cone factorization

• For R � 1 then σ factorizes z =
Eγ

Eemitting
, Eiso is isolation energy

dσ(Eiso,R)

dEγ
=

dσinclγ+X

dEγ

+
∑

i=q,q̄,g

∫
dz

dσi+Y

dEi
Fi→γ(z ,Eγ ,Eiso,R)+O(R)

• σincl does not see the cone for R � 1 and σiY is pp → iY at LO
• Fi→γ is the cone fragmentation function, what is it?

σincl σi ⊗ Fi→γ
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Narrow cone factorization, Eiso ∼ Eγ

d�ab!ij
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E�R ⇠ EisoR

• Consider R � 1 and, Eiso ∼ Eγ
• Fout is the same for Frixione

and fixed energy cone

• Fout is independent of Eiso

• Frixione: Dj→γ is suppressed

• Fixed energy cone and Eiso not
small has non-perturbative part

• F depends on isolation
parameters

FNLO
q→γ (z ,Eγ ,Eiso,R, µ) = F in

q→γ(z ,Eγ ,Eiso,R, µ) + Fout
q→γ(z ,R Eγ , µ) ,
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pp → γ + X and fragmentation F for Frixione isolation

pi

pq

pγ pγ

pq

pi

Pq→γ(z) = P(z) =
z2 − 2z + 2

z
pTγ = zpTi

Fout
q→γ (εγ , n,R, z) =

αe2
q

2π

[
P(z)

(
1

ε
− ln

(
R2Q2

µ2
z2(1− z)2

))
− z

]

F in
q→γ (εγ , n,R, z) =

αe2
q

2π
θ

(
z − 1

1 + εγ

)
P(z)

n
ln

(
1− z

zεγ

)
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pp → γ + X and fragmentation F for fixed energy cone

• Same outside cone fragmentation

Fout
q→γ (εγ ,R, z) =

αe2
q

2π

[
P(z)

(
1

ε
− ln

(
R2Q2

µ2
z2(1− z)2

))
− z

]

• Inside at NLO

F in
i→γ(z ,R,Eγ , Eiso, µ) = [Di→γ(Eγ , z , µ)

+ I ini→γ(z ,R,Eγ , µ)
]
θ

(
z − 1

1 + εγ

)

• Perturbative part

I inq→γ (εγ , n,R, z) = −Fout
q→γ (εγ ,R, z)
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pp → γ + X and fragmentation F

• Our fragmentation prediction vs MG5 aMCNLO NLO: predictions
should be in agreement for small R

• Compute ∆σ:

∆σ
(
εγ , n,R; εrefγ , nref ,R ref

)
= σ (εγ , n,R)− σ(εrefγ , nref ,R ref )

• Compute ∆σ using Fi→γ :

∑

i=q,q̄

∫ 1

0
dz

dσiY
dz

[
Fi→γ (z ,R, εγ , n)−Fi→γ

(
z ,R ref , εrefγ , nref

)]

• Compute ∆σ using only MG5 aMCNLO

• Do it for both Frixione and fixed energy for different parameters

• Compare ∆σ fixed order MG5 aMCNLO and ∆σ from Fi→γ
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Results: Frixione cone εγ dependence

F in
i→γ (εγ , n,R, z) ∼ P(z)

n
ln

(
1− z

zεγ

)

Δσmg, R 0.4

Δσmg, R 0.4 no gluon

ΔσF

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

ϵγ

Δ
σ
[p
b
]

R = Rref, n = nref=0.5, ϵγ
ref= 0.02
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Results: Frixione cone εγ dependence

F in
i→γ (εγ , n,R, z) ∼ P(z)

n
ln

(
1− z

zεγ

)

Δσmg, R 0.4

Δσmg, R 0.4, no gluon

Δσmg, R 0.1

Δσmg, R 0.1 no gluon

ΔσF

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

ϵγ

Δ
σ
[p
b
]

R = Rref, n = nref=0.5, ϵγ
ref= 0.02
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Results: Frixione cone R dependence

Δσmg,

Δσmg, no gluon

ΔσF

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

10

20
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70

log Rref R)

Δ
σ
[p
b
]

R
ref=0.4, n=nref=1.0, ϵγ=ϵγ

ref= 0.1

• Our calculation for F allows us to understand the dependence of ∆σ
on its parameters, similar results for n dependence

• Good agreement even for R = 0.4
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Results: fixed energy cone R dependence

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

5

10

15

• Unlike Frixione, slope depends on εγ , note that εγ = εrefγ
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Results: fixed energy cone R dependence
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• Unlike Frixione, slope depends on εγ , note that εγ = εrefγ
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Results: fixed energy cone εγ dependence
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• εγ = εrefγ , to avoid Di→γ
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Resummation of logR

• Need to resum logR in F
• Non-homogeneous DGLAP:

d

d lnµ
Fi→γ(z ,Ej ,Et , µ) = Pi→γ(z) +

∑

j=q,q̄,g

Pi→j ⊗Fj→γ

• Need non-homogeneous up to O (ααs) (from 1512.00612) e.g.

Pg→γ =
α

2π

αs

2π

TF
∑nf

q=1 e
2
q

2

(
20z2

3
+ 8z

+
4

3z
− 2(z + 1) log2(z)− (10z + 6) log(z)− 16

)

• Solve it using Mellin transform or in z space directly
• Both agree
• Mellin is here more efficient
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Resummation of logR : preliminary results

Δσmg,

Δσmg, no gluon

ΔσF

ΔσFResum
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Resummation of log εγ, R � 1 and εγ = Eiso/Eγ � 1

Fi→γ(z ,R Eγ ,R Eiso, µ) =
∞∑

l=1

〈Ji→γ+l({n},R Eγ , z , µ)⊗Ul ({n}, R Eiso, µ)〉

U l
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Ji!l+�

<latexit sha1_base64="yQsiB7xu+5PbNypLsngUX1qONTg=">AAAAAHicbVDLSgMxFM3UV62vqks30SIIlTIjBV0W3YirCvYBnaHcSdM2NJkZkoxShvkIl36JS3Ujbl248G9M21lo64HA4Zx7uTnHjzhT2ra/rdzS8srqWn69sLG5tb1T3N1rqjCWhDZIyEPZ9kFRzgLa0Exz2o4kBeFz2vJHVxO/dU+lYmFwp8cR9QQMAtZnBLSRusWy64vEFaCHBHhyk6bdxD1krmSDoQYpwwfMcdkdgBCQdoslu2JPgReJk5ESylDvFr/cXkhiQQNNOCjVcexIewlIzQinacGNFY2AjGBAO4YGIKjykmmoFB8bpYf7oTQv0Hiq/t5IQCg1Fv6pL8zwJIGatyfif14n1v0LL2FBFGsakNmtfsyxDvGkJNxjkhLNx4YAkcx8F5MhSCDaVFkwPTjzqRdJ86ziVCvObbVUu8wayaMDdIROkIPOUQ1dozpqIIIe0TN6RW/Wk/VivVsfs9Gcle3soz+wPn8Aj6+gHQ==</latexit>

E� ⇠ ŝ

<latexit sha1_base64="trE+ssQbHN2S/l8JtCC5yae2KCU=">AAAAAHicbVBNS8NAEN3Ur1q/ouLJy2IRPEhJpKDHoggeK9gPaEKYbDft0t0k7G6EEnryl3hUL+LV3+HBf+O2zUFbHww83pthZl6Ycqa043xbpZXVtfWN8mZla3tnd8/eP2irJJOEtkjCE9kNQVHOYtrSTHPaTSUFEXLaCUc3U7/zSKViSfygxyn1BQxiFjEC2kiBfXQbeAMQArCnmMDeEHSuJoFddWrODHiZuAWpogLNwP7y+gnJBI014aBUz3VS7ecgNSOcTipepmgKZAQD2jM0BkGVn8/On+BTo/RxlEhTscYz9fdEDkKpsQjPQ2GaBeihWrSn4n9eL9PRlZ+zOM00jcl8V5RxrBM8jQP3maRE87EhQCQz52IyBAlEm9AqJgd38etl0r6oufWae1+vNq6LRMroGJ2gM+SiS9RAd6iJWoigHD2jV/RmPVkv1rv1MW8tWcXMIfoD6/MH2CeWeg==</latexit>

E�R

<latexit sha1_base64="lDIVPj9o9WpEbPjtzJMYAAjAI1M=">AAAAAHicbVDLSgNBEOz1GeMr6tHLYBA8SNiVgB6DIniMYh6YhNA7mSRDZmaXmdlACPkLj+pFvPo3HvwbJ8keNLGgoajqprsrjAU31ve/vZXVtfWNzcxWdntnd28/d3BYNVGiKavQSES6HqJhgitWsdwKVo81QxkKVgsHN1O/NmTa8Eg92lHMWhJ7inc5Reukp9t2s4dSInlo5/J+wZ+BLJMgJXlIUW7nvpqdiCaSKUsFGtMI/Ni2xqgtp4JNss3EsBjpAHus4ahCyUxrPLt4Qk6d0iHdSLtSlszU3xNjlMaMZHgeStcs0fbNoj0V//Maie1etcZcxYllis53dRNBbESmCZAO14xaMXIEqebuXEL7qJFal1PW5RAsfr1MqheFoFgI7ov50nWaSAaO4QTOIIBLKMEdlKECFBQ8wyu8eUPvxXv3PuatK146cwR/4H3+ALqNkWQ=</latexit>

NGL

<latexit sha1_base64="9AaHQZopSoA7XA/LQuihqMtDx+Y=">AAAAAHicdVBNSwMxEM3Wr1q/qh69BIvgQZbdurT1VvSgB5EKtlbapWTTbBuaZJckK5Slv8KjehGv/hwP/huzbQUVfTDweG+GmXlBzKjSjvNh5RYWl5ZX8quFtfWNza3i9k5LRYnEpIkjFsl2gBRhVJCmppqRdiwJ4gEjt8HoLPNv74lUNBI3ehwTn6OBoCHFSBvpLu1KDq/OLye9YsmxT2qVsleBju04VbfsZqRc9Y496BolQwnM0egV37v9CCecCI0ZUqrjOrH2UyQ1xYxMCt1EkRjhERqQjqECcaL8dHrwBB4YpQ/DSJoSGk7V7xMp4kqNeXAUcNPMkR6q33Ym/uV1Eh3W/JSKONFE4NmuMGFQRzALAPapJFizsSEIS2rOhXiIJMLaxFQwOXw9C/8nrbLterZ77ZXqp/NE8mAP7IND4IIqqIML0ABNgAEHD+AJPFuJ9Wi9WK+z1pw1n9kFP2C9fQKQfJFb</latexit>

µ

<latexit sha1_base64="gzIttbuAQWu5tcUC+9hXzPpvU7M=">AAAAAHicbVDLSgNBEOyNrxhfUY9eBoPgQcKuBPQY9OIxonlAsoTZyWwyZB7LzKwQlnyCR/UiXv0iD/6Nk2QPmljQUFR1090VJZwZ6/vfXmFtfWNzq7hd2tnd2z8oHx61jEo1oU2iuNKdCBvKmaRNyyynnURTLCJO29H4dua3n6g2TMlHO0loKPBQspgRbJ300BNpv1zxq/4caJUEOalAjka//NUbKJIKKi3h2Jhu4Cc2zLC2jHA6LfVSQxNMxnhIu45KLKgJs/mpU3TmlAGKlXYlLZqrvycyLIyZiOgiEq5ZYDsyy/ZM/M/rpja+DjMmk9RSSRa74pQjq9DsdTRgmhLLJ45gopk7F5ER1phYF1DJ5RAsf71KWpfVoFYN7muV+k2eSBFO4BTOIYArqMMdNKAJBIbwDK/w5invxXv3PhatBS+fOYY/8D5/AEbJjuc=</latexit>

DGLAP

<latexit sha1_base64="D4nGuU2EFbtclEQ64WS/5xqLA5s=">AAAAAHicdVDLSgMxFM3UV62vqks3wSK4kJLpu7v6AF24qGAfMB1KJk3b0GRmSDJKGfoZLtWNuPVrXPg3pg9BRQ9cOJxzL/fe44WcKY3Qh5VYWl5ZXUuupzY2t7Z30rt7TRVEktAGCXgg2x5WlDOfNjTTnLZDSbHwOG15o/Op37qjUrHAv9XjkLoCD3zWZwRrIzlxRwp4cXl9Wp900xmURaViNY8gyhaRXa5WDUGoVMnnoG3IFBmwQL2bfu/0AhIJ6mvCsVKOjULtxlhqRjidpDqRoiEmIzygjqE+FlS58ezkCTwySg/2A2nK13Cmfp+IsVBqLLwTT5hmgfVQ/ban4l+eE+l+xY2ZH0aa+mS+qx9xqAM4jQD2mKRE87EhmEhmzoVkiCUm2gSVMjl8PQv/J81c1i5k7ZtCpna2SCQJDsAhOAY2KIMauAJ10AAEBOABPIFn6956tF6s13lrwlrM7IMfsN4+Abhokf0=</latexit>

<latexit sha1_base64="R4Mc/+Rc1w6vJtnxmyqXAPv1KYM=">AAACAnicbVDLSsNAFJ34rPUVdSVugkVwVRIp6rIoiMsK9gFNCDfTSTt0JgkzE6GE4MZfceNCEbd+hTv/xkmbhbYeGDiccy9zzwkSRqWy7W9jaXlldW29slHd3Nre2TX39jsyTgUmbRyzWPQCkITRiLQVVYz0EkGAB4x0g/F14XcfiJA0ju7VJCEeh2FEQ4pBack3D10OaoSBZTe5n1FXxZY7BM4h982aXbensBaJU5IaKtHyzS93EOOUk0hhBlL2HTtRXgZCUcxIXnVTSRLAYxiSvqYRcCK9bBoht060MrDCWOgXKWuq/t7IgEs54YGeLA6W814h/uf1UxVeehmNklSRCM8+ClNm6aBFH9aACoIVm2gCWFB9q4VHIAAr3VpVl+DMR14knbO6c15v3DVqzauyjgo6QsfoFDnoAjXRLWqhNsLoET2jV/RmPBkvxrvxMRtdMsqdA/QHxucPr0qXoA==</latexit>Fi!�

<latexit sha1_base64="DyARGsfpL8QycdvCWDkR5fommbE=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdSLx4r2A9oQtlsN+nS3U3Y3Qgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5YcqZNq777ZQ2Nre2d8q7lb39g8Oj6vFJVyeZIrRDEp6ofog15UzSjmGG036qKBYhp71wcjf3e09UaZbIRzNNaSBwLFnECDZW6vktFsf+bFituXV3AbROvILUoEB7WP3yRwnJBJWGcKz1wHNTE+RYGUY4nVX8TNMUkwmO6cBSiQXVQb44d4YurDJCUaJsSYMW6u+JHAutpyK0nQKbsV715uJ/3iAz0W2QM5lmhkqyXBRlHJkEzX9HI6YoMXxqCSaK2VsRGWOFibEJVWwI3urL66R7Vfeu642HRq3ZKuIowxmcwyV4cANNuIc2dIDABJ7hFd6c1Hlx3p2PZWvJKWZO4Q+czx8oNY93</latexit>)

<latexit sha1_base64="mq3srRumDzdndyZX3hrdsC1Aco0=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegCB6jmAckS5idTJIh81hnZgNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFMWfG+v63l1tZXVvfyG8WtrZ3dveK+wd1oxJNaI0ornQzwoZyJmnNMstpM9YUi4jTRjS8mfqNEdWGKfloxzENBe5L1mMEWyeFt520rQViRk3QQ6dY8sv+DGiZBBkpQYZqp/jV7iqSCCot4diYVuDHNkyxtoxwOim0E0NjTIa4T1uOSiyoCdPZ0RN04pQu6intSlo0U39PpFgYMxaR6xTYDsyiNxX/81qJ7V2FKZNxYqkk80W9hCOr0DQB1GWaEsvHjmCimbsVkQHWmFiXU8GFECy+vEzqZ+Xgonx+f16qXGdx5OEIjuEUAriECtxBFWpA4Ame4RXevJH34r17H/PWnJfNHMIfeJ8/LLiRuQ==</latexit>

EisoR

• Small isolation energy Eiso, at
LO Ul = 1:

• Eiso � Eγ non-perturbative
suppressed

• Use code NGL resum, performs
a parton shower to resum the
log

• Cone is narrow → boost the
system: cone is half hemisphere.

S. Favrod SCET workshop Bern April 2022 20 / 22



Summary

• Factorization theorem for narrow isolation cone: for both large and
small Eiso

• We compute the cone fragmentation function F at LO

• Test our predictions versus MG5 aMCNLO → small power
corrections, also for R = 0.4

• Better understanding of the dependence of the cross section on its
parameters

• We performed resummations of large logarithms of small radius R

• Next step: numerics of log εγ resummation using parton shower code
NGL resum: see https://pypi.org/project/ngl-resum/

2006.00014
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https://pypi.org/project/ngl-resum/


Thank you for your
attention!

S. Favrod SCET workshop Bern April 2022 22 / 22


