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e |ntroduction and photon isolation

e [actorization theorem
e Parameter dependence of cross section
e Resummation of In(R)
e Resummation of In(e)

e (Conclusion and outlook



Motivation

1. Test SM and probe BSM physics
2. Study gluon PDF with photon production
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Motivation

® Photon production at hadron collider

quv@% M)

Dq

direct fragmentation

Non-perturbative

e Background from energetic hadron decay of m’and 7

® Put photon 1solation constraints to suppress

the background



Photon 1solation cone

® [solated in outside region

® Energy constraint for inside
region:

OuUT

e Different types of photon
1solation



Photon 1solation cone

r
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Fixed-cone isolation Frixone cone isolation

ATLAS sets € = 0.0042 and E}, = 4.8 GeV

, No non-perturbative fragmentation
Involve non-perturbative effects



® [arge logarithm In(R) in NLO cross section

540

520!

S 480}
460}

440!

— 500}

MCFM

— onpo (isolated)

onLo (inclusive)

0.1 T 02 03
R

04

Gehrmann de Ridder, Glover '98

o(isolated) with Frixone-cone,
n=1,ey=1

o(inclusive) with GARG
fragmentation functions

® The cross section with 1solation 1s proportional to In(R)

® The Frixone-cone 1solation breaks down for R < 0.2

™

7

should have: o(isolated) < o(inclusive)



Same problem also for fixed-cone 1solation Catani, Fontannaz,
Guillet and Pilon in JHEP 05, 028 (2002)

Tevatron cross section

Isolation radius Total do
R NLO -7 (Pb/GeV]
1.0 3765.1 !
0.7 4098.0 | with EI =15GeV
0.4 4524.5
0.1 H431.1 Fixed-cone isolation,

e,=0.133
Without isolation | 5217.9 Also aisolated) depends

fragmentation functions.



® Pathological behavior in €~
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® The o(1solated) should decrease as ¢y 1s lowered

® The fixed-cone 1solation breaks down for small R and &,



Factorization theorem

Becher, Favrod, Xu, 2208.01554

§

Collinear to photon

Y

direct

e For small R, the cross sections are factorized as

do(Eo, R) doffy

dE., dE.
do;
T Z /dz = Fisy(2, By, Eo, R) + O(R)

1=¢,9,9 l

Cone fragmentation function
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Cone fragmentation function

’Fq_>’7(27 E’Ya EO) R7 :u) — Fin

q—r"y

(Za E’Y? ko, R, :u) T F;E},Y(Z, RE’Y? :u)

e NLO outside part of cone fragmentation function

o (o RE.) — B Qg {P(z) [1 _ 1m(RQ(zE%)Z (1— Zﬁﬂ - z}
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Cone fragmentation function

’Fq_>’7(27 E’Ya EO) R7 :u) — Fin

q—r"y

(Za E’yy ko, R, :u) + F;Effy(za RE’W :u)

Dq

]:in out
= F 4=

e NLO outside part of cone fragmentation function

o (s R — F { P(2) [1 _ IH(RZ(%E%)Q (1- z)zﬂ — z}

=7 QT € ,u\

. 2
LrU =2 Jetscale p; = RE}

z

Splitting function P(z) =
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Cone fragmentation function

’Fq_>’7(27 E’Ya EO) R7 :u) — Fin

q—r"y

(Za E’Y? ko, R, :u) T F;E},Y(Z, RE’Y? :u)

e NLO outside part of cone fragmentation function

o (o RE.) — B Qg {P(z) [1 _ 1m(RQ(zE%)Z (1— Zﬁﬂ - z}

=" 2T €
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Cone fragmentation function

Fys(2, By, Eg, R, i) = Fi&

q—r"y

(Za E’Y7 E07 R7 :u) T F;E;ny(za RE’V? :u)

n
‘FCI—W

e NLO outside part of cone fragmentation function

o (o RE.) — B Qg {P(z) [1 _ IH<R2(2E%)2 (1— Z)?ﬂ - z}

=" 2T €

® [t’s independent of cone 1solation
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Cone fragmentation function

® [nside part for Frixone-cone 1solation isolation energy constraint

/

in EMQ Z € 1
‘/Tq—yy(ZyEq/,EO,R,,U) 5 P(z)— ln(l i >9<Z— )

T n —z 1+e7

® [nside part for fixed energy cone 1solation

' 1
"T"il:’y(zaR7 E’y’ EO)M) z—)*y < ,LL + Z 521.@1,{_)7 2 R E,y,ILL) H(Z — )
k=q,q

in omM Qg R*(2E})°
Iq_w(z,R, 15 1) = . { {P(z) ln( MQT (1 — z)2> —|—Z}

e Inside part are power suppressed in the limit €y, = 0
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parameter dependence

Independent on 1solation

do(Eog, R) doSy X/

TR 1o
daz
-+ E / _I_X z—)’y( E’WEO)R) +O(R)

1=4,4,9

e Study the difference of cross sections with different parameters

Ao =0 (ey,n, R) — 0(€§ef, n' Rreh

Ao =) / dE; / dszHXA]-}_W

/L q q min
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ey-dependence (Frixone)

= T

FOU (2 RE,) = o Gy {P(z) [

apMQ;

}-in

q—w(za E’y> Eo, R, M) —

1

— —In

€

40t

30

10F

AN R =04

— A0 R =03
AV R=0.2
0 02 04 06 o8 1.0

P(2)2 m(

2T n

Ao [pb]

14

30

— 2

)

(“320-)] -

Z €y )9(,2— 1
1

1+ e,

40

20¢

10r

_Ac? R=03
~Ac?¥, R=02

¢ 0; & AE—W

~Ao?¥, R=104

R:Rref
refl
€, = (0.02
n=n"=10
0 02 04 06 08 10



ey-dependence (Frixone)

F2U (2, RE,) =~ % {P (2) F - IH(RQQE%)Q (1 - z>2)] - Z}

2 € (2
apMQ;

1 1
P(z)—ln( “5 )Q(z— )
27 n 1—2z 1+ e,

vvvvvvvvvvvvvvvvvvv

o —AY R=04
AP R=0.3

ANV R=02

f-in

q—w(’z? E’Y? Eo, R, M) —

Ao [pb]

10F

® Good agreement between NLO (solid) and fragmentation
approach (dots)
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ey-dependence (Frixone)

= T

FOU (2 RE,) = o Gy {P(z) [

apMQ;

}-in

q—w(za E’y> Eo, R, M) —

1

— —In

€

40t

30

10F

AN R =04

— A0 R =03
AV R=0.2
0 02 04 06 o8 1.0

P(2)2 m(

2T n

Ao [pb]

14

30

— 2

)

(“320-)] -

Z €y )9(,2— 1
1

1+ e,

40

20¢

10r

_Ac? R=03
~Ac?¥, R=02

¢ 0; & AE—W

~Ao?¥, R=104

R:Rref
refl
€, = (0.02
n=n"=10
0 02 04 06 08 10



ey-dependence (Frixone)

F2U (2, RE,) =~ % {P (2) F - IH(RQ(ZE%)Q (1 - z>2)] - Z}

2 € (2
apMQ;

1 1
P(z)—ln( “5 )9(,2— )
27 n 1—2z 1+ e,

vvvvvvvvvvvvvvvvvvv

o —AY R=04
AP R=0.3

ANV R=02

}-in

q—w(zv E’Y? Eo, R, M) —

Ao [pb]

10F

® [t has better agreement for smaller R with fragmentation
approach (power suppressed 1n R)
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R-dependence (Frixone)

po o ([ (B )] )
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R-dependence (Frixone)

pot oy ([ (B )] )
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® Proportional to In(R) — Ao ~ 111(7)
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R-dependence (Frixone)
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R-dependence (Frixone)

pot oy ([ (B )] )

= QT €
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e Better agreement if exclude inside gluons (power suppressed)

15



Ao

60+

50¢

40}

30

20¢

10¢

R-dependence (Fixed-cone)
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Inside part for fixed-cone also has In(R) dependence

For small €+, inside part 1s suppressed and the cross
section recovers In(R) dependence with Frixone 1solation
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IN(R) resummation

® Fragmentation function fulfill i
with DGLAP equation !
ko~ s doap—it X
L]:. (2, 1) = Z P .. R F U
dlnp” 777 L I DGLAP
J=7:49,9,9 &
E,R~EyR —— Ti;
*
® Evolve from jet scale to hard DGIJAP
scale to resum In(R) Aqop —— Dj,,
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Ao

IN(R) resummation

120,
100} » 0i(tn) @ AFin (pn)
sol - 0i(pn) @ AFiq (1))

— AoNLO
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005 0.0 ‘ 0.20
R
® Show the difference of the cross sections

® Resummation fixes the unphysical behavior
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Resummation of In(R) and In(e)
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For ATLAS, Fy ~ 5GeV - small e,

Only soft radiation 1nside the cone
Large logarithm associated with ln(ev)

Inside part of cone fragmentation function 1s suppressed

A typical process with non-global log

20



Factorization for Fi_.

/ (Becher, Neubert, Rothen,
p——— Shao '15)

® The fragmentation function 1s factorized as

oo

Fisn(z,REy, REo, 1) =Y (Fisni({n}, RE,, z, 1) @ Uy ({n}, R Eo, 1))

\ \

energetic partons soft radiation
outside cone INside cone

21



0. @)

Fi—ry(Z)RE’YvREOv,u) — Z <s7i—>’y—|—l({ﬂ}7RE’)/7znu) ®ul ({E}v REO?M)>

[=1

® Run the parton shower to
resum NGL log

® Solve the DGLAP equations
for cone fragmentation function

22
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Resummation of In(R) and In(e~ )

0.05 Col0 050
€y
e For small €+, the NGL effect 1s comparable to
In(R) resumption

® For the full cross section, add direct part

odir ~ 29() pb
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A simple relation

® Inthelimit R — 0 and e, — 0, the inside part
1S suppressed

Mg

Fiy(z, REy, R Eg, j1) Tisyri{n}, REy, z, p) @ Uy ({0}, R Eo, 1))

l:1

® We can derive a relation between

ref
AO- — O-ﬁxedcone(R7 6»}/) T OFrixoneCOne(R7 E’y ) n)

2
Ao = Z / dFE; / dUHX Q @EM Cras P(z2) [W—IH hall + 2n Cg]

T A 3 e,y
i=q,q

® (Can be used to convert NNLO smooth-cone into

fixed-cone results. For standard setup and €y = e,rye

Ao = —1.3pb
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Outlook and conclusion

e Have performed a detailed analysis of QCD effects
assoclated with photon 1solation

® Understand 1solation with analytical formalism

® Resum the effects of In(ey) and In(R)

e Experimental measurements of photon production
With different values of R and &,
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Appendices



Cone fragmentation function

n—l_Eut

E,=2zyE; = zE;

d 1 —
fz—>’7(’z E EO R ,LL Z / Zh /dE1n9<EO — Eln — ZhZhE’Y>

J1=7:49,9,9
7,—>] (Z/wa E’77 Eina R7 :u) Dj—)’y<zh7 :u)

1

e Should have: By = e, E, — z;, >
ou ave 0 €~ Liny Zh 1+€7

o Inthelimitofe, =0: Dy_(2n, 1) =0(1 — 2p)
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Cone fragmentation function

fg-
N
D

The cone fragmentation function reads

Efy = Zth = ZEZ

Constraint on isolation energy

/

d 1 —
Fi—wy( EfyaEOaR ,U Z / @h /dEm9<EO Ei, — —ZhEW>

Zh
1=7:4,4,9
/ IZ—)] (Z/Zh7 E’Va Eina R) ,u) Dj—>’y(zh7 ,LL)

perturbative kernel Non-perturbative fragmentation function
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Status of fixed order predictions

® NLO predictions
® Jetphox , Diphox

e MCFM

o MGS aMC@NLO but restricted to Frixone-cone

e NNLO predictions

® Prompt photon

® [solation with hybrid-cone
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NNLOJET pp-y+tJet /5=13 TeV

1009 5 [ ] NLO
\ NNLO

;' 10—1 ] i i
O e ?  ATLAS

NNPDF40 _nnlo_as_ 01180
1 Pr=Pr=Py, HPa=Mcone

UV 6] py>125 Gev, |nyl<2.37, [1.37,1.56] excl.
p*t>100 GeV, |yjet]|<2.37 ARyjet=0.8

o)
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New: first NNLO results with fixed-cone 1solation Chen,
Gehrmann, Glover, Hofer, Huss, Schurmann ’22
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Factorization for |et process
(Becher, Neubert, Rothen, Shao '15)

r = tan®(a/2)

® The cross sections are factorized as

O

r(@QQu =Y %Hm({n},@u) @f_>

Color trace Integration over direction {n}
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(Becher, Neubert, Rothen, Shao ’15)

@)

CXOEDS %Hm({n},@u)?_>

Color trace Integration over direction {n}

Hard function with fixed direction {n} = {ni,...,nm}

d—3
(21,00 = 5055 3 IT [y IMun{ph) M ()

spins 1=1

m*6(Q ZE) 50D (Fror) Oun({n})

Soft function along directions {z} = {n1,...,nm}

Sm({n}, Qo,€) :E (0187 (n1) - ST, (1) [ Xs) (X[ S1(n1) - S (1) [0) 0(Qo — 2E ou)

Xs
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Parton shower

1 S
RG equations at LO / t= oo n Z Ezhi
d
—Hom () = Hon () Vi + Hon 1 ()R

Solutions of RG equations

4
Hon(8) = Hon (00)e ™V [ 1 ()Rl =V

to

Parton shower for hard function , ,
(Balsiger, Becher, Shao ’18),

) R > (Dasgupta, Salam *02),
(Banfi, Marchesini, Smye ’02),



