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Leading order v* — p scattering
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b Leading order v* — p scattering

In Dipole Picture at Leading Order v*p cross section using optical theorem:
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I Target evolution: BK equation

Target evolution is described approximatively! by the Balitsky-Kovchegov (BK) equation:

9y(So1)y = %/dzxz X [(Soz)y(Sa1)y — (So1)y] -
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'Mean field (large N¢) approx. of B-JIMWLK
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m Perturbative energy evolution

m Starts from a non-perturbative initial shape
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m Starts from a non-perturbative initial shape

m Numerous successful LO phenomenology studies:
Albacete et al (2011), Lappi, Méantysaari (2013); Tancu et al
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coonE » Describe inclusive HERA data well
Q° (DGLAP) » Simultaneous description of HERA heavy quark data

not as good

'Mean field (large N¢) approx. of B-JIMWLK
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Beyond LO: Evolution in projectile rapidity Y

m Projectile rapidity Y ~ In W2

2E. Tancu et al., Phys. Lett. B 744 (2015) 293
3G. Beuf, Phys. Rev. D 89 (2014) no. 7 074039
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Beyond LO: Evolution in projectile rapidity Y

m Projectile rapidity Y ~ In W?

m Higher order effects: resum large transverse log enhanced contributions
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Beyond LO: Evolution in projectile rapidity Y

m Projectile rapidity Y ~ In W?
m Higher order effects: resum large transverse log enhanced contributions

Collinear resummation of large transverse logs leads to "ResumBK" 2

Oy S(x01,Y) = /d2X2KDLAKSTLKBK[S(on)s(le) — S(x01)].

2E. Iancu et al., Phys. Lett. B 744 (2015) 293
3G. Beuf, Phys. Rev. D 89 (2014) no. 7 074039
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Beyond LO: Evolution in projectile rapidity Y

m Projectile rapidity Y ~ In W?
m Higher order effects: resum large transverse log enhanced contributions

Collinear resummation of large transverse logs leads to "ResumBK" 2

Oy S(x01,Y) = /d2X2KDLAKSTLKBK[S(on)s(le) — S(x01)].

Another technique leads to a kinematic constraint (KCBK) and non-local equation 3

Iy S(x01,Y) = /d2ZKBK9 (Y — Aoz — Yo ir)
X [S(x02,Y — Aoi2)S(x21,Y — Ag12) — S(x01,Y)]

2E. Iancu et al., Phys. Lett. B 744 (2015) 293
3G. Beuf, Phys. Rev. D 89 (2014) no. 7 074039
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Beyond LO: Evolution in target rapidity 7

1 .

Recent study® argues that evolution should be expressed in 7 ~ In T
J

9pS(x01,m) = /d2X2KBK9(77 — 1o — 0)[S(x02,m — 02)S (%21, — 621) — S(x01,7)]

4B. Ducloué et al., JHEP 04 (2019) 081
°B. Ducloué et al., Phys. Lett. B803 (2020) 135305
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Beyond LO: Evolution in target rapidity 7

Recent study? argues that evolution should be expressed in 7 ~ In ﬁw:

9, S (%01, 7) :/dQXQKBKe(n_770_5)[5(}(02777_502)5(X21777—521) S(xo01,m)]

m Evolution in 7, DIS impact factors in Y: need shift n =Y —p

_ 1
> p= In min{l,xijQQ(Q)}

m LO DIS fits done to HERA data with good results®.

4B. Ducloué et al., JHEP 04 (2019) 081
°B. Ducloué et al., Phys. Lett. B803 (2020) 135305
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I NLO DIS cross section in the Dipole Picture

Next-to-Leading Order v*p cross section can be partitioned as

NLO __ _IC a9 dip
oL =0Lrtoprtopy,

()G. Beuf, Phys.Rev.D 96, 074033 (2017)
‘unsub scheme’ of B. Ducloué at al., Phys.Rev.D 96, 094017 (2017)
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T NLO DIS cross section in the Dipole Picture

Next-to-Leading Order v*p cross section can be partitioned as

NLO dip
oLT —ULT+U Tt oL

where the NLO contributions are® 7:

1—=z
aSCF 1 de NLO
O’LT = 8N.em ef/ dzl/ KL (21, 22, X0, X1, X2)
™ z X0,X1,X2

2,min

2
o5P = 4N« e dz K 21,X0,X1) |5 In % T3
LT ema ™ f f 0 ! X0,X1 L7T( b= 1) 2 1—2 6 2]’
2
z9 = gluon momentum fraction. 22, min = GYO’ifl“BjQig

N.B. Evolution range is controlled by 22 min at NLO.

bG. Beuf, Phys.Rev.D 96, 074033 (2017)
‘unsub scheme’ of B. Ducloué at al., Phys.Rev.D 96, 094017 (2017)
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Initial condition and fit schemes

m Resolve the transient effect® (699 — 0, o3P £ 0) at 29 min ~ 1 by setting Yp i = 0
» Effective dipole prescription needed Y € [Yj i, Y0 Bk ]:

SB, Ducloué at al., Phys.Rev.D 96, 094017 (2017)
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Initial condition and fit schemes

m Resolve the transient effect® (099 — 0, 0% 2£ 0) at 20 min ~ 1 by setting Yo = 0
» Effective dipole prescription needed Y € [Yj i, Y0 Bk ]:

m Parametrize at Yy gk = Y ir or at Yy gk > 0 and freeze dipoles smaller rapidities
» MV-v amplitude shape

m Evolution equtions:

» Projectile momentum fraction: KCBK and ResumBK
» Target momentum fraction: TBK

8B. Ducloué at al., Phys.Rev.D 96, 094017 (2017)
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Initial condition and fit schemes

m Resolve the transient effect® (099 — 0, 0% 2£ 0) at 20 min ~ 1 by setting Yo = 0
» Effective dipole prescription needed Y € [Yj i, Y0 Bk ]:

m Parametrize at Yy gk = Y ir or at Yy gk > 0 and freeze dipoles smaller rapidities
» MV-v amplitude shape

m Evolution equtions:

» Projectile momentum fraction: KCBK and ResumBK
» Target momentum fraction: TBK

m Running coupling prescriptions
» smallest dipole: Balitsky prescription in LOBK and smallest dipole elsewhere
® Shortest lenght scale ~ largest momentum scale dominates
» parent dipole
8

B. Ducloué at al., Phys.Rev.D 96, 094017 (2017)

Henri Hénninen (JYU)



Fits to HERA data

. HERA data
KCBK fit
1.4F - ResumBK fit
.......... TBK fit
1.2r
~ L
B 1.0
0.8r
0.6F
0.4r
1075

Parent dipole rc, Yp gk = 0
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m All three BK equations can fit the full
HERA data well.




Fits to HERA data

* MERA m All three BK equations can fit the full
S ResumBIC i HERA data well.
12k m Even combined HERA data cannot
differentiate between BK equations
= 1.0r . . .
b and running coupling scheme choices
0.8F
0.6r
0.4F
107°

Parent dipole rc, Yp gk = 0
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Fits to HERA data

* MERA m All three BK equations can fit the full
S ResumBIC i HERA data well.
12k m Even combined HERA data cannot
differentiate between BK equations
= 1.0r . . .

b and running coupling scheme choices
0.8r m Balitsky 4 smallest dipole prescription
0.6- used overall slightly worse in x2/N
0.4F

107

Parent dipole rc, Yp gk = 0
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Subtracting heavy quarks from HERA data

m NLO impact factors calculated only for

— Alquarks
1.4} - - Light quarks

massless quarks

Oy

1
L4
1.3+
1.2~
& L1
1O
9 IYI\ bt
8 . . fr,
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T'Bj gy rpj

The solid and dashed lines show the calculated cross sections
from the IPsat fit that are used to generate the pseudodata.
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Subtracting heavy quarks from HERA data

m NLO impact factors calculated only for

LR Bfile | i massless quarks
¢ LT m Fit "light quark reduced cross section" data
| [@ope made from HERA data by subtracting heavy
L quarks
iof
S : (ll:
0.9 Iii 1N
L K P
0.7HQ? = 60GeV? = Q? = 120 GeV? N QF = 200GeV? x
0.6 L L i

2
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The solid and dashed lines show the calculated cross sections
from the IPsat fit that are used to generate the pseudodata.
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Subtracting heavy quarks from HERA data

m NLO impact factors calculated only for

Lip T Gl ) I massless quarks
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Subtracting heavy quarks from HERA data

m NLO impact factors calculated only for

Lip T Gl ) I massless quarks
¢ i Y m Fit "light quark reduced cross section" data
J [@amer, made from HERA data by subtracting heavy
ii quarks
ik m Charm, bottom contributions not measured
1.0 I \ . . .
osf i B in same bins as full cross sections
3(7 HQ? :‘(ier(‘V" B N Q= 120 GeV? '\. Q* = 200 GeV? i‘_ .
P07 0T 0 T 0T 0 I 10710 m Interpolate ¢, b data with LO IPsat fit®
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The solid and dashed lines show the calculated cross sections
from the IPsat fit that are used to generate the pseudodata.
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— Alquarks
1.4} - - Light quarks = =

Oy

Oy

LN

= N kl

0.7H* :‘(ier(‘V" *M Q? = 120 GeV? N QF = 200GeV?

1077 1077 1072 1077 1077 1072 1077107 10
T'Bj gy rpj

2

The solid and dashed lines show the calculated cross sections

Subtracting heavy quarks from HERA data

NLO impact factors calculated only for
massless quarks

Fit "light quark reduced cross section" data
made from HERA data by subtracting heavy
quarks

Charm, bottom contributions not measured
in same bins as full cross sections

Interpolate ¢, b data with LO IPsat fit®

Uncertainties not modified

from the IPsat fit that are used to generate the pseudodata.
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Fits to light quark data

NLO CGC can fit light quark data as well.
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Fits to light quark data

NLO CGC can fit light quark data as well.

Lak m Light quarks need larger ¢ and C?:

Lol Large slowly evolving

' non-perturbative contribution.
< 10

0.8F

0.6F HERA data T >

e LighQdaa eI
0.4F e
07 102
Ip;j
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Fits to light quark data

NLO CGC can fit light quark data as well.

Lak m Light quarks need larger ¢ and C?:
Lol Large slowly evolving
' non-perturbative contribution.
< 10
m Fitted parameters effectively take into
0.8f .
o account non-perturbative effects
00r o vom e
0.4
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Fits to light quark data

NLO CGC can fit light quark data as well.

m Light quarks need larger oy and C?:
Large slowly evolving
non-perturbative contribution.

m Fitted parameters effectively take into
account non-perturbative effects

m ay(k?~C?/r?)
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Fits to light quark data

NLO CGC can fit light quark data as well.

Lak m Light quarks need larger ¢ and C?:
Lol Large slowly evolving
' non-perturbative contribution.
< 1.0f
© . ) m Fitted parameters effectively take into
~ A account non-perturbative effects
N - 0y (k2 ~ C2/12)
04F bttty o
B (U TV A T(h
Ip;j
Data Qs X*/N | Qi C? 9 00/2 [mb]
HERA | parent 1.85 | 0.0833 3.49 0.98 9.74
light-q | parent 1.58 | 0.0753 37.7 1.25 18.41
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BK predictions at LHeC kinematics

— KCBK fit
10 [ ResumBK it
TBK fit

8 FHERA data fit, a,pq

f
ok = In 5y

1.0 1[;,() 100.0
Q* (GeV?)
m Anomalous dimension evolves
differently in Y and 7 evolution,
possible effect in Q? evolution
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8 FHERA data fit, a,pq
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m Anomalous dimension evolves
differently in Y and 7 evolution,
possible effect in Q? evolution

m Differences moderate even at LHeC
kinematics
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BK predictions at LHeC kinematics

— KCBK fit — KCBK fit
10 - ResumBK 6t 2.5 [ - ResumBK fit
TBK fit / TBK fit
8 FHERA data fit. a4 2.0 FHERA data fit, a.pq

Tk = In gy
6-107

~ 1.5
€3
1.0
0.5
0 ! 0.0 :
1.0 10.0 100.0 1.0 10.0 100.0
Q% (GeV?) Q* (GeV?)
m Anomalous dimension evolves m Effect between Y and 7 evolution
differently in Y and 7 evolution, slightly enhanced

possible effect in Q? evolution

m Differences moderate even at LHeC
kinematics
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BK predictions at LHeC kinematics

— KCBK fit — KCBK fit
10 - ResumBK 6t 2.5 [ - ResumBK fit
TBK fit / TBK fit
8 FHERA data fit. a4 2.0 FHERA data fit, a.pq

Tk = In gy
6-107

~ 1.5
€3
1.0
0.5
0 ! 0.0 :
1.0 10.0 100.0 1.0 10.0 100.0
Q% (GeV?) Q* (GeV?)
m Anomalous dimension evolves m Effect between Y and 7 evolution
differently in Y and 7 evolution, slightly enhanced

. . 2 .
possible effect in Q= evolution m [} is sensitive to smaller dipoles

m Differences moderate even at LHeC
kinematics
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Fit comparison to H1 F} data

05F L1 % LLL LLELELL G m Fy, computed with HERA 0ycq fits

04 S %% 3 228 3333 322 3 compared to H1 I, data

0.3r
~ 0.2
<3

0.1r

0.0F o Hldata

— KCBK fit
—0.1F T
0 100 1000

Q? (GeV?)
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Fit comparison to H1 F} data

05F L1L L LLL LLLLELL L m F;, computed with HERA oyeq fits

04f $ 923 35833323333 3 compared to H1 F, data

0.3k m Fits describe F7, nicely
~02F
€Y

0.1F

0.0 e Hldata

— KCBK fit
=011 ~ Tons
o 100 1000

Q? (GeV?)
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Fit comparison to H1 F} data

0.51 m I computed with HERA 0,4 fits

0.4F compared to H1 F7, data

0.3k m Fits describe F7, nicely

2 o9k m KCBK, ResumBK and TBK
= equivalent

0.1r

0.0 e Hldata
— KCBK fit

—0.1 e
1.0 T lllOI.O lll“ li(l)0.0

Q? (Go\"z)
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Fr,

050 LLL L LEELLLEL LLEL L
04_ I Y- 0 - = EC R Y- R-1 I ] o
0.3F
0.2r
0.1r
0.0r o Hidata
— KCBK fit
- ResumBK fit
—0.1F o TBK fit
1.0 10.0 100.0
Q? (Go\"z)
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Fit comparison to H1 F} data

m I, computed with HERA 0,¢q fits
compared to H1 F7, data

m Fits describe F, nicely
m KCBK, ResumBK and TBK

equivalent

m Would start to see differences between

evolutions at smaller xp;, moderately
high Q2
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Conclusions

m NLO DIS cross section and small-x evolution: first NLO fits to HERA data
» KCBK, ResumBK, and TBK all describe the combined HERA data well
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Conclusions

m NLO DIS cross section and small-x evolution: first NLO fits to HERA data
» KCBK, ResumBK, and TBK all describe the combined HERA data well
Important test for CGC at NLO
m Would be preferrable to fit precise F .
» Will include massive quarks when NLO impact factors become available

m Precise F» and F}, data over a wide kinematical range in « and Q2 can help to
constrain the evolution
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Thank you!

Henri Hénninen (JYU) June



Backup slides

Henri Hénninen (JYU) June



Fit results: KCBK

Data Qg Yo.BK x2/N 3}0 C? 00/2 [mb]
HERA | parent | Inggor 1.85 | 0.0833 3.49 0.98 9.74
light-q | parent In ﬁ 1.58 | 0.0753 37.7 1.25 18.41
HERA | parent 0 1.24 | 0.0680 79.9 1.21 | 18.39
light-q | parent 0 1.18 | 0.0664 1340 1.47 | 2712
HERA | smallest| Ingo; 1.89 | 0.0905 | 0.846 1.21 8.68
light-q | smallest| In 54; 2.63 | 0.0720 1.91 1.55 | 12.44
HERA | smallest 0 1.49 | 0.1114 | 0.846 1.94 8.53
light-q | smallest 0 1.69 | 0.1040 2.87 7.70 | 12.09

Fits to HERA and light quark data with Kinematically Constrained BK.
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Fits: ResumBK

Data Qg Yo.BK x2/N 3}0 C? ~ 00/2 [mb]
HERA | parent | Inggor 2.24 | 0.0964 1.21 0.98 7.66
light-q | parent In ﬁ 1.62 | 0.0755 11.7 1.24 16.53
HERA | parent 0 1.12 | 0.0721 89.5 1.37 19.68
light-q | parent 0 1.18 | 0.0794 1480 1.92 26.69
HERA | smallest| In ﬁ 2.37 | 0.0950 0.313 1.24 7.85
light-q | smallest| In ﬁ 2.21 | 0.0796 0.684 1.81 11.34
HERA | smallest 0 2.35 | 0.0530 0.486 1.56 10.10
light-q | smallest 0 3.19 | 0.0566 1.27 9.35 14.27

Fits to HERA and light quark data with Collinearly Resummed BK.
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Fits: TBK

Data Qg 10,BK x2/N 3}0 C? 00/2 [mb]
HERA | parent In ﬁ 2.76 | 0.0917 0.641 0.90 6.19
light-q | parent In ﬁ 1.61 | 0.0729 14.4 1.19 16.45
HERA | parent 0 1.03 | 0.0820 209 1.44 19.78
light-q | parent 0 1.26 | 0.0731 8050 1.86 29.84
HERA | smallest| In ﬁ 2.48 | 0.0678 1.23 1.13 10.43
light-q | smallest| In ﬁ 1.90 | 0.0537 3.55 1.59 16.85
HERA | smallest 0 2.77 | 0.0645 3.67 6.37 14.14
light-q | smallest 0 1.82 | 0.0690 822 8.35 29.26

Fits to HERA and light quark data with Target momentum fraction BK.
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csds AY = 0.58, Q, = 0.4 GeV

0.4F 0 AV =518, Q. = 0.754Gev

Gnas AY = =1.272GeV

0.2F — aupa AY =038, Q, = 0.388GeV

Qpas AY = = 1.04GeV

[ aupa AY =979, Q, = 2.169 GeV
0.0 e _ L L L L

104 1073 1072 1071 100 10!
Qs

mInY, at r ~1/Qs, parent dipole
increases, smallest dipole decreases ~y

m At asymptotically small dipoles v fixed

m Evolved v meet on a curve that fits
the data
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Evolution of anomalous dimension v(r) =

_ dInN(r)
dlnr?

LOF_

0.8

sy A = 0.58, Q, = 0.348 GeV/

Gty A = 518, Q, = 0.629 GeV

BT

m In 7, evolution at r ~ 1/Q decreasing
with either coupling

m Evolves towards asymptotic v ~ 0.6 at
large n
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