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the gluon

The gluon - facts & mysteries
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gluon = carrier of strong force & building block of Standard Model
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the gluon
1979: Discovery of the gluon @ PETRA/DESY
Fl 1T [T 1'0

. : 5 Tracks 7 Tracks :
2 jet events: - ~
T r8.7 Gev 299 Gev |
_\ I 1 ly—
R 5 racks
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3 jet events:

+ confirmation of spin 1 nature of gluon

[TASSO-collaboration, Phys. Lett. B 86, 243 (1979)]
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the gluon

Asymptotic freedom: the role of glue
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o, v Tdecays (NLO)
S(Q) @ Lattice QCD (NNLO)
& DIS jets (NLO)
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The self-interaction (of color charged) gluons is fundamentally responsible for
the asymptotic freedom of quarks and gluons in Quantum Chromodynamics (QCD)
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the gluon

The gluonic field and confinement ...

0 05 1 15 22 2.52 3 35 4 45
m*/GeV’

Regge trajectories & its intuitive linear confinement potential

between quarks

explanation within the relativistic

string model
—ge
2
q = d
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the gluon

Sort of a paradox .....

o

~a——
Quarks

Mass = 1.78x1026 g

\ Proton

. Mass ~168x10%0 g

\

» gluon is massless, yet responsible for nearly all the mass of visible
matter

» Higgs-mechanism provides (through quarks) only 1% of the proton's
mass
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the gluon

The puzzle:

> (Nearly) all visible matter is made up of quarks and gluons

» But quarks & gluons are not visible

> 98% of the visible mass is generated from quarks & gluons

> but gluons are massless and quarks are so to a good approximation
=> Strongly interacting matter is consequence of many-body quark-gluon
dynamics

From the EIC white paper : “... The current consensus is that the gluons
are responsible for both the quark confinement and much of the hadronic mass. The
gluons, which bind quarks together into mesons (...) and baryons (...), significantly
contribute to the masses of hadrons. At the same time, gluons are significantly less well-

”

understood than quarks ..

Understanding the glue = Understanding the origin of matter == need to
develop a deep and manifold knowledge of dynamics of strong interactions

Martin Hentschinski (ICN-UNAM) The glue that binds us all April 22, 2015 9 /66



QCD

Quantum Chromodynamics & the proton -
what we know and what we don’t know
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QCD

The Deeply Inelastic Scattering (DIS) femtoscope
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Q2 Bjorken x: Momentum

Proton xr =
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2 - fraction of struck quark
ee”

= Measure of (7"p) center-of-mass

energy at fixed resolution Q>

inclusive, unpolarized & no charge: proton structure functions Fs(x, Q?),
. 2
Fr(x,Q?) or reduced cross-section o, = Fy(z, Q%) — oL, Q?)
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QCD

The deeply inelastic scattering (DIS)
femtoscope

F2(x) T T T T T T T
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From SLAC fixed target
DIS... (late 1960s) “

Y |
Friedman Kendall
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QCD

The deeply inelastic scattering (DIS) femtoscope
HERA collider at DESY (1992-2007)
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Find: proton at high energies (= small z) dominated by gluon &
sea-quarks
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QCD

Successes of perturbative QCD
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» parton distribution functions extracted from HERA data give
(together with corresponding partonic coefficients, calculated in
perturbation theory) excellent description of hard events in pp and pp
scattering (= events with scale Q > Agcp ~ 1/fm)

» pQCD as a tool to determine production cross-sections and
backgrounds in the search for new physics
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Energy

QCD

Looks great! - Aren't we done?

-
I unitarity /z’
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Reggeons I bounda;y/
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Meson exchange I
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Theory I

AQCD

Hard scale Q/resolution
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QCD

What does the proton look like ?

Glue dominated

Static pictures
P boosted proton

Bag model: y :'““\
« Field energy distribution is ( . Bag
wider than the distribution of e /
fast moving light quarks N 4

Constituent quark model:

« Gluons and sea quarks “hide” o) ‘

inside massive quarks L @ = |
« Sea parton distribution similar \‘/ [\‘)41,..—"‘

to valence quark distribution
Lattice gauge theory: ﬁ ®
+ (with slow moving quarks) .“8é% ;
- gluons are more concentrated O'

than quarks
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QCD

The proton spin puzzle

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

Vo = +

» 1987: fixed target DIS experiments == quarks carry only 30% of
proton spin

» spin crisis: failure of quark-model picture of proton as 3 constituent
quarks
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QCD

The proton spin puzzle

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

o = +

<§:“1 L L. q
of [ B
TR e » RHIC polarized proton-proton data:
strong indication for gluon polarizaiton
° . [de Florian, Sassot, Stratmann, Vogelsang, PRL 113 (2014) 1 012001]
05] g o 10cev ] » ~ 20% by glue, where is the rest?
-(]‘2 -D‘,l -0 D‘,l 1 l)‘l 0‘3
JaxAgm
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QCD

What is the confined motion of quarks & gluons in nucleons?

Requires to extend the 1-D picture to 1 + 2 dimensions

fla,u?) = f(a,kor, 1)

Allows to study of correlations between transverse momentum, parton spin
& nucleon spin
x f4(x, kt, St)

u quark d quark

Correlation of proton spin
and u-quark transverse
momentum

0 0.5
ky(GeV) ky(GeV)

-0.5 0
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QCD

What is the transverse position of quarks & gluons inside the

nucleon?

Requires spatial imaging of confined quarks & gluons == Extend the 1-D
picture to 1 + 2 dimensions

fla,u®) = f(z,br,p?)

» Allow to study spin-orbit correlations of quarks & gluons

» Determination of total angular momentum carried by quarks & gluons

(Ji's sum rule)

q(x=10%6,Q% = 4 GeV?)

q'(x=10°6,Q2 = 4 GeV?)

b, (fm)

45 - 05 0 05 1 15 -1

b (fm)
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QCD

Quark & gluon distribution in the nucleus

EMCOCERN: Quark distribution strong affected by binding into nucleus
=> Not simply superpositions of distribution functions of individual nuclei
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What about gluons? What the spatial distributions of quarks & gluons in
the nucleus?
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QCD

Fragmentation in and out of a medium

How does a quark/gluon turn into a

. M hadron?
O RN

° How does color neutralization occur?
The key to the formation of hadrons
— still not understood within QCD

>,\AW.’. 4%@:‘ How does this happen inside the
nuclear medium?
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QCD

Initial state of heavy ion collisions

To understand heavy ion collisions and observed phenomena in detail, we
need a profound understanding of the properties of their initial state
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QCD

The proton at high center of mass energies

Low Energy High Energy

» QCD: proton made up of
quanta that fluctuate in and

¥o>>X out of existence
» At small z: Parton
parton . . .
I many new” — fluctuations time dilated on
(X0, Q2) are produced . (x, Q2) strong interaction times scales
Hl and ZEUS
# X8 Q*=10 GeV*
10 ~——
> .... long lived gluons radiate

further small x gluons

» power-like rise of gluon and
sea-quark distribution & w0
therefore cross-section

—— HERAPDFLO

- exp. uncert.

‘model uncert.

107

> the small x proton an eternal

popcorn machine?
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QCD

The proton at high energies: saturation

A
Questions:
» How does this happen? What
x are the right degrees of
c freedom?
>”_ » How do correlation function
evolve in this regime?
> Is there a universal fix point?
» Does the coupling run with
Qs?
os ~ 1 as <1 » How does saturation
Gite cive 1 toverlan’ transition to chiral symmetry
Inite size artons overlap at . .
) /Qp i P breaking & confinement
certain z ==> saturation scale
Qs~z 2 A>0
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QCD

Saturation in nuclei: McLerran-Venugopalan model

Boost

Q? ~ # gluons per unit
transverse area ~ Al/3

> large gluon density gives
large saturation scale Q)

> Dynamically generated
saturation scale
=> possible window for
weak-coupling a(Qs) < 1
gk e R studies at high densities

Color Glass Condensate NGl

> Is this realized like this?
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EIC

The_ Electron lon Collider: the
ultimative(?) QCD machine

v

the world's first polarized electron-polarized proton collider

v

the world's first electron-heavy ion collider
luminosity 100-1000 x HERA luminosity

considerably extends kinematic range for eA, spin, imaging, ...

v

v

» timeline: want to start 2025 ...

related projects:
» ENCQGSI, EIC@HIAF: time line uncertain; seem not to extend
considerably kinematic range

» LHeC/FCC-he@CERN: realiztion unclear (> 2030); unpredecented
kin. reach
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EIC
Accelerator designs

eRHIC (BNL)

» Add ERL+FFAG recirculating e Rings
to RHIC facility

> Electrons 15.9 & 21.2 GeV

> lons (Au) up to 100 GeV/u

> /5~ 18 — 93GeV

> Lo~ 1.7-10%em e 5t /5 = 80GeV

MEIC (JLab)
» Ring-Ring Collider, use of CEBAF —

‘arm Electron

> Electrons 3-12 GeV oo o

> lons 12-40 GeV/U Electrunlnlector

-
> /s~ 11— 45GeV
_ 12 GeV CEBAF
> L2410 e ot /5 = 22GeV O\
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EIC

Key measurements

Imaging

Gluon
Saturation

Nuclear
Enviroment

Electron lon Collider:
The Next QCD Frontier

Electroweak
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Resolving the proton’s spin puzzle: polarized DIS

Martin Hentschinski (ICN-UNAM)
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EIC

T T T
10 Current polarized DIS data: 4
©CERN ADESY o¢JLab oSLAC
Current polarized BNL-RHIC pp data:
@PHENIXT ASTAR 1-et
~ 10?
o
>
[
e
kel
,\b?
10 1
@\()
1
I ! I
10 10° 10° 10" 1
X

Dramatically extend the exisiting
data set
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EIC

Resolving the proton’s spin puzzle: helicity
distributions

i

Q% =10 GeV?

.04 XAU

all uncertainties for A’ 9

T

current 1 0.02|-
data 7

o
13
T

T

0,02 === DSsV
N DSSV and

[ Ag(x,Q%) dx
o
T

B EIC 5 GeV on 100 GeV'
r 004 &5 GeV on 250 GeV
1l 1l
=3 [ T T
S [ 1 004f XAS
05 I Dpssv+ |
L B e | 0.02
[ 5x250 |
L EIC 20x250 | 0
L all uncertainties for Ay*=9
J T S R B R -0.02
0.3 0.3? 0.4 0.45 004
fAZ(x,Qz) dx
0.001

» Increase dramatically our knowledge about valence quark, sea quark
and gluon contribution to the proton spin
» Allows to quantify remaining orbital contribution
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EIC

Tomography of the nucleon using DVCS

Imaging: from t to spatial distributions

Y +p—Y+p
104 v v v v v - v
*'““~ 20 GeV on 250 GeV
< 10% T,
> -
) >
9 102 ™
=3
% 10
3
g 1
0.1
0 02 04 06 08 1 12 14 16
It] (GeV?)
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0.02
0.8
0.01
0.6
0
04 1.4 16 18
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EIC

Tomography of the nucleon using DVCS

Imaging: from ¢ to spatial distributions

THpoY+P
104 1
M“’n” 20 GeV on 250 GeV 002
& 108 T, & 08
35 102 " = os
=3 F)
3 # g 0
g 0 z o4 14 16 18
2 2
s 02 | 0.004 < xg < 0.0063
o1 10 < Q%/GeV2 < 17.8 ~_
- 0
0 02 04 06 08 1 12 14 16 0 02 04 06 08 1 12 14 16
It] (GeV2) by (fm)
measure in exclusive reactions
* A *
Y Y Y __—

Deeply Virtual Compton Scattering (DVCS) & Exclusive Vector Meson
Production

Martin Hentschinski (ICN-UNAM) The glue that binds us all

April 22, 2015 32/

66



EIC

Tomography of the nucleon using DVCS

experimental challenge:
need almost hermetic detectors
+ high luminosity

measure in exclusive reactions

v Bl v - Vv
w+Hf :r+£/ \r—f
' y ' Y

Deeply Virtual Compton Scattering (DVCS) & Exclusive Vector Meson
Production
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EIC

Tomography of the nucleon using DVCS

theory framework:

constrain so-called Generalized Parton Distribution Functions (GPDs):
combine ordinary pdfs & form factors etc.

+ further constrained from lattice QCD

measure in exclusive reactions

_—
r+¢& / \:1; —£
p P b o

Deeply Virtual Compton Scattering (DVCS) & Exclusive Vector Meson
Production
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EIC

Tomography of the nucleon using DVCS

theory framework:

constrain so-called Generalized Parton Distribution Functions (GPDs):

combine ordinary pdfs & form factors etc.
+ further constrained from lattice QCD

T T

Current DVCS data at colliders:

10°F0 ZEUS-totalxsec O Hi-total xsec
® ZEUS- doldt - dofdt

Current DVCS data at fixed targets:
4 HERMES-A; & HERMES-ACU
4 HERMES- ALy, AuL, A
4 HERMES-Ayr * Hall A-CFFs
* CLAS-Ay ¥ CLAS-Ay

—~ 10%F
S Planned DVCS at fixed targ.:
) COMPASS- dodt, Acsu, Acsr
0] JLAB12- dofl, Ay, Aut, Aut
o
[e)
10 F
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At an EIC: considerably
extend kinematic range
=> access to gluon &
sea-quarks
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Gluons & sea quarks in

EIC

nuclei

5
F,in e+Au © 50n50 GeV
450 ® 50n100 GeV
) ﬁ\m‘ N o 20 0n 100 GeV T T T T
oF c‘," 220 o = F2 World Data (A>Fe) 10°L  Measurements with A = 56 (Fe):
.
o 8¥420% = CTEQ10+EPS09 ® eA/uADIS (E-139, E-665, EMC, NMC)
Fo o A DIS (CCFR, CDHSW, CHORUS, NuTeV)
= 350 2 fLdt =10 foV/A " ADIS( Tey
x X N © DY (E772, E866)
E] 3 F= 5240 Errors enlarged 102
8’ 3 1 5 52*‘03 by factor 3
° 2siz <
& o [
[¢) Fe 32¢10? S ol
x 2t o 1
< - o 5.2x102 le] <©
uw 1.5 £, 0 8.2x107
h o 1:3:10" , Lperturbative
0 2.010 non-pertlrbative
0 32410
05 5240
[ tre—p—rerm B2’ 041 I
1 10 102 10° 10
Q? (GeV?) X

constrain nuclear sea quark and gluon distribution + search for saturation

effects in large nuclei

d20.eA—>eX 271'0[
dzdQ? xQ*
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EIC

Searching for saturation effects: Dihadron-decorrelation
Saturation = high gluon densities == multiple scatterings

%

x — 0: a single interaction with a strong & Lorentz dilute regime: 1 gluon

contracted gluon field with small k7

=> expect difference in angular distribution of detected di-hadrons

0.25 T T T s T T T T U
C 20 GeV on 100 GeV 7 04 [ pres2Gevic 20 GeV on 100 GeV _]|
L i TR 1GeVic<pie<pl 4
02— Q%=1 GeV? y=0.7 — F 02<z 28 <04 4
F b [ 1<Q®<2GeV? ]
L ] 0.3 06<y<o08 A + e+Au-no-sat
—~ 0151 B = [ - ]
= C ul = r + eAu-sat ]
) £ ] a2 ]
£ ] 0.2 B
© o E © %% b
0.05 3 0.1 ]
r ] e 1
0 0 .
2 25 3 3.5 4 4.5
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EIC

Diffraction

......mn\\\\\\\\

111 gt

.mmmHIIHH

diffraction in DIS

a) coherent: proton/nucleus intact
b) incoherent: break up; rapidity gap
definition

diffraction in optics
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EIC

Searching for saturation effects: Diffraction

VS.

o

black disk limit

> naive expecation before HERA: hard
diffraction exponentially suppressed

» HERA: 15% of all events diffractivee

> at the saturated fix-point s — co:

o
by

o
@

T/ Oror

o
o

o

odift 1 — e GGV
Ttot 2 20 /Aﬂ‘c £ 800 o
> expect higher rate for nuclei at EIC W (@ev)
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EIC

Searching for Saturation in diffractive VM-production

" JLdt =10 b /A o coherent - no saturation E JLdt = 10 fb/A o coherent - no saturation
=5 1<Q?<10Gev? o incoherent - no saturation 10° 1<Q?<10GeV? o incoherent - no saturation
E x<0.01 = coherent - saturation (bSat) EO x<0.01 = coherent - saturation (bSat)
IN(@decay)l <4 « incoherent - saturation (bSat) o IN(Kieca) <4 « incoherent - saturation (bSaf)
Plegocay) > 1 GeVic 104 P(Kdocay) > 1 GeVic
Eo
E t/t = 5%

dtit=5%

T T

i

do® +Au— o'+ Au + Jib) g (nb/GeVZ)
ol AU €+ AL SO/t (nb/GeV?)

Jhp

i
10 i
ﬁ '
P T I S B ||| —" i) P S W N U B N P

L
0.02 0.04 006 0.08 0.1 0.12 0.14 0.16 0.18 ! 0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18
It] (GeV?2) It] (GeV2)

107

J/W: (non-)saturation models very similar == perturbative scale/small
size;
¢ (large size object): both models differ significantly
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EIC

Electroweak
Neutrino oscillation — Iepton flavor not conserved

1 (Ia 1 qu
1 1
S | LQ S | LQ
y 7‘_ Qo y 7"
s-channel U- chdnnel s-channel U~ channel
F=0 |F|=2

> is there charged lepton flavor violation? through lepto-quarks?

» weakest limits on e~ 77 transitions; possible to surpass HERA limits

» potentially competitive with B-factories, but requires further studies
Weak mixing angle: sin 0y,

E158

v-DIS

Moller (Jlab)

@ EIC . ' .
5, ome vy WU - > points aren’t hugely precise
o 5 SOLID (Jlab) A
5 » but can scan over a wide range of
0.2321 ]
2
0.2301 SEAC ] Q
3 2 1 0 1 2 3

10g;0(Q [GeV])

Martin Hentschinski (ICN-UNAM) The glue that binds us all April 22, 2015 38/

66



Current work

Some (theoretical) challenges on which |
am working

» Background to DVCS - the Bethe Heitler process
» Scheme invariant evolution of structure functions

» NLO corrections for DIS cross-sections in presence of high gluon
densities
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Current work Bethe-Heitler at NLO

Background to DVCS - the Bethe-Heiler
process

in collaboration with Elke C. Aschenauer (BNL), Marco Stratmann
(U. Tiibingen) & Hubert Spiesberger (U. Mainz)
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Current work Bethe-Heitler at NLO
Deeply Virtual Compton Scattering & GPDs

GPDs (= Generalized Parton Distributions) essential (theoretical)
ingredient for imaging/tomography of nucleon

a key process to constrain them: DVCS (Deeply Virtual Compton
Scattering)

v v v
= x4+
p i
P
Their Fourier-transform yields spatial distributions etc.
x=102
& 1.5 /\ b, =0 fm
g . 2= 4 GeV?
& 10} \
vg: // \
s / \
g 05 \
< / \
0.0k Rt
-15 -1.0 -05 0.0 05 1.0 15 -15 -10 -05 0.0 05 1.0 15
by (fm) by (fm)
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Current work Bethe-Heitler at NLO

Complete Cross-section: DVCS + Bethe Heitler

k/
k 92
q1
P’ p 7 p 4
nDVesS BH BH

» important background: photon emission from initial /final state
electron (=Bethe-Heitler)

> interference term DVCS/BH: important tool to constrain certain
asymmetric GPDs

» precision measurement of DVCS: need excellent control of BH
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Current work Bethe-Heitler at NLO

Ratio of BH to total cross-section

5X 100
1 1<0°<1.78 Gev* 1.7!<u’<YJY.:5 GeV3.16<0°<5.62 GeV*5.62<0°<10 GeV* 10<0*<17.78 G-V‘()oxmd
N » Simulation by S. Fazio,
o R E. Aschenauer using corrected
o i T . version of Milou Monte-Carlo
) ) ” - m‘ q‘ event generator
. . 7 T e > larger y: BH dominates
. , ;
k, 4 (’" » solution: can find phase-space
] e cut’s which reduce BH
o 1 k contribution significantly
05 05 05 05 05 y|
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Current work Bethe-Heitler at NLO

Radiative corrections

2nd undetected photon can lead to a shift in the
measured Q? & & ==> need to correct for such
effects using Monte-Carlos

in adddition:

Cuts allow to reduce contamination due to BH-process substantially, but
also lose fraction of available data

wish high accuracy for BH process to reduce necessary cuts to a minimum
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Current work Bethe-Heitler at NLO

BH at next-to-leading order

Ongoing project:

determination of BH >\Q>—<><E EME::‘:

process at NLO y ) ‘ Y
W Y

> not the first e.g. , but
attempt to be the most complete one ...

» full mass dependence of lepton: small, but not always negligble

» soft- & collinear singularities: dipole-subtraction for collinear non-safe
observables for maximal exclusive result

» provide full Monte-Carlo realization, which can be directly used for
simulations etc.

Work in progress
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Current work physical anomalous dimensions

Scheme invariant evolution of structure
functions

in collaboration with Marco Stratmann (U. Tiibingen)
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Current work physical anomalous dimensions

Collinear factorization in a nut-shell

Observables as convolutions of process-dependent coefficients (calculated

order by order in perturabation theory) & universal parton distribution
functions

= Z Cox ® fi

k=q,9
parton distribution functions fi non-perturbative

» cannot be calculated in perturbation theory == fit to data

» BUT: can calculate their evolution w.r.t. the factorization scale

i~ Q?

d

T —— ful, 17) = > Pu® filw,1})
Hy l=q.9

need only to fit initial conditions at ji7 o & evolve them to higher 11 f
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Current work physical anomalous dimensions

Basis: factorization in the limit Q> —

» Starting point: factorization into bare pdfs & coefficents
Fg(az,Q2) = Z C’g,k ® fk — both are divergent!
k=q,9
» Divergences cancel, but leads to dependence on factorization scale &
scheme
=> RG-equation = DGLAP evolution equation
=> pdfs not physical, but a theory definition

» factorization scheme & -scale dependence cancels at each order in
perturbation theory (coefficents & splitting kernels), but spurious
higher order terms remain

=> if enhanced by e.g. small/large z In1/z, In(1 — z) this can imply
an substantial uncertainty
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Current work physical anomalous dimensions

Physical DGLAP Evolution

idea: don't care about pdfs

}

evolve observable itself
[Furmanski, Petronzio, ZP C 11, 293(1982)], [Catani,

Q5 F(2,Q%) = K @ F(z,Q%)"

ZP C 75, 665 (1997)], [Bliimlein, Ravindran, van 0
observable itself!
Neerven, NPB 586, 349 (2000)]

evolution kernels K
- physical eqmvalent to [Catani, ZP C 75, 665 (1997)]

m no factorization scheme ambiguity; o(ete™ — hadrons)

only renormalization scale =

o(ete™ = ptp~)

lose universality of pdfs, but gain precision
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Current work physical anomalous dimensions

Possible applications

Determination of a,; from DIS data (unlike pdf determination no
factorization scale ambiguities)

Search for breakdown of linear DGLAP evolution due to higher twist
effects == signal for saturation

4 N
L~ 1/k
2 \
Qi) o
/ ag <1 N
&, : e ™~
< DGLAP 1 X P
) 1 X 2
(e % : = 2
= : < 8
BK BFKL X~ '8
- ' ;E
3 2 3 know how to
saturation V ] , do physics here
non-perturbative region ag~ l ds~1 Agco Qs ag <1 at
In x kt

Martin Hentschinski (ICN-UNAM) The glue that binds us all April 22, 2015 50 / 66



Current work physical anomalous dimensions

Technical Aspects

» work in conjugate Mellin space

®—=- » matrix valued DGLAP evolution
» Decompose pdfs into flavor decouples:
singlet & non-singlets scalar evolution for non-singlets

’nf .
B + flavor singlet vector (X,
T= (a+a) & (£:9)
k

Y\ [Py nf-Py\ (Z
@ =i (d+d) i <9>_<qu Py ) \g

gg=u+iu+d+d—2(s+53)

» relate to observables with

. ) > suitable pairs of observables:
coefficents:

flavor singlet part of (Fy, FT)

F <CAq CA9> ' <E> and (Fy, Fp ~ dFy/dIn Q?)
FéS) Cpq CBy 9

From now on: concentrate on singlet; non-singlets e.g.
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Current work physical anomalous dimensions

For a suitable doublet of observables determine (with as = 7):

tuer (£) =g [0 ()]
= +r]- ()

dC _1 Fa
i et e (i)

1l

e
Py
G
N—

master formula

dc
K= {,Bd

+C- P} C ' =a;K© 4+ a2KM 42K 4
as

m kernel K independent of factorization scheme & scale order by order in
perturbation theory

u finite order: dependence on renormalization scale & scheme remains == use for
a5 determination
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Current work physical anomalous dimensions
Numerics with toy input - comparison to pdfs

input calculated from realistic toy pdfs (Pegasus default input) & compare LO, NLO &

NNLO results resp. - for (F2, Fr) and (Fs, Fp ~ %)

- Lo

© -+ NLO — — NLO . Y ©+ -+ NLO — — NLO . W\
L b emr S N TTT LR, ) ceror T Weodrer, M
T R RS R Lol vl il il i
AN N
12 G ®PDF/KO®F,, HF \‘\\ 12 12 f G®PDF/KOF,, 1F S« J12
ST o | = = T — T
I = T g 1 1 = 1
— — N0 - - Q= 10GeV? — -~ No Q= 10GeV?
—— NNLO =10Ge —— NNLO =10Ge
08 | L 1 1 1 | 1 1 1 1 708 08 [ L 1 1 L ] 1 L L Lnd08
6 4 4 6 4 4

5 - 3 2 K 5 3 2 Bl E 5 - a3 2 1 5 - 3 2
10 10 10 10 107 5 10 10 10 10 107 ¢ 10 10 10 10 10 1075 10 10 10 10 107«

Difference pdf/physical anomalous dimensions due to spurious higher order
terms; can exclude them in toy input == precise agreement
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Current work physical anomalous dimensions

Numerics with toy input - K-factors
evolve same (LO input) with LO, NLO, NNLO ~ real experimental data

F,x.Q)

Q*=100 GeV*
x6)

L0=NLO =NNLO e Q=

---10 L0=NLO=\NLO
- — N0
—— NNLO
I ROV ST EUIIN | B RO R R I | SR e
SR B e s R I B B Emaaums s
P — —noro JF - - -NoLO " 1, E ) i i
"~ _ ——NNLONLO[ -~ NNLONLO Y=ok, —ono]F Sl NLomLo JPu=0ink,

B i 1
Q=10GeV? Jf—

0 L L L L L L 11 0 L L L L L L L
© 5 n 2 s

10 10 10 0 x 107 0° 0t 07 07 0 0 0t 0t g 07 107

Q*=10GeV? Q*=10GeV?
. .

3-loop correction to F, coefficent very large (esp. at small ) == observe
instability also reported in pure pdf studies; requires probably resummation

pair (Fy,dFy/dIn Q%) more stable == o extraction
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Current work physical anomalous dimensions

1st application: evolution of saturation model input
Saturation physics = high gluon densities == multiple scatterings

N/\/\/\/\/\C( ¢

x — 0: a single interaction with

L >

strong & Lorentz contracted gluon
field

mQ2 —22:/032bd2 /dz‘w(L]j)Ter N(z,r,b)

dipole amplitude N: interaction of color dipole with target;
(a) solution to BK/JIMWLK evolution equation with fitted input
(b) model it == (b)CGC-model

No (%)2%” rQs <2 Q%(x) = (%) GeV?
N(z,r,b) =

1 — AR’ (BrQs)  pQ, > 2 Yeff = s + my In Q
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Current work physical anomalous dimensions

Recently fitted to combined HERA data .....

0
10 C LELEALLL BN LR NELELE L B R Ll N

F——==- — b-CGC

~~~~~~ —— IP-Sat

QIGeV],n
650,27
500,26

[af a7 a]a]'a]a]'a]a] a] a] a] a] a] a] 4]
U aTa alalalalalalalalal
2
=

z7,|; > flt

_ =
ERESH
N R B
U
I
I
S b bn

0 5,2
| ,
0 E O HI&ZEUS T
S | SEFEPETTT EEPETTTT EEPETETINT R TITT R
10 = -6 5 4 3 2
10 10 10 10 10 10

X
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Current work physical anomalous dimensions

The idea ...

> simulate DIS on gold nucleus through Q2 — Q2A'/3 == strong(?)
saturation effects at EIC kinematic reach

Q3(A, ) [GeV?]

106 10 104 0001 0010  0.100 1

X

» fit z-shape of bCGC at Q? = 2GeV?
» evolve this input with DGLAP

» compare at higher values of Q>
=> deviations = presence of saturation effects
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Current work physical anomalous dimensions

Results for physical evolution of (F5, [7)

DGALP
bCGC

File, ?=260V?)

File,0'=2GeV?)

00 o ot oo 0ol 01w T P s e 0001 0010 0100 1

=5Gev2)
Fele, O =5GovE)

FaeQ?

10° 10° 10 Goor 000 600 1 10° 0% o+ 01 000 0100 1

10Gev?)

— L0
—— NLO

= 10Gev?)

Fal@?
A0

100 10 0 0001 0010 0100 T 10° 0 o+ 001 0010 0100 1
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Results for physical

File, ?=260V?)

100 0% S+ G 0ol om0 T

=5Gev2)

FaeQ?

10° 10° 10 0001 0010 0100 7

= 10Gev?)

Fal@?

0% 10° 104 G001 600 0100 1

Martin Hentschinski (ICN-UNAM)

Current work

evolution of (%, F})

DGALP
bCGC

Lo
NLO
NNLO
- bCGC

— L0
—— NLO
—— NNLO
- - bCGC

physical anomalous dimensions

File,0'=2GeV?)

10+ Goor o010

0100 1

=5Gev?)

Fete 0t

10° 0% o+ 0001 0010

0100 1

=10Gev?)

A0

— L0
—— NLO

10° 0 o+ 001 0010
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Results for physical

File, ?=260V?)

100 0% S+ G 0ol om0 T

=5Gev2)

FaeQ?

10° 10° 10 0001 0010 0100 7

= 10Gev?)

Fal@?

0% 10° 104 G001 600 0100 1

Martin Hentschinski (ICN-UNAM)

Current work

evolution of (%, F})

DGALP
bCGC

Lo
NLO
NNLO
- bCGC

Lo
NLO
NNLO
- bCGC

physical anomalous dimensions
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Current work physical anomalous dimensions

Comments

» Combination (Fj, dfﬂ%) more stable, but also less sensitive to
saturation effects

» not a failure of physical anomalous dimensions; only reveals instability
of DGLAP evolution at very small z — not at all unexpected

» Resummation of small x logarithms achieved by BFKL; application to
pdf exists; to be worked out for physical anomalous dimensions

» realistic phenomenology still requires heavy quarks
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Current work virtual photon @ NLO

Next-to-leading order (NLO) corrections for DIS
cross-sections in presence of high gluon densities

in collaboration with Alejandro Ayala (UNAM), Jamal Jalilian-Marian
(Baruch, New York City) & Maria Elena Tejeda Yeomans (Sonora)
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Current work virtual photon @ NLO

Search for saturation requires precision on both sides

Qg(x) need:
{ e

> high precision for DGLAP
evolution == deviations

BFKL@ > high precision of saturated

nucleus/DIS in presence of
high & saturated gluon
densities

DGLAP ‘

In Q2

saturation

non-perturbative region O~ 1

In x

Color Glass Condensate formalism (CGC) e.g.

x — 0: a single interaction with

" I
W strong & Lorentz contracted gluon

field

Q0]

1

ol (2,Q%) =23 [ d®bd*r [ dz v (r, 20| N7, b)
=2y [wer [l

0
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Current work virtual photon @ NLO

Current state of the art
» Evolution of color dipole A known up to NLO == instabilities [sai,
Chirilli; PRD 88 (2013) 111501, PRD 77 (2008) 014019]; [Kovner,Lublinsky, Mulian; PRD 89 (2014) 6, 061704]
> |nStabI|ItIeS gett|ng add ressed [lancu, Madrigal, Mueller, Soyez, Triantafyllopoulos; PLB 744
(2015) 293]
: (f) 2|2 :
» photon wave function (¢} 7(r,2; Q)| at LO; NLO either not

suitable for phenomenology [saiitsky, chiriti; PrRD 87 (2013) 1, 012013 or only real
corrections [Beuf; PRD 85 (2012) 034039]

> important for essentially the entire EIC saturation program:

0.4 p¥°>2Gevc 20 GeV on 100 GeV |

1.GeVic < pF=>< < pi® —
0.2 ¢ 2}, < <04 z
1¢Q%¢ V2 8
03 08<y<os X + evhu-nosat $
= + eu-sat H
g <
O 02 4 3

01f 7] ED 'F ‘:ﬁ?‘“’%

. e "w:’

Q@2 (Gev?) A¢ (rad) 1 Gova
inclusive DIS di-hadron correlation diffraction
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Current work virtual photon @ NLO

Task: calculate photon wave function in background field
need to calculate:

use propagators in strong background field e.g.

q o p

— T = 0-0S0 0+ 5P n .05 @)

= w+m — — — iz (p—
SI@(P) = 1#2_’_20 7r(p,q) =2m6(p” —q /dd 2ze =P [y (2) — 1]

Wilson line resums interaction with target V(z) = Pexpig /dx_A+(x_,z)

Work in progress ...
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Summary & Conclusion

Conclusion

EIC will be the next generation QCD facility

v

v

Theory: Feasability of EIC program is established; but still work
to be done to make use of the full potential of such a machine

Presented key measurements of the EIC programme whose ability
to extract novel physics is beyond question (modulo electroweak)

v

v

In general: Wide-range physics program

Was never measured before &
will be never measured without an EIC
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Summary & Conclusion

Further reading

Electron lon Collider:
The Next QCD Frontier

Understanding the glie
that binds us all

SECOND EDITION DT

[arXiv:1212.1701] [arXiv:1409.1633]
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Summary & Conclusion

Gracias
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