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Where knowledge of Low x Gluon Comes From

H1 and ZEUS
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- e.g. Prytz dF,(x,0%)
approx: dInQ?
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- Gluon from scaling
violations needs lever-arm

in Q2 ... reasonable
precision at HERA only
to x~103 / 104.



Final HERA Picture of Proton (HERAPDF2.0)
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~2% precision on gluon over a wide range of x
Uncertainty explodes towards x=10
Gluon itself is rising in a non-sustainable way ...
Note the ‘Standard’ presentation is at Q% = 10 GeV?
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The Gluon Density at Other Scales

H1 Collaboration
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* Gluon close to zero in pure DGLAP
approach (and coupling not so weak).
- Saturating hadrons with a
small number of (“large”) gluons?
- Alternative language (dipole o
models, gluons not degrees of freedom)? 10* 103

X

* Electroweak scale ~ M2 (as

... gluon rise gets sharper ...

- relevant to precision LHC physics)

« Starting scale ~ 1.9 GeV? (as
relevant to future sat’n studies

o H1 Collaboration
AO.S | T |||||||| T V& T T ||||||| T T TTTTT
oo
S L Q°=19GeV? Xu,
< L — HIPDF 2012 70\
B experimental uncertainty ‘
0.6 B + model uncertainty I
~ [ + parametrisation unc.
L £,=0.5 fit
\-w
_\ d
| | i |

102



Looking for Saturation in t

o H1 Low
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o H1 Data

H1PDF 2009 (extrapolated)
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Different Approaches ° [= (i
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Perturbative region "¢ %%f
e.g. NNPDF: NLO DGLAP re . |
description deteriorates when Tl L

adding data in lines Q% > Ax0-3

Parallel to ‘saturation’ curve sl sl il :

in x/Q2. AT o Jdof.| \Zm/dof
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Final HERA-2 Combined PDF Paper:
“some tension in fit between low &
medium Q2 data... not attributable to
particular x region” (though kinematic
correlation)

... something happens ... interpretation?



log,,(1/x)

Introducing Q% < 1 GeV2 < [w v,
data ... and a Dipole e e
Model with Saturation TP )

. Y . Q% (GevH)
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/71 saturation effects
0 - X dependent “saturation
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Introducing Q% < 1 GeV?2

data ... and a Dipole
Model with Saturation
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... at HERA, Q?, doesn’t get

above about 0.5 GeV?

—>Saturation may have been

observed at HERA ... well

described by CGC+dipoles

= Gluon sat" not observe

d?

(and may not be in inclusive

ep in foreseeable future)



How to Access Saturation at

Future Lepton-Hadron Facilities
1) Increase /s - Probing lower x at fixed QZ?in
ep [clean evolution of single source - LHeC
gets Q% ~ few GeV?]

2) Use nuclear target - Overlap ..o

Q’ (GeV')
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many sources to enhance density [HEHHEHH I E1C 5 = 40 GV (eAu)

EIC s, = 90 GeV (eAu)

~ A3 ~ 6 forAu ... [EIC getsto T
QZS ~ 2 GeVZ, Challenge is to T rera e

—— perturbative regime —»

disentangle nuclear effects] ! 05 i’ . 25
Mg Q5 (GeV?)
3) Non-inclusive observables (diffraction) *g **Pb(2750)+(50) 3
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At least two of these at once is heeded -
for a convincing picture ... >

10"

4) Go to LHC [Lacks detailed understanding]’;l'-




direction to contain hadrons for

Mueller-Navelet jets, maximise
acceptance for new massive

particles ...

| \\\\\\\\\\ kinematic reconstruction,
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Elastic J/W¥ Kinematics v s
(example from LHeC)

Photoproduction J/Psi -> mu mu

At fixed /s, decay muon direction
is determined by W = /s

 To access highest W, acceptance
in outgoing electron beam
direction crucial
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Inclusive DIS in ep at LHeC ep and Saturation

With 1 fb? (1 month at 1033 cm2 s1), F, stat. < 0.1%, syst, 1-3%
F| measurement to 8% with 1 year of varying E, or E,

F, and F, pseudodata at Q? = 10 GeV?
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« LHeC can distinguish between different QCD-based models for
the onset of non-linear dynamics
... but can sat" effects hide in standard fit parameterisations?



Can Saturation be Established in ep @ LHeC(C?

Simulated LHeC F, and F, data based on an (old) dipole model
containing low x saturation (FS04-sat)... Try to fit in NLO DGLAP
... NNPDF (also HERA framework) DGLAP QCD fits work OK if only
F, is fitted, but cannot accommodate saturation effects if F,
and F, both fitted

F5 at the LHeC - Simulated data from FS04 saturation model F atthe LHeC - Simulated data from FS04 saturation model
~ LHeC simulated data »—t— | = 14 | LHeC simulated data ~—fl— ___
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« Unambiguous observation of saturation will be based on tension
between different observables e.g. F, vF ineporF,inepveA



Exclusive / Diffractive Channels and Saturation
1) [Low-Nussinov] interpretation as 2 g,
gluon exchange enhances sensitivity

to low x gluon (at least for exclusives)

2) Additional variable t gives access to
impact parameter (b) dependent
amplitudes

- Large t (small b) probes densest

packed part of proton? X (M)

region growing
with decrease of x.

(figure
from C. Weiss.)

/
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| b | <——— Central black (t)




Advantage of Diffractive DIS: Dipole Language

Inclusive Cross Section

1
UT,L(ZE:QQ) = /dQI'/O dOé|\I’T,L (04:1')|

Diffractive DIS
R ST 5
» =~ Ton /d 1‘/0 dOéN’T,L (0471')|

daqlw), I
dt

3) Extra factor of dipole cross section
weights DDIS cross section towards

larger dipole sizes - enhanced
sensitivity to saturation effects.




Proton Spectrometers Come of Age

LHC experiments (TOTEM, ALFA@ATLAS) have shown that

it’s possible to make precision measurements and cover wide
kinematic range with Roman pots.

e.g. TOTEM operates 14(?)

pots in 2017, with several at full LHC
lumi (~50ps timing and 2\ N
precision tracking

detectors) = Sensitivity |

to subtle new effects eg
non-exponential term in
elastic t dependence ...

o : { data, statistical uncertainty — — |
% ................................................... ) ] + data, statistical uncertainties Nb =1 ................ B
Qe full systematic uncertainty band | [ full systematic uncertainty band —Np=2| f
£ M syst. unc. band without normalisation %/ syst. unc. band without normalisation — Nj, =3
e B H H .
. . é B -

0.2
i [Gev?]

0.2
il [GeV2]



Future DIS Forward T T

Proton Spectrometers ot
We should ensure full acceptance
Roman pot forward detector “f; Jy 8 e amipa 12
systems are integrated into our RS ;: e
future facility designs from outset i JUUDE TS PR bnfuw bl SR T
s (m)
- eg LHeC Proton spectrometer _ . Petecoreccepancefermi

uses outcomes of FP420

project (proposal for low &
Roman pots at ATLAS / CMS -
not yet adopted)

- Tags elastically scattered
protons with high acceptance
over a wide

02 04 06 08 1 12 14

Good acceptance for 0.002<¢<0.013

Electron
Z (m) 420 1 00 Tagger '1 20
-
Proton Zero Degree -£2 Photon
Spectrometer Calorimeter Tagger



EIC Forward Proton Spectrometer

- Beamline instrumentation

Extended detector: 80+ m Example from

JLEIC design
. . . ™\ A
intrinsic toe-RHICand [ | ,
. ! w‘;'""%o;]- || forward eldetéction | |forward ion detection ions
JLEIC designs from outset  .Zmn[ 1 T | [ (NS
- e.g JLEIC version with il FMI* -+
. . T e e e
acceSS pO] ntS at ’I'“lll‘ I/I/l,/|/l IP ion crab cavities
12m - 45m from IP... ‘4 S 3 .
JLEIC acceptance 7ZEUS
3., !;9 . Leading Proton Spectrometer
* 08 308 .
o :1 . .
0z o =l [Rik Yoshida]
L Region 2 (Hi. Res) . 01 | ‘ !
8z 04705 08 07 08 I, | % a4 os o8 a7 03 s x' '
Zhiwen Zhao (Duke)
Acceptance in diffractive peak (X, >~.98)
ZEUS: ~2%
JLEIC: ~100% (also covers much higher X, than ZEUS)




Exclusive Vector Mesons E
* Huge database of measurements from 10°
HERA, W, J/W, ¢, p, p’, DVCS ... mapping soft- ’
hard transition, unfolding o, o ... 10

Test Case: J/W Photoproduction o

« Cleanly’ interpreted as hard 2¢g
exchange coupling to ggbar dipole

¢ and c-bar share energy equally, (W)

simplifying VM wavefunction relative to p

* Clean experimental sighature (just 2 leptons)

T —
H1 YV *P—=pP
e H1
%o . m H1SV
. o ZEUS
e, - KMW
N :3....Q. ----- MRT
A ’Qp
...%
v#p—=pY 4 -
A H1(x0.5) A

M, <5 GeV

) W =75 GeV
| | |

1 10
Q%*+M3 [GeV?]

. Scalea2 ~ (Q2 + M?) / 4 >~ 3 GeV? ideally suited to reaching
Lowest possible x whilst remaining in perturbative regime

.. €g LHeC reach extends to: x, ~ (Q* + M\?) / (Q* + W?) ~ 5.10°¢




Existing Diffractive J/W Photoproduction Data
.. HERA: yp = J/Wp, yp =2 J/VPY:

a) H1 elastic J/y photoproduction b) H1 p-diss. J/y photoproduction
E 120__ @ Hi1data HE E 120 F ¢ Hidamke
= C * H1 data LE ; C * H1 data LE
z 100 F © FeHE LE. H1@00S) = 100 :_—FitHE,LE,HI(2005)
= N - r
T 80¢f 0 80
o C o C
> 60f = 60f
° - © -
40 40 - ) b|
C (@%=0.1GeV o)
20 (@ =01GeV* 20+ It < 8 GeV?
It <1.2 GeV? L M, <10 GeV
O'..l...l...l...l. 0’..1...1...1...1.
40 60 80 100 40 60 80 100
W,, [GeV] W,, [GeV]

(v p = JvY) [nb/GeV?

dt

Q
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10°°

.. Adding Ultraperlpheral Collisions at LHC:

o)

=

a

=

Z S
—— 1\ 2
~ o 10

b>R 4R, - =

, 5

Z

10

H1 p-diss. J/y photoproduction

—
o

¢ H1 data HE
} H1(03) highlt
— Fit HE, H1(03)

1_

| (@) =0.1GeV?

- 40 GeV <W,, < 110 GeV T

[ My<10GeV
llllllllllllllllllllllll[lll|
0 5 10 15 20 25 30
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- @ H1dataHE
[ M H1datalLE
- A H1(2005)

- ¢ Zeus(2002)
v E401, E516
— * LHCb(2013)
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- No evidence

increasing W
(decreasing Xx).

102

W,, [GeV]

results

for deviation from
monatomic rise with

- See also pPb, PbPb



J/W from future ep v Dipole model Predictions

e.g. “b-Sat” Dipole model

- “eikonalised”: with impact-parameter
dependent saturation
: non-saturating

- “1 Pomeron”

p —> J/\|/ + p

S 1200 [ T T TT LI I .
- » . ' LHeC cen!ral values !rom il
~— - H1 extrq)olaimg HERA data .
p 1000 | ° ZEUS a(vp) = (2.96 nbfoGeV)m‘-"'—
B *  LHeC Simulation 4 i

| —— b-Sat (eikonalised) il

800 - b-Sat (1 Pomeron) e .

- : 0'*- 3 -

P e ! 3 1

oo~ [LHeC - o2 =

- 2fb] i ' i

400 o E.=150Gev  —

B : : E.= 10'0 GeV | N

B R E.= 50 GeV i

200 e Vemcal(ddtted) lines mdi:ate vah& of ——

» W g =45 = _\[45 E, at the LHeC with E =7TeV. _

PR RN TN R R TR O
% 500 1000 1500

2000 2500
W (GeV)

vy,

e Significant non-linear
effects expected in LHeC
kinematic range

“beware unrealistic
non-sat Straw men”

[T. Lappi]



J/W from future ep v Dipole model Predictions

Current EIC
design
Current LHCDb limit
YP—>JAr+p

S 1200 [ T T I T T § T T I T él T T I T :l T T I g T T i
= - po : “— LHeC :entral values from N
— = H1 extrapolating HERA d ata: B
p 1000 || °© ZEULS S(YP) # (296 nbYWIGE V) 72h-"""]
B LHeC Simulation i _de=? i

| | —— b-Sat (eikonalised) .

800 --- b-Sat (1-Pomeron) :’:_,- .

B : al i -

- | [LHeC - S :

600 __ [ 1 _,o" : B

- 2 fb- ] ‘.»' : -

400 o . E.=150Gev  —

B : E. =100 GeV g

B E.= SDGeV ' i

200 » Vemcal(ddﬂed) lines mdi:ate vah& of ——

» W g =45 = _\[45 E, at the LHeC with E =7TeV. _

of

P T T T I
500

2000 2500
W (GeV)

1000 1500

—— Current LHeC design

vy,

 Lack of sat" sighal at
LHC to date suggests
increasing energy alone
Is not the answer

* Need detailed mapping
in ep and eA and

scanning of t (& maybe
also of Q?).
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t Dependence of Elastic J/1p at LHeC
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* Precise t measurement
from decay u tracks over
wide W range extends to
|t] ~ 2 GeV? and enhances
sensitivity to saturation
effects

 Measurements also
possible in multiple Q2 bins



Exclusive Diffraction in eA MW D

- Separation of coherent / incoherent can ) A A
be done based on ZDC
- Large saturation effects predicted at LHeC W
in coherent case (eA = eVA) J\‘,C\’,{,\@J
- Smaller saturation effects at EIC = W)
cleaner opportunity to image structure via A "
conjugate variables b " "
YA - JWA
g o &n0 LHeC .o S
? B Saturation > NZ:: 107‘:"‘-, N — “ g " Eﬁ%ﬁ;ﬁ%@n
B S cmw gwn EIC e
o | " with breckup” i_:? i
107 Z 1
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Ratio of coherent diffractive cross sections

for DIS on gold to DIS on proton

Light Vector Mesons in eA / ep at EIC

—_— - - NN
S O 00 O N

IIIIIIIIIIIIlIIIlII

S O 9O =
A o o = N

O
o N

el L

e +p(Au)— e’ +p'(Au’) +V

Coherent events only
stage-1l, [Ldt =10 fb /A
* 0 x < 0.01

.Q [

Jhpno saturation

Jhp saturation (bSat

psaturation (bSat)

Experimental Cuts:

IM(Vdecay products)! < 4
p(VMy p[oducts) >1GeV/c

|"'|;i"|"

IIIllIlIllIlII|Il|||IIIIIIIIIIIIIIIIIII|IIII

Q3(GeV?)

2 3 4 5 6 7 8 9 10

, 1(@) VM
(W) d
A A
| —— O>———
- .

(t)

- bSat saturation model
predicts big saturation
effects from comparisons
of eA with ep for

elastic p, ¢.

- Effects for ¢ larger than
for J/W due to lower
scale.



Inclusive Diffraction

atHERA

-Huge topic with 3 | 220 Fo i
rich outputs H e PR
;. )
Not yet fully | P
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lefractlve Parton Densities (DPDFs)
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. semi-inclusive collinear QCD factorisation works!
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DPDFs from F,P lead to impressive description of all HERA
‘hard diffractive data (not shown here)

.. Failure of diffractive PDF fits to data at lowest QZ...
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Diffractive DIS & Dipole Models

- 2% / ndf increases systematically in H1 DPDF fits when data of
QZ < 8.5 GeV? are included (slightly lower in ZEUS)
... low Q? breakdown of pure Leading Twist DGLAP approach

' : %0.065 Q=8 GeV? || Q=14 GeV’
- Dipole models also applied, 00% ;
but need qgbar-g terms (and i
perhaps higher Fock states) oor}
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- Not yet describing fine detail
- Unravelling this rich phenomonology can yield big rewards!



e - Famous HERA plot ... Rather flat
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- EIC ‘Day 1’ simulations confirm
the importance of this sort of
observable to disentangle
saturation and shadowing ...

... increasing diff/incl ratio with
A in saturation case ...
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Summary

« HERA showed that the closer
you look at low x physics, the
more surprising it gets and the
more it teaches you ... and that
was with only 0.5fb-1 per
experiment (eg DVCS came late
and with limited precision)
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« Future DIS facilities are vital to fully establish and characterise
the dynamics of saturation and precisely map its onset

 Extrapolating and interpolating from HERA and including LHC
suggests studies at future DIS facilities will need to include non-
perturbative region and a multi-observable approach ... ep and
eA inclusive, diffractive, semi-inclusive over a range of energies




