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Low X Physics is Driven by the Gluon

... knowledge comes entirely from inclusive NC HERA data ...

- NC Q? dependence in
H1 and ZEUS perturbative region
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Final HERA-2 Combined PDF Paper:
“some tension in fit between low &
medium Q? data... not attributable to
particular x region” (though kinematic
correlation) ... something probably
happens, but subtle ... interpretation?
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Introducing Q? < 1 GeV? 7 L 2t
data ... and a Dipole NN
Model with Saturation ~ "[Zo el
't Qs | R -
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-y AAIeVeD 1 A data (Q2 >~ 0.05 GeV?)
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. 1 models that include
/71 saturation effects
il - X dependent “saturation
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Introducing Q% < 1 GeV2 7 [wmm ",
data ... and a Dipole e T T
Model with Saturation S NN
| | I I No :
“1TeV ep 7 1 "')2 S P e S
Collider” & . = o e’
i SHEHE *Je ..at HERA, Q% doesn’t get

Q2, /4 . HERA 1 apove about 0.5 GeV?
NG ‘ —>Saturation may have been

; _ observed at HERA ... well
\ I described by CGC+dipoles

| - - Gluon sat" not observed
(and may not be in inclusive

10"

(1)"*6o) ep in foreseeable future)



The Gluon Density at Scales other than 10GeV?

Hl Collaboratlon

0.8 .
G\ Cgoewaet | « Electroweak scale ~ M,2 (as
— HIPDF 2012 . o« o o
<~ e relevant to precision LHC physics)
0.6 - SR e w, 1 - gluonrise gets sharper ...
- Xg(x 0.01) -
0.4 - | 1 e« Starting scale ~ 1.9 GeV? (gluon
I xd, ’ .
L5001 close to 0 in pure DGLAP approach
0.2 - 1 and 0.8 \\ —HLCllsbortin
couplmqu L Q=1.9GeV? Xu,
I | — HIPDF 2012 . 2\
0l == T N NOLSO g6 Thn™ -
1 0-4 1 0-3 1 0—2 1 O—l < wea k ! ) = ;‘: Eggtgftrlsatlon unc.

- Saturating hadrons with a small 047

number of (“large”) gluons?

- Alternative language (dipole models,
gluons not degrees of freedom)?

.. Phase space is vital for a clean o s
partonic investigation of saturation... 10* 10® 102 10!
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LHeC: Accessing saturation region at large Q2

x [fixed Q]
LHeC delivers a 2-pronged approach: P NS
Enhance target blackness’ by: .
1) Probing lower x at fixed Q?in ep "
[evolution of a single source] LT (o
2) Increasing target matter in eA —

[overlapping many sources at fixed kinematics ...
Density ~ A1/3 ~ 6 for Pb ... worth 2 orders of magnitude in x]

Q2 (Gevz) I . (Gevz)
O 170,179 | %Pp(2750)+e(50) 2 ... Reaches
103E 103:

saturated
region in
both ep & eA
inclusive data
ot et aetyser et e et e et w0ty models

107 10 E

...sat, . -
10 o ! 10

1 1

107 E

107E




KR

%/////_/
%

; ,...,............................................waf%
N

XX RRRRRNG
ANSRN

"
R KRR

/ﬂ
000/

D OO SN

NN XK

b b e =
e =
e o o e e i

7

L
V

QY

L>

\Y%

RN KRR RRAIN
gt
NN

(X
XX
oon

Also need 1° acceptance in proton
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Elastic J/¥ Kinematics vvo e wws
(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

o L2
5 —— 1° detector
g’ l o PR 10 detector @ Run 77486 Event 73523 Class: 6 13 15 16 17 29 Date 13/07/1994
0.8
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LHeC Sensitivity to Different Saturation Models

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?

-
F.(x.02=10 GeV Linear approaches 144 N 2 Linear approaches
6 2 Q" 9 NLO DGLAP \ F (x.Q*=10 GeV?) NLO DGLAP
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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 Parton Saturation be Established in ep @ LHeC?

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 s [ = 14 | LHeC simulated data =l ___
5 NNPDF1.0 + LHeC data » == NNPDF1.0 + LHeC » -y
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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 Uy,
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)

44
S

P
— Central black ®
region growing

with decrease of x.

(figure
from C. Weiss.)




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 N e
precision tracking E————— L S
detectors) - Sensitivity
to subtle new effects eg
non-exponential term in
elastic t dependence ...

' { data, statistical uncertainty _ . . !

............................... full ) ] band : + dala, statistical uncertainties _Nb =1 _
________________________________ | iLSystemalic uncerainty ban jj W full systematic uncertainty band —Np=21"
M syst. unc. band without normalisation | % syst. unc. band without normalisation —Nj, =3 | :

do/dt [mb/GeV?]

L L L1 TR R L L ] ] | . ) ) . ) 0.2
Il [GeV?]



Design for LHeC Forward z +——

Proton Spectrometers e
We should ensure full acceptance
Roman pot forward detector B Y 2 B TS e
systems are integrated into our N R N O oo b ol K
future facility designs from outset e ST
s (m)
- eg LHeC Proton spectrometer _ . Peecorecceptarcebermi

uses outcomes of FP420
project (proposal for low g
Roman pots at ATLAS / CMS -
not yet adopted)

- Tags elastically scattered W A ¥
protons with high acceptance  cood acceptance for 0.002<€<0.013 & 100
over a wide

Electron

< (m) 420 1 00 Tagger '1 20
-
Proton Zero Degree 62 Photon
Spectrometer Calorimeter Tagger



Test Case: Elastic J/¥ Photoproduction

* Cleanly’ interpreted as hard 2g f "y"("Q";‘)"W
exchange coupling to qgbar dipole W)

SISL
¢ and c-bar share energy equally, L P P
simplifying VM wavefunction relative to p o

(t)
* Clean experimental signhature (just 2 leptons)

- Scale Q2 ~ (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°¢

 Simulations (DIFFVM) of elastic J/¥ - uu photoproduction

- scattered electron untagged, 1° acceptance for muons
(similar method to H1 and ZEUS)



J/¥ from future ep v Dipole model Predictions

e.g. “b-Sat” Dipole model

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

- “1 Pomeron”

R J/\V ll

3 1200 T LI I B B ]
—= n po ' : LHeC cen!ral values ilom i
~— - H1 exth)olallng HERA data 2
p 1000~ | ° ZEULS (vp) = (236 AbYWIGe V)’ 2]
B LHeC Simulation e 7]

. | —— b-Sat (eikonalised) e 5 i

800 - b-Sat (1 Pomeron) .... o . ]

= : 0"- 3 -

5555 i 3 i

- [LHeC : i jerr? .

600 - o -

- 2fb1] - L :

a00—~ = E.=150GeV  —

B . E.= 10'0 Gev | n

~ E.= mGeV ]

200 e Vemcal (ddtted) lines ind i:ate vahes of —-

» W =45 = .\[45 E, at the LHeC with E =7Tev. ]

[ SR R S R TR
% 500 1000 1500

2000 2500
W (GeV)

vy,

e Significant non-linear
effects expected in LHeC
kinematic range

‘smoking gun’?...



J/¥ from future ep v Dipole model Predictions

“beware unrealistic non-saturation vy,
straw men” [T. Lappi]

P
R J/w +Pp
g 1200p T T T recemarampn 1 ¢ Significant non-linear
5 - ¢ H exqu)olatlng HERAdaIa - .
o 10001 | °© ZBUS | cop-@ssmoweeni ] effects expected in LHeC
T | —— b-Sat (eikonalised) ’ ] : :
8001 | b-om(1-pemeren B kinematic range
L [LHeC R .
600: 2fb1] . ul | . ‘smokmg gun’?. ..
400 :— o i Ee= 150 GeV —:
~ : E¢=1GOGeV 7]
B E.= 50GeV ' |
200 - Vemcal(ddﬂed) lines mdi:ate vall& of —-
» W =45 = .\jﬁaune LHeCwnhE =7Tev. ]

P S ST T N N N
00 500 1000 1500 2000 2500
W (GeV)



J/¥ from future ep v Dipole model Predictions

“beware unrealistic non-saturation

straw men” [T. Lappi]

Current EIC —— Current LHeC design
design
Current LHCDb limit
YP = JA + P

3 1200 B T T T I T T i T T I T il T T I T :l T T l é T T T ]
—= - . : “—| LHeC :enfral values from -
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p 1000 || © ZEUS S(YP) + (296 nbYWIGEV)' 2k~
B LHeC Simulation g R 7

- —— b-Sat (eikonalised) . Lo i
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N E 5 ) i -

- | [LHeC tr i

mo __ [ 1 _,."" : ]

- 2fb1] . -

400 - . E.=150Gev

B : E. = 100 GeV .

~ E.= 50 GeV ' ]

200 b Vemcal(ddﬂed) lines mdi:ate vall& of —-

4 ,.,,, -\E .\[45 E aune I.HeC wnh E 7 TeV |

o~

PR T T R T
500

1000 1 500 2000 2500

W (GeV)

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?).



do/dt (nb/GeV?)

t Dependence of Elastic J/1p at LHeC

yp—Jhy +p
N I T N D
10° T T T T TS
.49, 1.03, 1.75 GeV~ 3
-.—»-?'1"'-'"'1. """"""
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10F
1€ E
1L |
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) E,= 20 GeV . LHeC Simulation .
-3 | |
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10
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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

... see also eA (later talks)



€10 e DVCS
) e, ks e . o
8 Pl (MILOU simulation)
R o e
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*) 102 %f ISP P C— )
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Still to do:
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- Beam Charge asymmetrles 100 200 300 400 500 600 700
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Inclusive Diffraction

Diffractive Kinematics at X,=0.01

Current HERA Data
at LHeC X (M,) 1% CILHeC E, = 20 GeV
- []LHeC E_ = 50 GeV
" [JLHeCE, = 150 GeV
* Low xp 2> cleanly separate &
diffraction " ° o , *//
- Low > Novel low x effects T
- High Q2 - Lever-arm for gluon, /
flavour decomposition et e e e T e
» Large M, = Jets, heavy flavours, W/Z ...
» Large E; = Precision QCD with jets ...
2 r =10% =—— 10°
E 10 Si Diffractive event yield (xp < 0.05, Q* > 1 GeV?) 3 10° __—--____ Diffractive DIS Q2 (100 fb™ 10°
ol *,* ® LHeC (Ee=50_lGeV,2fb'l) £ 102 _——__* NLOJET++ (NLO) 10¢
: +,+ e HERA (500 pb™) %'- -
106:_ " %'n ; 10 —-**+* 10°
.. e, 1 el 102
ot ° e, 10" Ty 10
: - ., %+
4 - 1o¢ . s .e TT" 1
¥ : wf Diffractive dijets T J[ 1o
103;— 104 102
B + I....l....I....I....I....I....I....I....10-:

0 50 100 150 200 250 10 35 20 25 30 35 40 45 % 55
" [Ge

dN/dE," [GeV™]



New Study (Wojtek Slominski): - o
Investigate LHeC potential for ,
diffractive parton densities
- So far using same framework as
at HERA (ZEUS version) with | Sy
factorising x,, dependence (IP) and Ceedeen T eenasn
(B,Q?%) dependence from NLO B ey
DGLAP fit

| & | aPzeeev | W [ @?iscevt
fo = ApaPr(1 — 2)%  wlomEmRy | omms
i { o003 V,,_‘\\
0.4l ] . light o
k=g,d and A, B,, C, free N\ 2 WL/ \
) k» k» k 0.2} e ——— - o1l \
3 Y AN
d=u=s-=dbar=ubar = sbar * © o % @ 1 e e

- Small sub-leading (IR) exchange required at largest x,;
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HERA Data v LHeC Phase Space
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LHeC Simulated Data (ZEUS-SJ extrapolation

Oreq for E,=7TeV, Eg =60 GeV Oreq for E,=7TeV, Eg =60 GeV
o= 18 0.16 T " o-005 0.16 UPPIPY T =18 0.2 T 00001 T 0.25 T T 00078
=18 — =1e-l =1.8e- =18 — =0. =0.
Q@2=32— 014} E g 0.14 | e /— Q?=32 — 018F E /i' g
@= 56 — @2=56 — (6l 5] o, s
Q%= 10 — L i L i Q%= 10— ’
Qo jg — 012 0.12 s 18— oaal | -

4 o015} . E

2= 32 L i L Q2= 32 /
¢ o = 1 0'5 o1 Q?= 56 — 012
0.08 4 oos} Q2= 100 01 L
Q2= 180 — -
0.06 | 1 ok | __@?=320— oo0s} {4 o1} ”—'_V‘/
ol So far;| '
04 | 1 oosf /’)/_
-
) :

002 | 1 oo}t 002 | i
0 . . . , 0 . . . . . . . 0 . .
1e-005 00001 0001 001 0.1 1 1e-005 00001 0001 001 0.1 D Se 01 ofs 00001 0001 001 01 1 1e-005 00001 0001 001 0.1 1
B B B B
o8 = 3.2¢-005 ot Z56e005 gt 028 ' =0.00032 020 ' Z0.00056
o T e T % uncor : - .
-
0.14 | {1 o1} /0 3] 02T il
012 f {4 o2} g "”": "‘N—‘-'
o1} 4 ot i S St 0.15 ey oss| ena
008} 1 oos} - y ) o e
0.1 ’N..‘_./.- 01 ’\_r/'_
0.06 - 1 oosf (o) &___/ . o
004 | 1 004r % /0 Stat /._,*.‘/- 005 | P
0.02 | 41 002} E ,.'...--—"/
’._,—.—'-0—"(
o . . . . . . . : . . '

0 L L L 0
1e-005 0.0001  0.001 0.01 0.1 1 1e-005 0.0001  0.001 0.01 0.1 n1o n o r l‘—l}S 0.0001  0.001 0.01 0.1 1 1e-005 0.0001  0.001 0.01 0.1 1
B B B B

Oreq for E,=7TeV, Eg =60 GeV

9 - Oreq for Ep=7TeV, Ee =60 GeV
) 0.25 T T T — 0.3 T T y T ul n e rt
S € =0.001 . €=0.0018 C =i ¥ . o007 . 0.35
2_ 56 — L ~» Q@?=32 — ’
82: 518 — 02k —LL._ 0.25 -— Q- 56 — 03} .\._ 03} 4
= Ty g 2 = — e e
2 = J— = Q 10
ol i VTN 02t ] Q?= 18 — 025f %- 025 :
Q2= 56 — 015 L e ey, Q;: 32 .‘\
Q2= 100 . | " ] Q= 56— 02 L) =g E 02 E
Q2= 180 — 0.15 . Q2= 100 i P
oo I i Q2= 180 — I . i | i
82= 20— o '\_((- Q2= 330 — 015 ey 0.15
Q2=1000 — "\'_,,.« o i Q= 560 — .
Q2= 1800 — "‘\._'_' QZ: 1000 — 01 F 4 o1} E
Q2% = 3200 005 [agna S NSNS 4 1 0.05 | 1 Qz = 1800 — A‘\\“
e Szfgggg — o05f A {1 oosf E
0 L La—e-9-9 e oo 0 L L Q; =10000 0 , ) 0
1e-005  0.0001  0.001 6 0ot ot T 1e005 0.0001  0.001 6 oot 04 ! Q7218000 yo005 00001 0001 001 04 1 1e005 00001 0001 001 0.1 1
03 T T T T 03 T r r r 035 § 04 i L
¢ =0.0032 - ¢ =0.0056 ‘: €=0.056
025 | >~ 025} % ] 03} 035
S S\
L 03
] -
02 'T\., 1 o2} \:\_\-\.___ J 025
X 2}
0.15 [ » { o5} "a g 02 b
01 q\’_. 1 o1t \ - 015 F
"\‘_‘_‘_’ "\‘\\* e orr
0.05 | {1 oosf E
M —“‘*‘_‘*‘_’ 0.05 0.05 k
0 L. e . . » . o 0
16005 0.0001 0001 001 0.1 1 1e-005 00001 0001 001 0.1 1 1e-005 00001 0001 001 0.1 1 1e005 00001 0001 001 0.1 1
B B B B



zz

zz

Next steps:

Fit S to the data simulated with 5% error

0.2 0.2 —mT-r—rrTr—rT—r7
ZEUS SJ ZEUS-S]
0.15 200 data points s 0.15 200 data points B
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Precision
(work in progress)
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Diffraction at FCC-eh in 1 slide ( — 3

Q? (GeV?), diffractive, x =102

o' p(50000)+e(60) FCC-eh kinematics sensitive to
diffractive structure in larger
(,Q?%) range than (x,Q?%) range

sampled for the proton @ HERA!

10°= p(7000)+e(60)
pP(920)+e(30)
10°

10

1

10~ % ?
_ o o _ Z 10 iffifctive event yield (x, < 0.05,Q° > 1 GeV")
w0t A ele—170|’179’|ymm—0|00 L 0 *+* ~50 ® LHeC (E,=50GeV,2 ")

10° 107° 10 10° B 107 107 1 . 0**‘ e HERA (500 pb™)

of . e 13
o . - ’++ >
- Similarly for masses and i * e

transverse momenta of jets. o °.
- W range for VMs = multi-TeV N,




Summary

- Low x QCD is a frontier of future - emergent phenomena
at high density, strong coupling (saturation, confinement, mass)

- LHeC / FCC-eh addresses this physics better than any other
future facility

- Recent progress in sensitivity to diffractive PDFs

- Still plenty more to do ... wish list
- DVCS and GPD / TMD sensitivity
- Lots of FCC-eh simulations
- Any simulations with real attempts at systematics

- More detailed forward instrumentation design
2> ..

[Thanks: Nestor Armesto, Anna Stasto, Wojtek Slominski ...]



Back-Ups Follow



0.2

0.15

0.1

0.05

0.2

0.15

0.1

0.05

Q%= 3
Q%= 10
Q%= 30
Q%= 100

& =1e-005

.0001

0.0001

0.001 0.01
g
T 1
¢ =10.0001
Ll
0.001 0.01

B

0.2

0.1

0.05

0.2

0.1

0.05

0

0.2

0.15

0.1

0.05

0.2

0.15

0.1

0.05

0

T W T T
i §=0.001 i
Q%= 3 —
| Q2= 10 — i
Q%= 30 —
Q%= 100 — —
Q2= 300 — -~
m Q2=1000 7
Q2=3000 =— .\_.—-
Q2 = 10000 !\/
e ————
| " il " P | " il "
0.0001  0.001 0.01 0.1 1
B
T T T T T
i €=0.01 i
%
<N\
| " il " P | " il "
0.0001  0.001 0.01 0.1 1

B

New Study: Wojtek Slominski

0.2

0.15

0.1

0.05

0.2

0.15

0.1

0.05

0

0.001

0.01
B

€=0.03

0.001

0.01
B




()]
N

zg

New Study: Wojtek Slominski

Fit S to data simulated with 5% error

st g —— 4 esF
L @=sce? ° | 7oL @-wcer ° |
6 1 s} .
5 | 1 st .
a4t 1 4k -
3 1 st .
2 1 2F .
1t . 1t .
0 T R TTT B R R ETT PRaren 0 pul el gl
00001 0.001 0.01 01 1 00001 0.001 0.01 0.1
z z

bk I Bk B bk Bk B |
j @=-s0cvz 9| ¥ ;3 Q@=200Gev2 9 |
6 1 s} .
5 | 1 st .
a4l .
3 1 st .
2 1 2f .
1} . 1| .
0 FITY PRI R TTT BRI | 0 FTY EEEPEITETTTY BRI |

0.0001 0.001 0.01 0.1 1 .0001 0.001 0.01 0.1
z z

o

zq

zq

0.3

0.25

0.15

0.05 f

Q? = 6 GeV?

Fit S to data simulated with 5% error

o
b

0

0.0001 0.001

0.3

0.01
z

0.1 1

0.25 |

0.2

0.15

0.1

0.05

0

Q? = 60 GeV?

o0 Q

0.0001 0.001

0.01
z

0.1 1

o
N

zq

0.3

0.25 |

0.2

0.15

0.1

0.05

0

0.0001 0.001

0.3

0.25

0.2

0.15

0.1

0.05

0

0.0001 0.001

Q2 = 20 GeV2

| PRI

0.01
z

0.1 1

Q2 = 200 GeV?

C
b

z

0.01



Looking for Saturation in t

10 10 102 10”7

10* 10° 102 107
X

[ H1 Data

he HERA Data

- Very low Q? data

1, - HERA-I inclusive data €™ o oo
1-2: \ . ?.:{gm Well described by 04 L ZEUS slope fit 2001 prel. ]
AN = AXMQ2) with fixed | - #iwoome cme /i
:f AN FZ = Ax wit 1Xe L H 96/97iH-1 svtx00 prel. ' l
. T A~0.2 for all I o Hros/e7 -
.4 H1 Rana, .
0.2f \ Q2 S ~ 1 GeVZ on L B
10 10 10 10! < . ] I;—*g“‘
° 0.6 Q?=0.35 GeV? Q%=0.50 GeV? | 02—065GI-\|/;| COICI:?::;:(:? 01 ;llk :}xi Th=o In[02//\2]
% 31% ‘%IH o Nﬁ o E{%éf B 4’%.”,*’ B , | m"l-l'ixtropololtfﬁln |
:« 0.6 H Q%= 1.2 GeV? Q}=15GeV?}  Q?=20GeV’}  Q’=25GeV’] 01()'1 1 10 107
£ o2l ¢, S S SN S ) i Q* /GeV?
G * _ *’%i_"';x.; ‘“ :x,; From 2D local x-derivatives:
0|t N M N no evidence here for deviation
sl o-new o-sen eeme]l o-mew  frOM monatonic rise of structure
WYY T~ ™1 functions towards low x in
 —— b w ) perturbative region.
ool e Gemes W 0T WO e, but this does not include:
K b | eor e ot - More precise HERA-II data

H1 Collaboration



(NEW) DGLAP PDF Fits to LHeC Pseudo-Data

-Simulated NC, CC "pseudo-data’ with reasonable assumptions
on systematics (typically 2x better than H1 and ZEUS at HERA).
- NEW: Luminosity increased since CDR = up to 1ab-’

- NEW: Fitting framework - as for HERAPDF 2.0 at NLO

source of uncertainty error on the source or cross section
scattered electron energy scale AE] /E; 0.1 %

scattered electron polar angle 0.1 mrad

hadronic energy scale AE; /E}, 05%

calorimeter noise (only y < 0.01) 1-3%

radiative corrections 0.3%
photoproduction background (only y > 0.5) 1%

global efficiency error 0.7%

- NLO DGLAP fit using HERAPDF2.0, including:
- LHeC NC and CC e*p and e'p cross sections
- NEW: HERA-1 and HERA-2 final combined H1+ZEUS data
- Fixed target BCDMS data with W>15 GeV
- NEW: HERA jet and various Tevatron / LHC data



Low x Gluon with LHC, with and without LHeC

xg(x,Q), comparison

NNPDFI0NNLO
5 NNPDF2.0NNLO_nolhe
\ Q= 1419+00 GeV

b

o079
v

Ratio
w

]
]

107 10° 10 10" 107 107 10“’

Standard LHC channels do not help much:
- ATLAS and CMS constraints as currently included in PDF fits

(jets, top) don’t extend below x~103.
- Other channels may help if theoretical issues can be overcome

(LHCb c¢,b, maybe even exclusive J/W)
- Current knowledge basically comes from HERA: stops at x~5.104

- LHeC gives constraints to x~10¢ from scaling violations ang F,




Low x Sea with LHC, with and without LHeC

xd(x,Q), comparison

i Q7 = 1.9 GV~
" 1.4 EEB today

NNPDFIONNLO
- e today+ LHaeC

—
&=
g =
SR NNPDFR.ONNLO_nolbe JEH =
i 3
. 5
L=
e
-

1.2

Ratio

dbar with LHeC

107 10 10° 10°* 10° 10F 10"

ININES EEENEEEEEEEENEEEENEEENENENEEE
Generaled with APFEL 2.7.1 Web

LHC channels help, but not on same level as LHeC:
- ATLAS and CMS low mass Drell-Yan data have an impact

- Also potentially LHCb Drell-Yan
- Other channels may help (see eg ALICE direct photon / FOCAL)

- LHeC goes to x~10°, directly from F,

... this is what DIS does best ...

34



FCC-eh Data have also been included

NC/CC | E. [GeV] | E, [TeV] | P(e) | charge | lumi. [fb™ ]

NC 60 (60) | 50 (7) | —0.8 | —1 1000

CC 60 (60) | 50 (7) | —0.8  —1 1000 e-, neg. pol.

NC 60 (60) | 50 (7) | +0.8 | —1 300 o o5, ol

cc 60 (60) 50 (7) | +0.8 -1 300 R

NC 60 (60) | 50 (7) 0 11 100 R

CC 60 (60) | 50 (7) 0 +1 100 & HAPOS

NC 20 (60) | 7 (1) 0 1 100 o enory

cc 20 (60) 7 (1) 0 -1 100 ~ i :

. ) . = Q°=1.9 GeV
cecond and thixd columns show FEC-eh (LHEC) elec. scale: O;’Z;OI:aadT'.s:c:Il::;f/; 1.4 HER.A
(M.Klein) radcor: 0.3%; yp at high y: 1% Il LHeC + low Ep

I FCCeh + low Ep
Il LHeC(+low) + FCCeh(+low)

uncorrelated extra eff. 0.5%

xg(x,Q%)/xg(x,Q?%)

Some improvement in precision

Main impact is direct coverage
with data down to x=10".

102 102 10"
X

LHeC HERA (V.Radescu)
FCC-eh

11



Why this is already dangerous at the LHC

- Use of PDFs based purely on DGLAP Q? evolution at low(ish) x
high Q? at the LHC will give incorrect results if there
are saturation effects in the low x, low Q2 data ...

xg(x.Q), comparison Xa(x,Q), comparison
7 IIIII I ] IIlIIlI 1 1 IIIIIII ] LI lIlIII ] LA 70 1 LR 1 LI LR I LI | IIIIII IIII IIL
== crectano RS creqQianio .
6 <<<<- NNDPF 3 6O = NNDPF 3 ]
5 ------- HERAPDF 1.5 NLO variations HERAPDF 1.5 NLO variations .
Q= 1.41e+00 GeV Q = 5.00e+00 GaV -
4 50 —
3 40 =
2 .
30 —
1 .
0 20 -
-1 10 —
-2 1 IIIIIII 1 1 Illllll 1 1 Illllll 1 1 lllll-:& o 1 L IIIIIII 1 1 Illllll L llllllll L L1111 n
10° 10* 103 § 102 107 1 107 10 10° § 10° 10" 1
Constrained Unconstrained
by data by data

- Convergent solutions after DGLAP evolution can already be
misleading at the LHC ... worse at lower x - LHeC, FCC- eh .

Generated with APFEL 2.4.0 Web



Existing Diffractive J/W Photoproduction Data
.. HERA: yp = J/‘Pp, vp 2 J/WY:

a) H1 elastic J/y photoproduction
E 120 __ ® H1data HE
= C * H1 data LE
2‘ 100 :_—FnHE.LF_H1(2005)
- L
T 80
Q i
Z 60
© r
40
20 (@ =01GeV*
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O'..l...l...l...l.
40 60 80 100
W,, [GeV]

olyp—>JyY)[nb] o
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80F
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My<10Gev
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.. Adding Ultraperlpheral Collisions at LHC:
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b>R 4R, - =

0

Z

10

H1 p-diss. J/y photoproduction
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(@]
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T
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- 40 GeV <W,, < 110 GeV Y
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¢ H1 data HE
{ H1(03) highit
— Fit HE, H1(03)
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:_...* il

- @ H1dataHE

C M H1datalLE

- a H1(2005)

I~ ==Fit HE, LE, H1(2005)
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v E401, E516

— * LHCb(2013)

- No evidence

increasing W
(decreasing x).

10°

10°
W,, [GeV]

results

for deviation from
monatomic rise with

- See also pPb, PbPb



1/A* do/dt (ub/GeV?)

Exclusive Diffraction in eA

Experimentally clear signatures and
theoretically cleanly calculable
saturation effects in coherent
diffraction case (eA - eVA)

™
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b-Sat
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] . _nosat
Saturation -
! effects |
0 200I 400I I600I I I800I ‘ I1000
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F=0
Lead
—  b-Sat
----- b-NonSat
W= 400 GeV
with breokup
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t (GeV?)

t)

Experimental
separation of
incoherent
diffraction
based mainly
on ZDC
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rich outputs
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lefractlve Parton Densities (DPDFs)

& [ Singlet Q?
% C o2l [GeV?]
. N c
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N 01 Rz
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/
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0-6 3 axp. uncertamty - 800
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.. semi-inclusive collinear QCD factorisation works!

.. 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 Q2... 40



Diffractive DIS & Dipole Models

-2 / ndf increases systematically in H1 DPDF fits when data of
Q2 < 8.5 GeV? are included (slightly lower in ZEUS)
.. low Q% breakdown of pure Leading Twist DGLAP approach

Eoosﬁ Q=8 GeV? | Q=14 GeV?
- Dipole models also applied, oo :
but need qgbar-g terms (and i
perhaps higher Fock states) oozl

Q=27 GeV? _

qqr (Leading/o'o‘“f‘,,,,.
Twist) 0.06

qq, (Higher
Twist)

......

qqg; (Leading Twist)

nnnnnnnnnnnnnnnnnnnnnnnn

02 04 06 08 02 04 06 08

- Not yet describing fine detail
- Unravelling this rich phenomonology can yield big rewards!



Deeply Virtual Compton Scattering

 No vector meson wavefunction ¢
complications v !

» Cross sections suppressed
by photon coupling P%p
—> limited precision at HERA
- would benefit most from high lumi of LHeC and EIC

LHeC Simulations based on FFS model in MILOU generator
- Double differential distributions in (x, Q?) with
19 and 10° cuts for scattered electron
—>Kinematic range determined largely by cut on p;¥
(relies on ECAL performance / linearity at low energies)



C (y* p— X)/ub

Problem of Inclusive Data in a 1D nutshell:
"Geometric Scaling’

10

10

10

10

-3

10

1
(S
T

-

Geometric scaling

~.
"'\-\.ﬁ variable T = Q% / Q%
.*.
h'm
o.‘.
HERA &,
Limit for ':..
Q2>2 GeV? -,

(1 fb1)
® LHeC simulation (x <0.01, Q"> 2 GeV")

| [Following Stasto, Golec-Biernat, Kwiecinski]
IlllII 1 llllllll 1 IIIIIlII 1 IIIlIlII 1 llllllll 1 L Ll

-1

10

L 10 0> 10 10

... HERA had very
limited aceptance for
t<1 ... saturation
effects depend mainly
on data with

0.045 < Q%2 < 1 GeV?

e.g. LHeC reaches
t~ 0.15 for

Q%=1 GeV?and

t ~ 0.4 for

Q%=2 GeV?

Can also be enhanced
with nuclei.



Non-linear effects in
HERA and eA Data?

Y=In1x?}

Saturation

I BFKL

INQ5(Y)=AY

Q2(x) = Q3 =~

@ Dilute system
@ o
B

2
In AQCO

Something appears to happen

around T = Q?/Q%, = 1

(confirmed in many analyses)

BUT ... Q%2 small for T <~ 1

.. hot easily interpreted in QCD

Lines of constant ‘blackness’
diagonal ... scattering cross
section appears constant along
them ... “Geometric

Scaling”

O-goth_)X( QQ) = ?oth_)X(QQ/Qs (:U))
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What can be done with LHC alone?

At Q2=1.9 GeV2

LHC ==
LHC+HERA m
LHeC(just incl.)

[Showmass 2013]

0.001 0.01 0.1 1
X

- LHC = current LHC W, Z and jet data

- Remarkable what can be achieved with LHC data alone

- Can we improve substantially? - Often already systs limited
45

le-06 le-05 0.0001



F.P and Nuclear
Shadowing

Nuclear shadowing can be
described (Gribov-Glauber) as

multiple interactions, starting
from ep DPDFs

Ve

[Diff DIS]

P P

[Capella, Kaidalov et al.]-
.C/.D.., . S
e
7 I
T
[ 1 1
Ca/D

... starting point for
extending precision
LHeC studies into
eA collisions



Reminder : Dipole models

« Unified description of low x region, including region where
QZ small and partons not appropriate degrees of freedom ...

ol (x,0%) ~ [dz d&r

e Simple unified picture of many inclusive and exclusive
processes ... strong interaction physics in (universal) dipole
cross section oy;,,- Process dependence in wavefunction

Y Factors
 qgbar-g dipoles also needed to describe inclusive diffraction



Signals in t Dependences:
e.g. J/y Photoproduction

t dependences measure Fourier transform of impact
parameter distribution. - Unusual features can arise from
deviations from Gaussian matter distribution
e.g. Characteristic dips in model by Rezaeian et al,

(just) within LHeC sensitive t range.

* e Saturation, Ww= 1TeV,Q=10GeV
Y +p—> J/\|1+P — Saturation, W _=1TeV,Q=0
T T T T T T — Saturation, W =5TeV,Q=0
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\
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Leading Neutrons

- Crucial in eA, to determine whether nucleus remains intact
e.g. to distinguish coherent from incoherent diffraction

- Crucial in ed, to distinguish scattering from p or n

- Forward y and n cross sections relevant to cosmic ray physics

- Has previously been
used in ep to study w
structure function

o

4+

Possible space at
Z ~ 100m (also possibly
for proton calorimeter)

02

04~

vertical lepton
SEpeT separator
N dipole

1

synchrotron
radiation

absorbers
R —— a—— ;v—'
Crab proton dipole proton low beta lepton low beta

Cavity Magnets triplet triplets
1 1 1 1 1

ZDC

%%

~190 =120

L 1 1 1 1 1
=100 =0 -0 -% -0 0 20 40 @ 0 100 10 L 160

distance from IP /m
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nt Structure with Leading Neutrons

_ RAPGAP—n—exchange, thetay .1 mrad, LHeC [Bunyatyan]
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« With 6, < 1 mrad, similar x, and
p, ranges to HERA (a bit more |
p; lever-arm for & flux).

e Extentions to lower § and higher
QZ as in leading proton case. > F,™
At $<5.10 (cf HERA reaches p~10-3)
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2 3
1 o (Bav?y

Also relevant to absorptive corrections, cosmic ray physics ...



Moo (lab)

Rapidity Gap Selection

X (M,)

® LHeC.E, =50 GeV

s HERA

—Mmax ¥V § COrrelation
entirely determined
by proton beam energy

- Cut around M, ~ 3
selects events with
R X;p <~ 103 at LHeC (cf
—SI I -45 I I-4l l -35 | -3 I —25 | I—2I | —15 | I—l XlP <~ 102 at HERA

log,, (Xp)




Intact Proton Selection Methods

beyond HERA
H1-VFPS H1-FPS H
1) Measure scattered _ H RN || Lol
Proton in Roman Pots  ** R0 ot [l Y

- Allows t measurement, but limited by stats, p- tagging systs

2) Select Large Rapidity Gaps

-Limited by control over
proton dissociation contribution

* Methods have very different systematics - complementary
* In practice, method 2 yielded lasting HERA results, because of

statistical and kinematic range limitations of Roman pots
« Roman pots mainly contsrained t distributions
 LHeC & EIC different - higher lumi + pot design from outset



