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HERA, a success story: established detailed structure of proton, including strong rise

of gluon at small x; large contribution from diffraction (10% of DIS events);

and much more (jets, as, y structure ¢, b, BSM limits ... )

BUT: no eA/eD, limited lumi at high x/for searches, limited kinematic reach at low x, ...




DIS: past, present and future

Lepton—Proton Scattering Facilities

LHeC and FCC-he:
high energy:vs ~1-5 TeV

high luminosity: 1034 cm2s!

(high luminosity benefits high x,Q? studies

— linked to small x via DGLAP evolution)
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this talk: small x physics

low x gluon constraints
inclusive diffraction
exclusive diffraction
jet observables

many other physics goals, see also other LHeC talks in this workshop:
P. Newman (LHeC project and detector); A. Cooper-Sarkar (PDFs); I. Helenius (eA); O. Behnke (Higgs)
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LH.O

LHeC kinematics
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access to low x requires 1° acceptance (1-179°)

higher electron energy reduces small x region unless acceptance larger

obvious extension of kinematic reach for FCC-he
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LH.C why is small x interesting?

HERA: observation of strong rise

of proton structure functions
towards small x

20

driven by growth of gluon density

15 QCD rad. of partons, linear evolution (DGLAP)

........

000, « at small x, potentially large logs
Glu;n_iplét;ing in 1/x; evolution must be
modified (EG. BFKL)

* and surely gluon density cannot

xZf(x)

0¥,

5_ ™ Gluon recombination
99 —>g? . "
rise forever!? unitarity of
scattering amplitude
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non-linear effectsin evolution?

LHeC can unambiguously access this novel regime
with unique access to dense regime at fixed, semi-hard Q? while decreasing x

“I firmly believe that the small x problem ... is the most interesting problem in QCD”

A.H. Mueller, 1990




ILH.C status of small x

* three pQCD-based alternatives to describe small x ep and eA data
differences at moderate Q? (> A2QcD) and small x
— DGLAP (fixed order perturbation theory)

— resummation schemes (BFKL, CCFM, ABE CCSS, ...)

— saturation (EG. in context of dipole models)

. . (see eA talk, I. Helenius)
* non-linear effects are density effects: 2

* two-pronged approach at LHeC: decrease x [ increase A
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LH.O small x physics at the LHeC
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Parton Distribution Functions  oricie

Gluon-Gluon, luminosity

xg(x,Q), comparison e
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low-x: no current data to constrain x < 10%;
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(see talk by A. Cooper-Sarkar for more on PDFs with the LHeC)




LH.O constraints on gluon at low x

gluon distribution at Q2 = 1.9 GeV2 - 1 —rr——r——rrrr——rrr——rr
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additional measurement of longitudinal structure function would further improve



now...

gluon distribution at Q2 = 1.9 GeV2
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LH.O FCC-he vs LHeC vs HERA

Voica Radescu
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@ sensitivity to effects beyond DGLAP

* measurements of F2 and FL, sensitive probe of novel small x QCD dynamics
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LH.C sensitivity to effects beyond DGLAP

F (x,Q%)

FP(x,Q%)

measurements of F2 and Fi, sensitive probe of novel small x QCD dynamics
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log,(Q*/1 GeV?)
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implications for UHEvs

v-n/ A cross section (t energy loss) dominated

by DIS structure functions/(n)PDFs at small-x

and large (small) Q°

key ingredient for estimating fluxes
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diffraction

* theoretical description in terms of colourless exchange
(pomeron, IP)

momentum fractions:
2+ Mx —t
X (My) op = j W
X Q2% + W=
jo @
Q7+ Mg

pomeron w.r.t proton

parton w.r.t pomeron

r = xyp[3 Bjorken-x

with the LHeC:

tests of factorisation in extended kinematic range (ep and eA), and constraints
on diffractive PDFs (DPDFs)

(factorisation proven athigh scales; diffractive structure functions are convolutions of DPDFs and coefficient functions)

new domain for diffractive masses
sensitivity to non-linear or saturation phenomena
study relation between diffraction in ep and shadowing in eA




LH.C diffractive kinematics and selection
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significant extension of diffractive kinematic region c.f. HERA

methods for selecting diffractive events:
large rapidity gap selection (LRG)
access to small x (up to 0.01 for nmax< 5)

leading proton tagging, could be used for larger xr

two methods complementary,
with some overlap in

acceptance




LH.O diffractive mass distribution

RAPGAP simulation
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compared with HERA, huge extension in Mx reach (low values of f3)
* new domain of diffractive masses

* MXxcaninclude —beauty, W, Z, new and exotic states EG. 1-- odderon



LH.O

 LHeC pseudodata; simulated

diffractive structure functions

X;p FoP

using large rapidity gap and

leading proton methods
(Ee=150 GeV, L=2fb1)

 stat. uncerts. < 1%

» acceptance of detector matters

large extension in kinematic
reach compared to HERA
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LH.O

 LHeC could discriminate
between range of models
with and without saturation
effects

possibility to study saturation
and its realisation
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diffractive SFs and non-linear dynamics

ipsat, bCGC: dipole models incl. saturation effects
HI1 fit B: linear extrapolation from HERA DPDFs
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LH.O exclusive diffraction

exclusive diffractive processes, such as exclusive vector meson producton
and deeply virtual compton scattering (DVCS) provide information on
proton structure and small x dynamics, complementary to that from

inclusive measurements

* access to Generalised Parton Distributions
(GPDs)

(encoding 3d structure of nucleon)

* t-dependence gives naarn,
information about
impact parameter

profile (spatial distribution)

» sensitivity to non-linear evolution

and saturation effects



LH.O

e Db-Sat dipole model (Golec—Biernat, Wouesthoff, Bartels,

Motyka, Kowalski, Watt)

- eikonlised: with saturation

- 1-Pomeron: no saturarion
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elastic vector meson production

elastic ]/ psi production sensitive to saturation effects
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large effects, even for t-integrated
observables

different behaviour as a function
of Yp centre-of-massenergy, W,
depending on whether
saturation included or not

LHeC can distinguish these

different scenarios




LH.O

elastic vector meson production

« elastic]/psi production sensitive to saturation effects

DADS AL PN

with ALICE and LHCDb data

y=k+p —J/y+p

Armesto and Rezaeian (arXiv:1402.4831)

* ultra-peripherial collisions at the LHC and beyond are a (less precise) alternative
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LH.O elastic vector meson production

elastic ]/ psi production sensitive to saturation effects

e Db-Sat dipole model (Golec—Biernat, Wouesthoff, Bartels,
Motyka, Kowalski, Watt) (W)

- eikonlised: with saturation

- 1-Pomeron: no saturarion
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LH.O

dIm A(Yp-> J/yp)/db (GeV')

elastic VM production —t dependence

measurements differential in t give gluon transverse mapping of hadron/nucleus

cross section in bins of W and t

even for small t values and smallest

energies, significant differences

between models (effect increases with

increasing W and t)

LHeC can discriminate

01
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larger t: increased
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impact parameters
where density of
interacting region
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|
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LH.C elastic VM production —dips in t profile

measurements differential in t give gluon transverse mapping of hadron/nucleus

do/dt (nb/GeV?)

Y +p = Jy+p

0 HL:W_=100 Gev, Q°=0.05 GeV” ]
3 - M.
10 O HL: 40<W_<110 GeV,<Q>=0.1 GeV"
0 -
10 i
3E 3
10 m— [P-Sat (Saturatlon)\\
== = h-CGC (Saturation) \ / -
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\
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9F \ l . 1 . 1 3
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do/dt (nb/GeV?)
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Saturation, Wm =5TeV,Q=0
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: , \\ X
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. .

| | l |
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t-dependence is a Fourier Transform of the impact parameter profile
characteristic dips a feature of saturation models

positions of dips depend on energy and scale

within LHeC-sensitive range

arXiv:1402.4831 o
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LH.O deeply virtual compton scattering

« DVCS: ‘golden channel” for accessing GPDs

— clean; no vector meson wave-function uncerts.

» sensitive to singlet quark as well as gluon

» Fourier Transform of GPDs gives transverse scan of hadron

+ sensitive to dynamics EG. non-linear effects

L=1 fb-1; Ee=50 GeV, O=1°, ptY> 2 GeV
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diffractive dijet production in DIS

« diffractive dijet and open heavy flavour production offer possibilities for:

e(k) e(k’)
Yy @z, W
—jet
| Me
1 X(P
ze £ : ()
remnant
I GaAP
p(P) Y (P)

LHeC: large yields
up to high jet pt

* checking factorisation in hard diffraction
« constraining diffractive PDFs

(sensitive to gluon; complementary information c.f. inclusive diffraction)

107 Calculated at parton-level
8 E = by NLOJET++
g10E= Tmy adapted to diffraction
5\ - = Only statistical errors plotted
% 1 = - ———
8 F - -
1oL il ey LHeC (L=10b"1)
: " -
102 T T N
— ]
3 -
B
L  HERA TT
10'5|||I||||||l||I||||||||||||||l|||||||||||||||

10 15 20 25 30 35 40 45 50
EX [Gev] 24



LH.C diffractive dijets in photoproduction

—10°E
, : > E -
e(k) e(k) | rescatter with p, Syl No suppression assumed
spoiling gap? 2 S .
vaee =T E.10 — —
I - —_  LHeC (L=10 ")
3 ! T —
—jet - T
—jet | 12 X(Py) 10" ++ —_
Zr &° (v) HERA + T
remnant 10 T
s
Xip GAP 107 ++_|_+
_I_
p(P) Y (P, 10" JFT
N
. 10-5lllllllllllllllllllllllllllllllllllllllll[ll
direct and resolved photons 10 15 20 25 30 35 40 45 50
. E; [GeV]
Xy = photon momentum fraction o1 XY
if additional interactions, suppression expected  “,.[ LHeC T
at low xv (factorisation breaking), but picture g — .
10° E— o
from HERA unclear : — b e
10 L -
LHeC: tests of factorisation possible in much i — HERA
larger kinematic range with larger statistics E S
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LH.O jet observables:

« dijet azimuthal decorrelations and forward jets (Q~pt) can shed light on

mechanism of QCD radiation
— kt ordered (DGLAP)

— kt unordered (BFKL)
— saturation?

10

d? o/dxd|Ad| (pb)

104 1107 <x<110°® 110%<x<110® 110°<x<110*

MEPS: DGLAP
CDM: colour
dipole model
Ad* < 120° CASCADE: CCFM
__________ evolution
104 110%<x<110° 110°<x 4110°
3
10

(if incoming gluon has sizeable kt, jets

no longer back-to-back; must balance kt 1 2 3 1 2 3

of incoming virtual gluon) AQ

) ® 26



LH.O jet observables:

 dijet azimuthal decorrelations and forward jets (Q~pt) can shed light on
mechanism of QCD radiation

5
~ 10
— kt ordered (DGLAP o
R ( G ) = MEPS: DGLAP
— kt unordered (BFKL) % CDM: colour dipole model
— saturation? g 104 __LI_ CASCADE: CCFM evolution
DGLAP: Q? >> pt? _ —'_‘—\_
(Q? = pt2suppresses DGLAP) 103k — — WS
: --— CIN
: - CASCADE
X bj small _L R= 05

I)-; _______ 10 2 R o=1°

c B0 exTN0p

 Yp—— evolution i

: from large -

c to small x 10 £

(=N ] o

It L

e : . :

c forward’ jet ]

| Ejet

| x't: s = la 1 R T AT IY . AT e BT

| Je proton -5 -4 y 1

: 10 10 10 3 10 2 10 1

N
U

« LHeC could perform measurements with large rapidity separations and different
e (Qpt) combinations to systematically test parton dynamics e 26



LH.O summary

with an LHeC (and FCC-he) at CERN:

unprecedented access to small x in ep and eA

high precision tests of collinear factorisation and determination of PDFs
novel sensitivity to physics beyond standard pQCD

stringent tests of QCD radiation

access to 3d structure of hadrons /nucleus at small x

with ep and eA (see also talk by I. Helenius), LHeC can answer the question

of saturation/ non-linear dynamics

] [fixed Q]
future plans — following CERN . o
. - DENSE

mandate, towards a TDR: RECION
» further studies on DPDFs (and nDPDFs)
« GPDs using vector meson production o

and DVCS, and study complementarity eA .
« complementarity with LHC DILUTE @

REGION

In A



extras




LH.O
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@ FCC-eh kinematics

p(50000)+e(60)
p(7000)+e(60) /
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QZ; /
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< 180 GeV
< 60 GeV
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parton distribution functions

Gluon-Gluon, luminosity Quark-Quark, luminosity
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rel. unc. xd,;(X)

unc. XxXg(x)

rel.

PDFs at low x

HERAPDF1.0 settings, Q2=1.9 GeVZ, Experimental Uncert.
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LHeC PDFs with released assumptions

LHeC does not need to rely on ‘usual’ constraint that u=d at low x, which may not be valid

2x ( usea+dsea)

rel. unc. xSea(x)

rel. unc. d(x)/u(x)

HERAPDF1.0 settings, Qz=1.9 GeVz, Experimental Uncert
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LH.C elastic VM production —dips in t profile

J/ll)l ¢, p:

Armesto and Rezaeian (arXiv:1402.4831)

*
* *
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* dipsin t move to lower values for lighter vector mesons

 possibility to test in ultra-peripheral collisions at the LHC?



LH.C diffractive dijet production in DIS

e diffractive dijet and open heavy flavour production offer possibilities for:

* checking factorisation in hard diffraction

e(k) e(k) y . .
 constraining diffractive PDFs (DPDFs)
v @z W Radek Zlebcik
_]et l S 450 [
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data / theory
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LH.O

small angle electron detector 62m from the interaction point:

Q?<0.01GeV,y~03=> W ~0.5Vs

substantial enlargement of lever arm in W

photoproduction cross section
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LH.O

odderon

odderon: C-odd exchange contributing to particle-antiparticle difference in
cross section, searched for in: Y*)p — Cp, where C = 7%, 7,7/, 1. . ..
through odderon-pomeron interference
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