H. Jung (DESY)

* What did we learn from HERA ?
® What is still open ?
* Where LHeC could contribute ?

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,



The fun with ep scattering

oletp—etX) =) fi(z,Q%)o(etq — et q)

h\"* HERA F,
& =
— | x=6.32E-5 4 000102
= x—0.000161 E= ZEUS NLO QCD fit
“((( g I S H1 PDF 2000 fit
= - x=0.0004 !
e g x—0L000S
= 3 ,t x—0.000632 = H194-00
Aaad : x—0.0008
* ] + H1 {prelL) 9900
i x=0.0013 = ZEUS 9697

<= 0.0021 2 BCDMS
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* perfect description of precise
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> Theory works well..... . < e il RS
e g o . __ 'm =.1%
> extract parton densities, which  *[ — ROSENLLE-E F
are universal L EMZEL
2 10 be used at LHC..... e e e
Q7 (GeV")
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Remember the pre-HERA times

: ° 1" HERA data 1992
Just before HERA started in i N Phys. BAOT (1993) 515
1992, new PDF fits (NLO (L850 (&= 15 e
. &:q | | | T TTTT &:\; [ T T T TTTT TTTTT
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. . . . . i MRS D* -
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Martin, Stirling, Roberts Apr 1992. 49pp. s EET}Q!MS ]
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Theory recap: what are we doing

gluon bremSStrahlung XE Dokshi‘rzer‘Gr‘ibovLipaTovAI‘rar'elliParisi
- (1 NI ] 9 collinear singularities
k2

factorized in pdf
* evolutionin Q* ~ k?, or kj or ?

o=on [ Zor (D) fulz@?)
o ° /

k _factorization
£ Bali‘rski Fadin Kur‘aevLipaTov
o Kk, dependent pdf -

collinear approximation “small X" approximation
1/

S unintegrated pdf

® evolutionin x
L o= / —d2kt0 k) F (2, k)

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 4



Questions from this ...

® Strong rise of structure function at small x:

2 where is it coming from ?

= typical BFKL behavior ?
= or

= steep starting distribution at which scale ?
= or

= generated dynamically from a small scale (6RV ansatz) ?
* if high parton density at small x, do we also observe saturation and
parton recombination
®* How is initial state parton cascade generated ?

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,



I Problems in Collinear Approximation

J. Collins, H. Jung hep-ph/0508280

heavy quarks at HERA
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> NLO corrections will be very large for these LO processes
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I Doing much better with uPDFs ...

heavy quarks at HERA

= = parton model
© uPDF
~— 10
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o
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Z 10
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< 3
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J. Collins, H. Jung hep-ph/0508280

Higgs in pp
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= doing kinematics correct at LO, reduces NLO corrs,.... NEED uPDFs 1l

7



Walking down the ladder ...

_—

» Hlpreldata 5 <@* <100 GeV?
-1 <n<25

Er > 5 GeV

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,
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1/o doldx , dA* (1/deg.)

NLO/Data

Walking down the ladder ...
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uPDFs from di-jets: k -dependence

* H1 prel data
5 < Q% < 100 GeV?

-1 <n<25
Er > 5 GeV

s determine small k,

region with
rA(z, 1) = Na~

1/ dzcldeidA(I)* (1/deg.)

1

NLO/Data

102

10

N

Hansson, Jung arXiv:0707.4276

® H1 data (prel.)

8x107 < XE,,l < 310

= — Cascade (New Fit)
- — NLO 3-jet ——
- ===: NLO 2-jet R

-”'i«iv-"”-r'isﬁ - - -l

By . (1— :1;')4 . exp (—(kto — ,u) /0 )
 large k. from evolution

Ao* (deg.)

< perfect description of shape and rate
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uPDFs from di-jets: intrinsic k,

Hautmann, Jung arXiv:0712.0568 [hep-ph]
$A(CE, ]CJ_, q_) — /dZB()A()(ZBQ, /L()) ‘G-:; 10 u=3.0 GeV
% D u=5.0 GeV
< i . u=10. GeV
xr -~ xr _ > 1 L
: : . 1|
» different intrinsic k.- 10 |
distributions only accessible o
10 e
in uPDFs 1074 1073 1072 107" 1
* sensitive to the mix of ¥

small and large k.

2 small kt determines total
X-section

=2 large kt influences
perturbative tails ...

10
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Looking forward ...

H1, Eur.Phys.J.C46:27-42,2006.
H1 forward jet data

Xp; small E _+_ H1
E—* 1000 % E scale uncert
------- evolution > — NLO DISENT 145,
______ to smallgx 3 O'EMr,f{!"lr,fizl"lr,f
_tg PDF uncert.
_________________ ) o ) --=- LO DISENT
Ty forward’ jet X jerlarge 500 — * 1+6Hnn
DIS and forward jet:
1.7 < Njer < 2.8 0.001 0.002 0.003 0.00<
Tjet > 0.035
2 )(B-
Dt ; J
0.5 < Z;;t <5
o(fwd jet)/o(DIS) ~ 1% = NLO calc toooooo low !l

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 12



Looking forward ...

H1, Eur.Phys.J.C46:27-42,2006.
H1 forward jet data

X small E H1
------ £ 1000 E. scale uncert
| = —— CASCADE set-1
------- evolution 3¢ ----CASCADE set-2
from large O
______ to small x ~
o
o
BT ey lorward’ jet x o large 500
* DIS and forward jet:
1.7 < njer < 2.8 0.001 0.002 0.003 0.00¢
Zjer > 0.035
2 Xp;
o ’
0.5 < 22 <5
QQ
o(fwd jet)/o(DIS) ~ 1% 2 Hmmmmm,

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 13



Looking forward ...

H1, Eur.Phys.J.C46:27-42,2006.
H1 forward jet data

X small E H1
------ £ 1000 E. scale uncert.
| —_ EEl RG-DIR
_______ evolution 3¢ - --- RG-DIR+RES
from large O —CDM
______ to small x ~ F ==
@)
o
-------------- “forward” jet x jo(large 500 IT,'_:
—o— C)
* DIS and forward jet:
1.7 < njer < 2.8 0.001 0.002 0.003 0.00¢
ZTjet > 0.039
> Xgj
0.5 < Lt 5
QQ
o(fwd jet) /o (DIS) ~ 1% = CDM (ARIADNE) pretty

good ....

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 14



what did we learn ...

 inclusive DIS xsection well described by NLO DGLAP
@ xsection rises strongly for small x
® large gluon/sea quark densities
2 is linear evolution enough ?
< saturation effects ?
* understanding parton evolution at high energies still challenging:
® hdronic final state not really understood
@ kt distribution, delta phi
® forward jet production
> best description still by CDM (ARIADNE) although effects from
extended dipoles...

2 best theory .. (CCFM) still lacking good description.....!l!!

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 15



How to make progress ?

¢te “region

CASTOR region

electron

-1.5 0 1.5
155° o° 25°

30 45 50 55 65 70 75 80 85 |lab
57 13 08 05 02 01° 006° 004° 002 ©

acceptance limit: HERA

® measure jets in central region
® measure jets in forward region (n > 3 ).... extend HERA

® measure jets in very forward region (n > 5)
@ cover at least same range as CMS... (CASTOR)
® go even more forward to proton fragmentation region

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 16



di-jets: at large

energies

110%<x<110%

T ﬂ ||||ﬂ ™

110°%<x <110*

31010 :
— k0 " Ag# 2 109?_
] = 10°F
ﬂ 10?;_ 200 e x 7000 p
o 6 F—— MEPS
_E 10 i CDM
F .o CASCADE
B 10°f
!L':I 104; 1107 <x<110%®
° , , 1031
5 < Q2 < 100 GeV Ty .
-1 <n<25
Er > 5 GeV

o small k, — A¢ ~ 180

104 L 110 <x <1107

@ Iar'ge k,r from evolution ! - | | |

110%<x<110%
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Forward jets at LHeC

Xp; small

evolution
from large
to small x

> DIS and forward jet:

Zjer > 0.03
p%jet

0.5 < =55

< 2

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,

d o/dx (pb)
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----- COM
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Forward jets at LHeC

X bj small —_ 10 4
o]
evolution &
o smallx R
3
"""""""""" forward’ jet x ;. large iTTTT T
Jet X jelarg o 103_ E E ------ — MEPS
S ----- CDM
-+ CASCADE
e=3°
200 e x 7000 p
°* DIS and forward jeft:
Zjer > 0.03
2 i :
Dt jet |
0.5 < —5- <2 - ;
Q 1 MR PR R ===
-5 -4 -3 -2
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Forward jets at LHeC

Xpj small 10 4
- N R Eas
evolution & ------
from large v
to small x -u
B
__________________ forward’ jet x i large o]
— MEPS
""" CDOM
= CASCADE
102_ @=1°
200 e x 7000 p
* DIS and forward jet:
10 |
Ljet > (0.03 :
2 i -
pt et
-5 4 3 S
10 10 10 10 R
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Forward jets at LHeC

Xpj small %
:volution E" 1
o sl © :
I 10 2| —O0EKCADE
“forward” jet x jo large y i 0 200e x 7000
10 - —O&kcADE
10 |
-2
10
°* DIS and forward jeft: | 1|
10 . Ll . . L [ L . L . L
2 - 5 10 15 20
Tjet = 0.03 10 10 z1 Ngluon
P ;
0.5 < —L% <2 - |
¢ » zvalues in splitting fct are still far
® consider all gluons in from asymptotic region
MCgenerator (pt > 1 GeV) * large number of gluon radiation...

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 21



I forward jet production and rap-gaps

> DIS and forward jet:

Zjet > 0.03
X bj Kp; small 0.5 < < 2
o(fwd jet)/o(DIS) ~ 1%
evolution
from large
to small x
forward® jet :-:jet]arge
P

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,



I forward jet production and rap-gaps

xbj small

evolution
from large
o small x

------- forward’ jet :u:je[]arge
P KH’

$ rapidity gap  An

¥

P

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,

> DIS and forward jet:

Zjer > 0.03

0.5 < < 2
o(fwd jet)/o(DIS) ~ 1%

® indiffraction: forward jet

close to rapidity gap
o (diff dijet) /o (DIS) ~ 1%

® understand radiation close to

proton

and radiation close to rapidity

23



LHC-pp and LHC-ep

® compare measurements with LHC - pp results
® one proton side is identical
® test factorisation and parton evolution
® multi-parton interaction/saturation/diffraction

() , é
\
largem

D
-

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 24



LHC-pp and LHC-ep

® compare measurements with LHC - pp results
® one proton side is identical
® test factorisation and parton evolution
® multi-parton interaction/saturation/diffraction

m :
-
i largen
X | Ty
U /M
. \_J/

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,
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Universality of fragmentation: ep vrs pp

* |eading particles in parton cascade ...

universality of hadronization

o

< 14
12

10

8

6

4

2

0

CASCADE

14
12
10

o NN A O @

HERWIG
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Leading particles
(mini) jets

parton ladder
EWTVT unintegrated pdfs
perturbative saturation
proton remnant
primordial kt
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Universality of proton fragmentation region

® measuring foward proton fragmentation

region
? |nves1-|901-e |n1-r'|nS|C kT - SGTUPGT'O” Leading particles
(mini) jets
parton ladder
effec'r ? grm unintegrated pdfs
perturbative saturation

* measure leading baryon (proton/neutron)
production close to p-fragmentation region

proton remnant
(\ primordial kt
3

b

w10
10
g‘ 9 | = e CASCADE
HERWIG
55|
5 -
i |
3 10
2
1
0 1
-107.5-5-2.50 2.5 5 7.510 00511522533.54455
n proton ot
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Going even more forward ...

® study on forward coverage for CMS done ...
by V. Andreev. K. Borras, A. Bunyatian, H. Jung, M.Kapishin, L. Lytkine

n~7-10
n~7-10 E=2-7 TeV
21.5m 85m 95m 135m. RP2 -
Q1 Q2 03 o T \ D2 04 J Qs j Q6
IP5 Iﬂl EI_IHQ_I % |_||_||_||_| I——J—’—’%_E ¥ == E_*I—
||_| UL ] U000 % nim T, .
147

180

220

® need improved studies.... with better performance and coverage
* will be one of the important issues....

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008, 28



Conclusions

® HERA has left us with many questions in small x
® small x evolution:
@ dijet production: correlations are tricky to describe
® which approach can describe consistently fwd jets
® fwd hadron production ?
® rise of parton densities and saturation ?
° LHeC offers possibilty to investigate these effects
® need good central detectors
® need good forward coverage
® small x effects are visible ...
® need to be comparable to LHC-pp detectors for direct comparison

* Still..... LHeC might be not really in the asymptotic region.....

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,
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Walking down the ladder ...

® D* production in DIS

2 < Q? <100, 0.05<y<0.7
nP*| < 1.5, 1.5 < pP* <15

® good description of inclusive D*
production by NLO (HVQDIS)
but also using kt-factorization
and uPDFs (CASCADE) .....

H. Jung, Small x parton dynamics, LHeC workshop September 1-3 2008,
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I Walking further down the ladder

9
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di-jets: at large energies

5...101“ :
jet 1 gf
£ <—— k0 Ags 2 103 3
jet2 % 10 EE
ﬂ 10? = 70 ex7000p
o 6 f—— MEPS
X 10 ° ----- cOM
O 5 f - CASCADE
© 107 F :
'-"!u 10%L 1107 <x<110%

5 < Q? < 100 GeV?

11u‘“-=x<11n'5;_

110%<x <1 10*

-1 <n<25
Er > 5 GeV

o small k, — A¢ ~ 180

° large k. from evolution
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di-jets: at large energies

jet1
 <— k#0 Ap

jet2

5 < Q? < 100 GeV?
-1 <n<25
Er > 5 GeV

o small k, — A¢ ~ 180

° large k. from evolution
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Forward jets at LHeC

Xbj small — 10 4
L
evolution &
‘o small 5
B
forward’ jet x i large g =] 10 3 B i
""" COM
CASCADE
102} =5
70 ex 7000 p
> DIS and forward jet:
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Forward jets at LHeC

Xbj small

evolution
from large
to small x

- .10

> DIS and forward jet:

Zjer > 0.03
p%jet

0.5 < =55

< 2
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Forward jets at LHeC

Xp; small
b —~ 10°
L
evolution o
from large et
to small x %
S
"""""""""" forward’ jet chtlarge _g HE
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* DIS and forward jet:
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Dt jet
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Forward jets

at LHeC

X bj small
—~ 10*
o]
evolution Q.
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Forward jets at LHeC
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o]
evolution &
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Forward jets

at LHeC

Xbj small — 10 4
]
evolution &
from large »
to small x %
"""""""""" forward’ jet x jolarge g 10 3 i L wEeS
-- CDM
- CASCADE
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Dt jet
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Evolution of uPDFs and x-section

@ unintegrated PDFs (uPDFs): keep full &, dependence during

perturbative evolution

9 USlng Dokshifzer‘Gr‘ibovLipa‘rovAITar‘eIIiPar‘isi, Bali‘rskiFadinKur‘aevLipaTov or
CiafaloniCaTaniFioraniMarchesini /LiinkedDipoleChain eVOIUTion eqUGTionS

> CCFM/LDC treats explicitly real gluon emissions
= according to color coherence ... angular ordering
= angular ordering includes DGLAP and BFKL as limits...
@ cross section (in k,factorization) :

do.jets

dErdn Z///dxg dQ?d... [dk] g Ai(zg, kT, )] 6i(zg, k7)

2 can be reduced to the collinear limit:

dO.jets A
dErdn Z///dw dQ*d. ..z fi(z,Q%)6i(x, Q% ....)
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