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The world's only electron/positron-proton collider. E, = 27.6 GeV E, = 920 GeV
Two colliding experiments: H1 and ZEUS (/s = 320 GeV)
fixed target experiment: HERMES
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The results presented in this talk are based on HERA-TI data
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Definition of kinematic variables

€ Q> = —qg° photon virtuality
2
e = ﬁ—_p Bjorken scaling variable
> Q2 . W2 = (p + q)° ~*p CM energy squared
/ t=(p— py)? 4-momentum transfer squared
W ! X Tp = % fraction of p momentum transferred
P :rapidity gap tolP (xp ~1— Ey/Ey)
[ 2
\ Xip 8 = m fraction of IP momentum carried
/\7N by struck quark (zp3 = x)
P Y (P) Mx Inv. mass of system X

* t-channel exchange of vacuum quantum numbers
proton survives the collision intact or

dissociates to low mass state, My ~ O(mp)

- large rapidity gap
- small # Four-momentum transfer) and x;, (fraction of proton momentum)

‘M, « W
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Diffraction at HERA

If no hard scale - Q2, |1|%0 : similar to soft hadron-hadron interactions
- Regge theory: diffraction is exchange of Pomeron
—>Weak energy dependence

If hard scale (large Q?,|t| pet,my) present: study diffractive phenomena in terms of QCD
- Resolved Pomeron: probe the structure of exchanged object

- Colour dipole: diffraction is exchange of colour singlet gluon ladder

between (v qq, qq9) and the proton
- Steep energy dependence

e ' q
e ) ,.Y*
Q . _
14 q
[ =, gd 9
w IP:rapiditygap
\ Xip 1
P P
D
P Y (P

HERA- unique facility to study transition from soft to hard regime and
to probe partonic content of diffractive exchange.

~10% of DIS events at HERA are diffractive
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Diffractive event selection

>'Leading proton’ method (LPS)- scattered proton detected in 'Roman Pots’ (LPS,FPS)
free of p-diss.background, t and x;, measurement, but low acceptance/statistics

Yy
proton B77 B72 B67 Q51,55,58 B47 Q42 Q30,34,38 B26 B18,22 Q6-15 ZEUS
m T — e 3, | E—— S— I
ot | H1
sa S3 S2 s1
LPS

>Large Rapidity Gap' method (LRG)
t is not measured, some p-diss. background (for H1 measurements My<1.6 GeV)

e,

Y* et ——m
! X
" E rapidity gap
P/>'\Y(P,)

>'My’ method- non-diffractive contribution subtracted from fit to My distribution
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Diffractive event selection - My method

- = Fit(cexp(b InM, %)) — Fit(D + cexp(b InM, )

7] DJANGOH [] SATRAP+ZEUSVM 3 SANG(M,, < 2.3 GeV)
¢ (ZEUS98-99)-PYTHIA-SANG(M,, > 2.3 GeV)

W = 200 - 245 GeV
Q°=7-10GeV*
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2
d InMy

InM,® distribution

N =D+c-exp(b-IlnM%)

=  exponential rise with M, for
non-diffractive events

= flat behavior vs In M,? for
diffractive events

= Non-diffractive events can be
subtracted from fit to My

- some p-diss. background (My<2.3 GeV)

e tis not measured
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Cross-section of inclusive diffractive DIS

e t = (p — p,)2: 4-momentum transfer squared
—_— 2 (p— .

QY* Tp = % fraction of p momentum transferred to IP

= Q— fraction of IP momentum carried by struck quark
7 y q
; X 2q-(p—p’)
W
IP :rapidity gap
o

\t/

P )
Y (P)

Diffractive DIS cross-section:
O'D T D(4
dﬁdg2dmpdt — @(1 -~y 92/2) ) GR( )(/67 sz LIPs t)

0'12(3) (/69 Qza mﬂ:’) — f 0-12(4) (/87 Qza LIP t) - dt

Reduced cross-section:

2 []
op = FP — H_(i’_y)QFLD (e = FP if FP =0)
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[
= large kinematic region covered 1.5<Q2<1600 GeV?
= |large statistical precision

= good agreement between two experiments and different methods
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HERA Diffractive Structure Functicn
+ H1 [LRG, prel )
= H1 (FPS, prel.)

Diffractive structure functions F,P(3), 6 PB) - xo B and Q? dependence
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B- dependence of F,P

Xp=0.03 HI preliminary
Q%=20 GeV? Q°=120 GeV? _ Z E U S
m
n @) ZEUS 98-99
o
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B
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10-2 10—1 1 (\/82319 GeV, prel.) 0 Ll L L
B----- IP only 10 ? 10 B
-------- extrapol. fit B

F.P(B.Q%) vs B

B-dependence relatively flat
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B- dependence of F,P

_ Xp=0.03  H1preliminary 21 Q:27Gev? [ 35Gev? [ 45GeV: [ 65GeV
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10° 1 1L L —— H1PDF 2000 fit
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0 u Lo L1 1) —— H12002 6,0 NLO QCD fit 10 1 10 1
10 2 10 t 1 (\/82319 GeV, prel.) 0 Ll 5 L I L X
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-------- extrapol. fit B

FZD(B:QZ) vs 3 / FZP(X,QZ) vs X

B-dependence relatively flat - different from F, (recall x=xpp*p)
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Q? dependence of F,P
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M, < 2 GeV: weak rise with W
M,> 2 GeV: strong rise with W
at Q2 > 4 GeV?

14 GeV?

55 GeV® 27 GeV?

Q=

Quantify W dependence as
~\W 4l (0)-1.03)

iff

do™ /dM, cW*

4 .
In Regge approach relation between adiff and
pomeron trajectory ar%iff. averaged over t

Effective pomeron trajectory o (0) should be
independent of GQF in Regge approach

ZEUS ® 97 prel (F P=0) 4 99 prel (F P=0)
- zEusesw |~ 13
L e 0yt (0) (x<0.01) 12 ~ __ lInclusive
[ O it (0) (2<M <15 GeV) ] Qa ==
; % |3 i
i i ] 1.2 —
* [ ¢
L i L % ] - /'
] 1.1 — soft IP
i soft Pomeroné : 0< FLD < |:2D
] 1 L L | L L PR |
1 10 , 1(2)2 1 10 10
Q" (GeV?) 2 2
Q” [GeV]

consistent with soft Pomeron at low Q?,
increase with Q2 »not consistent with Regge factorization

lower than for inclusive DIS cross section F, oc (W ?)

Armen Bunyatyan, Inclusive Diffraction at HERA

(H1 data consistent within the errors)
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W and Q? dependence of gdiff/ gtot

ZEUS
e w e e ZE;IS %9 | 1 for M, >2 GeV ratio is independent of W
® ) =LT70GeV | ] =4 Gel- A =6GeV Y =8 GeV”
= Qoucy’ & Foroe’ O @ossee’ | - same energy behavior in diffr. and incl. DIS
S | $ » 02 <My<2GeV)  B<M<BBGV 1 3 not consistent with naive picture
u.m*** f# |X 2 2 . .
- _ 1 g(x,07)| 2\ | expect rise with W
u.uzi}p‘#:';%; ;’é;é‘ r:X(XQz) :Xg(X,Q) P
offimt e X £ & 1 : =
2 <M, <4GeV 15 < M, < 25 GeV
0.06 [ T 1 O for M, <2 GeV (high B) ratio decreases with
0.04 &H i % ¢ i increasing W : contribution of vector mesons
afrst s Lt E é 1 ¢ | O high M,>8 GeV-no Q* dependence
Jres s 5 s b | | > same DGLAP evolution
4<M, <8 GeV 25<M<35Gev | U low M <2 GeV (high B)-strong decrease with Q?
0,06 e |
0.04 T
OERER
o iﬁ 89 4 % o § | O diffractive contribution to o't
b e (200<W<2456eV, 0.28< M, <25 GeV,M<2.36eV)
W(GeV)
diff 0.7
rif = 15,8120 at Q2=4 GeV? Fot =9.625;% at Q=27 GeV?
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NLO QCD fits to F,P

Extract diffractive parton densities from F,® data and use to predict the
diffractive final states =2

are these PDFs universal ?

Make use of different data sets, theoretical models and approaches

Diffractive PDFs from HERA are essential ingredients for the prediction
of diffractive cross sections at the LHC, e.g. diffractive Higgs
production.

Along with understanding of factorization breaking mechanism in the
diffractive pp interactions, the precise measurements and understanding
of diffractive PDFs are needed for reliable predictions.
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Factorization properties of diffractive cross sections
QCD factorization in diffractive DIS (Collins 1997)

oy > Xp)oe X 1505t3.01) ©7(5,0°)

f.0, -diffractive parton distribution function -
conditional proton parton probability distributions
with final state proton at fixed xip,t

o’ ;! _universal hard scattering cross section

Regge factorization (assumption-
nho firm basis in QCD ):
PDF = Pomeron-flux x Pomeron-PDF

Hard Scattering

Facioriafion  [§ G @ f.2(X,Q% Xpst) = Fio, s (Xpo )% T, (B =X/ X5,Q7)

where Pomeron flux

o N . |
Factorization  x, e Bt '
fIP/p(XIPﬂt)z 2a(t)-1 9a(t)= a(0)+a (t)
p p Xip
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Diffractive PDFs: H1 NLO QCD fit (H1 LRG data)

H1 2002 6,0 NLO QCD Fit

H1 preliminary

3

- assume Regge factorization
- apply NLO QCD DGLAP analysis

S Singlet S Gluon &:evz] technique to Q? and B dependencies

N 02 N 1 of diffractive structure function as for
w @ 6-5 . °

. N inclusive DIS

= quark density directly from F,P
= gluon density from scaling violation

‘low z behavior similar to F,

15 . . o .
01 hard gluon distribution extended to high ~
-gluon carries 75%x15% of IP momentum
*ap (0)=1.173 H1 preliminary
— 1.2
90 ‘“o Gluon Momentum Fraction
" for 0.01<z<1
N o1
N ... >
02 04 06 08 1 02 04 06 08 1 ;,"j 0.8
N
z z N 0.6
H12002 6P NLOQCDFit  z- long. momentum S,
=1 (exp. error) fraction of the exchange ~ 04t . .
1 (exp.+theor. error) e abb il s L
N 02 - H  (exp.error)
— H12002 6,0 LO QCD Fit 5 ' (exp.+theor. error)
N oL s
3 10 10°
Q’ [GeV?]
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Diffractive PDFs: more QCD NLO fits (ZEUS-M, data)

Several analyses done in the framework of HERA-LHC workshop

NLO QCD fits to H1 and ZEUS data

Singlet Gluon

2 9(z,Q%

- a1
10 10

z
= NLO fit to ZEUS Mx (exp. error)
— H1 2002 NLO fit (prel.)

----- (exp. error)
----- (exp.+theor. error)

2
%evz]

6.5

15

90

NLO-QCD fit to ZEUS-M, data:
(Laycock, Newman and Schilling)

similar procedure as for H1-2002-
NLO fit to H1-LRG data

-Significant difference between
diffractive gluon densities from
H1-LRG and ZEUS-M, data

- Singlet similar at low Q?, evolving
differently to higher Q?

- Fraction of gluon momentum: 55%
- agp (0)=1.132

Differences in the fits to the H1-LRG
and ZEUS-M, data are due to the
difference in Q2 dependence in the
measurements

Armen Bunyatyan, Inclusive Diffraction at HERA
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H1-LRG vs ZEUS-M, data

HERA Diffractive Structure Function

e H1 (LRG, prel.) — H1 2002 NLO fit (prel.)
+ ZEUS (Mx) 5
— NLO fit to ZEUS (Mx) Q
® .- — [GeV?]
o p=0.01 | B=0.04 |P=0.1 p=0.2 B=0.4 B=0.65 B;ﬁ'g
= 0.05 ! o
< a—_— * At closer look there is a
0.05 | | [ @ }ﬁ{ 35 difference between the two
. L Vi )ﬁ‘\ o ' measurements at high 8 (low M,)
region, and smaller positive
0051 ¥/ L( w, k{ g?; fg 65 scaling violations in ZEUS-M,
0 — data, e.g. less gluons
005 v/ w R/ w k \\E& }f;}ﬁ 85  the differences between the
0 measurements are not yet
o5 b/ E‘g & % 15 understood
;\ { Q M AMEL
0 -
/| ‘
0.05— g 25
N { g % k 3 -§"-1::
0
0.05 v/ 3{/ 60
DR . 0.
5 4 325 -4-3-2-5-4-32-5-4-32.54-3-2-5-4-3:2-5-:4-3-:2
10101010101010101010101010101010101010101010101010101010
X
P
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ZEUS NLO QCD fit to F,Pb (ZEUS-LPS) and F,P. charm

= . B=0.48
ﬂ r '
B 005 ¢ ® ZEUS97 ] ] i_i.l—-i"‘
% — NLO QCD fit
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d ' e . e T
0.05 - 1 / : : ]
0 t } t }
0.05 - i : : -
,1,/ i L-’f(’* ] 44
ﬂ 1 i i i
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2 2
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| T T
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:E xrpzﬂ.l]ll xn,zﬂ.[ﬂ]ﬁi- \KQ
= 'iu = 16 g 1ﬁ e 'iu = 16 & lfll 5
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e 0S¢ 050 ZEUS 97,98-00 _
(-] Q=4 GeV? Q’=25 GeV?
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SRS 10° 10 0 0’ 0"
p B
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0.0005

0.0012

0.0023

0.0068

-Regge factorization, x;,<0.01
include diffractive charm data

Orp (0)=1.16+0.02+0.02

fractional gluon momentum at
initial scale of Q =2 GeV’
82+8(stat) +9(sys) %

- consistent with H1-LRG data
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More NLO QCD fits

S Quarks S | Cluon Groys, Levy, Proskuryakov (GLP)
N 2 N : 1_ 2

& Yoeost 1% meseey (Fits o H1-LRG, ZEUS-LPS and
3 ZEUS-Mx data)

Evident discrepancies between the
different fits and approaches

Need more work for precise and

N ) consistent determination of diffractive
[ % QP =90 GeV
100 PDFs
\,
- M"\.\_h
50 - N
‘\.m' .
0 AN
10 10" 1
Zz z
— ZEUS-LPS fit
----------------- - H1 2002 fit (prel.)
e (GLP fit
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Comparison with theoretical models
BEKW(mod): - — Total - (qa)y (@) - (409, Bartels, Ellis, Kowalski, Wisthoff (BEKW)

1 x=0.00175 | x=0.00224 |

qqg o (1= p) -at low B (high M,)
qu o« B(1- B) -at medium B

. B=0005 =0025 (=0125 B=04  B=07  B=09
m HRRRAL DAL B AL I HRRRAL AL B B AL B IR ITo) .
5 T | w0000 | 2 Colour Dipole model
o E
o i i |e * N v " ¢
><_ O [+ R i : y 'HUCTUGTZS InTO (qq)T, (qq)L or (qqg)T
005 1T 8 before interaction with the proton
i T P’ /ﬂ/ ?
i jx 000021 £ <
0 w HHH[ HHHHH— g — rmmi il . "o
i T i C x= 000053 18
0.05 - -+ / 8
: T 1 R L=
I = j x=0.00042 /H_}/ =
Ow o b1 HHT- M%%N
i T x=0.00207 1Y
0.05 - - M 18
} = A — _T L +
‘,>H000084 e : X|PF ( ) CTF + CLFqT] Cquqg
¢

Xip=

- ,33(1 B 2,3)2 -at high 8 (low M,))

5 free model parameters

X,p=0.01

X,p=0.02

Model reasonably describes data
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D(3)
Xp Fz

Armen Bunyatyan,

Comparison with theoretical models

Dipole model predictions for Fs(a’

e p=0.0153

W ZEUS FPC
—— CGC b=6.8 Gev2

-~ FS04 sat b=6.8 Ge\/2
B I FS04 no satb=8 GEV_Q

. p=0.1209

_ —

T e p=0.3125

. p=04706
am g )

Q’ =27 GeV*

Forshaw, Shaw — hep-ph/0411337

ODiffraction is color singlet exchange
between dipole and proton

2> fit F, data and predict F,5®)

> need gluon saturation at low x to
describe data

Tancu, Itakura, Munier - hep/0310338
O Color glass condensate model:

<> non-linear saturation effects at high
gluon densities

=>prediction consistent with data

Considerable theoretical interest to HERA diffractive data

Inclusive Diffraction at HERA
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Application of diffractive PDFs to hadronic final states

e e
Q2 Y ’}f* Jet, E
Jet, C
X
“Remnant”
o + Gap
I ¥}y

t

Test the universality of parton distributions extracted from the fits
to FP, - use the PDFs in the QCD calculations for other diffractive
processes, e.g. diffractive jet and D* production

= cross sections are calculable in pQCD

= production mechanisms are directly sensitive to the gluon content of colour
singlet exchange - give constrain of shape and normalization of gluon
density in diffractive exchange

= can be compared to theoretical models and approaches
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* NLO calculations with diffractive PDFs from the fits to F,® measurements provide
in general a reasonable description of diffractive jets and D* in DIS
= suggest validity of QCD factorization in diffractive DIS
 However results depend on the choice of diffractive PDFs

- Situation is more complicated in photoproduction regime and in pp :

Armen Bunyatyan,

rescattering corrections, survival probability, ...

Inclusive Diffraction at HERA
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(see talk of Alessia Bruni)
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Conclusions

O The partonic structure of diffraction is measured by H1 and ZEUS with
improved precision and extended kinematical range

d Diffractive PDFs extracted from the NLO fits to the data:
QCD factorization, NLO DGLAP evolution, dominated by gluons
Differences between the measurements to be understood

O Considerable theoretical interest to HERA diffractive data

O Understanding of factorization breaking mechanism ep vs pp is needed
to make predictions for the LHC (e.g. diffractive Higgs production)
Need better measurements and understanding of diffractive PDFs
Need diffractive PDFs in kinematic range relevant for LHC

d  Outlook: presented results are based on HERA-1 data. More exciting
results o come in HERA-2 - (x5 increase of integrated luminosity,
new H1-VFPS detector with high acceptance for low x;p)
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pp (CDF) data vs H1/ZEUS PDF fits

p
je
hard — . Jt
scattering
B jet
}LRG
P —> P, P
2 Diffractive jet production
a8 =S| e cor
= 102 — IP+R

F—— H120020° QCDFit (prel) e R
- —— QCDfitto ZEUS 97 data

10 -

Use diffractive PDFs from HERA to
predict cross sections at pp

> QCD factorization breaks in pp
hard scattering

Factorization not expected to hold in pp
due to soft rescattering of spectator
partons.

9/9*

2
Annnnn

32
Qi
o

6'6'6'%%

g=l
+§

Rapidity gap 'survival probability’ due to
multi-Pomeron exchange in pp
But other approaches exist

(Kaidalov, Khoze, Martin, Ryskin; Goulianos;
Gotsman, Levin, Maor,...)
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Q? dependence of F,® 2> Scaling violations
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Armen Bunyatyan,

10

Inclusive Diffraction at HERA

Diffractive reduced cross section

O quantify scaling violations at fixed
Xzp and f:

0.0= A+ BInQ?
B=d oL/ dInQ?

O large positive scaling violations up
to B~0.6

=> large gluon contribution

LISHEP 2006, Rio de Janeiro
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Ratio of diffractive to inclusive DIS cross sections
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<1 y+—)xcf PB,0% x 1)

-reduced diffractive

cross section

Fit Q? dependence at
fixed x 1, and B:

R=a+ bIn@Q?

- ratio is flat vs Q2 up to ~0.6
- similar Q? dynamics in
diffractive and inclusive DIS

consistent with ZEUS
Q? dependence at low M
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High Q2 diffractive charged current events

Probe diffractive processes via weak interactions: e*'p —> VW*p — vXY
—/
2.2
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More QCD NLO fits (MRW)

Martin, Ryskin, Watt - hep-ph/0412212

Diffractive quack singlet distribation Diffractive gluon distribution .Combined MRW 0n0|y5is of F2 and F2D
T T T TI0 T T T 11100 T T T TTI0 T T T 11100 OCombined H1+ZEUS FZD(3) da“'a
50 Q' = 6.5 GeV’ 0 =65GeV.
: { F,P®) = F, D) + Fyp B+ FL 126)+ Fy 1o00)
200
5 S Fa(x,Q2 )= F,PH4%(x,Q%) + AF,%5(x,Q?)
o < T 5
2 8 ™. 1 * No Regge factorization assumption
i 0 i Of—tHHHHF==t-+1 - Input quark singlet and gluon from
of 109 =3 400 ’ v’ ] LO QCD diagrams
= a [ { * Non-linear power corrections slow
H1 1 down DGLAP evolution
50 00 _| > smaller gluon than H1-2002 fit
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