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Introduction

=  What this talk is not about:

= Measurements of hard processes in photoproduction or at high Q2 at HERA and their
comparison with NLO QCD calculations were already covered, for example in talks on jets by
Bussey, Jimenez, Brownson, and on heavy flavours by Loizides and Boenig, ...

= Conclusions have been:

= NLO calculations provide reasonable description of the data

= improvements may come from:
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= fitting PDFs of the photon using the high jet Er data

= alsobe

er understanding of multi-parton interactions at low jet Ex




Introduction

= What this talk is (should be) about:

= o NLO calculations of DIS require resolved " * contributions in NLO, i.e. beyond what is
already included in LO via perturbative photon splitting to describe DIS data?

= look at the transition region from DIS to photoproduction, i.e. few GeV? < Q% <100 GeV?,
where Q? is still a hard scale
= to probe the photon structure we require another hard scale, e.g. jet or particle Er? >> Q?

= at HERA we have data with Er>= Q2 but also with Er2>> Q2

= unfortunately, low Q? at HERA implies more or less also low x (or large In 1/x) and therefore
sensitivity to other possible effects:

=  BFKL/CCFM, colour dipole model, cgc, modifying in one way or another the gluon
evolution at low x and leading to effects not described by NLO calcs. in standard collinear
factorisation with DGLAP evolution

== [f data are not described by NLO QCD (without photon

PDFs), there are many options of what might be missing
besides the virtual photon structure
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Introduction

> Jet

Jet Jet

o #jj —fre(y,Q?) & fiip(Xp, $rp) & #ij(x",Xp,$R)

= simplicity lets us typically set all scales equal to $2 = Er2 or Er+Q?
" x =(Er1e”+Er2e"®)/2yEec orx =>12(E-P2)/ Yhad (E-P2); &' =" - 2
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MC tools for “DIS”

= MEPJET', DISENT? DISASTER++, NLOJET++ for dijet production at NLO

= NLOJET++ for trijet production at NLO 1 Mrkes, Zeppenteld, 2 Seymour, Catan; 3 Gaudernz,
4 Nagy , Trocsany, 5 PStter; Klasen, Kramer

= JETVIP* for dijet production at NLO; it is based on the phase space slicing method. This MC
simulates direct processes for dijets in NLO (like e.g. DISENT) and it allows to include resolved
processes at NLO, using PDFs of the virtual photon, BUT

= the main author Bjorn Potter has left HEP some years ago

= for directs processes: disagreement with other programs (in some regions of phase space for
distributions differential in jet variables)

= for resolved processes: problem with the stability of NLO resolved (slicing parameter y.)
= o difficult to draw quantitative conclusion

. et al. for forward hadron (! ) production, including direct and resolved
processes at NLO

= all other NLO calculations contain a perturbative resolved contrib. in LO only
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Inclusive jets: 5 < Q2 <100 GeV?,0.2<y<0.7

= H1 preliminary result
" 43.5pb’
= Jets:incl. ktalgoin
Breit frame

Er>5GeV

1<% <2.5
NLOJET++

CTEQ6.1M

" PrP=Er? S =0°
corr. for had. effects

e
o
w

10?

do/dQ? [pb/GeV?]

\_

= [arge scale uncertainties,

perhaps underestimated ?

= room for higher orders or

resolved contrib. at low Q?

J
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Dijets & trijets: 10 < Q%< 100 GeV% 0.1<y<0.6

102F " em ZEUSB2pb’ -

g o, — NLOjet: Ole2) ® C,__]
% s IMLDiet: D{uE}EC:E
E 10F —
2
= ZEUS, DESY-07-062, arXiv:0705.1931 s i
" 82pb oo ™ 1 oo d#1dQR & dlclx; for dijets

[0 118 <pa®Ep <1 (EI_)-

" jets:incl.ktalgoin HCMframe 5 JF_ .1 andtrijets well described by
" Er1(Erz3)>7(5) GeV %‘E gt NLO QCD for Q2= 10 GeV?,
+ A<%m<25 B T
- . 20 30 40 50 10°
- NLOJETH: O(&0(&SH)
= CTEQ6M =10k e tontoabocy @ No need for resolved
. $P=$2=(QH<Ep>?) /4 s | g {1 contributions beyond pert. LO
10°
= correct for had. effects E )
10°F
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Dijets:

#(“resolved”) | # (“direct”)
ZEUS

(a) 49 <E < 85 GeV?

T e ZEUS 06-97 (38.6 B

Jet energy scale uncertainty

L
N S v e p

=)

" (b) 85 <E2 2150 Gev2
' T [l NLO QCD (DIS, w 2= Q%+E?

] NLOQCD (DIS, u’=Q?

| (x°°°<0.75) /! (x°°°>0.75)

- (c) 150 < E2{/700Gev2

T NLO QCD (Photoproduction, GRV)
—— NLO QCD (Photoproduction, AFG)
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0 < Q2 <2000 GeV? 0.2<y < 0.55

ZEUS EPJC 35,487,2004 (38.6 pb™)
jets: incl. k: algo in the " *p-frame
" Em(Er)>7.5(6.5) GeV
" .3<062<0
= #(x <0.75)/#(x- >0.75) vs. Q2and
for three regions in mean jet Er?
NLO calculations:

= FMNR, $2=E CTEQ5M1 & GRV or
AFG

= DISASTER++, 37 = Q7 + E*, CTEQSM1
photoprod. reasonably well described
DIS: NLO QCD below the data

with $2=Q? as scale in DIS, the theory
uncertainty increases significantly

previous new result, with smaller scale $2,
agrees with data !?!



Dijets: 2< Q%< 80 GeV?, 0.1 <y <0.85

— NLO JETVIP dir
NLO DISENT dir

H1 EPJ C37,141, 2004 (57pb™)
jets: incl. k: algo in the " *p-frame

" Em1(Er)>7(5)GeV

= -25<% <0
DISENT: &7 = E1+%, $¢=9 GeV, CTEQ6M
JETVIP: 7 = $¢ = E+*, CTEQ6M, SAS1D

x- > (.75 reasonably well described by
direct NLO calculations

x» <0.75 data not well described,
particularly at small x-, low Q? and jet Er

JETVIP dir # DISENT; both are LO calc.
for x» <1

JETVIP dir+res still below the data for
small x-
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d* 1! (dQ* dE dx,) (pbGeV™°)

80! Q%! 25 GeV¥ 25! Q%! 10 GeV 10! Q%! 4.4GeV 4.4! Q°! 2 GeV

[EEN
o
o

" H1 data

5#E_# 10 GeV

--- NLO JETVIP dir+res;

10# E, # 20 GeV

20# E, # 60 GeV

x 2.5

x 100




NLOJET++: dijets at NLO & trijets at NLO
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point-like part of the photon structure

;T{K M, I-'-f V‘Aé” vﬁ
V\J\._'_xr \/\/\J<
X,T
PL X, T
Dy, (k1. 17.Q°)
X, T
o~y = + + oo

= point-like part of the photon structure provides an
approximate method for including higher order direct
contributions

= x- <1is populated by events with at least three jets (at
parton level), for programs like DISENT, JETVIP dir this is LO
only; with NLOJET++ can calculate at NLO

10



Dijets: 2< Q%< 80 GeV?, 0.1 <y <0.85

e HI data

— Disent

H1 data as on previous page &
J.Chyla et al., EPJ C40, 469, 2005
(NLOJET++ predictions)

good agreement for 2-jets at NLO,
i.e. DISENT =NLOJET++

best description of data for 3-jets at
NLO using NLOJET++ (k-factor=2
at lowest x- and Q2 bin!)

remaining difference, mainly at low
x- and Q?, indicate need for still
higher orders or resummation as in
case of photon structure

what are the scale uncertainties for
NLOJET++ (3-jets) ?

need reliable full NLO calculation of
resolved contribution
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44> Q> 2GeV

—
=

d°Coy/ (40 dE; de)  (pbGeV )

80 > Q° > 25 GeV* 25> Q> 10GeV* 10> Q> 4.4 GeV*

Jetvip dir
--o Jetvip full

—& NLOJET for 2 jets
-m- NLOJET for 3 jets

S<E.<10GeV  10<E <20GeV 20 <E <60 GeV

—
=
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Dijets: 2< Q%< 80 GeV?, 0.1 <y <0.85

e HI data

a small aside on LO+PS MC:
a comparison with HERWIG

= same dijet data as on previous page

= best description of these data by
HERWIG, LO+PS and with a virtual
photon structure for and

longitudinal photons (calc. by
J.Chyla)
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S

44> Q' > 2GeV?

d’cy,/([dQ* dEy dx}*) (pbGeV )

80> 0Q°>25GeV: 25>0°>10GeV® 10> Q" >4.4 GeV?

[ ] N =]
tn = tn

HERWIG dir
HERWIG dir+res

S Er < 10 GeV

10 < E, <20 GeV

— HERWIG dir+res_+res
== CASCADE

r L

20 < E, < 60 GeV

=

x 100 ‘

=

I
=
—

=
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Forward jets in DIS: 5<Q?<85GeV?, 0.1 <y<0.7

= in DGLAP the strong ordering in virtuality
gives softest pt: gluon closest to proton

= suppress DGLAP: pZrjet ~ Q2

X Bj xj (small) = in BFKL the gluon pr close to the proton
can be hard; strong ordering occurs in x

o = fwd jet (incl. kr in Breit frame) & cuts in
forward jet HERA frame
Xjel‘= % (large) u 7° (2.79) < ) jet (O/(jbt) < 200 (1.74)

= Pprjet> 3.5 GeV
= Xjet = Ejet/Ep > 0.035

H1 Collab., Eur. Phys. J. C 46 (2006) 27 enhance resolved contributions * large
[arXiv:hep-ex/0508055] Ir= [Z)T,jetZ/Q2
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d# [dxg; for events with large r = pr;e?/Q?

12.25<p,2<35

35<p,2<95

95<p,2<400

d" / dxdQ*dp,2 (nb GeV™)

10

g
—

0.05

5<Q%<10

| a) 1.2<r<7
" <r>=3.5
| -0-H1

- E scale uncert

|1

mlebh oleb

| d) 3.5<r<19

i <r>=8.1
+

""" 1" ey yn

- g) 9.5<r<80

! <r>=22.2

" -

Xg; #10°
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0.5 1

— NLO DISENT 1+! ,,

—_
_

§

o'‘L-)l‘]‘r,fq’tr,f<2Mr,f
PDF uncert.
LO DISENT

1+ Lap

= NLO significantly below data for low Xg;

= LO<<NLO, fwd-jets in LO suppressed
by kinematics * NLO = LO for fwdjets

= bands includes scale (1/4 & 4 $2 =
ptjet?) and PDF uncertainty; using Q2 as
scale the prediction increases by 35%
at low xgj and Q2 and the uncertainty
increases

= RAPGAP direct fails, direct+resolved
and CDM give good description of data
except at lowest xg;

D

see paper for more
- triple diff. x-sections (xsj, Q?, prje)

[l RG-DIR
~--RG-DIR+RES
—CDM

0 10

™

Vi

N-l—'

2

KA 5

N

N

i

35<p,2<95
d! /dxdQ?dp,2 (nb GeV™)

- x-sections for events with additional dijets

5<Q°<10

| a) 1.2<r<7
B <r>=3.5
| --H1

- E scale uncert

| d) 3.5<r<19

<r>=8.1

1

-0) 9.5<r<80
— <r>=22.2
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d# /dxg; for events with a forward ! °

= H1: EPJ C 36, 441 (2004); 21pb-1
= 45(2)<Q?<15(70) Ge\?
= 01<y<06
= §°<), <2%°
" x >0.1
= By >25GeV

= NLO calc. by Fontannaz
" includes virtual photon struct. in NLO
= CTEQ6M, " * PDF also by Fontannaz
= allscales=$2=FE* 2+ Q2
= Kniehl, Kramer, Potter frag. function

@ good description of the data
@ all corrections LO dir to NLO dir,
LO resolved to NLO resolved are
large (at least for the chosen scale)
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do/dxg

600

500 |
400 |
300 |
200 |

100 |

"~ —Bon  DIScoPHOX ?
- H1data -—— Bn$ + HOs '
- . —=-—Bormn + HOs + Born_resolved
Total
* 1

NLO from Aurenche et al., EPJ C 42, 43 (2005)
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d#/

2000

1500

1000

500

EGH
500
400
300
200
100

0

80

60
40
20

0

dxg; for events

2 <Q?< 4.5 GeV?

with afwd ! 9: scale dep.

H1data _

415<Q’<15GeV” 1

10-#
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NLO from Aurenche et al.,
EPJ C 42, 43 (2005)

= $2=05(E7 2+ Q2)
= $2=F4 2+ Q2
= $2=2(E 2+Q2)

= o |arge scale
dependence; see
detailed study in
theory paper
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Fwd-jet: more differential distributions

5<Q%<10 10<Q%<20 20<Q°<85
2

I ! ER- el BT Sy
v -o-H1 1.5 =—NLO DISENT
N, - E scale uncert - 8440 . .
S - : :‘_Eﬁi?ﬁ‘n”&aﬁ”* 0.04 = would be interesting to have
ﬂ ; A 0.0 these data & data on fwd-jet +
- F—p— ' | dijets compared to the NLO calc.

° 04 0 by Fontannaz !

O L& 3510 e 18<<95 t!ﬂ: 0.4<r<4.8
E E : I <r>=8.1 E‘- <F>=4.2 0.02 <r>=1.8 - rememberr pT,je IQZ
Sy 1| 02f- T " larger * resolved region
V oo
e
® L=

=S :ﬁm

— 0 0

CI S B
o B wl»=£L, =
g o EF— 0.002
W
N-l-l
o 0.001
Lo
N

3
Kﬂix 10
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D*%, D meson & D** + jet production

= ZEUS:
= “Measurement of D** meson production in e*p scattering at low Q%”, PLB 649 (2007) 111

= 0.05<Q2<0.7 GeV?, 0.02 <y <0.85; 1.5< pr(D*) <9 GeV, |%4D¥)| < 1.5; 82 pb"

= compare data to FMNR (+WW) & HVQDIS using ZEUS PDF-fitin FFNS, :
(FMNR), $/% = $¢ = Q7 + 4m.? (HVQDIS)

= also compare to data from PRD 69 012004 (2004) with 1.5 < Q? <1000 GeV?
= “Measurement of D mesons prod. in DIS at HERA”, DESY-07-052, arXiv:0704.3562, JHEP
= H1:
" “Incl. D** meson cross sects. and D** - jet correlations in photoprod. ...”, EPJ C50 (2007) 251
= Q2<0.01GeV2,0.29<y<0.65; a)pr(D*)>2 GeV, |%4D*)| < 1.5; 51 pb”’
= b) D* +other jet: prjet > 3 GeV; ¢) D** tagged dijet: priett (prjet2) > 4 (3) GeV
= compare data to FMNR using CTEQ6M, GRV-G HO, :

" “Production of D** mesons with dijets in DIS at HERA”, EPJ C51 (2007) 271
= 2<@2<100GeV? 0.05<y<0.7; 1.5<pr(D*) <15 GeV, |24D*)| <1.5; 47 pb*
= compare data to HVQDIS using CTEQ5F3, ' $2 = $# = Q2 +4m?
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D** meson production in “DIS”

=45 T I |':-E-45:"'|"|"'|"|:

T} . ZEUSBPC | S40 | 1% E I [
: ] : Y ] ] -
%35 = T £ HvaDIS 835 SRETAS o 19 w L La, )
:"31] E.. -~ FMNR © 30 : 1 £ . =T3 ep—D X
Q25 {1 25 _;—T 1 %
_EED - 20 __ ..... 4;; B !t; 1 =— ——
15 : 15 ...... e] - E—
10 : i 10 | 10 . = e
SE 9 == == 5 b b) -
07702z os o6 Y T ==L=
T (Gevd) £ ® ZEUS BPC :
_ | - e it s - O ZEUS DIS 98-00 - :
3100 o 18 | T 10 = [ HvaDis 3
B S p— P — s . 5 E E
= i it % 4 10 E -J?
.E*.I N i | __E — | | | "IN
E : = = R - 10" 1 10 10° 10°
E [ b 5 : 1 ] Q2 [GEM'E]
=1 .
L ; e 5 _ _
x | foa ; = d#/dQ? at very low Q? described by
2 3 45678 0 a4 o 1 HVQDIS and FMNR (within large exp.

p(D) (GeV) n(P) and theory uncertainties)

= HVQDIS describes the whole range in Q2

= no resolved contr. needed beyond LO in
HVQDIS
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D** & D** + jets production in " p

Yp: inclusive D*

10 8- Data
H1 —emr
-+= FMNR (beauty)
a GMVFNS

e e e ]
T

Y2 4 6 8 10 12
pt{D'}[GEU]

Yp: inclusive D

o) -&= Daa
= Y H1 —m
EI . swa GMVFNS
= 8
©
E 4 B l R
A . 1‘.\\\\\\ _
: SR AN
2F a) mmm*&;&;
D [ e | ] ] ' N ]
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vp: D* + other jet

P

- -®- Data

& H1 —rmReHad
- : === FMNR

= el wms ZMVFNS®Had
-—

O 10'F 2 |s===jes==-

g |

B 1o2fp @

L] E_I...I c L] T

4 6 8 10 12 14 16
pt{jet}lﬁew

Tp: D* + other jet

E 10—1 2 = Cista
= - —rmnReHad M
= _
oy [ - FMNR
:'i [ S¥s ZMVFNSEHad
« 7107
=) =
.E_
3
e
2 107
15
e 1
T WO e

0 30 60 90 120 150 180
A (D*, jed) [7]

Yp: D* tagged dijets

%1[".-.'[!313
— [ — FMNR @ Had H1
‘E:-— 8 === FMNR ':"
L :
- 6 o
®]
- ab +
2f
D 1 L1 1 [ B | L1
15
SR — 44—
0.5 F—i
:IIIIIIIIIIIIIIIIII

R=(1/# d#ldv)datal(1/# o [dV)theo
reduces exp. & theo uncertainties

overall reasonable description of data
by NLO

exceptfor &' ; data are more de-
correlated than NLO (also seen by
ZEUS)

uncertainty in theory often larger than
in data
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D** & D** + jets production in DIS

Hl ep — eD™X Hl ep — eD*FjjX
- = n
- 1 = 10 =__ ' b) %
- =10
£ 5 . "
" = 102 2w’
E ) & HI Diata ~a 10 CASCADE
H? 10 CASCADE —— _EF F]HVQDIS
= 10 FEHVQDIS _
= - - L1l L5
L5 1.5 2
= - 1 o 1 | 0n.:
0.5 0.5 bl
10 10~ 10~
X
5 £ £ L
z ] £ L
£ S ) -
= J ) =
_§ = I:F 'I'E =
K = 10 -
3 =
2=
» 10 Hl_j'!

0
02 040605 02040608 020400608 02040060810
obs

X_r

@ overall reasonable description of data
(better for jets) by NLO (HVQDIS)

@ X- described by NLO without need for
additional resolved contribution

oo scale uncertainty 2 data uncertainty

= Ris the ratio of the normalized x-sections
of datato NLO
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Summary/Conclusions

= NLO calc. for DIS appear to work remarkably well even down to very low Q? (e.g. D meson prod.)

= NLO atlow Q?is however not very predictive, the scale uncertainties are very large, “clever” scale
choices have to be made, e.g. $2= (Er>+ Q%) / 4 or Er? or Q?

= NLO has problems - not surprisingly -
= the more differential the distributions, e.g.
= for d# giet/ dQ2dEr2d x-, particularly at low Q2, low x- and low jet Er
= forobhservables like &' <! and x- <1
= when only processes at tree level contribute

= Charm data are overall described by NLO, within the large scale uncertainties no need for resolved
contributions, beyond what is included at LO direct

= incharm prod. there is always a hard scale, i.e. the charm mass, could this be the reason?

= Deficiencies & typically large scale uncertainties indicate the need for higher orders, direct and/or
resolved, or for other approaches like kr-factorization and unintegrated parton densities, etc.

= Tomake progress two NLO programs with resolved contrib. at NLO, like JETVIP and “DIScoPHOX,
would be needed
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extra plots

H1 forward jet data H1 forward jet data
o —+-H1 o) 4 H1
= 1000 E scale uncert = 1000 E. scale uncert.
= = O RG-DIR
< — NLO DISENT 1+6,,,, < ----RG-DIR+RES
E § o'5l“lr,f<|‘1‘r,f<2l‘lr,f E - —CDM
® ~ PDF uncert. _
g o] o
—¢— === LO DISENT
500 1+8,, 50 500 +
e a) C)
-------‘r ----- 1’ ------- |---’---- O
0.001 0.002 0.003 0.00¢ 0.001 0.002 0.003 0.004
XBj XBJ’
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extra plots

1 fwd-jet & 2 central jets 2 fwd-jets & 1 central jet

= Erjen23>4GeV & 2 1oSEet_, , Parion Level  Parton Level
Etjet1 + Etjez > 9 GeV = T e | - i
= fwdHjet: ) < 20°, § 10 S e
Xiet > 0.035 T f | EE
= central jets: o H1 preliminar I=_’=_I | 10 H1 preliminar
1<%p<1.3 102+p ! E 2+p ! ;___
= fwdjets are mainly ~ g?;i g » 0 2 g?z om0
gluon jets; al lowest 10 | O(ag2) : - O(0g2)
xngIuonemissions 10 - 10> — L 10~ - 10~ -
unordered in pT . ¥®i e <
NLOJET++
NLOJET++ o NLO describes data well
o NLO describes data well for xg; > 5104
. o NLO fails at lowest xg; )
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extra plots

Yp: D* + other jet
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T 10 b_;' B £
= = 4 17
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