e (Ee =27.5 GeV) / p (Ep =920 GeV)
P
/ Vs =318 GeV

HERA

Luca Stanco - INFN Padova

on behalf of
H1 and ZEUS collaborations
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Single particles production
Charged multiplicities
Bose-Einstein correlation
Neutral, strange, Baryons
Charm fragmentation
Remnant/Multiple interactions
Prompt Photon
Resolved-Direct yproduction
Parton Evolutions
Color dynamics, Energy flow
AND Multiscale .
Strong coupling
Dijets, Trijets
Inclusive Jets production .
:  Forward Jets production JETS items
Heavy Quarks Jets
Diffractive Jets

Luca Stanco - Padova QCD at HERA, LISHEP 2006 2
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From recent HERA-LHC workshop, examples of uncertainties,

Luca Stanco - Padova QCD at HERA, LISHEP 2006 4



S
o £ 100 EE ] 200 250 £ %a.ﬂl}

Uncertainties:
* up to 170% due to PS (which evolution type ? which ordering ?)
- up to 100% due to the choice of QCD scale (@7, m?, 5 etc.)

= low-x and forward jets...

Luca Stanco - Padova QCD at HERA, LISHEP 2006 5



* Gluon PDF
- Color and sub- jets dynamics

- Forward Jets

Luca Stanco - Padova QCD at HERA, LISHEP 2006 6



Luminosity development at HERA (I: 92-00, IT: 03-07)

HERA dellvered

"o 0 F HERA Il &~
g s *HERAT: H1 and ZEUS took
E about 130pbt (1992-2000)
£ 150
£ ' o
C *2001 *luminosity upgrade”
3 st Ty upg
a r
9 100 [ +2002/03 background problems
E: _
E 75 :_ [ . 1 -1
_ 2004: positrons (50 pb)
50 -
: +20058: electrons: so far b5 (H1) 70 (ZEUS)
25
[ Status 1.7.05
03 _— *One further shutdown Nov05/Jan06
0 200 400 800 800 1000 1200 1400
days of running
*2007: scheduled end of HERA: PETRA IIT
HERA delivering 1pb* /day and HV on feasible

Results on pQCDNJETS only from HERA-I (up til/ now)

Luca Stanco - Padova QCD at HERA, LISHEP 2006



HERA: the QCD machine

=15 Gev®

Gemni 200D

¥ NMC i

... The most dramatic of these (experimental consequences), that protons
viewed at ever higher resolution would appear more and more as field
energy (soft glue), was only clearly verified at HERA twenty years later. .

Frank Wilczek

Luca Stanco - Padova QCD at HERA, LISHEP 2006 8



e+ (k')

For a given ep centre-of-mass energy, /8,

the (fully) inclusive cross section for

Y/Z(q=k-k") ep —e+X

d.—""". can be described by two independent

kinematic variables, e.g.
'_ Qz — —(k . kr)2
— zp; = Q*/(2P - q)

e+ (k)

e —————— — Inelasticity variable
proton (P) y = Qz /( LB; s)

Luca Stanco - Padova QCD at HERA, LISHEP 2006 9



low-x regime

Proton “/ “/

beam Xpj ~ 0] Xpj << 1 Xg; < 1

DIFFRACTION quark/gluon PARTONS

Luca Stanco - Padova QCD at HERA, LISHEP 2006 10



e Jet production in neutral

current deep inelastic
scattering up to O(ay):

Quark-Parton Model Boson-Gluon Fusion QCD Compton

e Perturbative QCD calculations of jet cross sections:

: parton a density in the proton, determined from experiment; long-distance

structure of the target

: subprocess cross section, calculable in pQCD; short-distance structure of the

interaction

Luca Stanco -

Padova QCD at HERA, LISHEP 2006 11



Inclusive JETS in DIS.
“The BREIT frame |

The BREIT frame !

* Frame where virtual boson
is enterely spacelike

- At lowest order, quark is
back scattered

In pratice, high Et jet events jet
must be at least of order o

e High-F'1 jet production in the Breit frame
— suppression of the Born contribution (struck quark has zero E7)
—s suppression of the beam-remnant jet (zero E7)
— lowest-order non-trivial contributions from v*g — gg and v*q — qg
=> directly sensitive to hard QCD processes (c;)

Luca Stanco - Padova QCD at HERA, LISHEP 2006 12



+ Small experimental uncertainties — Jets with relatively high transverse energy

+ Small theoretical uncertainties — NLO QCD calculations

— Jet algorithm: longitudinally invariant k4 cluster algorithm (Catani et al)

(small parton-to-hadron effects, infrared safe, suppression of beam-remnant jet)

® Sources of experimental systematic uncertainties:
p electron kinematics — Lorentz transformation
» model dependence for data correction (detector, hadronization, parton showers, QED)

» absolute hadronic energy scale

® transverse momentum in Breit frame stems mainly from QCD process

® longitudinally invariant kt jet-algorithm in the Breit Frame
» collinear and infrared safe
» iterative clustering d;; = min{E%i, E%j) (i — n)? + (¢ — :,15])2)
» result: n jets with d;; > Ry where Rg =1

Luca Stanco - Padova QCD at HERA, LISHEP 2006 13



@ truncated pertubation series = explicit jip dependence

@ choice of jet-observables, kinematic region, etc. where pQCD most predictive

— low k-factors (NLO/LO), low jip dependence

@ possible choices of jig and pp @ Q,E7.f(Q.E7)
assess theoretical uncertainty due to missing higher orders through pip-dependence
of 7 and measured as by varying pig — convention: pip 7 2pg and pp s 0.505

@ pQCD calculation programs — implementation of user jet algorihm
» DISENT: 2+1 jets NLO (af )
» NLOJET++: 3+1 jets NLO(a?)

and

e interfaced to various PDFs (like CTEQ, MRST)
e Parton Level cross sections — need to rely on LO MC for hadronisation
corrections

Luca Stanco - Padova QCD at HERA, LISHEP 2006 14



Here are the DATA:

'; 10° H1 preliminary 99-00
DIS phase space § — 200 ® is0<0fc 200GV
* O 200 BODGeV®
150<Q2<5000Gev: 8 4 7o — = 0 e
0.2 < Y <0.6 ‘:I"-"" o O 600 <G < 5000 Gev®
O —— D Moqies ), (026~ 4000,
T 107 o
wi " (= 20)
Inclusive jet phase space Eﬁ - 5
Etgreit > 7 GeV “E'_' 104 _
1 < Nieb < 2.5 L R T R 3 R
10 20 30 40 50

® Data correction (det.&QED):
(CDM[DJANGO]+MEPS[RAPGAP]) /2

@ dominating exp. uncertainty:
abs. hadronic energy scale
— vary E in HCAL by +2%

Excellent agreement between DATA and
NLO over many orders of magnitude !

E, (GeV)

@ NLO pQCD (NLOJET):
»scales: up = Et.pp = Q
» PDFs: CTEQSEM1

» hadronization corrections:
(COM[DJANGO] + MEPS[RAPGAP])/2

Luca Stanco - Padova QCD at HERA, LISHEP 2006
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—=5 [pb/GeV’] = [pb/GeV]

oo
In] A
ra| B

r

® H1 prelim. 99-00

. NLO (145, )

(0.25 - 4.0) u?,

I

# H1 prelim. 98-00

== NLO (145,
0.25 - 4.0)11,

I

L
w
3
=]

i<}

B

E

]

do, ,JdE, (PD/GeV)

-
-

DataiTheory

DataTheory

1]
Q? (GeVY) E, (GeV)

NLO = NLOJET
scale; pr=E;, ur=Q
PDF = CTEQ5M1
Ohad from CDM/PS

Luca Stanco - Padova QCD at HERA, LISHEP 2006 16



SeAd R

o ZEUS (prel) 98-00 DIS phase space
NLO (u=E) ]

— NLO{,=Q) Q2> 125 GeV?2

| cosyn| < 0.65

efia 1.5 ] . .
Q> 125 GeV? : Inclusive jet phase space

feosl <063 E1preit > 8 GeV
2 < Nlab <1.5

T
[0 je enerpy scale uncertaint

=
-

- =
b = b

1l S F - AR RN
e e e T T T T

{data NLOWNLO
s &

.

1

|

R = UF = ET, or Q, as(MZ)= 0.1175, MRST99 PDFs

Plus hadronisation corrections and Z0 corrections

5 10 15 W 25 30 35 40 45
E (GeV)

Largest experimental systematic uncertainty from absolute energy scale of jets — 5% 7

higher-order terms (> NLO); varying pp between exp. and theor.

5 Ef . ,and2. ER. = +5% errors same scale
uncertainty on o, (Mz) (£0.0027); = +4%

uncertainties on the proton PDFs; = +3%

Luca Stanco - Padova QCD at HERA, LISHEP 2006 17



ZEUS

E AR R LR RN LR LY IR RRART
g 1n“5 # ZEUS (prel.) 98-00 3
- — NLO (m=ETy) 7§
a8 i — NLO i
105_5 {1y =0) 3
ll]d_E E_
3: 028 o OF = 280 GV
10 3 Jbis sy 3
F i) e 0 G’

1“1 A L iEh Ry
:E .Iqﬂ’d:i“ﬂﬂﬂa:
- “m.l -

10

EE \\ 'llcn*:mnmﬂaz
1 E A liEly E
10 af \ s E
E ; E
aF ]
10 F  2ogcrs a4
aF leos vl = 0L65 ]

1] ””II”II””I””I””I””I””IIHE

5 I 15 M 25 3 35 40 45
Elf (GeV)

Inclusive jet cross sections in NC DIS in the

Breit frame provide direct sensitivity to o, II
and the gluon density in the proton with

small experimental and theoretical uncertainties

1—p

Luca Stanco - Padova QCD at HERA, LISHEP 2006 18




ZEUS

o ZEUS (prel.) 95-00
=== QCD ]
(0 (M) = 0.118 £ 0.003) |

Q? > 500 GeV?

ZEUS
- O ZEUS (prel.) 98-00
[ === world AV O age

Efy (Gev)
ZEUS
T T T T TTTT] T T T TTITIIT
o FEUS (preL) %8-00
=== world average

llj 11}4
Q" (GeV?)

Best result for Q2 bins with Q2>500 GeV?

= uncertainties minimised

a, = 0.1196+ 0.0011(star) 2 (sys) 2292 (¢h)

Luca Stanco - Padova

QCD at HERA, LISHEP 2006
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o from inclusive jet cross section

H1 preliminary 99-00

b A oE)

E R o oM

;"- .y B Averaged o (M)

B b % w, (E,) from averaged oy (M)
0'1 6 :_ T .. . == world average (PDG}
0.14F I, (M) = 01187400020
0.12—+— T §
0.10-
0.08——

IHIIE
10E‘(GeV)

-
o

a, = 0.1197 £ 0.0016(exp) 2> (¢h)

before showing the whole sets of a5 measurements,
look at the MULTI-JET data sets =

Luca Stanco - Padova QCD at HERA, LISHEP 2006 20



Di-Jet and Tri-Jet PRODUCTION in DIS
ZEUS

. ZEUS92.00 # Leading Ef Jet & Second EfL Jet *' 3
¥ Third EF}, Jat Energy Scale Uncertainty 3

(X107
AT
Mapl: = 25 GaV
T —— NLO: Ofm3) @ C,
j BT 1016 <pd [ [07+ES < 1
I R R
® Leading EfSL Jet

do / dEEL (pbiGeV)

ool vl ol s el vuml vl sul vl ol il el il

=2 | N
T |

data / NLO

R B 1 R T
o C Y e ]
P 1:4@ ]

PR [N TN U T T [N TN TN S TN N W TN WO M AN TN TN TN T NN N TN M
0 1 0 ] 40

=1 =]
Bl (GeV)

larger errors, but ...

The o dependency of their ratio is a sensitive test of pQCD

Luca Stanco - Padova QCD at HERA, LISHEP 2006 21



data [ NLO

(Ao @), [(doidQ’) .,

# HiPrelminary 95-00
oo NLO (146
{y-exchange only)
0.25 = pr’.r JF = 4.0
I Hadronksation Uncartainty

H1

ZEUS

n

E ® FEUS 98-00 ) a) 7
0451 mmﬁh.g!@u{?ﬂ?rﬁ«:p;immﬂ .
naf 3
I.:Sf— —f
o3f E

145

@ (GeVy

Good agreement for QZ < m;,,

Luca Stanco - Padova

QCD at HERA, LISHEP 2006
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-
[

-+
—_—i——
—+———

H1 Preliminary 99-00
(@)

Averaged ug(My)
World Average (FDG):
gl M;) = 0.1187 £ 0.0020

ZEUS

‘ir 02 E » ZEUS 33-00 a) E
’# 045 5 CTESM NLD & o e = P
L L : 1
o
qi'ienv‘r R
03f [M,,,..) > 25 GeV/ . s

= o7 H1 Preliminary 23-00 aasbiet %ﬁi

7 ) =

L — Theoretical Uncertainty _ i
015 4 Averaged o (M) = ]
Wiorld Averags (PDIGE) - a1z F 3
014 exg{M,) = 0.11587 = 0.0020 ' ! ]
R E ' nazf 3
. I' i Il ii #: AR S ' : _
HiN . g
o FEE Wentmeange o 1185 0.0027 ]
oas 008 - 1 A | 1 [ A A | 1 .

1 F3
o '“'., . a;;' 10 10 QF (GeVd)

(e

room for improvements
(HERA-IT)

Luca Stanco - Padova

QCD at HERA, LISHEP 2006
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--------

———]
exp. uncert.

inclusive DIS

HERA results

Inclusive jet cross sections in NC DIS

ZEUS prel. (contributed paper to EFS05)

Inclusive jet cross sections in NC DIS
H1 prel. (contributed paper to EPS05)

Multi-jets in NC DIS

H1 prel. (contributed paper to EPS05)

Multi-jets in NC DIS

ZEUS (Eur Phys Jour C 44 (2005) 183)

Jet shapes in NC DIS

ZEUS (Nucl Phys B To0 { 2004) 3)

Inclusive jet cross seetions in yp

ZEUS (Phys Lett B 560 (2003) 7)

Subjet multiplicity in CC IMS

IEIJE (Eur Phys Jour C 31 (2003) 149)
tmultililldlliin NC DIS

zE S (Phys 558 (2003) 41)
NLO QCD fit

H1 (Eur Phys ] C 21 (2001} 33)

NLO QCD fit

ZEUS (DESY 05-050 - hep-ex/0503274)
NLO QCD fit

ZEUS {Phys Rev D 67 {2003) 012007)
Inclusive jet cross seetions in NC DIS
H1 (Eur Fhys J C 19 (2001} 259)
Inclusive jet cross sections in NC DIS
ZEUS (Phys Lett B 547 (2002) 164)
Dijet cross sections in NC DIS

ZEUS {Phys Leit B 507 (2001) 70}
World average

‘/{5 Bﬂhke, hep-ex/0407021)

01

0.14
U:E{Mz]n

Xg

—_ . . R
DIS inclusive jets
—eii—
results of

inclusive DIS pdf fits

(with a( Nz as free parameter)

consistent with

final state analyses
and world average

exp. precision calls
for NNLO analysis

calculations exist for
inclusive DIS
(Moch, Vermaseren, Vogt)

Luca Stanco - Padova

QCD at HERA, LISHEP 2006
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HERA

m ZEUS (dijet DIS - u=Q)

£= QCD
0 (M) = 0.118 + 0.003

o ZEUS (inclusive jet yp - u=Ek"

4 ZEUS (inclusive jet DIS - u=Ei¢
« H1 (inclusive jet DIS - p=E7

10

HERA jet data
|

s4 Deep Inelastic Scattering
swe ee Annihilation :
¢ Hadron Collisions
= ® Heavy Quarkonia

03}

02+

01}

1 100

" Q[Gev)

HERA-average:

o, (M2)=0.1186+0.001 (exp.) £ 0.0050(th.)

¢ ZEUS data
HERA average

T

)

th. uncert.

H1 data

exp. uncert.

jetyp L

ive
jet shapes NC DIS |

jetNCDIS |
lus

dijet NC DIS

1ve
1nc!

subjets NC DIS
subjets CC DIS

lus

inc

3/2 jets ratio NC DIS

NLO fit
t NC DIS

inclusive je

NLOfit |

- small experimental error ~1%

- theory error dominates (NLO)
- call for NNLO

Luca Stanco - Padova

QCD at HERA, LISHEP 2006
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JETS in y-production

e The biggest contribution to the production of jets
comes from photoproduction( Q2 ~ 0)

e At leading order, two processes contribute to the
dijet photoproduction cross section:

~ Os
Resolved process \ proton

remnant

Direct process

pQCD calculations of jet cross sections

longitudinal momentum fraction of v /e (y), parton a/~ (z. ), parton b/proton ()
— f+/e(y) = flux of photons in the positron (W W approximation)

— Ja /v (Tys ,u:}_r) = parton densities in the photon (for direct processes d(1 — @ ))
— fo/p(Tp, ,u,ip) — parton densities in the proton

— T ab—j; Subprocess cross section; short-distance structure of the interaction

Luca Stanco - Padova QCD at HERA, LISHEP 2006 26



at larger scales 13, N

e Measurements of jet photoproduction provide
— Test of NLO QCD predictions based on current

parametrisations of the proton and photon PDFs

~ E2

— Dynamics of resolved and direct processes
— Photon structure: information on quark densities
from F3' in eTe~; gluon density poorly constrained.
Jet cross sections in photoproduction are sensitive
to both the quark and gluon densities in the photon
(200 — 10* GeV?)
— Proton structure: well constrained by DIS except

T,5et

for the gluon density at high x. Jet cross sections in vp
are sensitive to parton densities at , up to ~ 0.6
e Observable to separate the contributions: the fraction

of the photon’s energy participating in the production of

the dijet system |,.OBS _
v

1 2 jEt{_ —ﬂje‘:‘i
2K, i Bpte

e Comparison to NLO calculations using CTEQGM (proton) and GRV-HO (photon) PDFs
— Good description of the data

= S AL LR V- DA R LR Lt U I k) LA L MR T Py

along the entire range of =, S| 5‘l‘ <0 N R~ &F} 0.1 L

Photon . < f I R 3 E
for both ranges in x, Tmf = 5 N

[ @ Hipe=l 1 s -3

structure e Consistent with QCD-evolved :g__ - -NLO _*__- 8 : ]
photon PDFs determined from ,.E_ __::;::i"’h _ ] E

measurements in ~- at lower scales ,.;_ _ m; _

and proton PDFs as determined from .f _

HERA and fixed-target experiments

ZEUS 1995

[ l:ll-l-:R'I'ﬂG 5.9
I |:|I'ER'I'||'IG 5.9

« ZEME 1885

| [IPYTHIA 5.7 DIRECT + RESOLVED

DIRECT + RESOLVED

DIRECT

g o1 02 03

e Measurements of do /dx., for z,, < 0.1 (g, processes) and x,, > 0.1 (g, processes)

o4 25 D6 OF 08 QB

B

02 03 04 05 0B OF 0B 0B 1

= _

l1uuuuuu.?un 1

H1

Luca Stanco - Padova
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e New measurements of do /dx, for x., < 0.8 (resolved processes) and
r~ > 0.8 (direct processes)
e Comparison to NLO calculations using CTEQG6M (proton) and GRV-HO (photon) PDFs
e Theoretical uncertainties:
— terms beyond NLO; estimated by varying pt g up and down by a factor of 2
—> dominant at low

— uncertaintites of the proton PDFs; = increasingly important as x, increases

e The NLO QCD calculations agree E"E' TR 08T Ewg'_" TR0 T
with the data in the low x,, range g ':'E‘LF 158 |F 9l :
e At high =, (2, > 0.32) there are E"'E_ il E E,,;_ : _
discrepancies between data and NLO | == ] ]

— Measurements at high ., provide . o=

E - -HLO
further constraints on the proton F_NLOx(1ud_)
PDFs, particular the gluon density, [ ~" ‘

B looo ol oo b o Dol oo aa ooy id TEEEETRE RN R PEEEE SRR N
free from the photon PDFs aosEona e e e x:" MLomos e K:T

Proton structure

More QCD fits from H1 will come !

Luca Stanco - Padova QCD at HERA, LISHEP 2006 28



Q2< 1 GeV?
134 < W <277
Pt,max > 14 GeV
pt2 > 11 GeV

-1.0<net<2.4

= Perform a simultaneous QCD fit *

on og and Gluon PDF at high x

* Pioneering paper of HI in 2001

do/dEEY (pb/GeV)

= JEUS 96-97 Iq"" = 0.73
E==1 NLO (GRV) & HAD

----- NLO (AFG) & HAD
Jet energy scale uncertainty

"1 {11"“‘!1: 2.4
(x 200000

-3 0«2
e 0<qP'<1 ==, 001
—1{11'"2{']'
(% 0.0003)
5[ EE -1<n™20 (x 0.00001)
10 IR T [N T T N T T T T N T T T N T N T T N T
20 30 40 30 60

70
EFT (GeV)

Luca Stanco - Padova
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Disadvantages of “ortodox” method (inclusive ep scattering):

- gluon distribution contributes indirectly

- Fixed-target DIS: higher twists, heavy target corrections,
isospin symmetry assumption

With HERA, sufficient sensitivity to determine the proton PDF

within a single (ep) experiment.

Use of measurements of jet cross section

— Directly sensitive to the gluon density with small
experimental + theoretical uncertainties

Recent results from ZEUS on "old” data are very good,
improving the determination of the proton PDF

Luca Stanco - Padova QCD at HERA, LISHEP 2006 30



Determination of the proton PDFs using SF data
and jet data in NC DIS and ~p collisions from ZEUS only ()

= 16.3.107° < = < 0.65,2.7 < Q* < 30000 GeV?
di-jets in photoproduction ZEUS

ZEUS
Frr7rrrT 7T T T T T T T T T T T T T T T 17 T T TT 14 H 1|||| T T TTTTTT
M L

T E
wlk x¢>075 ZEUS-JETS -
F [ tot. uncert. E

Q* =10 GeV? |

«  ZEUS dijet yp 96-07
[ Jet energy scale uncert. 3 0.8

— ZEUS-]JETS PDF u
0t (M)=0.1180 ]
#1 uncorr. uncert.

total exp. uncert. :_-;'3-':':

N 107 107 1072 107! 1
50 [11] 70

B (GeV) X
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Sizeable reduction of the gluon uncertainty

Comparing the gluon distribution obtained
from fits with and without jet data:

- no significant change of shape:
no tension between incl. and jet data

- jet cross sections help in constraining
the gluon density in the region:
001<x<04

- Sizeable reduction of the gluon unc:

gluon fractional error

&
-
T I TT

e & =
M R B

=
TTTT

&
]

I without jet data
[ ] with jet data
i nl TR L

e.d. frDm 1?% tﬂ' 10’% Elt X=0.06 and O2=? GEVQ Q" =200 GeV? - E— Q= 2000 GeV* =
—similar reduction by a factor two in the 0af 1 -
mid-x region over the full Q2 region Wi Ela / g
o5 . ]
\ E
04 = 7
a6 1 :

-.LLIJ_I_I_LLU.I.IJ 1 Illlm| AT vl Gl ovewwd vyl v vl 3o
1wt 1t T w! 11 T 10 w! 1

X
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Color and sub-jet dynamics

Photo-production of three-jet events

c2 Cp-Ca Cp-Tr Ty - Ca

The predicted cross section at O(a«a?) can be written as

Tep—ajets = Co-oca + CrCa-op + Cplr-oc + TrCa-op

Luca Stanco - Padova QCD at HERA, LISHEP 2006 33



. OH: the angle between plane
Angular observables for angular correlations... containing the beamline and

highest Er jet and the plane

containing the second and third

highest Er jets.

- ® ZEUS (prel.) 95-00
—— PYTHIA res+dir
| —— PYTHIA res
— PYTHIA dir

- —— HERWIG

(1/6) do/d®

=
[t

T = ZEUS (prel.) 95-00
[ — sU@)
| — oy
L —— SUN), larze N

(1) dﬂ'dﬁH:

=
=
i

= ﬂ C ]

E : ] 0 | | | ]
£ 05 ¢ —— HERWIG = : Ok ! ! ! N
—_ C ] = .5 _— reti - —:
i I 5 i
n,':—ﬂ.S — — TS | -
k- - .

= - ] -1 ] ] ] ]

i
]
w |
=
s |
]
N
gy
o |
=

[—]

=

S

Z

2
o

H The prediction of SU(3) describes
reasonably well the data
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ZEUS Sub- jet distributions

Go to region where jet structure

can be calculated perturbatively.

Inclusive Jets with,

Q2>125 GeV?, Er>14 GeV
Then study QCD radiation

patterns and jet structure

Analysis performed in lab frame where
calculations can be made at NLO for
jets consisting of up to 3 partons

Luca Stanco - Padova QCD at HERA, LISHEP 2006 35



Rerun Ky jet finder over particles of found jet using a
distance measure to define subjets

, sample consists of jets that
devt = yeut. (ETjer) have two sublets for yc,=0.05

AR LRRLNRARRSL T 1

o [T
0 : - — NLO e len™e2s
s FrEr 2 -

Q | Lo [ QPs125Gevt]

> I . |

Increasing vy

3 o P ::::,:::I:,::: | :_::, | | _

All distributions are S o2f :
. Z Of T PR T g,

reasonqbly described g 02f ’ ) -

= o4l 3

by NLO QCD 0 ol 03 03 04 08 'e.'.s";.:-;r“;.;';g@”fl

T

Luca Stanco - Padova QCD at HERA, LISHEP 2006 36



NLO predicts the

relative contribution

of quark (gluon)

* ZEUS (prel) 98-00 g% 14 Gev |
- — Q-induced Q™25 7
| —— g-induced Q> 125 GeV" |

(1/0) da/d(E"E')

induced processes is - oo =005 |

82% (18%) | ~ 5

v by b by by benr s bev s by fiaag Lot
0 01 02 03 04 05 06 07 08 09 1
EVES

data are best described by

> calculations for subjets

coming from qg pairs

Luca Stanco - Padova QCD at HERA, LISHEP 2006 37



— as well as determinations of o,

e Measurement of jet substructure allows investigations on

— the dynamics of the different partonic final states,

through vg — qq

The jets in the region x,<0.75 are
broader than in the region x,>0.75

Consistent with a larger fraction
of gluon (broad) jets in resolved-
photon events than in direct-
photon events

e Jet substructure in photoproduction:

— Resolved processes give rise to quark and gluon jets

through g9, — 99, 949p — 99 --.
— Direct processes give rise mostly to quark jets

dijet sample

x2b= < 0.75

— the differences between quark- and gluon-originated jets and

dijet sample

x;hﬁ >0.756

* H1 Data (prel.)
— Pythia
- direct
——————— resolved

_on2

04 06 0.8 1

0.2 .

+ H1 Data (prel.)
— Pythia
- direct
——————— resolved

0.2

0.4 06 0.8 1

R
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Inclusive F2 measurement not able to
discriminate between different QCD
approaches = Study of

Hadronic Final States (JETS)

Q

HERA: DIS at low-xg; down to 10-°
= large Y*p center of mass energy (W)
» standard DGLAP approximation, large Q2 :

sums terms ~oaglog Q?

strong ordering of parton k.

> BFKL evolution equation, low x :
sums terms ~aglog(1/x)

4
2

strong ordering in x; / no ordering in ky
» CCFM equation applicable at all x and Q2

implements angular ordering resulting
from QCD interference effects
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possibility to study parton dynamics,
by looking for effects beyond DGLAP

Caveat: different Monte Carlo models not clear where applicable
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H1 forward jet data

(3 ° (3 [ ° — .
H1 data in the kinematic region: = 1000
= -
1074 <2 <4.107%and 5 < Q? < 85 GeV? -
_E-:m — NLO di-jet 1+5,,,,
o RN O R 750 0.5u <u_.<2n
Ptjet > 3.5 GeV, 7% < Ojo < 20° © PDF uncert.
2 T
0.5 < 1 et ()< 2 sool- T T
Tiet = Ejer/Ep > 0.035
.
250
H1 forward jet data -
— 1000 S
= —4- H1 Prelim. 0.001 0.002 0.003 0.004
~ B E. scale uncert.
) Kl RG-DIR Xg,
5 790 ----RG-DIR+RES ]
-~ ——CDM
_'8 -------- CASC set1
........ CASC set2 .
500 |- > * LO-DGLAP fails completely !
* NLO-DGLAP well below data at low-x
250 SSRGS * Monte Carlo models with extra parton
| NG radiation provide an improved description
of the data
0 AT IR * inclusion of a resolved-photon component
0.001 0.002 0.003 0.004 (RG-DI+RES)
Xg; * parton emissions not ordered in k; (CDM)
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1 1 1 | 1 L | 1 LI I 1 1 1 ]
® ZEUS (prel) 95-00
== DISENT ]

X 05Q<u=20
BB Hadronisation

o :

o

-t
IIII|IIII|IIII|IIII

0 R R . & U-""""'_
20 40 60 80 100 00025 Is it a HERA business ?
Q? (GeV?) Mg
%- :'I"'I"'I"'I"':F"_E'*DE_""I""I""_
o - leg - [ ]
ié 10 1:— +4 % I ]
sv | 1%
o N
.1u P AT S T T T T T N S I S

6 8 10 12 14
ET (Gev)
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Also consider Structure Functions results at low-x

Rise of F, towards low x

F(x.0%) = c(Q*)x 4

F,=ex™, x<0.01

[+ ZEUS slope fit 2001 prel.
4 H1 swix00 prel, + ZEUS BPT
* H1 awixOd prel, + RWMC

= H1 26,/87 + H1 svix00 prel,
| = H126/97

—h=a InlQ*/A% §
\N=0081[ *. ’ ---gxtropolation 3
' -
Y e el 0ol i
107 L e 0
Q’KGE‘U*

» change of behavior at Q?~ 1 GeV?

Longitudinal SF F (x,Q?)

Fi extraction from H1 data {for fixed W=276 GeV)

. — NLO &, fit (H1)
L e H1 preliminary —— NLOfit (ZEUS)
Fow HT et —— NLO MRST 2001
——— NLO {Alekhin)

-memems NMLO {Mekhin)

H1 Calabaration

1 10 'I'O2 OZ,IGE"IF

+ direct F| measurements not done
at HERA (yet)

— low proton beam energy running
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- Forward Jet discrepancy
* pQCD evolution(s) not clear yet
* low-xg; regime not clear yet

- Need HERA-IT for LHC studies

(the improvements of the precision on the gluon density at
mid-to-high x has important implications for discovery physics)
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Combinations | 0.005 GeV

350

300

250

200

150

1
100/

50|

- K2 p(p)
T Q%20 GeV?

A Indfe35) 44
poak= 1521.5 = 1.5 MeV 35
width= 6.7+ 1.6 MeV g
evenis=221+ 48

f

III

i\

ol

,E A0

[ 20

|

o e s
||||L||‘*u||||l

| 1 1 1 1
1.6 1.65

1.55 1.8

1.65 1.7

1.5 1.55

1.7
M (GeV)

Hi:

with ZEUS-like event selection

(p, < 1.56eV)

N/5 MeV

1

00

90

80

70

60

50

40

30

= |

20, .,

H1 preliminary — bgr fit

- H1 data

145 15 1.55 1.

IIII|IIII
1.75 1.8

M(K3p)[GeV]

IIII|IIII
1.65 1.

0*(1530): still compatibility ZEUS/H1, need HERA-II DATA
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Not seen by ZEUS

DIS Mass = 3099+-3+-5 MeV Photoproduction
Width = 12 +-3 MeV
40 — ' ' T > [ T — T 1 ]
~ H1 = 100 YP H1 -
L 1 = = i
30 e D*p+D*'p 1y : ]
I — Signal + bg. fit ] & 75 N
i -- Bag. only fit g i
20)s + 1% s0f
. ! + 1« I
10 [ 1 .4 + % . :
L ’ l{'_. = +_ L_ ] ‘i 25 __
T e i
0 I R + .+| . + L 0 [ o L L
3 3.2 3.4 3.6 3 3.2 3.4 3.6
M(D*p) [ GeV | M (D*p) [ GeV ]

Very clear peak in D*p mass
both in DIS and in photoproduction

0-(3100): still compatibility H1/ZEUS, need HERA-IT DATA
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» Pentaquark results from H1 and ZEUS show incoherent
views.

©* candidates are seen in ZEUS data and not in H1 data.
©,. candidates are seen in H1 data and not in ZEUS data.

Properties of observed signals are studied. There are
several indications that their production mechanism is

different from the ordinary baryons.
+ @' : Fwd/Bwd asymmetry, ©/© asymmetry,
(associate production with A(1520): LEPS)
* O, : deficit in the central region.
Harder fragmentation function.

-We definitely need new results from HERA-IT to conclude
if 5-q system exists.
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