QCD Results from HERA and JLAB

e Introduction: HERA and JLAB
 Inclusive ep and eN Scattering

 Jet Production 1n ep collisions

e Heavy Quark Production in ep collisions
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JLAB
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Electron Proton Scattering

O’: virtuality of the exchanged boson
v x: Bjorken scaling variable,
Q2 in QPM: fraction of proton
momentum carried by struck quark

y: 1nelasticity: relative energy
transfer from electron to boson

> 1deal process to study
proton structure

O =xys O* > 1 GeV*: Deep Inelastic Scattering (DIS)
O’ ~ 0 GeV*: Photoproduction (YP)
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Kinematics

H1, ZEUS: large
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Structure Functions

es._~¢ reduced cross section:
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.) Inclusive HERA NC data
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.) Inclusive HERA NC data
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.) Inclusive HERA CC data

e 1nclusive CC DIS cross sections with full HERA statistics
combined from H1 and Zeus data H1prelim-10-141 / ZEUS-prel-10-017
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.) PDF Fit to Inclusive HERA data

HERAPDFI1.5 at NLO and NNLO

available in LHAPDF

H1 and ZEUS HERA I+I1 Combined PDF Fit

uses only HERA NC and CC data
experimentally and theoretically

well controlled
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Predictions for LHC: Jets

ATL-PHYS-PUB-2011-005
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Logitudinal Structure Function F;

Eur.Phys.J.C71 (2011) 1579

e model-independent determination of F

H1 Collaboration
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—t JHEP 05 (2011) 126
ﬁx{?}k{ F, at low 0% and high x
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> data described by Regge-inspired phenomenological fit
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efferson Lab

8  EXPLORING THE NATURE OF MATTER Neutr()n F 2

BoNuS preliminary (N. Baillie)
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detects spectator proton
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> model-independent access
to neutron structure function
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?ﬁg\?% The Spin of the Proton

1 1
l=lAS+AG+L, +L,

o AX: contribution from quark spins Aq
A2 = 0.330 £0.025(exp) £0.011(theo) £0.028(evol)

0.8
1 e HERMES

06 14 Compass (Open Charm)
"~ | o Compass (@%> 1 GeV?)

1 m Compass (Q% <1 GeV?)

1
AG=ng<x>dx o.4—;osmc
0

Ag/g

e AG: contribution from gluon spin

0.2 1

Ag/g = 0.049 £0.034(stat e
+0.126 -0.099(syst) | |

HERMES, JHEP 08 (2010) 130

-0.2

o

-0.4

1 —— HERMES fct. 1
-0.6
1 —— DSsV

] - BB-09

-2 -1
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« L., L,: orbital angular momenta:
accessible via Generalised Parton Distributions
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Generalised Parton Distributions

K

1

£ 10 e Correlated information about longitudinal

g w ,ﬂ”\ L L momentum xp and transverse spatial position r,
| 7% o

> NS @ .. e« Generalisation of Form Factors (moments of

38 9 ¢ '~ GPDs) and PDFs (forward limit)

E’_ « 4GPDs: H,H(E,E) conserve (flip) nucleon

” helicity o

:

£

Phys.Rept.418:1-387,2005

experimental access: exclusive processes

e vector or pseudoscalar mesons
« DVCS

- cleanest, but interference with Bethe-Heitler process
> measure interference by asymmetries
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Gz el DVCS Beam Spin Asymmetry

Phys. Rev. C 80 (2009) 035206
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WL

DVCS Asymmetries

® Hydrogen
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O Hydrogen Preliminary
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> filling in the picture of GPDs

Beam charge asymmetry

GPDH H: PRL 87 (2001) 182001
\A PR D 75 (2007) 011103
JHEP 11 (2009) 083

7
/ D: Nucl. Phys. B 829 (2010) 1

Beam helicity asymmetry
GPDH

Transverse target-spin asymmetry

GPD E

H: JHEP 06 (2008) 066

Transverse double-spin asymmetry

GPD E

Longitudinal target spin asymmetry

GPDH T~ H:JHEP 06 (2010) 019
7 D: Nucl. Phys. B 842 (2011) 265

Longitudinal double spin asymmetry

GPDH

A

H: arXiv:1106.2990

7\

beam té‘rget
polarisation
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Jet Production at HERA

* dominating processes 1n ep scattering:

e Jets are measured in a frame where the photon and the
proton collide head-on (Breit frame)

> LO process produces no transverse momentum in the
final state

> Jet cross sections are directly sensitive to the strong
coupling a.g and the gluon density in the proton
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Jets i yp: Og
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Jets 1n DIS

Trijet Cross Section H1prelim-11-032
L I T e inclusive jet, 2jet and 3jet
production
3 " H1 Preliminary % 3 o ]
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Combined PDF and oy fit

e PDF fit of inclusive DIS data: freeing ag leads to very
large uncertainty on gluon density

H1prelim-11-034, ZEUS-prel-11-001

) H1 and ZEUS HERA I+II PDF Fit H1 and ZEUS HERA I+II PDF Fit with Jets
= S 1 =
L Q*=10 GeV? & » s . Q*=10 GeV? S
-~ incl. DIS H1 and ZEUS (prel.) incl. DIS+jets 5
0s ) — HERAPDFL.5f (prel) = 20 z o8 | — HERAPDF1.6 (prel) =

[ free a,(M,) E . 5 free a (M. )
I exp. uncert. o NX HERAPDF1.5f 2 N B exp. uncerzt. a
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| 38 (<005 g 0.114 0.116 0.118 0.12 0.122 0.124 0.126 | xS (x0.05) g
, é ag(M) f &
0 | 0 - L L L ==
10 10 102 10 1 10 10° 10?2 10! 1
X X

> 1ncluding jet data allows to disentangle og and gluon

ag(M,)=0.1202 +0.0013(exp) =0.0007(param) +0.0012(hadr) =0.0045(scale)
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.) Charm Production in DIS
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o HiD*

A H1D* (high Q?

ZEUS:
ZEUS-prel-11-012

H1:
DESY-11-066 (subm. to EPJC)
Phys. Lett. B 686 (2010) 91

o charm contributes up to 30% of inclusive cross section
e new precise H1 and Zeus results from D* meson production
> charm production well described by NLO QCD calculation
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.) F,¢: Charm Contribution to F,

cc
F2
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 combination of HI and
Zecus measurement
with different
techniques

combination leads to
5-10% precision

> NLO QCD predictions
with different charm
mass treatments
describe the data

K. Kruger
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.) PDF Fit including F,* data

H1 and ZEUS (prel.)

, 680 7

L mZ>*(opt)=1.308 = 0.100 GeV —
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ZMVFNS :
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> 1inclusive data have little sensitivity to m,

H1prelim-10-143 / ZEUS-prel-10-019

August 2010

HERA Inclusive Working Group

./ nb

=

O,

64
[ WH(s=7Tev)
62-
60
58 A
56 ..o
[ = —— RT standard
------ RT optimised
541 777 Sacory
L ZMVFNS
[ R R R SR S
52 1.2 14 1.6 1.8

m* / GeV

> optimal m_ depends on heavy flavour treatment (“model”)

> m, has influence on flavour decomposition of sea quarks and thus on
W production cross section at LHC

> use of optimal m,

model

reduces difference between predictions to <2%

K. Kruger
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.) PDF Fit to NC, CC, jets & F,*

H1prelim-11-143 / ZEUS-prel-11-010

HERA I+II inclusive, jets, charm PDF Fit

m 1
v
a Q*=10 GeV’ g
g
08 —— HERAPDF1.7 (prel.) =

I exp. uncert.
model uncert.
[ parametrization uncert.

0.6
........... HERAPDF1.6 (prel.)

04 -

™
\\\\\\
,,,,,,,
""""

02 T,

HERAPDF Structure Function Working Group

> fitting inclusive NC and CC cross sections, Fy, jets and charm
data gives a consistent picture of the proton
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Summary

HERA 1nclusive ep DIS cross sections provide essential
information on the proton structure
— HERAPDEF1.5 at NLO and NNLO

spin structure of the proton studied in polarised ep and eN
scattering at HERA and JLAB

DVCS provides information on GPDs

measurements of the hadronic final state (jets, heavy
quarks) are well described by NLO QCD calculations and
provide additional information:

> disentangle gluon density and oy

> sensitivity to charm mass
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I-!1 Collaboration
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D) Fr

 data taking with different proton beam energies allows
model-independent determination of F, and F;  EurPhys.J.C71 (2011) 1579
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NC at high x
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inclusive NC
DIS cross
sections for full
HERA II

x resolution
deteriorates at
high x: measure
integrated cross
section

extend measure-
ment to x region
most sensitive to
valence quarks
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CTEQ-JLab collaboration

down quark density

" d pdf not well

constrained at large
x by proton data

' usually deuteron to

proton ratio F,%/F,*

n

d to constrai
d/u, depends on

IS USC

nuclear corrections

» new neutron data

e
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e

L& nuclear uncertainty
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Polarised Parton Densities

N/q U L T
1
G v @-@
Number
N -
;% Density Boer-Mulders
S
3
N - 1 -
E g, (-Erh. @r-Cm
S L
= Helicity Mulders-Kotzinian
S
Sy
R @ 9O -&" :
1T
Transversity
Sivers Worm-gear h.t
1T =
Pretzelosity

Nucleon structure 1s
described by 8 leading-
twist (+ many
subleading) quark
distributions containing
information about quark
orbital motion and spin-
orbit effects

2 distributions are
accessible in incl. DIS

all others need
measurement of the
angle of the hadronic
final state
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QCD Results from HERA and JLAB

33



Predictions for LHC: W

> predictions based on HERAPDF give reasonable description
of W lepton asymmetry at LHC
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0.3_ ; . MC@NLO, HERA 1.0 | / 0.3} - -10-006-003 -PH-EP-2011-024 (arXiv:1103.3470) —]
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Jet Production at HERA

* pQCD predictions of jet cross sections depend on
several scales: Q?, pr°

 sources of uncertainty for pQCD predictions:
- renormalisation scale dependence
— proton PDFs
— strong coupling og

— photoproduction: photon PDFs, MPI
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Jets 1n Photoproduction

 contribution from resolved photons: ©~\_~°
> sensitivity to photon PDF [ Jet

jet
L] (] L] (] L] L] ( a J
> sensitivity to multi-parton interactions 9 S
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@D

Data/MC

Jets 1n DIS: Calibration

* new dedicated calibration taking into account electro-
magnetic sub-showers 1n hadronic energy depositions

> 1% jet energy scale uncertainty in large ) and p range

o .. A ..
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2

Jets 1n DIS

double diff. measurement in Q* and P is used to determine ag(M,)
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ZEUS-prel-10-015

Jets 1in yp: Jet Algorithms

« HERA provides clean environment to study jet algorithms
> data well described by NLO QCD for all algorithms

ZEUS ZEUS
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.) DIS Jets: Running of oy

o from Jet Cross Sections in DIS

double differential
inclusive jet, 2jet and

O L
s . .
I " H1 data for 5 < Q? < 100 GeV? 3jet cross sections
0.25 - " HidataforG">150 GeV' in Q* and P used to
L Fit from Q° > 150 GeV* [arXiv:0904.3870]
_ a, = 0.1168 2 0.0007 (exp.) *2%48 (th.) = 0.0016 (PDF) determine oL
- == Central value and exp. unc. S
0.20 " Theory@PDE une. e measurement in two
i regions:
i 5<Q?<100 GeV?
0.15~ and Q*> 150 GeV?
i > agreement of ag(M )
B - 2
0.10 o e i in whole Q- range
10 102 :
4 1 GeV running of o from one
experiment
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Jets 1n DIS

H1 high Q% inclusive jet new
H1-prellm-11-032

H1 high Q? norm. inclusive jet
Eur. Phys. J. C85, 363 (2010)

H1 low @ inclusive jet
Eur. Phys. J. C67, 1 (2010)

H1 high Q2 inclusive jet
Phys. Lett. B653, 134 (2007)
H1 high Q% dijet rew
H1-prellm-11-032

H1 high Q2 norm. dijet
Eur. Phys. J. C85, 363 (2010)

H1 low Q2 dijet

Eur. Phys. J. C67, 1 (2010)
H1 high Q? trijet
H1-prellm-11-032

H1 high Q% norm. trijet
Eur. Phys. J. C65, 363 (2010)

H1 low Q trijet
Eur. Phys. J. C67, 1 (2010)

new

World average
S. Bethke, Eur. Phys. J. C64, 689 (2009)

uncertainty
- - — exp.

----- th.

0.11 0.12 0.13
(M)
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.) Combined PDF and og fit

> including jet data
constrains O.g

H1 and ZEUS (prel.)

20
N E --- HERAPDF1.5f
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5i
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ag(M)

ERAPDF Structure Function Working Group March 2011
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— exp. uncert.
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Preliminary  tTmoemeess
H1 high Q* norm. k, multijets .

Eur. Phys. J. C65, 363 (2010)

H1low Q? k; multijets -
Eur. Phys. J. C67, 1 (2010)

ZEUS incl. k; jets 96-97

—_—
Phys. Lett. B547,164(2002) Ut
ZEUS incl. k; jets 98-00
Phys. Lett. B649,12(2007) o
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S. Bethke, Eur. Phys. J. C64, 689 (2009)
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Heavy Quark Production

e charm contributes up to 30% to the inclusive
cross section, beauty up to a few %

e mass of heavy quark (c or ) introduces additional
hard scale

e several schemes for the treatment of the mass

N~

ol
o

i€

FENS GM-VFNS ZM-VFENS
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Heavy Quarks Production

o charm contributes up to 30% to the inclusive
cross section, beauty up to a few %

* mass of heavy quark (c or b) introduces
additional hard scale

e several schemes for the treatment of the mass

several quantities allow a distinction of heavy - s,
from light quarks '

¢* ImMass
— full reconstruction of heavy hadron
— transverse momentum p; relative to jet axis

o lifetime
- reconstruction of a secondary vertex
— impact parameter O
« semileptonic decays (u, e) Jet
K. Kruger QCD Results from HERA and JLAB 44




b — e 1n DIS
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.) bb—ee 1n Photoproduction

> good description by FFENS

o 1.2 » 900r
‘T [ H1 Preliminary - - H1 Preliminary —+ data .
S R T B e NLO calculation
s [ electrons simulation 7001 Oy
gosr = bians smiston 600" i %L‘:sb:::%r. H1 Preliminary
© r r = 105 E —
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e e o F ~ Nioaco (FHR
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e very good e/m separation s f POF = CTEGSM
. . O 105
e triggering on low pr electrons :
. 1gl
e quark flavour separation by 5
invariant mass and charge 8 o e
. 1.5
correlations % 1
0.5
e measurement of b production at 3 % 520 25 30
very low pr <p°>[GeV]
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HQ Jets 1n Photoproduction

ZEUS 2=m,, <7.5 GeV

> good description by FENS NLO
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.) b 1n Photoproduction
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) D* in DIS

H1 Preliminary
* HERA Il

w . cmzeo o D¥* K reconstruction in large pr and m range

_ .- » reasonable description by FFNS NLO

Entries / 0.5 MeV

2000 5<QP<1
002<y<0.7
nD*I<15
Pr (D*) > 1.5 GeV

calculation

M(Kn) - M(K) [GeV]

—&— H1 data (prel.)
reiits. HVQDIS (MRST2004FF3nlo)
- HVQDIS (CTEQS5f3)

L H1 Prelimi —e— H1 data (prel.)
relimnary ... yvapis (MRST2004FF3nic)
. HVQDIS (CTEQ513)

—

o
T
I
—e
Y
©
3
=
b

<2

—

do,, / dn(D¥) [nb]
T

-k
3
IIIIIII IIIIIIII| IIIIIIII| IIIIIIII|

Rrom do, / de(D*) [nb/GeV]
2

ZZ T it 1 /
168 * .
Thﬂorrlsmlﬂd b;f Uﬁf-.;fﬂﬁfff;n - % E " | IThcory scaled by oﬁi;fa;jl';” | |

15} o 1.2 - -.'.I-ff".;';, p :
" | 154 ﬁ*r:},;-}-
| | 08f S
2 3 4 5678910 I L |
p_(D*) [GeV] n(D*)

K. Kruger QCD Results from HERA and JLAB 49



) szE

HERA o 2mdd i i
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0.175 _—x=o.0(ii;£/ = H1 vix 246 pb” ] ® several new measurements:
B ] ZEUS-S+HVQDIS! _
050f '  cRoENLO ] ZEUS: ZEUS-prel-10-004,
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[Lifetime

> reasonable description by FFNS
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Charm and Beauty Jets

o complete HERA II data
 use lifetime technique to tag events with ¢ and b jets

e cross sections in lab and Breit frame
o comparison to LO ME+PS MC and NLO predictions

H1 Charm Jet Cross section H1 Beauty Breit Frame Jet Cross sectio
> 103:_ — > F ]
[Tl , o C
g I — e H1 Data (Prel.) g N e H1 Data (Prel.)
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[Lifetime
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e double differential b cross
sec_tion can be converted to
F," measurement
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o F, " contribution is small |
e extrapolation from measured
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> good agreement with NLO
QCD prediction
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.) F,¢ and F,* from Lifetime

HFE(xQ)

e simultaneous measurement of b

AR e, o and c fraction of inclusive cross
o > x=0.0005,i=10 .
.--= x=0.0008, =9 SeCtlon
107 1 2 good agreement with GMVFENS
NLO & NNLO predictions
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2) PDF Fit including F,* data

H1 and ZEUS (prel.) H1 and ZEUS (prel.)
Nx 680_ ] e Nx F ] o
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> 1inclusive data have little sensitivity to m,

> description of F,* data depends on m,
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127 DVCS with Recoil Detector

[ Recoil Detector to tag exclusivity J
1 T SC Solenoid ep— EV_P
g 03— i i ! « &' data
g L : o & data
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E : --- elastic BH
PR . 0.2— mm associated BH
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Pure elastic DVCS

PrctmaRy, o e | &P TP Y
%En.z * _ ++} + + | :
¢ ¥ iﬂ#ﬁ-}%ﬁ# ﬁf M}ﬁ #
% u';; ...... b | o ﬁé&&%g&é}{l# ..... :5}}-?%-*3-#} -------

« Indication that leading amplitude for pure elastic process is slightly larger
than for unresolved signal (elastic + associated)
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