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HERA and Cosmic Rays

It is difficult to directly relate particle production measurements at collider with the data

obtained by very high energy CR experiments:

- very different energy domains;

- collider expts.- mainly central rapidity range; CR- mainly projectile fragmentation region

- at colliders the primary particles are known; CR particles are detected via air showers,
determination of their energy and mass relies on the modeling of hadronic interactions

=> need experimental measurements to fune the models

Considering the underlying theory entering the models, almost all measurements at
colliders are relevant for understanding of very high energy CR interactions.
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The world's only electron/positron-proton collider at DESY, Hamburg
E. = 27.6 6eV E, = 920 GeV (also 820, 460 and 575 GeV)
(101'al centre-of - —mass energy of collision up to /s ® 320 GeV)
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HERA- the QCD machine

H1+ZEUS: extensive and precision studies of _1: _
different aspects of QCD, Heavy Flavour HHEERR:_ZI é%%z:;’ ) 22889
production, Physics Beyond the Standard Model, '

Diffraction,... total lumi: 0.5 fb! per experiment
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Deep Inelastic Scattering, Structure functions

DIS - a probe of proton structure

Q?=-(k-k')? - virtuality of exchanged boson

x=Q?/2p-q - fraction of proton momentum carried by

struck quark

y=p-q/p-k - inelasticity variable

Q2=xys > at fixed /s two independent variables

x3j Y = 15 (1-y)?

- 2
reduced cross section = O, (x,Q7)

Xz e’ [q(x)+ q(x)] dominant contribution to
cross section

F, =0 at leading order; proportional to gluon density at

higher orders
XF; important only at high Q2

HERA:

E [ zZEUS

[ [0 BcDMS

F = sLac

large reach in x and Q?

[ Atlas and CMS

[ &Atlas and CMS rapidity plateau
E D0 Central+Fwd. Jets
CDF/D0 Central Jets
N =1

[T NMC

OII0 E665

vy =4 --,;z"
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HERA F, structure function

first F, from HERA (1993) . recent publication (2009)
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Combination of H1 and ZEUS measurements

(not only improvement of statistics - experiments
‘cross-calibrate’ each other, total uncertainties reduced)
Uncertainties below 1% for bulk of data

= rise of F, with Q? at low x (scaling violation) 4k

~8
2
= rise of F, at x>0 dinQ

NLO QCD describes F, over 4 orders in x,Q?
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Proton PDFs from HERA - NLO QCD DGLAP fit

F, data from HERA allow to extract individual
quark flavours:

gluon density - from scaling violation
H1 and ZEUS HERA T+IT Combined PDF Fit

xf

- quark and gluon distributions-

xq(x,Q?), xq(x,Q?),xg(x,Q?)

= valence quarks determine proton structure L
at high x
= sea and gluons important at low x<0.01 057

Q=10 GeV?

July 2010

—— HERAPDF1.5 (prel.)

- exp. uncert.

model uncert.

Xu,

parametrization uncert.

*F, data constrain the low-x sea quarks and
gluons (x= 10-1-10-4)

largest uncertainties at low x gluon density
- reduce uncertainties using F, (highy)
measurements

04 Xxg (x0.05)

0.2 - R
- xS (x0.05)

HERA Structure Functions Working Group

10* 10° 10 10" 1
X

new prelim. PDF fits including HERA-II
high Q? data (HERAPDF1.5)
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Measurements of F

F_ is directly sensitive to gluon PDF: v
FL~ as-9(x,Q?%):

c,.=F, - y2/[1+(1-y)?2]-F_ = need to

vary s to extract F| in x,Q? bins (y=Q?/xs)

QP =32 GeV? ]

Last 3 months of HERA were dedicated to this
measurement: HERA delivered ~14pb! at
Ep=4606GeV and 7pb-! at Ep=575GeV
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e*p and e’p NC and CC cross sections vs Q?

Charged current event

H1 and ZEUS
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HERA Inclusive Working Group
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* Well described by SM over 6 orders

* Electroweak unification at Q2% ~ m,,/2.
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Charm and Beauty contribution to F,

H1 and ZEUS
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October 2009

F,c¢,F,bb - directly sensitive to gluon density
Up to 40% contribution to F,

HERA Results
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Reasonable agreement with NLO and NNLO, but
sensitive to m. (uncertainty band 1.25-1.65 GeV)
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Conclusions on structure functions

= HERA experiments provide unique information on proton structure at low x

= H1+ZEUS combined cross sections
-model independent check of consistency
-experiments cross-calibrate each other, reduce systematical errors

= Precision of HERA measurement reached 1-2% level

= Direct measurement of F, -important check of the theory and a new handle
on the gluon density

= HERAPDFs - important input for the LHC physics

HERA PDFs vs Tevatron data
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strong coupling a.g, PDF of the proton (and the photon)

Jet measurements at HERA

= Provides a testing ground for pQCD.
Cross section depends on: QCD matrix elements,

- improve constraining gluon density
- extract strong coupling o with high precision
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= High precision data

= Gluon density probed up to high
momentum fraction

Efs GV = Good description by NLO QCD
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O.g measurements from jets at HERA

= Normalised jet cross sections at high Qz
I G s 15 10 385 H1 as(Mz) = 0.1168 £ 0.0007 (exp):gggéi (th.)
o Multi-jet cross sections at low Q°
HI (Eur Phys J C67 (2010) 1) ZEUS aS(MZ) = 012081_888%; eXp.) fggg%% (th)
e Inclusive-jet cross sections in yp

ZEUS-prel-10-003

|—.—| Inclusive-jet cross sections in NC DIS .Pr'eCise deTer‘minaTion of as Over' The Wide r.ange Of Scale
AU el *Uncertainties dominated by theory uncertainties

& H;limmbllml,w, *From single HERA experiment the experimental error
|--| HERA average 2004 Sim”ar‘ 1'0 Wor'ld GVCPGQC
(€ Glasman,hep 0506035 - need to improve theory - need NNLO !
» World average 2009

(S. Bethke, Eur Phys J C64 (2009) 689)
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Jets in photoproduction (Q%<1 GeV?)

ZEUS

(pb/GeV)

jet
1

do/dE ..
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Multijets and Underlying event in photoproduction

Multi-parton interactions (MI) and multi-jet final states: Z '255,;41;5; e '(' )‘;
in addition fo the primary hard parfon-parton interaction £_ . . zESII ]
. . - B HERWIG+MPI (x2.1) —
with Iar'ge Pt 5 - v HERWIG (>3.1)
. . . - - e PYTHIA+MPI (=%5.3) -
-remnant interactions (with lower py) o PYTHIAG92)
ey . . "] HERWIG (:2.1) - direct|
-additional hard parton-parton interactions 02l
= higher particle and jet multiplicity, energy offset
0.1 l
resolved photon I l s
11100 oLt
Y remnant . MPI 0 0.2
MPI ) Y energy
> flow
Proton remnant
66— o 1.6E-H1 Preliminary « H1 Data (prel.)
566 .40 | x$°<07 ++ ---- Pythia MI
Proton 5 - — Pythia NMI
= 1.2
OBE— .......
0.6
-Models without MI underestimate cross 041
sections at low x, 0.2

-at low X, need MI describe the measurements

50

N PR RS BRI R
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A(p.letv ht [ O]

Ll
100

A¢ -angle between leading jet and charged particles

HERA Results
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Diffraction
Low x physics - is the physics of very large gluon densities

Associated with a large (> 10%) diffractive content — 1,

Y
Iny*p>XY , virtual photon resolves structure of exchange. W/ o X
-enormous progress in understanding diffraction in terms of \ - wrapidity gap

partons /\
-essential for the predictions of diffractive cross sections 3 N

. . . . Y (P’
-related to non-linear evolution (low x saturation), underlying ®

event (gap survival), confinement t=(p-py) xp= % o 1-Ey/E,,

Diffractive event selection

>Large Rapidity 6ap’ method (LRG) >'Leading proton’ measurement (LPS)-

t is not measured, some p-diss. background scattered proton detected in ‘Roman Pots' (LPS,FPS)
free of p-diss.background, ¢ and x;, measurement,
but acceptance/statistics low

>'My’ method- subtract non-diffractive
contribution using In(M,) distribution,

et ——p- H - p
& 3 III|III|III|III|III|III|III
| | o §10 = W =200 - 245 GeV ~
Fe) omam | T Q=7-106eV’ . e
1 "o Hldata (RG sclectionaftér 107 I
. e background subtrac ltio_n): °. o -
B T 3
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Diffractive reduced cross section5,.P(3) - x;,, B and Q? dependence
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Different measurements cover large region of phase space in Xz, B and Q2

Agreement between different reconstruction methods in regions of overlap.
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Proton tagged vs LRG data
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Large Rapidity Gap data : ZEUS vs H1

Reasonable agreement
between H1 and ZEUS
measurements in most of
phase space

~13% normalisation
difference - within the
uncertainties (dominant
contribution from p-diss.
background)
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H1 preliminary
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--- Dipole model (C. Marquet)
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= F,D-positive scaling violation (rise with Q?) up to large p > different from F,

= B-dependence relatively flat

=> large gluon component
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T
N 0.04f Q? = 20 GeV
ZEUS fit SJ
0.03 light
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0.01F c
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UF._ n I [,
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o L B

N Q2 = 20 GeV?

0.67 —— ZEUS DFDF SJ
exp. uncertainty
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Armen Bunyatyan

QCD fits to diffractive data G,.0(3)

-use NLO DGLAP evolution analysis technique to Q? and B dependences of diffractive cross sections.
- assume Regge factorisation
- F,P constrains quarks; gluons - from scaling violation; improvement of g(x) from the jet data

z.gluon(z)

H1 2007 Jets DPDF fit

—— H1 2007 Jets DPDF
- exp. uncertainty
|:| exp. + theo. uncertainty
———————— H1 2006 DPDF fit A

-— H1 2006 DPDF fit B

0.8
H1

gluon

0.63 1,2=25 GeV?

HERA Results

Gluon momentum
fraction in diffractive
excjhange ~ 60-70%

0.65

ZJ(Zy+ Z)

0.6

0.55 L

ZEUS

—— ZEUS (prel.) DPDF SJ
- exp. uncerainty -
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Test diffractive parton densities in diffractive DIS (F.P, jets and charm)
production mechanisms directly sensitive to the gluon content of colour singlet

exchange > constrain the gluon density
H1 Preliminary F
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-
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Charm diffractive structure function

x1pF,PB)Xc compared to ZEUS DPDF fit SJ
predictions

< Jet cross sections (2 central jets,

1 central+1 forward jets) compared
to H1 DPDF FitB predictions

F.P, the charm and jet production in DIS- reasonable description by NLO QCD, using DPDFs and DGLAP
Armen Bunyatyan
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Factorisation in diffraction: diffractive jet production at TeVatron

& CDF

- —— H120020, QCD Fit (prelL)
- ——  QCDfitto ZEUS97 data

huge difference between the predictions based
on the F,P fits from HERA and diffractive jet
measurements at Tevatron |

Factorisation is broken in pp

Violation of factorisation can be understood in terms
of (soft) rescattering between the two hadrons and
their remnants, in initial and final state, suppressing
the large rapidity gap

'Gap survival' factor S2~0.1

Berera,Soper Phys.Rev.D53 (1996) 6162
\

Very essential for the predictions for Diffractive Higgs
production at the LHC

Armen Bunyatyan
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Diffractive dijets in photoproduction

Photoproduction (Q2~0) - photon has resolved component, like a hadron - expect

some violation of factorisaton as in pp

= B J ' T J T =
o B - ZEUS diff dijet yp 993-00 -]
_é‘" 500 — energy scale uncertainty (a) -]
ClE — ZEUS DPDF SJ ]
% DPDF exp. uncertainty .
= s === H1 Fit 2007 Jets = 0.81 |
b [ —
€ 400 | .
300 [— —

200 [— —

obs
x?

data / theory

0.2 04 06 08 1
jets
Xy

data / theory

6 8 10 12 14
Er [GeV]

H1 data / theory

mmesn NLO H1 2006 Fit B x (14-5mar)

[ | data correlated uncertainty
------ NLO H1 2007 Fit Jets x (14-5na)
----------- NLO ZEUS SJx 1.23x (14-3nea)

-ZEUS: Eet1 > 7.5 GeV > good description of jet data - no suppression

-H1: Eyet1> 5 GeV > suppression by factor ~2, no x, dependence (i.e. suppression
also at high x, ) . Suppression is E.* dependent
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Exclusive Vector Meson production

"soft”  Regge theory and VDM model

“hard” = PQCD description
in presence of hard scale: Q2,M,, or t

Energy (W) and 7 dependences:

0
Itlmp% ccW d—o-oce_bt

0=4(0,(t)—1) L

With HERA data it is possible to investigate the transition from "soft” to “hard”
pomeron exchange processes with increasing of Q?, M, or t.

- Expect & to increase from ‘'soft’ (~0.2) to ‘hard’ (~0.8)
- for soft Pomeron: app(t)=1.08+0.25-1 (DL)

-for hard interaction: o~|xg(x,Q?)|2 >fast increase of cross section with
energy due to the gluon density in proton (W2 ~ 1/x)

* Expect b to decrease from 'soft’ (~10 GeV-2) to ‘hard' (~4+5 GeV-2)
(b is related to the size of interaction)
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Exclusive Vector Meson production and DVCS
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(Q for DVCS)

= Transition from soft to hard regime with increasing of hard scale

-In photoproduction - higher slope for heavy VM

-Similar behavior for all VMs and DVCS: hardening of W distribution (8 increase) with p scale
-b decreases from 5 GeV-2 10 10 GeV-2: =» size of scattered VM getting smaller with scale
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Leading baryon (LP, LN) production

Significant fraction of ep scattering events contains in the final state a leading
proton or neutron which carry a substantial portion of the energy of the
incoming proton: e+p > e'+n+X or e'+p+X

e (k) .
'@

L"’:/—/—’/—/”;’ X(p,)

P(P) \:fx >

p,n (o)

exchange of virtual particle
* LP: neutral iso-scalar,iso-vector (n,IR,IP)

‘conventional’ fragmentation of proton  _ I\,. charged iso-vector (+,p+,a,..)
. ' Q2.

remnant (e.g. Lund string)
In the exchange model the cross sections

factorise, e.g. for n-exchange
o(ep— e'NX) = flux(x 1) x o(en—e'X)
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LP and LN cross sections; comparison with fragmentation and exchange models

LP and LN cross sections (1/cpr5xdc/dx))

ZEUS
02—
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for pure isovector particle exchange
(e.g. pion) one expects LP = LN

>more isoscalar exchanges contribute
to the LP rates

LP cross section ZEUS

— 10 E T T T T T =
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10 ¢
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¢ diffractive peak at x, =1 ; flat at x,<0.95

* standard fragmentation MC models don't
describe the data out of the diffractive
peak

 good description by exchange models

° isoscalar reggeon dominant at
intermediate x|
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LN production: comparison with fragmentation and exchange models:

d’c/(dx, dp2) [nb/GeV?]

H1 Preliminary
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. all standard fragmentation models underestimate the neutron yield at high x,

. best description of leading neutron data gives the mixing of n-exchange (RAPGAP) and

standard fragmentation (e.g.

DJANGO or %

YTHIA)
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Leading Baryon production rate in DIS: F,*N and F,* ratio to
d’c(ep — eNX) B
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F,LP.LN/F, is mostly flat in Q% and x

i.e. LB production rate, kinematics is
approx. independent of (Q2,x)

HERA Results
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LB production: photoproduction vs DIS , absorption

Proton/neutron absorption through rescattering - important ingredient to interpret
the results in terms of particle exchange (in other language: multi-Pomeron exchange)
Expectation: suppression of LP,LN events in photoproduction:

higher Q2 >smaller y* transverse size - less absorption - larger event yield
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Increase of LP and LN rates from yp fo DIS =» suggest violation of vertex factorisation
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Interplay of leading baryon production and Cosmic Ray physics

The tuning of CR interaction models crucially depends on the input from the
measurements at accelerators

In particular, the forward measurements (baryons, y's, n°) are of the greatest
importance for the model tuning, since the shower development is dominated by the
forward, soft interactions.

xu' r b C
g r e+p— p+X . 1'?. T e+p— n+X
S - * ZEUS + Z - * ZEUS

- ---- QGSJETII i

| — EPOS1.99 .

- T.Pierog, R.Engel

-~ QGSJETO1
1 e SIBYLL 2.1 ,

-~ QGSJETII d
. 1 : - -~ QGSJETO1 o

R B 10" —  EPOS 1.99
SIBYLL 2,1

0.6 0.7 0.8 0.9 1 0.4 0.6 0.8 1

- reasonable predictions for LP data (after model tuning)
- hone of models describe LN data well
- HERA can further contribute to the understanding of high energy cosmic rays
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An integrated luminosity of 1 fb-! was taken by both H1 and ZEUS experiments
together during the 15 years of HERA

New phase of H1 and ZEUS mutual collaboration:
combined cross section measurements reach 1% precision

HERAPDF- high precision and extended kinematic reach

Wealth of new jet data from HERA available
- high precision as > need theoretical calculations to higher order

The partonic structure of diffraction is measured with high precision.
Diffractive PDFs are extracted from the NLO fits to the data.

Leading baryon data important for an improved theoretical understanding of
proton fragmentation mechanism: provide a useful input for models of CR
interactions with matter.

HERA has a reach program that should be completed.
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Predictions of CR models for forward neutrons and photons at HERA

x;=F/920. E- energv of neutrons

Forward neutrons, theta<0.75 mrad

HERA Results

2
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x;=E/920. E- energv of photons
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Sum of energy of forward photons
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Neutral Particle measurements in the FNC

HERA can further contribute to the understanding of high energy cosmic rays
We measure the differential distributions of x_and p, for protons, neutrons and photons, in
the photoproduction and DIS regimes

The measurements can be made also as a function of proton beam energy
(The last 3 months HERA was running with 460 GeV and 575 GeV protons.)

Energy distributions of electromagnetic (photons) and hadronic (neutron) clusters in H1-FNC
at tree different proton beam energies (920, 575 and 460 GeV).
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Valence quarks and xF;

Add to the knowledge of valence quarks in
the proton (x<0.1)
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Inferacting parton

HERA Results

2-Jet Cross Section

1u=: = 7202 <10 GeV?
.
10 E
E -
10k
1- 1 + |
10° 10" .
F
107 * 15 <? <20 GeV?
E =
10’5
F .
10k
1k '
E 1 1L 1 1L |
10 10 .
‘1[)’=
£ o 30 < Q% < 40 Gev?
107 .
10; -
1t
S A
10 10" .
H1 data
NLO ® hadr

es’rlma’ror' of the fraction of the
proton momentum carried by the

=T - SR o
ES) 3 Z [ = . sc@cTGevi| 3
+ 3 g mlg'+ . < e g
+ - = E =
1 = ok . 3
= - - g\- ﬁ}E g\-
= T NLO®C,,®C, 3 & EH1 o &
c o 1 + . = . ' =
F o ZEUS (374 pb™) T —w=o +E’15'B ; pre TR
| I:Ijet energy scale uncertainty | ----l _QI ] — . o
= = 3 = 1' - - %
g gg ....... mn =].:JT*-';3 g § = 1frc Q® < 15 GeV? $
C 25 < Q7 <250 GeV” T 250 <Q° <500 GeV” ] f g . f
Ei::::i::::i::::i:::.zzi::::i::::i::::i:::.E "311,;, "g
f I S AR e
L -+ . 10° 10 .
]
= = 3 Ok m
E I+ 3 E T 20 <07« 30 GeV? E
C - - £ 10 g - £
B i | 5 g . 5
E = 3 z 2
& -| - + - 1 . —'Eﬂ 1§rH1 t | F‘Erq
B 00 < Q" <1000 GeV~ T 1000 < Q™ <2000 GeV" i T T -
Ei:.:i::::i::::i::::EE|::::i::::i::::i::::E =
E EE E -E g o= * 40 =2 < 100 GeW2
- 1 _ _% E -
S oL
—_— = — - -:lur 1ﬂ§+ .
: S - g
B T ) € b1 T
n* 10" .
| 1 _ ]
- . R . N - 112 ,-“( 2
B 2000 < Q7 < 5000 GeV” T 5000 < Q< 20000 GeV™ 7| — I E.]{ J‘ —I_ ( '[ :l "’ )
[T T T T [N TN T T AN N N T T N N N B | TR T A N T T N NN TN N N N A N B
-2 —-1.5 -1 —0.5 02 —1.5 -1 —05 0
lugm(f;)

Trento, Nov-Dec 2010

5<Q2<100 GeV?



	QCD results from HERA

