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Overview

e Introduction to HERA

e Inclusive DIS & Structure Functions

— formalism

- HERA results
e High Q? & Electroweak Physics

* QCD: Jet Physics, Heavy Flavour Production
* Beyond the Standard Model

o (Diffraction)
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Collider Types

_ _ e c — e ——
—_o o—— — ¢ ¢ € ¢ — — ¢ g ——
ete pp* ep

+ clean 1nitial and + high energy + unique 1nitial state

final state : :
— complicated final  + electron as probe of

+ small background state proton structure

— limited energy — large background - two accelerators

* LEP (200 GeV) e Tevatron (2 TeV) ¢ HERA (300 GeV)
ILC (1 TeV) LHC (14 TeV)
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HERA & 1ts Pre-Accelerators

Hall North

circumference: 6.3 km bunch crossing rate: 10.4 MHz
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Collected Luminosity

e HERA operated 1992-2007

Status: 1-July-2007

Hy 400 T -
S e * Jumi upgrade in 2001
7 W L

g 00 — higher luminosity

-

H — e polarization

< 200 -

e — detector upgrades

e in total ~500 pb™" of high
energy data collected per
experiment

100 -

* last months devoted to low p
energy (460, 575 GeV)
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ZEUS Detector

tracking detector

magnet coil

calorimeter

muon system =
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H1 Detector

tracking detector

= calorimeter

magnet coil

muon system
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Schematic View of the H1 Detector

Central Tracking System

Silicon

Forward Tracking Detectors

Digital Muon
System \
\\\ﬂ
el
0
’f“

Toroid
FDI‘“’al‘d Solenoid

Muon System

Liquid Argon SpaCal
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Physics Topics at HERA

expected not (so) expected
® proton structure * exotics (beyond the
— structure functions standard modell)
— parton densities - SUSY
- s - leptoquarks

* photon structure

* perturbative QCD * diffraction

— jets
— heavy quarks

e clectroweak
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Some Events...

gl‘@ Run 432053 Event 61834 Class: 4 575 1119 23 25 27 28 29

Date 14/102005 ¢y Run 432053 Event 61834 Class: 4578 1119 23 25 2725 29

Date 14102005

Katja Kriiger
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Some Events...

Fun 223688 Event 218000 Class: 26

Date 14/10,/1398

@

Katja Kriiger
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Some Events...

¢ily  Run 413516 Event 146053 Class: 67§10 19 24 25 28

Date 26/0520085

HERA e p Streuereignis

——
Z

Katja Kriiger
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Some Events...

Run 77823 Event 8507 C(Claas: 32 7 § 10 22 24 28 2% Date 21/08/1994
§
=T EEImid
I E-*":I'
- + GERNE
i #opile |
E'.' f}?'
Bt
HE
|
7

Katja Kriiger

Physics @ HERA 14



Some Events...

¢y Run 403197 Event 81741 Class: 4567811 19 25 2820 RunDate 6/22005

Katja Kriiger
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Event Rates

some kHz

some Hz

some min’!

some hour’!

Run 223688 Event 218000 Class: 26

Date 14,10/1398

| oMl  Run403197 Event S1741 Class: 4567 51119 252529 RunDate 62/2005

CC: Q**2 = 83656 GeV**2; y=0.83 ; P_T=118

Run 77823 Event 6507 Class: 3 7 8 10 22 24 28 2Y

Date 2170671984

Beam - Gas Interaction

P |
b
41} }
N
r I
# ] i
# ¥
AR
i
H
R
A
| eMly  Run40S9S5 Event 144778 Class: 45789111923 262829 Date 30032005

NC: Q**2 = 35000 GeV**2 1 E_e = 300 GeV

Katja Kriiger
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ep Scattering &
Structure Functions

Katja Kriiger
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., The** HERA Textbook Plots

gluons ?

H1 and Z

S Combined PDF Fit

™ 70
< 0 0.000032, i
~ E x=0. 32, i +
o) C : o x = 0.000QPP2 1 ® HERATe'p (prel.)
< 10 oL S.-00008, i=20 O Fixed Target
E 0.00013, i=19
= F : 0.00020, =18 [ 1 HERAIPDF (prel.)
S F 0.00032, i=17
103 =0.0005, i=16
E x = 0.0008, i=15
L x = 0.0013, i=14
104 x = 0.0020, =13
E x = 0.0032, i=12
F 4 x = 0.005, i=11
3 ¢ )
107 M-‘ x = 0.008, i=10
E x = 0.013, i=9
of x=0.02, i=8
10 * = =0.032, i=7
£ N 0.05, i=6
10 x = 0.08, i=5
E x=0.13, i=4
| [ x=0.18, i=3
-1 :
10 E
or
107k
-3 .
10 \‘ \\\\\H‘ \\\\\H‘ L \\\\H‘ L \\\\\H‘ L \\\\\H‘ L ] I
2 3 4 5
1 10 10 10 10 10
2 2
Q7/GeV

quarks ?

April 2008

HERA Structure Functions Working Group

(7

xf

0.8

H1 and ZEUS Combined PDF Fit

Q*=10 GeV?

—— HERA-I PDF (prel.)

B exp. uncert.
|:| model uncert.

Katja Kriiger
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Rutherford Scattering

* first scattering - Flash of
: block light Microscope
experiment " & Fiworescent
. Cl—&3.— 7 Sateteg
> existence of A i e
the nucleus sample foil from HyperPhysics
ASSUINCS
2
2
do | 1 VAVAY 1 - Coulomb potential
B . 4 :
d \d4me, 4E, | sin g - no spins
— no recoil

Katja Kriiger Physics @ HERA 19



Elastic Electron Scattering

variables:
e (k)

* q =k-¥K >

¢ Q®=_¢
=4 E E'sin’(0/2)

B E
1+(2EIM)sin’(012)
2> only one independent!

.E’

do 4w’z , &

dQ2: JOS E

Coulomb- recoil
Potential ~1/r

e' (k')

particles
stays
intact

mass M,
charge z,
spin 0

Katja Kriiger Physics @ HERA
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Elastic Electron Scattering: Cross Section

* Mott Scattering: electron on a pointlike
charged particle with spin O

do
dO’

Mott

2
41T X

E /

2

, 0O

Q4

COS™ —
2

* Dirac Sacttering: electron on a pointlike
charged particle with spin 2

Mott

6,
1+2Ttan23

with 7=

Q2
4 M*

e electron on proton: ,,form factors™ needed:

do | do
sz Dirac dQ2
do| |[do
sz ep sz Mott |

G,(Q)+71G,(Q)

1+T

> protons are not pointlike!

+21 G, (Q°) t

, ©

an” —
2

Katja Kriiger
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Electric Form Factor of the Proton

* describes the charge \ T
distribution in the protor N
(Fourier transtorm) s N :

2 i

e measured: ol \
-G (0)=1 S
- G, (0)=2.79 G
- GL(07), Gu(Q) o« |14

" N 0.71 GeV?

> elastic scattering only import at low Q?

Katja Kriiger Physics @ HERA 22



Inelastic Electron Scattering

variables:

* q =k-Kk

° QZ =_q2

e s =(P+k)’

* W=(P+q)
=M?+2q-P - Q?

e v =qP/kP

2 two independent!

elastic: W =M inelastic: W > M

Katja Kriiger Physics @ HERA 23




Inelastic Electron Proton Scattering

| 5 | [ 3
* inelastic scattering: _-\ :
A . W=2 GeV i
‘ﬁ7>M A\ x - W=3 GeV ‘
p ‘ s —— W=3.5 GeV
* ratio to Mott cross section
. 2
nearly flat in Q c
=

b .
vV OE \ -
SLAC-PUB-gﬁo - \ -1,

(2) ana (1) - N
OBSERVED BEHAVIOR OF HIGHLY INELASTIC 5 \
ELECTRON-PROTON SCATTERING 0 " \E\LASS;‘JLCTTERING -
M. Breidenbach, J. I. Friedman, H. W. Kendall \ :
Department of Physics and Laboratory for Nuclear Science, * \

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 — \\ B
E. D. Bloom, D. H. Coward, H. DeStaebler, To [ A R E— l ] L >
J. Drees, L. W. Mo, R. E. Taylor 0 ] 2 3 4 5 6 7

Stanford Linear Accelerator Center,} Stanford, California 94305 o
2
q< (GeV/c)
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Deep Inelastic Scattering (DIS)

e deep: Q2>Mp k'=(E',0,E'sin0_,E' cos0)

e inelastic: W > Mp

>

k=(E,,0,0,-E,)

attention
0,=m—0

e for HERA: m¢, M, << W

— neglect me, M,,

- s=4E,E;
| P=(E,,,0.0.E,)
- Q’=2E_E',(1+cos6,) b

6-296 \
2

€

- W=yvs —Q?

e one more variable: x = Q?/ (2 P-q) = Q?/ys

Katja Kriiger Physics @ HERA 25



DIS: What 1s x?

k'

x can be interpreted as the
momentum fraction of the
struck parton of the proton:

q P'qzq—l—XP

+xP)* = -Q°+2xq-P+(xP)’
q q

(q+xP)” = (xP)* = (m,)’

q

Q

X = —— =
2q-P ys

inelastic proton scattering 1s scattering on a parton of the proton!
Katja Kriiger Physics @ HERA 26




Structure Functions F, & I,

e the DIS cross section can be written as

d20' 47T0(21 2 y2 2
= T 1) Fale, 0+ 5 2 (.0

4t 1 E’ @ , ® Q2 , 0
- - b T+ —= G x F,(x,0in’—
0 xE ))cos 5 2x2Mi X 1(xzD;1n 5

e comparison with Dirac formula

do ,e 0 . ,e
5 COS —+ >SN ——
dQ 2M

E !
E

_41'ro<2z2

o 4
Dirac Q

2> F, corresponds to electric field of the parton

2 F, corresponds to spin of the parton

Katja Kriiger Physics @ HERA 27



Parton Spin

e parton spin V2: 2 x F,=F, (Callan Gross)

e parton spin O: 2xF, =0

|

3 partons
fF + { SF}” » have spin %2

2xFy

-
b2

1.0 Hé

05 |

Spin0

] ! ] ] ] |

0 05 1
x = 0%/ 2Mv

from P. Schmiiser, ,,Feynman-Graphen und Eichtheorien fiir Experimentalphysiker*
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Scaling: F, independent of Q?

A

3 SLAC 1972

o+ 6° o 18°
0.5 X 10° A 26°

: e:s P o XX *¢+ /H. %

0.2

o1 k x=0.25

0 1 1 i | 1 1 2 ]
0 2 49 6 8

Q%[6eV?] —  m

independent of Q?, we always see the same partons (=quarks)

Katja Kriiger Physics @ HERA 29



(Naive) Quark Parton Model

* proton consists of 3 A
partons, identified with

the QCD quarks

* during the interaction 2p
proton 1s ,,frozen*

* clectron proton scattering
1s sum of incoherent
electron quark scatterings

e proton structure 1s defined
by parton distributions

Fyx, 0)=xY ¢q(x)

Katja Kriiger Physics @ HERA
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How does F»(x) look like?

Katja Kriiger

Physics @ HERA
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How does F»(x) look like?

A quack ‘

Three valence guarks

%b; - M.g - ,

Katja Kriiger Physics @ HERA



How does F»(x) look like?

| J l ' | ' I
0.4 2 (GeV/c)? < @2 < 18 (GeV/c)? —

0.3 ]
what happens l
0.2 -
at low x? ”

0| N )
u  od |
oL L I

0 0.2 0.4 0.6 0.8

X
from Povh et al., ,,Teilchen und Kerne*
Katja Kriiger Physics @ HERA 33



Scaling Violations

Deuteron x=0.008
(x 4.0)

* NMC x 4. [ ' ot
© SLAC 0.0125

x=0.
o BeNS + 3.2 W J‘(:%y)

Fo(x,Q%)
Fo(x,Q%)

0.5

T

01 Deuteron | Pty
e NMC "

i T x=0.50
: Agac ' T FPopg (x 1.0)
O BCDMS
[ | Lol N EET AT
1 10
Q2 [(GeV/c)?) Q2 [(GeV/c)?)

at smaller & larger x, the amount of quarks depends on Q?!
Katja Kriiger Physics @ HERA 34




Parton Evolution

* number of partons changes with Q?

* (Q’ can be interpreted as resolving power: onc(h/ ?\)2

2.
(6 N small Q<
i q, Intfuitive e many partons with large x

" picture

.

* (nearly) no partons at low x

large Q2

* less partons with large x

* more partons at low x

Katja Kriiger Physics @ HERA 35



P
3lo§ Q

DGLAP Evolution Equations

9.(,d)
9(x Q)

—

X

e

i1
-

|7

‘}f} i

7

i

%

A

®

94.(x,Q)
g s

P foo@d = 2 R fy, Q)

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted

* no prediction for the x dependence —» 1nitial

condition needed

Katja Kriiger
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HERA Kinematic Range

< 10 5

/ GeV

2
T

HERA Standard DIS
HERA ZEUS BPT
vt HERA Shifted Vertex

dN U

Fixed Target Experiments

ncw 10 2

2
‘:“-’:{éu.-fnf/u s /

T
Ty
i

i ;f/ crss ‘;i_ln‘_,v’.v'-f‘,a'y"";':"'-'f:f-'-' ,"
5 i B B0 o A A i !
I A

7 AL 1 i

I LTI 1 '

) P f Ly
1 W =X
. !

NSl
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Events 1n Different Regions

|
T
T = 5
p, + 10 7 ¢
= | Z g
L T ' ‘2
\ | [ HERA Standard DIS Y
4| &
IN| 1 HERAZEUSBPT &
o
U/l HERA Shifted Vertex & P
< o
R 3 Fixed Target Experiments Q—YV 3
7 10 g

Q%2 =0.25GeV2  y = 0.38

7
)

7
i

)

7
)
Iy
L

SN

0.4 GeV 8.9GeV L
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F, vs. Q°

H1 and ZEUS Combined PDF Fit

e HERA data cover @ o

N

x = 0.000032, i=22 +
o - x = 0.00005, i=21 ® HERATIe p (prel.)
N

<

- ! ] .
huge range. ; o %., ;Z§28§3303d§§1&;8 ED Eﬁﬂa}?gﬁ (prel.)
Sordersin Q?and " fmrim i

mnm e
4 d . 104 W x = 0.0020, i=13

E x = 0.0032, i=12

Oracrs i X B ..W x = 0.005, i=11

103 W x = 0.008, i=10

* approximate
scaling at large X =« | ==X

S x =0.18, i=3

HERA Structure Functions Working Group

e clear scaling u__ﬁ__
violations at e Nt e
small x s Gixedtarget =~

1 ’ " ° " 10;2/ GeV’

Katja Kriiger Physics @ HERA 39
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F, vs. Q*: example bins

* clear scaling
violations at
small x

* approximate

0.(x,Q)

1.2

0.6

H1 and ZEUS Combined PDF Fit

e HERA I¢'p (prel.)
|| HERAIPDF (prel.)

x=0.02

April 2008

HERA Structure Functions Working Group

. —— H1 2000 PDE
scaling at large X = i
O ‘ ‘ | | H‘ ‘
1 10 10° 10° 10"
Q*/ GeV’
Physics @ HERA 40
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How does F»(x) look like?

Q* =12 GeV*

® H196-97
A BCDMS

= QCD Fit (H1)

"
—_—
T 11 | T T | T T 1 | T T

Katja Kriiger Physics @ HERA 41



F2 VS. X

+ . + .
HERA 1e"p Neutral Current Scattering - H1 and ZEUS HERA 1e p Neutral Current Scattering - H1 and ZEUS
Nﬁ N 2 2 N 2 2 N N 2 2 Nf_" 2 [ [ [ [
o Q' =15GeV" Q =2GeV Q =35GeV o | Q%=150 GeV? | Q*=200GeV? I Q*=250GeV? | Q=300GeV?
£ - £ - : :
b-‘ L ...'. b-‘ i B B N
. " i i i
0 sl el vl vl el vl il ol vl ol il vl il oMl sl ol 1y 0 I ol Nl Lol ol il .
Q' =45GeV" Q=65 GeV* Q' =85GeV" Q' =10GeV* | Q@*=400GeV’ | Q°=500Gev’ | Q’=630GeV’ |  Q’=500GeV’
. ; i i i i
Lr - - - = 'r n - n
L L L L 2 L L L L
L L L L 0
[ [ [ [ =1¥] - - - [
0 IHII| ||||| IIIH‘ |H||I| il ||||| IIIHI| 1l IIJ HIIIIl 111 |||||| IIHIl ||||I| \IIIIIl L1l |||||| IIIIH‘ HIIIII 1 III L1l E D 1l I‘ | EEERIT 111 1111 II‘ 1 \IIIIHl 1 L1l | 1| II\Hl 111 IR 11 I\Ill 11
B S12GeV [ Q@P=15GeV: [ Q'=18GeV' [ Q@ =22GeV’ 5 [ Q?=1000GeV | 0?=1200GeV [ QP=1500GeV? | Q= 2000GeV?
- - - - =
b r o o 2 r N N N
L L L L 2 L L L L
: : : : : \
L [ [ L =}
0 L IHII| II,II| IIIH‘ I\Ilgl il 7||||| III\,\Il 1l IIJ HII!' 11l | |||||| II,HIl ||||I| \Illgl 11l 7|||||| IIIQ\‘ HIIIII ] 2‘ L1l % 0 — il I‘ IR 1 11 | II‘ 1 \IIIIHl ] S i | 1| II\Hl 1 11 1 111 11 HI|| 11
QT =21GeV:  F QP=35GeVT | QP=45GeV" [ Q' =60GeV’ E L . b , b , s
B B B B £ | Q7=3000GeV? | Q=5000GeV’ | Q'=8000GeV’ [  Q=12000GeV’
- - - i g 05 — — —
1+ - - - @ g - g :
- - - - <
3 i i P
- - - - m | | N L
0 el cod vl vl Nl oo vl vl vl N vl vl v ol O o o ol ol o T 0 cond vl el vl el vl vl el el 0
- 2 2 F 2 2 - LR 2 107 0% - 5 S+ 5 5 2 -L 2 -1
L Q =70GeV L Q" =90GeV L Q™ =120 GeV X | Q°=20000GeV- | Q" = 30000 GeV~ 10 10 10 10 X
1 L L L ® HERAI (pel) 02 L ® HERAI(prel)
- : - —  H1 2000 PDF i i - ;é Sgﬂj)EE’F[;F
R - s — ZEUSJETS i i i
0 IHII| ||||| IIIH‘ |H||I| 1l ||||| IIIHI| 1l IIJ HIIIIl L1l |||||| IIHIl ||||I| \IIIIIl L1l 0 = 1 III‘ L 111 —1 ||| II‘ 1 \IIIIHl 1l
10 1ot 107 10 107 10t 2 n N 1
X 10 10 10 10 X

strong rise towards low X, steepness rising with Q?
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P
9!03 Q

DGLAP Evolution Equations

9(,d)
9(xQ)

X

: %} “3@,@)“

(x,Q)
@ %

A

P& {6, @) - f‘f;l’ ) (,Q%)

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted

Katja Kriiger
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Parton Density Fits
DGLAP predicts only Q? dependence

2 assume parametrisation of the parton density functions
(PDFs) as a function of x at a starting scale QO2 (typically

around 4 - 7 GeV?):
x q(x, Q(Z))zAxB(l—x)C[l—l—Dx—l—E xz—l—Fx3]
> evolve the PDFs to all measured Q?, calculate F ) and fit

the parameters to match the data

@ some freedom 1n the procedure!

- how many parameters, which Q 02 ?

- how to combine quark and antiquark densities?

Katja Kriiger Physics @ HERA 44



Parton Density Fits
quark and antiquark o B
densities: §
* most general: u,u,d,d, g
s,5,c,¢,(b,b) 5
e distinguish valence and sea -
quarks (ZEUS): 1
u,d  sea,d—u 05
e distinguish up-type and ' e s
down-type quarks (H1): 15} : Q= 10 Gev
U=u+c, D=d+s(+b) s L
U=iu+c, D=d+5(+b) ; - 5‘*
_>uV: U_U’ dV:D_b 010"‘ 10° 107 10! 1
X
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xf

Combined H1 & ZEUS Parton Density

H1 and ZEUS Combined PDF Fit

1 T 1 \ \ \ kS
i 2 2 = i =
_ Q =10 GeV Q?’=10 GeV? 8
| — ZEUS-O (prel.) 94-00 i E-
0.8 :l uncorrelated uncertainty _ 0.8 - —— HERA-I PDF (prel.) i
__| correlated uncertainty - e - exp. uncert.
i H1 PDF 2000 / N |:| model uncert. 1 a
0.6 B exp. uncertainty ’ '\.‘ | ] E
) I model uncertainty \ 0.6 Lch
=
f E
0.4 é
’ |8
&
0.2 g
£
&
1<
e
=
. . . R 0 \.| T
10 1073 102 10" 1 10 10° 102 10! 1
X X
combination of data from H1 and ZEUS
gives big improvements!
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Longitudinal Structure Function Fy,

e (Callan-Gross relation 2 x F; = F, only true in naive
Quark-Parton-Model

* the longitudinal structure function Fy, 1s defined as Fp =
FJ—ZXFH

* FL 1s directly proportional to the gluon density

e for a measurement of F; one needs data at the same x

and Q?, but different y

d2 4 2 2 2 2
O AT Ly )| Fyx, ) - 2
dx dQ 0 x 2 1—y+y7/2

FL(X’ QZ)

* only possible with different s because Q* = xys

> measure at different beam energies!
Katja Kriiger Physics @ HERA 47




*[ongitudinal Structure Function Fp

..................

*
e E =460GeV

Linear fit

Q% = 25 GeV?
X = 0.00049 X = 0.00062 X = 0.00076
* ; s
,} ® ]
X = 0.0010 X = 0.0016 ~ x= 0.0025
" HiData
; ' m E,=920GeV
LR - E_ =575 GeV
; g

..................

02 04 06 08 0

02 04 06 08 0

0.2 04 06 038
Y21y,

B x0' 1 do
2’ Y. dxdQ’
2
=Fy(x,0%) = 2= F,(x,0’)

+

with Y, =1+(1—y)

linear expression in
yY,

use linear fits 1n

y*/Y, and determine
FL from slope

Katja Kriiger
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* consistent with PDF fitto Fp | %" | ™% g S

* most precise information on

Longitudinal Structure Function Fy,

1.5¢ Q= 12 GeV? F Q% = 15 GeV? 3 QP = 20 GeV?
h: ; H1
05;;\— : ¢
WL j\\r\
0 SRR/ 3 ‘F !
1.5¢ @~ 25 GoV? ] @ - 35 GoV? 1 @ — 45 GoV?
1t ;
055\*3\*\%‘}\ ZEUS
05- $ E T o T T T T T LR | T
o L L u L F 2_ 2 E _ 2 — 2
1.5F F - 50 Gov? - F o0 Gov? 107 02 | Q%= 24 GeV | Q’= 32GeV Q’= 45GeV
3 g 1t 1 1 - ZEUS (prel.)
— H1 PDF 2000 \q\

1073 102 103 102

x | i T

T Ns =252 GeV (6.0pb™) ]
\s =318 GeV (32.8pb )

gluon still from scaling
violations Tt 100 100 107 100 10
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High Q% &
Electroweak Physics

Katja Kriiger

Physics @ HERA
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More Structure Functions

F =F —-2xF =0 in the QPM

+ Fz(x’Q2) o %[FL(X’Qzﬂi i_x[F3(x’Q2}

- +

d’ o, B 27TO(21Y
dx dQ’ 0" «x

F.:y—Z"—interference

¢ e
>
iz’ Y, = 1=(1—y)’
> o F relevant only at large y
) e F, relevant only at large Q7,
> different sign for e* and e~
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High Q? Neutral Current

Neutral Current (ep — eX)

o 103 T T T T T T T T T TTT] T |
. 0 H1 , .
o dlfference g 102 H1 HERA I+l e p (prel.)
-g_ o H1 HERA I+l € p (prel.)
between e*p o 10 E H1 2000 PDF e*p
de 1 g —— H12000 PDF e p
and e p only s b ;
at large : , :
107 M =
2 ey M2 Z -
Q ~ vl 5 -
102 £ E
> 0 :
y—24 — 10°F  y<0.9 ;
interference ook Te=0 4
= s =319 GeV )
10° £ ~
10-5 I L1111 |3 : 1 ]
10 10 Qz (GeVz)
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High Q? Neutral Current

ZEUS
— —_— — . —_—
10 - 12 —— ® ZEUS 94-06 (prel.)e'p  —
R 1 - R2 = (0.62-10"%cm)’ .
i 1 ooty it o T 0 ... R2 = -(0.8 -107'°cm)?
=" | 09 q
= 08 U ——
- 10° 10*
1 :.4«.4.44,..,...,,4,L..H....mwmgg;_;;_:;_:.;;_,:,:Q_L_:_:,g:_:,?__—__—__ oo
Quark Radius Limits (prel.)
| | | | | | | | | |

10° 10"

Q? (GeV?)

* no significant deviation from Standard Model Fit at high Q*

* can be interpreted as limit on quark size
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High Q? Neutral Current

104, .
© x=0.08 (x10000) — g ggosE-eBoRE-B--B-5 "

= x=0:13 (easi) —mﬂaméﬂ—ig\

~ x=0.18 (x500) —e-o—e—.ra-a-ﬁn-a-g—i—g_g‘\g\

10

107 ¢
- x=0.25 (x100)
10

10

10

10

HERA Neutral Current at high x

10°|

= x=0.40 (x5)

s x=0.65

T T T T || T T T 1T | T T TTT
o Hl ep o H1 e"p 94-00
o ZEUS e'p 98-99 o ZEUS e*p 99-00
.- SMe'p (CTEQ6D) — SM e*p (CTEQ6D)

2 3 4
10 10 10

Q? (GeV?)

XQ4 1 d2 O-EC

2o’ Y, dxdQ’

o=

€~ positive interference

e” negative interference

xF3och ez(q—q)

direct handle on
valence quark
distribution!

Katja Kriiger

Physics @ HERA

54



Charged Current Interactions

¢y Run 403197 Event 81741 Class: 4567 5 11 19 25 2529 RunDate 6/2/2005

CC: Q**2 = 83656 GeV**2; y=0.83; P_T-118

HDDI_ |

neutrino not visible
1n detector

—» 1mbalance in
transverse plane
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Charged Current Cross Section

2
d’ o G> M: D 2
— = —|—= Y, W— 2wt = xw
dx dQ 41X M,,+Q Y, Y,
HERA Charged Current
N% 1 DR IR EN
e W bosons couple differently to 3 4o | - Tron i 9896
up- and down-type quarks g — SMlep{CTEAED)
3 10 | E
e in the QPM: :
L B L -3
W,=x(U+D), xW,=x(U-D) ™ |
+ (T + 77 af
WZ_X(U_I_D)’ XW3—X(D—U> 10 ¢ + H1 e*p 94-00 et E
= ZEUS e*p 99-00
Wi:() 10~ . — SMe'p (ETEQBD)
— 2 = -6:
> O-CCOCX[U—I_(l_y) D] 0¥ E
+ —_— 2 - y<D9
(chocx{UJr(l—y) D} 0 : .
10 10
Q? (GeV?)
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Comparison NC vs. CC

. at 10W Q2: different ~ T T T T T T TT HElRAlll T T T TTT | T T =

S E

dependences because of g .. s mepnomn gy

B A ep prel. E

photon in NC :6. O ZEUS e*p NC 2004 .

o o ZEUS e’p NC 04-05 (prel.) =

) % —— SMe’p NC (CTEQ6M) 3

Y at hl gh Q . _\8 10" —— SMe’p NC (CTEQ6M) _§

,,electroweak . g

unification‘ ‘ 10’3 ;— % H1e'p CC 03-04 (prel.) —;

= A H1e'p CC 2005 (prel.) ]

bllt: = ZEUSe'pCC 2004 _

, , , 5 E  « ZEUSe'p CC 04-05 (prel.) 3

d o> G M 5 —— SMe'pCC (CTEQSM) ]

e iliesel by e R CUCEI Sl

w = y<09 =

+ - P.=0 3

dzo-]_VC N 27'('0(2 1 10-7_| L1 ||||||3 1 [ |||||4 1 L

>~ - — Y, F, 10 10t i

dx dQ X 0 Q’ (GeV?)
. 41T X
similar because G~ -
V2 M,
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Electroweak Parameters: W Mass

e G=G,

012 |-

- H1

*

I | 1
G-M,,,,-PDF

- M, -PDF (G=G,)

68% CL

—_—

0.115 |- - dependence of the CC
: | Cross section
*  World Average

determined by
normalization of the CC
Cross section

e M =M,

prop

determined by the Q?

. N \ +0.30
L . . w > 82.87+1.82, _0.16) ., GeV
M, (GeV)
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CC & Polarization

* CC cross section depends on longitudinal
electron/positron polarization P,
d> o, G M:

(P,)) ~ (1=P)) - u
dx dQ’ drtx \ M;,+Q°

2

Y, WS

_|_

* reason: W boson couples only to left-handed (LH)
particles and right-handed (RH) antiparticles:

1/

/A

ELH:" —u e '—/¢——d
d / 7, /
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Polarization @ HERA

Longitudinal
Potarimeter

%;Lff
éi:in Rotatar "splu Rotaic WN

/:/ "%pln Ratator Spin Rotm:;'\
Npy— Ny

_ ‘- ZEUS

K

Spin Rotator -

Transverse
Polarimeter

- _Bem
g Direction

* transverse polarization builds up in ~40 minutes through
synchrotron radiation (Sokolov-Ternov effect)

* spin rotators flip transverse —» longitudinal before
experiments and back after
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Polarization @ HERA

spin rotator

Katja Kriiger Physics @ HERA 61



CC: Polarization Dependence

Charged Current e“p Scattering

e Standard Modell i A A A
. - ep - vX
expectation: S T " 112008 (prel)
_ B A ZEUS 04-05 (prel.) 1
Ooc(P,=+1) = 0 i 5 ZEUS 98-99 1
+ °r . ::pgs; gz)l( R
O cc <Pe: -1) =0 R s ZEUS 06-07 (prel.) -
60 2 ZEUS 99-00 _
e experimental result: (H1) | — creaep 1
w0l ~ MRST 2004 ]
Occ(+1)=-09%£29 . i j
. ]
F195u® 1.9, Pb or < Q? > 400 GeV? _J'
O-ZC(_I) — _3'9i2°3Sl‘Cll‘ 0: IR N N A R R R |y|<(|).9| T B R R :II
1 -0.5 0 0.5

U

o

+0.7,,,+£0.8 , pb

syst —
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Electroweak Parameters: Z° Couplings

polarization also allows better sensitivity to vector and axial-
vector couplings of up- and down-type quarks to the ZV

ZEUS ZEUS

s [T T[T I T T[T T T T[T I T T[T TTT[TT] T[T T T T[T T[T I T[T TTT Tl
> C i B i
L ZEUS-pol-a -v,-PDF (prel.) - L ZEUS-pol-a -v,-PDF (prel.) -
1— HEEE total uncert. — 1— EEE total uncert. —
: uncorr. uncert. : : uncorr. uncert. :
- W H1 prel. (HERA I+l 95-05) . - W H1 prel. (HERA I+l 95-05) ]
05— Q - 0.5 ]
0 - o -
0.5 . -0.5 __
- * SM ] - % SM ]
L — CDF _ B — CDF 7]
. 68% CL LEP . . 68% CL LEP .
A — A .

o bv v b b ber e T vl b b b T

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
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Summary

* 1inclusive ep scattering reveales structure of the proton
* large amount of gluons in the proton

H1 and ZEUS Combined PDF Fit

o 1 T T T T T T T g
] Q*=10GeV* |8
|5

.l — HERA-I PDF (prel.) |

. B exp. uncert. ]
E model uncert. | o
18
15
| =<
_ é
18
I
15
2
" xS (x 0.05) 13
i =
&
=
0 = | | | L N LN E

10* 10° 102 10! 1

X

e Standard Modell can be cross checked
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Hadrons vs. Partons

Faex ' x<0.01

F | o 0
2 2 S F, = cx™, x<0.01
B Q\=70 peV = i , = cx, x<O0.
| 0.4 % ZEUS slope fit 2001 prel.
B | ' A H1 svtx00 prel. + ZEUS BPT
1 L . ® H1 svtx00 prel. + NMC 11 -
B | - H196/97 + H1 svtx00 prel. !
B | 031 e H196/97
i | : ;
0.2 | |
0 RITEINT _|3|||! BT _|1| B N
10 10 || [ Igi 2 /a2
/: 1 * ----- extrapolation
0.08 correponds to I ST U
) ° 10" 1 10 107
hadron-hadron scattering @ JGov?

\
transition from hadronic to partonic bahaviour
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