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Overview

e Introduction to HERA

e Inclusive DIS & Structure Functions

— formalism
— HERA results

e High Q? & Electroweak Physics

e QCD: Jet Physics, Heavy Flavour Production
 Beyond the Standard Model
 (Diffraction)
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Collider Types

- - _ © ¢ _ < -
—0 o= — e e = = ¢ o =
e'e pp ep

+ clean mitial 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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Collected Luminosity

« HERA operated 1992-2007

Status: 1-July-2007

T..-D i i . ] . .
S — o  lumi upgrade in 2001
é 300 — higher luminosity
E — e polarization for H1 & ZEUS
E 2007 - detector upgrades
=
mra, o ip total ~500 pb” of high
100 - :
energy data collected per
experiment
% 500 1000 1500

pysofrumning~ ® 1St 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

e proton structure e exotics (beyond the

— structure functions standard mOdel)

— parton densities - SUSY

e photon structure - leptoquarks

e perturbative QCD

, e diffraction
— jets

— O(S
- heavy quarks

e clectroweak
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ep Scattering &
Structure Functions

Katja Kriiger
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An ep scattering event

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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,,The HERA Textbook Plots

gluons ?

1 and ZEUS

P X= D.OA 4
0.00008, i=20 O

HERA INC e'p
Fixed Target
= HERAPDF1.0

& 0.00013,i=19
= 0.00020, i=18
=0.00032,i=17
x = 0.0005, i=16
x = 0.0008, i=15
x =0.0013,i=14

L x=0.0020,i=13
F x = 0.0032, =12
I N W x =0.005,i=11
= ° W x=0.008,i=10
£ W x =0.013,i=9
r - x=0.02,i=8
E .- x=0.032,i=7
= =0.05,i=6
E x = 0.08, i=5
E x=0.13,i=4
r x=0.18,i=3
% . x=0.25,i=2
L x =040, i=1
L -‘H‘T‘-'ﬁ x = 0.65,i=0
7\‘ Lol L1 11 Il 11 \H‘ Il \\H‘ \\\HH‘ L 11 LIl
2 3 4 5
1 10 10 10 10 10
2 2
Q7/ GeV

quarks ?

4
[l

H1 and ZEUS
1
Q* =10 GeV’
08 - —— HERAPDF1.0
B exp. uncert.
0\ |: model uncert.

0.6

04

02

xg (x 0.05)

- parametrization uncert.
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Rutherford Scattering

o first scattering - Flash o
. oc 9 Microscope
experiment 4 ) " Furescen
. L :l——@—'— """" g‘r_gé“e"-ngween
> existence of / angie
Polonium Gold _
the nucleus sample foil from HyperPhysics
ASSUImeceEs
2
2 .
do | 1 YAVAN 1 — Coulomb potential
dQ \|4me, 4E_ | sin*® - no spins
2

— no recoil
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Elastic Electron Scattering

variables: L
. q =k-K @,

° Q2:_q2
=4 E E'sin’(0/2)
E

1+(2E/M)sin’(0©/2)
> only one independent!

L E’=

do _41'(0(222 , &

sz— JOS E

Coulomb- recoil
Potential ~1/r

e’ (k")

y(q)
q=k—k'

particles
stays
intact

mass M,
charge z,
spin 0

Katja Kriiger Physics @ HERA
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Elastic Electron Scattering: Cross Section

e Mott Scattering: electron on a pointlike
charged particle with spin 0

do 4 o’ [E'Y

40y O

e Dirac Scattering: electron on a pointlike
charged particle with spin Y2

.0
COS —
2

d d ® 2
02 = 02 1+27tan”’—| with = O >
d Q Dirac d Q Mott 2 4 M
e clectron on proton: ,,form factors* needed:
d G (O)+71G (0 )
d.(T2 _ 0_2 E(Q ) M(Q )+2T G]2M<Q2) tanz—
d Q ep d Q Mott L 1 TT 2

> protons are not pointlike!
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Electric Form Factor of the Proton

e describes the charge ke | ]
distribution 1n the proton N
(Fourier transform) sl e :
] !
e measured: ] \
— GE(O):I .;.LIJ l 1::.!- I 1::5_ T
g fm2)
. GM( 0) =279 fromJ.J. Murphy et al., ,,Proton form factor from 0.15 to 0.79 fin 2
o |
G.(0Y), G ) o (14
s Q) 0.71 GeV>

> elastic scattering only import at low O°
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Inelastic Electron Scattering

variables:

e q =k-Kk
° Qz — q2

¢ s =(P+k)

* W2=(P+q)
:M2_|_ zq.P_Qz

ey =qP/kP

2 two independent!

elastic: W =M inelastic: W > M
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Inelastic Electron Proton Scattering

* 1nelastic scattering: '\ e
...'I . = e _!
“] > A\ x - W=3 GeV !
Mp ) + ——W=3.5 GeV
e rati0 to Mott cross section
. 2
nearly flat in Q g
g
b .
PR \ -
SLAC-PUB-gﬁo - \ -1,
() ana (1) - N
OBSERVED BEHAVIOR OF HIGHLY INELASTIC 5 \
ELECTRON-PROTON SCATT ERING 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 l 2 3 a 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)2 k'=(E'.,0,E'sin6_,E' cosf)
e 1nelastic: W > Mp

>

attention

0,=m—0

o for HERA: mg, M, < W < (Fe0.0-Ee)
— neglect me, M,

- s=4E, Eg

P=(E,,0,0,E
- Q*=2E_E' (1+cos0,) Ep )

>
— E' 96 U\

y= ] ——sin" =
- Wi=ys—-Q’

* one more variable: x =Q?/ (2 P-q) =Q?/ys
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DIS: What 1s x?

!

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

P'q P'q=q+XP

(q+xP) = —-Q°+2xq-P+(xP)’
xP q q

; (q+xP)* = (xP)’ = (m,
> . QZ Q2

B 2q-P B yS

inelastic proton scattering 1s scattering on a parton of the proton!
Katja Kriiger Physics @ HERA 20




Structure Functions F, & F,

e the DIS cross section can be written as
d’o _41T0(21

dxd0® 0 x
_4mo’ 1 E' ,0 O . ,0
= o ;ECOS E—FW@FI(JC,@;mE

e comparison with Dirac formula

d 0, 2 0,
02 cos’—+ O sin”—
dQ

2

(1=9) Fy(x, Q")+ 2x F,(x,0)

2

E!
E

2
41T x

— 4
Dirac Q

2 M2 2

> F, corresponds to electric field of the parton

> F, corresponds to spin of the parton

Katja Kriiger Physics @ HERA
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Parton Spin

e parton spin 2: 2 X F,=F, (Callan Gross)
e parton spin O: 2xF,=0

:
«h

2xFy

-
b2

1.0 Hé

W} - partons

» 1
Soi\ 172 have spin %

05 |

Spin0
] ! 1 I ) |

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

F SLAC 1972

4+ 6° o 18°
0.5 ~ X 10° A 26°

: f}" " o Xox *¢+ # 1L

0.2

ol 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)
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(Naive) Quark Parton Model

e proton consists of 3 i
partons, 1dentified with
the QCD quarks

* during the interaction
proton 1s ,,frozen*

 clectron proton scattering
1s sum of incoherent
electron quark scatterings

e proton structure 1s defined
by parton distributions

Fy(x,0%)=x2. ¢;q(x)

Katja Kriiger Physics @ HERA



., The HERA Textbook Plots

H1 and ZEUS
R
> +
N o  X=0.00005,i=21 L4 H.ERA INCe'p
q 106 ppes x= 0'%03331??019 0 Fixed Target
Re) s .r'm*"“ = 0.00020, 1218 === HERAPDF1.0
Q .o x = 0.00032,i=17
+5 105, P St x = 0.0005,i=16
o} . r“’"‘"“. x = 0.0008, i=15
r:r*w."::,”:w x=0.0013, =14
4
10

o x =0.0020,i=13
.W X = 0.0032, i=12
o W x =0.005,i=11
x=0.008,i=10
x=0.013,i=9
- W x=0.02,i=8

. x= 0032, i=7
= 0.05,i=6
10 x=0.08,i=5
x=0.13,i=4
x=0.18,i=3
1
x=0.25,i=2
10" x =040, =1

—
<
w
L 11 B 11 L 11 B A B 11 M AL e MR
.
\ \
£
: i m
] o H

10 _3 \‘ L irl
1 10 10° 10° 10* 10

quarks v’
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How does F2(x) look like?

Katja Kriiger
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How do we expect F2(x) to look like?

A quack ‘

Three valence guarks

%bmrﬁ valence quarks 1/3 1
: :

:
— 8 g
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How does F2(x) look like?

0.4 2 (GeV/c)? < @2 < 18 (GeV/c)? —
5 |
=03 -
LLC\I

what happens |
at low x? - :
0.1 %“‘o B
u  ad |
0 | | | | l | J “% 20 |

0 0.2 0.4 0.6 0.8

X

from Povh et al., ,, Teilchen und Kerne*
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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?!
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Parton Evolution

e number of partons changes with Q?

* (Q? can be interpreted as resolving power: Q”oc(A/A)

2.
&) N small Q-:
_~_Q  Intutive e many partons with large x

- ™ Icture
\ P e (nearly) no partons at low x

.

large Q2

e less partons with large x

e more partons at low x

Katja Kriiger Physics @ HERA 30



Scaling Violations

large x:
quarks radiate gluons,
so the studied x decreases

- F, decreases with increasing Q?

small x:

gluons split into seaquarks,
so more quarks become visible

- F, increases with increasing Q

2 __ 2 2 __ 2 2 2
Q" =Q Q" =Q Q"> Q
. ./ > _/ - ./
(001 0000
Katja Kriiger Physics @ HERA 31




DGLAP Evolution Equations

o Pl Pl

3 q-(xld) N g a p o L ®

9!03611 9(x &) A _F 1 j,é..,,. 3@,@‘)
TR e

A

94.(x,Q)

’Pt; { (;,Qz) = f‘%’ Y, Q%)
e (O dependence of quark densities q(x,Q?%) and
gluon density g(x,Q?) is predicted

e no prediction for the x dependence — 1nitial
condition needed
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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 102

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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F vs. Q

« HERA data cover H1 and ZEUS
107
w +
huge range: S o tumE. WMDY
. G . 0030, 18 —— HERAPDF1.0
5ordersin Q*and %, i it
. b Py x =0.0008, i=1§ »
4 orders in x o TR
M PRy
. 103 - x = 0.008, i=10
e approximate o
. 102 x = 0032, i=7
scaling at large x |
+ clear scaling |
: < 1 TR i
violations at o
1020 . x = 0.65, i=0
small x . fixed target
0 1 10 10> 10° 10 10°
Q% GeV?
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F_ vs. Q*: example bins

H1 and ZEUS Combined PDF Fit

% L4 x=0.002 %
o e HERA INC e'p (prel.) &
1.2 Bl HERAPDFO.2 (prel.)
(exp. uncert.)
e clear scaling 3
violations at Wl =002
small x | X/—'"’"'i
e approximate N
. ‘ 3 x=0.25 E
scaling at large x
1 10 10 10 (;(;fGevz
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How does F2(x) look like at low x?

+ 2 2 2 -
;>; - Q=12 GeV i
1 1.9 - ® H196-97
e - A BCDMS i
])w 1 =1 QCDFit (H1) [
e - -
L - -
1 0.9 } I
|- - — 2 (GeVic? < Q2 < 18 (GeV/c)
D " _ - “go ﬂ#%m
X B,
L ‘\"-“
0 lOé ‘0‘4 { 6.6 J‘.(?5.3“
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(x,Q%

+
r,NC

F2 VS. X

H1 and ZEUS H1 and ZEUS
2
FQ*=2Gev? | QP=27GeV? [ Q®=35GeV: | Q*=45GeV? I Q*=150GeV: | Q*=200GeV®? | Q*=250GeV’ [ Q=300 GeV’
e R, N N 1 f\\ - - =
L ...‘v. _____ L ‘.&"‘~'__ L L ;~ L L L i
0 RS IR MR AR H:\‘Mi\ vl vl ol vl w‘ﬂuiwm‘ Vool vl ol 1 RIS MR RRTTOT MR ) 0 RRTTT “‘”mm cool vl IR AR Lol vl 1 1P
Q’=65GeV’ | Q’=85GeV’ |  Q’=10GeV’ |  Q'=12GeV’ | Q*=400 GeV* Q’=500GeV’ |  Q°=650GeV’ |  Q”=800GeV’
r o Lt r s 7 L o
7\ T RTTCT IRTTTT] MRRETTY MWL AW ARWTIT AR ARTTIT MUWE, . ANWROT ANRTNT] ANRTIOT MRMCTY AN ANRTTTT ARNEITT ARRTIT AWTI MR 0 L TRRTTT MRS T M i IRTIT I ARTTT i IR SR M, B T T S
L QP=15GeV: | Q*=18GeV' | Q'=22GeV’ | Q'=27GeV’ L Q’=1000GeV’ |  Q’=1200GeV’ | Q’=1500GeV’ |  Q%=2000 GeV’
L L L L 1 — = - —
(ol HH%H‘ Lol MH‘Z T N mzu‘ Ll mmu‘zm [l HHEHJ Lol HHH‘Z\ AN I \\\\2\\‘ Ll Hmm‘zm 0 Covd vl 1 ST IS i, T IRV A e T R S
L Q=G Q' =45Gev Q=60 Gev Q" =70 Gev . Q®=3000GeV: |  Q®=5000GeV® | Q*=8000GeV>: | Q= 12000 GeV>
L L L L 05 — — — —
:\ \H‘ HHHH‘ L1 HH\‘ H\H‘ il :\ 1] H‘ 1 HH‘ HHHH‘ L1l :HHH\‘ HHHH‘ 11 HH\‘ HHH‘ LIl :\ LI HHH‘ HHHH‘ HHHH‘ L1l 0 ;‘ HH“ L1 H‘H‘ L 11 ; ‘HHH‘ 11 \ L1l \H‘ 2\ 1\ LI 2\ LI 1\‘
L Q*=90GeV’ | Q*=120GeV’ 10° 107 10° 10" | Q*=20000GeV? | Q*=30000 GeV? 107 10 107 10
o o e HERAINCe'p 02 | - e HERAINCe'p
i ? === HERAPDF1.0 I i \“ === HERAPDF1.0
7\ \H‘ HHHH‘ L1 HH\‘ H\H‘ Ll 7\ 1T H‘ 1 HH‘ HHHH‘ 1 1IN 0 ;\ lHHJ L1 HJHJ LIl ; ‘HHH‘ 11 HH‘ 1 1
10° 10" 10° 10" 107 10" 107 10"
X X
strong rise towards low x, steepness rising with Q
Katja Kriiger Physics (@ HERA 37



DGLAP Evolution Equations

= ; _ % | 2 -
9 6D ?J}"L’J 7 /{{\ ] @
0logQ 9 (xa) A i g0,
e F g

94(x,Q)

A

P& ; Q) = f ‘5;—:' ?(Vy)f(y, Q")

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted
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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 Q 02 (typically

around 2 - 7 GeV?):
x q(x, Q(z))=AxB(1—x)C[1 +Dx+E x2+Fx3]
> evolve the PDFs to all measured Q?, calculate F ) and fit
the parameters to match the data
@ some freedom in the procedure!
- how many parameters, which Q *?

— how to combine quark and antiquark densities?
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Parton Density Fits

quark and antiquark
densities:

e most general: u,u,d,d,
s,5,¢,¢,(b,b)

e distinguish valence and sea
quarks (ZEUS):

u,d A Sea,d—1u

e distinguish up-type and
down-type quarks (H1):

110 1% 107 107

w:Q\ - Q*=10 GeV*
U=M+C, D=d+S(—|—b> k \\\\ 1 ZEUS-JETS fit
S . T . — 10 - \ | [[] tot.uncert.
U=t+c, D=d+5(+b) : | mrorom
T T ™ S 7 ot. exp. uncert.
— MV= - U, dv=D_D L 1 5 :nf)dell:lncert.t
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xf

Combined H1 & ZEUS Parton Density

) H1 and ZEUS
T T T | T T T T h 1
I 2 2 L
Q =10 GeV o Q*=10 GeV>

i — ZEUS-O (prel.) 94-00 i |

0.8 :I uncorrelated uncertainty | 08 - —— HERAPDF1.0
__| correlated uncertainty . | I - exp. uncert.
v

_ H1 PDF 2000 [ || model uncert.

0.6 B exp. uncertainty | parametrization uncert. Xu,

I model uncertainty 06 -

xg (x 0.05)
04 -
L xS (x 0.05

N

02

10!

10* 10

combination ofxdata from H1 and ZEUS
gives big improvements!

1

10% 107 102 10t
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Longitudinal Structure Function Fp

o Callan-Gross relation 2 x F; = F, only true 1in naive
Quark-Parton-Model

o the longitudinal structure function Fy 1s defined as Fp =
Fz —2X F1

* Fp 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

2 2 2 2
O AT L | By 08 - —2
dx dQ Q" x 2 1—y+y°/2

* only possible with different s because Q* = xys

FL(X)Qz)

> measure at different beam energies!
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Longitudinal Structure Function Fr

o, (x, Q% y)

1.2}

1.27

1.6

1.4(

Q?% = 25 GeV?
x = 0.00049 x = 0.00062 T x= 0.00076
' "4 s
¥ i
x = 0.0010 x = 0.0016 x = 0.0025
H1 Data
[ m E,=920GeV
**‘ i - x E,=575GeV
" e E_ =460GeV
i —— Linear fit

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

0.2 04 06 08 0

0.2 04 06 08 0

02 04 06 038

y2ry,

_x0" 1 d'o
" 2w’ Y, dxdQ’
2

=F,(x,0%) = <= F,(x,0)

+

O

with ¥ =1+(1—y)

 linear expression in

y2/ Y+

> use linear fits 1n

y*/Y+ and determine
Fr from slope

Katja Kriiger
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Longitudinal Structure Function Fr

H1 Preliminary FL

¢ HI (Prelim.)
= HI1FDT 2009

F_(x, @)

E, = 460, 575,920 GeV

T +

ZEUS

Q2 = 32 GeV? ]

tion of F», and Fr
consistent with PDF fit to F»

most precise information on gluon

still from scaling violations

ZEUS: simultaneous determina-

Katja Kriiger
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,,The HERA Textbook Plots

gluons v’

— 0.00020, i=18 = HERAPDF1.0
=0.00032,i=17
x = 0.0005, i=16
x = 0.0008, i=15
x=0.0013, i=14

1 and ZEUS
E - x= lmé ° HERA INC e'p
L . £0.00008, =20 [J  Fixed Target
E = 0.00013,i=19

L x=0.0020,i=13
E x = 0.0032,i=12
i '—VW x =0.005,i=11
= ° W x =0.008, i=10
£ W x =0.013,i=9
[ o-- x=0.02,i=8
E .- x=0.032,i=7
= =0.05,i=6
L x = 0.08,i=5
E x=0.13,i=4
r x=0.18,i=3
E ] x=0.25,i=2
L x =040, i=1
L -‘H‘T‘-'ﬁ x = 0.65,i=0
7\‘ Lol L1 11 Il 11 \H‘ Il \\H‘ \\\HH‘ L 11 LIl
2 3 4 5
1 10 10 10 10 10
2 2
Q7/ GeV

quarks v’

4
[l

H1 and ZEUS
1
Q* =10 GeV’
08 - —— HERAPDF1.0
B exp. uncert.
0\ |: model uncert.

0.6

04

02

xg (x 0.05)

- parametrization uncert.
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