HERA - a deep
look into the proton
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HERA - the "Super microscope”
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HERA is needed to understand LHC reactions

Looking for exciting (new) reactions but need to know proton content for any prediction

Understanding proton from pp collisions: "is like smashing two Swiss watches
together to figure out how they work!” (R.P. Feynman)



HERA is needed to understand LHC reactions




HERA is needed to understand LHC reactions

Using clean
electroweak probes to
reveal the content
of the proton




- the Super microscope

HERA
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HERA

Halle NORD (H1)

Hall NORTH (H1)

Hall nord (H1)
HERA

Halle WEST (HERA-B)
Hall WEST (HERA-B)
Hall ouest (HERA-B)

Halle SUD (ZEUS)
Hall SOUTH (ZEUS)
Hall sud (ZEUS)

HERA - some facts

Halle OST (HERMES) \Y
Hall EAST (HERMES)
Hall est (HERMES)
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Formula 1 race track Istanbul

Circum

Ring Road Vehicles | Vmax | #Collisions| Total kin. | Construction
ference | width Energy costs
F1 Istanbul | S8km | ~ISm 21 330 km/h - 2 MJ/car | 80 MEuro
HERA 6.3km | 1mm 10%p c ~50/s 1.6 MJ |500 MEuro
0.5%10"e recorded




HERA - delivered ep Collisions

HERA 30.06.07

-
Halle NORD (H1)
Hall NORTH (H1)
Hall nord (H1)
HERA

Halle WEST (HERA-B)

Hall WEST (HERA-B)

Hall ouest (HERA-B) Elektronen / Positronen
rons / Positrons

Status: 1-July-2007
400 —

— electrons
—— positrons

e ~360 pb-1

HERA-2

Halle OST (HERMES)
Hall EAST (HERMES)
Hall est (HERMES)
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e+p
2003-2007
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Halle SUD (ZEUS)
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Hall sud (ZEU

H1 Integrated Luminosity / pb* @
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e-p
lm =

1992-2000

~120 pb-!
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Days of running

=>» About one billion nice

events on tape




The H1 Detector

% 411 Detector

Weight: 2800
Tons



H1

Run 122145 FEvent 69506 Date 19/09/1995

% Hadronisation

eE-scaT’reri ng
in H1

Detector
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Quark-Electron Scattering with low Momentum transfer
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W-Exchange
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There was also background...
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Cosmic Muon

30 km
Altitude
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Beam Halo muons
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Beam Gas Interaction

Hadrons
F=—o-"

gas molecule
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Typical Rates  1/month 10Hz 3 KHz 100kHz 100 Hz 1/month

Beam-gas: Beam-Halo p: Cosmic [

' Super-hard ep Super-hard
ep Scattering; Scattering; W-Exchange:
_lll ‘lll
_ == 3
H —




Typical Event Rates

Beam-gas:  100kHz Beam-Halo p: 100 Hz Cosmic L 3 KHz

Super-hard ep Super-hard
ep Scattering; 10 Hz Scattering; 1/Monat W-exchange; 1/Monat
=+ = |
. —
H l——)




et q-= k-k' = (QOaQX:qY:QZ)
y-Resolution
QZ = _qZ

y-Energy
y = EY/Ee“;)cms

Quark
momentum

x P

Relation QZ = Sxy

/S = 318

0 (920 GeV)

For fixed Q2

v

e (27.6 GeV)

Y X
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Inclusive ep scattering

Ee,ee -> QZ ,X Measure # scattered

Elektrons in bins of Q2,x

mzdx ~ a/fﬁ:z(X,Qz)

% xeq?l q(x.Q21i(x,Q?) ]

e+

All
inclusive



If the Proton is

A quark

Three valence quarks

Three bound valence quarks
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Three bound valence
quarks + some slow
debris, e.g., g~ qq
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am

Fo(x) at Q2=15 GeV?2

H1 96/97
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Many sea
quarks with
small
momentum
fractions x
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Increase resolution power Q2

Grobe
Auflosung

More quarks

Feine
with small / Auflésung
momentum
fractions x
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104 103 102 10! 1
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Fixed Target

Proton 'Toolkit'
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Proton 'Toolkit'

Fixed Target Q2=15 GeVe HERA

Bsp:u(x)
Xq(X) A qz156eve Xg(xA)
\ Q2260 GeV/2

NS 20 [\ [(Aq(x)/AInQ?

Q?2=30 GeV?

A
\

10-410-310-210-11 X  10-410-310-210-11 X
Aq(x) . mﬁ< ) ___4( .
AInQ?2
9®Pgogq 4B Pyogg
k

Calculable-> DGLAP evolution equations

Q2=60 GeV?2

Quark and gluon densities not yet predictable as
function of x, but once known at a given Q* they can
be predicted (by evolving ) at any Q' scale.
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Determine gluon density from scaling violations
2 [ 15 GeV?Z Q2=30 GeV?
Fo(x) 02|

—
||||‘\\||‘

g(x) ~ A Fa(x)/L InQ?

xﬂ
S~

15

H1 Collaboration

=> Huge crowd of gluons in
Protonl
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Direkt measurement of Valence quarks
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q q s

S — —
P P

yZ Interference changes N

sign for e+p -> e-p
04

xF3 ~ a(e*p) —o(ep)~ 2uy+d,

H1 & ZEUS combined Data — |

H1+ZEUS Combined (prel.)

Q=150 GeV’
— H12000 PDF
! .. JEUS-JETS PDT

=> Info onvalence quarks at| 07
small x 1|]'2
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The HERA proton handbook ... . ... e

March 2011
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om HERA to LHC in a nutshell

F X .= (M/14 TeV) exp(ty)

Q2=250 GeV?
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Compare HERAPDF based predictions to CMS data

Aln) = do/dn(W™ = (Tv) —do/dy(W™ — (77)
D= 4/dy (W= = (+v) +do/dg(W- — (-7)

O
W
|

Muon Charge Asymmetry
o
N
I

CMS preliminary 234 pb' at \s =7 TeV
| I I I I | I I I I I I I I

3 HERAPDF1.5 (prely | Verynice

R S8 ABKMO9 . description

' === GJRO08 1 by HERAPDFL5
0.1 _

| | 1 1 1 1 I 1 1 ] 1 I ] 1 1 |

0 1 2

Muon Pseudorapidity |
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HERA Gluondichte --> LHC

Proton

g(x) -

\

=
g(x)

Proton

99-> H

Vorhersage-Fehler

100

10 3

0.1

CTEQ
- Alekhin

o(gg — H)
Vs =14 TeV
MRST

TN
\

1000

ipgfg

100

/ My [GeV]

1000

=>» HERA Gluondichte bestimmt Pradzision!
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HERA: Studying the QCD perturbation series in the detector

o from Jet Cross Sections in DIS
aS
= H1 data for 5 < Q% < 100 GeV?
0.25 - * H1 data for Q* > 150 GeV?
) Fit from Q2 > 150 GeV? [arXiv:0904.3870]
= 0.1168 + 0.0007 (exp.) 2294 (th.) + 0.0016 (PDF)
E== Central value and exp. unc.
L Theory®&PDF unc.
0.20
0.15
0.10— | |
10 10?
u/ GeV
€+

Elek‘rrodynamlcs e Screenmg

e et aqns”

R
Strong R RR Amplification
RR R

as(Q%) \Cai
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Search for new particles

HERA ep Collider

e .

JS = 318 GeV

+ X

Leptoquarks ?
Susy-Particles?
Excited e,v
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S

earch for Leptoquarks

Discovery of
charm quarks 1974

2
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=>» NO hints
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Do Quarks have an extension?
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< Small-Medium Highest resolution
2 ®  ePpNCdata Smscey resolution
'E. 10 - SM (cTEQSD)
= 1
> ~ A NE S~ 2
T 1 s Q
3 Q 1
-1
10
U V]
q vy
2
10 . S Z.E.Usl I
3 ] 10 |- 12 — ] ® ZEUS 94-05 (prel.)e’p
S F . cru:; SRRES U Ré: (0.67 -10""°cm)? .
10 E 1 :I"_,J i 1 fe ‘::1.‘-8%-"_:_‘.2;;:;. ..... R(21 = -(0.81 ‘10-160m)2
= 1 =z | % ’
a4 Z 0.8 U L]
10 F - 10° 10"
5 E 1 -:Mo-n--u-.u.u-.u.u.n--.au..um sa1s __5.___3:_-!___*___T____
10 H1
E Quark Radius Limits (prel.)
M o | P | ' ‘ ‘ ‘ L1 |
10° 10° 10" 10° 10° Q? (GeV?)

G’ (GeV?) 2> R,<0.7.10-18 m

36



Summarz

H1 and ZEUS HERA T1+IT PDF Fit
Precise PDFs «=weev
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March 2011
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HERAPDF Structure Function Working Group
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Backup slides
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Electroweak unification
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Starke Kraft

Starke Kraft
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Schwache Kraft

Schwerkraft
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Electroweak tests: Charged current vs P,

Charged Current e“p Scattering W
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First H1+ZEUS results: Neutral Current P, asymmetries

HERA
. 1 . 1 presented at ICHEPO6:
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Dijet-Ereignis Jet Produktion und g(x)

0_I III| T T TT II| T T TT II|

ol s 9x) Q=106
i+ 1 20F — ZEUS-0 (prel.) 9%4-00 =
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N \\ \ / | Inklusive ep 105 [] correlated error :
SN 3 3
| Daten 2 3
1 0f
1 02 ——= s

z 01F Do /l//

i 02 ——-—_: i 0)
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1 1
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> "““‘
LT AN E—a
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=> Veringere Fehler auf g(x) um bis zu 50%
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