Physics with the HERA Collider
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Quark-Parton-Model, Structure Functions, Quantum Chromodynamics
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HERA - the world's largest electron microscope
(Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany)
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From Rutherford to Deep Inelastic Scattering (DIS)

/

X B Coulomb force: [ = ! er scattering of
(lc _ k’) = ¢> N\ dre, T spinless objects

= —()’° [ do J oa’Z’ e’

_— — o =
E_u_- dQ ) g AE? Siﬂ4(9/2) dme he
k /e
o include spin of beam electron: do _ [d—g] (1 — sin2(¢9/2)>
dQ  UdQ) g

(no backscattering)
o proton spin + target mass correction (Z=1):
do T’ 1

10° = 1F sin'(0)2) BE (COS2((9/2) + 27 sin2(«9/2)>

dQ = (r/ E”)dQ" T=Q" /(4M)
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Deep Inelastic Scattering (DIS)

v Yy

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

Q' =—(k—k'y
:—q2
2
r = Q
2P-q
_P-q
YTk
s = (k+ P)
W?* = M,
= (¢+ P)

(momentum transfer)?2

virtuality of v, Z°, W*
—» (.size" of the probe)!

fraction of the proton
momentum carried by
the charged parton

fraction of the electron
energy carried by the
virtual photon
(.inelasticity")

center of mass energy
of ep system

(mass)? of 7* P system

Q" = sy




The Kinematic Reach of HERA

Q* (GeV?)
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Determination of
kinematics (..e"-method) :

()° = 4EF’ cos’ [g]

/
Yy = 1—£Sin2 [Q]
E 2

Determination of
cross sections :

backgr.
d’o N—-B «
dﬂ:sz L€ 4\
luminosity ) efficiency



Cross Section and Structure Functions

= o " e _ o2 E - L,, lepton tensor
a ddE’  2MQ* E "
9 W,, hadronic tensor
T2 4 ,
. / / q . . .
D L, =2k +kk, + 5 I - mlnlrpal electromagnetic
P coupling

v P P 2

(unpolarized particles) W, = [—gw + qgg JQE + [PM — q2q qﬂ][Py — q2q qy] Poq F2

most general tensor satisfying charge conservation
NC cross section : [ Lo o’ 1

/"~ \ded@” ~ 4E7sin’(6/2) BE'

d’o (eip) A

<F2 cos’(0 /2) + F27sin*(0 / 2))}

_ 2 _ _
dzdQ®>  zQ* [myﬂ+(1 y)F2] I =F, —2zkF
longitudinal structure function
2w’ 9
=0 Y. F,—y'F, | Y, =1+(1-y)
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Structure Functions within the Quark-Parton-Model

d’o(e°p)  271a? v
dx dQ)’ B Q" [ "

parton densities

QPM:  F(z) = Z efxqi(fb‘) /' zq.(v) (pdf)

1=u,d
\ X F2‘ ‘

e electron scatters off a charged 0 1 X
constituent (parton) of the proton A
(= elastic scattering)

DIS -

e identify the charged partons with
QUARKS (= spin 1/2 fermions)

v

0 13 1X
—> Quark-Parton-Model (QPM) R
—1/6 Gluons
& —
JVVV/> —
F =0
— L

> 0 4/3 1 X
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X g = partons
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HERA's discovery:

strong rise of the parton densities
at low momentum fraction

The new picture
of the proton

Proton

valence quarks

. sea quarks



Quantum Chromodynamics (QCD)

Jas

— _|_
Basic ingredients of QCD: \
3. Evolution :

1. Asymptotic freedom (Nobel Prize 2004) : Parton densities become functions
of ()
vq,(2) - 20,(5,Q°)  quarks

2q.(z,Q°) antiquarks

o .hard" scale Q*
2. Factorization : (‘Q

O_:ZO_W*i(Q2)®pd]§ <7 +9|U0n5

hon-perturbative part

a, — 0 at short distances

—> perturbative QCD (pQCD)

9(z, QQ)@@ Boson-gluon
fusion (BGF)
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Quantum Chromodynamics (cont.)

Parton evolution according to Altarelli-Parisi (DGLAP) integro-differential equations:

d [g]_ O‘s(QQ) ng qu ®[g] qS(x’QQ):Z(qi_'_qi)
dlnQ*\%] 27 |P, P q : B
HQ S v 2 q9 qq S QNS(SU, Q2> _ Z(QZ . qz)
d a,(Q7) s i
dln Q2 qNS — 527.‘_ quv ®qNS

F. + splitting functions

qu qu qu ng
"f
iﬁ;@,cz?) =60 (2,Q")® (¢ +7)(z,Q") + ‘< ‘< Am< m“{

C,(z,Q") ® g(z,Q°)

Ci(x,QQ),Cg(x,QQ),PZj calculable in QCD ~ O(as (QQ)) + ..

Theoretical approach:  QCD fits to F, using gluon and quark densities

—> input: parton densities at some (low) (),?
Test of the QCD evolution — fit F, for @2 > Q2

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005




Quantitative Picture of the DGLAP Evolution

Ansatz for parton densities (non-pertubative):
2q(7,Q,) = Ax"(1 —2)° [1 + Dz + Ex + ..

QCD evolution (perturbative):

Xq(x) [

1.4

1.2

0.8

0.6

0.4

0.2

Quarks carry only about 1/2

Quark-Antiquark-Paar

Valenzquark

of the nucleon momentum:

0.45

0.4

0.35

e NMC QCD Fit

QCD Fits
H1) exp. uncertainty
H1+BCDMS p)
H1+BCDMS p+d)

H1 Collaboration

11



Electron Proton Scattering in Real Detectors ....
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Precision Measurements of F2

d’o(e°p)  27a?
dz dQ’ B zQ*

[Y+ F, = yzF

L

( measured cross section in bins
of zand )’

— to measure F, need to get rid of £, |

e cut: use only events with y <y
(typically y = 0.6)

e Correct for remaining contribution
using QCD

cut

Big surprise in the early HERA running:

—>| £, rising much faster with falling
than expected in Regge picture

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

0.75

0.5

0.25 |

ZEUS+H1
Q*=3000 GeV? Q*=5000 GeV> Q*=8000 GeV>
® ZEUS9%/97
. H194/97
ZEUSNLO QCD |
Fit {prel.2001)
- H1 NLO QCD Fit
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Precision Measurements of F2

d'o(e’p)  2ra’

2
dZEdQQ _ $Q4 [Y—i— F12 o y FL
( measured cross section in bins
of zand )’

— to measure F, need to get rid of £ |

e cut: use only events with y <y
(typically y = 0.6)

e Correct for remaining contribution
using QCD

cut

Big surprise in the early HERA running:

_pF

, rising much faster with falling z

than expected in Regge picture

HERA data overlap and agree with
fixed target data, similar in precision

Data well described by QCD evolution

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

ZEUS+H1
E 2_ 2 2_ 2
ool Q=27 GeV Q=35 GeV
F ® ZEUS 9%/97
r OO H196/97
1.5 A NMC,
BCDMS, E665 [
F ——  ZEUSNLOQCD|
Fit (prel.2001) |

- HINLOQCDFitf .

Q=10 GeV?

Q’=18 GeV?




Precise SF data from HERA

‘C""\
o C=150 Gav*
o 120 GeV* —_
o 90 GeV*
60 GeV*
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1 20eV e, \
L] " s ‘.II
1.5 CeV : .
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E L NMC
3 3
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X

rich possibilities to determine pdfs,

test QCD (DGLAP, BFKL,

transition from DIS to yp,

=),
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Strong Rise of I, Towards low z

QCD fits: rise is driven by the gluons

Parameterize low z part of F ~ 7
o~ 05
- -
ZEUS+H1 o Fa=cx™, x<0.01
E 6l 0.4 .+ ZEUS slope fit 2001 prel. !
= Q=15 GeV? - 4 H1 svtx00 prel. + ZEUS BPT
I B | ® H1 svixQO prel. + NMC 1
L4 ; ®  ZEUss6 L o H196/97 + H1 svtx00 prel. :
B H19/97 0.3
i ‘ - e H196/97 -
1.2_ NMC, BCDMS, E665
i e CTEQsSD
- MRST99 L
i 2 r 3
% ST d
I NEE: —A=a InlQ* /A4
0.6] =7 | [N = 0.08 /
[ i . extrapolation
0.4- - . | |
i 0
o 107" 1 10 10°
y Q* /GeV?
0r413.2.1 At low Q° the slope A is approaching
10 10 10 10 x the .soft" Regge limit
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2004 Nobel Prize in Physics for the Discovery of Asymptotic Freedom
David Gross, David Politzer, Frank Wilczek

Frank Wilczek: .. The most dramatic of these (experimental
consequences), that protons viewed at ever higher
resolution would appear more and more as field
energy (soft glue), was only clearly verified at
HERA twenty years later. ...

e 3 L EU.N R
St Q*=15 GeV* 18} =3 i
» N A .
‘LE(, 2.5 — i Q° =15 GeV®
: 1992 1.2 B Hi 9697
Z ®H1 92 ¥ NMC 2005 ® ZEUS 9697
B O ZEUS 92 1 A NMC, BCDMS, E665
i A BCDMS T
1.5 — -- MRST (2001)
B ¥ D.8
1 = — GRV91 0.6
- § pril 18 oA
0.5 [ v o
0 _I ||||||| [N | |||||||| 1111 . g --.E
16°  10% 10 1 1

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005
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PDFs from HERA

Parton distributions (NLO): unfolded using the HERA e* p data only

ZEUS

xf

L5

0.5

0.5

7 10 107 10?7 10t
15 - Q* =10 GeV?

i ] ZEUS-JETS fit
10 - 3 tot. uncert.
H1 PDF 2000

I tot. exp. uncert.
I model uncert.

10*  10? 102 10t 1

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

H1: NC+CC UU,D,D,xg<V,Axg

ZEUS: NC+CC & jets U,d,.u=d,xg,a

treatment of systematics, parameterisation
forms and other details are subject to conventions

- PDFs from the H1, ZEUS and global fits
are in agreement

Gluon:

- dominant at low x
- Note: the scale for xg distr. is 10 times larger

> scaling violations
- Xg is not an observable
- at Q? of a few GeV? gluons become valence-like

> jets, heavy flavours, F (x,Q?)
- directly sensitive to xg
- jets constrain xg at x ~ 0.1
- F_ can pin down xg at low x

18



The Longitudinal Structure Function £

LO QCD : i
e 7
J =0
¥ ®
\VaVaVaVaV;
_______________________________ >
- z B -
SO ¢ g 7
Jo=—1 J =+1/2 J.=—1/2 J.=—1/2
d’o(e’p) 9142 in principle need
d sz — Q4 [Y+ F2 — yQFL} 2 measurements at
o v / different /s

F important at high y (= low z)

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

- Q% =120 GeV?
: ] IIIIIIII ] IIIIIIII 1 111
107° T 1
FL: ;F<F2QCD_5>

extrapolated in Q°

using DGLAP

.Subtraction method"
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Longitudinal Structure Function (cont.)

06
.derivative method"
o 1 [ a ln y Q2
3 0?=2.2 GeV? 0?=4.2 GeV? [ Q*=7.5 GeV? /
= 05 b‘ : Lﬂ; p\v\‘- .Subtraction method"
I ,_Af—{\_ T a i
1 ul ul | d ol I |
[ Q*=12 GeV? @*=15 GeV? [ Q*=20 GeV?
0.5 ] Q\k" k‘« F, extraction from H1 data (for fixed W=276 GeV)
: o~ [
oFf - . o 1z - —— NLO o fit (H1)
1 el sl sl il E—— Ty 1L H1 preliminary — NLO fit (ZEUS)
Q@*=25 GeV* Q*=35 GeV* [ Q*=110 GeV? . m e E— :tg 'EﬂAFTSJhZ(;OT
- = e S ekhin
05 ¢ : ] i 08¢ RN NNLO (Alekhin)
ol [ X 06 |
1 PEERTTIT BRI BRI BEAERTTT BAEETITT BEATTTT BETAETTTT BECEuTTTT BRI | lnlul-nllnud PIERTTTT BECIRTTTT BRI BT 014 ;
Q=175 GeV? Q*=280 GeV* [ Q*=450 GeV? [
0.5 | : J\'— 02 $
ol K _ l& ok

—
E
E
|
IS

i 2 “md_.élu ) ) L
@*=700 GeV? 10 10 110 10 x1 1 10 107 QZ/GGVZ
0.5 | A BCDMS ® H1 preliminary
L * NMC e Hi
i O SLAC —QCD fit (H1 .
or N Q=m=3,5c£v=) e extension of F , to much lower z
= =
10 10 1 ) )
x e consistent with QCD
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QCD: Strong Coupling Constant

Spectacular multi-jet events
(here: di-jet event)

-» hadronic final state

(multi) jet events:

. 0.22 og from inclusive jet cross section
n U.£lp
= 0.205" H1 preliminary 99-00

Sw ‘ | 7 . 4 ofE)
== C N o oM
£§§Ei§:\\ / ‘ 0'1 8 Foh m  Averaged o (M)
= 0 | D.ABE  INCn. e o) fom averaged
= ur 1101 — - r .."'-._... """ .. —— World average (PDG)
‘ 0.14F ol M) = D.1187+ 0.0020
e - T

0.10"
.r 0-08:"' : ) .
0 10, (Gev)
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ZEUS NLO QCD fit (inclusive & jets)

Gluon uncertainty (with/wo jets)
ZEUS

Q°= 1 GeV? ‘ ’ Q= 25GeV? ’

Include jets in direct yp and DIS into a QCD fit

=
=

e 9
=
: -

Boson Gluon Fusion :

BGF _ . depends on xg(x)

QCDC

: -
:- = v
RS

gluon fractional error
P

—1 —r > constrains gluon at 0 —
! I without jet data
E }Mﬁ XPC ) medium & high x (0.01-0.4) w},m;,.:‘
2 bl |
£ £ 0000 } g 06E  Q=7Gev? 4 Qomce E
o 7S o /4 QCD-Compton : vl k2 E
dependsonq(x)anda, " - p P
& . mEUS T :
§ wp x>0 s TS ¢~ wGev: ik E E
E‘J 10 - - ZEUS dijet yp 96-97 L PDFS : 3 :
-i- Ey e Jet energy scale uncert. \\ ZEUS-JETS fit £ ]
-%r 10° . T \ ‘\\ tot. uncert. B 0.6 E Q= 200 GeV? qF Q° = 2000 GeV E
E . \-\.\\ xuv 0.4 :— _: - _
Py - o A e )
2 - I% \ [ tot. uncert. = F \'\ ]
10 i N 0.2 aF =
= o \\ : |
- ¥ g4 0.6 ; .
Lefe24 ?x“i':m F
10 ; E;%% 1) 1 11) 1 10 110 111} 1 10 1
o e Strong coupling:
s T PR
L0 oot Ijets in direct yp ,
o GNESHITEIW = =0 [0,(M2) =0.1183+0.0028(exp)
Ej_rctl [Gev) .
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+0.0008(model) = 0.0050(scales)
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Summary for Strong Coupling at HERA

HERA ag results 025
_ » HERA

£EUS prel. (contributed paper to EPS0:

Running of ag

o Inchisive Jet cross sections in NC DIS
. Inclusive Jet cross sections in NC DIS 0.2 o
H1 prel { contributed paper to EFS05) i ==L
- Nlulti-jets in NC DIS
"""""" H1 prel. { contributed paper to EPS05) - “=.._1i
— Nulti-jets in NC DIS . i
""""" ZEUS (DESY 05019 - hepex/0502007) .15 . i
o Jet shapes in NC DIS B
sereeESSstecccs ZEUS (Nucl Phys B 700 (2004) 3) I B
e— Inchusive jet cross sections in yp .
""""" ZEUS ( Phys Lett B 560 (2003) 7) | === QCD
$emegpet—  Subjet multiplicity in CC DIS I _
"""""" £EUS (Eur Phys Jour C 31(2003) 149) 0.1 - 0, (M) =0.118 + 0.003
" Subjet multiplicity in NC DIS -
seREEREcecccs ZEUS (Phys Lett B 558 (2003) 41)
ol NLO QCD fit 10
"""" HL (Eur Phys J C 21 (2001) 33) )
. - NLO QCD fit (GeV)
incl. DIS <« &% ZEUS ( DESY 05-050 - hep-ex/0503274) B
— NLO QCD fit

....... LEUS (Phys Rev D67 (Z003) 0L2007) .
Inclusive jet cross sections in NC DIS HERA—average.
« SR . H1 (Eur Phys J C 19 (2001) 289)

ZEUS (Piys Lett B 847 (2002) 164 a,(M2)=0.1186%0.0011(exp.) £ 0.0050(th.)

£EUS ( Phys Lett B 507 (2001) 70)

HERA average
(hep-ex/0506035)

(S Bethke, hep-ex/0407021) - small experimental error ~1%
| o - theory error dominates (NLO)
- call for NNLO

——
i
— Dijet cross sections in NC DIS
HH
——
.

01 011 014

o, (M)
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Charm Production

-> dominated by Boson Gluon Fusion (BGF)
-> resolved photon plays important role invp

et (k) e’ (k)

";’* (q)

-

W

/ i_'_a
proton (P) g(};g[’j

direct

Fractional rates of
charmed hadrons

resolved

Fractional momentum of

D* from c-quark

| Charm Fragmentation Fractions at HERA g35_ @ H1 Prel. Data 2000|
: 3
0.6 | S O OPAL
| * l.’ o 3F A CLEO
—-p° c
_ T e Sosk
0.4 ® f(c—=D") 2.
1 o B 1]y
_ ; z
I + " f(c=D") 1_55_ §
i : x
0.2} ++ Lo ¢ f(e=D,) 1k !JS& s
1 [ [ ]
+: i A O f(coA,) 05F A @,
I [ I A
DIS  DIS w efe 1] 21 T P B BRI By
0 T ZEus e 2208 02 04 06 0.8
Z
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p/g pdfs ® pQCD ® fragmentation

Perturbative QCD:
- hard scale m 2.
- multi-scale problem
mczl QZI p‘r2
PDFs:
- directly sensitive to xg
- photon structure

Fragmentation:
HERA ep results are

H1 hemisphere method

SEas consistent with ete

Ha B4 measurements, .
aeovixuey,  SUpporting universality
= pD‘/pmax Of r‘agmenTaTlon

OPAL /s = 91.2 GeV,
L= QE;D*/\/‘_:
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Charm Structure Function F,<¢ (x,Q2)

cc
HERA F, /F,
1 7 b > ¥
= Q =2 GeV~ 4 GeV™ 7 GeV~™
i O H196.97 (D%)
UL;‘ 0.4 o yis900(vixy | i [ B
s ZEUS 9800 (D)
© ZEUS 9697 (D”)
222 ZEUSNLO
0.2 QcD *
0 3 b1 7
11 GeV 18 GeV 30 GeV
04 + + .
0.2
)
0 7 b 3
60 GeV™ 130 GeV"™ 500 GeV~
04 + + .
0.2
0 3 .5 3 5 3
10 10 10 10 10 10

X
e charm contribution up to 25-30%
e consistent with gluon from
scaling violations
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HERA F,"

x = 0.00003 (x 4*%)
x = 0.00005 (x 4'%)

- X = 0.00007 (x 4'%)
,.-'4""’# x=0.00013 (x 4')
"_,.ﬁ"“ X = 0.00018 (x 4'%)
/k x =0.0003 (x 4°)
/}.ﬂ x = 0.00035 (x 4'%)
/ X = 0.0005 (x 4%
X = 0.0006 (x 4'%)
ﬁ x = 0.0008 (x 4'1)

X = 0.001 (x 4"

ﬂ//;: 0.0012 (x 4°)
'_r...r")' X =0.0015 (x 45
,1-/"” x=0.002 (x4)
x = 0.003 (x 4%)
"ﬂrﬂ"‘(:,._:: x=0.004 (x4)

- X =0.006 (x 4%
x = 0.008 (x 4
o H19697 D= & x =0.012
= HL 99-00 (VIX) . oqomeeeseg™""" (x 4%
 ZEUS 98-00 D* )
=0.02 (x4
o ZEUS 9697 D* e % )

=2 ZEUSNLO QCD _1_.__5—; = ?}fio)
10 10° 10°
2 2
Q" (GeV?)

e scaling violations of F, are increasing
with decreasing of x (similar to F))
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Beauty identification tech

higques

Jot M - transverse momentum - heavy mass
_ and impact parameter - long lifetime

Pt R T - decay channels (u,D)

N B TLARALE - production (correlations)

el ARy Inclusive lifetime tag
%*., 10 |1 [ L‘ |_| <90 — 8=+8 o >90" —= d=-|8l
?&‘ J 6 ; (resolution + secondary (due to resolution only)
B~ L vertices: il s
i -0.08-0.06-0.04-0.02 0 0.02 00460;]:'[3;18 ﬁ?\ Jet Axis |l?l| _/a Je{ Axis
- Primary Vertex T& r-@ plane Track
S Two-quark correlations  _ )
o 7 e
H D*p, up (Q, m, ) % =il
-~ 10 e E =
Jet ZEUS I == ) S :
Secondary £ 280 T S aep TR L -
vertex g E C—IbEMC i £ i S E— E
w200~ 7 Jhy, ', BHMC + 10k T =
_ o — P . 3 B e SO
primary vertex 150;— _E ST EUUT IS T TSNP |
100F - S,
‘ sof E - all tracks with p,> 500 MeV
o . i - subtract the contents of negative bins
O %05 1 15 2 25 3 - both c and b are defined from the fit
jet U A - small extrapolation to the full phase space
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Beauty Structure Function F,P° (x,Q2)

Cross section fractions

"0
X
'8 x=0_.0§302
o = -0 . H1 Dat
/ bb A . £ a.abe e
02 x=0.0005 F 10
: i=4
2 x = 0.0002 x = 0.0005
. 2 *
. f AT e MRSTO4 £
3 + 1 e MRST04f
10
x=0.005 B [T
i=2 | e fCC Yy
10
1 x=0.002 x = 0.005
i
2 + *
10 bb
10
* H1 Data ’
v H1 Data (High Q%) x=0.032 D f--
— MRSTO04 i=0 g o f e
I MRST NNLO ’Jf’ 10 | x=0013 T x=0.032
""""" CTEQEHQ i /" H1 Data (High Q)
{ """ o v £ . fbb
: P pe
inclusive lifetime tag ) ]
N 10" i
10 10 10> 10° 10 10", 103,, 10 107 1033
02 /GeV> Q°/ GeV? Q°/ GeV*
. . (-]
e measured for the first time - charm roughly constant ~ 247%
- beauty changes from ~ 0.3% to ~ 3%

e compared with NLO and NNLO
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Summary for beauty at HERA

g | H1 P o, diinX) ptmlllﬁh Impact Parameter
Qg ] H1 DIS: o, (&juX) pr @ Impact Parameter
r Y H FU (high @) Impact Parameter
E A H1 Ff% (low @°)  Impact Parameter
\a 7 op H1 Prel. 1p: dijets Impact Parameter
(=] * H1 D*u Cglrrelations
6 A ZEUS p: b—eX P . .
O zusl o0 B HERA collider experiments
5 O  ZEUS DIS: 6, (ejuX) p,
%%  ZEUS |Prel. D*u Correlations
af px 0 mspew conden - NLO is consistent both

W
———t

3

Data/NLO with DIS and yp data

1T, % | ﬁ (although systematically higher)
0

+——
et
+—o—
v an
He—-
+Oo—+
e
H1 Collaboration

1
QCD NLO (massive)
I |
P (Q%0) 10 100
Q% [GeV?]
E ')_ ) N. Kidonakis et al. (2004)
"é 1"-§_ v [-‘[ER,-\-Htll][IZJ ’ R
I B s v HERA-B
I B I L - close to kinematic threshold
L - old and new results are
E R. Bonciani et al. {2002) pA 9 bbx CompaTible WiThin 1.5 o
. | ol b b b

1 1 1 L
500 600 700 800 200 1000
Proton energy (GeV)

]
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Electroweak Sector: Scattering at high () ;

High Q° ~ M, M,

q] E\\ T T T T T T 11 | T T T T T 1117 I T T T ?
> AN . :
E e o .
9 10 E %o P E
<, : ‘o * NC = CC Vs=320GeV?3
~ B .x\ T
g fe., M
S aF . o NC o CC +s=300 GeV1
s 0 E K 3
0 oF _'!iiiij‘a ﬂ ‘}“Q\\\ N
| . \\-\‘
E E'é E
af AN ]
10 o b E
of o. on. ]
et and e~ cross sections 10 ¢ RN
are different ! sE y<0.9 @--.‘_Q\\‘l’ o]
10 ¥ gﬁ
6f — Standard Model
Unification of weak and 10 ¢ (H197 PDF Fit) 3
eleCTr'omagneTiC for‘ces 10 -7: 1 1 1 L1 11 II 1 [ 1 L1 111 I [ 1 .‘..i'- \:
3 4
10 10
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NC Cross Section at high Q* and zk,

- B Y_
Neutral Current c Pp. Gyolep)~F, F 7‘7’@
e H1 prel.

= ZEUS prel.

—_—

New structure function a8

dG . /dQ° / pb GeV ™
S
\

10 =
xF;(x, Q2) —
30
10— Standard Model D¢ (za(,Q") — 27(2,Q"))
_4:
o 3 F, can be safely neglected
S €'p: at high Q?

10

-+ H1 94-00 prel.
0L v ZEUS 94-97

(corrected for CMS energy)

Difference between e* p
is due to 7Z interference

Vs=320 GeV

\\\\l | | III\\I‘
10 3 4

10 10

O’/ GeV’
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NC Cross Section at high = and xF;

_Y-
i
Yo

HERA Neutral Current at high x

XF

~+
GNC_FQ 3

oH1ep o H1e*p 94-00
a FEUS g'p 95-99 o ZEUS e“p 95-00
-—- SMe'p (CTEQED) — SMe p (CTEQED)

E 320,08 (110000) —— s gesE-S8oRE-B-G-8
¥=0.13 {x2500) —n-g-n—:h—ll-EE-F-I—d-r-E'—-‘E—._EL"_‘_
E o

- %018 (x500) —H—u—:rﬁlﬁﬂ-ﬂ-g—l;e'_it_g“

; R=025 (1040 ‘BEQW e
_+_

] C

#=0.40 {x5) e

E x=0.65 I

T Illlllg

2 2
10 0

Q? (GeV?)

® H194-00

& ZEUS 96-99 — SM(CTEQGD)

0.6 [

L]
18
>

o -1%00GeV |

a” = 3000 GeV* @” = 5000 GeV*

0.4

—  Q°=8000 GeV®

- @’=12000GeV? |~ QF=30000 GeV® —

N L%

10

A1

10" 107"

mostly due to yZ interferente :
xF” = xF, /[-a k /(Q*+M})]

1

o

(Y]

»®
0.8
0.6

0.4

0.2

Q* - 1500 GeV*

= Hi9400
® ZEUS 9699
— SM(CTEGGD)

Z
XF3Y N2uv+dV

sensitive fo EW param. & polarisation
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xF; constrains u,,d, at high x
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CC Cross Section at high @“and the valence quarks

dc . /dQ’ / pb GeV

10

10+

10

ep —vX

- — Standard Model

Eep:

10 ¢

10 -

Charged Current

+

a H1 94-00 prel.
v ZEUS 94-97

(corrected for CMS energy)

e p:
e HI prel.
= ZEUS prel.

Vs=320 GeV

10°

10*

O’ / GeV?
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W

2 2
M +Q

(L—y)(d+s)+ (@+0)

o..(e"p)~

124
Y
fl/ -1 cos +1=
2
_ M
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4

cos§ +1
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Charged Currents & flavour separation

0.75
0.5
0.25

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005

HERA Charged Current

% Hiep
O ZEUS e'p 98-99

* H1e*p 94-00
O ZEUS e*p 99-00

— SMep (CTEQ6D)
— SMe'p (CTEQ6D)

Q? = 280 GeV?

\\\\:\‘

Q? = 530 GeV?

Q? = 950 GeV?

The CC e*p cross section
- dominated by d quark

____

o i |

Goc (X, Q%) ~ ([@+T)+(1-y)*(d +5)

The CC ep cross section
- dominated by u quark

. =L 2 1.
H H L ey Oce (X,Q )~(u+c)+(1—y)2(d +5)
4 E T Q*=30000GeV?
3 ES E E : ,
- + 4 @xd 4 - constrain d (u) quark density
- Ed kS 1 - free of nuclear corrections
EHH‘ L1 1 \HH‘ -7 \iz\\\\‘ L \\HH‘ \iz\\\\‘ L1 1 \HH‘ L E\AT and isospin assump1ions
-2 -1 2 -1 2 -1

10° 10 10° 10 10° 10

X
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Light Quark Couplings to the Z°

AN first coherent EW+PDF analysis at HERA (NC+CC data)

g a, =1 > (@,=+1/2a,=-1/2) F =F"+(V.+a))K7+xD (Vg +ay(q+7q)

K ) NC
v, =1, —2e,sin" 4, XK -a,K, ZXZeqaq(q q)
>= I T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T 7>u I T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T ‘ T T ] Q2
1 B H1 v -a,-V4-a4-PDF | 1 B H1 Vy8,-Vq-ay-PDF ; (Q +MZ) 4SIHZGWCOS O
: U |  esncL d |
0.5~ 68%cCL @ 1 05} \ ]
o 1 of :
-0.5[ \ 1 05} -
I * Standard Model ! I * Standard Model !
. — CDF - ! .
A N 1 1| —coF .
| — LEP EWWG preliminary (Feb. 05) ] | —— LEP EWWG preliminary (Feb. 05)
| ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | L L ‘ L L | | ‘ | | | | ‘ | | | | ‘ | | | | | |
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
au oy e ad
TeVatron: qq>ee Drell-Yan, Ag, - more sensitive to u (pdfs)

- compatible precision with the TeVatron

LEP: ee>qq(g) (a2 +v?,) - helps to resolve LEP ambiguities
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New Hadronic States: Pentaquarks

. The nucleon is made from 3 quarks"
9*(1530) — nK™"
— ng

narrow state N(1710)

seen r'ecen’rly / \

in several 2(1890)

experiments ./ \ / \ / \
=(2070

uudds
@ ©*(1530)

ddssu uussd

400 ;
300 f
200 f
100 f

counts /10 MeV(DQ

-50

14 1.475 1.55 1.625 17
pK2 mass, GeVE’
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Combinations / 0.005 GeV

ZEUS

50 K p(p) k o8

- @%20 GeV?

300

250 ® ZEUS 96-00

— Fit
........ Gaussian

-------- Background

200 [__] ARIADNE MC

200/
180

150 1600
- c?/ndf =35/ 44 140,
peak= 1521.5 +1.5 MeV {5
100 width= 6.1 1.6 MeV 4gq[
events=221 +48 80 1]
- 60 — ]
& I 0
| a0 °Ksp B
50} 3
2014 =

I SN BRI IR I
0445 15 155 16 165 17

0_.\‘Jllf."LJ::L\\“"J_‘\\\\‘\\\\‘\\\\
1.45 1.5 1.55 1.6 1.65 17

M (GeV)

ZEUS confirms signal,
HERA-B does not see it ....
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0" search at HERA

YES

ZEUS

[ T T T T || O = O ;70 M=1527 + 2.3(stat) MeV
Zfewin 7 ZEUS eRQakdEmERT ] HERMES (pK.9)
8 180f g2,50Gev? 5 S
g 160f ® ! m ++: M=152111.51t3 MeV ER
@ 140 &
§ 1of 4.6 o effect M=1527 £ 2.3(sta) MeV
% 10| H o ZEUS (prel)%6-00 1 A2 5
) —a | -Q>20 GeV . ~4¢g effect
§ OF [/ raseiss A 4 -bothin pK sz no signql in sz
ol § maworreisues NS>0 7 - pr‘edomman’rly in the
b forward direction
- T T T ZEUS
140K (b +P), <0 3 3z w""”".'!é;';" W
120 [ @20 GeV? H ++ + + + ] cf: 250] 0(9 ;> ,pK )
100 [ + % zoo_— go:o :c:vgs ]
80 - | . ol nl=1.5 _
o g - l 5
40 %2/ ndf =65 / 50 nLab <0 = “’":‘ ] I l_
o ?ﬁéﬁ"ﬁ il {1 |
& is  im 16 165 17 T aTE PTLE 15 1S 16 e 1
M (GeV) Qi (GeV?) M(r'p) [GeV]
fow mamentum dE x selction H1 x2.pk2) HERA B (pK O) limits at 95% CL:
160 . . intwindow=z B .. ° ~
I%”u ---------- il:.?ilm=i:gme3 H1 prel. . IlmlTS at 95/3 CL § Brxdc/dy
£ y | - for Q206eVe: 2 - <3.7ub/N
5 ® 0<100-120pb 3 _© o
¢ 40 = ) (ZEUS o0~120 pb) g {98 0
20F- 95%C.L. 20<Q°<100 GeV* S 1 A(1520)
R - ¥ T q7 14 1475 1.55 1625 17
M(KZp{E)IGeV]
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ng mass, GeV/ ¢
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Observation of an Anti-charm Pentaquark @

New state seen in H1: a charmed pentaquark (90 — D"~ D (D*+}_9) uuddc

- 40 - -~ r -ttt Look -  Run 266345 Event472 Class: 15 2027 20
Q R -
= I H1 : r-phi view of (JC r-phi view of CJC
L) L g . . . .
T 30 » Dp+D*p | | A typical event in the signal region
g. — Signal + bg.fit
g i -- Bg. only fit
i L
E 207
Ll
10 [
0 L

3 3.2 3.4 3.6
M(D"p) [ GeV |

Mass: 3099 + 3(stat.) £ 5(syst.) MeV
Width: 12 4 3(stat.) MeV

Background fluctuation prob. 4 x 10-8
=5.40

ZEUS/CDF do not confirm the signal ...
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Charmed pentaquarks ?

not confirmed (so far)

YES H1 observed D*p(3100) M=3099+3t5 Mev ~ 54c DY other experiments
E =] H1 g 0 « H1 Prel % ° « H1 Prel
-;-{ | \ I gm “RAPGAP =415 RAPGAP| _ suppr'ession at
i | } - e = | 5 ey central rapidity
g7l * + DIS g 1 +" .- D*p fragm. is hard
ik * s % o et (similar to incl. D*)
L e AL RE TS —t— -+ Y - D* from D*p softer
o a2 34 as 45 4 @5 ¢ s 1 % ez i s s thanincl. D*
M(D*p) [ GeV ] n(D*p (3100)) X, (D*)
NO CTTTT | TTT ‘ T |ZIELIJS| T TT | T TTT | 71771 ZEUS
100 & » ZEUS 1995-2000, @ > 1 GeV? 3 - no evidence for a signal at 3100 MeV
. D* > (Knjn, 3 - in the phase space similar to H1:
L like-sign combinations Rcorr‘(D*p/D*) <059% at 95% CL
20 F < 0.51% when including D*->(Kmmm)m,
25 - compared to H1:
YL N W W W FET P R R, (D*p/D*) = (1.5940.33+0.33-0.45)%
29 3 31 32 33 3¢ 35 36

M(D'p) = AM™ + M(D")pq (GeV)
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-> still incompatible
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HERA II: High Lumi & Polarization of Leptons

R

Spin Ro

ep
27.6 GeV 920 GeV

Vs = 319 GeV

in Rotator

Transverse
Polarimeter

_Beam

! / Direction

— P

natural transverse polarisation
(Sokolov-Ternov effect)
+ spin rotators
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HERA II performance

HERA delivered HERA II:
—~ 225 . .
3 . - detectors and luminosity upgrade
=]
2 e*p ep
2 1S HERA I: 100pb! 20 pb-
3 150 HERA II: 50 pb! 100 pb-!
E 125
$ 100 - longitudinally polarized e beam
- ;33;‘; in the colliding experiments
50 2003- Longitudinal Polarisation [%]
25 P =
0 200 400 600 a00 1000 1200 1400 50
days of running
40
data taking until mid 2007: 30
~0(0.7) fb-! per experiment in total -
10
0

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005 Time [h]



First results from HERA II

occ total cross section using longitudinally polarized e* and e-

v
//:9
—_—

Charged Current ep Scattering (HERA 11) B —
E“’“ T 1T 11 weak CCis pure f// /
2 5 B 3 left-handed (V-A):
o 60 & H1 (prel) _E eip . eip —
o Hi 1 Occ (Pe)—(lipe)O'CC (Pe _O)

70 A ZEUS (prel.) —; Pe:(NR'NL)/(NR"'NL)

6o € >VK ;EE”:‘HSU 1 - linear dependence is firmly

o ; :: (prel) £ established both for e and e

4

1 - inagreement with SM
A ZEUS .

30 _ - extrapolation to P =-1 (e*p):

— SM (MRST)

20

extrapolations to P,=-1,+1 test the
absence of right-handed weak current

Q° > 400 GeV®
y<09

| | | | | | | | | | | | | | |
05 1] 0.5

40 * ZEUS (prel)
1

£ 2 (P. =-1)=-0.2+1.8(sta) = 1.6(sys)pb

-> consistent with zero
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Isolated leptons with PTmiss at HERA

PS5 = 37 GeV, PE,’E""“'“ = 44 GeV, P:}r =29 GeV
Jet, P.X

Neutrino, P./™

Isol. Lepton, Py

eu,T
[+PPi= events at HERA 1994-2005 (e'p, 211 pb) E"K
(7] N
S 10°F - SR — :2:"23;5.&4.0
u:J E [ Signal Hl e'p,ep HERA I (118 pbl) | HERA I+II ( 211 pb)
1] ==l o e H e (prel) u (prel)
- + All P.X 11/1154 | 8/2.94 | 25/20.4 | 9/5.4
1E T P.X > 25 GeV 5/1.76 6/1.68 11/3.2 6/3.2
10’1_||||||||||||||||||||||||||||||||||||||| . .
D 10 20 30 40 50 60 70 &0 Double luminosity:

PT (GeV) eandp channels e - excess persists at HERA II

H - excess comes only from HERA I
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Isolated leptons with PTmiss at HERA (cont.)

PS5 = 37 GeV, PE,’E""“'“ = 44 GeV, P:}r =29 GeV
Jet, P.X

Neutrino, P./™

Isol. Lepton, Py

eHdT
E_,K
H1  e’p: excess over SM both | H1 1994-2005 e’p (158 pb!) ep (53 pb!)
in e and 4 channels
no excess in e p data e (prel) | w(prel) | e(prel) | u(prel)
All PX 19/14.6 9/3.9 6/5.8 0/15
ZEUS in agreement with SM [p x,25¢cev | 9/23 | 6/23 2/09 | o0/09

T-lepton channel (P* > 25 GeV )
ZEUS (130 pb) 2/ 0.20
HL (108 pb') 0/ 053
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Summary & Outlook

Rich physics output from HERA:

- centered around QCD, but also EW, searches, ...
- key word: precision

- investigate implications of QCD (evolution, scales, ...)
- provide information essential for the LHC collider,
see HERA-LHC workshop: http://www.desy.de/~heralhc/

- very often data are more precise than theory
- theory should catch up (... and it happens, e.g. NNLO in DIS)

HERA II:

- lumi is a main issue !ll ~ 0(0.7fb-1) per experiment in total,
exploit new detectors/triggers

- clarify isolated leptons, pdfs, HF, penta quarks, FL, ...
- less than 2 years of running time left (until mid of 2007) ...

C. Kiesling, IMPRS, 1st Block Course, October 19, 2005
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