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ep Scattering

Only at HERA

e\/e e\. -\v
27.5 GeV Electrons : 7 v Js =320 GeV Y

probing
920 GEV Protons ‘l/ll\lc\q q CcC q
Q2?,,. ~10°GeV 2
damn ~1/1000F

proton

DIS at Q2 ~ EW-scale

Note: DIS was not
invented here,
but atQ2~0
The £, i.e. NC, was first
seen in VN interactions.

Would need a 50 TeV beam in a fixed target experiment
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What Is High Q=2

A
ol | Anything that reveals
Faxt ] ] the internal structure
High °c 1+ LAT of the proton.
Q> ideé;f_f H Increasing Q2 first
;’?’" o reveals valence quarks
::,r:’tg;-%é__ + SVXo00BB 804807, and then sea quarks
R " and glue.
1 ] 120
Q°/GeV
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Who Works at the EW Scale?

LEP: -
m,.T, .00 R, Ay 8|
P—-FA _
Q_== sin 2gent pp: m,
kB = LEP/SLC Tevatron — "
SLD:A, +pp: myy, Ly
LEP+SLD:
c e q
Rp: R¢, App . Apg . Ay, Ac HERA
6 (ep) < Do (eq) ® (pdf)
HERA: EW @ OCD

t-channel exchange of gauge bosons

 vZ interference
e propagator masses
Parton Distribution Functions needed
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HERA in Memoriam

Halle Nord (H1) g - g i o~ T
* North{HTj | L ; i
24.5.1903 /=
] m \
Halle Ost (HERMES) |

Hall East (HERMES)

* ¥

1.11.2002

Halle West
Hall West

)
\v FLASH, . :
Z’: /ri.:svua 4

D /’;?

o of ~

a— Elektronen / Pogilrunan
Electrons / Positrons

Protonen
Protons

=anv Photonenstrahlung

Photon Radiation /
Halle Siid (ZEUS) i
Hall South fZEU

30.6.2007
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HERA Luminosity

HERA delivered
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Polarization at HERA

Longidtudinally polarized
electrons and positrons.

Longitudinal
Polarimeter

Spin Rotator Spin Rotator

pin Rotator Spin Rotator

Spin Rotator

Transverse
Polarimeter
- - Beam
Average pOIarlzatlon S 4/ Direction

between 30% and 40%
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Kinematics

O Virtuality: O° =—(k—k')’
=> Spatial resolution of probe ) ~1/./ 0’

O Bjorken scaling variable: x=0Q"/2pg
=» Momentum fraction of struck parton
O Inelasticity: y = pk/ pq

=» Enecrgy transfer to proton (in p rest frame)

p

Experiment measures Cross-sections:
Structure Functions (SFs) are deduced.

2

2 2
d°c _27TOL Y@ If proton is d’c _27TOL y

point like > dxd0* Q'
Y+ —1+ (1 _ y)z (The longitudinal SF, F, 1s neglected)

dxd0* O

Deviation from pointlike behavior
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Quark Parton Model -- QPM

Kinematic variable y corresponds

to angle 0 between e and quark. d’c 2t
eq c.m.s. > = 1 Y+F2
e dxdQ® O
e q /) 0 Vi Y, =1+(1-y) A: Y. =1-(1-y)
/ q € e
y=(1-cos0)/2 )\/// /@/
e €
e «—:}-—q —— ), «—:’;—q
Low Q2 i.e. //\/;( c 1 /&q{cy c(1-y)*
photon exchange: LL(RR) LR

* vector component only
* F2 is based on based on quark charges

. — c = coupling ¢« propagator e
F, =x2e, (q+q) kinematic factor e«

|——> charges? « PDFs
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QCD Evolution and Gluons

beyond QPM e #h  Quark splits

i into quarks "{:' ; 1 Ln;ﬁtsg o
-- PDFs are not static B -- A ) into quarks ..

—> “evolution” as Q? grows.
-- Structure depends on

St ! quary

= = o -.
a z = "“:..‘.-S - R
';}5 Valence g éj ~251 " quarg
the power to see. £ qark ¥ g gt
= 5 \
o 2 < o = quark
B p QCD can descrlbe thls momentum momentum i - s
: . 66 b3 fraction x fraction x fuament
eVOhltlon. DGLAP eq. fraction x
- . : {iEna——

Increasing resolution (large angle scattering = large Q2)

P P D
2 : 2 =QL, R At low-x: ﬂoca xg
OolnQ° \ xg P_P xXg aanZ g

89 88

0 7 O F, is sum of q / gbar PDFs
dlnQ* " oM W - Gluons not directly in F, (in LO)
O Gluons cause“slope” of F, in log Q? evolution

pQCD cannot predict x - dependence of PDFs a priori
PDFs are determined by a global fit to experimental data
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Experiments

went
went for
for compen-
LAr

Let’s have
a final look
while they
are still
there....
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Kinematic Range

—_—
N
>
® 5 Hi Tevatron Jet
g - [ zEus Distributi
| [l CDF/DO Inclusive jets n<0.7 Istributions
10 4 ~ = DO Inclusive jets n<3
: [ ] Fixed Target Experiments:
il T SN HERA: specialised
F E665, SLAC -
; s in sea quarks
&, S
102 oy - .
: & wow determined
E & AN B
] via F-.
10 Fixed
Target
1 ,,,,,,
p Note, that
10 - -
B kinematic range
- - -4 - -2 1 - =
10°  10° 10 10° 10 10 1 is not static.
X
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log,4(x)

em
F2 -

Structure Function F: and PDFs

- X=6:32E5,-0 000102 _
/' x=0.000161 —— ZEUS NLO QCD fit
/ [ J0000258 H1 PDF 2000 fit
x=0.0004 !
/ x=0.0005
*.2 ‘ /a//, x=0.000632 * H194-00

/7 x=0.0008
7 4 H1 (prel.) 99/00

= ZEUS 96/97
BCDMS

x=0.0013
~ x=0.0021

x=0.0032

i .ﬁ,;xooos
:_,nw x=0.008

e ;/-"" ‘."»,_u;? x=0.013
Wﬁ’%; x=0.021

o kAT /.7;7;;*'1.‘ .w::%._!i x=0.05
s oy muggiommBgenlyg o ¢ x=0.08

st g ey W8 hg e g § o X=0.13

Sianne ‘J‘MMLH*Hlkw”Lr- !{i =0.18
2 ALLMMNBLONDNNN E

,74’0—*14”'}T44fi =0.25

R,

PASARLDA LA e JL':.'“=.=. 7ki='= x=0.4

A 4—\/-%,,,,—“-%.—'—0—.7)(0 65

| Lol Lol Lol
3 4

1 10 10° 10 10 10°
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09 ——— H1 PDF 2000
| E=== ZEUS-S PDF Q=10 GeV>
os | [ CTEQ6.1

05 [ xg(x0.05)

04 F
03 b
02 F

01 F

X

NLO pQCD describes F2 over
* 4 orders in Q2
* 3 orders in x

Scaling Violations reveal

the DIS invisible gluon.

PDFs known =
EW can be studied
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CC at High Q2
CC ep 2 vX : Pure Weak (only L) e-p:

-- charge selecting nature:
dzcs(e+p)_GF2( MW2 S &
_ 2
M, +

20u+c)+ (1= ) (d + only up-type q (downtype
g )2 {(u+c)+(1-y)’(d+s)} y up-type q ( yp

0 anti-q)
d’c (e p) G,’ ( M,’ -- anti-q receives (1-y)?

D A+ +(1-p) (d+5)} helicity suppression

dxdQ®  2n M, +Q

® Sclection: large missing
transverse energy: Pt,miss

® Kinematics reconstructed using hadrons
(only possibility)

® Sclection: presence of high p scattered
electron, scattered at large angle

® Kinematics well reconstructed using either
electrons or hadrons (or both)
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NC at High Q2

® NC ep 2 eX: Z effects at high Q? For axial: sign flips between particles and
anti-particles

-- Sign flips between e+/e-
-- “Axial” SF, F;, comes into -- g/gbar contributes to xF; with
different sign
d2c(eTP) 2mwa? S

s Y.EFTY 2F —> xF, is proportional to valence q
d2d0? Q4{+2:F zF3} 3

-- F, receives additional terms

Nb.: xF; 1s written as F; in the equations

below for simplicity 2nd-order V
F, = TAgx(q+9) = F) + (v2+ a?
F3 = EBQQE(Q —q) = : ‘ " 3 2veadp
T 1s-order A 2ndorder A
Y, = O vZ interference Pure Z
sin®20, M,” +Q*
2 22
Propagator term -- F, : 2" order only ~a, . F,

Z
-- F; : I order yZ interf. ~ anzI%y
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EW “unification”

HERA I

(\T\ E [ I I T T TT I I I T T TT I I I E
> R ; s
() ~ % H1e pNCO03-04 (prel.) ] A
S 10E R e e In I\_IC axial conjponent
8 F o ZEUS e'p NG 2004 1 xFsis seen as difference
~ = o ZEUSepNCO4-05(prel) s  pbetween e+ and e-
_Cg S U SMe'p NC (CTEQ6M) 7
5 Ll — SMepNC (CTEQSM)  _|
< 107
103 — H1 e'p CC 03-04 (prel.) o oDy
= 4 H1epCC 2005 (prel) AN =
_ = ZEUSe'p CC 2004 é N
= e ZEUSep CC 04-05 (prel.) EAR =
: + HEANE
105 SM e'p CC (CTEQ6M) P
= —— SMep CC (CTEQSM) *>3 NC and CC cross-
= <0.9 : E =
: /N 1 sections become
C e _ — -
10-7— | | | I I | I| | | | I I | I| ] ] SImIIar-
10° 10 Remaining differences
Q? (GeV?) mainly due to PDFs
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EW Physics With Polarized Leptons

® Polarization = Asymmetry of Helicity states:
P=(Ng-N,)/ (N;tN,)
® Helicity = Chirality (if mass is neglected)

Left-Handed  Right-Handed =» By means of Pol, ghira} structure can be tested.
® RH #LLH < parity violation
Charged-current DIS

® “Pure” Weak

—> Chiral structure of weak int. is directly ‘L R
visible as a function of Polarization . /@j . /&(
® Weak = “100% parity violated” (no RH) Lcj , - RCD 2
—> Zero cross section @ Pol=1 (-1 for e+) P W P

=> o(Pol) = (1+Pol) o( Unpol)
Neutral-current DIS

® Weak parity violating effect through yZ interference and pure Z
—> visible only at large?Q
® Such yZ and Z terms contain EW parameters,
1.e. quark couplings to Z, sin0y, ,M,
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Charged Current Cross-Section

Electron Positron

— E ® E il N
> -o-- 3 > oL i /A N Y
8 107 S S - 8 10°[ @] ZEUS
3 ; 2 02
Z e _ = 10 ZEUS CC E
Ne) E QO 4 e046p(123ph")
S ¢ [ * ZEUSCC(prel) ép (78.8pb) ] T 10 | = o04ep (11500 E
- = -5
© o ZEUS CC (prel.) ép (42.7 pb") : “ 10 - —
10° 03 04 - 10 10
1 1
Q* (GeV) Q% (GeV?)
2 10 S s
o 3 8 10 (b) |
x
% 10 g 5 102 ]
o° 3 2
10 - T 10 |
- E | — SM (ZEUS-JETS) P, = +0.32
***** SM (ZEUS-JETS) R, = -0.27 3 1 | - - SM (ZEUS-JETS) P, =-0.41 =
T E —— SM(ZEUS-JETS) R = +0.33 E 107 »
: 3 - -1
5 = 1 10 10 |
X
~ 250 .
g Ed E 5150 T
= 200E.% = 2
2 £ E 3 1on |
g 1500 - . E 100 -
100 =
i TS e g 5 50 o
50 00000 S T = S e
Ot E O L L L \\‘\ Ll Ll Ll \‘ \t\‘\‘\—\i\T ‘\‘— r\\‘
0 01 02 03 04 o0& 086 08 09 0 01 02 03 04 05 06 0.7 0.8 ?/.9
y

Clear difference in cross=-sections
between negative and positive polarization
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Polarization Dependence of CC Cross-Section

Charged Current e “p Scattering

2 140
3120_ T T I | T T T T | T T T I | | T T T ] 5
£ h ep - vX § & 120
8 e H1 Data 2005 (prel.) - S
© 100 ¢ © H1 Data 98-99 N (,\\‘ 100
L % 4 ZEUS Data 04-05(prel.) | Ne,
L % A ZEUS Data 98-99 | R
S, b 80
80— % + — —
i %, e’p > vX i
i Ss $ ® H1 Data d 50
)
- Py A ZEUS Data =
60— Qa —
: » B 1 40
- SM (H1 PDF 2000) 1 20
40— g —
i 2 ] L
20 g Q2 > 400 GeV? N
B y<0.9
. | | | | | | | | | | | | | | |
0 05 0 0.5
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Pe

ZEUS

T T 1

III|III|III|I

III{

W

I T T T T

1 1 1 1 I 1 1 L 1 l

T T T T ‘
« ZEUS CC (prel.) ép (122 pb')
o ZEUS CC (P=0) ép (16.4 pb')

— SM (ZEUS-JETS)

T T T T | T T T T

Clear linear
dependence
on polarization

1 1 | Il I 1 1 1 Il

-1

-0.5 0 0.5 1

= @ Consistent with
SM prediction

c(CCRrH) =0
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Hl positron

Wr Mass Limit

ZEUS electron

3 : I I I T ‘ I I T I ‘ I I I T ‘ : S _I T T T T I T T T T I T T T T l T T T T I_
g i :’T 140 - s ZEUS CC (prel) €p (122 pb™) —
bg o e >V B < i o ZEUS CC (P,=0) €p (164 pb™) |
B ] 8 120 — = Linear fit 7
i ® H1 Data ] 2 i i
(o\} ~ _
r M (H1 PDF 2 i - _
40— 2ol = . 5 1001 B
- Linear Fit i ] g - ]
L ¢ | Qb - |
30— & 5 80 — —
C ] 60 [ -
20? - B ]
i 1§ 40 -
i ¢ % i _
10— 2 2 —18 B i
- Q2> 400 GeV 18 2L B
L y<0.9 18 B i
07 | L ‘ L | ‘ L | L | ‘ L i E — —
1 _0.5 0 0.5 1 0 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 L
P -1 -0.5 0 0.5 Pl

Assume g. = gr and vr is light:
H1 e- > Wr> 186 GeV
H1 e+ > Wr > 208 GeV

ZEUS e- > Wr > 180 GeV

> 310 GeV from polarized '*N (decay
> 786 GeV from W' - ev, uv
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Polarization Effects in NC

Fy= F] — (vex Poacd)xzFy? + ((v2+ a2) + P.2vea.) )x%F#
Fy = — (ae PEUE)XZFQZ 4+  ((2veae Pe(vg + af))x%ng

Nb.: xF; is written as F; for simplicity

® Polarization modifies yZ and Z terms:
-- Axial in F,, vector in F;

-- dependent on size of P, Unpol:
o(e") -o(e) 2 F;2
¢, ~0 Pol :
- F2 - ] st Order, - iPeanZFzyZ G(Pe 9) = G(Pe 6) % FZYZ

-- F; : 2™ order only, ~ * Pa’y, F’

® Polarization effects expected only at EW scale, i.e large Q2
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NC Cross-Section vs. Polarization

1
g 1'65 o H1 0304 &'p (prel) do/dx and do/dy
B g = 2000) |t do not strongly
e"'.; 12 $ depend on Pe
= S S N N
3 ¢ T £ do/dQ2 does
e 08C - 72 N Y
? wf positronss ZEUS
e [ 2%‘0.2_| | ||||||| | I T TTTI | ]
Lo nn ononnnnl " nn ononnnnl , &
ST{QM 10’ 10* E | . ]
@ (GeV?) % = | 1]
Observation 04 .. i
of Parity Violation L IS
at EW scale _06__—SM(ZEUS-JETS) electrons
"l P,=+0.30/P,=-0.27 ]
| |||||||| | |||||||| | | 11
08 10° 10*

Q? (GeV?)
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NC Cross-Section Asymmetries

2 cx(PRr) — cx(PL)
Pr-PL o:(PRr) + ox(PL)

Hi

&AL

A

_ < '
0.8 | H1 (prel.) . 08 [ ZEUS (prel.) 1
08 - 1 06 [ .
1 04 [ .
1 02 [ ]
! 0
1 02 | .
+ ] 04 [ ]
i °A 1 [ oA
06 [ = A 1 06 | A B ]
i — H12000 PDF 1 — ZEUS-JETS PDF
08 7 08 .
-1 : ettt ettt | ] 4 L | P | Pl I
10° 10* 1 10° 10°
Qz(GG\F) QZ(GB\F)
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NC Cross-Section Asymmetries

< i 1 Parity Violation
08 | H1+ZEUS Combined (prel.) 1 due to y2
A g ] interference

At high x,
assuming
SM couplings

i o A* B i uv + dv
0.6 [ m A 1 Az~
s . 4uv + dv
| — H1 2000 PDF ]
<L —— ZEUS-JETS PDF B )
I 1 constrain d/u
1 L ]
10 10

Q? (GeVy
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o1 + ZEUS

xFs

1
t‘ : H1+ZEUS Combined (prel.) -
0.8 L Q?=1500 GeV} ]
' — H12000 PDF

Physics in Collision 2007, Annecy

Combine all data
and correct to
zero polarization.

Assuming
SM couplings

Fz~2/3 uv+1/3dv

Constrain
valence quarks
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EW plus QCD Fit

FitbOthPDFsand >'O _II||\\\|IIII||II\‘\III|I
EW parameters T 2SS 1P 1)
- - total uncert.
simultaniously e
— HA1 prel. (HERA |+l 95-05)
0.5

Experiments fit
seperately to 0
simplify handling

of systematic Ry *
errors 1 68% CL LEP

4 05 0 05 1
a4
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EW plus QCD Fits

- B [ ] | [T T 1 ‘ [T T 1 ‘ [T T 7T ‘ 1T T 1 [ ] |
> B ]
- ZEUS-pol-a ,Vu-PDF (prel.) |

1 — [l total uncert. —

~ uncorr. uncert. n

— = H1 prel. (HERA I+Il 95-05) -

0.5 7 ) n
O o
0.5 .

N * SM ]

L — CDF _

- 68% CL LEP .

_1 — —

B | | | I ’ I ‘ I I ‘ I ‘ | | |

1 05 0 05 1
au

Physics in Collision 2007, Annecy

Precise deter-
mination of light
quark couplings
to Z

Luminosity helps
with a

Polarization helps
with v

Smack on
SM prediction...
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Isolated leptons

In the SM isolated leptons are only
produced through single W production:

about 1.1 pb

Select

quark jet with large transverse momentum prx
only small fraction of SM events/expected for single t

isolated lepton with large transverse momentum pm
large missing transverse momentum pPtmis
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PTmiss > 44 GeV pn > 37 GeV

pr- > 29 GeV
large acoplanarity




2] pr. > 66 GeV =] prm. > 20 GeV
large acoplanarity




Transverse Momentum Distributions

I+P™ss events at HERA 1998-2006 (ep, 184 pb™) l+PMss events at HERA 1994-2007 (e”p, 258 pb™)
% 10’ @ H1 Data (prelim.) Np..=18 % 10 i ® H1 Data (prelim.) Np.,=38
© [ == Alsm N, =24.4+3.4 © '0F == ansm Ngy =30.5+4.2
IE - Lﬁ - [l Signal

10 10 |

10° L" 0 20 30 40 50 60 70 80 10'1 10 20 30 40 50 60 70 80
P’T‘ (GeV) e and p chammsits P’T‘ (GeV) e and p chammadbs
electrons positrons

Clean single W signal
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Transverse Momentum Distributions

ZLEUS
sesrdumd  mevewrs  positrons

4]
b= ZEUS {prel.)
§ 10° 98-06 e'p 204 pb™
I Signal MG
m l:l ) ) = [mm]
sunc misidenitied

NIC is maln
backgroumnal
in electromn
channeal

2 -3
Wy 1o 20 30 40 50 60 70 B W1 W40 20 30 40 50 60 70 80 30 100
PX(GeV) PX (GeV)

electron-channel | muon-channel electrons

L o e N B e e L B e

0 i
= ZEUS (prel) 3
5102 96—()6;;)228 b’ 3
I.I>J I Signal MC
[ sMMC muon
channel
is a lot
17750 20 30 40 S0 60 70 S0 % I ) 20 30 40 50 60 70 80 90 100 CIeaner
PX(GeV) P7 (GeV)
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Isolated Leptons

P> 25 GeV electrons  muons
Data/SM Data/SM
ep Hl 294 pb! 11/4.740.9 10/42+0.7 <——
ZEUS 228 pb* 1/3.2+0.4  3/3.1+0.5
ep H1 184 pb™ 3/3.8+0.6 0/3.1+0.5 Cristinel Diaconu
ZEUS 204 pb™ 5/3.8+x0.6 2/2.2+0.3 DIS 2007

Experiments are checking on things

like acceptance:
H1 has larger accpetance, but the extra events
are in common region.

like different cuts:
Sample purities are, however, similar.

Statistics struck again?
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Searches

generic
exclusion
plots

Leptoquarks

coupling

Compositeness

a joke

L ~

Extra Dimensions ~ mass

Q

\ Quark Form Factors

Sorry, Resonance Production

NOTHING

Anomalous Whatever
H1 — see extra talk

ZEUS —» some examples Supersymmetry
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Contact Interactions

s << process scale A

Possible “new physics” in NC DIS:
— effective parametrization

eeqq contact interactions (Cl)

Contribution to the NC cross-section:

do () =
dxdQ2""
do®M 2 2y 2
L1} z d 1+ A +
GGG : g dqz T AKX QY+ Blx, Q%)n
Rq General formula for all Cl type models

Physics in Collision 2007, Annecy Iris Abt, MPI Minchen 36



Compositeness Models

ZEUS
T T ‘ T T T T ‘ T o T T
10 - 1.2 T ® ZEUS 94-04e'p —
% — VW A =75TeV :
e ! --- W A'=63TeV
<
Z 0.8 U ‘ Lz
10 10* =7

Contact Interactions Limits (prel.)
| ‘ 1 | 1 | |

3 4
10 10 Qz (GeVZ)

T T T ‘ T T T
® ZEUS 98-05 (prel.)ep
=== AA A =59TeV

o
\

o

o

N/NCTEQSD N

Contact Interactions Limits (prel.) l |
| ‘ 1 | 1 | | | ‘

3

4
10 10 Q2 (GGVZ)

Physics in Collision 2007, Annecy

Contact interaction
coupling given by:

nN==x4n/ A?

A: compositeness
scale

Limits range from
2.0 to 7.5 TeV
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Large Extra Dimensions

ZEUS
T T ‘ T T T T ‘ T T
10 | 12 ® ZEUS 94-04 e'p —,
8 M.z 0.86 TeV
e ! --- M{=0.88TeV |
z ]
zZ

Large Extra Dimensions Limits (prel.)

3
10

4
10

Q2 (GeV?)

Large Extra Dimensions Limits (prel.)

T ‘ T T T
® ZEUS 98-05 (prel.) e p

3
10

Physics in Collision 2007, Annecy

4
10

Kaluza-Klein
Graviton
Exchange

Effective Scale

T]NS/MI?K

Mwk > 0.88 TeV
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Quark Form Factor

ZEUS
I I ‘ I I I I I I I ‘ T I I I
10 |- 1.2 . —r— ® ZEUS 94-05 (prel.)ep
a | 11 O R2 = (0.67 -107'°cm)? |
g | PUPPSTYCIIILAD. SRR .
g reRegtete ] . RZ = -(0.81 -107"%cm)? ]
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Summary

HERA Il has provided a large amount of high Q? data
We are in the middle of an exciting period of analysis.

The PDFs will be the legacy and stand for a long time.

The Standard Model has survived HERA without a scratch.
Unfortunately [?] nothing unexpected has happened at HERA.
Still doing the low energy run for gluons.

Shut down June 30, i.e. this Saturday. T

June 28/29
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