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Outline:

-HERA |, HERA Il collider and the experiments
ZEUS and H1

-Inclusive e*p NC, CC cross sections at high Q?
-Polarized inclusive e*p cross sections
-Electroweak studies at EW unification scale
-Combined QCD-EW fits: weak couplings of quarks

-Conclusions and future results.
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Neutral current cross sections

Neutral current

Event topology:

e Scattered electron in the detector
Kinematic variables:

e Momentum transfer squared Q*

e Fraction of proton momentum x
carried by struck quark

1-cost* _ Q%
2

sz

o Inelasticity y =

Cross-section:

d'z . NC

PRYToL (eip) = 2,?;12 [YJF B Y_ zFy— o ﬁ‘L] Helicity functions: Ya =1+ (1 —y)?

Structure functions:
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ng — f’j)

~v exchange 7~ interference

+... P.: e beam polarisation
—1 _ 152
Kt = sin® 20w
+... W ‘
v, a: electroweak couplings
7 exchange

F, is sensitive to sea and valence quarks:  F> ~ » (¢ +q)

xF3 is sensitive to valence quarks alone:  zF3 ~3_ (q— )
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HERA Running

» HERA-I : 1992-2000 unique ep collider

® Unpolarized e" and e beams
®26GeVe ,820GeVp

» HERA-II : years 2003-Mar/2007

® High luminosity to allow more
statistical sensitivity for large Q2
®27.6 GeV e , 920 GeV p,
$?=320°GeV?

® [ ongitudinally polarized e+ and e-
beams to allow direct sensitivity t
EW effects

® Upgraded detectors

Qo

® April-June 2007: a special run with three low
proton beam energies (460.-575. GeV) to measure
F, structure function.
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Charged current

C
Charged current Event topology:

e Neutrino escapes detection
e %

Kinematic variables:

) ' 02 m e Momentum transfer squared Q*
- - | v _ ‘
= = e——— I] ¢ e Fraction of proton momentum x
— ﬂl q — carried by struck quark
p €T .
p s agtied r q) — M o Q_Z
Y o Inelasticity y = —5%— = =
d?0CC [ 4\ _ 1 G2 M3y, 2 _ _
o e'n)=  (+F) 3 I (Q2 M2 )2 (1 = y)*(zd + xs) + (vt + xC)]
d20CC N 1 G2 M, [ 2 ] T ]
ag (e p) = (1-F) 4T (Q2+MZ,)? (zu + zc) + (1 —y°)(xd + 23)
Polarisation W exchange Parton densities
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do/dQ? (pb/GeV?)

Measurement of NC & CC cross sections

HERA I
T IIIII[]] T iIIl]IIl T
% H1e'pNC 03-04 (prel.)
10 NC A H1e'pNC 2005 (prel.)
O ZEUS e'p NC 2004
o ZEUS e’p NC 04-05 (prel.
----- SM e'p NC (CTEQEM)
10 —— SM e’p NC (CTEQEM)
10~ * H1e'p CC 03-04 (prel.)
4 H1epCC 2005 (prel.) ‘
= ZEUSe'pCC 2004 'Ir >
e ZEUS ep CC 04-05 (prel.) %%
10° SMe'p CC (CTEQEM)
—— SMe'p CC (CTEQEM)
y<0.9
Pe=0
10_? | IIIIIII] | I[II[\|
10° 10*
Q% (GeV?))

Unpolarised cross sections

for electron & positron scattering

Cross sections measured over
6 orders of magnitude

NC cross section dominated by
photon exchange

NC e*/e" difference due to Z° exchange

CC cross section similar to NC cross
section at high Q* - EW unification

Remaining difference due to PDFs



Extraction of xF;*% by oyc(€7) - oyc(e)

HERA
N, 1 [ 1n. LT _
= I J
ol H1 (prel.) ol i ZEUS (prel.) |
0.8 = 08 ~ T —

Q*=1500 GeV>

Q*=1500 GeV>
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X
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W I H1+ZEUS Combined (prel.)
08 | \ ) -
L Q"=1500 GeV
— H1 2000 PDF
0.6 . ZEUS-JETSPDF |

z 5. . .
{BF:;Y . I35 with kinematical factors removed

eF)7 =3 2e,aq(xq — 2q) = 22uy + s2dy
q

— Valence quark content of p

— Sensitivity to aq

Weak Q° dependence — transform all points to
Q? = 1500 GeV?

Sum rule:

¢ ary? fr2 1 5

Combined result from ZEUS, H1:

0.65 vz
[ Ti—dr =1.2140.09 (stat) + 0.08 (sys)

0.02
Compatible with Sum rule if integral is

extrapolated to [0, 1]



DIS at EW scale with polarization

First polarized DIS at EW scale
-- Right-handed CC ?

-- Parity violation in weak NC
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Lepton polarisation at HERA 11

HERMES

HERMES Spin rotators

Sokolov-Ternov effekt:
transverse polarisation
built—up in the arcs

H1 Spin rotators
installed in 2001

Transverse polarimeter
A

HERA I+I1I:
polarisation for H14+ZEUS
Not useful for physics

Transverse

Longitudinal
polar 1m(,l(/

Polarisation [%] Fri Mar 02 12:20:44 2007
T T 1 7
Transverse

“Longitudinal * - 6C
I . - 5C

. H
i - 4
. ; : .- I.. J : : 3ac
‘ 5 | 2
—— I s - 1 . ._._._;_._._ _j_ - — 1(:
J i i i i i 0

0 4 6 8 10 12
Polarisation build-up Time [h]

tau=40 minutes
Sokolov=Ternov effect

ZEUS Spin rotators
msta]lgd in 2001 ZEUS

Polarisation is changing during the fill
Monitored by two independent Compton

polarimeters
Lepton ring
Proton ring

P. = 30...45% achieved regularly

HERA II:
Luminosity upgrade for H1+ZEUS
Longitudinal polarisation for H1+ZEUS

— new electroweak results
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WB mass limit

Charged Current e"p Scattering

ZEUS

HERA-II

Data

T T T { T

e ZEUSCC (prel.) €p (122 pb™)
o ZEUSCC (P=0) €p (164 pb™)

= Linear fit

T

T
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i 13 B
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Pe
» Assuming g; =g, and vy 1s light:

M(W3) > 208 GeV  (from H1 ¢* data)
(Error dominated by polarization uncertainty)

® (" decay: > 310 GeV (polarized >N decay)
® cf. W :>786 GeV by CDF (W’=2ev,uv)

Hl1

e: 186 GeV

ZEUS e: 180 GeV
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Polarized e*,e- NC cross sections

Neutral Current H 1
B
e
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Both experiments measured positron/electron, left/right cross sections
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NC polarization asymmetry

. 2 &(P)-c"(P) F _ L
A% = —E “~ =~ y.a,——  Direct measure of parity violation
PF—Pt ﬂ':[ﬁ}—ﬂ:{ﬁ.] .-'?I.r F: p It.f
« 17 T
08 T H1+ZEUS Combined (prel) E
0.6 F .
0.4 .
0.2 -
0 F
0.2 .
04 F R -
L " A N
0.6 [ Y .
i ——  H1 2000 PDF p
08 - ZEUS-JETS PDF ]
-1 C t 11l . = ]
10’ w'
Q" (GeV)
define the difference of positron and electron polarisation asymmetries
JA=A"-A

1> of 3A being different from zero = 4.0 (3.1 x 10~ probability) 13



QCD + EW combined analysis

o Mw

® [ight quark couplings to Z
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Electroweak fits at HERA

Charged current: sensitivity to Gp, My

Neutral current: sensitivity to light quark axial and vector couplings v, 4, @y .4

PDFs q(x)

at starting scale

Q

quark charges

|

PDFs
q(x,Q)

Structure—
functions

polarisation
couplings
W-mass
predicted minimize
Cross— X2
—3p| scction |f—Tp —

HERA fits: mainly about precise determination of ag and PDFs

Results presented here: recent papers about HERA fits of electroweak parameters.

I UIlIV wiuvIiiIu \I AN R [} \Jl
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measured
cross—sections

CC, NC,
jets




M__W In the framework of SM

® In the SM G and M, are related =¥ Fits fully assuming SM
-- On-Mass-Shell (OMS) scheme

2 2 2
dddgz -— M, (1 'IA ) (QzMVKA 7)" ®(pdf)
X ) = Ar +
W 2 . W
4M S (1=—W )2
W < 815

Quadratic dependence a-n—:nar Logarithmic dependerce on M, Qv/ - H1
t ~ 23 | [ Ax’=1(M,=120GeV)
W N W W oy w TTT1 Ax’=1(M,=300GeV)

WVWAWR_ RAANY VAV S VIVAVAY, . X H
o = g1 |- E&5 m,world average

| [ ™, world average

> A fit to M, with M, fixed
-- M,, =80.786 £0.205(exp) GeV
80.5 g

TH\W\W\MH

» A fit to m, with M, ,,MW fixed lWHT’/WH illl
- m =104+ 44(exp) GeV i

-- Determination of my,, in DIS I g
(via loop corr) sol

N AT
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0.5

-0.5

Electroweak u and d coupling to Z0

NC cross-section: measure u, d quark axial and vector couplings:

YL i o oy . vE __ i -
o FJ“ is sensitive to vg: FY7 =23 equq(xq + 2q)

ZEUS-pol-a -v,-PDF (prel.)
B total uncert.
uncorr. uncert.

B H1 prel. (HERA I+ll 95-05)

68% CL — LEP

Y2 g sensitiv . Y4 7l
[T | T 11 | e F3'” is sensitive to aq: Fy” =23 eqaq(xq + xq)

Half constrained
fit: v4 ,a4 couplings
fixed at SM val.

|
-0.5 0 0.5 1
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Constrained fit to d quark couplings

0.5

-0.5

ZEUS

ZELIE-poI-aH-vd-PDF (prel.)
— M total uncert.
B UNcorr. uncert.

B H1 prel. (HERA 1+11 95-05)

* SM
— CDF
68% CL LEP

Half constrained fit: v ,a,
couplings fixed at SM values.

-1 05 0 0.5

1
ay
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Un-(minimum) constrained fit

> All four (V,,A,,V4A,) free fit

1 B H1v -a,v,-a,-PDF (prel.)
05|  e8%cCL @
O |

AN

* Standard Model
-1+ — LEP
[ T CDF

H1 preliminary (HERA I+l 94-05)
B A

-1 -0.5 0 0.5 1

u

» A EW+QCD fit to
determine: T3, T3, sin%0,,

In the SM
v, =T°¢ —2¢, sin’ 8,

a, =T

T°.=0.47+0.05+0.13
T4 =-0.55+0.18+0.35

sin” @, =0.231£0.024£0.070

Nb: In this fit, sin? 0
also contributes to the
propagator term
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Electroweak results from e*p collisions at
HERA

I 0 =l N/ 1\

Summary

®HERA is now able to investigate elementary interactions with high
luminosity and longitudinal polarization:

--- NC & CC measured at EW unification scale with e"and ¢'.

--- First polarized DIS at EW scale.

--- V-A structure of CC tested at high energy.

--- First measurement of parity violation in weak NC at EW scale.

---- Simultaneous QCD & EW fits made;

---- Best determination of light quarks a,v couplings to Z°.
®HERA till now confirms the glory of the SM.

Future

® HERA ended its high energy run on 21/Mar/2007: 1 fb-' by H1 and ZEUS
--- ~Half analyzed. HERA legacy in EW sector will come soon.
--- Low energy run has followed to determine F; .
--- HERA switched off June 30 2007 at 23:26. Many years of analysis.-
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Backup slides
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Colliders at EW scale

LEP: 0,0l
m, L, .op R} Apg
P—~A, < H q
— e sinZ@ —
Qg sin o LEP..-"SL>D E < TEVATRON pp: m,
: | f I _
SLD:A, A LEP+pp: my,, Ty
LEP+SLD:
{ 0 b O, .
Ry, Re, Apg . Apg, Ay, Ac e ﬁ q (ref. R.Claire (@ SubZ WS)
HERA
> S
~— S8 proton
%5 oy ol %‘ ® Scarch for new symmetries and
it AR particles
> HE e ™ Virtual y, ® Use own proton Parton Density
o Functions (PDF)
\1 171 }

® Probe proton structure by t-channel exchange of

gauge bosons
- At low Q?: mainly by y

-- At high Q% y/Z (NC) and W (CC) o (ep )= > o (eq)® (pdf )

® [nvestigate electron-quark elementary processes
based on knowledge of proton structure (at lower

) .
Q* + DGLAP evolution) Bruno Stella (Roma 3)
PHOTON2007,Paris

EW ® QCD
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High Q% at HERA and LHC

!
Slof, 1 s md o e
Bk m w0 \LHC
© == COF/DO Central Jets /
Ll Sl G High Q2 region :
10 e / e -- DGLAP evolution of
o iy ;S ZF=a | levatron proton structure.
_ -- Based on these knowledge,
107 S study elementary processes
102 " EW) at large energy scale
10
| Low Q? region :
ol -- Precise measurement ¢
T e e proton structure

(Remind: gluons/sea at x=10"4~10-% are determined by HERA)
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Quark radius

» Probing proton with highest spatial resolution
— Quark radius :  1f there 1s structure in the quark, DIS cross
section at high Q? will be modified due to spatial distribution of quark charge :

2
do do™ (1 R, QY
dQ® dQ’ 6
(like “form factor” with Rq corresponding to the average radius of quark
charge) JEUS
0] 12—  ® ZEUS94-05(prel)e’p -
e e J - R2= (0.67-10"%cm)’ ]
g i 1 | ;;:.'.'.'.%-"_r 7_._.1.’+j ..... RCZI = -(0.81 -10'16cm)2 3
= i 09 — 1 |
E 0.8 ‘ | | | | | Ll \‘
i 103 104

1 pormrminrn@oalrr@urgrilr@ st @risisigrriziessizigresl @ " !___t_‘f-~ B
Quark Radius Limits (prel.) i

| ‘ | | | | | | | | ‘

3 4
10 10
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-

r::lnet process &4~ \«sﬁ"
o Z10° sea, gluon valence
Directly ' = “ > :
e =
sensitive fo blu4 — |
gluon density ] Fimd Targes Expurimemss:
].ﬂ 3 CCFE, NMC, BECDALS,

P

10
+ MNeutral current DIS -:'NC\]\

o

at low Q2
W2 exchange
T

= ____: LS

r= F, = Exl.‘_g+:?]

Sea + valence quark

oy

g’ = 3g  gluon _/

EW+QCD fit

10

o
-
e
[

‘\e' T U quark

((Charged current DIS (CC) \

i

»——

Charge selective interaction

: -
y exchange

,

e* d quark /

-

P - —

S.Shimizu @ APS-DPDF06 + JPS06

.

at high Q2
— m_?f’ il ¥ ; ZEI
7 exchange
=

Z0 introduces parity violation.
> :-.‘Fj o z xig—q)

valence quark

+ Meutral currant DIS {\lm

%

/

® A fit to single experimental data
-- H1 fit to H1 data only, ZEUS fit to ZEUS data only
-- Advantage: Handling of systematic errors 1s straightforward
Free from target-mass correction in fixed-target data

® A fit to determine both PDF gnd EW, pagametprs
-- Advantage: correlation aptiomrmtzewilp4aken into account
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S
o

Double-differential NC cross-section,

ZEUS Reduced cross-section
~+ X mo X ) n
- S — S 0" =Yy FoFY_xls—Yy FL
o6k E ] 1 Plot: ZEUS high Q? data for HERA I (e™p)
0.4 . —' ] and HERA I (e p)
0.2F . - ]
Q% =200 GeV? \TQ?=250GeV? TQ? = 350 GeV? . . B
':F""“! e e B L e R DIHCFCTICO th\VCCl'l (g+ and e C]CCtT()W’Cﬁk
0.8 —+ . effects
0.6 —+ B . . ~
o4k 1 ] — extract structure function xFj
02 £ ]
0L07 =450 GeV® NTQ’=650 GeV® NI ZEUS
~ T T i LR T o
1—_ ____ T __ 'lf\Y'[ 7T T"“'[ ‘Y'f'[ T T Yf-’|'-’"f'[|!‘| T T ""]]'[
0.8 T 3 . 1w [ i
0.61 T y 1 X02 1y T
0.4 - = ] - } ', 1
0.2k a - S B L N e
oQ” = 1200 GeV? T @° = 1500 GeV> (T Q” = 2000 GeV* *\ ] 98 l t N \J
r ! ' [ om [ ! N .
1mQ% = 3000 GeV? Q%=5000GeV? TQ%=8000GeV: 0 1 T ]
0.8- 1 I . : | :
0.6 -+ "o T . s T Q?=3000 GeV?| T Q?=5000GeV: T Q%=8000GeV?
0.4 . 2+ % ] A
02E T T ] P _ + « ZEUS NC (prel.)
=L 4 1 1 0.2 4 . 1 e"p(185pb-)
O s S N N SM (ZEUS-JETS)
1-Q? = 12000 GeV? T Q?=20000 GeV? | Q?=30000 GeV | | Nl N
0.8 -Fo ZEUS NC tezeusNcprey 1 O Y \ \
0.6r W 1 ewes2p) T ep(122pb?) ] SNSRI N ASSS N N
0.41 ot |- SM(ZEUS-JETS), T--SM(ZEUS-JETS) . ]
0.2F Wt P W T oo .
ob i , N Pe=0 | oo 1 Pe=0(comected) g | %%12000 GeV? | Q%=20000GeV? | QF=30000 GeV?
e e o bl Coconllenld Lol
102 10" 102 10" 107 10" X 107! 1 10" 1 10" 1
X
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EW with polarized lepton beams

@ Polarization = Asymmetry of Helicity states:
P=(Ng-Np)/ (Ng+N)
® Helicity = Chirality (if mass is neglected)

» Charged-current DIS => By means of Pol, chiral structure can be tested.

® “Pure” Weak
—> Chiral structure of weak int. is directly

visible as a function of Polarization

® Weak = “100% parity violated” (no RH)
—> Zero cross section @ Pol=1 (-1 for ¢*) eL )f /&{
=>» o(Pol) = (1 =Pol) o(Unpol)

» Neutral-current DIS

® Weak’s parity violating effect through y-Z interference and pure Z
—> visible only at large Q?
® Such y-Z and Z terms contain EW parameters,

1.e. quark couplings to Z, %runBVSMZ (Roma 3) 27
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Light quark couplings to Z
N~ N ]2

Y = -

2
d*o,., 2na?

CIIX(JIQ2 - XQ4 [{1+(1_)’)2}F2 1{1—(1—)/)2})(/:3]

Fy = FL',T — (ve * Pea.g)XZFgZ — ((vg -+ ag) + P, 2t?€a€))XZFZ
F5 = — (ae. x PEUE)XZFJZ + ((2veae £ Pe(v? 2 - f:.',z))x2 FZ

® EW structure functions in QPM

7 i -
Fg — 2€f’vf22-33:qf + Qf:
FQZ — (’U?; + a%)ziw_qf + q7)
7 i -
Fg = QGfoEiZE:q‘f — Qf:
F?)Z = QDfa,fzz':B_Qf — W
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