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HERA Il with Longitudinal Polarised e* Beams

m et p collider with
centre-of-mass energy: 318 GeV

m Two general purpose
experiments, H1 and ZEUS
(ZEUS data to be shown).

m ~ 0.5fb~! taken by each
experiment.

m HERA Il upgrade: Longitudinally polarised e* beams.
Mean longitudinal polarisation, P. = (Ng — N;)/(Ng + N.) =~ 30 — 40%
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Deep Inelastic Scattering

. Lo Variables which characterize DIS:

m Q? probing power, negative
4-momentum squared:
Q=-q"=—(k—k)

m Bjorken x, momentum fraction
of proton carried by struck

quark:
x=Q%/2p-q
m Neutral Current (NC), v or Zg " Inﬂast!ut/y y':k
exchange. y=~p-arp
efp — e£X m s is the centre-of-mass energy
m Charged Current (CC), W+ squared: ’
s=(p+k)
exchange.
etp = vX m These are related by:
Q%= sxy
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Charged and Neutral Current events in the ZEUS detector

Charged Current Neutral Current

'8/ et
s,

Electron

m (7) escapes the detector m Well measured scattered e™.
volume. m et energy deposits and Jet(s)
m Jet energy deposits not balanced in ¢.
balanced by e* deposits. m Kinematics may be
m Characterised by missing-P;. reconstructed in multiple ways.

m Kinematics reconstructed from
hadrons.
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Motivation
o

Motivation: PDFs

Why are High Precision High-Q? CC and NC measurements important?

m The CC cross sections give a

powerful probe of the flavour Hi and ZEUS Combined PDF Fit R
. pe . . . 1 " -
specific parton distributions = B ] , g
\ @ =10 GeV =z
(PDFs). R IE
m The NC cross sections are 1 RABDEL A
. S | -
sensitive to all flavours. ¥ [l HERAPDFLS (prel.)
- \ (HERA I+II)

HERA Structure Functions Working Group
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Motivation
o

Motivation: Electroweak

Why are High Precision High-Q? CC and NC measurements important?

m Provides an excellent
environment to test electroweak
(EW) theory.

m The difference between the e p
and e~ p NC cross sections give
direct access to the structure
function xFs.

m The longitudinal polarisation
asymmetry, AT & a.v, allows
parity violation to be directly
measured.
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CC cross section
o

Charged Current Cross Section

In the SM the W interact only with left(right) (anti-)particles.

ei ei
C’CCP =(1+ Pe)accf)Pe:o
+
d’oi’ G2 M3 +
—(1+ 'De F w 2~e—p
dXdQ2 ( ) (Mav + QZ) cC

£p . . .. .
where G -" is the reduced cross section. e and e~ sensitive to different
quark densities, given at LO by:

dmx

558 = x[(@+72) + (1 - y)2(d +5)]
&ECEP =x[(u+c)+(1- y)z(E/ +
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ccet p results
o

Total cross section with positive and negative P,

Results published in 2010.

The total ti
Eur. Phys. J. C (2010) 70: 945963, " NG tona £T0Ss sechon 8s @

function of the longitudinal
polarisation of the lepton beam.
HERA Charged Current e'p Scattering

12— . n _
2 G ep 59X ] m Previous e"p and e p
8 t e H1 HERA| R
& 100 o T ERAl rel) ] results from H1 and ZEUS
3 A ZEUS 06-07 1 also shown.
0 4 ZEUS HERA | 1
r ) T m Excellent test of EW theory.
80— ep—-vX =
r * H1 HERAI ] ; ;
: > T HERA T (prely | (] Resu]ts_ not included in SM
el 4 ZEUSOB0E | predictions (HERAPDF1.0).
- ] m SM describes data well.
r ~-HERAPDF 1.0 T
a0 _
2o Q*> 400 GeV? ]
r y<0.9 1
ol o v 1 ]
=1 -0.5 0 0.5 1

P
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ccet p results
o

Total cross section at multiple polarisation values

Limit placed on ¢¢¢(P, = —1) and
M, GeV consistent with other
experiments.

= My, > 198GeV at 95% CL

00
£ Fit:6(P) = (P =1) + 6(P=0)(1+P )
(1) O(P_=-1)=-0.87 + 1.78 (stat.) + 143 (syst.) pb

£ I I !
-1 -0.5 0 0.5

ZEUS m CC e™p Cross section becomes 0 for

—~ 10 ] — 1
2 . ZEUSC'Ce‘mzpb,'f; ] P = —1 positron beam.
D 60p " TEORCCTR @I ESD E m A non-zero cross section might point
(1) £ | . .
S soF E to the existence of a right-handed W
2 [ ]
S wf 3 boson, Wk.
2 b E m Extrapolation to P,=-1 consistent with
) £ ]
NS ] 0.

1

=
®
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ccet p results

do /dQ? with positive and negative P,

ZEUS m Overall shift in cross sections
% FoMGD e SO Coph e sl | due to effect of polarisation.
<] © ZEUS CC ¢'p (56 pb™', P = -0.36) 3
2 R 3 m Test of EW theory
k=] = 4
= Ry El N N
-0 R ——- EEN 3 m SM expectation in good
W e N agreement with data.
0 | t
10’ 10* ) N
Q@ (GeV))
g MEw ' i 3
= 2 E === SM(HERAPDF1.0) =
E 18 E - SM (ZEUS-JETS) =
16 -~ SM(CTEQ6.5) =
é = - SM (MSTW2008) =
=] 1.4E ‘ E|
Ty P! |
= E T i e v E|
2 oeE e b 3
0.6 o
: 04
a oz . .
0
10° 10
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ccet p results
o

do/dx and do/dy with positive and negative P,

do/dx (pb)

DATA/ SM(HERAPDF1.0)

ZEUS

® ZEUS CC ¢'p (76 pb', P = +0.33)
© ZEUS CC ¢'p (56 pb’, P =-0.36)

SM (HERAPDF1.0)
__epP=+4033
- €pP=-036

107 10"

S5 SM(HERAPDFL.0)
- - - SM(ZEUS-JETS)
- SM(CTEQG.6)

- SM (MSTW2008)

dody (pb)

DATA/ SM(HERAPDF1.0)

140 F

120

ZEUS

T T
Q¥ >200 GeV?

T
® ZEUS CC¢'p (76 pb™,
6 ZEUSCC c'p (56 pb!,

== SM (HERAPDFL0)
-+ SM (ZEUS-JETS)

- SM (MSTW2008)

SM (CTEQ6.6)

01 02 03

04 05 06 07 08 09
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ccet p results
(]

o with positive and negative P,

ZEUS

: : ‘ m Effect of polarisation clearly
Q? =280 GeV? Q=530 GeV? Q=950 GeV?

seen.

m SM predictions in good
agreement with data.

lbb‘

m Polarised data well
understood. Results can be
used to extract PDFs.

Q?=17000 GeV?| Q*=30000 GeV?

0.2 ZEUS CC ¢*p SM (HERAPDF1.0)
76 b P = 4033 | EEP=4033
o 56pb,P=-036 | = P=-0.36

On Behalf of the ZEUS Collaboration
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ccet p results
o

& with P, = 0 (1)

ZEUS

T T T T
Q? =280 GeV? Q=530 GeV? Q=950 GeV?

15 *

m The e p CC reduced cross
section constrains the d quark
density.

m As seen earlier, the reduced
cross section, &, at LO can be

050"

M Q1700 Gev? | QP=3000GeV? | QF=5300 Gev? written as a sum of
0.6} X ( u =+ c ) an d
o (d + s) contributions.
02 [ 2 2
Q* =950 GeV
QF=17000 GeV?| Q*= 30000 GeV? (1-y)2x(d+s)

= SM (HERAPDFL.0)/ I

02 © ZEUS CCe'p (1-yPx(d+s) - x(U+3T)
a32pb™, P =0) eer X(T4T)

-+- SM (ZEUS-JETS)
0.1 - - SM (CTEQ6.6)

- SM (MSTW2008)
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ccet p results
(]

& with P, = 0 (2)

m SM W boson couples only to
left(right)-handed (anti-)fermions.
m e’ g distribution will be flat.
m e g will exhibit a
(1 —y)? o (1 + cosf*)?
distribution.
~ep _  rim . = 2
ool =x[(T+T)+(1—y)*(d+s)]

m At LO the intercept gives the
(@ + T) contribution.
AR e m (d + s) is given by the slope.

x=024 x=042

200 <Q* <60 000 GeV? == SM (HERAPDFL0)

02| * ZEUS CCe'p / X(THE)
132 pb™, P0)_ 25" -+ SM (ZEUS-JETS)
- --SM (CTEQ6.6)

SM (MSTW2008)
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NC Cross section
o

Neutral Current Cross Section

m Mediated by both v and Zj

d?0S, 21a? ~ ~ -
ne _ oF [YiFo F YoxFs — y?F]

dxd@?

4 2
~ep XQ 1d0NC_F Y- F_LF
INC T a2V, dxdQZ 2T Y Tyt

m Where I-'2,xli'3 and I:'L are the generalised structure functions.
m Y, is given by:
Yi=1+(1-y)?

On Behalf of the ZEUS Collaboration
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NC Cross section
(]

Generalised Structure Functions

m The generalized structure functions are given by:

Fo = F) + k(~ve £ Peae)F}” + K2(V2 + a2 £ 2P.veac) F¥
xF3 = k(—ae T Pove)xF, " + k?(2veae £ Po(V2 + a2))xF{
1 Q?
sin?260,, Q2 + l\/l%
{F),F)* Ff} = Z{ef,, 2eqvq, vi + ag}x(q +q)
q

{xF% xF§} = Z{eqaq, Vqaq}2x(q — §)
q

where kK =

- . netp

m F, dominates G-

m xF3; contributes only at high Q2.

m F, contributes at high y (see previous slide).
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NC e p results
o

do /dQ? with positive and negative P,

ZEUS m The difference between the two

. ‘ ‘ polarisation states clearly seen
R 3 at higher-Q2.
g 1E =
o 10 |
ToE . 2 . .
Sor ZE“;"S"’E" : + RH: do/d@? with positive Pe.

WL — SM(HERAPDF1.5) k|

b P, =+0.3

" 10° 10* @ (Gevh
e | S
3% ;
£ ; + LH: do/d@? with negative P,.
g1lE . zEUSNC (prel) E

wE W }HERAP&H 5) :

10° P, =-0.36

10° 10* o (eav?)

g L ‘ ‘ < RH/LH: ratio of cross sections
e ; t positive P./negative Pe.
i s : . .
Fost - ZEUSNG rel) m These results not included in
;-v:.fii Byl J the shown SM expectation
© o2k L . H

* 0 T o eav (HERAPDFL1.5).

Trevor StewartUniversity of Toronto On Behalf of the ZEUS Collaboration

H 2 Ch, and Neutral Current Cross Se



NC e p results

Asymmetry

_ 2 of(Py)—of(P)
TP P ot (Py)+ot(P)

< :‘ T o ‘ “E A+

1 At ~ Fz’yz — 2eq1g
] ~ ae/@F—; = dek eg X 8elqg

m A" sensitive to .

+ ZEUS NC (prel.) ] . . 5
05- ) ] m AT increase with Q2.
r e*p (135.5pb™) ]

-1 SM (HERAPDF1.5) 1

10 10 Q? (GeV?)
Fo = FJ + n(—ve & Pae) 7 + K2(v2 + a2 £ 2Poveae) Ff

xF3 = K(—ae F Pove)xFy ‘4 /12(21/eae + Pe(ys + ag))xFBZ
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NC e p results
o

do/dx and do/dy with positive and negative P,

3 - - 3 : : 3 - 3 :
% 10°F . Q7>185GeViy T w': E = Q” > 3000 GeV? 5
e 3 3 ek ] 3 el ]
3 k] k] 3
10°F E 10'F E
10k 4 10 5
10°F , ZEUS NG (prel) 1 10°F L ZEUS NC (prel.) E + ZEUS NC (prel.) + ZEUS NC (prel.)
e'p (78.8pb™") e'p (56.7pb") 1 e*p(78.8pb™) E 1t e'p (56.7pb") E
10:L —SM (HERAPDF1.5) | 10:L —SM (HERAPDF1.5) | —SM (HERAPDF1.5) —SM (HERAPDF1.5)
P, =+0.32 P, =-0.36 P, =+0.32 P, =-0.36
h . 100 A \
107 10" 1 10? 10" 1 10" 1 " 10" 1
X x X x
18000 = —
a 2 I =
Swnfl « ZEUS NC (prel.) Soconoly  « ZEUS NC (prel.) 2 + ZEUS NC (prel.) 2 + ZEUS NC (prel.)
bl €'p(78.8pb) B sao0of e"p (56.7pb™) ™ &'p (78.8pb™) & " &'p (56.7pb™)
B —— SM (HERAPDF1.5) x —— SM (HERAPDF1.5) B — SM (HERAPDF1.5) x — SM (HERAPDF1.5)
T 12000 P, =+0.32 120001 P, =-0.36 T wp P, =+0.32 1 8op P, =.0.36 1
10000
w0 q 'S q
a0
6000 a0 i - 40 4
a0
L ] 2of ]
2000 * i
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 ¢ 02 04 06 08 1
y y ¥y y
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NC e p results
L]

o with positive and negative P,

ZEUS m Closed circles — positive Pe.
i * =200 Gev * = eV = eV’ * = 450 Gev * B H
o pe po e ey @ m Open circles — negative Pe.
os ] \\ \\\ m Cross-sections nearly identical
, ] at low-Q?2.
Q* =650 GaV * Q° =800 GeV* Q° = 1200 GeV*. Q” = 1500 GeV *

Effect of polarisation visible at

NINNN e

o o e . :
e Lo Q7 = 5000 GeV
! 1 1t 4

) \ - \\ %3\
° S — v 0.5 1
Q7= 12000 GeV * Q7=20000GeVY] @ =30000GeV?| 107 107 &
1 « ZEUSKC (pral)
+7p (7E2pbY
— M (HERAPDF15)
05 Py=+032%

o ZEUSNG (prel) 0 | ]
n . s, i
. . . . Po=-036% - -
10?  10" 10% 10" 10?7 107 10 10 x
X
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NC e p results
o

o with P, =0

ZEUS m Closed circles — Full e™p data

10 [Tl T T e T e T e T e T oy
+ Qa 1 Q zsac-vﬁ Q 35«&\1” Q ] set
ok 1 \\ I \\\ 1 1 m Open circles — Previously
measured unpolarised e p G.
or, ;- ;- " 1l L " il L " il L "
£ q‘-ﬁiﬂG-\l‘__ Q‘:xDﬂGEV‘__ Q‘:ﬂﬂnﬁe\l‘n q‘-iiﬁDG-\l‘_ . leFerenCe between e+p and
\\\ \\ e™ p clearly seen.
05 T T T 7 . . .
\ m SM predictions describe data
O vt eall s e ) well.
Q” = 2000 GeV * Q° =3000 GeV* Q° = 5000 GeV*. Q” = 8000 GeV *.
osf i i 1 ] L] @*=5000Gev?
\\ fq\ \ 1L ]
or, it it " i I il " L L

1 ¢
t t t f T T
QF = 12000 GeV * Q* = 20000 GeV’ Q7 =30000Gev?| 107 107
F 5 + « ZEUSKC (pral)
°p (135.5p8")
— W AR 0.5+ E
o5k ki T P =0 (corrected)
© zeusnG
LS —— SM (HERAPDF1.5)
of L v oenit e . i . P.=0 (corrected)

107 107 102 10" 0% 107 0
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NC e p results
L]

xF3 Extraction (1)

ZEUS m Difference between e™p and
) Q=200 Gov 0" = 750 Gev" "7 2350 Gev* Tq* = a3 Gov * e_p gives XF3:

_ Y_ -
‘ PGP = v 2xFs

e e T e T +
osf \\\ 1 \»\ 1 1 \ m Expected to contribute at
DI VU STTNE PO high- Q2.

m 135.5 pb~! et data, and 169.9

Q” = 2000 GeV * Q= 30“‘0 GeV’. Q= 500‘0 GeV. IQZ = Eﬂﬂ‘D Gev *.
ol ‘\\ \ &\ \\ pb~! e p data.

o I
OF i i ' Lt

1 ¢
t t t f T T
QF=12000GeV 2] Q7 =20000GeV] Q7 =30000Gevy 10° 107

F 5 + « ZEUSKC (pral)

7p (138.5pb)
— M (HERAPDF1.5)
o5k ki T P, =0 (corrected)
© zeusnG

LS —— M (HERAPDF1.5)
of L v oenit e . i . P.=0 (corrected)

107 107 102 10" 0% 107
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NC e p results
o

xF3 Extraction (2)

ZEUS m Difference between e™p and
W G Ciso0GeV |G 7a0b Gev?| G L 3000 GaVE e” p gives xF3:
0.2 T ] b
[ : ~e T p ~etp Y_ fa
ol 1}(*}1 | ﬁl (*{ ] 6¢ P—g¢P= Y—2XF3
+
Q°-5000GeV? | Q?=8000GeV?| GF=12000 GeV? .
m Expected to contribute at
B R T i high-Q2.
i
ob W Lo W \i ] m 1355 pb~! et data, and 169.9
pb~! e~ p data.
7=20000 GeV? | ?=30000GeV?| 10° Ao m Most precise xF3
02 i " EEUSNe measurement with ZEUS.
) t e*p (305.4pb™)
—SM
ol (HERAPDF1.5)
———— SM (CTEQ6D)
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NC e p results
L]

xF3 Extraction (2)

ZEUS m Difference between e™p and
W G Ciso0GeV |G 7a0b Gev?| G L 3000 GaVE e” p gives xF3:
] ! L
Q? = 8000 GeV? ~e"p  ~etp _ Yo, =z
ol #»J‘l ] g — 0 = 72XF3
f * - +
2= eV? ¥ - %y H
et ¢ k} m Expected to contribute at
02 b \h high-Q?2.
P TR A SR —— §
ol W Lo m 1355 pb~! et data, and 169.9
L pb~! e p data.
7=20000 GeV? | ?=30000GeV?| 10° Ao m Most precise xF3
02 i " EEUSNe measurement with ZEUS.
) t e*p (305.4pb™)
—SM
ol (HERAPDF1.5)
———— SM (CTEQ6D)
107 10" 1(;2 u;‘
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High-x NC
o

High-x:Motivation

m The proton PDFs are poorly
constrained at high-x.

o ‘Tgu_;, CTEQSS Q= 1000 GeV?

m Variations between PDF sets larger -1 S —
than uncertainty estimates. }::::
m Large x physics is relevant to +F

understanding physics at the LHC. 045 HERAPDF1.0

. -0.6F- MSTWos
m eg. for high mass searches at the osf-

LHC_ : 0!1 0.‘2 D.‘CI D.‘A D.‘S D.‘E 0.‘7 D.‘E D.‘B 1‘

m Can we make a measurement to
constrain the PDF uncertainty at
high-x?

m HERA measurements can cover the
high-x region up to x = 1.

Trevor StewartUniversity of Toronto On Behalf of the ZEUS Collaboration

High-Q2 Ch and Neutral Current Cross Se i 33



High-x NC
L]

Event Topology

. ) Events without a jet
Event with a jet
BCAL

\ Electron | iﬁ[ﬂ]]]:l[l
= :mﬂ] [l

Electron #

m No Jet information available for

m Jet Definition: ET > 10 GeV, reconstruction.
0jer > 0.11. m Cannot measure x > Xjimit,

m X reconstructed from jet but we know Xjimir < x < 1.
information. m Constrain high-x by using

integrated cross-section.

B X < Xjimit
On Behalf of the ZEUS Collaboration
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High-x NC
L]

High-x NC e*p cross-section d?c/dxd@?

ZEUS

'\.‘- Q3725 \‘. %875 @?=1025
\
10 k| — ]
—_—
=

' -~ a*=1200 | a*1400 0°=1650 a'=1950
— 0 . e, S,
a
= 4 —_— 5 i i
6 10° 4
3 2. 2 2. 2

) 2250 a=2600 ©=3000 9'=3500
Sl ]
"t ol 1 \"'I \“ \"‘\;
= 1o + 3 —t 3
_é 10| k|
T a*=4150 ] @°=4850 ©°=5600 °=7000
8 w \"-\} ‘\’\
- 1
= e

@%=15500

~

Trevor StewartUniversity of Toronto

HERAPDF1.5 and
CTEQG6D (see next
slide).

m Circles: points
reconstructed using
jets.

m Triangles: high-x
integrated point.

On Behalf of the ZEUS Collaboration
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High-x NC
L]

High-x NC e™p cross-section d?c/dxdQ@?: Comparison to
HERAPDF1.5

ZEUS SM expectation in good

14 2 E| 2 2 2 N
R I po=® 4 . “= . agreement with data
_ I F2 e x " i
E o uﬂ T ] b5 v ,q [ pinss T
g — : — ,
Q 1o o et a’=1400 o’=1850 | =1950
A it 1 éﬁ{ .ﬂ'ﬂ wHH—
é g E 1 f ] {‘ E I}It T
g o E E
= 0=2250 T otoze00 a=3000 a?=3500
15 |
< I P SR VA | b ]
o) s T Fras 1 LI prT—1
H 0.5 4 1 E
g A O'=4150 1 1 o°=4850 } 0°=5600 @’=7000 ] _
R N l
R BRI oty sl 1T |
P IS DS i ity
] oRo8500 ofe15500 TZ 04 0.6 G810 02 00 65 0
3 1T { @ in [GeV]
15 it " +  ZEUS (prel.) e*p 142 pb™!
[Fid * *  ZEUS (prel.) e'p 142 pb”
05 J{ (Integrated/Averaged)
0 02 04 06 O 0 02 04 08 08 1 HERAPDF 1.5
X Lesw%cL
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High-x NC
o

High-x NC e™p cross-section 6: Comparison to e p

ZEUS

+
iy E’ﬂssav’ Q=725 Gev* 0'-875 GaV? Q%1025 Gev* u Stars — Full e P
B Y \a ‘\4 data set.
- : : . . m Circles — Previously
od Q<1200 GeV* Q*=1400 GeV* Q’=1650 GeV* Q%=1850 GeV* _
o ‘\“ \w \Y';, measured e~ p og.
. . . . m Difference between
bs.. °: Q%=2250 GV’ Q%=2600 GeV’ 0’=3000 GeV* @7=3500 GeV® e+p and e_p Clearly
o ; ; \"\1 seen.
o e —— LS . m Described well by
gz ?’:4150 GeV* ; Q°=4850 GeV* Q°=5600 GeV* iaxzmw Gev* SM predictions.
1y, ; Sy
o —r— e S
z: Q*=9500 GeV® Q%-15500 GeV? o0 oI e OF [] 0 0f O UF
o +  ZEUS (prelicp 142 pb*
5 s ZEUS (prd) p 187 b’
o - . ZUS (prel.) c°p 187 ph
Dﬂ 0.2 04 o6 o8 o 0z D‘QD\?.IE_ HERAPPDFLS
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Summary
o

Summary

m The ZEUS HERA-II inclusive results are almost finished (preliminary
NC results shown here).
m e"p CC results have already been published.
m e"p NC is almost finished.
m Final high-x e*p NC results shown, completing the high-x HERA-II
analyses.
m EW theory tested in both inclusive CC and NC results.
m Polarised CC and NC single and reduced cross-sections.
[ ] xIN-'3 extraction.
m Results will help constrain the HERAPDF (CC results have already
been included).
m Unpolarised CC and NC single and reduced cross-sections.
m High-x NC analysis will better constrain the PDFs at high-x.
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Charged Current Sample (e p Data)

B m Results published in 2010.
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Neutral Current Sample (e™p Data)

Events

Events

Events

m New result (ZEUS-prel-11-003).

m Missing result of the HERA-Il ZEUS high- Q>
inclusive analyses.

5 534 &

ZEUS

Events

2z
log(x_,)

og(a)
[}
E,. (GeV)

Events

Trevor StewartUniversity of Toronto

Higl

2

Q?

Events

&= 8500V, y <09
*  ZELBe'pipml) 135501
[ s e e Psopeastation)

[ reosrsucion e

Charged and Neutral Current Cross Sections With Polarised Positron Beam At ZEUS

m e p data, taken
2006-07,

L =135pp~t
m P = +32%,
L =788phb!
m P. = —36%,
L =56.7pb!

' m Kinematic range:
Q@? > 185GeV and
y <0.9.

m Data well described.

On Behalf of the ZEUS Collaboration




Control Plots
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£ £ e m New result (ZEUS-prel-11-004).

. m etp data, taken 2006-07,
° B L =143pb~1
O m Electron and Jet variables well

ZEUS ZEUS .
ng - 8 : described by MC.
‘":HH“% L m Kinematic variables well described for
M T, events with Ny = 0 and Ny > 0.
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