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DIS at HERA
©000000

HERA - an ep collider, /s = 318GeV

Ee = 27.6GeV —+«— E, = 920GeV

m Compensated Uranium Calorimeter (ZEUS), Liquid Argon
Calorimeter (H1)

m Tracking and vertex detectors

m Silicon micro-strip detectors
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DIS at HERA
0®00000

HERA Operation

m HERA scheduled to shutdown
e on July 2nd 2007
0 500 1000 1500

Days of running m The end of a legendary 14
year program

Syed Umer Noor (York University) Proton Structure Functions at HERA Moriond QCD, March 2007 3/20

Status: 15-Mar-2007 1/07/07
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E— [ — deqrons 7
’2‘ [ — positrons T
g ]
§ 300~ -
R : - _
LA 1 m Longitudinally polarised lepton
£ 200 ] beams - new for HERA I
T r 7 .
i ] m Very successful data taking
100 ] period recently
i J




Deep Inelastic Scattering at HERA

H1, CC event

ZEUS, NC event

Q?: Probing power
Q2 — _q2 — —(k _ k/)Z

x: Mom. fraction of struck quark
2
q=k—k X = %

t jet
) 20 W current je

y: Energy fraction transferred from
lepton in p rest frame

p.
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DIS at HERA
000@000

NC DIS Cross Sections

d?o, +
nelerP) = 2n0X [V Fp ¥ Y _XF3 — y2F]

~etp _ x04 1 d%s(etp)

_ Yo y?
ONC = 27a2¥; axdaz = P2 F v XFs— ¢ FL

| YiEli(l—y)z
m Structure functions F,, F| and xF3

m F,: dominant contribution ’ Faoc>2(q+0) ‘
F, = F; + Q2+M2 F’YZ + [Q2+M2]2F2

m xF3: sensitive at HERA at high Q? ’ xFs o< > (q—Qq) ‘
XFs = Qz Mz XFWZ + [Q2+Mz]2XF3,Z

m F.: sensitive at low Q2 and high y ’ FL o< asXg(x, Q?) ‘

Future measurement: 3 month low energy run this May
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DIS at HERA
0000@00

CC DIS Cross Sections

2
d#((gezp) (1—Pe)St <M2 +Q2) [u+c+(1-y)*d+3)]

2
(o M2
Paccle’n) _ (14 p,) % (Mzmz) [6+E+(1-y)Xd +9)

m Sensitive to u and d valence quarks
m Flavour dependent probe of proton structure
m Linear polarisation dependence of CC cross section

m Chiral nature of the weak force

m Cross section zero for RH (Pe = 1) e- or LH (Pe = —1) e+
m P. — Neu—Niy
€ NrH+NLH
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DIS at HERA
0000000

Structure Functions and Parton Density Functions

A single
particle
m Theory interprets: SFs =
Couplings x PDFs Three valence

m PDF = Prob. a quark carries quarks
mom. fraction between x and

Lee

dx Three valence
m PDFs not static in QCD quarks with
m Structure depends on interactions
resolution Valence and sea
quarks with
interactions

"
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DIS at HERA
000000®

HERA - LHC Kinematic Plane

LHC parton kinematics

10 T T T T T T
X, , = (M/14 TeV) exp(zy)

0'E Q=M

OF m DGLAP QCD evolution

10 M= 1Tev provides Q? dependence but x
ol 1 dependence comes from data
> .
8 oo m HERA covers a very important

10 F = e .
o region for the LHC

0 E S m Reliable PDFs needed to

y= 6 4 2 0 2 4 6l .
wE, S : describe the proton structure
fixed
10' E HERA H
target
100 - L - ul 1l
107 10 100 10" 10 10° 10" 10
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NC & CC Unpolarised Cross Sections

H1 & ZEUS prelim. 2006

HERA II
(\7\ E T TTTT \‘ T T T T TTT \‘
< E
[} r ¥ Hle'p NC03-04 (prel.)
Q 10¢ & H1Ep NC 2005 (prel) m NC cross section
o n 0 ZEUSe'p NC 2004 .
< F o ZEUS &P NC 0405 (prely dominated by photon
g E ----- SM e"p NC (CTEQ6M)
E 10°E —— SMep NC (CTEQ6M) eXChange

m Sensitive to the massive
Z° contribution at high

[

Lo v vl vl v vl il ol 1

10 ;f * Hle'p CC 03-04 (prel.) 2

E A Hlep CC 2005 (prel.) Q

? : iizz :';ggjz(())‘; (prel.) ?% Q n EW un|f|cat|0n as NC
108 T SMe'p e (CTEQOM) . and CC cross sections

F— SMe’p CC (CTEQBM) b i |

L y<oo ecome similar

F P.=0

-7 L— L L | ‘ Lol ‘

10 10° 10*

Q*(GeV?)
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CC Polarised Cross Sections

Hlprelim-06-041,
ZEUS-prel-06-002

Charged Current e“p Scattering

m Linear dependence of CC

SR cross section with lepton
£ ibidep J PoRIEAIO]
z ot B T
8o e'p—7X . m ZEUS and H1 measurements
i . ohpee ] in good agreement with SM
T ' P m occ(ep) extrapolated to
w - SMOFOFZO00) ] Pe = 1, prel results:
[ s | |HL —0.9pb:+ 2.9 £ 195+ 2.9
20~ i Q?> 400 GeV? 7
1 |ZEUS:0.8pb+ 3144 £ 5.05sipal |
™ 0. [ 0.5 1

o9
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NC and CC at High Q2
00e000

CC Cross Sections: Flavour Sensitivity

ZEUS-prel-06-002

ZEUS
1o 25p . . . ; i

+ Q'=280GeV’ | Q=530GeV’ | Q=950 GeV?
L5F { E

SIS A X Y m Flavour selecting nature of CC
0.5 ) 1 3 ] . _

! ! ! ! : ! W occ (e p) X _

:: Q=1700 GeV? 1 Q*=3000GeV? I Q>=5300GeV?: ] X[u +c+ (l _ y)z(d + §)]
1.2 B T E|
wo N T e T e m Legend:
0.6F E E P 1
o ] i | ---x(u+c)

Lt — . - f — f 1 =

12 Q" =9500 GeV> 1 Q'=17000 GeV> § Q*=30000GeV? {  eeess -

s 1 « ZEUS CC (prel.) (1 y) x(d+s)
0.8) K] B! ep (788 pb™)
0.6F 3 y —SM (ZEUS-JETS)
ol 3 P.=-027
\ - \ RO

107 10" 107 10" 10? 10"

X
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NC Polarised Cross Sections
ZEUS-prel-06-001

3
5 10° E — sM (ZEUS-JETS)
10 P, =+033

5 L
10 g

- __ZEUS
g 3 Top, middle, bottom plots:
2ot 1 m do/dQ? with +ve P, (+0.33)

m do/dQ? with -ve Pe (-0.27)
m Ratio of cross-sections,
+ve Pe [ -ve Pe
Polarisation dependence evident at

Q (GeV?)

® ZEUS NC (prel.)

e’p (78.8pb)
3
— SM (ZEUS-JETS)

o high Q2
10 10° 1(‘)“ 0 (Gov® g Q . .
€ 1 ] m First observation of parity
T, 12 © 4 violation in NC ep scattering at
B manamas ass ] . _
S ol zEUSNC (el = such small distances (10 18m)
g 056l —— SM (ZEUS-JETS) ]
E_‘” 04 ‘Pe‘:jo.‘aa‘/‘P‘E‘:ro.27 ‘ o . 1
® 10°

Q* (GeV?)
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NC and CC at High Q2
[ele]ele] [e]

XF3 extraction

Hlprelim-06-042
H1 Preliminary
Q*=1500 GeV?  Q?=5000GeV®  Q*= 12000 GeV?

3 . H1 PDF 2000 Fe e'p2003-04
© 15 ET 2,5 o (ee';f 2005
0.75F F s F .
i m Reduced cross section
05F S ? . .
] (ignoring F|)
0.25F \'j:g\s "
TR g€ P — Y-
ok .} % P =FoF yoxF3
10 1 -
X m Extraction of xF3
Q%=1500 GeV?  Q?=5000GeV? Q%= 12000 GeV?
wwof r 5ep _gzetp — Y=
x 0.2 r ® HI1HERA I+l r - g g Y+ 2XF3
[ — H1PDF 2000 [ -
ok ] ] B xF3 o< 3 (0 —q)
} u/q_\ SR [ s Mainly /Z interference
of . ¥ 3
-1 -1 -1
10 1 10 1 10 1
X
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xFJ* interference structure function

Hlprelim-06-142, ZEUS-prel-06-022

N
L,

]
K

H1+ZEUS Combined (prel.)

Q’=1500 GeV?
— H1 2000 PDF
--- ZEUS-JETS PDF

08 -

0.6

04 -

0.2 ==

5
=
S

-

X

XF3 = —agxzXF7% + 2Veae X2 XF5 XFJ* ~ 3(2uy +dy)

m Ve small, yz < 1, so xF?? dominates

m Weakly dependent on Q2, so swim and average to
Q2 = 1500 GeV?

m Exploit maximum high Q2 data by combining H1 and ZEUS results
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PDFs
[ Jelele]

Structure Functions and PDFs

H1: EPJ C30 (2003) 1 ZEUS: PRD 67 (2005) 012007
« ZEUSED \éw B 2'25221"2 Q=10 Gev?

4 BCDMS

] .Msm,;“;if m HERA data well described by

10 F ]
NLO pQCD
b, >

4 o i f ceamizo | . i ) .
U cuaen FrrH : m Scaling violations described
10 bttt well

d/ce’ m Lowx:g—qq

m Highx: q — gq
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NLO QCD fit including Jets

ZEUS: EPJ C42 (2005) 1
Photoproduction (Q? ~ 0) dijets  Boson Gluon Fusion, QCD Compt.

_ ZEUS
> L B L L B E|
3wk xY¥>075 ZEUS-JETS 4
E [ total exp. uncert. El
10 e «  ZEUS two-jet yp 96/97
] Jet energy scale uncert. 3
% f_‘%lﬁ _ 3
g ’
3 '_'—|_._\;ij ;
1aia2q )
R m Jets give access to gluon and
ﬁl:}: Qs
£ 1arii<2a, 3 H 2 _
I s SO 2 g ] ] P_hotoproductlon (Qc=0)
< oM dijets
2 [ \:;\ 4 . . .
1 L m DIS inclusive jets
w oo, = e 9 . o
b ] m First fit using just HERA data
1 w1 including jets
W% "3 4 50 & 70
Ef (GeV)

Syed Umer Noor (York University) Proton Structure Functions at HERA Moriond QCD, March 2007 16/ 20



Improvement to PDFs Using Jets at HERA
ZEUS: EPJ C42 (2005) 1

ZEUS
s T IR ZEUS
2 06 Q'=1Gev dF  Q'=250Gev E % T T
5 oaf. \ ’ \A} ] +f
E 02F JF 3 ‘“;< ZEUSit
“% 0 = »r -wu:Jada(:
l_%"”’ im | ! -O— world average
06 l \ JF [ withjet data E (Bethke 2004)
06 F QZ:; Gev? ‘ ‘ T Q’= ;n Gev’ ‘ ‘ E| o
OAJ - E 5 ’v
D.A: :: : L L L L L
= gJE 3 01 0105 011 0115 012 0125 013
s - adMz)
06F  Q°=200Gev? dF  @*=2000GeV’ B .
\}/ ] m Jet data help constrain the
of k3 /- gluon and as
ﬁo;:f‘\: v m Red band — without jet data
B R m Yellow band — with jet data
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PDFs

[eJele] ]

PDFs Incl. Recent HERA |l Data and Total Projected fit

ZEUS-prel-06-003
Incl. prel. HERA Il e~ p NC/CC

hep-
Total projected improvement

ex/0507032

ZEUS
> 1 T 2 T > 04pm 0.6
£ Xuy xdy £ E Rl E
] 15 T 03 0ab
g osp g oz
/ 02f
S : S oaif
® 0 ® 0 0
g W 5 01F
= 0 = O -02f .
? 05 - g 02F
- Q%= 10000 GeV? Y = o3f ¥ = 1000 Gev? 3 04r
i} , . , , 04k . . . 06k .
%002 04 06 08 O 107 100 100 1 08 0r 107 100 100 1
Lpr T T 1pm T T T 04 prrrmm T T 04pm T T T
x 9 oaf * 4 osf X9
05[- ZEUS-JETS 4 o5} [ zEUSpl (prel) q o2 [l zEusJETSHit 4 02F [_]HERA-II projection
01f d oaf £
0 0 0 0
01fF J -01f 3
-05f 4 -osf b 02f 3 02F
03 4 -03f
. . . . . . . . . . . . . .
Tt 100 107 10 Tt 100 107 10 O 100 107 10t 1 i it 107 1001
- . X . . . X
m Already seeing improvements at high-x; in particular xuy
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Summary

m HERA is providing significant improvements to our knowledge of
the proton structure
m New HERA Il NC and CC cross sections with longitudinally
polarised lepton beams
m H1 and ZEUS measurements agree well with SM
m Parity violation clearly observed
m Improvement of statistical precision through H1 & ZEUS
combination
m New HERA Il data already making improvements to PDF
uncertainties

m Outlook

m Entering last few months of HERA operation ®
m Analysis of complete HERA data, ~ 1fb—1, to come! ®
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Backup
L

xFJ* interference structure function

Lo
&
» HI1+ZEUS Combined (prel.)
08 Q*=1500 GeV?
—— H12000 PDF
0.6 ---- ZEUS-JETS PDF
04 |
02 T
0
10? 10 1

m Sum rule

JyF3%dx = [y (Zuy + Ldy)dx = 3

m Combined H1 and ZEUS measurement

¥ Fydx = 1.21 + 0.09(stat) + 0.08(sys)

m Consistent with H1 and ZEUS QCD fits
HL: [y o) F3%dx = 1.12 £ 0.02

ZEUS: [ FJ%dx = 1.06 + 0.02

Syed Umer Noor (York University) Proton Structure Functions at HERA Moriond QCD, March 2007 20/ 20




Using jet data in PDF fits — pioneering paper H1 Eur.Phys.J.C19(2001)289

but for a (M) and gluon PDF only

Where does the information come from in a global fit compared to a fit including

only ZEUS data ?
Global HERA Only
Valence Predominantly fixed target data | High Q2 NC/CC e* cross
(v-Fe and uD/up) sections
Sea Low-x from NC DIS Low-x from NC DIS
High-x from fixed target High-x less precise
Flavour from fixed target Flavour ?(need assumptions)
Gluon Low-x from HERA dF,/dInQ? Low-x from HERA dF,/dInQ?
High-x from Tevatron jets High-x from jet data
and momentum sum rule and momentum sum rule
ANALYSES FROM HERA ONLY ...
— Systematics well understood - measurements from our own experiment
—No complications from heavy target Fe or D corrections
—No assumption on strong isospin




« Xuv(x) = Au xa¥ (1-x)*u (1 +c, x)
Recap of the method xdv(x) = Ad x&v (1-x)°d (1 + c, X)

xS(x) =As x3s (1-x)>s (1 + c, x)
xg(x) =Ag xa9 (1-x)°9 (1 +c X)

Parametrize parton distribution » XA(X) = x(d-u) = AA xav (1-x)bs+2

functions PDFs at Q2, = 7 Gev?

a(Ii(X;Q2) dy
— Ty = Pq (v, as) ( , Q%)
R TTP <y{> Q)
Evolve in Q2using NLO DGLAP 2 ael¥, as) 83, Q
>0 d
(QCDNUM 16.12) gf;;gz) - 52 o0 4t

+ ng(Y1 as) g(;, Q2)}

Convolute PDFs with coefficient
functions to give structure functions

and hence cross-sections I e

Be@)_ [y o g
Coefficient functions incorporate z ]; . [ Caf 2.l i(. @)+ Cylz. gy € J]

treatment of Heavy Quarks by Thorne-

Roberts Variable Flavour Number )
Model choices = Form of
Fit to data under the cuts, parametrization at Q?,, value of Q2
_ _ flavour structure of sea, cuts applied,
W2 > 20 GeV? (tO remove hlgher thSt), heavy flavour scheme

30,000 > Q2 > 2.7 GeV?
X>6.3 10

—Use of NLO DGLAP



The x2 includes the contribution of correlated systematic errors
X2 = Xi [FRP(P) = Ko i4,°Y° — F MEAS + )08

(GiSTAT) 2

Where A,,SYS is the correlated error on point i due to systematic error source A and
s, are systematic uncertainty fit parameters of zero mean and unit variance

This has modified the fit prediction by each source of systematic uncertainty
The statistical errors on the fit parameters, p, are evaluated from Ax2 =1, s,=0

The correlated systematic errors are evaluated by the Offset method —conservative
method - s,=+1 for each source of systematic error

Now use ZEUS data alone - minimizes data inconsistency (but must consider
model dependence carefully)




Inclusive Jet Cross Sections in e*p NC DIS
ZEUS coll., PL B547 164 (2002)

ZEUS
-Phasespace: = L I I I IR I I L
2 2 ) - ®* 7EUS 96-97 ]
Q > 125 Gev Q 105_5 | Jet energy scale uncertainty 3_
EBT jet >8 GeV and -2 < r]Bjet <1.8 2 55 NLO QcD: E:T:T::: hadron level)
. L . _'q_';"10 E- o Dzlser.rr MHSTBQ(].IH:E%M)-?
-Jets identified with the k; cluster B 04l - oiseNTWRSTER 01 ]
algorithm in the Breit frame 5, il E
° 10 E- <Of < ay = -?
| - i oy |
« Small Experimental uncertainties: 10°g oo oame
— jet energy scale (~1% for E; ;,>10 w0 | o ]
E 1000 < @° <2000 GeV?
GeV) i - (x100)

=> + 5% on the cross sections 3 | mademased
-r : (<10) 1
10 3 E
« Small theoretical uncertainties: N: 5 o
. 10 E = 5000 GeV =
- higher order terms + 5% : v 3
. . -3 -
- Hadronic corrections - | | | | | | 3

(Cag <10 % and AC, 4, ~ 1%) 5 10 15 20 25 30 35 40 45
Erjet (GeV)

The calorimeter energy scale is treated as a correlated systematic uncertainty
The factorization scale, ue= Q, renormalization scale ug=Q, (ET as a cross-check)



Dijet vyp cross sections for x IObS > (.75

ZEUS Coll., EPJ C23 615 (2002) ~ ZEUS
 Phase space: 3 s _ = o e o 0T
Eet1.2) > 14 (11) GeV and 2 L i NLO (AFG) ® HAD
_1 < njet'i,Z < 24 and XYObS > 075 1‘5_ - _________ etenergyscaleunoer‘tamty
and B [l
Q2<1 GeV2and 134 <W, 2< 277 GeV2 =" fF Lt
<1 < 2.
| (x 20000)
« Jets identified with the k; cluster _
algorithm in the Lab frame 10 3 .
. T E- E -!I zgﬂii“ 1 -c:TﬂB"{ 2.4
« Small Experimental uncertainties: : o, 0 <2< 1
— jet energy scale (~1% for E; ,>10 GeV) ¢ e
=> 1 5% on the cross sections 1
» Small theoretical uncertainties: m-{_ : _ g <A
- higher order terms *+ 10% L s i
- Hadronic corrections =5 (x 0.0005)
(Ciag <10 % and AC, , ~ 2-3%) o S 1<ncoxoooooy | |
W T s a0 s0 e0 70
Ejreﬁ (GEV)

The calorimeter energy scale is treated as a correlated systematic uncertainty
The factorization and renormalization scales, y-= ug=ET/2 (summed ET of final state particles)
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Comparing PDFs

ZEUS

0.3 g

—— ZEUS-JETS PDF
o, (M,)=0.1180

! 1
Q' =10 GeV* ]

xu,

[ zeus-seor ]

Compatible with ZEUS-S/MRST2001/CTEQ6.1M

0.5

ZEUS

...and H1

10*

10° 102 10"
Q% =10 GeV?

—— ZEUS-JETS fit
[_] tot. uncert.

H1 PDF 2000
B tot. exp. uncert.
[ model uncert.



What is the possible impact of HERA —Il data on PDF fits ?

- under currently planned running scenarios hep-ph/0509220
I Valence High Q2 inclusive NC/CC e* cross sections
S - . PP \:More statistics
ow-x from inclusive
- High-x ? —
Gluon Low-x from HERA dF,/dInQ2 More statistics

Mid-to-high-x from HERA jet data «——— | and optimized

cross-sections?
Currently ~96 pb-' of e+ p NC and CC data —assume 350 pb-!

Currently ~16 pb' of e- p NC and CC data — assume 350 pb -1

Currently ~37 pb-1 of jet data —inclusive DIS and y-p dijets — assume 500 pb-1

Scale statistical errors from current data- assume systematic errors remain the same

Assume the use of optimised y-p dijet cross-sections



u-valencefractional error
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HERA-II projected fit
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d-valencefractional error

d valence

Q% =100 Gev?

Q%= 1000 Gev?

Q2= 10000 Gev?

= 30000 GeV?2

Q2= 50000 GeV?

Q2= 100000 GeV?

Fractional uncertainties on u and d valence improved by more statistics



HERA-II projected fit

Sea quark uncertainties

linear-x scale (high-x region)

log-x scale

(low-x region)

7

-
Q%= 100 GeV?

Q%= 1000 GeVv?

fractional error

Q%= 10000 GeV?

—
Q? = 30000 GeV?

Q? = 50000 GeV?2

S
Q? = 100000 GeVv?
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e uncertainties on sea-quark distribution significantly reduced at high-x
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HERA-II projected fit

Gluon uncertainties

linear-x scale (high-x region)

gluon fractional error
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Reduced uncertainties on high-x gluon translate into reduced uncertainties on
high E; jet cross-sections at the LHC
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