Open Issues in DIS

The High Energy Perspective

My frifvafte m DIS in collider mode:
' View Accelerator and Experiments
using data
from m HERA success story:

Precision cross sections, structure
functions and parton densities

= HERA outlook:
What’s still in the queue?

m Open Issues




“Imaging” of the Proton

perturbative
regime
Quantum +104
Z Chromo
A Dynamics

quarks & gluons™* non-perturbative -+ 1
quark anti-quark regime
pairs
Quark Parton Model: extended
valence quark o Q
no visibl charged object
substructure
formfactors, electric & ® point-like
magnetic moments structureless
i : >
0.1 1
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momentum fraction of constituents: x

MPI Munich

Low Q2 : probing transition perturbative to non-perturbative QCD
Low x: probing quarks and gluons at high density
AEAt ~h 2> high Q2 “high resolution but time averaged picture”

Resolving Power: Q2



Deep Inelastic Scattering

et et Kinematic Variables

e 4-momentum transfer
resolvmg power

q=Fk—Fk Q* =—-q" =—(k—k')’

current jet e Bjorken scaling variable
momentum fraction )
of struck parton ¥ = Q

2p-q

* Inelasticity: y = P-4
p k, p-k

2
Center of mass energy \/g: S = (k + p) relation for fixed s: Q° = SXy
* Neutral current DIS cross section expressed by structure functions:
bzttt d ZGei P X 272’0(2 2 y
MPI Munich dXdQ2 - XQ4 (1+(1: y) ) (X Q ) F (X Q ) ?[XF (X Q )}
Y, =1+(1-y)? I \
valence & sea quarks

valence quarks
gluons 3




Mapping the Kinematic Plane

)

* large reach in x e

Q’ (GeV
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* large reach in Q?

107
"Inclusive” scattering F Z & W exchange
(integrate over all 104 Accessto
hadronic final states X) [ EW Physics
10°} F.—~q,9
— pdf's of quarks T dF,/dInQ®>q[ 24 )
from F, o2l '
—> pdf of gluon from oL

Q2 variation of F,

(e.g. DGLAP evolution) | ixed Target
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HERA - the world's largest electron microscope
(Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany)

Shutdown on June 30, 2007, 23:00

spa’rlal r'esolu‘rlon




Collider Experiments at HERA

ZEUS

went

for
compen-
sation

A final salute to
our experiments

How we like to
remember
H1 and ZEUS
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MPI Munich




Hera Luminosity

100 Status: 1-July-2007 HERA I: 1992-2000
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Structure Function F,
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MPI Munich
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« H1 & ZEUS extended fixed
target kinematic regime in x
and Q2 by 2 Orders

*Described by DGLAP

 Scaling violations

rise at
low X




HERA Averaged NC cross sections

+ + 2 Y H
CpoX _ | Yy FF=xF, m Precise measurements

from two experiments
m For Q2<100 GeV?
Otats1%,0,<3%

sys™
® HERA I (prel.) for Q2=1000 GeV?2
O ZEUS Ostat > 8sys

O HI

O

+ +
HERA 1 e*p Neutral Current Scattering - H1 and ZEUS

m Combine datasets from
both experiments:

Key assumption

H1 and ZEUS measure
the same cross section
at the same x,Q2,y

0.8

0.6

0.4

dpdyzit

— HI2000PDF . ..., !

— ZEUS-JETS Improved precision of
Next step

H1 ZEUS ined fi ; combined H1 and ZEUS
r Hland ZEUS combinedft . T datasets (stat and sys)

10 10° 0’ 10

Q°/ GeV? 9

MPI Munich

HERA Structure Functions Working Group




Input to HERA PDF Fits

2

m NC d’o" " :2”“2(1+(1_y)2).(ﬁ2(x,Q2) y IfL(x,QZ)iY—xIES(X,Qz)j

dxdQ? xQ* \ Y

Yizﬁ\(fl—y)z ’ '
RN F,=> A@Q")[xq +x7]= F;m:gx(u+U+c+6)+%x(d+d_+s+§)
(}2 T,Z“ 3 i , - - - B -
P XF, = B,(Q°)[xq, - xG,] = xF, =B,x(u-T+c-C)+B,x(d—d +s-5)
q x q i

Electroweak Coefficient Functions A (Q?), B,(Q?) (QED: A =¢?)

m CC
e oY Gcc(e+ p)ocx:(l— yz)(d +S)+(U+E):x(l+ Pe)

Q: W — —
N Tec(ep)ex|(uke)+ (L y?)(d +5) {x(1-P)

dpdyzit

PDF general form: XPDF = Ax®(1-x)" - (1+ Dx+...)

MPI Munich

Prameterize: g, u, d,, U(=G+C), D(=d+S)



dpdyzit

MPI Munich

Charged Current Cross Section

0,(X, Q)

H1 and ZEUS Combined PDF Fit
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107!

0.6 F [ ] HERAIPDF (prel.)

HERAICC e'p (prel)
HERA I CC ep (prel.)

April 2008

HERA Structure Functions Working Group

CC Cross section provide
flavor sensible constrains
at high x

occ(€"p) e x| (1-y*)D+U |
Gec (87P) X|:U +(1- yZ)E_)]

Improved precision of 6
By combining H1 and ZEUS
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PDF Fits on HERA | Data

Standalone PDF Fits HI and ZEUS Combmed PDF Flt
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Impressive reduction of uncertainties of combined PDFs
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Model uncertainty: variation of charm and bottom mass, starting scale Q,?,
Q2. of included data, strange and charm fraction at starting scale

12

 April 2008

HERA Structure Functions Working anup -



Comparison to Global Fits

H1 and ZEUS Combined PDF Fit

H1 and ZEUS Combined PDF Fit

1 > ’ 1 i . :J,'"'If " T 00 1 :
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| & -
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0' .| T g=——rT11 0 b [ |
Updgs it 10 1 10* 107 10° 107"

MPI Munich

not a completely fair comparison:
HERA combined data were not available to global fitters

April 2008

HERA Structure Functions Working Group

13



dpdyzit

MPI Munich

Impact of HERA data

Pre-HERA uncert. in gluon/sea PDFs

20 —
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Example: W* production at the LHC (Study by A.
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MPI Munich

Future HERA PDF Fits

m S0 far only part of the inclusive HERA |
were used - HERAPDFO.1

=>»Incorporate all NC and CC from HERA I&ll

=>»Include jet cross sections
—>constrain high x gluon

=>»Include charm and beauty
-> flavor decomposition of the sea

=>»Charged & Neutral current cross sections
with polarized e* beams
—> constrain valence quark region

15



Charm & Beauty Structure

Charm and Beauty production in DIS
Is driven by gluons in the proton

Charm tag: reconstruct D mesons

Beauty tag: displaced vertex, soft u

T
2,FFN
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Polarization dependence of CC

N ‘ ZEUS
Charged Current e “p Scattering 5 1400 S ) e i
—~120 [ e [ ol e e % - + ZEUS CC (prel.) ép (122 p51} =
= & . § = L o ZEUS CC (P=0) ép (16.4 pb') |
= ep - vX . o 120+ — SM (ZEUS-JETS) ~
S + e H1 Data 2005 (prel.) - = E g
0, © H1 Data 98-99 . " 1ogl 5
I "o 4 ZEUS Data 04-05(prel.) | i) - .
IS A ZEUS Data 98-99 _ S - ]
S, % 80 —
80__ "6. e’p - WX __ E 7
_ e, i ® H1 Data ! 60 -
- L A ZEUS Data . g 4
= R . — Clear linear _
-~ SM (H1 PDF 2000) . i dependence o
40— ;y — T on polarization i
e & : — D_l [ ] TR | TNy |:
i = 1 0.5 0 0.5 1
= — P,
291 3 Q? > 400 GeV? 1 "
i y<0.9 =
T T T @ Consistent with
dpdyzit - -
Pe SM prediction
MPI Munich
c(CCRrH) =0

Input to PDF fits: Double differential CC e*p cross sections




Polarisation Effects in NC

| V]

Fo= F] — (vex Peac)xzF3? + ((v2+ a?) + Pe2vea))x3FE
By — — (ae £ Pove)xzFy? + ((2vcae £ Pe(v? + a2))x%FZ

o

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 F2
¢, ~0 Pol
. F2 s Order, ] iPeC‘!EXZF;Z G(Pe 9) - G(Pe 6) > FZTZ

2 2 ~Z
-- F, : 20 order only, ~ + Pa, x, F;

dpdyzit

® Polarization effects expected only at EW scale, i.e large Q7

MPI Munich
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NC Cross Section Asymmetries

0.8 _ H1+ZEUS Combined (prel.) _:

0.6 |

e A* t

m A |
— H1 2000 PDF
— ZEUS-JETS PDF

10° 10

Q? (GeV)
ox(PRr) — cz(PL)

0.6 |
0.8 |
dpbyzit =1
MPI Munich
2
A:=
Pr-PL

5+(PR) + G:(PL)

Parity Violation

due to vZ
interference

At high x,
assuming
SM couplings

Lhr"'dv

A: ~
4uv + dv

constrain d/u
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OPEN ISSUES




Open Issues (I): high x

2 Q" = 3000 GeV~ E Q" = 3000 GeV”
Inclusive cross sections ol S— e YE
at high x: . ™~ .
. 4 «HLNCe, CcCe™ 1 +HlCCe" ?\\
NC e p:ooc—xu , TR H e A,
9 " Q" = 8000 GeV"~ " Q" = 8000 GeV~
1 1
__________ .
R e —n —
CC e p:oocxu . . L e
+ 2 \"‘ oo MRST2001 %,
e P.ox (1— y )Xd H1 PDF 2000 A N SR CTEQS \
107 “ 0~ k
o™ ! 10 1
X X
Quark distributions can be 5 B
extracted with minimal I L R O Ex=01 o e
corrections from QCD fits "o Rmesetenter oo n
10 x;_{%l_s,--w-u_-..t_‘_l+"_ 1 '.(;P"_E hhhhhhhh N T
x=025
=4 Webegilg, ., T e =
. . v B
Reach in x limited by detector E . R
ﬂr-ﬁg?f!‘ x=04 | 1a x=04_ '6
. . =1 '-.'-'.““‘t"-\b—au_.-.._,*.__ =1 e, O
| acceptance, hadronic final state -« : e =
WMt goes down the proton beam line St g O
u: melX - 065 10 - 2 3 ' 4 10_: 2 3 4 =
. - 1o~ 1o 10 1o 10 1a
d: X0 = 0.4 Q1 GeV? Q*/ GeV*
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dpdyzit

MPI Munich

Open Issues(l): High x continued

Events at high x
at acceptance limit

Poor resolution for x

—>cannot measure
differential c at
X,Q2 point

Measure integrated ¢
for x> Ximit

o larger than expected

PDFs at high x

foc(l-x)=f—2250

Constraint by shape
- underestimated
uncertainty?

d’c/dxdQ? (pb/GeV?)

—
- o

-
Q

—

—h —y
(=] o
f:ﬂ -y

Here HERA | e*p, ep see backup

L\tf: 648 GeV? | Q°=761GeV® | Q%=891GeV® | Q?=1045 GeV?
[ ] E\ - m
'\'i:ﬂlzd GeV? {:1431 GeV? | \i:ius?: GeV® | Q°=1951 GeV*
e [:] \\
i " o
. 5{:22?3 GeV? r\cz:iiﬁu GeV? ;‘{2:3::?3 GeV? Q*=3568 GeV*
g o a F \q\'\
2 F 1:! 6
AL Q%=4145 GeV® | QF=4806 GeV® | Q°=5561 GeV® | Q°=H966 GeV’
_‘“\.\ _"“-\.._ L =
L -
i . \ ~ e
& R F & | k}\

- o 2°=9059 GeV?

e

L Q*=15072 GeV?

~&

N

Y

* ZEUS NC e'pVs=318 GeV L=66 pb’
o ZEUS NC e'p (int.Ns5=318 GeV L=66 pb’
J 88% CL limit

SM NLO CTEQsM

05 1

0.5

1
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Open Issues lI:
Light flavor decomposition of the qq sea

PDF fits conventionally assume | 4.4 n1) | AU (H1+BCDMS) "

Py 1 F
= x>0 : e »
F ST % k r i
Y P | 0 fo s i R
L B - experimental errors
L B = model uncertaintie

experimental erors

~oere cTEGS ] r e TG

NMC found d # u at medium x

Here is what happens when
the xd — xu constraintatlow x £
is relaxed b o

H1 only (HERA 1) H1 +BCDMS

xP(x)

A deuteron run at HERA
Could have disentangled
the light flavor sea

=p =p

1 1

H1PDF 2000: Q° =4 GaV? ©

axperimental errors
mods] uncertainties

uy|  —— parten distribution

1§ Q GeV
2 - ep e .‘-i]]lll].[?\IR.‘\'”] c I“:I::I.‘I I”“1"C .:I I””;;-I I ‘.““!I;: - :jd n.: :j-: X
; ". Poorly constrained Fit stabilized by

B e

MPI Munich i Ssiimali | fixed target data
028 T ettt AttempttofitUandD  (sum rules help)
o Only one input: F, ep

23



Issues at low x? Low x = High y !

* Neutral current DIS cross section expressed by structure functions:

dZO_e—p—>e—X - 272'(12

dxdQ®  xQ' (“(1‘”2)‘(5(&@2)—5—25(X,QZ)]

o J/

'

+ =
Y, =1+(1-y)’ o . Reduced cross section

Rosenbluth plot

fixed x, Q2

o,

Measure o, at fixed x, Q2 but varying y

Apdgzit

MP! Munich y — Q2 / SX \/_ =€ep center-of-mass energy
Varying y >varying s -> dedicated low E, runs at end of HERA

24




Coss Sections at low x, high 'y

m o, measured at ZEUS
3 different /s i 2of Q" =24 GeV?

m comparison to ZEUS-
JETS PDF prediction witt , . S
F. = F (QCD) and F =0 |

-t
o
.
;
’ .
’ P . -
- -
/
!
Pt ——————————
.
.
, .

m F, causes suppression
at IOW X ELZ'O‘ Q'-80GeV? |

—t
Q
////

= Small effect but big | zeusaers
enough to extract FL

Apdgzit

[=] -t
[4)] [=]
r e

- A \'s =251 GeV J
--c(F=0) * \'s = 225 GeV

= B e =
and F2 " "
25




Extracted Structure Functions

Simultaneous extraction
of F (x,Q?) and F,(x,Q?)

Error bars: experimental
errors (stat & syst)

Data support non-zero F,

Consistent with
expectation from QCD

o™

L]
]

[N

ZEUS

1.5F
1.0

0.5

Q? =24 GeV? |

Q2 = 32 GeV?
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Longitudinal Structure Function from H1

H1 Preliminary FL medium & high Q2

' . - . -
(=} 1.5 Q=12 GeV* Q° =15 GeV° Q° =20 GeV* OF = 25 GeV°
S i : = - FL from
4 0.5:\%_\_\_—' \!1*\ . .
L o T medium (published) and
1.5F 2 = & 3 2 = & 3 2= & 3 = & H H H
ol Q7 =35 GeV® ] Q7 = 45 GeV® i QF = BD Ge\® i OF = 90 GeV* hlgh Q2 ana'ys|s (prellm)
0.5 \ﬁ\#\_ L
n- - - -
1.5¢ Qz=1T GeV® 3 Q? = 150 GeV? 3 Q° =200 GeV* 3 OF = 250 GeV*
1k E 3 E
0.5F '\R_\' \“ﬂi\-
of ] | ] ] \ﬁF
1.5F QF = 300 GeV® 3 QF = 400 GeV? 3 Q7 = 500 GeV® ] f — B50 GeV®
1_ - - r
05F ﬂ]\_ 3 \—I" \{‘
n_ - - -
; . . - . . ’ -
1"?, o - 800 GV 105 102 10" 10° 102 10" 10° 102 10! H1 Preliminary F
- - — H1 PDF 2000
U.g \‘]'l' ® H1(Prelim.) @ H1 (Prelim.) CTEQ 6.6
. . . E, =460, 575, 920 GeV - E, =460, 575, 920 GeV -~ MSTW )
10° 10 10" — H1 PDF 2000 N
x [ &85 38 - % @8 88 x38 BR B o
1_)(33 26 888 ©§ 96 a9 g4 9o
e Consistent results from [
0.5

H1 and ZEUS

MPI Munich 0

* Very successful low E, program
at the end of the HERA era 0 T T T T

Apdgzit
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Low x, Large Parton Densities and Saturation

N
L

N
\/

\ 7

dpdyzit

MPI Munich

Rise of pdf should flatten
with decreasing x

at fixed resolution
scale (Q?) go to
very large hadronic
center of mass
energy

Q2
Q2 + W2

lowx ==

ultimately expect
partons to overlap
(.saturation")

A
“| S 1n=
T T

No saturation observed at HERA

3.5GeV: [

107 1 107

—— ZEUS NLO QCD fit
—— HI1 PDF 2000 fit

+ H1 96/97
= ZEUS 96/97

BCDMS
E665
NMC



The Birth of Experimental Low x Physics

= [
QE‘Nl.ﬁ_— ‘

1.4

1.2

1

0.8

0.6

0.2

0.4

dpdyzit

MPI Munich

Q’=15 GeV?

ZEUS 96/97

H196/97

NMC, BCDMS, E665

CTEQSD

MRST99

©OF,/ alnQ%),

o

10

W _3. L 5

o o
et ~J

=
n

0.1}

0.3}

0.2}

o 4(\5\ CeV?
L 10.Gev?,

. 5'GeVt,

3 Gev2.

eoss H1 9697
==QCD fit (H1)

H1 Collaboration

- Biggest HERA discovery: strong increase of quark density

(F,) and gluon density (d F, / d In Q?) with decreasing x in

newly explored regime.
* Low X, "large’ Q? is high density, low coupling limit of QCD ...
* No saturation observed yet - probe at even smaller x
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LHeC Inclusive Kinematics

T naaaamane e e Ee — 70 GeV
S 106, _ _
o HER A Experiments: / Ep T 7 TeV
103! I :fus .:,,/ | B
Fi;ed Target Experiments: » \/g — 1-4 TeV
ol == pay | (5 x HERA)
‘“sé e bl - Extension to higher
o2 ' - Q? in x range covered
by HERA
10
- Extension of low x
b 4 (high W) frontier
e 0 i W <14 TeV
Y aw® me o™ wt ot wm 1

MPI Munich

x>5.10" at
. * Unprecedented lumi = 1033 cm=2 s lll Q° <1GeV?

- eA mode possible using LHC ion beam 20



The LHeC for Low x Investigations

2 modes considered: LHeC — Low x Kinematics

1) Focusing ‘% INCREDIBLE
magnet To ‘(\{ 107 & E=7000 Gev LOW x

optimise lumi MACHINE!
.. detector '

acceptance to
170° .. little
acceptance below
Q?%=100 GeV?

O . E.=70 GeV

= HERA E'zﬁmf

10

2) No focusing .. _ ' =
acceptance to 1
179° - access - &
to Q%=1 for all x : A

MPI Munich (X S 5 X 10-7 |) r il . )

Lumi ~ 1 fb-l / yr' 10-1 | | | L1 111 | | | 1 11 11 | | | 1 L1111
107 10 ° 10°° 10
N

o

dpdyzit




Apdgzit

MPI Munich

Summary

Precision measurements from HERA

inclusive NC & CC cross sections
structure functions
parton densities

Issues:

valence quarks constrained by NC & CC at high Q?

d, will remain less precise than u,

sea quarks obtained from F, at low x .

possibility of an asymmetric light flavor sea d-u#0

gluons from scaling violations, F, jets, vector mesons, cc bb
ultimately precision to be seen, final uncertainty at high x?
high x: extrapolating towards x—->1

How to assess uncertainties?

low x: When does the strong rise saturate?
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