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Deep Inelastic Scattering

DIS is a straightforward tool to probe p structure

® Virtuality: Q* =—(k—k')*
=>» Spatial resolution of probe 4 ~1/4/Q

® Bjorken scaling variable: X=Q%/2pq
=» Momentum fraction of struck parton

Experlment measures Cross sectlons =» Structure Functions (SFs)
d o 272.0[ .........................................

dxdQ> Q* VT L blll 2

2
Measure in terins of: If proton is d’o — 27[0{ x{y* +2(1-y)}

» Mom.frac. of g point like > dxdQ*  Q°
» Spatial resolution

» SFs parameterize target structure, 1. how far from point-like

> Why two structures?
—> As seen differently from the two status of the probe ¥ ™ (L, T) 2



SFs and PDFs

Theory interprets : SFs = Couplings X Parton Distribution Functions (PDFs)

S . .
® QCD factorization in matrix elements and PDFs e - q
PDF=represents probability that a quark carries o £
momentum fraction between x and dx. q | IME
. p - I'*-'t
® pQCD: o Sum of Quark PDFs —Fp
i 2 — pdf
Spin-1/12> F,=—— (o +o0z)=x2e, (+Q)
dra
2 .
: Proportional to Gluon PDF -
Spin-1-> F = Q > O ¢ XQ P i Quark split
dra gluon splits % SO :’arl S
. . . . _ into quarks & glpfi)tsg uon
F, 1s dominant in cross sections - . S —
(F/F,~0.2 only at high y)
At: > LO %: 'E‘E :’f‘fqmm;k 2 h e “Son
. . -,;.5 \ Valence g \ Ej T, THAEK
PDF 1s not that static = e, e Valence < -
5 1 = \ quark Y , Valence
—> “evolution” as Q? grows. <& S - . & \ quark
momentum momentum L
StruCture depends on fraction x fraction x e Ty
. . fraction x
resolution to see it. —

Increasing resolution (large angle scattering = large Q2)

- FL is not zero.



Determination of PDFs

. DO, CDF (jets)
® pQCD c.:an.not predict x-dependence of New data e
PDFs a priori correlations
® But, once the input x-dependence at a 106, _
certain Q2 is given, DGLAP evolution z Iljl}’ SR L
. - €T COVErage
describes Q? dependence of q(x,Q?) % o Smiuer m.rm.sg
0 2 PQQ PgQ ® ) 1':'4% Fr—Qsea
—a 2| :
onQ*(xg) |\PoP, ) \xg 0% 9, /91nQ f
0 10°E i
aTquNs = 0Py ®0ys E
10 & :

=> Initial PDFs at Q?, are determined by a

3

global fit to various experimental data. {
>< PDF are not observable (but F, are) I:"Ifa-ﬁl e e e E e
—> Universality should be checked in various processes CCFR/NGTEV
i) F,, xF
» HERA plays significant role, in particular: 82) &4-”-_3.% s
-- Gluon At x=10*to 10! FFwD oA
-- Sea quarks (LHC main kinematic region) |
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HERA Legacy
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» NLO pQCD describes F, over:
-- 4 orders in Q?
-- 3 orders in x
» Scaling violation excellently described
=» DIS-invisible gluon could be
determined so precisely from this scaling

violations: 8F2
—— C a XJ 5

0lnQ*



PDFs : Remaining Issues T s
Are we done? =» No! | -
@® Direct determination of gluon o
@ Flavor decomposition of quark PDFs ol
Notice: with the inclusive F, (most precise) d W4
9 DiI'CCt knowledge iS: 10t M=100GeV i it i 2
-- Sum of (quark + antiquarks) 10 L
—> Gluon is indirectly from F,’s slope w /.
@ High Q?: & DGLAP validity T L
= xF3=1Z (g-gbar) , valence quarks, “f target
arising from Z exchange effects 1o bttt

®

@0

LHC parton kinematics

107 w100 1wt 1w 100 10’ 10"

—> See J. List’s talk .
High x : =» NP with large mass at LHC, Tevatron
= d/uat x=17?
Low-Q? transition : = from pQCD to Hadron picture
Very low-x : =» In(1/x) resummation (not discussed in this talk)

» New ideas, measurements, techniques, analyses are coming up
=> as you’ll see in the following slides! 6



@ Direct determination of gluon

- Jet @ Hera NLO QCD fit including Jets

- FL

ZEUS
L L I B
. — - . < o f 0BS
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@ Direct determination of gluon

Errors of Gluon PDFs

-- Jet @ Hera
-- FL

5
)
» Gluon determination improved at g
Medium-x: 0.01-0.3 owing to Jets 8
W/O Jets 5
e =)
With Jets, -,
» Also, jet helps to constrain @ :
=>» alpha_s was determined precisely
compatible as the world average!
ZEUS
X?2Vs. O
R ol ZEUSHit ]
§ e with jet data
S o without jet data i
15 With Jets
| O worldaverage j
(Bethke 2004) 1
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@ Direct determination of gluon Qz

-- Jet @ Hera EL F.=——o0_ xXg
-- FL = 4rre
> |:L
\3 2 2 44 29 . . . O = 5 —_—
& Q" = 0.75 GeV ® “Shape Method” : Fit cross sections with:
i . . +
W T - A is extrapolation from low-y _ﬂ
o F F, =X
6 r
osll 3= | Extracted F_
: \{\ S - @’=0.75GeV’ - @=1.35GeV - @P=2.20eV
I - x 06 ¢ C N
0 et ot -
. Q* = 4.2 GeV*
LA
I Ll HHH:HH\ Lol HHH:W\ T B
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L 0.6 B X
i i ® H1 svtx00 (prel.)
04 I m H1 mb99 (prel.)
0 Lol PEPPHO REFRTOTIF M. L A H196/97
10° 10°* 107° 107 o2 | | — NLO &, fit (H1)
X <t —— NLO fit (ZEUS)
. . N r — NLO MRST 2001
» Large uncertainty in theory © | : — NLO (Alekhin)
. . L - -+ = NNLO (Alekhi
=>» Data will help to constrain — “oiogssbal sl (Aekein)

>< This is not a model-independent extraction 9

H1 Collaboration



@ Flavor decomposition

- cC CC DIS : Flavor sensitivity

-- Heavy flavor SF

_ HERA e'p Charged Current
Probe with W-boson

: O H1e'p 94-00 — SM e'p (CTEQ6D)
L'f-*._EC_,,V o ZEUS e'p 99-00 iliéfg)(dﬂ)
g lb 2 :HH‘ LI \\HH‘ T T \HH:\:HH‘ T T \\HH‘ T T \\HH::HH‘ T T \\HH‘ T T \\HH:
W, S 15 % Q°=280Gev? T+ Q°=530Gev’ | Q*=950GeV’ |
;};\ I . i |
P d.xh 1 - *;* *;* *;
Tl 05T : 1 i
® Flavor selecting nature ofCC,O + g i 4
0 i T ] : :
Gec (67 P) o X1 - y*)(d +S)HU+C)] o6 E E i
o hnmmmmmmmmmsmmmses 2 uy .—...:h. ...0.4 i 5 j 7:
Occ(@ p)ocX[(u+C)+(-Yy )(d+s)] ) ] ] ]
0.2 - ] ] 7
® In particular, d-quark PDFs: 0.2 Es L o
- F,(NC) ~4u+d 0.15 T 010
-u~2d 01+ N ]
=> Has been less determined . | PANES %\%\ E
(¥ N gives best sensitivity) ST PR i Ve c P RN e
-2 -1 -2 -1
» HERA CC will give cleanest 010 010 0
X

determination (w/o heavy-target coor.) on d-quark PDFs



@ Flavor decomposition
--CC
-- Heavy flavor SF

OD*>Knmn
® Displaced vertex by signed
parameter € New!

» First measurement of F,° !

CcC bb
F,c¢, Fbb

impact =

» F.c: D* and impact parameter

analyses agree
» c and b fractions increase

with Q?

-- ¢ fraction up to ~ 30%

-- b fraction up to ~ 3%

> Big prospect at HERA-II

- See B.Kahle’s talk.

Fraction of cc(bb) to total o

2

HI1 Data
o fcc = fbb

x = 0.0002

x = 0.0005

10 £ x=0013 x =0.032
i " H1 Data (High Q?)
- E yFF L fbP
B | | \ \ L 1 |
10 L1nl 1 L4l 2\ Ll 3 Ll 1 Lil -2\ Lol 3
10 10° , 107, 10 10° 10
Q?/ GeV? Q*/ GeV?




@ High-x ] ]
New technique to access high-x

Experimentally difficult as recoiled

guark goes close to the beam pipe S
® Events can be tagged by e ele;tron
® |f we do not see(any jetat ) ol remnant /
- N> 0.12 (Et > 12 GeV T- 5 Beam
- Collect such events in 2l e ﬂ p B
a single bin, X > Xgqq 1=z oo
-> Measure integrated cross ¥
section in the bin, x > XEdge @
FCAL BCAL| RCAL

ARRE AR AR RN
NN N ANRNANN

- (1 jet sample
| EE Oljiet samgl.e
&JZEUS published

\i\\\ i\\\i
\\\\i \\ﬂs\
T T i

® For events with jets:
-> use jet for reconstructing x

Q% (GeV?)

N € Finer bins as resolution
’ Improved

10°

/7

12




@ High-x

d?c/dxdQ? (pb/GeV?)
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— ZEUS
Edge
10F \‘-\.\.\l 4 10F 1 10F 1 10F E
A T e
F a3 | 1 | : 5
10'F @ ZEUSNC (prel) 9900 "p q10'F —Eﬁ 10 {10°f ]
F O ZzEUS NC (prel.) 99-00 €' p (integ.) E 3 E ] F 3
102 CTEQ6D 10 102 102
E Q%= 576 GeV? T1° F Q*=673Gev2, 1° F o?=785 Gev2 17 F Q*=915Gev?, l
107 10‘1 1 107 10" 1 1072 1 1072 10" 1
1of 1 1fF 1 1
1 r \.\.\k.\l ; l!' \.\.\I\.\' -! 10™ r 10'1;' \-\-\-\.\l
0 f 407k 1 | i
1 F g J0’F 4 1o'2 -
-2 £ 3 E
F Q?=1065 GeV? | T1° F @?=1237GeV? 1= [ Q°=1438 GeV?, [ Q°=1667 GeV?2,
10° 10" 1 10'2 10‘1 1 1072 10™ 1 1072 1
1 3 ' E 1F ' 1F ' 10'1 3 y
0 \-\! {0k \.\.\.\l\. 1071:5 \.\l\ 1072 . 3
107 F 10? g— 10'2 g— 10'3 3 —I
F Q°=1928 GeV? F Q°=2228 GeV? F Q°=2576 GeV*, F Q*=2977 GeV?,
10° ‘1 1 107 0* 1 1072 10‘l 1 102 10* 1
10tk 10‘1! 10‘1; 10'1_r ' 1
72 ‘.\.‘\ 4 ‘-\‘1..\ o 2 ]
OF i i ; 5
3 E‘ -3 E' -3 E— _;
10’3 3 ni - . __ .4: 0
| 0%=3442 GeV? F 0°=3972 GeV? ] [o?=4568 GeV? ] [0?=5253 GeV? —
1072 10 ! 1 1072 10" 1 102 10" 11072 101 1
X
» Generally in good agreement, data tends to be slightly higher
at the highest-x 13



® Low Q? transition

Techniques to access low Q2

Shifted-vertex runs

> \ Shifted IP |
4| (v e | .;
Q 2E E (1+COS6’;) e — ‘—fL—“*___?"'i"i
.......... o n
L 70 em
;Z,ﬁ:" = SpaCal

Lower initial energy

QED t Special device (beam-pipe CAL)
compton,

Initial state radiated (ISR) events
Ik BPT

/ Beam Pipe
[ " Tracker
k — — 1832mrad &
" " gy

Beam Pipe o
Calorimeter
Af
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®

Low Q2 transition

F, @ low Q?

® I, by Shifted-vertex + ISR =»

® “Slope” of F, rise:
—-F2=cx*

A slope vs. Q2
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summary

® HERA has provided most precise inclusive structure function
measurements, which brought significant improvements to our
knowledge on proton structure

® For further more comprehensive and complete understanding of
the pQCD and proton structure, new analyses with new techniques,
iIdeas, and large amount of luminosity @ HERA-I1 are on-going.

-- ~200 pb- already collected @ HERA-II

-- Possibility to have dedicated low energy runs for F_

=» Understanding the whole proton structure is a real big project,
we have just marked the first step.
=» Stay tuned on the HERA, “super microscope”!
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