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Structure Functions F, & I,

e the DIS cross section can be written as

do 4na’ 1l ) y2 )
g (1Y) a0+ 5 20 Fix, )

4’ 1 E' @ , ® Q2 , 0
= - b T+ —= G x F,(x,0in’—
0 xE ))cos 5 2x2Mi X 1(xzD;1n 5

e comparison with Dirac formula

do ? 2@ Q2 . 2@
5 COS —+ >SN ——
dQ 2M

E !
E

_41'ro<2z2

o 4
Dirac Q

2> F, corresponds to electric field of the parton

2 F, corresponds to spin of the parton
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Scaling: F, independent of Q?

A

3 SLAC 1972

o+ 6° o 18°
0.5 X 10° A 26°

: e:s P o XX *¢+ % %

0.2

o1 k x=0.25

0 1 1 i | 1 1 2 ]
0 2 49 6 8

Q%[6eV?] —  m

independent of Q?, we always see the same partons (=quarks)
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(Naive) Quark Parton Model

* proton consists of 3 A
partons, identified with

the QCD quarks

* during the interaction 2p
proton 1s ,,frozen*

* clectron proton scattering
1s sum of incoherent
electron quark scatterings

e proton structure 1s defined
by parton distributions

Fyx, 0)=xY ¢q(x)
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How does F»(x) look like?
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How does F»(x) look like?

A quack ‘

Three valence guarks

%b; - M.g - ,
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How does F»(x) look like?

0.4 2 (GeV/c)? < @2 < 18 (GeV/c)? —
g ]
=03 -
LLC\I
what happens |
0.2 ]
at low x? ut
T
0.1 “‘o B
n  ad |
0 | | | | l | J “% 20 |
0 0.2 0.4 0.6 0.8

from Povh et al., ,,Teilchen und Kerne*
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Scaling Violations

Deuteron x=0.008
(x 4.0)

* NMC x 4. [ ' ot
© SLAC 0.0125

x=0.
o BeNS + 3.2 W J‘(:%y)

Fo(x,Q%)
Fo(x,Q%)

0.5

T

01 Deuteron | Pty
e NMC "

i T x=0.50
: Agac ' T FPopg (x 1.0)
O BCDMS
[ | Lol N EET AT
1 10
Q2 [(GeV/c)?) Q2 [(GeV/c)?)

at smaller & larger x, the amount of quarks depends on Q?!
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Parton Evolution

* number of partons changes with Q?

* (Q’ can be interpreted as resolving power: onc(h/ ?\)2

2.
(6 N small Q<
i q, Intfuitive e many partons with large x

" picture

.

* (nearly) no partons at low x

large Q2

* less partons with large x

* more partons at low x
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Skaling Violations

large x: small x:
quarks radiate gluons, gluons split into seaquarks,
so the studied x decreases so more quarks become visible
- F, decreases with increasing Q* - F, increases with increasing Q?
Q* Q*=Q,’ Q*>Q,’
o s ___—

(001 0000
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DGLAP Evolution Equations

9.(,d)
9(x Q)

—

X

e

i1
-

|7

‘}f} i

7

i

%

A

®

94.(x,Q)
g s

P foo@d = 2 R fy, Q)

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted

* no prediction for the x dependence —» 1nitial

condition needed
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HERA Kinematic Range
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Events 1n Different Regions

|
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p, + 10 7 ¢
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F, vs. Q°

* HERA data cover
huge range:
5 orders in Q? and

4 orders 1n X

* approximate
scaling at large x

* clear scaling
violations at
small x

H1 and ZEUS Combined PDF Fit
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F, vs. Q*: example bins

* clear scaling
violations at
small x

* approximate
scaling at large x

0.8
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H1 and ZEUS Combined PDF Fit
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How does F»(x) look like?

Q* =12 GeV*

® H196-97
A BCDMS

= QCD Fit (H1)

"
—_—
T 11 | T T | T T 1 | T T
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F2 VS. X

H1 and ZEUS Combined PDF Fit

—_
NO’ Q' =2GeV’ Q' =27GeV" Q' =35GeV" Q' =45 GeV"
o1 |- - -
~ -.“. }.'Q.
b hC e
- —
LR Py
0 sl el vl vl o el vl il vl vl vl il oMl sl ol 1
Q' = 6.5GeV’ Q’ = 8.5 GeV’ Q' = 10GeV* Q' = 12GeV?
1 (— (— (—
0 B |H|I| ||||| IIIH‘ |H||I| 11 _||||| |||H|| 11 IIJ HIIIIl 111 B |||||| ||HI| ||||I| \IIIIIl 111 |||||| IIIIH‘ HIIIII 1 III 111
T Q=15GeV’ [ Q'=18GeV' [ Q' =2GeV' [ Q=27GeV’
L B ol r r
0 B |H|I| ||,||| IIIH‘ I\Ilgl 11 7||||| III\,\Il 11 IIJ HII!' 111 | |||||| II,I\Il ||||I| \Illgl 111 7|||||| IIIQ\‘ HIIIII 1 2‘ 111
o QT=35GeV? | QP=45GeV: | Q=80GeV' | Q'=70GeV’
B . B B B
s L L L
0 sl sul vl 1ol conel vl v ol ol ol coed Sl ol el 0
4 - [ 4 4 -3 -1 -3 -l
Q®=%0Gev: [ 9°=120GeV’ 10 10 10 10 X
. L ® HERAINCe'p(prel.)
- - B HERAPDFO.2 (prel.)
B B (exp. uncert.)
0 |H|I| ||||| IIIH‘ |H||I| 11 ||||| |||H|| 11 IIJ HIIIIl 111
107 10t 107 10"
X

April 2009

HERA Structure Functions Working Group

0,(x,Q%)

0.2

H1 and ZEUS Combined PDF Fit
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DGLAP Evolution Equations

9(,d)
9(xQ)

X

: %} “3@,@)“

(x,Q)
@ %

A

P& {6, @) - f‘f;l’ ) (,Q%)

* (Q? dependence of quark densities q(x,Q?) and
gluon density g(x,Q?) is predicted

Katja Kriiger

Physics @ HERA

20



Parton Density Fits
DGLAP predicts only Q? dependence

2 assume parametrisation of the parton density functions
(PDFs) as a function of x at a starting scale QO2 (typically

around 4 - 7 GeV?):
x q(x, Q(Z))zAxB(l—x)C[l—l—Dx—l—E xz—l—Fx3]
> evolve the PDFs to all measured Q?, calculate F ) and fit

the parameters to match the data

@ some freedom 1n the procedure!

- how many parameters, which Q 02 ?

- how to combine quark and antiquark densities?

Katja Kriiger Physics @ HERA 21



Parton Density Fits

quark and antiquark G S

densities: §

e most general: u,u,d,d, Ny
s,5,¢,c,(b,b) 5

e distinguish valence and sea -
quarks (ZEUS): 1
u,d  sea,d—u s

o dlStlIlgU.lSh up_type and 0 T L 1] H;E‘;‘O_“* 103 102 101 1
down-type quarks (H1): 15| ] Q'=10Gev
U=u+c, D=d+s(+b) o0 L e
U=iu+c, D=d+5(+b) ; - 5‘*
—u,=U-U,d=D-D "o 0 w1
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xf

Combined H1 & ZEUS Parton Density

H1 and ZEUS Combined PDF Fit

April 2009
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combination ofxdata from HI and ZEUS
gives big improvements!
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Longitudinal Structure Function Fy,

e (Callan-Gross relation 2 x F; = F, only true in naive
Quark-Parton-Model

* the longitudinal structure function Fy, 1s defined as Fp =
FJ—ZXFH

* FL 1s directly proportional to the gluon density

e for a measurement of F; one needs data at the same x

and Q?, but different y

d2 4 2 2 2 2
O AT Ly )| Fyx, ) - 2
dx dQ 0 x 2 1—y+y7/2

FL(X’ QZ)

* only possible with different s because Q* = xys

> measure at different beam energies!
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Longitudinal Structure Function Fy,

..................

*
e E =460GeV

Linear fit

Q% = 25 GeV?
X = 0.00049 X = 0.00062 X = 0.00076
* ; s
,} ® ]
X = 0.0010 X = 0.0016 ~ x= 0.0025
" HiData
; ' m E,=920GeV
LR - E_ =575 GeV
; g

..................

02 04 06 08 0

02 04 06 08 0

0.2 04 06 038
Y21y,

B x0' 1 do
2’ Y. dxdQ’
2
=Fy(x,0%) = 2= F,(x,0’)

+

with Y, =1+(1—y)

linear expression in
yY,

use linear fits 1n

y*/Y, and determine
FL from slope
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Longitudinal Structure Function Fp

H1 Preliminary FL

ZEUS

:\1-'.
q ¢ HI1 (Prelim.)
» — HI1PDF 2009
-~ E, = 460, 575,920 GeV
TR
0.5
¢ !

;

Q2 = 32 GeV? ]

ZEUS: simulatanous determina-

tion of F» and Fr

consistent with PDF fit to F»

most precise information on gluon e e
still from scaling violations
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High Q% &
Electroweak Physics
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More Structure Functions

F =F —-2xF =0 in the QPM

+ Fz(x’Q2) o %[FL(X’Qzﬂi i_x[F3(x’Q2}

- +

d’ o, B 27TO(21Y
dx dQ’ 0" «x

F.:y—Z"—interference

¢ e
>
iz’ Y, = 1=(1—y)’
> o F relevant only at large y
) e F, relevant only at large Q7,
> different sign for e* and e~
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High Q? Neutral Current

Neutral Current (ep — eX)

o 103 T T T T T T T T T TTT] T |
. 0 H1 , .
o dlfference g 102 H1 HERA I+l e p (prel.)
-g_ o H1 HERA I+l € p (prel.)
between e*p o 10 E H1 2000 PDF e*p
de 1 g —— H12000 PDF e p
and e p only s b ;
at large : , :
107 M =
2 ey M2 Z -
Q ~ vl 5 -
102 £ E
> 0 :
y—24 — 10°F  y<0.9 ;
interference ook Te=0 4
= s =319 GeV )
10° £ ~
10-5 I L1111 |3 : 1 ]
10 10 Qz (GeVz)
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High Q? Neutral Current

104, .
© x=0.08 (x10000) — g ggosE-eBoRE-B--B-5 "

= x=0:13 (easi) —mﬂaméﬂ—ig\

~ x=0.18 (x500) —e-o—e—.ra-a-ﬁn-a-g—i—g_g‘\g\

10

107 ¢
- x=0.25 (x100)
10

10

10

10

HERA Neutral Current at high x

10°|

= x=0.40 (x5)

s x=0.65

T T T T || T T T 1T | T T TTT
o Hl ep o H1 e"p 94-00
o ZEUS e'p 98-99 o ZEUS e*p 99-00
.- SMe'p (CTEQ6D) — SM e*p (CTEQ6D)

2 3 4
10 10 10

Q? (GeV?)

XQ4 1 d2 O-EC

2o’ Y, dxdQ’

o=

€~ positive interference

e” negative interference

xF3och ez(q—q)

direct handle on
valence quark
distribution!
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High Q? Neutral Current

10 [ 11 ® ZEUS (prel.) etp 0.44 fb™
g | 105 — ~—- R2= (0.6310"°cm)”
B TET b :
Z |eteetette el | R2 = -(0.57 -10"%cm)?
0.95 + q
09 2 4
10 10
1 - ""'.**.-.-t-‘l-.i"*-‘-‘“.l.-**.‘-'-*‘"—!l.rl—!:‘ill"l:':’:. _'...:T:#:::#::: ........
Quark Radius Limits (prel.)

103 1IZI'I1
Q? (GeV?)

* no significant deviation from Standard Model Fit at high Q*

* can be interpreted as limit on quark size: < 0.6 -107'®* m
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Charged Current Interactions

¢y Run 403197 Event 81741 Class: 4567 5 11 19 25 2529 RunDate 6/2/2005

CC: Q**2 = 83656 GeV**2; y=0.83; P_T-118

HDDI_ |

neutrino not visible
1n detector

—» 1mbalance in
transverse plane
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Charged Current Cross Section

2
d’ o G> M: D 2
— = —|—= Y, W— 2wt = xw
dx dQ 41X M,,+Q Y, Y,
HERA Charged Current
N% 1 DR IR EN
e W bosons couple differently to 3 4o | - Tron i 9896
up- and down-type quarks g — SMlep{CTEAED)
3 10 | E
e in the QPM: :
L B L -3
W,=x(U+D), xW,=x(U-D) ™ |
+ (T + 77 af
WZ_X(U_I_D)’ XW3—X(D—U> 10 ¢ + H1 e*p 94-00 et E
= ZEUS e*p 99-00
Wi:() 10~ . — SMe'p (ETEQBD)
— 2 = -6:
> O-CCOCX[U—I_(l_y) D] 0¥ E
+ —_— 2 - y<D9
(chocx{UJr(l—y) D} 0 : .
10 10
Q? (GeV?)
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Comparison NC vs. CC

e at low Q? different . e ERARY
> f 1 . ]
dependences because of  § 1oL K omebiesee)
» g ; 0 ZEUSe'pNC (prel.) :
photon in NC e L o zEUssoNCosss |
% - SM e*p NC (HERAPDF 0.1)
o gt hlgh QZI 10k : —— SM e NC (HERAPDF 0.1) _|
T Fep ]
,,electroweak ! — s
. Y ]
unlflcatlon 10—3 * Hie'pCC03-04(prel.) =
. 4 H1epCC 2005 (prel.) ]
bUt' = ZEUSe'p CC 08-07 (prel) —;
2+ 2 2 2 ¢ ZEUSep CC04-06 ]
d"0 ¢ ~ G . My, Y W 10° SM e*p CC (HERAPDF 0.1) ~
dx dO? A1 x | M2 402 + "2 SM e CC (HERAPDF 0.1) -
, ¢ wtQ y<0.9 N
d o, 2mo’ 1 Paz0 :
d dg(; I . . E .Y+F2 10—7 ] [ ||||-;.:]:!I I [ ||||-;'|J4 I (-
X
Q?%(GeV?)
.. 41T
similar because G, ~ -
V2 M,
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Electroweak Parameters: W Mass

e G=G,

012 |-

- H1

*

I | 1
G-M,,,,-PDF

- M, -PDF (G=G,)

68% CL

—_—

0.115 |- - dependence of the CC
: | Cross section
*  World Average

determined by
normalization of the CC
Cross section

e M =M,

prop

determined by the Q?

. N \ +0.30
L . . w > 82.87+1.82, _0.16) ., GeV
M, (GeV)
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Summary

* 1inclusive ep scattering reveales structure of the proton

* large amount of gluons in the proton

e Standard Modell can be cross checked

H1 and ZEUS Combined PDF Fit
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