Structure Functions at HERA
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0 HERA and structure functions

o Low Q2 data (F,)

o High Q2 results (CC, NC, xF)

o Combined data

o Parton densities functions (PDFs)
o Polarization

o Low energy run results (F)
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HERA (1992-2007)

A NC event in H1




HERA luminosity

HERA dellvered

8

LER/MER
HERA I e*

8

o+
8
T

HERA |l e~

Integrated Luminosity (pb™)
8
—_—

¥
8
—

100 |

ZEMS Colobaration

) ot SRR PRI B AT BT B
0 200 400 600 800 1000 1200 1400
days of running

Last Fill 30/6/2007,

0.5 fb™' per exp., | fb™
H1+ZEUS combined, ~ equal
luminosity for e+p,ep and
LH, RH polarisations.



HERA luminosity

HERA dellvered S el 115
- LER /MER
5 HERA || "3+
O
£
5 400 -
= HER& | &
2
@ 300
&
el
< L
200
100 | : IS
[ i L
s 2 =
0 ) | ] | E I "L

n PRETIRTIN (T S S S PR L1 L
0 200 400 600 800 1000 1200 1400
days of running

Last Fill 30/6/2007,

0.5 fb™' per exp., 1 fb™!
H1+ZEUS combined

,v
y -
- —
‘ll r
5 4 y
b e :
)



HERA luminosity

HERA dellvered

LER/MER
HERa Il e*

HERA || &~

Integrated Luminosity (pb™)

HERA Il "

n L1 PR PRRETERTI (T SR S NS RN N
0 200 400 600 800 1000 1200 1400
days of running

ZEAS Colobaration

Last Fill 30/6/2007,

0.5 fb™' per exp., 1 fb™!
H1+ZEUS combined .
Both detectors dismantled, excellent

work of the DESY technicians and
technical coordinators! S



HERA Kinematics
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Low Q2 F, measurements



Measurement of F, at low x,Q?
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Measurement of F, at low x,Q?2
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Latest Hl measurement

SpacCal Calibration - H1 Preliminary

2000 data added, most
accurate measurement in
the kinematic region
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High Q% measurements
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Neutral Current at high Q2
o(e*) < Y.F, 7Y xF,
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Q2 dependence in NC

Neutral Current (ep — eX)
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XF3; and in NC
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Charged Current at high Q2
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Grx,Q7)

Differential CC cross-sections

H1 and ZEUS Combined PDF Fit
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Textbook plot, the
NC (EW) and CC
interaction (pure
weak) are of the
same strength at
the mass of the Z
or W squared.

NC/CC at high Q2
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Combined H1+ZEUS data
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Combined HERA I data

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

HERA 1e'p Neutral Current Scattering - H1 and ZEUS
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Parton densities
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How does a parton density look like?

Quark splits
gluon splits ol .
w=£ | INto gluon
into quarks 3 :
8 splits
gq pair . & into quarks ...
v ' }l
g ‘ "-i ‘ Ld qu “‘k’ 3‘ ‘ . ‘.‘ “SC'}"
= = 7\ g~ e 8" gy
< | / \ Valence = ! \ Val g £itark
- . < \ Valence <
= \ quark = \ , . \ Valence
= \ = wquar k 5_-3 \
Z N & T \ quark
> > o
momentum momentum >
fraction x fraction x momenuin

fraction x

Increasing resolution (large angle scattering = large Q2)

* Determine xu,xd xS, xg from fits at a certain Qy* and
then evolve in Q% with the DGLAP evolution equations

- splitting functions calculated recently at NNLO
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How does a parton density look like?

— 1
X Q*=1 GeV?
* u,d-valence, |

dominate at high x 0-8:- —— NLoQcpat /0

- XS, seq, it is driven |
by the gluon, 06
dominates at low x -

- gluon, steep rise at ™|
low x |
- evolution with Qz, i <00 oo A
exqmple Wl Th a \x ‘ g 7
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10* 10” 10”2 10" 1
X

Plot from C. Gwenlan and R. Yoshida



Data for parton densities
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TeVatron jets | q,9 high-x
TeVatron W | u/d large-x
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Example from MSTW2008

Data set .-\z.""Npts. Data set ,.\"z,"prts.
H1 MB 99 e*p NC 9/8 BCDMS jip F2 182 / 163
H1 MB 97 e*p NC 42 / 64 BCDMS pd F 187 / 151
H1 low Q2% 96-97 e*p NC 45 / 80 NMC pp Fa 121 / 123
H1 high Q? 98-99 e—p NC | 122 / 126 NMC pud Fa 103 / 123
H1 high Q% 99-00 e*p NC | 132 / 147 NMC pn/pp 130 / 148
ZEUS SVX 95 e*p NC 35 / 30 E665 1up Fa 57 / 53
ZEUS 96-97 e*p NC 86 / 144 E665 pud Fa 53 / 53
ZEUS 98-99 e~ p NC 54 /92 SLAC ep Fa 30 / 37
ZEUS 99-00 e*p NC 62 / 90 SLAC ed F; 40 / 38
H1 99-00 e*p CC 29 /28 NMC/BCDMS /SLAC F; 38 / 31
ZEUS 99-00 e*p CC 38 / 30 E866/NuSea pp DY 227 / 184
H1/ZEUS ep Fsharm 108 / 83 E866,/NuSea pd/pp DY 15 / 15
H1 99-00 e p indl. jets 19 / 24 NuTeV vN R 50 / 53
ZEUS 96-97 e* p incl. jets 29 / 30 CHORUS vN F3 26 / 42
ZEUS 98-00 e*p incl. jets 16 / 30 NuTeV vN xF 40 / 45
D@ 1 pp incl. jets 68 /90 CHORUS vN xFa 31 / 33
CDF Il pp ind. jets 73 /76 CCFR uN — puuX 65 / 86
CDF Il W — v asym. 20 /22 NuTeV vN — pupuX 39 / 40
DO 11 W — fv asym. 23 /10 ATl data sets 2407 ] 2723
D@ Il Z rap. 19 / 28

CDF Il Z rap. 35 /29 ® Red = Update to last MRST fit.

Taken from G. Watt PDF4LHC Feb. 2008



Charm, beauty

HERA F.*
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Different schemes, quite different
predictions, data increasing precision

o

cﬂk) e*(k"n

Boson Gluon Y (Q) |
Fusion (BGF) =

b wood :

/ b
g(xgl’i

proton (P)

0

&
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‘For Q2~m?_the charm
does not act as a parton,
BGF process, massive

scheme (FFNS)

For Q%>m?, the charm

behaves has a massless
parton (ZM-VFNS)

Variable number scheme
in between (GM-VFNS)
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Charm, beauty

H1+ZEUS BEAUTY CROSS SECTION in DIS
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Different schemes, quite different
predictions, data increasing precision
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BGF process, massive

scheme (FFNS)

For Q%>m?, the charm

behaves has a massless
parton (ZM-VFNS)

Variable number scheme
in between (GM-VFNS)
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Parton densities from combined HERA data

HERA I PDF Fit using ® no heavy target corrections

xf

HERA data only e control of systematic errors
1 H1 and ZEUS Combined PDF Fit H1 and ZEUS Combined PDF Fit
"2 2 T & a ‘
Q=10 GeV - ! Q=10 GeV?
% |
0.8 }— HERA I PDF fit (prel.) i 0.8 ’— HERA I PDF fit (prel.) i

- MSTW08 - CTEQ6.5M

0.6

0.4 - i
xg (x 0.05) “

02 N L
xS (x0.05) N, \

HERA Structure Functions Working Group

April 2008

HERA Structure Functions Working Group



W+ Cross Section

Without HERA Data

Parton densities from combined data

W rapidity

HERA | data (one experiment)
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Factorization property in hard scattering

l.e. at
LHC

AN
S = X1X>28

g = Z/d“’ldfcz fi(fUl,Qz)fj(f’??an) 5ij($lx2s’aS(Q2))
i,

\——\/,IJ \_-\/-/

_—
Non-perturbative, parton T
densities, universal, from Perturbative process,

fit to exps. data calculable in pQCD
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PDFs in discoveries at LHC
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c,b contribution at LHC
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PDFs in astroparticle p

10_30,1 T T T 1 T T
[— wN CC (ZEUS PDFs) P
= [ vN CC (Gandhi et al.) -
10_ — -
o
B84 .
5
10 a8 | -
10738 Lot ol bl ]
102 104 108 108 1010 y0l2

E, [GeV]

e o(vN)=[V,F," (x,0") - y*F (x.0) + Y.xF; (x,0°)]

M. Cooper-Sarkar, S.
Sarkar arViv:0710.5303

Update of the neutrino cross-
sections as used in astroparticle
physics, using all tools typical of
a HERA PDF analysis, extending it
to Q%=10'? GeV? and x=10-12.
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Structure functions and polarization
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Polarized CC

HERA Average Polarisation

___ Longitudinal e
“Potarimeter
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Lepton polarization 30-40%, changed every 2-3

months, equal lumi for e, e-, LH and RH. P= (NR-NL) (NR+NL)
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o (Q7 > 200 GeV?) (pb)

Polarized CC
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Another textbook plot,
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Polarized NC at high Q?

ZEUS | o .
o — .2 o*(Pr)— ot () Fj
> 10 ® ZEUSNC,e p(712pbY) A= ¢ — ~ Tka,——
§ 1 — SM(ZEUS-JETS) P_= +0.29 Ppr— Py 0*(Pgr)+ 0=(P) Fy
in. 10" y<09
B 107 F Ff ' i 3 )
5 (e
= 10:: ::::--Zlil'.\'\llifl‘.ﬂnlnwrlnijlly E HERA
:g" 10 10(‘), (GeV?) (a) ! 1 I T I
| 1 ! A | 1 b
10° 10 , 0.8 H1+ZEUS Combined (prel.) .
Q (GeV?) :
o ™ T — —
% 10 ® ZEUSNC,e p(98.7pb ") H1+ZEUS ]
°© 3 ____ SM (ZEUS-JETS) P =-0.27 0.4 [ ? ]
~ ¢ -
= -
8 10 y<0.9 os & ;
By 107 E Ff <t
E 10_3 -;l.l - r
[} l—.‘“‘.CO-GA.-‘--f--A-k-— 0
o 1‘)-4 E::::--7.I'll'S-JL'I'.\'||m‘erlnh|l:' i
.5 " L
10-6 1w’ 106, o) (h) -0.2 C 1
10 Laal AR N i 1
10° 10* 0.4 | .
Q? (GeV?) - . A* " ]
0.6 | " A :
os | — H1 2000 PDF ]
. e S — ZEUS-JETS PDF 7
In NC the effect of P is small, but PR :
one can measure e asymmeriry: 10 10 . )
(GeV

parity-violating effect observed in
NC at high Q% for the first time 39



Polarized QCD fits

0,(e*p) = (V. F) FY xF,") T P(YF) FY xF,)

F)" =Y A (QM)xq,(x.0) + xq(x.07)]

l

XFPT =Y B (07)[xq,(x,.07) - xq(x.07)]

A" Q) =-e’ =2ev v P, +(v:+a)v. +a )P}

1 1 e

BzO(QZ) =iaevz've})Z2
4—\

Neutral current cross-section

Polarized structure functions

Unpolarized xF; determines
the axial couplings

AT(0%) zveae (v2 + a)P?

B/ (Q*)=-2e.av,P, -2v.a(v. +a.)P,

11 e

Polarized F, determines the
vector couplings

Parton densities and Z-couplings fitted at the same time
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Polarized QCD fits

0,(e’p)=(V,F) TYxF,") T P(Y F, TY xF))

1
0,P 0.P /2 2 - 2 ® Q*=10 GeV?
FyP =Y A (07)[xq,(x,0°) + xq(x.0")] iR
i | a,(M,)=0.1180 xu,

total uncert.

xFPF = B (QM)xg,(x,0°) - xg(x,0%)] oof Ly s

l

04 M /4
0 2 2 2 2 2 2 2 RN YN
A(Q)=-¢; -2eyy P, + (v, +a,)v; +a;)P, R y =
0 2 2 02 'A ”7.»’,‘_';-47 ’~.;\,
B;(Q°) =,-aevivePZ xsw00s e DK
0’_ Pl
10" 10° 107 10"

A7 (Q) 2veae (v} +a’)P;

B/ (Q*)=-2e.av,P, -2v.a(v. +a.)P,

11 e

Parton densities and Z-couplings fitted at the same time
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Polarized QCD fits

(T[T T T T[T I T T[T T T T TTTT T
B ZEUS-pol-v -v43,-a,-PDF (prel.)
1— Il total uncert.
B uncorr. uncert.
~ @ H1 prel. (HERA l+I1 94-05)
I \
B * SM
B — CDF
C 68%CL — LEP
1+
_I||I||I||I|I|IIII|IIII||I

-1 -0.5 0 0.5 1
a

ZEUS

II|IIII|IIII|IIII|IIII|II

ZEUS-pol-v -v4a,-a,-PDF (prel.)
I total uncert.
uncorr. uncert.

B H1 prel. (HERA I+l 94-05)

\!

* SM
— CDF

68% CL — LEP

Illlllllllllllllllllllll

lllllllIIIIIIIIIIlIIIIlII

1 05 0 05 1
a4

Vector and axial couplings for u- and d- quarks determined
with competitive precision, in agreement with SM
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Quark radius

Can be determined as a form FGC‘l'OI", . H1 Quark Radius Limit HERA I+1l (435 pb™) :
assume electron pointlike: SO e ’
° 12
E L. 90 -9 -6 _8 8- 8 g —_——_____ | J— | I é .......... e -
do dO’SM ’ 59 ) 5 I e T
2 = 2 ) [1 - (R /6)Q ] ) [1 - (Re /6)Q ] % og | === Normalisation Uncertainty __‘7—\\
dQ dQ 4 g i PDF Uncertainty

06 | —FRa= 0.74-10 ®m (95% CL) Hl

14 |

N‘rNCT EQ5D .

[ sep
R, < 0.74 X 10-1* cm
e e e
08 |
0_65_ H1 Preliminary
ZEUS i LA
_ , _eEYs . _ Q? (GeV?)
0 12' I T T T T T L IZEUSQ«ﬂl-OS (prel.) e'p - ZEUS
o1 o] R2 = (0.6210"'°cm)? ]
- Bty ad & EEEECE R2=-(0.8-10"6cm]2 -
[0 i ’ I R;<0.62 x 107*° cm
08 L 1
- 10° 10° -

S e i e e

........ 3 Most stringent limit today

Quark Radius Limits (prel.)

lll 1 1 llllllI 1 1 | I |

2 a
10 10

Q? (GeV? 43



Measurement of F,
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+ / & J,= ¥ J==1/2 .
ek k_.~ L ~— 4/2 Initial
S . st}

NAASNNSINS state

/y* _________________

— - zZ
— q . tinal
q J=+/2 state

F,~o®=0
In QPM: F, =F,—-2xF, =0

Callan-Gross relation

In QCD: F =0

2f1%[§ +82€ (I-x/z)zg]

4
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The method to measure F,

o - xQ* d’o(e*p)
" 2na’(1+(1-y)?) dxdQ’
y2

F;_ 2 F}.
1+1-y)")

v

y2IY, 1

0 Measure the same reduced xsec at the same (x,Q?) and different y, that is
different s ( y=Q?/xs).

o This was realized in March-June 2007 changing the proton beam energy to
E,=460 GeV and E =570 GeV (14 pb! at 460 GeV, 7 pb! at 575 GeV)

o The LER measurement is at very high y, low scattered positron energy (trigger,
detection, efficiency, background)
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Challenges of the measurement

- ZEUSF, tprotor) |- 77 - - Q5 o

signal

A

NC 386/97

TR S

S *L_ Photoproduction
background

PhP

NC low Q2 event

Scattered 0 /.
positron g 47



Challenges in H1

E,>3 GeV, y<0.9
12<Q%<800 GeV*

Photoproduction background controlled
with charge asymmetry

* H1 Data 3 .
{1, — MC+BG 0
A- BG (data) .
2
-L C

10° events
F=Y

0 . 10 %50 155 160 16
E./GeV 0,/
= ' t
o 1 Wbt te 4 44 1.5 T
g Pttt
% 0.75 ; A ;
- * H1 Data i t
0.5 — MC f
0.5 i i
0.25 L A
0 0, L= :
4 6 8 10 150 155 160 165 170

E,/ GeV 6, / deg

LAR (Q?=35-800 GeV?)

\

p—t

|

\ T T

) 1
|

— I

1 — / 6

"{;,/ // 3 ‘?ﬁ',
i |

(Q2=12-90 GeV?)
Published in PLB

Background
determined from
.wrong" charge
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o hormalization

Challenges in ZEUS

E.>6 GeV, y<0.76
24 < Q%< 110 GeV?

Photoproduction background:

o charged track hits detection at .low" angle
(from 1549 1o 1680) to go lower in Q2.

Calorimeter

_%

e beam

v ([T

B |

CTD
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MVD

fake

rue e |

PR
Tracking region r

Central Tracking
Detector (CTD)
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Event vertex P

|

T 250~ « ZEUS (prel.)

.% - \s=225 GeV (10pb™)

{ B PYTHIA yp MC
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true e
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14 16 18
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Measurement of F,

Q* = 12 GeV* Q° = 15 GeV? . Q% = 25 GeV?
| > 16 x= 0.00049 [ x= 0.00062 " x= 0.00076
N
S |
5 1'4.- * [ ‘ i’ h‘ ‘} ‘ H1
6 1 2-
2f ,} ! L !
1
1.6  x_— 0.0010 x = 0.0016 x = 0.0025
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Q= 24GeV? Q= 32GeV? Q= 45GeV?
I |+ ZEUS (prel)
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H1 F,

Comparison to some PDF parametrisations:

H1 Preliminary FL

medium & high Q?

52

CTEQ 6.6

— HI1 PDF 2000
-~ MSTW

e HI (Prelim.)
E, = 460, 575, 920 GeV

LEGED0
858200
81200
962100
626000
689000
LS00°0
€000
692000

GEC000

81000

L1000
060000

€9000°0

60000

LE000°0

8200070
>

___-__-__._____-._-.__

10°

Q?2/GeV?

-

LD %) 3

1

10 o
o

0
<?



H1 F,

Comparison to previous experiments:

0.75F X )
: Q= 12 GeV®
0.5}
0.25F
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o F
0.75F
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ot
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Conclusions

® HERA has provided 15 years of data, still many results to
be published.

e Precision test of QCD and parton densities have been
performed.

® The publication of combined data will be the main focus.

® The PDF analysis will continue in parallel to the first
results of LHC and provide valuable input.

e It was fun at the end to go back to low x and measure F
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