Proton Structure Functions at

HERA

S. Glazov, DESY



Outline

Deep Inelastic Scattering

HERA, H1 and ZEUS

Cross sections, Structure Functions and PDF's
From HERA to LHC

Summary of HERA-I results

New Results from HERA-II

Low Energy Run for Determination of F7,

Conclusions



Deep Inelastic Scattering

ok’ Kinematics of inclusive scattering is de-
"’ termined by Q* and Bjorken z.
In x “scale parameter” 1/3 - equal sharing
among quarks Proton structure for

v*/Z%q) e 1 >0.05 — valence quarks
xP e r<0.05 — coupled quark-gluon
_)_. QCD evolution. Large gluon density.
P

At small z complex dynamics which must

e(k)

Al

obey simple asymptotic solutions
(unitarity).
DIS scattering experiments at HERA with /'S = 318 GeV are
(at least) dual purpose:

e High energy frontier of particle physics (exclusive processes)

e “Super microscope” to study proton structure
(inclusive cross sections).

Knowledge of the proton structure is vital for a number of
“practical” applications: cosmic rays (p and v), heavy ion
physics, pp colliders (LHC).



HERA, H1 and ZEUS




DIS Event Reconstruction

Run 333436 Event 12624 DIS NC : Q* = 31.500 GeV? Virtuality:
Q* =2E.E! (1+cos6,)
Inelasticity:
. .  LAr Y
E! (1 —cosé,)
| -
T entral Tracker ‘
e[ | Bjorken x:
—
o P 2=0%(sy)
paCal

p — 7y 1nvari-
ant mass:

W =+Q*(1 —x)/x

[Kinematics can be reconstructed using € or hadronic final state.]
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PDF determination
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dCCdQ2 ZCQ4 ( 2 Y_|_ L Y_|_ v 3) = ( y)
Leading order relations:
Fy =) e;(q(x) + q(z))

T k3 =z ) 2eqaq(q(x) — q(x))

ofC  ~a(+e) +a(l—y)(d+s)

o, ~alutc)ta(l-y)?*(d+s)

pp — (L)X ~ Y w1w2q(r1)q(2s)

DIS ep and ed data allows to unfold individual quark flavors.

Gluon is determined from F5 scaling violation and from jet
cross section.

Fr = 0 at leading order; proportional to Gluon at higher orders.



and LHC kinematics
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Factorization theorem states 1030 s /
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. 10 i b ’1‘3» e
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Notation clash: y — rapidity (LHC) vs y — inelasticity (HERA,

Q* = Szy).



Case study: Higgs production at LHC, SM vs MSSM

b g
H H In SM, bb — H is small vs
————— . 99 — H.
b g In MSSM, bb — H can be
enhanced by X tan? (3
(a) (h)
_ (@) LHC,s=14 TeV, SM - (b) LHC,s=14 TeV, MSSM, tanp=10

0% ol

T
2 &
.

Even for MSSM o - ol

with tanfs = 10, \\ _

bb — H dominates
over gg production.
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— production cross section measurement of Higgs is a key
ingredient to disentangle new physics scenarios.



The Cross Section Measurement

£ 8
§ - data %3
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E./ GeV
Total cross section measurement with low background.
e For low Q* < 1000 GeV? systematic errors dominate.
e Main uncertainties are from energy scale(s), selection efficiency.

e Check E. using “kinematic peak” distribution — 0.2% precision.

e Measure non-linearity with 7° — v, J/9 — eTe™,

QED-compton ep — epy events.
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The Measured Cross Sections
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HERA data allows to measure
U = z(u+ ¢), D = z(d + s),
vU = z(tu +¢), xD = z(d + 5),
and xg in a single experiment.
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Measurement at low zx
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Fy(z, Q%) shows strong rise as
x — 0, the rise increases with
increasing Q*. To quantify the
rise, F = cx~ " fit is performed
for each Q2 bin.

[Currently 2 — 3% precision (— 5% for

LHC X-sections), goal to reach 1%]
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Measurement at low Q2
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: X
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x32
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e x16
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x4

1 w=16Gev
X2

1 = ZzEUS'97
A ZEUS BPT'97

1 e H1MB’99, SVX'00, MB’97 comb.

H1 preliminary
At low Q?, Fy ~ o + o, and
F; ~ o — scattering cross sec-
tions of transversely and longi-
tudinally polarized photons.

New preliminary measurement

of

— Fractal Fit

o5y = or+1-y?/(1+(1-y)*)]oy,

by H1 compared to published
ZEUS data.
Data agree well, new results fill
the gap at Q2 ~ 1 GeV?.

10
-2
10

10 1 10
Q% GeV?

[Precision for Q% > 3 GeV? reaches 1.5%.]
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PDFs extraction

& Q* =10 GeV*
I = ZEUS-JETS fit :
o _ [] tot. uncert. -
H1 PDF 2000 : Valence quarks u,,, d, de-
B e uncert, ' ' termine proton structure
at high x.

Sea S and gluon g are far
more important at low .
Mind the x0.05 scale fac-

"tor for them.

i apinl L1 biranl 15 v agrnl Ll Bibiil
1t 10 10 10t

1

X
ZEUS and H1 PDF's are extracted using their own data.

Agree within the uncertainties, but shapes seems to be
different.
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Combination of Experimental Data

Before fitting to theory one can combine data in a generalized
averaging procedure. Achieved by fitting x? vS 0y eq.

J
o
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2 Y_
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— 0.075
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0.25 i -~.

- b
0.225
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0.175 i
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0.1

\\H‘ 1 \\\\\H‘ 0'05 1 1 \\\\H‘

10 10 10°

Q* GeV?/c?

x=0.002 x=0.25

Q* GeV?/c?

Average of H1 and
Zeus data: model in-
dependent check of the
consistency,

X2 /ndf = 534/601.
Experiments Cross-
calibrate each other
— systematic errors
reduced.

[Hl and ZEUS initiated work on HERA average DIS cross sectionj
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Z production flavor decomposition

1.4 -
- Z %
1.2 2
1 3 — uu dd 102
08 T / — ¢ — ss
0.6 ¢ b 0
0.4 :_ ~—_ x=9.§)05
0.2 ¢ T
. 1r
° T4 20 2 4 K013
y 107"
e H1 Data
Larger coupling to Z vs v makes e lfinQ) x=0032
bb contribution more important 02 MRST NNLO
) ) ) e CTEQ6H
for Z production vs inclusive F5. A
F%* is measured by H1, in rele- B T
vant for LHC z range. 10 10 192 /Gev?
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Status. 27-June-2007

HERA-II Results

©p 200304
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Polarisation /%

HERA-II upgrade provides better instantaneous luminosity and
longitudinal beam polarization.

Special low proton beam energy runs E, = 460,575 GeV to

measure 7,

Shutdown 30 June 2007 at 12:00am.
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Charged Current Cross Section

Charged Current e*p Scattering
120 T 17T L L L L

ep - vX
e H1 Data 2005 (prel.)

O H1 Data 98-99
A ZEUS Data 04-05(prel.) |

A ZEUS Data 98-99
e'p - WX
$ ® H1 Data
A ZEUS Data

g
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20 i Q2 > 400 GeV?
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'
=
-

Pe

CC cross section is linearly proportional to the degree of the
longitudinal beam polarization:

+
ot G3 Mz, ’ n
02 1+ Fe] 2 2 bco
dxd@) 2rx | Q% + My,

Consistent with no right-handed weak currents
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Neutral Current Cross Section and xF3

vZ
xF3

vz
xF3

08 -

H1(pre.) |

Q?=1500 GeV?

HERA
1N o I R
L i
= . ZEUS (prel.)]
= 08 T .

Q%=1500 GeV?

06 — e |
04 - | 1} ]

H1+ZEUS Combined (prel.)

Q=1500 GeV?
— H12000 PDF i
--- ZEUSJETSPDF

eFy =y 2e40,(q(x) — q(x))

Large increase compared to
HERA-I of e~ sample allows to
improve precision of the interfer-
ence structure function xF5”

e First combined HI1-ZEUS
SF result

o 1F; “ is consistent with no-
enhancement for low x, sup-
ports ¢-¢ symmetric low x
sea.
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NC Cross Section Polarization Dependence

HERA
< 1l « 1 e
08 = Hi(pre) 1 08 & zEus(rd) | - i )
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Combined EW-QCD fit

ZEUS ZEUS

= _I I | I'TT1 | I'T T1 | T 171 | T 177 I I_ O _I I | ' T TT1 | ' T 171 | T 171 | I'T 71 I I_
>~ 1 - ZEUS-pol-a -v,-PDF (prel.) ] > 1 L ZEUS-pol-a -v-PDF (prel.) ]
~ [ total uncert. . —~ [ total uncert. =
B uncorr. uncert. B B uncorr. uncert, |
0.5 mmm Hi-a-v,-PDF @ ] 0.5 mmm Hiaqv PDF \ -
0 . 0~ -
0.5 K - 0.5 -
C * SM ] C * SM ]
L — CDF _ | — CDF _
-1— 68%CL — LEP _ -1— 68%CL — LEP —
ool b b b b7 N NN SRS NS NN .

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Sensitivity to a,v couplings of the light quarks to Z allows
combined QCD-EW fit. H1 performs fit using unpolarized
HERA-I data. ZEUS and H1 provide preliminary results
including HERA-II data.

Polarization brings better sensitivity to v,

20



Extrapolation to LHC energies

2 2
My Mz
O - O - O -
2 93 | 2 o =z o
b I o1 5 o I
-X=0.0008 0.75  X=0.032
LHC: |y|=2
2 .
Lr 0.5
I © H1 © Hil
1 Zeus|| 05 Zeus|| 925 | Zeus
_ e Hera I e Hera
(— Linear fit I
— H1pdf2000 [
0 . | I“:II:IOZII””III | 0 . NIRRT Illlljliloé"”“" Lo 0 . MENERETIT ...u:.liloéumml M
Q% GeV?/c? Q% GeV?/c? Q% GeV?/c?

HERA data covers complete central rapidity range of LHC for
W, Z production. “Leading order” predictions can be read
directly from HERA data + linear extrapolation.

Experimental part of PDF uncertainties comes from absolute
F5 normalization and the slope, dFy/dlog Q* (gluon). Turn
down of V¢ for highest Q? (— highest y) is due to F7.

red

21



Consistency check: H1 F} determination at high Q2
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H1 Collaboration

Determination of F}, as

v .
F; = y_g (F2fzt B Ur)
Important consistency check
of gluon determined from F5
scaling violation vs X-section
decrease at high y.

Still large statistical uncer-
tainties, to be improved with

HERA-II



Experimental Challenges for F; determination

Backward o 35 ;

calorimeter

%30 =
oy DIS 7125
——————— 20
15
BG:Photoproduction 310
h+/- 3
e+ I_E 5

46 8 10
E, GeV

Measurement at high y (low scattered electron energy F.) is
challenging. The signature of the scattered electron can be
faked by hadronic final state in a yp event.

Solution (H1): estimate photoproduction background using
electron candidates associated with wrong charge tracks.
Charge symmetric lepton beam sample eliminates calorimeter
response induced background charge asymmetry (p vs p)

nds of
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H1 high y analysis with HERA-II data

H1 Preliminary

%) %)
= + Data HERA-II | £
o 30] — MC+BG s ]
o = BG (data) %Y 15
= =

10+

0.
4 6 8 10 150 155 160 165 170
E. /GeV O, /deg

201
20
15+

10° events
10° events

101
10+

40 - 20 40 20 20 40 60 80

Z,lcm Total E-p, /GeV

Analysis based on 96pb ™" collected in 2003 — 2006, nearly
symmetric for et and e~ beam luminosity.
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H1 high y analysis with HERA-II data

H1 Preliminary

2 a
o S 10] o
> 6 >
@ (]
© ‘© 7.5]
— — .
4 - Data HERA-II g
— MC 5
2] 251
0 y . - 0 . . .
4 6 8 10 150 155 160 165 170
E./GeV O, /deg
2 i
C [
g 10+ g 15
() (D)
™ [42]
S 7.5] S
10+
5.
5.
251
o+ . . . t 0+ . . . .
40  -20 0 20 40 0O 20 40 60 80
Z, lcm Total E-p, /GeV

Radiative corrections are controlled using the measured beam
energy:

2B, = —pz = %, (E" — ply) + (B - Py )
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High y cross section at low x

H1 Preliminary

= — 8, = | ® HLHERAI prelim
S H1 Preliminary O] L waraoprn |}
Y=0.825 1 B H197 (y<0.6)
1.4 $
0 11
1.3 % $ i — H1QCD fit
(DESY-00-181)
i 051  Q%=8.5GeV? Q°=12.0GeV? Q%=15.0GeV?
1.51
1.2
1.1{ e H1 HERA-II prelim. (W=289 GeV) '
© H1 1997 (W=273 GeV)
]10 15 20 o5 0571 @%=20.0GeV? Q%=25.0GeV? Q%=35.0GeV?
5 5 -4 -3 -4 -3 -4 -3
Q /GeV IOglOX

For y = 0.825, about factor of 2 improvement in total
uncertainty and factor of 3 in stat. uncertainty vs published.

An ideal sample to study experimental conditions for the
structure function F; measurement.
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ZEUS high y cross section measurement

le]

o =
pre
I o

ZEUS

=

2_' T |__I
Q%= 27GeV?

.

Q%= 35GeV?

Q’= 45GeV?

2

Q%*= 60 GeV?

A

Q%= 70GeV?

Q%= 120 GeV?

Q%= 150 GeV?

N O

Q%= 200 GeV?

3

Q%= 250 GeV?

Q%= 350 GeV?

a

Q%= 650 GeV?

Q%= 800 GeV?

Q%= 1200 GeV?

o ZEUS(prel.)

06e+p (29pb ™)
— CTEQ5d

[ ]zEUSJets

ZEUS  performes new
measurement focused on
high y with HERA-II
data.

Photoproduction  back-
ground is modeled by MC
which is controlled for
a special sample with a
tagged scattered electron.
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H1 Backward Silicon Tracker in 2006-2007

2006 data — re-install Backward
Silicon Tracker back in H1 de-
tector. Covers

3 < Q? < 10 GeV? range for
y > 0.6.

Allows scattered angle recon-
struction/charge determination
- for the electron candidate.

5 10 15 20 25 30
E, GeV
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Measurement of Fj, (simulation!)

Q2% =10 GeV? x =0.00025

o 14
1.35
EI 1.3 €, =920 GeV
2 2 y2 2 1.25 E_=575GeV
= e
O-T(xaQ ):FQ(CIZ‘,Q )_Y—FL(:E7Q ) 1.2 :
T 115 — E, = 460 GeV
11
Measure o, at the same Q?,x ol
for different beam energies An =
0.95— 2 L
0.99"0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
yaIY,
w 08 ‘szﬁGe\'I < 0 ézzlﬂ Ge‘\'z‘
u:z— km‘“‘“"‘nu_‘_- u:z- k‘k%{’%“}‘-“--‘___
i sasuomasn: BN N e F;, measurement should allow
. to distinguish between different
o ' blzzn GeV? I o) ' §1:4n GeV? ‘
wp TN : PDF fits (MRST vs CTEQ).
0:2— lﬁ}ﬂ# 0:2— ‘H%%
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Special 460 GeV and 575 GeV runs

HERA low E, run
25 ‘ ‘

Status: 27-June-2007
T T

bl T
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i / 1 1000F 500L [ ]MCDIS +yp
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el el

Days since 1-Jan-2007

e Last 3 months of HERA operation are dedicated for F7,
measurement.

e Luminosity is proportional to E?, from the beam focusing,
P g

thus reduced vs nominal 920 GeV run.

e Successful HERA operation, 13.6 pb~! and
collected for 460 and GeV run.
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Conclusions and Outlook

e HERA experiments provide unique information on proton
structure at low x which is not only interesting by itself
but also provides an important input for physics at LHC.

e Precision of HERA measurements has already reached
2 — 3% level, next step is 1 — 1.5% which will be of
importance for W, Z, H cross section predictions at LHC.

e Direct measurement of the longitudinal structure function
F';, will provide an important check of the theory and a
new handle on the gluon density.
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