Dedicated to the memory of Bjoern Wii

ep Cross Sections

and Proton Structure
Functions at HERA

Bruno Stella

(Roma III Univ. and INFN )
on behalf of

Les Rencontres de Physique de la Valle'e dfAos
RESULTS AND PERSPECTIVES IN PARTICLE PHYSICS

LaThuile, 2 March 1999




Selected results on etp, e p DIS

Introduction ‘A - &% :

K> ("'c Qt)

The longitudinal structure function Fy
Charm contribution to F, (F¢)

Gluon density in the proton

High Q2 Neutral Currents a'utuo.ct;‘u‘
High Q2 Charged Currents Ms

Running ‘98 — ‘99

Future of HERA




D.I.5.covery Potential

- Historical Perspectz’z}e

-g) 10° = T T T | =
. - _fo mdh .
=3 - Goe' W20GV § ]
.1 Discovery - o=t 9
810 of Nucleus i o 5t ]
E 10 b
-2 =
5 104} - oy :
8. ) IN ARBITRARY UNITS N
% aQ fmotr ]
g 10° g
g B E 107! f_ ) I § i ;
¥ - -
5 10° - 4
§ L S =
2 10 - Discovery ]
I 3 ]
i TR [ of Quarks
0 30° 60° 90° 120° 150° 180° 0 T 1'. 5 1',5 = 25
Mean Angle of Scattering 6 0% IN BeVic)
5‘_ ®NC Events
§ e LD HERA
10‘_ @ cc Events
#
5k < ) ( F
d : —n Positron Proton
NC/cC
t ----------------- i 27.5GeV 820 GeV
.2 . : —
5 MEASURED NEUTRON STARS Electron Proton
wo<E<somy | gy 5 GeV  920GeV
"200 100 0 100 200 om
Discovery of

Neutral Currents

Geiger and Marsden; Proc. Roy. Soc. Ixxxii P. 495 (1909)
Friedman, Kendall, Taylor; Rev. Mod. Phys. 63(3) {1991)

'9sg

{




Produced by HERA |pb |

(@]
o

o0
o

f—
(-

INTEGRATED LUMINOSITY

i : |

— 1992),-

P 1993 (A

- 1996}‘1‘ DL

---------- 1999, 5,4+

7

i /
gnfjﬁ ]

- 200 300

day

Accumulated by H1 |[pb™]

oo
=)

R
o

300

200



ZEUS Detector
rHl Detector'
Charged Current Event: e™p — 0X

Q% =17200GeV?, 7 = 0.34, p, = 86 GeV

Neutral Current Event: etp — et X

Q* = 17000 GeV?, z = 0.43, E! = 170 GeV

Liquid Argon Calorimeter Uranium-Scintillator Calorimeter
44000 Cells 6000 Cells, each read out by 2 PMTs
04, = 2-5 mrad o9, = 5 mrad
o/VE (e)=12 % o/VE (e) =18 %
o/vE (had) = 50 % o/E (had) =35 %
AE/E (syst) 43 % AE/E (syst) =3 %




° Q2 — —(]2 . —(k s k')2
4-momentum transter squared

oz =Q°/(2P-q)
parton momentum fraction

oy=(P-q)/(P-k)
inelasticity

o s = (k+ P)?
total energy squared

o W?=(P+g)’
hadronic mass squared

o Q° =~ sxy Q«M»L—t\w&clx Ktu.:m.\%m.




HERA Kinematic
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H1/ZEUS 1994

ZEUS Preliminary
H1 94-97 prel.
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ZEUS BPC 1995
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transition to yp
electro-weak unification, substructure
sensitivity to F7p,
overlap with fixed target experiments

probe valence quarks at high Q2
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Formalisni

e, v,
e d ;
- - 2 -
© Wz P=-¢ =45
__ y=54 W?=(P+q)’
g P Q2 = STy
4,7
Col7l) _ 2ne [y, FiN (2, Q%) — Y_aFiN (2, Q%) — y?FiN (2,Q%)] (1+8)

dz dQ? Q4

where Yy =14 (1 —y)?
e Contribution from F!" important only at large y

e Contribution from zF!" is negligible for Q* << M3

e Either F!V and zF}" treated as QCD corrections

e Or reduced, cross section:

o+ \ — zQ* 1 d’a(ep) _ 2
B(e*p) = sz y; Tagr = FAQ- 2 FuxQd

In QPM (QCD DIS scheme),

FQleQ Ze qu(IZ)-qu(Z)




Measurement of Kinematics
® measure: FE! E}, 0., 0, 2 W

calculate: z,Q?

Electron Method (H1):
e z,Q? from E., 0,

good @? resolution in full range

dx/x=1/y-6E./E.
poor x resolution at low y

e sensitive to QED radiation

Y. Method (H1):

¢ include hadronic information

e good x resolution also at low y

e independent of QED initial state radiation

e Double Angle Method (ZEUS):

- :B,Q2 from 98,0h

e independent of energy scale = use for calibration

e sensitive to QED radiation




Fy(x) by ZEUS + H1
at medium Q?

First discovery at HERA

® ZEUS 96—-97 Preliminary
® H1 97 Preliminary

= E£665

o NMC

* BCDMS

e HI1 and ZEUS agree well

® Precision improved by a factor 2

e Fixed target: high = : valence quark structure
HERA: low z : strong rise of Fy ~ 7=
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- Theoretical Expectations

e High Gluon Density Regime

e Importance of NLO BFKL 7
evolution in log(1/x)

log(Q?)

Region of high
parton density

Non-perturbative Regge region

F—

log(x)
low-z ladders high-z renormalons

L R -~
E;W /M

(a)
singlet non-singlet




DGLAP Equations

e NLO MS:

i i

Fy(z, Q%) = ) [€/C,®x(¢:+T) +C,®z4]

=l

e describe evolution of parton densities

¢V (z,Q%), ¢°'(z,Q?%), z g(z, Q?)

0 NS %s

jul NS NS
01ln )? " “or ¢ B

o qSI _% qSI & ' qu qu
Oln Q2 g 27 g qu ng

e Coeflicient and Splitting Functions
C; and P;; known to NLO

e g(z) ® P= [ dz/z q(z/z) P(2)
convolution over momentum splitting

o ()? depend. predicted by QCD
e 7 depend. parametrized at Q3 + fitted




Proton Structure

MRST

Output Parton Distributions

LA
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MRST partons Q*=20 GeV*?
p T
@ Uncertainties on Gluon at low z?
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e J/ # at intermediate 27
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_______________
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e Charm at low z7
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e Uncertainties at Large x - HT? d/u?

» New Cross Section Data at Highest ?

Martin, Roberts, Stirling and Thorne, hep-ph/9803445.




F5 and perturbative QCD
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® H1 96 Preliminary
(ISR)

® H1 97 Preliminary
(low Q%)

® H1 94-97 Preliminary
(high Q°)

—— NLO QCD Fit

0013 H1 Preliminary
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Scaling at

| ® H1 97 prel. A H194-97 prel.

A NMC
| O BCDMS (x0.96)

A7 B EEeEE08a8E

3 ONMG— A
o = n!—n_:

e HERA and fixed target experiments agree well
® Scaling at z ~ 0.1 observed up to 5000 GeV?




QCD fit to o, (x)

® H197 prel. - — QCDfit prel.
- A NMC - - --- F3 prel.
" [ BCDMS i 3

Q’= 25GeV Q’= 35GeV
1 L

M| | | | L To | i | s
N

Q’= 65GeV? L Q%= 85GeV?
P | 1 | n n il M| M | n

X
e NLO DGLAP works down to Q? ~ 2 GeV?

® Fy(z) ~ z7" : steepness increases with Q2

® low z: Fy(x) deviates from o, = extract F




Transition Reeion
HERA 1995-1997 preliminary

Q’? = 1.30 GeV?

N -
B 15 - Q’=0.60GeV’ [ Q*=0.90 GeV’
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ZEUS NLO fit

» New datasets using different methods
give consistent results
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F; Extraction

® Reduced cross section:
o 1 d?o

T kdzdQ?
2ra?Y,

Q4[B andY+=1—|—(1—y)2

with kK =

H1:

e QCD fit to F>
where F7, is negligible: y < 0.35

e extrapolate to high y

e subtract measured reduced cross section:

) 1 d20.ear:p

Fy )

Q* =12 GeV? B Q* =15 GeV* L Q* = 20 GeV?

® H1 97 prelim
© H1 96 prelim
0 H1 94

-- F,=0

— FL=FLm

— FL= Fzﬂf




Fr, from 80o,/8Iny

® Derive reduced cross section at fixed Q?:

Do, OF; 2 2—y  OFp
i, o ~Fp 2%
Olny Olnz Y;

® Assume O0F;/0lny = Alny + B
checked with QCD fit and put to error

® Straight line fit to do/dIny in Q% bins at y < 0.2

® Access lower (Q? than with subtraction method

H1 preliminary

Q*=6GeV? L E aP=10GeV?

O T 87 W | IIIlIlH_ S O o 1 L1 0 LIE
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F; Determination

e Two methods to determine F7,:
subtraction (e) and derivative (x) method

e Methods use different aspects of F, and Fy}.
behaviour

® Systematic errors at same y correlated

= 2
- Y% H1 97 preliminary - @ H197 preliminary

1 1 1 1 11 I
10 10
QF /GeV® Q> /CeV?
y=0.68 y=0.82

e ['; determination from both methods consistent
e [ agrees with QCD prediction but

e Direct F; measurement not assuming QCD
still important: vary beam energies !
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New » Precision’ results from HERA

For 1 < Q? < 600 GeV?, 0.02 <y < 0.7,
1.5 < pr(D*) <15 GeV, |n(D*)| < 1.5

= o(ep — eD*X) = 8.55 £ 0.31775) nb

~10 ¢ ~10 ¢ ~0.08
ffe) F o) B = L
C (= E (O] L
~— ~— r (@}
<] %t ot 30.06
- o <
S s | =
-] =l 20.04
5 B 5
0.02
- 1 =
10 0 0 00
W (GeV)
/'\10 > 3N L
> 2 20 -
= v i | (f)
o = © [m] L
£ oy =
g 1E 3 3
o f 6
} r < 10
o L
10 ¢
| | L R I S W S " W —
2 0 %0 05

1 pi(0") {0ev) 7(0) @
= agreement with “massive” NLO pQCD BGF?
band: m,. uncertainty (1.2-1.6 GeV)

f(c— D*")=0.222 £ 0.014 £ 0.0147

TB. W. Harris and J. Smith, hep-ph/9706334
tOPAL Collab., Eur. Phys. J C1(1998)439




Charm in the Proton

d?o..x 2ma?
cc = 1 B 2 F< 2

ZEUS PRELIMINARY 96-97

Q*=1.8 [

® ZEUS D
=== ZEUS NLO QCD

e Charm content of the proton grows from
10 to 25 % between Q2 = 1.8 and 130 GeV?*




d?o.:x __ 2ma’

= 207

dx dQ)?

1+ (1—y)*F5(z, Q%) — y*Fi(z, Q%)]

Extraction of F3 1s made possible by the large
acceptance in {7, pr} of D®

©
N

Lo

HERA 95-97 PRELIMINARY
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0.6 i 25 [ y 6
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04 | s
0.2: q A

I 5

I 11
0.6 | e

_ 12
0.4 | E
0.2 {?; o
0.8 |l i 1l
0.6 | 60 L 130 e ZEUS 96-97 D
Sl 55 [ 170

i h 60 [ A ZEUS 95 Semileptonic
0.4 4 ﬁ

L i ® H196D
0'2: T r i ] GRV94HO

? m, (1.2, 1.6)
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- Prexision 15 - 20% (wweh betbeor thom eonbien, w.)
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HERA PRELIMINARY 95-97
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» Large scaling violations Q* (GeV?)

ZEUS semileptonic and H1 D* plotted at closest = values




Gluon Density from Charm

® Measure x4 from scattered e and p; and (E — p,) of D*

® Cut p; and n of D* in MC (no extrapolation!)

® Iteratively unfold true z, using

e NLO Heavy Quark DIS QCD Monte Carlo

e Peterson fragmentation

ool
\c-;%) B
X e D* (DIS)
* D (p)
1 QCDfitto F, -

—— CTEQ4F3 _

. log x
we DIS 9%
Gluon from D* cross sectiotNagrees with

Gluon from D* photoproduction and:

Gluon from QCD fit to inclusive cross section

Same gluon 4+ boson-gluon fusion generate cross sections




Comparison of xg and zX resulting from QCD fit
including F» down to Q2. =1 GeV?2:

main

ZEUS 1995

... N

Different behavior of gluon and gg sea distributions
at Q2 ~ 1 GeV?:

e at high Q2 gluon drives sea;

e at low Q< sea drives gluon.

Also found by MRST, while in GRV94 sea and
gluon both singular at Q2 ~ 1 GeV=.



The Gluon from Di-Jets

® Similar to c¢, but M;; > M. = get gluon at higher x

® more stat. but also more backgr. than g from charm

® Data: 200 < Q? < 5000 GeV2

2 20 4 M?2.
ﬁ : d°o d Odijet _ . hé&— 37
t i0%dz and AO2dE wit ‘§ z(1+ 07

. [ NLO QCD fit p? = 200 GeV?
[ o (M)

[ 1H1 dijets

(0.119 +£0.005)

— MRST (0.1175)
----- CTEQ4M (0.116) P
---------- GRV94HO (0.110)

= H1 F, fit (0.118+0.005)
(Jerusalem '97)

H1 prelimin

1
L

.

-2 -1

10 10

p

QCD-Compton

® consistent with gluon from
scaling violations and charm

® more directin =, than gluon fr i iolati
directin x4 gluon from scaling violations
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NC DIS Event

Q? = 16950 GeV?, y =0.44, M = 196 GeV
gy — S —————

Liquid Argon Calorimeter:
44000 Cells

o(E)/E(em) ~12%/+/E/GeV & 1%
o(E)/E(had) ~ 50%/+/E/GeV & 2%
AE/Eum = 1 — 3%
AE/Epaq = 4%

Af, =2 — 5 mrad

measured quantities:
et:. energy E
polar angle 6
hadrons: =5, 4.0ns(Er —Pzn)
tany/2 = X/pe.n




A Data 97 * Data 94 — 96

T T Ty

H1 Preliminary

0.8 [ &

0.5 B3 3
04 WSEN -
0.3

0.2f

M, (GeV)

Q? > 15000GeV?
Obs. = 22 < Exp. = 14.7 + 2.1

e accumulation of events in mass window?
M, =200+ 12.5 GeV

Obs = 8 for 94-97 < Exp = 3.01 £+ 0.54
(Obs = 7 for 94-96 < Exp = 0.95 & 0.18)

» compatible, but less significant with '97 data

» Cross Section
Measurements



ZEUS High Q2 Events

Neutral P i
Curmm 9 * later 97
No new high @
> 20,000 GeV? ,
events after LP97 O(’,O
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a 1 \ i(E
S P \ US 1994:97 Prellmmary
0.9¢ ’..\l.\- \ ep—>vX
Charged : o ARV * Lepton-Photon fon
%" ! '&fnt;i' Lepton-PHoto
Current 0.7¢ ~3\3 =
Two new high Q? 0.6/ 8w e%s" % :
> 20,000 GeV? 0.5 §ES x N
events after LP97 0.4 @wr; &-- | N . 2300006
. ‘g e '." P e
0.3 QG2 ot
: e e o2 e Vo
02 EPVLs . : :
- ’Y o ¢ Q7 =10000G
2 . L0 g @ S e
Qmin Nobs ]\_/;e5w;77 0. 1E ;.\‘—n : : (gm—” =y
I & 17252 000002 03 04 05 0.6 07 05 09 1
15000 8 Xty . X8
30000 1| 0.06+0708 » Cross Section

Measurements |




10 ® HI1 Preliminary Data
—— NLO QCD Fit (Q*<120 GeV?)

1N
WV
o
2,
2 0
‘S
=
®

09
0.8

0.7
06 | I

Good agreement with Standard Model
up to Q? ~ 10,000 GeV?2
H1 and ZEUS precision sufficient to constrain PDFs
~ Benchmark for Standard Modeli




Sensitivity to £

o(eq — eq)

[N
2 2
~ - Q>1000 GeV e HI Preliminary Data
- o — NLO QCDFit
b L
----- NLO QCD Fit
2000 - Y exchange only
1500 |
1000 -
500
0 = 1 1 1 1 1 1 . | | 1 1 1
107 10° 1
< 9
vy F Q>10,000GeV’ o Hi Preliminary Data
8 E -
§ 7 E — NLO QCD Fit
e NLO QCD Fit
6 ¥ exchange only
3 F
4
Ik
2E
1 E
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0O 01 02 03 04 05 06 07 08 09 1

Sensitivity through propagator
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Charged Current Cross-Sections

Cross Section for etp — 0 X :

o G% 1
dzdQ? 27 (14 Q?/M3)

s(@+e+ (1—y)?(d+s))

e Propagator dependence = W mass determination

H1 (94-97): 81.243.3+4.3 GeV
ZEUS  (94-97): 78.61725133 Gev
e parton densities = sensitivity to d-quark density
e helicity dependence = V-A coupling

e QED radiative Corrections (< 10%) applied

Reduced Charged Current Cross-Section:

27 d’c
ik ) | 2 M2 2

= z-(u+c+ (1 —y)*(d+s)) in QPM

O = &

e definition in analogy to the
Reduced Neutral Current Cross-Section

e different relation to the parton densities:
supression of the valence quark contribution
at high y due to the helicity factor
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etp ~ GF
da:ng — 2r (1+Q21/M2) [@+c+ (1 —y)*(d+s)]

ZEUS CC Preliminary 1994-97

T Q*=950 [ Q*=1700
IE 1 1 IlIIIII 1 lE %
= Q*=5300
E E E 3 — CTEQ4D
o Q% = 17000
- - u+c
0.075 3
0.05 - 0 —— (1-y)’(@d+s)
0.025 €Q2= 9500 ?
0_ 1 |||||||| 1| 1 S Lol 1 1
10 10

Good agreement with Standard Model

Sensitivitv to d and sea
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mZ_EUS Preliminary 1994-97

NE 2f e ¢'pData
= F —  CTEQ4D
- 3
3 10 ¢ D PDF band
8; 10 |
© Teat og,
5
10 EW
M o %Q
10 é_ [ ] F%f =
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10 -8 : 1 1 1 1 L l 1 L L L L L L 1 l
3 4
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B o100 | 127
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Good agreement with Standard Model
up to Q% ~ 10,000 GeV?




do/dQ? (pb/GeV?)

=k

10

10

10

10

10

10

10

High Q?

Cross Sections

HERA e p DIS Cross sectlon 94 97

. charged current

| o ZEUS

- ® H1

Prellmmary :

neutral current

10




RUNNING

3¢ .'99
WITH

e (T56eV)
AND
P (320 6GeV)




N/L per bin [pb/GeV?

N/L per bin(e )/N/L per bin e* [pb/GeV?]
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Runnmg m 1998

(A Di

e Electrons on Protons
* Proton Energy = 920 GeV

ZEUS (i pogreess)

Charged Currents Neutral Currents
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e” / et Comparison

e” beams have an easier time to find a matching parton in
the proton
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SUMMARY

- Proton being probed down to 1.5/1000 of Ts
- 5 order of magnitudes in Q and x measured
- Experimental agreement be-tween H1, ZEUS, fixed target.

- NLO QCD fits, with DGLAP evolution, Good mn the
range I< Q“<1() GeV”

- Gluon density measurement confirmed in 4 different ways;
at various Q2

C
- F contribution sizable and rising with Q2

- F; different from zero.
-Z, contrlbutlon observed.
- Very high Q a little more than expected .
- CC agree with SM. Test of W propagator at high Q?“
a novel aspect. |
- Recent exper. interest for very low Q physics; transition
region betweed perturbative and non pert. physics studied.
- '98-'99 e runs will provide e data comparable in |
statistics with previous e¢” ones. |
- Future: luminosity upgrade 2000-2001; 500 pb'1 possible;
--> new physics; precise systematics.
Thanks to our friend Bjoern Wiik !




