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HERA, ZEUS, H1

The HERA Facility ZEUS & H1

HERA Physics

m HERA is the only ep collider in existence

m Collides 920 GeV p and 27.5 GeV e* at H1 & ZEUS

m /s order of magnitude more than past DIS experiments
|

|

Allows probing of very high Q2 and low x regions of DIS
HERMES -fixed target exp. studying nucleon spin structure
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HERA, ZEUS, H1

ZEUS & H1 2E0S & H1

HERA Physics

m Taking data since 1992

m ZEUS optimised for
precision measurements
of hadronic final state

m H1 optimised for
precision measurements
of the scattered lepton

m HERA experiments have
published on a wide
variety of topics

m 2003-2007 is HERA I
running with luminosity
upgrade + polarised
leptons
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HERA, ZEUS, H1

HERA Physics ZEUS & 1

HERA Physics

A rich variety of physics topics is available for Study at HERA:

High Q2 QCD/Hadronic Final State

m Structure of Proton m Photon structure.

m EW physics: onc,cc DIS m Jet production.

m Rare Standard Model processes m Particle production.

m Physics beyond the SM m Measurements of ag.

m Production of ¢, b quarks m Study of events with a large
m Hadronisation of heavy quarks rapidity gap.

- [:65,/:2bb m Vector Meson production.
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Deep Inelastic DIS Basics

NC DIS Cross Section

Scattel’l ng QPM Predictions

m DIS of leptons on nucleons has been an important tool for
understanding nucleon structure and many elements of the SM
m At HERA DIS processes are studied at /s ~ 320 GeV and

Q% > M3, M2
m Unique tests of the SM and it's extensions are possible in this
regime

m Neutral and charged current interactions up to aasg :

e’/v e’/v e’/v

R4 e/ e e

YILIW q y/Z/WLL"L' N vzwa l Le
. -\a q ?I q

q
P EBi A P EBi q
Quark-Parton Model P \g Os
N

Boson-Gluon Fusion QCD Compton
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N C D I S EVG nt RICS [?laSSiésross Section

QPM Predictions
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DIS Basics

Calculatlng ODIS | HEWE ey S

consider elastic ey scattering

1(p, p) n(@'s ')
|
Jjo = ieEI(k/,a')'y”u(k,U) (1)
jn =ieu(p’, o) u(p ) (2)

_ig)\y
(K, o’) 2 (3)

M = i [a(K', o' Yynu(k, O)[@(p', )N u(p, p)]

q
For unpolarised o, the initial spin states must be averaged over.
1 2 _ e g p
LS MP = €2,
spins

Where: L2V = 2(k" k¥ + k' k* — (kK'.k)g*")

James Ferrando QCD Physics - Lecture 2



. DIS Basics
Calculating opg 1

NC DIS Cross Section
QPM Predictions

Contract the leptonic tensors

Lé\y — 2(k/)\ku + k/yk)\ _ (k/.k)g)\u)
LY, =2(p\pv + P pr — (P'-P)gN)
L.t = 8[(K'.p")(k.p) + (K'.p)(K".K)]

Rewrite in terms of the Mandelstam variables

s=(k+p)> = (K'+p')°,t = (k=k')> = (p' p) u=(k=p')? = (k'=p)?
Le.LH = 2(s? 4 u?)

substitute y = g— =<+1
1Y IMP =551+ (1—y)
spins
Insert phase space and flux factor
d = £LN+ Ay s> £ =B+ -y

One isotropic contribution from same handed spm directions



DIS DIS Basics

Calculating ODIS [ NC DIS Cross Section

QPM Predictions

Calculation for ey scattering applies to eq scattering. However we
change the variables: the g contains a fraction x’ of the proton
momentum. meaning p — x’p gives s — x’s so that:

3—; = 27“1 1+(1- )2]x/se,-2

where ¢€; is the charge of the quark In the QPM we can interpret /h scattering

as the incoherent sum of /-parton scattering. We write:

digy 2”0‘ [1+(1- )Z]SZx’eiZq,-(x)

(g(xi) : probability quark g; carries a fraction) x of the hadron momentum)
The distribution xg;j(x) is a parton distribution function (PDF)

Rewrite the double differential cross section using Q2 = sxy
iz = 2oL+ (L= Y1 S X e ai(x)
1
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DIS Basics

Calculating ODIS Vv NC DIS Cross Section

QPM Predictions

Compare QPM result to general formula for /h scattering.
do ~ Lj, WH

where WH* is the hadronic tensor analogous to the lepton tensor.
General form for WH>

v v W2 . W3 W4
Wi = —Wagh + 2 pp’ — et pagss s + —5qtq”
Ws v .\ e G
+o(P"q" +p"") +i(p"q" = p"d")5 3

€"¥*P is the totally antisymmetric rank 2 tensor which is +1(-1) when prag is
an even (odd) permutation of 0123 and 0 otherwise.

Ws term disappears for unpolarised scattering since L*” is
symmetric. For v scattering the parity violating W3 term is also
discarded.
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DIS Basics

Calculating ODIS \% NC DIS Cross Section

QPM Predictions

W = —Wigh” + [3p"p" + 724"q” + 12 (p"q” + pq")
Simplify WH" using conservation of current at the hadronic vertex
quWH = g, W =0

giving:
Ws = —Z’—Zq Wo
and:
Wy = (22) W+ Mwy
So that:

WH = W, (_guu+ ql;gu) + W2# (pu_ I:quu) ( "—‘%"q”)
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DIS Basics

Calculating ODIS VI NC DIS Cross Section

QPM Predictions

Following the calculation with this hadronic tensor (see e;g; Halzen
and Martin) gives:

e:t
P — 4l [V23F1 (x, @) + (1 — y) Fa(x, Q2)]

where

Fl(Xa Q2) = MWl(Va Qz)v V= (pq)

and

Falx. @) = vWa(v, Q) = B Wa(x, Q2).
define:

Fi = F, — 2xF;

then:

2 eip 2
Coor = 25 [[1+ (1 - y)2Fax, Q%) — y2Fi(x, Q%))
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. . DIS Basics
Q P M P I’ed |Ct|ons NC DIS Cross Section

QPM Predictions

Compare our general result to the quark parton model result:

2 _etp 2
oo = 2% [[1+ (1 - y)2Falx, Q%) — y?Fi(x, Q?)]

2
iz = 2oL+ (L= Y1 S X e ai(x)
1
This implies that F(x, Q%) = Y x’e?qi(x) SCALING!
i
Another prediction is the Callan-Gross relationship F; = 0:
2xF1(x) = Fa(x)

This is a consequence of the partons having spin 1/2.
Full cross section includes Parity Violating term, neglected in this
calculation.
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Definitions

P roton Structu re Kinematic Range of Measurements

Proton SFs F;;J

FU nCtlonS Measurement

Uncertainties

Double differential cross section for inclusive ep scattering:

eip
dj;doz - % [[Y+Fa(x, Q%) F YoxFs(x, @) — y2Fi(x, @)] (1 + 6:(x, Q%))

Ye=1+(1-y)?

Fy is the Longitudinal Structure Function.

xF3 is the parity violating term.

O, is the electroweak radiative correction.

Structure function F, contains contributions from virtual photon
and Zp exchange:

Fo = F§™ +

Fint 4 Fyk = Fs™(1 + AF)

@yt @

F5™ is the contribution from the photon.
:’:2“'k is the contribution from the Zj.
Fi"™ is the interference term.
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. . Definitions
K| n em at | C Ra n ge Kinematic Range of Measurements

Proton SFs

Of MeaSU rements Rlllcgasurcmcnt

Uncertainties

,5;10 7.ZEUS]998+99(Prellminary) u HERA ZEUS’ NC Cross
% 104 | ZEUS 1996497 (Preliminary) sections:
ZEUS SVX 1995 X > 10_6 and
e “ZEUSBPT1997 0.05 < Q2 < 105 GeV2
. /4 ¥ixed-target experiments - lee d Target
102 5
@éf‘ m p-induced F, from BCDMS,
0 o NMC, E665.
m Deuterium-target data from
1 y NMC and E665.
yraan m NMC data on F3/F?
't m CCFR xF;3 data.
10° 10° 1wt 1w w0 w0 ; X > 6.1074 and

0.2 < Q2% < 200 GeV?
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A single
particle

Three valence
quarks

Three valence
quarks with
interactions

Valence and sea
quarks with
interactions

Proton SFs

James Ferrando

Definitions

Kinematic Range of Measurements

Fa

xF3
Measurement
Uncertainties

5,._‘7 Q*=27 GeV? Q=35 GeV? Q=45 GeV?
® ZEUS 96/97
NLO QCD Fit A
Q=65 GeV? Q=85 GeV? Q=10 GeV?
151 b |
1
0.5
oL L
Q=12 GeV? Q=15 GeV? Q=18 GeV?
151 b |
1
0.5
ok L

5

! - -1 -5 -3
10° 107 0wl®
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Definitions

Kinematic Range of Measurements
Fa

xF3

Measurement

Uncertainties

Proton SFs

Measurement of F, for 2.7 < Q2 < 6 x 10° GeV? has statistical &
systematic uncertainties below 2% in most of the (x, Q?) region

i E Gomocar Focar oo
ey prw— sscart o g,
L AN y © \ @ s\ o g
Ls S \
1
1
0.5
0.5
ol | L
0 Q=450 GeV? Q=650 GeV? Q=800 Gev*
Q=45 Gev? Q=60 GeV? \ Q=70Gev?
\ \ L5
15 3 1
A
1
1
0.5
0.5
0
0 Q=1200 Gev? Q=1500 Gev? Q=200 GeV?
Q=90 GeV Q=120 GeV? Q=150 GeV?
\ 1.5
15 \ \ \
\ L\ \\ 1
1
0.5
0.5
0 il
-3 -2 -1 -3 -2 -1

1
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Definitions

Kinematic Range of Measurements
Fa

xF3

Measurement

Uncertainties

Proton SFs

Measurement of F, for 2.7 < Q2 < 30000GeV? and 6 x 10°.

© ZELS 5697
A Fixed Turget s .
— NLOQCDFit AL Q15 Gev? ® ZEUS 1996/
N A Fixed Target

——  QCDFil

m Strongmscénlinlé; violations for
x < 0.02

m Measured x — Q2 behaviour can
be described by DGLAP
equations over the whole
kinematic range

1 10 10 0 10

L 10°,
Q" (GeVY)
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Definitions
Kinematic Range of Measurements

Fa
xF3
Measurement
Uncertainties

Proton SFs

HERA
Mo t ‘ Mo t ‘
% H1 (prel) £ ZEUS (prel.)
08 [ g 08 |- a
Q%=1500 Gev? Q%=1500 Gev? . . .
06 - 1 m Parity violating part of
wi| AE Z-exchange (xF3) in NC DIS
02 lf } ke makes a -ve contribution to
, } o(etp) and a +ve contribution
10? 107 1 to O—(e_p)

Mo 1 ‘ :
o H1+2EUS Combined (e m Can be measured by subtracting
08 [ , 2 4 _ .
Q=50 Gev et p from e”p cross section
— H12000 PDF
06 ---- ZEUSJETSPDF —

m SM expectation describes data
well.
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. Definitions
M easu rl ng t he Kinematic Range of Measurements

Proton SFs

Structure Functions | Mcasurement

Uncertainties

How do we measure the structure functions?

m Define a cross section ( Qp;;d) dependent on F>(x, Q2)

dUpred

dQ2dx
m Extract Fo(x, Q%) using measurements and predictions

m Measure

Let's follow this process for inclusive NC DIS measurement...
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Definitions
Kinematic Range of Measurements

Selecting NC DIS Proton SFs | 12

Measurement
Uncertainties

Signature of Neutral Current Deep Inelastic Scattering at HERA

A high energy scattered beam electron balanced in transverse mo-
mentum (P7) by the hadronic system

There are 2 large backgrounds to overcome:
m Beam-gas interactions - can be rejected using timing
m fake electrons in photoproduction (yp) events
vp is removed by cutting on § = > (E; — Ejcosf) = > (E — p;);

In vp the electron escapes undeteéted. In events wheré the
electron is fully reconstructed 0 peaks close to 2E¢,, .

Once DIS sample selected corrections are applied for Born level
cross section
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Definitions
Kinematic Range of Measurements

Corrections Proton SFe

Measurement
Uncertainties

m Two types of radiative corrections:
m Virtual corrections
m Infrared part of real photon emission
Necessary because it shifts the true
Q2 and 4 from the true value, effect is
less than 10% at HERA
m Acceptance corrections

m Factor to get from binned number of
events to cross section

@
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Definitions

Acce pta n Ce Kinematic Range of Measurements

Proton SFs Flé

COI’reCtlonS Méasurement

Uncertainties

DIS MC events are generated
Events are passed through detector simulation
It is checked that MC decribes key variables

Bins of x,Q? are chosen appropriate to detector resolution

In each bin 3 indicators are used to establish suitability:
Acceptance, Purity, Efficiency
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Definitions
Kinematic Range of Measurements

Control Plots Proton SR 2

. ZEUS

3 Low Q ) High Q

R H

Mg

15000} R P) b

) 10 i 10 ! oy 3 10 ! Yor

m Description is generally

satisfactory

m Especially good at High Q?
Eur. Phys. Jour. C21 (2001) 3, 443-471

O (GeV)
n

10 10
O (GeV?)
o

James Ferrando

Measurement
Uncertainties
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. - . Definitions
P u rlty, Efflclency Kinematic Range of Measurements

Proton SFs

& Acceptance E—

Uncertainties

The ratio of the number of events measured in a (Npc)
to the number of events generated in a bin (Npyye).

The ratio of the number of events measured & generated
in a bin to the number of events measured in a bin.

The ratio of the number of events measured & generated
in a bin to the number of events generated in a bin.

A=E/P
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. . Definitions
Bl n_ by_ Bl n Kinematic Range of Measurements

Proton SFs

Unfolding E—

Uncertainties

Cross section measurement

d’c N(x, Q%)
AXAQ2dde2 ~ (DA(x, Q2)
d?c N(X, Qz) Ntrye
dxdQ2 ~ Nuc [(L‘}AxAQz]
o ™ Niata — Mpkgna %0 |7
dxd Q2 Nuyc dxd Q2
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Definitions
Kinematic Range of Measurements

Proton SFs

Measurement
Uncertainties

4 2
Fom = X0 42 [1+ Sre + 0F, + 67]

® Jrc,dF, and 7 are corrections for radiative effects, the longitudinal
structure function and Z° exchange.

Usually calculation is iterative using

[ I\ a a_N ot i
Fri(x, Q) = Ty Fl(x, @)
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Definitions
Kinematic Range of Measurements

Uncertainties Proton SFs

Measurement
Uncertainties

m Experimental and theoretical uncertainties:

m Luminosity measurement: precision and calibration of the
detector, effects from beam satellite bunches — 2.3%

m Detector simulation: uncertainties in CAL energy scale and in
simulation of the CAL and CTD response to e* — 4.4%

m Electroweak parameters: Relevant parameters have been
measured to high accuracy & contribute small uncertainty in
predicted o over the HERA kinematic range — 0.25%

m Radiative corrections: corrections due to ISR convoluted with
experimental resolution produce uncertainties —< 2%

m Structure functions:

m experimental uncertainties — £6.2%

m Uncertainty of the quark-gluon coupling as used in the
evolution to higher Q*> — 1.9%

m total +£6.5%

m Total systematic uncertainty — +8.4%
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Charged Current

BIN

m Lowest order EW cross section for the reaction et p — 7. X:

2
a25CC(etp) _ G
dxdQ? = Znx

M3 2
<M2 %2) (e FPOx Q%) = YoxFTC(x, Q%) — 2RO (x, @)}
w

with Gf the fermi constant and My the W mass

m At LO QCD the structure functions l—_2CC and )<F3CC measure
sums and differences of quark and antiquark parton
momentum distributions

m For longitudinally unpolarised beams:
F¢ = x[d(x, @) + s(x, Q%) + u(x, @) + E(x, Q)]
XF:’)CC = X[d(X, Q2) + 5(X7 Q2) - L_I(X7 Q2) - E(Xa Q2)]
[ FLCC is zero at LO but finite at NLO and has a negligible

contribution to the cross section except at high values of y
(close to 1), where it can be as large as 10%
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Charged Current
Event
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Extraction

P D F EXt ra Ct | o n I g::‘)eFSCegnstraints

Non-DIS information

m pQCD only predicts the Q? evolution of the PDFs, not the x
dependence

m ldeally find analytic parametrisations of the PDFs which are
consistent with Q2 dependence predicted by QCD.

m Most common method: perform direct numerical integration
of the DGLAP equations at Next-to-leading-order (NLO)
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Extraction

PDF Extraction Il T i

PDF Constraints
Non-DIS information

Simple recipe for extracting PDFs:

m Assume different analytic shapes for PDFs (valence, sea,
gluon) at some starting scale Q2 = Qg

m Q? is arbitary, but must be large enough for og(@2) to be small
m Use the DGLAP equations to evolve the PDFs up to a
different Q2 value and use to predict structure functions
m Fit to data
Necessary parameters are those needed to specify the analytic
shapes of the PDFs, Agcp and a(M32)

m Can use these fits to determine ag as well as the PDFs
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Extraction

PDF Extraction Il The Sea

PDF Constraints
Non-DIS information

A typical choice of PDFs to fit are:

u,,d,,S,g,d—u
Usual Form of PDFs

xu, = AxM(1—x)"P(x,u)

xd, = Agx (1 —x)"P(x,d)
xS = Asx™(1—x)"5P(x,S)
xg = Agx(1—x)"P(x,g)

(4)
P(x,i) are polynomials in x or \/x

Not all normalisations A; are free parameters: A,, Aq & Ag are

constrained by different sum rules
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The Sea Quark —

The Sea

M N N PDF Constraints
DISt ri bUtlon Non-DIS information

Flavour composition of the sea
m Heavy quarks require special treatment; assume either
m entirely generated by gluon distribution via
g — qq(Q> ~ mZ )
m Heavy quark distribution only above threshold Q2 > mab)

Strange quarks suppressed wrt to u & d (larger mass)

(7+d)
4

5 =

Historically assume u, d content of sea is symmetric

no special reason why this should be true

in fact it seems that d > @

James Ferrando QCD Physics - Lecture 2



Extraction

P D F CO n St ra | nts I gr)eFS(?gnstraints

Non-DIS information

m CCFR neutrino data (xF3)

m Valence shapes for all x with uy & dy contributing early
m Most reliable at medium x (worry about nuclear corrections at
highest and lowest x)

F2(uD)
m NMC data on B (ip)

m gives ratio dy/uy at large x
m Only dataset to do so
m F(ID) & Fy(Ip) from NMC, BDCMS, E665, SLAC and F
from CCFR

m Singlet combination of quarks (xX = xu, + xd, + x5 )
m Sea distribution for all (x, Q?) covered by experiments
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Extraction

PDF Constraints Il The Sea

PDF Constraints
Non-DIS information

Where do different constraints come from?
m F, data from the same experiments

m Combinations of u, and dy at high x

m Contributions weighted by (quark charge)? (u,) dominant for
protons

m equal contribution for deuterons

m u, better determined than d,

m F, data also constrains gluon density

m CCFR dimuon data

m Strange Quark distribution
m directly or cia weak decay of charm quarks

m HERA data

m Sea quark and gluon distributions
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Extraction

ReSUItS Of QCD Flts ;Berégnstraints

Non-DIS information

02|

m Results from different groups
MRST & CTEQ - professional
fitters and market leaders

m In these global fits other data,
aside from structure function
data is also used

a6/

a4

02|

Eur. Phys. J. C42 (2005) 1-16
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Extraction

Non-DIS PDF Data | e sen

Non-DIS information

Constraints on quark distributions can also come from:

m Drell-Yan dilepton production: pN — ™ pu~X
m A sensitive probe of sea quark distribution

m dominant subprocess: qg — v* — putpu~
m Data from E605 and more recently E772 (moderate to high x)

m Ratio of data pn — uT =X to pp — ptu=X
= Give information on ration ¢ (NA51 & E866) experiments
m W production:
pp — WX

m Dominant subprocesses: ud — W+, do — W~
m W* asymmetry also gives information on d/u
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Extraction

Non-DIS PDF Data Il fhesea

Non-DIS information

m Constraints on the gluon distribution
m DIS structure function data only really constrains low-x gluon
m use prompt photon or single inclusive jet production to get
high-x gluon
m Prompt Photon data: pN — 7X(0.02 < x < 0.5)

m Dominant subprocess: gg — vg at leading order
m Data from WA70, UA6, E706, ISR, UA2, CDF

m High Et jet production from HERA TeVatron
m Depend on the gluon via gg, gg and gq initiated processes
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S U m m a ry & Extraction

The Sea
PDF Constraints

COﬂCl USIOnS Non-DIS information

m DIS offers a precise way of measuring the structure of the
proton

m The structure of the proton can be understood in terms of
parton distribution functions, described by QCD

m The precision of these data will especially the high x gluon
will strongly affect early LHC physics results
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