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Cross section (mb)

Electroweak Scattering of Nucleons

Why we say hadrons are composite

e Resonances in Hadronic Scattering !
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e Photon-electron Compton

Yyt+te—e—v+e ...
Klein-Nishina: 92 = . (5)2 [—’i+—’“——4(e~e’)2—2]

dQl® — 2mZ \k kT
U, vy, Uy
€R KUR (TR)
), \u), 7). (e

L

e Use the simple to study the complex .. .

1Particle Data Group, 1998




Electron-Proton Elastic Scattering

Q [
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e Rosenbluth formula:

do  4ma? (E’) IG(Q))? + |G (@) +27|Gu(Q) tan®(0/2

dQleab_ Q* \E 147
~ @Q? - momentum transfer
-7 =Q? 4m§

~ Gg, Gy — Q%dependent form factors

e Dipole form factors (SLAC, 1960’s)
1

1+ ﬁc‘j;vf]z

e Diminishing returns? Hides too much? Elastic scattering &
resonance production is back at JLAB

GeMm ~

e BUT: suggestive of point substructure ! 2
U(Qv 0) = U(Q: g)point X G(Q)wave function

e In late 60’s attention turned to ...
2Perl, High energy hadron physics (Wiley, New York, 1974), p. 448




Inclusive eN Scattering in QED

o Assume QED Lagrangian :
Lqep = € (if — m.) e — &(ey,) eAH + AyJbadron + Lphoton(A)

® Jhadron arbitrary but local
e Cross Section e +p — e+ X (Mx > m,):
| N
kr) &o"/ KiyXx
Ae X(p+9)
Ax(p,k, g0, A, X) = ay(K') (—iey,) ux(k) K

< g 24
3-/‘-
x (XleJ,(0)lp, o) /C%

P
* Unpolarized inclusive cross section (S > m?)
do 11 9 y
‘BeFe = 5% X Z/Ps [Ax[" = 572_4 L W
e Leptonic and hadronic tensors (unpolarized)
2
e . _ ,
L*(K k) = 57 [ax (K )y ur(k) " G (k) ur(k)
T AN

Walp,a) = 5% [(XIeT*O)lp,0) " (X|eT (0)lp,o)



Structure Functions?

e Dirac equation [f — melup(k) = [F' — me]uy(k’) =0 =

q" Ly (K' k) ~ @y (K') v, ua (k)" an (k') (F — F) ua(k) = 0
— current conservation: 0 + Jgectron = 0

2

LK, k) = =

(k/pku k)uk'“/ _ g;u/k/ . k)

o Assume conserved hadronic current: 8 - Jhadgropic = 0

—

e Assume parity conservation (k = (k°, —k))
= W#(p,q) = Wo(p, q)
=

W'uv(pa Q) - - (g/w - q;ngl/) Wl(xa Q2)

P q p-q\ 1
+ (pu—Qu?) ( v “‘QU'q_2> —nfLEWZ(vaZ)

p

e Bjorken scaling variable: z = 2p - ¢/Q?

0< (p+¢)? <S8
J

0< = <1

3] try to be consistent with the conventions of Handbook of Perturbative QCD, Rev. Mod. Phys., 57(1995)
157.



Kinematics of DIS
e(k) + N(p) — e(k) + X(p+q)

/

K K
S — 44
W
P X (p+q)
Q* =~ = —(k' — k) momentum transfer
2
T = ¢ scaling variable
2p-q
_pb-q .
Y= bk fractional energy transfer

W? = (p+q)? mass squared of X

e Relations (neglect my)

Ty =—Q§:
wW? = Q—(l—x)



Electron-Proton DIS Cross Section (QED)

e Alternate dimensionless structure functions

F1(33,Q2) = W1<x7Q2)
Pz, @) = 5 Wiz, @)

D

e Relation to v* polarizations

W (p,q) = S €i(q)*ei(q) Falz, Q)

:e7r)

Fe,r::Fl:tFQ
2$FL:FQ—2$F1

e Compute LW, —

do™? oma? 9 9 9
1d0E = ar |VB@ Q) 2wy i@, @)

Vi = 1£(1-y)

e When zy? = Q*/25% < 1 — “read off’ F; from data in z, Q



Pre-HERA ep and up Data *
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The proton structure function F§ measured in

electromagnetic scattering of electrons (SLAC-

MIT) and muons (BCDMS, EMC) on hydrogen
targets, versus Q2, for fixed bins of z. The data
have been multiplied by the factors shown on the
left-hand figure for convenience in plotting. Only
statistical errocs are shown. R = oy /or = 0.21
is assumed in the SLAC-MIT data, R = 0 in the
EMC data, and a QCD prediction for R in the
BCDMS data. Where necessary, the SLAC-MIT
and EMC data were interpolated to the = bins
of the BCDMS data. Note that there are no

SLAC-MIT data in the lowest z bin. References:
SLAC-MIT—A. Bodek ef al, Phys. Rev. D20,

1471 (1979); EMC—J.J. Aubert ef al, Nucl. Phys.

B259, 189 (1985); BCDMS—A.C. Beanvenuti
et al, Phys. Lett. B223, 485 (1989).

o Slow Q* dependence Fy(z, Q%) ~ Fy(z) for much of data

e Suggests (compare elastic)

Uel(Q; 9) ~ Uel(Qa e)point X G(Q)wave function

4

Uincl(Q: 9) ~ Uincl(de)pomt

e cf. Parton Model — Fy(z) “scaling”

o cf. QCD evolution — Fy(z, @?) “scale breaking”

e Hirst, generalize: Lqpp

— Lgw

“PDG, Phys. Lett. B219 (1990) 1.




DIS in the Standard Model

e Interactions from

Lk zww m; ) ;

~ 5 Tl =) (TTW T+ T W\f

—eQ, ;mz/),-Aﬂ \xr

- 2(:08 Ow ;wﬂp( — gy )i A \(
Z

+ [:boson(m Z7 7, H)

gy =ty —2g;sin?fy  TT =

)

gf4 = l3 T~ =

= O O O

OO O =

. 1; summed over fields (L, & R separately):

e (%) ") (%) e e (w

~ e Parity violation — additional structure function



Charged Currents and Neutral Currents:

e NC: exchange of v, Z CC: exchange of W*
e Include 1); = quark fields in Lgw
tsp = 1/2 u c t
tsp = —1/2 (d’)L (S')L (b’)L (9z)

e General form in Lgw:
— - ; 12
W: J };dronﬂ + Wu Jha,dronu +Z #Jhadron#

.
w Z

N

e Pre-standard model: analysis based on four-fermion interactions

e Examples®

-e+p—e+X: SLAC, H1, ZEUS

p+p—pu+X:  BCDMS, EMC, E665

e+p—v.+ X: H1, ZEUS

v+A—p+X:  CHARM, CDHS, CCFR, NuTeV
_p+A—a+X:  CHARM, CDHS, CCFR, NuTeV

p+A—p+X:  BCDMS, EMC, NMC, E665

et+A—e+X: SLAC, JLAB, HERMES

SUnsystematic list, from plots of PDG, 1990, 1998.



Cross Sections

e Cross Sections ( Y3 =14 (1 —y)?)

doNC) 2ra?
ded@?  zQ*4
< |V "z, Q) - Yool (2, Q) - 20y’ F" O (a, Q"

do©?) _ GE [ My
dzd@? 4wz \ME + Q?
X [Y+ (CC (m Q%) — Y#:ch(CC)(m,Qz) 2fL'yzFL (37 Q?)

e EW couplings g4, gy absorbed into structure functions
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The HERA Transformation: PDG F?, 199{fand 1998

e(27 GeV) + p(820 — 920 GeV), S ~ 50,000 GeV?
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The E665 Detector

e Beam Energy: ~ 500 GeV
Beam Spectrometer: 4 PWC stations, dipole magnet

Ap/p = 0.005 at 500 GeV
e Hydrogen and Deuterium Targets (plus heavy targets)

¢ Charged Track Reconstruction:
Vertex Drift Chambers & 56 PWC and DC planes,
Two Dipole Magnets,
Ap/p =0.00002p —+ 1% at 500 GeV.

o Electromagnetic Energy Measurement:
20 planes separated by Smm (1)) lead sheets,
resolution: 38%/VE.

e Physics Triggers:
Small angle muon scatters (§ > 1 mrad),
Large angle muon scatters (6 > 3 mrad),
Calorimeter Trigger (~5 GeV energy in multiple quadrants)




ing DIS

Collect

ixed target and collider

F

Detectors

The H1 Detector
click 10 the red sumbers...




A NC Event in the ZEUS Detector

Uranium-Scintillator Calorinieter
6000 Cells, each read out by 2 PMTs
g9, = S mrad
o/VE (e) = 18 %
o/VE (had) = 35 %

AE/E (syst) =3 %

in situ calibration good to 1-2% (e)




A CC Event in the H1 Detector
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Liquid Argon Calorimeter
44000 Cells
o9, = 2-5 mrad
o/VE (€) = 12 %
o/V'E (had) = 50 %
AE/E (syst) =3 -4 %

in situ calibration good to 1 — 3% (e)
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Kinematic Reconstruction ©

o Light-cone variables
v = (vh,v7,vp)

1
+ _ *t (0_ 3
v = 2ty — o

+

v-u = vy oot

e HERA: p~ (p+,07,0) &k~ (0+,k~,0)

ol

" (k2 ¥ k%)
In (cot %’5)

??"?r'
[\ +

N N = DO =

e Variables: S, Q?, z, v, related by zy = Q?/S

- CC: must rely on hadronic measurements

* Prhad = P2 = Q%, Dhad = =4~ =6//2

2__52

* COSY, = 45
2+62

- NC: measure Ey, 0y and/or hadronic — @Q?, y

6ZEUS, Eur.Phys.J. C11 (1999) 427; ibid. C12 (2000) 411; H1 ibid. C13 (2000) 609



e CC Reconstruction

- 61_1—ad = ﬂq_ -
kt=kp=0— ky =212

- gy from:
5 :q_:q_+:p.q:y
2]€0 k— k"p“*' pk
- Q? from:
2 k!t k! ok .
Fr _2RTET g p 2KP
l-y  1-y S1-y)

e NC Reconstruction

- H1: ¥ (=6) method (reconstruct k* after IS radiation)

5 ¢ _ pg

y:E+Eé<1—COSHCI) :q‘+k’* p-(g+K)

- ZBEUS:  “double angle”, using -y, and 8./

e Systematic Error: hadronic calorimetry most important



Run 224588 Event 9004 Class: 26 Date 19/10/1998

Q**2 = 22068 CGeV**2 | v = 0.74

300
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ZEUS 1997 (Preliminary)
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The Parton Model for DIS

Fundamental Relation

~ elastic

dowm(p,q) 1, des(€p, q)
diCsz - pari?ns a 0 d& d.’,Usz ¢a/h(§)

e dzd()? same on both sides

elastic

on elastic

e(k) +a(ép) — e(k') +a(p+q)
e (p+q)?=0= do¥/dzdQ? ~ §(¢€ — )

e Fundamental assumption: quantum mechanical incoherence
of large-() scattering and partonic distribution

e In PM, cross sections, structure functions proportional
to parton distributions — pdf’s from data

e Realizes virtual states of proton by scattering one constituent
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PM for F, in QED

49
e a = f; quark flavor f: PM relation: P \\ P a,
—'_““d?;vd(gz@ 22;‘ /01 dé d5§§2§f’ 9 ¢s/n(8) ﬂ
e Elastic cross section
2p P e b W 6,0
e Quark elastic
WHEna) = = 5 [~ Mep+q— o)

N 871' spins (2’/T)32(.up/
x(2m)'6*(p’ — g — ¢p)

2
= 2§Zf 00— 2/8) - 4(Ep+ d)utp, + EpulEp + @)y — € g
2
= (g,w — q;g”) [% 5(1— z/€)
. p-q\ 1 q2m2
+<pﬂ_Qﬂpq_2q') (pu_QV q2 ) mp% [é;g 5(1_1"/6)

e (1) Insert in PM relation, (2) Use delta function, (3) Compare
to o in terms of W}N=> tyical PM result

FiV(z) = ¢ z¢pn(z) = 20FN(2) (C — G Reln.)
f



e PM relations for CC by exchanged VB (simple!)

F™0) = 2 (2 dom@)+ 5 dop(o

—-'LLC

F2(W—N)(x) — ( > dpn(E)+ X dun(z )/

D=d,s U=u,c

( > ¢p/n(z) — Z Pa/n(T ))

D=d,s U=u.c

A ) = 2 (- 5 oom@)+ 5 dunie)

_UC

—~W*N: vN, et N, etc.
— extra (1/2) for e due to ep

e Sample simplifying assumptions

- Isospin symmetry: qbu/p ¢d/m ¢u/n = de/p
- Drop heavy quarks: <]5c,b,t/N =0

- SU(3) Symmetric “sea” ¢g/y = ban = ¢s/n (Fails badly)

e With these, DIS data highly overdetermined — consistency checks

e But a = f certainly not complete (from very early data):

> /01 dz £¢s/n(z) = total momentum fraction ~ 0.5

e Important role for the gluon . ..



Further consistency checks: sum rules

e Valence content

Nu/p = /01 dz [gbu/p(m) - ¢ﬂ/p(x)] =2

e Adler sum rule (CC)

1= Nu/p — Nd/p — /(')1 dﬁ,‘ [gbd/n(a:) — (pd/p(x)]
= /01 dz [Z ¢p/n(T) — Z Pam(z) — % ¢p/p(T) + % ba/p(T)

[ (e - )

e Gross-Llewellyn Smith SR (CC)

1dx

3=Nu+Nd— 2

[ F(Vn)( ) + fL'F(Vp)( )]
e Cottfried SR (violation — asymmetric sea) (NC)
1 1 de

5=h [F(MP)() Fz(lm)(m)}



Extending the PM

e Drell-Yan processes (A + B — ££') in PM

Acpd ( ]

do(p,p', Q) I , do 5% (zp, '/, Q)
. = ¥ dx dx x ¢rBl(:
dQZ f,f’=q,<j/0 ¢f/A( ) dQQ f/

Erample: QED elastic (f' = f only)

elastic

daff_,zél(icpax’p’a Q) 9 4o 51— Q>
)

dQ? — 9Q%(zz'S zz'S
e Other hard processes: Direct photon, jet ... global analysis; require

e Influence of gluons ...



QCD for DIS

From the Parton Model to Factorized DIS

e Accept QCD dynamics as source of composite hadrons

e Basic relation from parton model (arbitrary differential cross section)

dow(p, @)= ¥ [ de d6S=(p, q) Gusn(€)

partons a

e Reinterpreted Assumption: incoherence of hard scattering from
QCD interactions in nucleon

e QM: gluons of wavelength < 1/@Q “fit” in hard scattering

e But @ is variable = ¢,/n(§) changes with ()

o Let ¢/ (€, 1) be pdf that “contains gluons with wavelength > u”
e Basic relation becomes

don(p,q) = ¥ /xl d€ doa

partons a

r Q*
(z, ;2—) ¢a/h(f , 4)
e & gives physical final state — & > x

e Now parton a can be a gluon

e Can compute ¢ in PT



Evolution

e ;. arbitrary in

2
daﬁh(pa Q) - Z /: d& da- (x Qzaas) ¢a/h(§a )
partons a § v’
4
P

e Only variables & and ¢,/y have in common are &, o

4

e DGLAP evolution equation

d
(€)= | dzPa £ ) dymtzn) (4)
d x Q2 Q2 Z .
pU——0¢q ( ) = ‘—/ dz'6 O¢c ( s) Peo (—7 as) (B
z’ p?’ pu?’ z

e From (A) : extrapolate cross sections; determine pdf’s from differe
experiments

e From (B) : compute matrix of “splitting functions” P,y
e Quantitative theory of Q2-dependence of structure functions

e cf. following lectures of Steve Ellis & James Stirling
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