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Topics in this lecture

How do we study the structure of composite particles?
Is the proton an elementary particles?

If not, what do we see inside the proton?

Are there only charged partons inside the proton?
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Probing a charge distribution

B To probe a charge distribution in a target we can scatter electrons on it and

measure their angular distribution

B The measurement can be compared with the expectation for a point charge

distribution
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Proton is not a “point”
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e-u scattering in the lab frame
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Electron-proton scattering

B The scattering picture used so far needs to be extended for a composite object

B The invariant mass spectrum shows the elastic peak, excited baryons followed by an
inelastic smooth distribution
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Hadronic tensor - 1

do ~ LZVL%Vuon — do Le Wproton
electron-muon parametrizes
Scattering the current at the proton
vertex

B The most general form of the tensor W depends on gitv and on the momenta p and ¢

W W. Wi

v v 2 4 v v
W = —Wig" +M2pp +M2qq +M2(“’q +q"p”)

B From current conservation d,J+=0
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Hadronic tensor - 2

B Only two independent inelastic structure functions (W; and W)

q"q” 1 p-q p-q
WHY = —W, (—g“” + ) + Wo—s <p“ — —q“) (p” — —q”>
C]2 M2 C]2 q2

B Each structure function has two independent variables

q2 square of transferred four-momentum

p-q energy transferred to the nucleon

V= M by the scattering electron

o —q2 _ —CI2 0<z<1 Bjorken
2p - q 2'Muv - = scaling variable
Dimensionless variables
_p-q
YTk 0<y<1

B The invariant mass of the hadronic system in the final state is

W?=(p+q)?=M>+2Mv+ ¢’
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Kinematic phase-space

Elastic scattering
r=1——¢>=2Mv — W? = M?
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Cross section

®  \We can now use the hadronic tensor to calculate the matrix element
® |n the laboratory frame:

0 0
(LYW, = AEFE' [0082 §W2(V, %) + sin’ §2W1<V, q2)]

B Using the flux factor and phase-space factor

dq . a’ 4 2 . 20 2
dE'dQ ~ 4E%sint? [COS g Vel q") +sin” 2Wh (v, @)

B |ntegrating on the outgoing electron energy

0
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[C082 Wa (v, ¢%) + sin® =2W; (v, q2)]
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Increasing spatial resolution

B The key factor for understanding the proton substructure is the wavelength of the
probing photon

A\~ < 1 Fermi

_q2
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Bjorken Scaling

B |n 1968 J.Bjorken proposed that in the structure functions should depend
only on the ratio v/q? (proportional to x) in the limit g>—«~ and v—«

® In other words: at large Q°=-¢° the inelastic e-p scattering is viewed as
elastic scattering of the electron on free “partons” within the proton

li Wa(Q?,v) = F
Q2—>oo,zir/ré22 fixed Y 2(Q , I/) 2(33)
lim MW.(Q* v) = Fi(x)

Q2% —o0o,r/Q? fixed

Bjorken - 1969
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SLAC-MIT experiment
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SLAC-MIT experiment

1.6 Gev
SPECTROMETER
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First hints of Bjorken’s scaling

First data at 6°: F> plotted as function of
the scaling variable v/Q- is roughly
independent on O’
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Parton distributions

B Partons carry a different fraction x of the proton’s momentum and energy

Y Sum
' over
partons

Z/dwe - — "
/ \ Integrate / \(1 -X)p

over

v

momentum
fractions

B The probability that the struck parton carries a fraction x of the proton
momentum is usually called parton distribution or parton density function

®E Total probability must be equal to one:

fi(a:):dpi ;/dw zfi(x) =1

dx

R.Feynman - 1969
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Structure function revisited

In the Feynman’s parton model the structure functions are sums of the

[
parton densities constituting the proton

vWa(v, Q%) — Fy(x) = Z e2x fi(x)

MW, (v,Q*) — Fi(z) = %Fg(a;)

B The result 2xF;=F is known as Callan-
Gross relation and is a consequence of
quarks having spin 1/2 15+ :;;';*f;‘_&-:'_f«"i -
* S teNie) -
B Comparing e-p with e-w scattering cross sk FE e
sections (with m=quark mass): %

2W1 @2 nF f + |
W21 — 52 Wy = Fl/M, Wy = FQ/D F:l 1.0 |- = o{i‘% PT.}. ﬁ‘ : ﬁ.-”}_
m =M, Q2 = 2my| — % = % 05l { Lo e

x = Q% 2Mv

The parton carries

a fraction x of the

proton mass M
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Proton/Neutron parton densities

p——
1 2
. Valence —F5P = ( ) [uf + @P] +

2
‘%‘ee% W - quarks x 3
d, 1 2
(§> [dP + dP]
~ Quark-antiquark 1\? A
.. pairs from gluon 3 [s” +57].
splitting (“sea”)
®E  We write the equivalent structure function for the neutron as
e = (2) wevws (1) v @y (2) e o WP (z) = d*(z) = u(z)
z 2 3 3 —
B Proton and neutron parton densities are correlated dP(x) = u"(x) = d(x)

sP(z) = s"(x) = s(x)
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Constraints to parton densities

We assume the three lightest quark flavours (u,d,s) occur with equal probability in the

[
sea

Us = Us = dg = dg — S(m)
(SL‘) us ()
d(r) =

/‘\
—

ds(2)

E

B Combining all constraints:

1 1 4
SEP = Sy, 4+ dy] + =S
e 9[u—|— ]—I—3
1 1 4
SES = Sy, +4d,] + =8
o 12" = glue +4do] + 3

B At small momenta (x~0) the structure function is dominated by low-momentum
quark pairs constituting the “sea”. For x~1 the valence quarks dominate and the ratio

F/FP becomes
Uy + 4d, 1
qu, +d, 4
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Ratio of structure functions
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Summary of F, proton

If the Proton is

then F&(x) is

Three valence quarks |

|
1/3 1
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How about gluons?

B Summing over the momenta of all partons we should reconstruct the total
proton momentum:
Dg

1
/da:x(u+a+d+a?+s+§): — L =1—¢,
0 p

B Neglecting the small fraction carried by the strange quarks we have and
using the results of experimental data

1 Vo
euE/dxaj(u+u) Egﬁl—eu—ed:1—0.36—0.18:@
0

Experimental data indicate that about 50%
of the proton momentum is carried by neutral partons,
not by quarks!
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Gluons and the parton model

/—g» quark
gluon
Nk

+ Initial Gluon emission

,XE XP

\ O(OLS Olem) 7*
(I-x)p

——>quark

)é\,—c—> antiquark
/ %}

+ crossed diagram

O(0tem)
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Gluon emission: contribution to £»

*

Y =)
P pi=yp 2 Zpi—xp
Proton ﬁ —> —>
* <%€‘ Scaling:
2 Y 2 no Q2
dependence
" Fy(, Q) Ly v
L 2B e [ Lt —afy) = Y i
/ Scaling
violation!
*
“\‘\‘ﬂy F;*qﬁqg(x Q2) 2 1 dy O[S Q2
2 " =) e / W) [%qu(x/y) log F]
™ . X
quark ’
Cut-off /
l for soft gluons
gluon
\ Splitting function:
\ Bl = 4 (14 2%\ probability of a quark to emit
9q\?) = 3\ 1— 2 | agluon and reduce momentum by a fraction z

+ Initial Gluon emission N.B.: divergent for soft gluons (z—1)
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Experimental techniques
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HERA accelerator complex

HERA: 325
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Kinematic region
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HERA experiments: ZEUS
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Deep Inelastic Scattering event
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Events with two jets

—Muon =

- Jety
A
™ !

Jets

L4

[

..

Transverse view Longitudinal view

e p — e jets jetz X Only possible

j /
partonic subprocess: y*g —q anti-q with gluons!
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Kinematic reconstruction

® To fully characterize a deep inelastic scattering event kinematics both Q-
and x (or y) have to be measured

Q'=—¢=—-(k—FK),

e(k) + p(P) — e(k) + X QP
YT op. q’
e

® Both variables can be measured e.g. detecting only the scattered electron

E/
Yo = 1— 2Eee(1 — cos 0.),

Q> = 2E.E'(1+cosb,).

e

B More precise methods combine the measurements (energy and polar angle)
of both electron and hadronic system
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Measurement of F2 proton

B The measurement of F2 is given by the double differential e-p cross section

as function of x and QZ2;
Number of detected events

in a x,Q2 bin
X 2 2 /
& doly _ N@.Q%)
& drdQ? eAxAQ2L
X
S / S
Detector efficiency correction Bin size & integrated luminosity
(from Monte Carlo simulation)
do? 2ma’
2 2
—_ = 1+ (1 —y)?|Fy(z, Q%6
d0? = worllt (1 -y @)
. to first order
oiﬂ 0 = (1 o 5L o 53)(1 T 5"“ ) can be neglected
o
& /
Longitudinal structure function
Parity-violating term due Electroweak radiative
to Z0 exchange correction
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Measured kinematic range
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F> results from HERA
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Parton distributions from HERA
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