ELQCE/‘OH"ProJcau ELastic Scattenny (THomsou ChApter #)
' 6Cm‘tuf‘mlj ) o wtshell: rmonl a. w.ell Kabwn probe on o pucleon O

nuclows s Onde~r 4o -l:r-j to fcg,uwe 1t structue,

. "P“O*—Oﬂr‘aphiuj" on Obyect by scatbering an elctror o Ff 15 & ue 8 -pro-

ved techm;fwu I "F}WE:ICﬁ.

‘ W!)f-e jo:m_ﬂ to stot with 2fen7l ¢ Z'Pr ACm‘tbei‘ij w orckr to wtvocCe o. Number
of concepty that wilL he uujuﬁ Loter ow.

Pf‘obwg the structuwe cf the Proton

) éfoctf‘au- protod scatteriwq 15 & (/Aefuﬂ rmethod €o /vul/eotga-te proten) strdCtve:

I) At fow fwarfieA the mAW Procen 1o 2LASLIC SCAttesing where the protow
stays mytact. This 1wwiLves o Uivtval Photon/ mwitevacting with the proten
or & Whoie, allowivg s tO MmoAAure gl?dzﬁ f.ea'buw—u Auch on the Ay us.

jI) A-!: high emeﬁjge;, the main Procea 15 degp velartic 4cattew,u3,w~

e protow brears oprt. Tn this core the elbctren Acattens obest-

’Co»@%(, ?ff /'uduwduaz/obumﬁéj providing this wWAY vSight mto the mo-
“maantund  distribo tion F the puonks.

¢ Tl'\.d— nature of +the écattering deponcls ow *he WAI&L@ngt"l Cf the virtocl Photow:

(a) (b) (c) (d)

,?].>>rp lmrp }1.<rp




RYA > Vp: odpctrows oze non rebatwistic omd the praton Appezs to be pont L
The pcatten g 15 elartic ondd Yoverved b7 statc Léeén‘z ;‘:(e:;:;

b) A= rp: the Proton'y, extended Chorg e omd magmetic moment stort to bewo-
“-me mportamd

c) ) <rp: the 2lrlic cross section ckGreares, Inelatic scatberinvg becomes comuvomt
or the Photon Gtonts €0 mteract with pProtow's cowstitvents, ond
the protow Aunbreguently breaks Up.

d) A &< fp: the protown stvuctune 14 f‘u.efg rerglved, omd it bewes Like a Afo

E}f qufK/\ ond g,&om

( the ,5€M-L:c /&Ca,-e{,e-f';mj provides o. jaod ywtvoduvcticn) tew o
Numher a][ wm fortamts con Cepta

KuU\,efawd amd  Mott Scatterivg
: Rukufapd omd Mott rcattering Ote the two processes Contvribotivg to the e P olon
-bic Aattering, [V both casres the xiwetic en<rq) of £he r.eca:.;&,r,g proton /5
Mg,&yb«& Comporned to ls rest mats Here we're goin9g to covs de~ the protow ce a
point-Like Dirac Pm-l:douﬂb}wmch ho €4 of A>>7p:
e e

P P3

P2 P4

‘IF we Cowsider {hy protow A5 Juet omothen porwt -like Dirac fermion,
Jt‘\.en/ Lhe M4 TEIX _&@M{, Uf the e7pP elen tic 9(a-l:tewm/g dmgrmy. 15 ;

/79_ . Qe [ﬂ(pa)aﬂ”ucpa)] j,,/[’b’upqm'/ﬁ (Pz)]pr#.'i)

ql



'Wz Comm WVite »piwors Using 1he /Le,&'cifj \fmwm«&a—w;. For the ogctoon we rove:

7 own ”r ]

c =S
(R 'cosevz; U= Ne 'l"""g’aé (Ty.65)

Wl

: A4
SN 6r2 e“p cCoa lez"
Kcos 6re Koeivwere
Koiwere e’ ~KcCos Brzg”

nonw - Relatmrstic: K<<

wi1£h Me:fEvme'tthy Kz 9 = (2) pzvic #z__7
Etme g 41 /177

h'ﬂ% relotwiotic : K4

- IF the velocity of the ocatiered protew 16 snmall, to a 5aod approx;mation

the Zaf/.ey:j)' 0/ the glectvow Jdoer not Chmf.—e_, omg then KF = K, /f ue alio
et l?':OJ ue get thew:

Utipd: Me (1,0,K.0)(>  UfiPa)= Vel CyAh,Kc,Ka) (5)

Uv(P1)= Ve (0,1, 0,-K)(U) Uy(P3)= A/e(-/s,c,m,-rc)(éJ

‘ 116 e defirve Obycin Lire [’thpnaﬂ“qu)] on cwqmesJ,w cow vewrite (T3.1):

Mo Bt de e ©

. G,ZQJ_&&L fa,,,. oy two spiwors , the com Ponemis of do'e= Vi’ r'®, owe:
"VJA(P (_,}“’X\d/lqb ¥, (bq*'q/*an-'lfq}a e.* u}qCDq (T6.12)
LV{'CP"-VX(()”‘P’%@*’Wa%"’\uafpz**%(p (T6.13)

LVJA(P qﬁfcrﬂq’“ L%d)u %q)a Vz@z*%@](ﬁﬂ)
‘qu) ‘VX‘&MP Ur s -We 'ty s W, -t bz (T6.75)

50 applying (%-6) OV dng give wn:

Jetr = wrPy P ¥ U (P0) - (€tme) [ (KP+1)cy Aks, +&LKA,RNC T (TF.2)
)e“,: Ty P Uy (P1) = (E¥me) [ (KP+1)e, Ars, -Rika ,AKCT (TF.2)
Jestz g Py 0¥ 2 (P2 < E+me) L(1-Kk2)n,0,0,0] (T7.4)

Jetv= Gairyr¥u, (o0 « €tme) [ (hr-1)m,0,0,07 (T.5)



"A/UW e turv +to the proton: v lhe  Zuenit where the velocity Ofﬂ@
recoiﬁwﬁ protonw 15 ema»é’é(,sf«ﬂ, thew Kx0 omd the 2 lowen Covnproia
of 1t opiwora (the owes XK) 0w approximately ymlf we et =y

omd (PF=TTJ ue tlew 9get
U1(pPe) = V2mp! (1,0,0,0) (&) utpy =VPmp! (C"L:'/”l: 0,0) (72)

U (r2) =VAmp'(0,1,0,0)(B)  Wv(Pu) =VAmp! (—42’_5‘1’ 0,0) (11)

.Aga,nu U UAe (T692-T6.75) 10 obtaun +he curvewts fa«- Lhe protow:-
)pff: Armmp (57,0,0,03 =:)P“

3 . (T7e
-)P’“': &rmp (A9,0,0,0) -:)“1\

‘ UOWJ with  (T7.2)=(T35) gmd (T 76) (& hond, ypre wbskitvte Lthem W (D)) Vemenbe-

I g to take the average over the spina:

/7...1 or the protow /~> cum guver gl thy het;city Combivations
/I’LI _QLJe jp =2 (H"(éd) __._ZJV@ ;e;: Z_. (Je)?):" (12)
¢ (et 4o by poits:
Electroy
Peoton

A\
t\\ 11 42y |y | W

M1 |2 | |\

Wl | 6| 7|8
J1 1 a 10 | 11 | 12

WM | 5|7

Jetr= (Eomey [ (KP4, Ak, +aiks,ARC T Jpee? Arp(©7,0,0:0)

_)ew = Uy PP 2y (P1) = (E¢me) [ (KP41)c, Ars, -RiKa,RKC ] pr¢=—amp (A7,0,0,0)
)N'l‘: Uy (P Ut (P1) = (E¥me) [(1-Kx2)4,0,0,0] Jpytt = @mmp (49,0,0,0)

Jetuz Tt 0¥ uy (20> « €¥me) [ (k2-1)5,0:0,01 Jpes = "Armp (€7,0,0,0)



N 11— ’T'T"-\)eﬂ' Joar = (E4me) [ (KP+1)cy Ara, +RKA ,RNC T Armp(€y,0,0,0)

2 Armp(€+me) (Kz+-:)cc7

- 4 5 C€+leCK"+‘F)‘ozC.Z,L (13)
1t par

2 U= “Jotn” Jorv F (€+me) [ (KP+1)c, Aks, +RiKA ,RKC T “Anmp (47,0,0,0)

2-Ammp(Etme) (K +1)c 5

2
=/ - :‘fmﬂf:£€+»ulsz"-+1)toz5z 7
et Pry 1

3 11— T ‘)e”‘ _)F,M = E+tme) [ (h2-1)4,0,0,0] * Arnp(€y,0,0,0)
2= 3mmp(€+me) (1-K?) ACy

Z
=) 1Y Lf"”fvle’fmlzf”’*‘l)‘/fofl €15
Ct¢ “prr

Q‘HI. _)pf,u = (6+m,¢) L(/r?-”JA,U,D,oJ * 'aWnP(A'ZJO,O,O)

= Romp (Evme Y (1-KP )4 2y

= /) ‘| "zqm;cefmfm—K’-)zA?»s’.l (76)
e11 11‘)

HTy—11: r” = (€4mey [ (K%+1)c, Ak, +RiKs,RHCT * Ammp(A9,0,0,0)

‘JP-M‘ .
= : R Stz (17)
(J?-‘M JPM‘ Hmp (Etme (K4 ¢ 5

£) T4 — T Jorn” J

- (E+me) [ (KP+1)cy Akcs, +RKA ,RKCT* ~@rmp(Cy,0,0,0)

<
"_'.> . = 2 z 2 2 z 2 (
(Jzﬁ Jpw Ymp (E+me)k™4n Co¢, 18)

D1y — T Jaﬂ,.J

FJIT: (6+m=) L(K?—q)A,aao_;O]' aMF[A’Z,O;oJa)

2 2 z T
= : =4, (E+me) (1) AEAY  (19)
(»LH ‘JNT) p ) &

E) Ty —> b TR (E+me) [ (k2-1)5,0,0,01" ~Amp(67,0,0,0)

A z T <
= . = ymd [€+ 1%y A%l 129)
(ens Jeud) Ty (Ermen 1



* Now we aee that 1=6,2:5,2=8 47, 40 a patten Sthant to Show:

-

e ep ép

e | | 1
i I
SEREIES
i I
N
I I Y
Wl u
ml il ou

'WC Oon't Weed 0 el lote af@ the 16 combina ticwe, Jl/"ot': gl Gal-wj bacK to (12):

E Yeme
<!P"(£u> e Z_n tz)f) - o' }/mPL€+m) (Cv,//ﬂ)[q('nrz) cC+u(r- K)/s]
yq4 94
Cos &
= U e e,"(af'unz[(ﬂmz)zcu(1—1\:2)14‘]: Ui g, 3"’(3'”4) cf +-z« (c%’)ﬂ%s’”r]
1 9
! 2¢t-1

2 Y me &"(J‘c“)z[ﬂz«eco‘be ¥ «“]: YUnrip e e,"'cm”uz[u— AKT(ACT-1y ¢ K"]
9 9

2
- Uiz e & (Pe +4)z[1-2rr1+n"+qm‘c‘] : Unmisrme e (Y€ 1) l}q—xz)‘quzCz]
94 94

= LM = LAY e (d +1)° L’PK‘)‘ruK‘C‘] (T2.2)
q

= 16 m,pn:—c.c &[’H—ﬁgd"{wbgj(:r?s)m Kz _pedle omd (1- ﬁ-e.)d"-ﬂ =1
9 e 41

'A)CM/ o) i the t-ch : .
e P—CCM,&?_Z Ja-ﬁ channel |f5,,,| ol

75!"\@1@6 reCOl'ﬁ.' 61-. 6:6&
%@

7%= O:aa-pa,)z-_ faz+?‘:- Apr pa = Amle’-2pr-pn = -ApP1-p3 = -2(67'—;3'14;3) = -2 (€% pfeos o=
2o 'ter;

*0
-2[9- (ez"%}) cos @] = -2 E5(1-Coven > ge= ~1p° o'z (zo

owLY 4690144,9{_: ow: oMol yreconkl

"><IV@LI> m,gm& 'Hﬂ.;;‘{.cobg (T 7.4)
F‘;U@/L



RUE’\Efawd Scatiess vg
* The Zutufafd Catelving 16 the Limit where the protow vecoiX 15 Cam
he %gf&téd (we JUét did that) AnvD E:L.g elocbror 15 Non- rebatiVistic:

TY YT EY

e €51
<H"[§cl>= M"e"hz&" 1+p¢zr:co9g FC —i-> <W(£u>= "ﬂzgmbzéq (T 2.70)
How'ore 2 R Mow'ore

»Lab -f% d(,ffx venwtiol Croses-cection:

IVteraction vate = PanpVo = (lerthinan, Vo (T 3.25)

o-_1 _F¢ I%{;Itd_q_ (T=237)

6YTiA f

!

do\ = 1 1 ¢ 0 ¢ T3.48)
(d./t) eum? (nmp-réd- €1co¢:9) Ml ¢
Lay

- We com now apply (T770) w (T3.49) ko get  (8970)e0b

R
do- <1 l )al%{ilz > (do—'\ = mee!
d-/L(mb 69"1’ (rynP + €4 - €1CO‘39 dn }gab 6"'11"‘?”9["}?_@_
Mg 4<Mp X
gl( = Pz/m-ue . e®: Yo =D (&O—)g 2 At (T ?‘-73)
dn

T
u
2 16 Ex 51w %

Mott 660\-{‘!:-6;/\”\/3
* The Motk sCatelvivg 16 the Limu bt where the protonw vecoi 15 Conm be

nfeg/&l:ccl AND {:L.e el trom 15 rela i Vistic:

FCJ“>1" K},1J)z4‘,], <D omd )-e.b‘f‘:::O

<lﬂ’{§el>= wp Tu:&” 14 pgzrf o & = 4”’@6') =_......a__._.._..""¢u6" CostO (27)
plomore = M Eromore 2
M
(ao-) - not‘ cost® (T 714)
dn y 2
Lo Hesmw %



/KDV‘M Foctovn
‘ [-@UA Now facus onw the cAce wevre Lhe proton 15 wMOt pont Like, (onsi-

-der Hhe Alonkt LV g 0{ o ebectrov by the static poten t15€ afla. e Xtan -

- ded Chavg/g Sistnibu bion :

o
Pz . .
N v devrut7 G)lo["')

*We o4t by writivg the chorde deiity an Qe where ® 15 the fotol

C"lmg,e omd ‘D(V“J 15 the cnmg,e d-f/nAAlt\j ha/-ﬂna'@(d to the cwity, ie:
chr‘)d’-w: 1 (2a)

» The glprrostatc potenticl at a distence r from the Onmigiw s trew
VIR - fd*.:« Qe (T 775)

YT F-v" |

'W-e Com 4Honw “aKe ‘U«_e GDWV /—I-P’?V‘O;(fma.{:fom Whevee 4he THRAYA ond f;wnf

electon Atater om ke weiettew  an

W . g (Pye - Ex) i (P3-?- €x
' -

omd LV(:Z

) (a3

'UOW Ul C'O'-(&vvgﬂft{, f—’\z mAatri« Wﬁ AZfi'-

—LP-‘;-J P LP_‘;‘; Y -L ( .
/lZ,z; = <‘-Vfll/{l7") | &> er VR e > . e e dg‘ Ry é F g~
a 3 o L(T_IV‘ A

24z P1-Ts
ff - _ Qe gwrge ff eHE-™ g " Qe N
trn‘lr ' Y|P =7 |
33 . Lge
- eu?ﬁ Q c“bﬁ f(F'j@q 43~ (2w
YR

L—

L-}ﬂl‘:l; fer o fPoinkt chorge & a—"‘é



' U Call the Aecond term ow (24 G(- {cf‘m faGtOr F(q'),/sc W Onden to AcCouwt jbm
the extended Ghmafpe Si5trbytion af the protow, the Mot o tterivg dtf‘fer‘emtfoi?

Cvoss - Geckion) her €0 be mod;‘f‘..ed to

do - (o'O") |Feqs)” (T2.12),(H 8)

da dn Lo

e Mow we Gook ot WO coneas;
DAr » Gize of Y chorg.e Setributiov : /\"'7/1%.1 S q‘-f—“z @ =>d0 ldn 1s the ow-e {or Pdrﬂt-LlK—e
CO) Ar L€ bize of bhe cnorge  Sistributiow A~Y1q1 > q‘.F 2xplodey

g7
€ 0scillater ropidly Over Spoce

Clo—‘/dﬁ. — 0
Lodr o0 a Lot of Covn e L +tiond
p(r) ¢ point-like exponential L. Gaussian uniform Fermi
\ sphere function
T il * T T
IF(g?)!1 flat “dipole” | Gaussian ! ‘“sinclike’
—* { > > > 1 L * |q2|

Dirac fermion proton 6Li nucleus 40Ca nucleus

The Loaonblutn \JC,,M,,&»

' 66 jﬂb wst Nave oMtumed -(f\a.'E tha .p_gca.',f of the fnot-?n conld be neg,@f:.ed. Lae -

Lver, fa'l p zfmé,,c Afa-\‘)t-fwimj at Mjkm ,ew.a-g/mj Lhin 1A 1ot the goee:
2 2
| P

-
Ta R 9...........................93

i

F

'j:fl 'Uw W/‘G‘e ore unwe hove:
F4 = (€a,0,0,€4) Can/é-'dtrrn/j rme = © (T

Pz= Cmnp,0,0,0) (T 7.19)

Po= (£3,0,656,00, € 056D (T7.20) £1¢ Eq

Py < [éq,ﬁ) (7 4.24)



2
'If me take e  accouwt both masies, 4M4fr,|> 15 qen by

2
<Wlfr.l> —.48('*_{,94.190(?5%4) 4(F':-Pq)(Pz.Pa)-m‘(Pz.Fu)-m;cpq.pa,)b?mﬂ;m}] (T 6.6
(P1-p»>Y

CJ/%;E&; ivts accovwt the proton vecoll

s Mow we tatke (TEED pmd atbwmme that e ebpctvon -@rmj,g, 15 /wgh euogh

No -Uqa-l’ terma qf (ﬂfm’e-’) corn be ncy&f-ec’ ond Clmtlo‘-@g,)ér-ea-énn/j the
proton/ o0 @ fazu’c—&ﬂ.’e Dirac pm.élov& g/{,u_g A

Mt = __8et [(prpor(p3-puy +(P1-P4Y (P2 P3)- vt (pr. pv)] (T .22)
(P1-p=»)4

*Vow our gocl 15 to write (T922) Iv t&mr of more UA-ewa LAPEVImen tal,
wol, Mate
Oprervrnbles Lle Ln/.e’wgf?_ omd the AC‘a.{tzmmj ayyrgafe ﬁc the eboctron

DOSVG (TA18)=(TT20):  P2.poz €Enpmp (Z29)
Pr-pe= Erpmp (26)
p7-P> = Ea€>(1-C0%0) (27)
() Eu.erjfmawﬂ"-um con servoction . ﬂ=P’J+Pz-Pim}:@

D pzopupzelpr+P2-pays P-P1rP3-P2-Pofps = Eabs (1-Cos0)+Enrmp (2)
nving =@

= Pa P4 = P o(Pr+ P2 -P2ay = £9/P1+ P -P2-P4 ‘P2 = €4/mf- Ea€a(1-co50) (24a)

. Pl,u,jgmﬁ (T3%)=(T#23) w (T7.22) que la:

<M4fc|>2 =__8¢" |p1pey(p3 pu) 4(F‘I'P‘f)(f’z-f?%)—wn;(?q,'og)
(P1-72)"
=__ 8¢ 6"rmp (C*:ES (4-6059)+€3mp) +(€‘lmnf - E’IE‘A(”"CO'DQ))C% rmp "‘”‘;’ €1€3 (1-C0%86)
(P1-p2>"

=_ 8¢t MP&Es[(Eﬂ-Ew (1-Co5 8+ mp (1 +6069)] = 16myp €1Lq e [(61-63) CWe ) +mp Goszg]c‘rﬂ-zh
2

(P1-p=»>Y (P1-Po)



*We com ate write ¢ w terms g €3 omd O
=0 = 0
C]Z = (p1-P3)° = F%q - Rp1:p3 + P3AP3 x ~REqE>(1-Coo6) (T7.21)
= -y C;Eg,s;uzg (T 3.25)

‘W dCfHUe QZ?O i term~n of ??:

%z - 72= €. 6/?\) /2 (T7.26)

‘Mow Wweve jauvﬂ 1o ﬂ‘ﬂa/%ag,e 'Uu/wg‘/. o bit: euefjj Clost by the &

2 §-pz= lpr-palpz = Pr-pz - p>epz = rp (€1-€3) (T7.29
25 q= Pu-Ffe = Py - (erPZ)Z = rm;

= @2 2q-P2+ My > gop2z ~9/R (T H28)
%) Sow (T2 omd (T #.28):

> The € a@u:a/\yo Loone ey
Ge p2. = p (€1-€3) => -_q_ < p (€1-63)=> 1-€3: 292 = Q°7 (H7.29)
dmp Ay

«Now back to (W]f,;,)z:

(P1-P5) 2 %fd/swe Ao p 2

-'-><le5]>2= ”"';&q Qz 61v'8 ¥ Cos’ 0| (20
Ebzovle 02""\1; < =
i

<W[fr.|>2= 16vm, C1€3e [(61 €3)5m’0 +omp Case '}éﬂwp AN [ Q% sn'e +onp @5&]

¢ Now we put (20y w (T349):

do" - lef.l (T3.49)
d-ﬂrb 6‘411'2 r*nfé'l

’ll
= dg= - 1 5‘{ ”7‘;6 QZ 5wte -I—Cosz] /<’

ef=_¢e" 1 €s CO‘)ZQ-P_sz 5vte
da 64T rof 61{':45;.\/9 Rm’\p < 2| 767 L‘é‘,,zg.uu_”é_ ] 2 Krig 2
2

> do-= ** €s 606’_9_+_Qz swtel (T 4.20)
an 2 €1

€1°510¢ 2 02”‘",9 2
1Eas _26/_ ovly 8 15 In/lep.om it
“Mole that
(T %.26) (T4.24)
VEq-£3: -2 » 9% = -2mp (€1-€3) = ~2 E1€3(1-C0%0) > € Erponp (T2.31)
dmp

mp + €1( 1- con 0>

L'L')C‘f-fwj_ > Q%= Amp (€1-€3) > Q eraé-« (1-¢co050) (T222)

rmP ¥ Ea{1-cos6)




Therefore, if the scattering angle of the electron is measured in the elastic
scattering process, the entire kinematics of the interaction are determined.
In practice, measuring the e— p - e— p differential cross section boils
down to counting the number of electrons scattered in a particular
direction for a known incident electron flux.

Furthermore, because the energy of an elastically scattered electron at a
particular angle must be equal to that given by (7.31), by measuring the
energy and angle of the scattered electron, it is possible to confirm that
the interaction was indeed elastic and that the unobserved proton
remained intact.

In the limit of Q*2 << m"*2_p and E3 = E1, the expression for the
electron—proton differential cross section of (7.30) reduces to that for Mott
scattering, demonstrating that the Mott scattering cross section formula
applies when m_e << E_1 << m_p.

Equation (7.30) differs from the Mott scattering formula by the additional
factor E3 /E1 , which accounts for the energy lost by electron due the
proton recoil, and by the new term proportional to sin*2 (6/2), which can
be identified as being due to a purely magnetic spin—spin interaction.
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Gu(Q?)/2.79

Q?/GeV? Q?/GeV?



-me e dota we Com f{,& the fyrm fa,ctaw.s_, which 16 calded ad:ﬁa&fwctram:

Gm(RY)=2.78Ge (Q?) % 2.9 (T4.39)
(1+Q%/0. 116V )?

*Ove Gant Obscrvation in trat Iv the high Q% Zomit (T 2.25) redvces +o:

ﬁ‘) ~ zoc‘ Ex[_QL Gmow’e] (32)
dﬁ-b&”/mng Su\/% €1 | amg 2

Whi & from (T4.27, 6mlQY reduces to
Cm(g?) ~ @ (24

Jo from (23) amd (34 & (s poss,ble 1o Show Hhat:

‘do~ L 1 ‘do~ (2%)
dﬂ:)?w{c @ (dﬁ- ')'!OTr

'H:Z-M uwe rmake a 1MPovt ConvCLUS,0N:
Bﬁ(aw‘hc of 4he ,f:m-l:-e S51Ze of the protow, botn GelR) omd CmQY) become Armatl

at high Q° ond the elastc scattering cross Aec-tmuM rapidly with

/ruCreaMmﬂ ®R?e: H,ﬁh en/.e/jy €’ p scattering 15 comwated by welonti c procesres,



\ngp T nelantic Dcatte f:nj

5chaw.beuu lgckure 1
O-C;gn Chapten 8

Kiwematics of Dis
= Mi > MS

\D.ae.p Ih,z_,gm‘bc 5c:a:b-bemn/3
LQ =-q >> MP

Invariant
mass W

*let's cowside,

6'(£)+'Pcp) — g (g') + Xt,ox)

2 )
*Ov 5hel conditionws: P = VVVF,O , 2% me = €

* Thvariomins F e prows:
¢) QZE-?Z——M £)%50: square of the Momemtom {;rm]l‘(.«-

b0 Vz,o-q/mp " Ee-€e: ACe

vit) s XB = Q/(.Zp-cf) =Q2/Lam,,/)$1-'bfram acellng voriobCe
LAk

w) OE)/E p-9/p-£ * (Eg-Ec')/ Ee $1: 1nelentucity pArome tev

Lob: protow rest {‘a/'am-e = %fw /}pr fuc-ed terg et

*We Comn woite the mvoziomt pmort W of the hadronic f;va-f Atate y or:

(p+q) = P+ 2p-G 192 = g+ QL -Q° =>w1-mp+izc4 Xe) (36)

ws M -
Xg Xp

Ff‘am (26) We Me how all buware voriok€es wnay help L i fferevtate
(/g Lortic Acakteriwg:

2lastic i W=rmp > Xp =1

inelextic - W >mp X8 < 1

betwgenw elontic omd



* We com plot the ep —eX cvom nectioN ob a f'wqucuou OF tle mohiwg 77O e

(ub.GeV="ster"")
g

da
dl dE

E = 10 GeV
0=6"

¢ W—e com Write +he

the BjorKew *p, the

X \

Elastic A resonance Inelastic
peak ep—eA*—epn’ region

AGUArE of Momentum tvomafer RE ar fwuc tiow of

ivelenticity PG’?M'C{/\_, € ond rmp-

Q?. Rp-l p.q Q:2p. Q° 5.4 - = 2p£ 2oy Q% Ampty (37)

p-€ Apq

<p-q P&

57\-}&/%!0;4} (37) a,é@ow s te P(,ot sz.s a fumat:aw of Y omd =x 3n/eru a

electrow evv-e'a:j/ E.We cale thin the olwed Kiwematic V‘-ejloﬂz

3) QZ: "zMP 67(5)’ =

B Wis (piq) =
:plvrAp-q qu -

g v Apq -G
> ap-q ':Wz-'vrMFZ.-QzCag)

b
1),(: -._G.?._. =
B AP-1

DK, = . Qi (29)
w Tvmp - &

(0]
c a”’f’ey(wz_m;_c?z)

S QRUQZ+wirmp) =
armpC 71 R2

T
=y LQZ+W2-MP) S
= armp€7

D Q% S-W +Zmp6,/
u)Frxed W= g :
CQZ._ym,;- mzfawnpé'y(qa)

Fixed W curves oza

v pamallel o Wz=rmp

y=0 y=1

Fig. 9.3 The triangle is the allowed kinematic region
for ep = eX. »_,, = E in the laboratory frame. W is

the invariant mass of the hadronic state X, see (8.29).



CRo%5 Szection foz iWcluove Dis

G We dow't measvre the proton) “debro”

*We obtan Lhe cvrosd sectiow jﬂo’r- the ,mctvsive D15, we comn Lae wiech
o the vieswltna for the W7 ey scattering. Swwce s topic 15
huge, TOm Jonna vae the viese l tn fmm Hatlzen. Move OeraA about

er —- ep” _bcwe{—,.gwmj com be fawuof I S5ec tions (H6.2~- H6.8).

*Thn the cone a]f the e’ Acatternng, me hove that:

"The invVariomt o plitude fdﬂﬂuﬂ/g fmm the Fesmmorn rues /(’or QED:

/Zfa .~ 2 PP () LUy Py Wl (HE.77)
qZ

*To g,e-k the cross S€ctionw we tarke tle JSfWLm of the proclecs af /lZfi omd
Ele,y, wee /h/,g./-ag,z over the Apnns of the /uwm:,ﬁ ptons pnd Awm guer tee
API A af the }[m/n/( Atate pa-'z{:rofy.t:

myvowv

2 v v
¢| = -
IM gl < e L, (He8)
Where the ('s oce the prowic Lentors g the € omd P for emample:

Lfso% %,} [d(rc')f”z,,(/cg[’o‘law""zf,(xg" (# 6.1%)

d U61m3 the trac, theoremnsn o sectiow HEM 1o pesiole to shaw +that

pv
Le = RLKPKT + KV KK - (KoK= nke)g*”) (HE25)

Do wl hove Hthat

2 pv
"‘1{&] ~ L;u L mugn  (41)



‘ I-n the cene Of D15, ne g,&mema&;j,z the expression (41) Lo
M5~ L™ (k8. 22)

where we're otill I.Jé/n/j {he -&p-torwc tewscn Lf.’/y Sinvce tre LpPpen pomt

0f the D15 diajrmn 15 )denticof to the upper poet of lhe Cia.grorm  of ey ey

v
* WIJ 15 colbed the hadwonic tewsor. Tt Mmoot hove m»eg_ symmetnie terms,
oV
5invce Le 16 WVartemt uvnde P>
L‘é At symmetric contrmibotions to Wpywautcl

Mot a,ff.eoe the cvoss Gectionv

« We com prove two importomt propertics of LY and w?

g% Ly = o?,(.ﬁp/('ykl,)r?“!(\', K, - th-x‘-&)q”ﬁw)
) ‘IHKLK./ = (KV-K'WYKy Ky = (KEK o~ KPR Ko 2 (0= e y KV (42
TN gV Ky K, = (K2-KW) Ky K =kt e ) Ky (43)
) -(K'K‘—nie)cipﬁyv = - (-ale)qy (43
) q”L,w 2 (k- Yk (KK - wufe)K‘u—(!(-K‘—nﬁe)civ

,(K.K‘_,,f_e)[}(}/_ K/,/;- ?4/] = 7"[.,:/»/ -0 (H8.25)

R)T}LZ hadvovic +tewsar WPI/ v defnu.ed o
WW’L& (?Tnucsqﬁmq-fx){ﬂ:SAPTI7<><)<)S'V[9> (H 8.29)
ym X
* CUV‘V‘.ZN-L cowaervation at 4he hodvonic vg, t€x (on be writtenw &5 :
&,/5-/}'-‘0 (4y)
Which in the momentum Apcce Comm be woilten o> ? S'V:O. JSotwviwg 4
’J
with (H 8.39) 5,:/.6 mwar  then :
ypw’” = O (H8A6)



‘The most W,/ozfanm of the tewsonr WHF muat be ccwstroct ovt ofj”“md
t he l"-’dep&nd%ﬁ morment p ond 7:
W s Wag ™ We pree W g7+ e (P 97 (a2

Wiz strvctone fumctmwﬁ

* Tt con he shown +hat ofter we mpore Corrent Conservatiov (57H8-&6)Jw

ote /eaf--t with owlY 4wo uudep.&y,d&n{‘ Atruc ture fuwc'&mﬂzfn-'

WPV-_; -Ww. PUM VoV W "”+__‘4J_, PoV, oVoV
g ?P[ g M pr Mo gy m;(mwr)]

;

= . 4 c . v zZ oV
= qu"-l—_’!r%_(qup *',\:,{,_;(7 5”7:»’ +n\:{’_;({q PJ7 +7 P)]

must be
(W1+\U¢fq+W5(Pq) 7V+ WZ (p-q)+ Wﬁq =0
™p ™p p
= L) We (pogy+ Wo gz =0 2 Ws= ~p:g We (45)
mg mp g2

L)W+ Wy g2 Ws (p.g) =02 Wy: 2:9\’' W2 +_vrmp Wa (Y)
mp (7’) 7°

. U"m/ﬂ (45-46) Ul comn rewncte WH.

—W»;g + We p ¥p¥y Wq q 7”4- sz (F qV+7VF)

P
= ‘Wqﬂ + WZ P‘VP + -’3—'7—2W2+ szf_’ Wh 4}”0’)4'[)0'? Wa] FHqV{’ 7VFV
mp (?’) 7° mp 9° mp

= -W, +Wz” W o vo¥- We peg /pFaVy gVoV
3 PP"M:( )77 ?lvf“W%(Fq”w)

mp

WL W”(—i—?— gt +w§ p- ch/) 0 -pg 7‘)0/8&‘?}



* Mow me o veacy to contract Lﬁv‘fl/#f We veed to Keep m minvd:
?”Ly\/ =0 CH 8.25)

}-> L,,y\n/ = Ywa (K- K'Y + &yz [o?;(P KW P-K)- m,a(K Kk)[(HB.21)
rmy

e X0
(AB FeAme (fixed €4rget) = protov eest frame
f{z: - 2Kk’ x ~REE'(1-C050) = -YEE Sen©/z (HE.44)
/.,qu = YEE' [»?Wﬂx JQH5InTE+ Wz(x, Q) Cos 9:! (#8.32)
Ap 2 L
* Ezmzm‘.\&wwg that we com write do ar:
do - _md_ dlps (HY.29)
-._-., moller ]fu,x Fz Y ((Pa pb) —rma-ymbs (H‘l 32)

*Now we put evervthing together:

do = AME dlips = 1 1EE € [A’ku Q)sw"'O + Wz (x, Q) cos 9:! _dx
F Y[tk pyi- e F]m 9 QL (RTY

1 1 o 1 -1 (4
T 293 . e
%[(K-P)Z- ﬂgfgm;v] 2 Y(kp)  Heme

Proton rest [rome : K¥: (€,K), p¥= (rmp,0)

o d% . RPdignde x _'de'dn . €dEdn (y,
KE'(2TY (2m)3 A€’ (2m)2 A E" a(zm)?

No we hove

do - _ 1 HEEe|awscx, ) 5m 70+ wzix, Q) cos?e| EDE
Y Lmp qu 2 2 A(2m)3

- £ €, Q) sm? 2 = dedn
qmm[ 1(%, Q) 51N ,z+ Wz (x, Q)Coe }2(2_”_)3

Y
= e [I\’Wﬂx Q)5wz°+ Wz (x, Q%) cos” ]Jé dJse
16 € ¥ senlo mp 2| tems
2

G AT
= 1 e F’W»;Cx Q’)5w22+ Wz (x, Q% cos QJCJQ dsL
16T rmp 5266&}"% 76T L

> CJO— = 1 0(.2 :"W‘ICX,Ql)ﬁH\}zQ—‘I‘ Wz (x, Z) 60522 (H83"'|)
de'dn T yrt e [ = A 2
2

WA omd W2 com be detemnwed 5Y measvrivg oLy the euewjy ond OMMM
depﬂr\d@nce Of 'L"LZ Outgormj Lhpctron



DGLap E?UA‘EIOME)
_661114/07;&2, Chapter >R

+ The d.zf'/ru:rl/j crstnnptien  of the pozton model, owdg,(;wa@}, due o
Fernmomn, 5 that  Some 0byects colled portews withiw the protow

Ile M./.JA.O,ZZ; f'r-cc. 7%3'&:».;4 ,/'ef.zm_\ to not Ow\%,_ WMJ bot cso

j/(Movvs omd  omtigueks.

- To tese the perton ”,nod.ze, ue need tc determin/. Wwhat the
/[owm fa,otOf‘A Wia omd Wz wouvd Qook Liie f,f tbhe eoctronw
ME € 4caul:win/j z&mtfmféy_ oLf fmtoma wibh matt rng w8ide the pre-

‘W-& call, the Aca<blred pn{wn'A critial vrmomentom ,Df.l-l ond 1t5 /ol

vro ventupmn IDF » Ao that P;I = f”:i- ?‘U (50) . 6fuawruﬁ ju/-e %)

< > Le
2 . z
(P )" =(p) ™+ 2pi-g+(q) & amg= mig v 2piag-QF o @ g fecc
RPg-?
‘However , the peiton momentom, |56 o+t directlty measved, let za arStome.
that {:h.ay Cory o~ fractiow é Of the protow s rmoymentum, (e:
'of :é"PV = X = [ Q?. (o1
2P.°9
U\.&n_, of the portow model wweve volbid, by mearurivg X we woeld be
LAY VG the Fwaat.gw of the protow's mmormentum  wvolved w the

fﬂ’con/ ,@m/.oé Acokben ,vj .



’/—\mouqz.,. two Lnj‘vzd.,e,v-e/s of the porton model:
¢y We AwpPore thoot the portown Ote W-ea.Kaaa_ Wtcmc«trvj
vl) The probobi ity that the Photow will Attt oo poctew ¢
which hes a fwac{:naué of dhe proten's pmomen tom 15 Givea

PDF
by F(é)dé whene the {..4 oe coleyd piton Biotrbution functions

'Tlv- poitow model Gasumnprion 15 that 4the cross Aectionv /fm- e P e X sca-
_{:{:erWS 1% Gvew by epi—> €& X, Auud cve, o€l PAtows omd wteqra-

-ted over ;:

gle PT—s e X) - Lfc'éf(@)o"fefn-*ex) (522.74)

> prrtow ic Juom t1 by

'AMAS the portows Ote fv‘-e,eJ exCept fow the,~ QED iwtevactionws the

eloctvow com only. Acatter HF Chorged porticles W the protow, which
w€ will cakll guArKs. For o jid.e,u funct K pmarmentom Pi, the ep.>e X
pettonic  Cvoas nection 15 Just a  poiwt-Like 560\.'&t€r‘uu5 Cross ~Sec tiot

m/ QéD) omd will be jluc:v by the Ponrenbluth forww[om wieh Fz=79
ond Fe=0:

(c"d" = oe

4 Eiowie
2

£V [Fa* ¢ Fo\con© -_ 4% (Fa+Fz) smie | (532.9)
E ymp 2 Ay R

Fa=1 ) Fz=o0
q% = —VEE’{)WZ_Q_I

L4B

v

Chngz, of GuArk L
¥
don"‘f-e’q—az'Y{) - d:qLi (cgc,lg- Qz 5uuzﬁ)c( €- E‘-___Q_z___ (622 -.20)
18 i % i

dnde YyEtowie Y
2



- We call bJO-PK.M 569,561”»3 the ppproxmate ivdependence of thae Htructus

fuwctlové Of Q l.'

-
Lo}
N*_ L x=0.00005 Proton
7 L x=0.00008
E.? g Lo x= 00013 ® HI+ZEUS
= E et =0000m & BCDMS
[ et O E663
& r — x=0.00032
10 3 * _paes 1=0.0005
E e e =000
L aont® - A=0.0013
0 E pons? ve x=0.002
i 4 pent A=0.0032
. . o A=0005
'k %’ er @ commeeet®®” s 0.00
E . ao® .“..‘“..--- x=0.008
i et e eevsstenene  x=0013
'L o w-.-‘° ) sesseesansesrarat  x=(L020)
3 agom O '! eeesennannerseneeny  X=0L0132
F T nay eweessssseareane o x=005
lu“_. = *""“T - 1=0.08
F e aad * x=013
e e L I x=0.18
10 3 e e SO C=0.35
“meeieseey o, +
1 . . x=0.4
= ' 1.
"
[ e 8
1 b, .
10 by t 1 x=0.65
B YO0 x=0.75
10 F
E x=0.85 (i, = 7
[Tl ST ETTIT EEPRPEETIT ST SR ST -
10! | ] 3 4 5 [
1]} 10 10 1) 10¥ 10 10

Q) (GeVY

T n orden. t0 qet the Dis cCross Secticn me (522.20), e hve +to 1te grate
v .
over 'U\_e INCOMJ'uj 71,(,10-0!(.' maoren tvm 5uuc,e. P¢'=%PP_’ ord Ln tie

Lab FV‘W the proton 15 at rest, this (vompiesr that M7=émvf-bl/-e

Covn Otz&c UAL tho t E-E':V: QZ £ fmm mwhich u_gg,eé-:
Hdpy

Sle-e- Q2 \-§/ Q" - @ \=Rimp 2 8(E-x) (632,27
P) L) A (&-x) (532

.Comb;ru:ulj Ehis with (53\2.’]0_)_)_, We comn 50 f‘ram 6'7—36’){ to g Pae X:

2 z | 4
do(ePoex)) = Z_, f.;c;n e O drmp x%co6 © + 1 Sw?O| (622.22)
dn d €' ¢ €W | R 2 m &
LAB 2

‘Now Wl rememher~ the cross- Secticw jf‘af D15 et ecnlated Pr'ewou/n%-'
( do - Ae [M'\_p Wz_[cc,Q)Co;_Q_ +LW1(A.Q)5N2% (532.76)

dn dE' et e | 2 < m™p
LAB K



) Campmj he Com nete thaxt

Wa (x.Q) = 'ZTFZ__:Q’EJ.;(::) (622.22) Wi amd Q*We do wot depond ow Q

DWa(x.Q) = Ux*Wa(=x,Q) (52)

Qs
Wz (=x,Q) = _8__11:_2;_52.; Q:j;cx) (5632.2u) (atllon Ovoss Relation
Q?. L

* However, whon uwe Goock ar +he cbhta ow the £Loat fege, we see that
B)arK€n/ 6{&56.;,,3 Ooes not guite hobd —there 15 ome wLak (»eoja.ri,{:hm;a)

QR* depmciwof, visibhle v the Htructuvre fuwctiou,

« We wvrote the e PT—eg X cvoms secticas v termae of the leptonic tensar vaaml
v
the hadwowic tewssr Wpc:r:,Q) 4'ew br !IVL(J""P+——>2<)IZ. Mow (2t wncite

WP'E}JQ) os Hhe pat-(:om:c Ve Stow 0{- WPZ:C,Q) with } j,v-em byr:
2: Q% (532 20)

O?'P': Cf

. MD\U We pae +he pertown meodel oiAn Ptiony that the Pf‘ﬂba_bf,&tf a{ {:ud-uj
IDT = %‘pror S6me 0% ‘gé'l 4 j:-/eu by the PDF ﬁ(é)). me the -&of -ewaa.'

- tiow ne »ee that -'IJ=%% A0 e MrLeﬂrD«.{-e ove 6-‘

W"“C%QJ-—é[c’zfa'éﬁfé’“?”f;,@)Sfx-ée)-Lfﬂirfc;m}"’@aa)
o 3 ) p % (532,31
+ For Mnplicity, Lt Us covsider the f‘wm foctor Wa:'—ﬂwh/,m:

Wa(x,Q)E-SWW',./z 3W4(:C,Q)'(m;. r QF )Wz(a’:,Q) (532.33)
Yx?

- Altorele, ot al 1874 :

A 2 &z,
Wo vp %o next-to-@ading Order = ‘i'rl‘Q.-[ §(1-2)-1 ols qu(?) Hmyt [((2-¢s2y] +
£ T Qz ) [M(1-6

L0(%) cASImIR: Fund. Rep
¢
v da Crl(rrzd[na-23] - 3 (1] - M2ilne+3+2-/8 v\ §(7-2)
2T 1- 2 ;s 2 |1- 1- 2 L >
+

(5622.43)




W"\zme:

1 1
2 (de fra - [ d2 _L(2)-f1) (522.38) ~> 4o bt 1/L1-2Ly= 1/1-2 for T £1
[”"2]+ 1-2

0 0
2) 432 7(-[2) Cn"(1-2) d2 (2)- (1) (-n ('i 2) (532.40)
j [”-? ] j (F f 3

o 0 %o ’chq+[l.n‘c1-a] = n?1-p , far € £

1-2 -2
3) Cp: 50(3) casimiR at the foncormental re

) Fpqte) 15 colld e DGLAP 2pLitting fomwe tion:
?74(2) Ce {(44—2")( ]4_3__8(4-2)} (532.43)
I

2

DGOULAP: Yori Doksnitzer, Wadmie Gribov ™ (ay L patov + Guido Altarele: +, GiongioBeini

* There 15 a rengle 1/E pole Whoie venidve 15 Pproportiowal to Fyeie).

L” However, what ymatter to ws (5 i—f e Comn J[nud /fuwte c‘é.f evomces |

'A'Vd | v deed, i.,f ueg Ccowsider tthe diff.ewmc;e w Wolx, QY at the Acmme X
but di-ff_e/‘%t scakley, R omd Ro, wme find:

Wh (x,Q) = Wh (x,Q) =4 2 9 _d_g_1 L (E\ 2o Fa/ X\ A/ Qo (522.46)
o o - 9 g f(g) T ?‘?(5) n C
which 15 thvite, om d 6&9'&(,&»1.6 exa_ct,ég the violotiow of BJGN'((V ACcue&/nﬁ

*Swece Qo 15 orpitravy , the sndepen dence of the Cross Section/Wo of Qo

ANhoobd Gad to o R,.efvofmo-/&.ja-tuarv GRrov P E?uatlou)bo ne define
Wo(%,Q) = g Z,qz,, faCx, p=Q) (532.4%)

for every mcatle Q. For thas to be consistent with (532.46) e weed

fi (=, pa) = foJP)’f o —d—’;—_f gV" m?q(g Ln s (632.u8)

pl



which 1mplies the DOLAP Eblution é?uﬂt:oms

F#ﬁ (%, -%J%ﬁ (g, qu(g&)

1) )[:‘(Xs/"): This PDF te 2 +he prob. of f;mdmzﬂ A porton with ymormentum

/’wactmu X when probed at o everyy rcoll

Q)F#/_ﬁcx,fj); the evolution a/Cf:'(,(,/uj due +o Chomges 1

3) Pﬁ(ﬁ)ipr‘ob&bi/&,{:r of & QuotK itn l’m-fmc{:ramg emt a g/euom

omo vietain o Vm-fV‘OLC'EIDn/)(



