QCD and Hadron Structure Exam 16.1 2009
Fall 2008 PTO for some formulas

1. Free quarks and gluons have not been observed in experiments. Discuss how the QCD
lagrangian can nevertheless be tested experimentally:

(a) Briefly explain what is meant by QCD factorization, and give an example.

(b) Give an example of how the spin and number of quark colors can be tested experi-
mentally.

(c) Draw all Feynman diagrams up to O (g') of the hard subprocess amplitudes con-
tributing to DIS, ep — eX. Here g is the strong coupling (o, = g2 /47).
2. (a) Briefly explain what is meant by an ‘infrared safe observable”.
(b) The definition of thrust for an n-particle final state with momenta p,...,p, is
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Show that 7, is infrared safe and determine its minimum and maximum value in the
limit n — oo.

(¢) Why is thrust useful in comparing perturbative QCD calculations with data?

3. The quark transverse charge density in a hadron at transverse coordinate b, is defined
as )
o) = [ GEbe it L A O —hau Y (1)
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where pt = p® + p? is the light-front momentum, g, the transverse momentum and \ the
helicity of the hadron, while J*(x) = q(x)y"q(x) is the electromagnetic current operator.

) ) +

(b) Use (1) to evaluate the transverse charge density of an electron at lowest in a.

4. (a) Express the u, d-quark lagrangian £, = Zf:%d s (i) —my)qy in terms of the right-
and left-handed quark fields qp; = (1 £ 75)q.

(b) Show that when m, = mg = 0 the lagrangian has a global U(2) x U(2) symmetry.

(c) Demonstrate that the currents ji ; = qr Y"qr .z and jR7 = qr7"0uqr,L are con-
served (at the classical level), where the Pauli matrices o, operate on the flavour

] — (Yu
spinors q = (qd).
(d) Which symmetries are conserved at the quantum level, and which are manifest in

the physical hadron spectrum?



Useful formulas

The free electron field is

dp*deL —ipx T ipx
eq(T) = /W /\ [bp,,\ua(p, Ae T+ d), \va(p, A)e” ] (2)
with {B0,0) 3} = {1 } = @702 00" = )0 (0L — 1),

The light-front spinors are

upN) = o= mR)
wp ) = =X +m) 3
W) = = = mE(-Y)
w0 = == m) (4)
where
R () = 301 £ 7) o)

andn = (nt,n",n,)=1(0,2,0).

1.2,3

The Dirac matrices satisfy {7*,7"} = 2¢"* and 5 = i7%y'y?y3 anticommutes with all the y*.

The trace of an odd number of v-matrices vanishes and
tr(l) =

tr(y"9") = 4g" (
tr(y"9""7) = 4(g"9” — 99" + g"7g"") (

N

—~
o 3 O
S— N



QCD Exam 16.1.09 1

4. o) RCD -Fqc,%rii-a}ﬂ'm t‘mpuu ‘HM?L 51101" and /drﬁ-

distance 'Ml,homena\ are N &W”é@”é" A s“"u"/"'“‘b/
gmsc-sec,)s'm such as A\a—LQ — )\3 (?_,,)4—)(/ wherre

PL>»> A s a }MYJ scale s ‘H'\u\, Q.xpve/jeé as

& Cd

-

L&
E, &-];3 = SdX1AXQ_ xC,(x,)fz(xz) g’(ij->k) Fe)
3

\'J)\l/rt -Q ’(2. ave ?qv)'mm AJ‘\s\'V‘)E‘u“nu ‘6‘¢ '“\l ]h")\'a.i
I'\QA’Wn; )‘1, ‘v;} g/ (s ~ }MYJ $“£me1 c/nurecl,'m

and F(z) s a {:’agm&q’i‘\'m Lm-}»m

Ly, FLo0, Faz)y:
Univevuad, (n lQ“’e,ncle'\'le
o f hard s\s\)?\—oce)/

~

6: Coalculaole ”fw)\/YBn)w\/@\),

b it v
v TLQ ahou\av dis )w'l"‘v}’;ﬂ\ - 0%

o- 7
oL the J'QH o Ntcide
reLlecks the spin o nabwe of Hao quavks

r

+ \eT$
. s (e >Qqe¥) NCZ’;@? A =3 nember

<

6(@“@,'—7/«%-) of EPLJWA, o lovs




S




QQ An IR S 6639\(\/46,1 lS a Yo df ft;.}'\"ah.w =

Whitdh (s fn;ens¢'L’VQ +
- Splikng any one hndron inh 2 collinear hadhoms
—_— D .

F t P

_ AdLVNm of a \sOﬂ ha drvse

— > —F 1), g el
1’ :

Unfl&r ‘U\ue C/)\and'e; 'H\‘- mo'm-enju O‘Q ald_
o‘H\av ?aYJ\‘o!eJ ave Lte‘of’ C’/ch/n)')'«} cmr}am" |

%L'MQ;IUJ' &quy,g d‘F IRS / 510.‘. 3 s (nhce q“
Hnal state are we)OHe-.l &q,ua”)

2':‘, Ty
{)) T. = Max ? v

n
T "l"’\

s Ips, Since

e

> > >
FT - (BB ] whn B AP, Fes (97
1TV = 10+ 1B (6 <X <)

and 74 u )a\ ave smafd wlen | _5:\ s small

/

T. ¢ 1 and Th=d whn ol PIT

Tt\L MI‘YH‘MUM, \/QIUC 6'p T’L is V’Q’LCLICL \A))‘\br\

the ':FJ ave ﬁso}w‘opic,_ In ané)a (SP}\@"‘“‘Z Bnod ;},J‘)




26 wnbh Lot sl 1B = 1) Bl Flwse

Tn:;::S“L | cos® | = ZL -S\icOrQ | cos &)

\
{
— 638 cor @ = —
Y :

o
l

QO) Co“/\'n@,ar ahi/ Sog{' s('méu‘th‘l’\‘&( d‘(‘: ?@(_b

Canced. {n L RS obseyvables . Hence the

Pocd result on beyms of q,uwld & 3,|Udhf fFor,
e.9., ‘Um)ml') can. be Ji‘mcﬂ/ ompaved Wb
the e,xrem‘mem‘all/\, measured Fhrut Lishibubon

clealwmincé ‘FQJYV\. )\c{ClJYDrL momen}a.

| &~



5

5 edys AR R e
R LA T BIESYAT P
YT v, L+, . 3
o) TV - Q,Xz =9 g Ya’c]r:icf()(*'«rX)Y*ﬂ,
= ‘Eq‘+ X—X*Q since ¥'y': ’;5‘(3’04’){3)(*0*\/3)
+ : (vl {0 v) = 0
= 1(¥"q) (¥'q) |
B

- 2atq+ with ﬁ+:;’_x+i

ot 42y in ;
2k e = S dptd fu 2 AF,;W,{)e - J;{uw(rﬁ):e P ")

(2x)> 2pt A

Lo (2e)t 2t S(pr—pt) 87 (R R




T (RrEr] -
4
g iz"l @_( 5;_, (:_
(2n)*

R

(—l

Prumn =
4
|
. 2pt
2Pt F

- LT [Capr i A ) A (PR fem) Rl

)




——

Z, = T G UE-m)
;;u)&

bAoA ALY

9 - 5(4”’5)1 ts (%)% = L+ 9

Teum 9= 975 (e @ Lm0 - G y)

T LT ) G gy
Y9 = Lg e (e g

p— -

T R (B ) (2, e 0)

7

|+

:? [ T Frgt ¥ o m( Ty % |




() Let 9 = (q”‘),ﬂ&n fre my=My =0

ozﬂz éaéwﬁm * ér_'- (B gL

L'S t'n\/aYl‘qn’/ U“CL‘Q'T Ci& — U&(Q) ﬂ&
iL —? UL_(?-> ?-L-

w heve UR,(’Z) and O_(2) ave ﬁnt'}‘uy 2x2 mahcw

<) E@s of mohm - (i?a'—gl’( =(£a—?/9()ﬁ.¢_=0
&

) Ge.
é&:-(' LY - 34(.) =. -ﬁ-:_ (,,—C%_ 3;() =0

ConSe\rVec\_ CUW’én)’S; d‘,

Check = (soppress B,L)

I = i3.7) w g+ g ¥ A =
& = \
g(iFrgm)igs FF-94)q = 0

3]

Al

Sl'mflq)’l/ 9‘&}'/“,{ - 0O
‘FOY R, anA L aml eq_u(‘,\/qlvn‘Hy
curreats R+ L and A-L ave conSeyved.
L)A(It) = UR—L L’\) is Em’«an Ey an qnomql)’
UV“) e UR*L(1) 's Co“}ewei/ exXpveyseys @UQVlt (o 1947(/;1)
homber conversa hiom

5L, (2) =SV@), s manfo,t ) (sespin symmeb of spechum
SU, @) =SV, LS Spenfaneousl, bvokan ¢ No Pa~ity Partoe
Chival symme’y spmt. beolan

l) Ol = 0M) » SUE)




