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we’re going to take a walk-"unspoiled”-on a tough course

our walk will have only good lies, avoiding the rough

we start in wide fairways, but dogleg to a difficult approach

we’ll take drops, in order to stay in the fairway and avoid the rough

we’ll use “gimmes” to quickly skip through material that Soper
covered (he’s already holed out)

we’ll occasionally be schematic - it's the broad lay of the land that I
want to get across as this is highly technical stuff - doesn’t naturally
recommend itself in full glory to lectures ...




The game is the Royal and Ancient:

naive DY - kinematics and cross section
kinematics, corrected for finite p-
Compton and annihilation cross sections

www.pa.msu.edu/ ~brock/cteqO1.pdf




> Searching for the W

the idea was mature by 1960
e Heisenberg’s notion of an exchange force, 1932
e Fermi’s theory of g decay, 1934

e Yukawa’s notion of an exchanged boson, 1935

Feynman and GellMann, 1958

e an audacious paper - so enamored of the “Universal V-A”
interaction that they introduced, that they concluded that a

long-standing experiment on He was wrong: A not the
measured T.

Lee and Yang

e didn't predict parity violation in 1957, but indicated that it
hadn’t been tested

e in 1960, fleshed out the properties of the W (W % & W * ) and
proposed production scenarios




> Lee and Yang considered W production
vN — NuW(— /v)

they suggested hN — pW(= V)

/!J v K, mdecays aserious low p; bkgnd
but W should produce high p; ’s

AN

M\INIZ Pr
An experiment was mounted in 1970 at BNL with a 30 GeV/c
proton beam.

no evidence of W, but what Lederman and Pope found was a little unsettling:
e unrelated to the W search, at a suggestion that there would be a y

continuum, they looked...




> investigated by forming mass-pairs of muons
momenta from range...
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> it’s not the W

the only known source was photons...but at such high p;?
e much theoretical scurrying about
e one explanation stuck - that of Drell and Yan in 1971

they extrapolated from the (young, circa. 1970) parton model to suggest
that the mechanism was:

we can quickly reproduce their calculation




find some measurables
check predictions

especially work on the kinematics for finite p; for the
produced photon




> the Drell-Yan ansatz:

independence and incoherence
of the primary process:

i.e, buried inside

Let’s calculate it:
first, kinematics.
we'll presume the simple CM:




hadrons - parton-hadron
connection:

partons - Py = &Pa
P’é = &P

EaPy — &Py = (€0 — &)P
pL/P — sa — Sb




p%’ = pi —Pg =PrL
Ea, =+ Eb
&PY + &P = (& +&)P

M2
E} — (py)?
(Ev —pi)(Ev + pyy)

By — pio’/ = 255P
Eyv + pi =2€,P




> hadron invariants
(P + Pg)? = 4P?
(pv —PA)2 = M2 — QP(EV —p%r) = M2 — &,S
(pv — Pp)* = M? —2P(Ev +pi,) = M* — &

> parton invariants

— (pa ‘|‘pb)2 = £.&pS
= (pv —pa)’ = M? — .
= (pv —p)° = M* — &G

from equation (3) M? = (26,P)(2¢,P) = 46,6, P = £,&s

ewhich allows for a definition: |7 = M?/s|here: T = 5a§b




> define:
the familiar “rapidity”, additive

under Lorentz boosts...

1
in this simple case: = — In()

2 &

using the above... £, = V7 &

also, there are connections among invariants:

——T) Eyv — pyr
&

Ev +p} =

3 —m}.




> for one early Drell-Yan experiment - E288

T Xe <0
S

sqrt(s) = 27.4 GeV
Q=5 GeV/cn2

kinematical boundary fo?/'

Xe =0

fixed

0.200 0.400 0.600




kinematics for DY
experiments

- | —— tau(R209)
= — tau(E288)
——— tau(E605)
| — tau(tevatron)

/

/

10

Q (GeV/c?)




> simple Feynman diagram:

RALIE

(flux - normalization)

with cross section  do=
colinear beams

where  (flux- normalization) = 4%( P, - Pp)” — M, m, :

and dzp(ﬁcﬁd) = (27r)46(pa + pb - pc - pd)dﬁcdﬁd

C
integrate away “d”

In CM of a+b: detect angular distribution of “c”




> my definitions...

d,p(Pe) = d,p(Qc, P,) = | dyp(Pe, By)d Py

_ 1 dE, z
dzp(p3)=( o) dQcp4 (E pz e _ ]5(EC—ECR)

EF = E, —(Pa

— Pa- chcR

where dyp(Q,) = [ dp(P,)dp; ...




> the whole enchilada

ST -ITT - T TTY

q q H

[@(po)vpu(pal [0(po) v u(pa)]
]

Ja(pe)y"v(pa)] [a(pe)y” v(pa))’

2 4
qe

( 10 ) Tr [P oy o] Tr [P A" P ay”]

2 4
€
(fgz ) 32 [pa - PePb - Pd + Pa - PaPb - Pe]

2.4
€q€

452

) 64F°E? (1 + cos? 9)

with our frame choice: = (

indicative of 1/2-1/2 scattering: a prediction




> the real inspiration:
a function which incoherently sums all quarks:

nf

Poa(€als) = > _en[fy/aléa)fz (&)

i=1

+ fq?;/A (fa)fqi/B(Sb)]

where fq./a(&a) is the
probability of finding an a-
type parton in hadron A
carrying fraction of P, equal

to &,

4a7r

0(AB — " — up) = / Pag(Eal)dEadSs

must average over colors - DY didn t know this




> in order to get the differential cross section:
d?o Ao’m
dgasb _ WPQQ(gaa Eb)

use 7 = && (or s = 715 ) plus zp = & —&

which allows us to calculate the Jacobian to take
dé dé, — dwx. — dQ?

do 1 d?o do B 4o Py (€ay &)

N

drdep  (§a+&)d&l 0 drdep 9Q% /a2t 47

do Ao ! dga

107 90t g+77qq(£a,'r/£a) We have a prediction:
T this quantity is

4o

TF(T) < independent of

Q..only




Drell and Yan’s explanation of the Lederman/Pope
results proved substantially correct A = X

k=175

:_x,-—.075

N =—.025

= 025 =

Xr= 075 oo _

Nem A28 o

M= TS o

o =225, ‘-
N= 275, teass,
o= 325 .

%= 375

X = 425 o,

—xp = 475
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SCALING FORM OF THE CROSS—-SECTION
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early results demonstrated scaling...

‘\ ('K'»'Cc.'for; =17

S xp = 525
“x = 575
%= .B25
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m’d*e /dxdm (nb+GeV*/nucleon)

—
=
-
=
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...later results, even more
impressively

: hﬂi\'é# -aﬂﬂ"’:l n,..""ﬂ

I Ilillll

...including the demonstration
of point -like 1/2-1/2 scattering

i illll.]ll

£288
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> well, because of two approximations:

1. scale invariant parton distribution functions

and

2. presumption of the y produced with p=0




> scale-violating pdf’s

The Factorization Theorem (Collins, Soper, Sterman) puts the physically
appealing quark - parton model on a firm, formal basis:

separate short-distance (calculable) from long distance
(not calculable) using a scale, u;...hard part is only

implicitly dependent on y; - in practice, u, set = .

/

doap calculable, to a particular cyx‘fer in og

physical cross section:

dQ? 7

o / N
Zfa/A gaa/-l’ /J’f) ®0ab (£G)£ Q2 % ,.i;f 055'(/-”)) Y fb/B(gba /J’23 /J’f)
a,b /

~ ~

measurable, universal not calculated, long-distance
effects are absorbed into pdf’s

finite effects - the infamous “k-factor”
from now on, we’ll presume scale-violating pdf’s




> finite p;... comes in 2 ways:

hard emission (think: “perturbative”)...(we’ll do it next)

e A

I g
N,

soft emission (think: “complicated”!)...(we’ll do it later)

e -

_A




> to first order in o, the elementary processes are:

for example, emission is 1 gluon

This is a familiar fundamental process: annihilation
...one of a set of order-o40g, hard processes which can be treated perturbatively

Annihilation graphs, “A”

Compton graphs, “"C”




> it’s harder this time...

in principle, n states, for the
— i th particle...

(Ei)ﬁiT)piL)
mf = (Ef —1531* —P?L)

(E@ — p@‘L) (Ez ‘|‘piL) — p?T

V
q \\VV?

presume cm 666€~ = consider that the /" js V
g

q

4P?
(p—PA)2 = M? —2p- Py = M?* —2EP4 + 2pP4 cos
M?* —2P(E — pr)




> from solution for ¢,
t M? —2P(E — pr)

M?* —2P(E — pr)

(%) - (%)

(5)- (5

[.’1?1 — .’132] P

different from before:

— (fa - £b)P

express the

longitudinal p
as a fractional
difference of P




solving for M:  M?
M2

SO, X1x2S

and therefore, £a&ps + pa so, not the same as £,&p5 |

also ln(E+pL)
' E; —pr

In (;) so, not the same as In (
2




> solving...

- 2
T+ TT since, still 7 = —

S

(recallingT = &.& only in the zero p; case...)




— everyone has done this, don’t need to really calculate...

— ...except we'll do it to a "heavy” photon




> from our earlier phase space outline: (\vﬁ\\ %

for the simple 2-2: —NQQQ,OJ

N 5 L at+b — V+d
XX ¢ | T\ *dap(pyv, Pa)

4E /5

v — pa) d’py d’pq
VP on)32Ey (21)32E,
hé process inside hadrons:

a trick

integrate trivially:

E > |T|2 d3pv
/dﬁa/dgbpqg gaagb 39 QfE ' E, (pd) 2Fy, |pd=pa+pb—pv




> mess with the delta function:

you can show that p3 = &84t+4— M?

so, 0 (.§ L4 — M2) —  function of &,

8_f 1
ox

IL=IR

d(x —xR)
flzr) = 0

f(éa) §41+0— M= (Labp — Eamr — ET2 +T)s
§péo — T

§p — T1

you remember |d [f(x)]

=¢85 s the root...

&, — 1 is the derivative...

5(5@ - 55)
(& — 1)

allows us to do the &, integration




> so, putting it together:

) . 5% |7
_ /d&'aé(é'a — ga ) /dgbpqg(gaa £b) 64EaEb7T23(§b — -Tl)

for 2 body kinematics
do 1
- = _|T?
dt 16752

integrating and changing variables...

dé 1 [ dé, 5
dQQdydp% T /;nin (& — xl)qu(gmgb)ga S

where

the physics lives here...




> textbook, but for keeping the outgoing photon mass

e(p) e(p’)

e(p) ¥ (k)
Y(k)\Nﬁ\x\ e(p")

kinematics V = ’Y*(C)

,Y (b) remember

the plan

+k!2=2p‘k=Q2+2pf‘k!
—p")2=Q2—2k’-p=—2k-p’
_pf)QzQQ_Qk!.kz_zp.pf




> actually, an exercise in Halzen and Martin...

~

i i ;j $1|T|2 = 327r20:(—£—

s

initial e initial ~ final e final ~
/
do 1 p

e T2
dQ 64%23}3' |

standard 2 body kinematics

mass only

, affects the
pp do interference term

Jacobian to go to invariants - I d7

do

dt




> now exploit our laziness...

morph from:

coupling change: decay to muons

afy — Qapme.as do(qg — ppq) =

8} * 2
3707 do(qg — v"q)dQ

1olelas [ —1% — 52 — 2uQ?
9 Q%32 st




> use crossing symmetry to go Compton — Annihilation:

b

VAV —  5A

fa)

—)’U,A

-~




> putting it together...

do(AB — ppj)
dQ?dydp3.

_|_

doc

dQ2dt

do a

dQ2dt

this leads to trouble...

do 4

) £f£bpq€?(£aa £b)

dQ2dt

doc

9 Q232

) gRgbpqg (&-aa fb)

1 oelag (—52 — 82— 2&@2)
st

dQ?dt

8 o’elas (7?2 + 42 + 2§Q2)

27 ()2§2 at

the annihilation hard cross section goes like:

1 which, since |t

-~
o~

£a gb Sp%‘

e

leads to | —| behavior for

stu




> perhaps not surprisingly, logs float to the surface...

factor out the 1/p;? behavior and as x; — 0, the leading terms go like:

1 d&y [1 4 7 :| — ]n(QQ/k%) (There’ll be others later)
@ gb — T (gc{%gb)Q

as k-— 0
@kT dependence !

so,in that limit, the form of the order-og Drell Yan cross section is:

4 1
do _ do aS—ln(Q2
drdydp?. drdy ) g | 37 p7
N J here’s a scale (p;)

v
which live here... which cannot be
absorbed into the pdf’'s:

the dreaded
qq (gaa gba Q “two scale problem”

l includes leading
log pdf’s




> what about data? R209 at the ISR, 1982

bad
behavior at
low pT

|O-!3

U B

i

—.—COMPTON TERM
~—— ANNIHILATION TERM

— QCD CONVOLUTED
WITH GAUSSIAN

04 sl

¥ £ FETH

best fit for a
Gaussian-
smeared model

T T TTITTT]

g
4
-

V5 * 62 GeVv
S<m< B8GeV

T T T TI000]
g oyl




calculate the probability of the emission of a low-pt gluon

then calculate the probability of an infinite number of
low-pt gluons

call them “Sudakov” and identify the approximations as
Leading Pole and Leading Double Log




> a side calculations - dealing with soft gluon radiation(s)

a(p,) define x, and x, to be the

momentum fractions
(666€ carried by
N d q(p,)...then
qb(pZ) o kT a(p;) an 27+
‘Q\YS\‘ qa(\k)Y X3 =1-Xx; - X, is the

Y(Q) fraction carried by g.

then: d]‘—‘(,}/* - qqg) — 30562Q32as w% + fE%
dxidxo 7 3 (1 —2x1)(1 — 2x9)

log divergence when
X1, — 1/2

define: z E,/E, (which is small)

so, j (k+ps3)*/Q% = Q*(1 —221)/Q* = (1 — 21)
(invariant g,-g mass, which is small)




> wave some hands here... a(py) a(p,)

K kT and so,

K

0 =tanf = —-L = Ol
| q.(p,) 9 ik
k —Q/2 sma e m, T

change variables, for photon “lifetime”: YQ

1—z+j(1—z)+1—z

djdz s

dl'(v* — qqg9) 4@50563@3 [ j 1+ 22 | 16 ]

when j small (m., small) and z near 1 (E, small) log divergence, j—0

the middle term dominates...

2
called the “Leading Pole ! ( do ) 25 1+ 2
Approximation”, (LPA) oo \djdz ), 3 (1—2)j
as

= %qu(z‘)

related to the P, splitting function ‘




> add up a series of emissions q(py) o(p.)
3

K
@\P a,(P,) '\e":nkT

) a,(K)
in the limit, the angle is small T(Q
k k
f =~ tanh = -+ = 2L

ko Q2
define: §(#) = probability of ¢ emitting g with angle < 6

7(0) = probability of ¢ emitting g with angle > 6
1 = S0)+7(0)

as a function of k;, the probability of > 6

Q*/4 1 do
T(k2) — l
(k7) /k oo di}?

dk}?

2
T




> change variables

T = =2 / /

from k2/Q% = —2)J

2 2
T(Q) CES / / CM
02 /4 J 02 /4j

9 :
as (92/4) leading double log

5, approximation, LDLA

2
likewise, then S(@)pra = 1-— %m (92/4)
T

1 do dT dS

remember wd2 AT AR

again, with at least k?;<<Q?




> treat radiations as independent

the probability of n, with < 6
Sn(kT) |LDLA — [ S ln(kT/QQ

adding the probabilities for all possible n’s

SLDLA kT ZS kT

208 9
which is an exponential: = €xp —gln(k:r

iS 1 do 2o |
so |%° _ o n(k2./Q?)
k2~ oo dk2 [Lona Je”

a significant result: as p - 0, cross ¢— 0!




> this is where we started
dS 1 do

o 1 4o _ — 225 In(k2./Q?)
k2~ oo dk2 [Loea Je

for the k; of the radiating quark has the same form as our
order-oag cross section for the g...but including the effects of

copious radiation of soft glue

we can improve our Drell-Yan cross section
the same way: notice powers of o

do B
drdydp?.

__

what we got perturbatively at order-oc

N\ /)
Y

adding infinite-order soft radiation
this "RESUMMATION" (the exponential) tames the bad behavior




— (ah, to) be naive again in order to adjust to EW
parameters

— get a sense of the rates
— use our results and calculate for finite p;




> Drell-Yan process is operative here too
the Feynman rules are slightly different

v = (I3) —2Q sin*6,,
' 2siné,, cosb,,

o= ()
2sin6,, cos6,,

1
2+/2sin% 6,,

iey,(1-¥s)




> just an EW lookup:
do 1
dQ* Q°

propagators:

couplings: W bosons Z bosons

2 2 20,2 | 2
A [( 2 )2] e“leptons  — e (v; +a})
e

2 2

2v/2 sin? Ow e;quarks  — e? (’Ufc + afv)

: 2
Q?c — 1+ [1 — 4| Q] sin? QW]
plus, the connection between weak and electromagnetic couplings

GFM%; . T

\/§ 2 SiIl2 9W




> write down the, now standard, cross section:

HAB =W = 1) = 3 3 [ dadify 460, Q) o506, QD ait; — )
1)

the hard part:
9

_ 2
S ST = 8V, P (GFM‘%") : i
o V2 (8 — M3 )? + (My Ty )?

initial final

do(qiq; — v) Vg |? GZME, §(1+ cosf)?

dcos O 87 2 (§— My )2+ (MwT'w)?

make use of the “narrow width approximation”:

1 T
5(5 — M2
(G- MZ)2+ (MwLw)?2  Twhy (5 = M)

define W-specific parton density combination:

Pc}/z@j (gaa gba QQ) - fqi/A(gaa QQ)f(ij(gba QQ)




combine with K-M matrix elements for the isospin-changing process

Z PW— (f £b Q2) — (\/Cé\bbib02+cabibb02)angles, actually [@~95%
qi,qj \>A2 507
’ [f u/AEas Q) fay5(80, Q%) + faya(€a Q°) fuy (& QQ)] Vadl?

~5%

+ [fu/A(fa,, QQ).}CE/B(&H QQ) =+ fE/A(gaa QQ)fu/B(gba QQ)] |Vu3|2

SO,

PW(£a3£b9 QQ) = Pgd(gaagba Q2)|Vud|2 + P@Y‘;(gaﬁgba Q2)|Vu3|2

forget the Cabibbo-disallowed transition...

1 . .
ow(AB — lv) = 5|Vua*mV2Gr / dEad&y P, g (Ea, &0, Q)0(8 — Miy)$




some details, delta function gymnastics:

06— M) = 1066 — ) = LT

=0 2G|Vl [ d
Jw-|-(AB —)'fi'/) \/_ F;T| d| T %P&tfd(gaagba QZ)
r Sb

Tevatron luminosities Y

. e
T —
Pp(d) dr ) .

defined as the

differential Parton

§=0.08 TeV /c? 22%5100 nb Luminosity
T

(r/d)ag/ar (WD)

o
-
I
(NN]
4-_7
c
=
O
C
©
e
c
©
=
©
>
o
| .
N—

-9
= (6 nb)(80GeV)? 1 (Ugb) 1070 )00 16
0.39(GeV°mb)\10~b/{ nb

% i (Tev) 1 10
FIG. 55. Quantity (7/§)d.% /dt for ud or @d interactions
proton-antiproton collisions. =99nb

o(Z) 1s about 1/3 o(W)




> same idea: just follows the previous pattern...

(AB — [ — M Z/dgadgbfq /A(gaaQ )fq B(gbaQ ) (Qz(jz - ee)

Z T gaagba ) = [fu/A(£a7 QQ)fﬁ/B(gbaQQ) + fﬁ/A(gaaQQ)fu/B(gba QQ)] (% - %-ﬁl’:W + SZE%V)

[ a6 Q) £y, Q%) + Faya(€as Q) faym (60, Q)

Ffsral€as @) fsy(60, Q%) + fsya(6a, Q%) fo/B (&, Q%)) (i - %xw + gaz%v)

12 8

Where rw = SiIl2 QW PZ(&GA&HQQ) = Pg(gaagb: QQ) (Z - ngW + gxw

+Pd S(Saa £ba Q2) (

V2G g dﬁb
2 3 T

SO 044 (AB — #l) = <
T b

(gaagba Q )




> the calculation is historical...the data and pdf fits are
much advanced

EHLQ gives... 0-BR(W — /v)=22nb

but, data and phenomenology deserve more attention than
possible here...

W production at the Tevatron

F MRST99 partons
" F NNLOQCD
6 F+5% T

'. vl.

gt gl aldl ot gf gl

hep-ph/0101051




> let’s un-naive the W calculation for finite p; and then
for radiation:

everything goes through as before...
dé A (271‘033) (GFM2 ) 8 (£2 + 4% + 2M§V§)
dt 52 472 ) 9 ti
1
3

doc ) (GFM2 ) (f2+§2+2M5Vﬁ)
dt —t§

so that:

do"™ doW™ das 1 BELTEM
T 5 — y [3__111 (M%//p%“) 1 (pT/MW)]
yapr Y 5 ™ pT

so, what’s wrong with this?




> The Sudakov factor includes the exponentiation of

2
SO)ipea = 1-— ﬂh@( 2 /4)

leading double log approximation

I dropped the power of 2 in the exponentiated form

do B
drdydp?.

please put that in...the web will be correct...
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