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1. Introductioni The Big Picture

DQCD - e+e- Physics and Perturbation Theory (the
mproved Parton Model);

DQCD - Hadrons in the Initial State and PDFs

2. pQCD - Hadrons and Jets in the Final State
(UVY Running Coupling, saw Soft & Collinear in Pert Thy)

3. Colliders & Jets at Work
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¥ Yesterday -

A Parton model is good starting point, just dressed up by
QCD

ACol or explains 3 (valence)
guarks)

A UV structure - running coupling: asymptotic freedom, IR
slavery (explains parton model)

A Still soft/collinear (IR) singularities: cancel in IRS
guantities (real + virt), or factor into universal (?) PDFs
and fragmentation functions

S. D. Ellis Maria Laach 2008 3
Lecture 2



#=5  Standardize the Real 7 Virtual Cancellation with
— Concept - InfraRed Safety!!

A Define InfraRed Safe (IRS) quantities i insensitive to collinear and
soft emissions, I.e., real and virtual emissions contribute to same
value of quantity and the infinites can cancel! (can really set quark
masses to zero here), e.g., ete - hadrons

A Powerful tools exist to study the appearance of infrared poles (in dim
reg) in complicated momentum integrals viewed as contour integrals
In the complex (momentum) plane. For a true singularity the contour

must be fApinchedo between (at | ea
allow us to avoid the issue). We will not review these tools in detail
here.

A Here we consider some simple examples of IRS quantities
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@2 InfraRed Safety!!

InfraRed Safe (IRS) quantities | insensitive to collinear and

soft emissions, i.e., 5, ( )n. /Ry =S( P> . P

Cannot ask about \( Y

soft guys, or guys at
edge of phase

|
S(h>n)=(T-T( 9> )
A Thrust - ds/dT ipl @]‘
T.(p> . p)= m@ =
a | p.i
0.5 (spherical¥ T. ¢ 1 (2-jet-like)
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Another IRS quantity -
A EEC Energy-Energy Correlation O\ /7

dS(cosg) .. EE
dcos :au_ qzjd(cosg cos)4

S(Rr>.n)=

Both quantities are insensitive to:
A Ei,pi' 0

A Collinear split  E,,p,- (1-1)(E,..p,y )+ (E,,Pr)

even for the autocorrelation E, 2= E2(1-l )2+ E, 2l 2+2I (1-] )E,2

A Jet cross sections also qualify and we will come back to them.
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“SUMMARY - For IRS Quantities

A e" bits from real and virtual emissions contribute to the same values
of the IRS quantity and CANCEL!!

A Exhibit (reliable) perturbative expansions even when mass scales
(quarks) are set to zero in perturbative calculation

Caer—n,g,as( m Ua C, O,;? }(O mOea% [p 8, typically intege]

m m - n20

vO)

A Life is more complicated when there is more than 1 physical scale,
e.g.,Q:&0Q, and 18 In[Q,/Q,]T must sum large logarithms to all
orders & often can, as in SUDAKOV Form Factors
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‘?ﬂﬂﬂ PQCD Calculation - Summing large IR logs
~ Parton Distribution Functions in QCD

A Reuvisit DIS T include real gluon emission (massless partons)

LO NLO Real NLO Real

A Singularities arise when the internal propagators go on-shell
(collinear and soft gluon emission).

A In the appropriate (light-cone) gauge, the divergent contribution in
the middle diagram *. In any case it can be written

e

2
2n Qo ‘ k\ ‘ /Transverse Momentum

—_ ~Y
2 Di e X P % )9 I l 2 * This is gauge dependent - only the sum of the middle
v k,\ and right graphs squared is gauge invariant. In the
light-cone gauge only the middle graph is singular.
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Singular Configurations -

A the |k?| integral goes all the way up to the kinematic boundary 7 it is

not cutoff at a fixed (small) value as assumed by the parton model
(so expect some differences)

the |k?| integral is singular at the lower limit i control with a cutoff k?
for now (this Al ong -meiushatieely coatmlled e h
by Aconfinemento in real | 1 f e)

the (collinear) singularity is multiplied by a characteristic function of
t he quar kds momietnteu m o rlaicttitithamells f u
us how the longitudinal momentum is shared

= 1+X°
= (%) =C -
1- x «—— Singular for soft gluon,
X- 1
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' More on Singular Configurations -

A Put in cutoff and include all diagrams above (in standard from) to define
for DIS from a quark

- é o - o 2 ~
£10(x Q)= ¢ xea(l ) Foohf s o & ¥ ¢
8 2P ¢ C -

where both the collinear term P(x) and the non-collinear singular bit C(x)
are calculable functions in pQCD (i.e., IRS quantities).

- O: Ot

Y Conclude! : Naive Scaling is broken (i.e., the Parton Model) by In(Q)
terms (and we must sum them)!

Y The distribution of quarks (in a quark) is now (being explicit about the

scale n)
: 5 a.( ne aQ’ o
afrgm§ dr) B TR (g, St
G - P

and quarks are (likely) accompanied by (approxmately) collinear gluons
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Fain . .
w. @ Include virtual graphs 1 (truly soft gluon ~ no gluon at all)

Sl T

A ~d((p+9)?) - Contribute forx=1,- d1-x) ter m + ‘771
A Quark (baryon) number is conserved*, independent of Q2 /<999/
p

£ (x)- Faq(x)=<:£(“—x) So1 Y 0 G 2

2 ¥ gl-X_

+

where the A+0 distributionp/ﬁ i

],:., é.l 2 ~ 1 1° 2 q
(e, O )0 d L

/
_ p
A With care taken below for the process 9- d( this is just

(i.e., due to the delta fct, virtual bit) *Confirm quark number
= ~ conservation - HW
{(x)- P&, = ()
+
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(‘?'EEF-'

& Putittogether -

A For a quark in a proton, as an intermediate step we introduce a
Abar eo quar kyand cosvolute viatluabaove n ¢
Q
K

1

ma(R) <2 244 n—%()) s

g0
q%_
2 £
A g, plays similar role to as(M) used earlieri an fAunphysical

hide infinities. The theory is well behaved but our approach in terms
of Abareo objects r equboutepah. us t o

KGO
L) Qo
e
kO @]

xa
e
G

CD> CD\ (-
oo

A Need to get -afifkdonadf t th edstilfuton te O

A Can perform this analysis more formally with operator expansion;
here focus on intuitive picture
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Introduce a factorization scalemgi nabsor bo collinear

lk?|<n?) into the bare distribution and obtain the regularized, scale
dependent distribution, i.e., the long distance physics is all in the
regularized distribution.

a 0, a 0O, a
Define |naeQ— o'naeQ— o*naen—iz
ks g gk

Split the non-collinear term in a factorization scheme dependent
fashion where the second term will be included in the long distance

physics (an arbitrary choice) C (2)1 c (3 +t;( ;
g 4

Physical quantities are scheme independent and the calculation will
be also if all parts are performed in the same scheme!

E.g., the DIS choice is to absorb everything, C;"> =0
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A Finally, choosing the factorization scale to equal the renormalization
scale (simplifying but not necessary), 7 = 7 define

a,( m) dx e
X, = + >\ T/ 2 P e
%00m) =6 () =5l Je R b 05 "=y
which formally includes all of the collinear structure, and is thus not
calculable in pQCD, but allows us to write

1 o) o) ~ g o) ~ o~ 2 o

Jdx ax 8 . ax @t X #Q060- x ¥_4
A% Q) =n— , al 451 B, — | 50 G — 0>
(% Q) L x %8(3—)(’7% g ge_x 2+%,t9q %399,7(7% % )gé
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et

Sl T

A Order-by-order, we are summing the

! Summary In pictures, first with cut-off

largest contributions of the emission With cut-off k

of multiple gluons
1/Q.. ,
A The change in size (wavelength) of 0 SPioree bt

the gluons represents the strong
ordering of the transverse momenta
(smaller wavelength means larger
momentum)

< 4, @< K,

S. D. Ellis Maria Laach 2008
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% Summary in pictures, with factorization scale

Sl T

A Separate contributions above and A And factor scales k to minto the

below the factorization scale m renormalized distribution 7 leaving
perturbative bit

/x ]/Q\

e
')

S. D. Ellis Maria Laach 2008 16
Lecture 2



One more addition -

f‘f?:g%*%
A At this order we also have (a quark from a gluon) q
yielding
=00 Y-, é, aQ? o
B°(x Q)= €2 ek (>)Inar "Gl ¥ b

A So we really want
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|l nclude glue and &

A Factorizing with the choice Q = my so only 1 scale

1 N o ~ o ~
' dx e a B x 6a, _gs Xa 09
a(xm)= n—Q(XF/)eaéd ¢+§'p)dfs e > 0
e¢c X= P ¢X + 0
1 ) o) ~
X éa,( 1) <wséx 6 @
ol Ag, O 0
A Recall the specific form of the

coefficient function], depends on the renormalization scheme and on
the specific quantity being calculated [e.g., different for F, and F,].
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DGLAP
A Consider the general version (n? = m2 | Q2?)

(0 Q) = X €A d°(x, 7)

a.q

e84 x da,/( N, xi &Y O~y x B &

3add — g+ LTP  “odngas 4CP 2

ST X Yopt FEAT T F Y

L dx J éa ( Mg _ 4x PAQ By X8 0
+xa m— 9" (x, e—7=1 P Ve otG- U

e§XX ( ﬁ)ézpfqgéﬁ_ +ergc;w é%?(_

LHS is mindependent so RHS must be also, order-by-order in pQCD
Y DGLAP i (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi)

S. D. Ellis Maria Laach 2008 19

Lecture 2



DGLAP T Perturbative condition on
NONperturbative quantity

u _as( /37)1,,dx ax o
/ﬁ—;q(x, ﬁj— T p_XPge_ g X )/
as /371 o] ~
_ z(p)f’dfzzp(z)%z:’”% :

A The splitting function P (like the & function) is what is calculable in

pQCD.

P(z,as( ﬁj): A% ( 2 # BI( Y >

A The splitting function P, ( z) can be interpreted as the probability to

find a parton of type a in a parton of type b with a fraction z of its
longitudinal momentum and transverse momentum < m per unit
log k; (parton-model-like)
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Lecture 2



SU(ny) , &)

Po =PRq Py =P, P,=P, 1P, P, =P,

i dqg G
A QCD is flavor blind and, at leading order, is flavor diagonal

S. D. Ellis Maria Laach 2008
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A Quark number and momentum conservation means***

g9

e (30 fibogd! (+ /() 80 Fvoen 13+ B1(3 go

A In summary (LO)

e1+x* 3 g 41 s o
PO (x)=C.e—— 1 o
() &), PRl e
PI()=TagX €1 %° ¢

e1+(1 -x)° @
Pg(g)(x): - € (X ) u

c Y

s - 11C, - 4n. T
p(o) =2 ¢ X _!_(1 X) 1 2 £l A f IR
99 (%) CAg(l- X). » 1 % Ud( X 6

*** Verify these sum rules - see HW

S. D. Ellis Maria Laach 2008
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DGLAP & Moments (undo convolution with moment) -

We can explore the DGLAP equation by taking moments 7 define

f(j,n?):%ﬁjxxj'lf(x ﬁj f =q, ¢

0
A With inverse (contour C parallel to the imaginary axis and to the right
of all singularities)

f(x,n%)li_fjdjx'if(j, A

A For a non-singlet quark dlstrlbutlon Ons = 9 -G, with evolution
controlled by P

’ﬁ#%(i - 2p qQ(J (a?))mi. ?)
G 1+ & 2»=fﬁxxj'1&q(x (a?))m
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Slatet - |
@.#¢ Anomalous dimensions -

A In leading order (1-loop i no mdependence in P) the solution is

2689 (j) This behavior is characteristic of

360 gauge theories where g\ () is

0
) = -- i f | | ed f
qNs(J ) gaén(,,g/LZ ) g qNS(J lﬁ Si :ngﬂsicgrjthc‘m%rhmti

A ASIDE: If this were a theory with a fixed (not running) coupling, as( /)% §
we would find _
é./ﬁ aﬁﬂq(l)/z
QO(J’/ﬁ):qO(J’ & 0

¢+

which makes the label anomalous dimension more clear. In such a
theory the evolution is very fast and hard partons are very unlikely!

U The falling_PDFs (g<0) ensure that physics happens at the minimum
value of §= X X, S
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':-?P_f.l Singlet Distribution -

A In a similar way we can study the moments of the singlet distribution

( ) 1a eq ( ﬁ‘) EI( 2/)7 ,which mixes with the gluon

A Its moments obey a vector/matrix equation

,ﬁLSS(J/ﬁ) Sas( M
i gy (i) & 2P
g d W 2, . &) B(j.0)
(i d W S 4) (i)
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%‘?}“' Anomalous dimensions Il -

A The explicit (1-loop) anomalous dimensions are***

0 e 1 1 ‘1”612%
fR

=283 Ty a0 3 Bk

A The moments can be inverted with the inverse Mellin transformation
(at least numerically). *** See HW
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?ﬁg 2

L Quark Singlet + Gluon System

A For the singlet plus gluon system we must find the corresponding
eigenvalues and eigenvectors. With j=2, the momentum sum
Integral, we have

Eigenvector Eigenvalue
S(2,n¥)+g(2,n¥) 0
S(Zsrn?)_(nf/4CF) g(zsrﬁ) _4CF /3 - nf/3

A The first line confirms that total momentum is conserved during
evolution!!

A Since the second eigenvalue is < 0, the second eigenvector
vanishes asymptotically (In m- infinity)

s(2,7) -4rgFg(2, B Yol vzgg 1/2;7/12%E 31%
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bl
oy

aﬂﬁﬁ:

i

‘A Hence the (truly!) asymptotic momentum ratios (at leading order) are

3N 16
f,=———— %%%53% f, = Yo Yo YATY
16+ I, f 16 +3, f
10 I \|III\‘ | I I|\I\I 10 I\|IIII| | I I|IIII
i qq
) 5 — — 5
A Numerically the | ]
y(§) ol . 0
anomalous I ] I ]
. . . e “‘nn\\ ,,,,,,, L
dimensions look likeiT -5 - = I I, W) 7
—10 | | \|III\‘ | | I|\I\I —10 | I\|IIII| | | I|IIII
30_ | I \|III\‘ | II|\I\I_ 80_ I\|IIII| | II|IIII_
20 B9 _ 20 —
() - s
0 I 1 6] I
-10 - | ~10 B
= | | \|III\‘ | | I|\IH— = | I\|IIII|
1 2 5 1 2 5 10 A 2 5 1 2 5 10
-1 i—1
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Conclude - -

N

x=0.000050,i=21

* Hlep

x=0.000080, i =20

= i= ¥
x=0.00013,i=19 = ZEUSe'p
x=0.00020,i=18

&

e x=0.00032,i=17 s BCDMS
- x=0.00050,i= 16

x=0.00080, i =15 ° NMC

x=0.0013,i=14

N 6

o, 10

\
om

]
-
’
om

IRRRRL
o
.

°
Q\

A We expect that the distributions

/ﬂ;
iIncrease at small x

104

|
s

x=0.0020,i=13
x=0.0032,i=12

N 'S
NIl oA x=0.0050,i=11

decrease at large x

3 - P 'R J - sa aut®
0 T - w® l-'li-c'-l n

o-® ad e
%/e'l o ou 808 IIIII-O"'\.. X X Ji

#-> ot . ommE T o u
Ry

x=0.0080,i=10

x=0.020,i=8

as m= Q increases, and
this experimentally.

see

102

'W,.o’»o

x=0.032,i=7
pa-gae i aemnE

spade B afofy %
o 888
o/ﬁ»%"‘bo@oo *

o & 50 atoharoust me slpasemp dyeady u y x=0.080,i=5

g g R GG B 42ty @ x=0.050,i=6

990 gg@@M@&M% - see OB \-".0!5 « '! §! x=0.13,i=4

""E%Qo%QMM&AA e I RN Y Y1 ] ;! ’ % ! x=0.18,i=3

,:moseﬁgﬂ%&&méfnm S35 sh apsaf y % % g F {x=0.25,i=2

il

. 0§§§M@ggémgg 4ot ?Eiggij

st 2 x=040,i=1
) '

o] I
E M%AA@AQQQE@A 8,5 i g E
10 -2; HI1 PDF 2000 iﬁ% g 1 1 i x=0.65,i=0 ]
- extrapolation
3| b
10 Il \\HH‘ Il \\HH‘ Il Il \\HH‘ Il Il \\HH‘ Il Il \\HH‘ Il 1
1 10 10° 10° 10" 2105 ,
Q" /GeV
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A

PQCD (as we have see) allows us to describe a broad range of
experiments in terms of PDFs

Determine PDFs from GLOBAL fits to a range of data, now including
Apropagationo of uncer tfisiibasis of al
collider phenomenology

CTEQ ' http://www.phys.psu.edu/~cteq

MRST - http://durpdg.dur.ac.uk/HEPDATA/HEPDATA.html

See also - http://hepforge.cedar.ac.uk/
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http://durpdg.dur.ac.uk/HEPDATA/HEPDATA.html
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S

:Ez-

=

ANA

¥ Current Status

CTEQ

0.4, — ] . o
03? Luminosity function at TeV Runll li L — r“jxj_d)% g( )J(_i /7) q %1 /)7 (d¥ 5 _%)
0.2 I
0.1 ; I\I
0 AL ! \Ir\‘lnwn‘illlnlhuhml\ |||HIH|H|‘IHH“: . i
z 0 A (i '”H’UM Where +/Sis the total hadronic
£ ool l; energy, and /s the total partonic,
I hard scattering energy
3 ol 0d->w w)
[T 0f Ilr“lll J’l IWlIIFﬂ'l“W'I 'l‘ rill |1 'l}”l”i'111 “T'll ”l ”',l”“‘ 'lrl' 'Iri‘ I“ rmeT liT'l k‘ llL‘lll}TIlLTlllLTlllFLW|IIFLW|IIF11|]|F£‘ , ] )
7015 | Y Uncertainties < 10% except for
o AR M large x gluons (just where we
3 °‘°"T>“’*‘Z’ need them!)
20 s 12 200 400
V¢ (GeV)

Measures of parton luminosity

uncertainties
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Fg .
fﬁjﬁl Current PDF issues

A More precision for the Gluons
A Flavor, charge asymmetries, €.9.,SVS S

A Heavy flavors (c,b)
experimental determination
iInclude mass effects, defining thresholds
role of nonperturbative effects (i.e., besides perturbative
gluon splitting)

A Do we need NNLO fits? (global data probably not that good yet)

S. D. Ellis Maria Laach 2008
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s:?-" 3
EE' ASIDE: Sudakov Form Factor -

A Consider the functi e 7 d =
onsider the function (/ﬁ @ 1expe d @pﬁ(é
& 7%

which involves the unregulated version of the splitting function but,
In a sense, contains the information about the regulation of the soft
singularity (z- 1).

A This is the bare* version of the Sudakov Form Factor mentioned
earlier.

A Using P(z E( 2,, and P(z) =0 outside of 0¢z¢1, we can write

M ( 0z & aX ﬁq( 2/)7 2 .M 2
Ut G n;ﬁ( & mQD(/ﬁ f ﬂﬁ_zm(D )

* In physical applications the physics will control the soft singularity as was displayed earlier.
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L0 :
== |n Detall

s m > 20 i - 2
Ll nb TR o
(ﬁ7)1~dZ|E(Z) éx/ﬁ QE ?( 2)77q _Xé,;? SécﬁFé;)z
20 W VN g 21 K
ﬁ71 - o ~ 2 1 -
U e do 84 Vi) ay
(#) gz g\ ax . ga(xm) . u
2p []?FE(Z)O??E’”% 8D(/ﬁ, /ﬁlﬁﬁ b A d
S. D. Ellis Maria Laach 2008 34

Lecture 2



A Or, more compactly,

i 8§ e O

A The solution can be written

a(x)= 8 i 3pu(x )mﬁdk DE 2 ¥ o) g

x G 7

[-O:D: O

A So we interpret
(,ﬁ ,g,j as the probability to evolve without splitting 77§ - 7 with no
nNnobservabl eo emission

D(r7, §)/ B % ;)as the probability to evolve k?- A with an
observabl atd?. emi s si on

A This interpretation will be helpful when thinking about time-like
evolution and parton showering

S. D. Ellis Maria Laach 2008
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" pQCD Calculation: Fragmentation,
Hadronization and Jets

A Revisit e*e - hadrons i (but note the color connection - - - -)

Expect:

Y collinear singularities just as for the
distribution functions

Y Fragmentation functions (recall Lecture 1)
acquire mdependence similarly to the parton
distribution functions

Consider first the distribution of hadrons h as a function of the fraction
of the total energy

F"(x Q)= ! OIS(ee - h+X; x g“

Stor dx
with
(n(@))=rxF(x Q) & dixP( xQ) =
S. D. Ellis Maria Laach 2008 36
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St -
Ia-ﬂfa' Fragmentation -

A Naively, this distribution arises from a sum over the contributions
from the various primary partons, produced at the short distance
scale Q, fragmenting i Y h (the indices on the fragmentation
function D), and described by

Fh(X’QZ):a ﬁ‘%ZC[(QZ, zas) %ZZ(,C?

A The (IRS) coefficient function C describes the short distance
production of the primary partons

C,~€&d1- 2 +q @ > |

assuming only photon exchange (no Z6 s ) . Gl uons wi l
contribute at order a..

S. D. Ellis Maria Laach 2008 37
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A The function D" is not calculable perturbatively (hadron formation is
Intrinsically long distance and non-perturbative).

A The fragmentation (or time-like evolution) of parton i - parton j is
treatable perturbatively. The collinear divergences are factorizable
(Just as for the parton distribution functions) (at least for x , 0,1)

1 o)
- e ;axX
o) (% 77) =4 K (2 71 DS, 30
k  x G
where K is calculable (for n¥ and my? large).

Note - Having once factored the collinear singularities into the
regularized D, there is no problem doing the same with confinement
and setting j - h again.
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A This picture suggests that in e*te - hadrons each hadron is
associated with one specific initial parton

A Thus each hadron is associated with a unique jet
A Analysis of the data has often proceeded with this in mind.

BUTT ita i rs@ tThe soft hadrons (at least) must be associated with
the coherent interactions of color singlet combinations of partons
(the color connection T strings?); the UE (underlying event) for
hadron-hadron collisions.

Factorization breaks down for the soft hadrons.
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9’?” 3
EE' Fragmentation Il -

In summary - pQCD tells us that
A the regularized fragmentation functions evolve
A the form of the evolution is calculable

Lol A-afE=t ok wh ()

A like DGLAP except for the different order of the indices (i is the initial
parton and j the final).

P (za.( A)= R fﬁﬁ (3

A The lowest order splitting functions P© are identical to those
iIntroduced earlier, the higher order ones are not.
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Recall Status i Parton Model + pQCD

Basic structure of parton model remains valid, but distributions no
longer scale precisely - there is a dimensionful quantity, L ocp

QCD coupling is small at short distance, large at large distance
(as desired to explain the parton model) due to the short distance
(UV) structure of the theory, i.e., physics at scales < 1/m

Can factor the complicated (hard to calculate) long distance,
confining behavior from the short distance perturbative behavior at
arbitrary factorization scale nx (if ask the right question)

Determine the (universal) long distance behavior experimentally and
evolve to desired scale

Perturbation theory predicts the form of the evolution and the
perturbative factors (IRS quantities)

S. D. Ellis Maria Laach 2008 41
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Fg _ .
fﬁjﬁ' PQCD Calculation : Hadron i Hadron

scattering

A With our tools in hand we can attack any process that provides a
calculable short distance interaction, with the long distance

complexity factored into the parton distribution and fragmentation
functions.

A Of course, since they are not predicted by QCD, it is best to avoid
them i and we can avoid the fragmentation function - JETS.

Examples w/o Fragmentation:
pp- g+ X atlarge pr,Locp 8 P
pp- FW Zh XLoep8 M, Q

pp- Jet+ Xat large p; with an appropriate (IRS) jet definition (to
sum over productions of fragmentation)

S. D. Ellis Maria Laach 2008 42
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?1;7_,% . . )
@) Warning on Factorization:

A The limits are factorization (i.e., the universality) ofh h- h+ Xis
not yet fully explored!

A You must surely sum over (i.e., not ask questions about) the soft
stuff (as we do with jets)

A Some | imits are bRe-cbmbwob+Kcl ear 0
See, e.g., J. Collins, hep-ph/0708.4410

A The INTRO discussion in
G. Sterman, hep-ph/0807.5118

A The application of SCET (Soft Collinear Effective Theory)
C. W. Bauer, et al., hep-ph/0808.2191

A See also, M. Seymour, et al., hep-ph/0808.1269
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|@l Calculate Collider rates

Note large range,
must work to see
the rare ones i
the challenge of
the LHC!

™

Background

— to
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