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So far

Lecture | Introduction to SCET1, SCET11
e C(ollinear & Soft degrees of freedom
e Construction of HQET
e SCETrI propagators, field power counting
¢ J.eading Lagrangian
Lecture 11

® Heavy-light current and Wilson lines
¢ (auge symmetry and reparameterizations in SCET

® Wilson coefficients & hard-collinear factorization
® [ield redefinition & ultrasoft-collinear factorization

¢ One-Loop ultrasoft and collinear graphs, IR divergences



Lecture 3 Outline

Renormalization group evolution & Sudakov logs

B — Xsv Factorization Theorem

More on large logs, Evolution with Convolutions

SCETT11, building blocks, exploiting SCETT1
Factorization for B — D7n , B — wlv

eg. of power corrections in SCETT

Jet Production ete” — J,J;X



Renormalization in SCET
&
Summing Sudakov Logs



Renormalize Heavy to Light Current in SCET
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LL solution cusp anomalous dimension
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Exercise

- SCET Loops for Two-Jet Production

Consider the two-jet production process through a virtual photon in SCET, namely ete™ —
JnJn Xys where J, is a jet in the n = (1,0,0, —1) direction, J; is a jet in the n = (1,0,0, 1)
direction, and any remaining particles in the final state are ultrasoft, contained in X,;.

a) Write down two collinear quark Lagrangians, one for &, fields and one for &; fields.
Interactions between these two types of collinear fields are hard, and so do not effect your
analysis. What are the Feynman rules for the ultrasoft gluon coupling to each of these
collinear quarks?

b) Start with JCP = 4,1 and determine the appropriate LO SCET current J5FT =
£, - &, ie. fill in the dots with appropriate collinear Wilson lines and Dirac structure.

¢) Draw the five one-loop Feynman diagrams that are non-zero for e e~ — ¢, (use Feyn-
man gauge for all gluons when determining which graphs are zero). Here ¢, has n-collinear
momentum p, and ¢ has n-collinear momentum p and you should work in the CM frame.
All graphs but one can be directly read off using the loop computations done in lecture (or
given in the handout notes), as long as you use the same IR regulator. That is, you should
keep both collinear quarks offshell, p? # 0 and p* # 0. Compute the divergent terms in the
one remaining ultrasoft graph using dimensional regularization in the UV.

d) Add up the 1/€ terms from the graphs in ¢) and determine the lowest order anomalous
dimension equation for C' the Wilson coefficient of J°“FT. Solve this equation keeping only
the Inpu/Q term and using a fixed coupling «a,, and then with a running coupling a,(u).

(Voila, Sudakov double logs resummed.)



SCETT

Construction of operators (using power counting,
ultrasoft & collinear gauge invariance, RPI)

We built gauge invariant operators with nice power counting:

eg. LO heavy-to-light current

JO = / dw C(w, 1) [(gnvv)a(w - ﬁ*)r(ygm)] = / dw C(w, 1) Xnw ' H,

eg. a subleading current suppressed by A

J) = /dw dw' CV(w,w’, 1) Xn.w 198BS T H?

1 §
igB ! = 5W[z‘ﬁ-Dn,z‘DMW* 5(w' — P1)



Endpoint B — X o~ = Jf Pelleos

u i

s
Optical Thm: T ~ Im [d*z e~*¢*(B|T{J}(z)J*(0)}|B) T Y
RCI /C] P)%- :mB(mB—ZE,y)
2 5 < standard OPE ~ m3
P, endpoint region ~mpAgcp
/p; resonance region ~ A2
QCD
For EndPoint:  E, > 2.2GeV, X, collinear, A=/ heen
We want to prove that the
Decay rate is given by factorized form
1 dr A
= H(my, i) / dk™ J(kT+my—2E,, 1)
P() dEfy QEW_mb



Match:  sT,b — e'mev=P)=C(P)E, , WPy

TH = / d'z i vz =) <B|TJ§H(x)Jeff(O)‘B>

Factor usoft: ¢, WrT,h, — £, WT,
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Convolution Jp(]f) — Jp(k+)

2 4 d4k i(mp 2 —qg—k) -z
Ty = ()| fate [ etz

XIme(k+>
— }C(mb)‘Q /dk"" [/djj—,]_‘__ 6i(mb—2E,Y_k+)x—/2
XIme(k+)
= |C(my)|” /dk+ i (6*)
as desired
calculable calculable
1 dI
FO dE,.), ( b ,u)/ ( Iu)
p2 ~ mg p2 N mbAQCD
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To minimize large logs we want to evaluate these functions at different U 'S



° / our result for the RGE
for C, allows us to write

H(my, py) = H(mp, pun) Un (M, pn, (0.7)

o / need to be able to run the shape

function up to [ j :

or we could run the jet and hard
functions down to

Lets consider the jet function & its RGE
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The Jet Function
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More examples which involve convolutions

P~ A
label on 2nd block of
. fields is fixed by 4,
twist 2 OpCI‘ ators mom.cons. in m.elt. 0 N- cn @
JO = / dw C(w, pt) Xn,w o Xn or2 ) /
| | )
O (w) 0 0 p+
Matrix Elements
light-cone 1

® T SRl <7Tn(p;)‘J(0)‘0> :/dw Clw, u) ox(w/p,, 1) :p;/daj C(xp:, 1) ¢rlz, 1)

0

e DIS pdf a0t ) = [dwClQu) fiplely -

] | O

1
= %/xdgc(%,@u) fiyp(&, 1)
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1 dI
= dk™J(kT
1’10 dE»-y / ( 7ILL>

Factorization formulas of this type have also been
derived for the power corrections using SCET
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SCETY, ‘o

® So far we have considered inclusive processes with jets, or
processes with only one identified hadron like DIS

A
Q

e SCETYyr allows us to treat cases with two or more hadrons
eg. B —-Dn,B—mlv, B—nnm
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SCETY, ‘o

® So far we have considered inclusive processes with jets, or
processes with only one identified hadron like DIS

A
Q

e SCETYyr allows us to treat cases with two or more hadrons
eg. B — D, B — wlv, B — 7w
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SCETY, ‘o

® So far we have considered inclusive processes with jets, or
processes with only one identified hadron like DIS

A
Q

e SCETYyr allows us to treat cases with two or more hadrons
eg. B —- D, B—mlv, B— nn
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Constructing SCET1 Operators

e For simplicity consider a collinear (¢, ) and a soft (s) mode

We can construct operators directly from QCD by integrating out
the offshell modes

q=¢s+qgn~ QW 1,\) inh.c. 7> ~ QN> A2

é buildsup & S T W g

c 4 ... \ soft Wilson line

/ga‘ggggi‘ams %ﬁfﬁ\s switches order &, W T'S! g,
C"‘ E C Soft & Collinear

(Gauge Invariant

Soft-Collinear Factorization
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A Simpler Method: wuse factorization in SCET1

1) Match QCD onto SCETj P~ A
2) Factorize usoft with field 01’
redefinition
3) Match onto SCET
II Q?\ -1
{hc,,us} =—p {c,,s} 032

= (& W)I(Y,Thy)
—> J = (§,W)D(S] hy)

In this matching, the power of A can only increase and does so due to
change in scaling to uncontracted fields
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Exclusive Example B — Dm-

Steps

e Match at 2 ~ Q2 onto SCET; [Decouple ¢ — 1 ¢(0)]
ct[da] \_ [ [ W) WO Ol
[€T4b) [d T4u] 09 yT4 | [€2, WO Cg (P )TAW O1el)]
e Match at 4* ~ QA onto SCET;

i} i : | o
7D O (£ WCo (P )W e, Factorized!

79 STAST K[, W Cs(PL)TAW ] < octet m.elt.

will vanish

e Jake matrix elements
<7Tn‘g(02)9/ W(O)CO(75+)W(O)T€7(@%0>

n,

%waﬂ dz C[2Ex (22 — 1)]¢x(z)

(Do |y T ho| By)

F®~2(0)

+ power
corrections
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Power Corrections & (a) :
b
Color Suppressed Decays > ®\—-/-7/
T{O(O)L(l) (1)}
BY . DOr0 | £q

<
BO — D*Oﬂ-o 'C(l) (qY)Zgégn w’X’n ;
AD™ = N /d:v dz dki dky T (2, 2, kT, k) SOk, k) ()
Comparison to Data 20T 4 coloraliowed
‘ A(D*M) e color suppressed p’p’
A(D M) D o oo T Do
1.5 F oy Don ¢ .l-
5(Dr) = 30.4+4.8° | ey I
6(D*m) = 31.0£5.0° T { - { "
10 | b 1 } } ! t i
e ; T DK DTy
LO SCET prediction
(Y0} I B ———



Another Exclusive Example

SCET1x

needs time-ordered products of

QY =y, JTH"

Q(l) — Xn,wiglgiw’FH:}
with

£e) = (@Y )ighs wxn .

f(E) = /dz T(z, E)

SCET11 (further factorization)
BM (

CBM:?

Requires a power
suppressed interaction

“(z,E)+ C(E) (PM(E)

1
» /Od:z: "

(B — mm)

similar

U 4
'''''

same functionsin B — 77
universality at EA

~ farfs / Iz / Akt J (2, 2,k B) by ()0 (k)

has endpoint singularities

ul2)
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_|_

eg. e'e — 2 jets

n-collinear
jet

n-collinear
jet
event shapes in
two jet region

usoft particles

d 1
& = gz b 01O X) (K| 0[0)s(e — 0080 —px
SCET;
P~ A
SCET,
01+ o %
_ v |X> = ‘XnXﬁXus>
E cn
032+ - - — - — - ®-
E
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d?o

dM? dM?

What observable?

Hemisphere Invariant Masses

v = () 3= (Yw)

1€a soft particles 1€b
n-collinear n-collinear
P —— axis
hemisphere-a hemisphere-b
£ e A2 AT2 2 =N VE
Dijet region: M=, M= < Q) Lz S=

5 = M?
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In QCD The full cross-section is

a restricted set of states: s = M? < Q?
’ |
o =3 (2m)*'* (¢ —px) D L, (01F7(0)[X)(X|T}(0)[0)
X 1=a,v \

lepton tensor, v & Z exchange

by using EFT’s we will be able to move these
restrictions into the operators

In SCET: 77(0) = / oo dis C(w, @, 1) JO¥ (w, @, 1)
Wilson coefhicient SCET current

(EaWh)w YiTHYR(Witr)s
= Xn,w YJFMYﬁXﬁ,Q

Momentum conservation:

— C(Q,Q, 1)
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SCET cross-section: X)) = | X, Xn X,)

0 =Ko ) (27)* 6*(q— Px,, — Px, — Px,){0]V 5 Yal Xo) (X[, 73[0)
n XnXnXs

X |C(Q, )12 {017Xn . | X ) (Xl X510} (01X v | X7 ) (X [ #2X7,20)

| 3 \ all-orders
d
X
QCD ’ ™% —— one-loop
) > >l >
N
a) }/ b) // C) //
SCET \x %\ ®/\\/§
N A
difference
gives one-loop 0.Cp 0% i 0?40 2
matching: C@Q,p)=1+—~ [3 log 2 — log” 2 -8+ g}
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Specity hemisphere invariant masses for the jets:

total soft momentum is the sum of momentum in each hemisphere

KXS — k? S kg pa ’X8> = kg ‘Xs>a ﬁb ’XS> — kg ‘XS>

\ /

hemisphere projection operators

Insert: I = /ds 5((pn 1 TEO)E — s) /ds 5((pﬁ & N — §>

expand 5((n+k?)2—3):%5(k¥f+kja—%)
5((1?%4-/{?2)2 —5) :éé(k’; + k70 — g)

... Some Algebra ...
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= % C@Q,w)|° [dk; dk; de+ dé‘é(k;”r é*—%)é(kﬁ ﬁ_—i)

ds ds Q)

1 S
X Z - /d4a: eikn e /2 tr<0‘ﬁxn(x)|Xn><Xn‘)Zn,Q(O)‘O>
Xn
1 —
<Y gm [ty e 2 (0] 0) | Xa) (Xa a0 0)|0)
X7

) 30— RS — k(0T Ya(0) X (X[, T (0)]0)

Factorization Theorem:

4 )
d2 +0o0
- gg = 09 Ho(Q, 1) / dTdl™ (s — QLT 1) Ja(5 — QU™ 1) Shewmi (0,07, )
\_ f - /f /f Z J
Hard Function Quark Jet Anti-quark Jet Soft radiation
 Ho(Q, 1) = |C(Q, )| Function Function Function

universal
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Soft function is perturbative if ¢%,/~ > Aqcop
and is nonperturbative if ¢T, ¢/~ ~ Aqcp

It is also universal, it appears in many different
event shapes (thrust, heavy-jet mass, ...) for both
massless and massive jets
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A very popular event shape is thrust

Thrust T —1 dijet

. % .

S—|—§)

Insert: 1 = /dT 5(1 — 1 oL

Factorization theorem

do

d—T = 00 H(Qa /L) /dS JT(S, ,u) Sthrust (Q(l — T)

S

Q

)

Wlth Sthrust (67 ,U) — / d€+d€_ 5(€ _ €+ — f_) Shemi (B_l_a f_, ,u)

0
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SCET is a field theory which:

® ecxplains how soft & collinear degrees of freedom communicate
with each other, and with hard interactions

e organizes the interactions in a series expansion in A

which measures how collinear/soft the particles are
2

= AQCD s AQCD )\2 == Mx
A= A= 2
my ™my Q

e provides a simple operator language to derive factorization
theorems in fairly general circumstances

eg. unifies the treatment of factorization for exclusive and
inclusive QCD processes

® results are constrained by symmetries

e scale separation & decoupling -«
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How is SCET used?

o cleanly separate short and long distance effects in QCD
=) derive new factorization theorems

=» find universal hadronic functions, exploit symmetries

=» predict decay rates and cross sections

¢ model independent, systematic expansion

=p study power corrections

* keep track of (4 dependence

=) sum large logarithms

The End
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