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Outline

® Singularity problems in field theory

® Singularities and momentum space modes

® Wilsonian vs. Continuum EFT ;
“ Differential EF'T’s ” and a tiling formula

Applications:

e (Confirmation with non-relativistic systems

® Understanding collinear singularities in jets

e Rapidity factorization with singular convolutions

eg. annihilation effectsin B — K



? T Factorization: separation of short distance (perturbative)
b physics from long distance dynamics

my s (1)

Hard processes with large momentum transfer:

o My e p—e X pp— Xt T — Xn
ete™ —jets M —-M pp— J/UX

— o Mg at the LHC:
pp — HX
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? T Factorization: separation of short distance (perturbative)
physics from long distance dynamics

my s (1)

B - decays by weak interactions:

B—-X/twv B—Dnr B—7mly B — K*~
B~y B—pp B—oanrm B — pvy

B = Kn B — D*nf
B — X
(o )|? [ak T p (6, 1) SRE, — my + K, p)
dE !
Y

E,Y > AQCD




Does factorization always work?

Given an experimentally measurable observable:

c=0c9 +o0) 452 4 oF) 1) o (A(gD)k
\ Can we separate each term into well

defined short & long distance parts?

V' OPE (as in DIS, B — X.ep, ... )

7 Other processes treated on a case by case, order by order basis

=P Effective theories (SCET, ...) allow us to formulate the long &
short distance split with operators and Wilson coefhicients
order by order. Obtain relations between how factorization
works in different processes.



What can go wrong?  convolution singularities

/Olda: C(z)pr(x) = /Old:z: Qb;(Qx) ~ /de é =

here ¢, (x) is the twist-2 pion distribution function

(A common property of these singularities is that they are not

regulated by dimensional regularization.)



What can go wrong? convolution singularities

/Olda: o () :/Old:z: Ox(2) N/deé:?

here ¢, (x) is the twist-2 pion distribution function

A common property of these singularities is that they are not
regulated by dimensional regularization.

Need to formulate EFT’s like SCET without using dim.req.



In a large number of cases, this type of singularity
does not occur, the convolutions are finite.

We can proceed to sum logs with anomalous dimensions,
compute perturbative matching corrections,
fit the nonperturbative functions,
and do phenomenology.

These are not the cases we will focus on today.



Singular Examples:  tend to occur at subleading power

or
in more differential observables

large Q% pion form factor at subleading twist

4
the 8% *,0 — 7 form factor, F pm ™ 1 / Q A representative list

for B — wlv -

large Q¢ Pauli nucleon form factor, Fj

Szczepaniak, Henley, Brodsky (‘90)
Drell-Yan at low transverse momentum Burdman, Donoghue (92)
Belyaev, Khodjamirian, Ruckl (‘93)
Charles et.al. (98)

Bagan, Ball, Braun (‘98)

Beneke, Feldmann (‘o1)

annihilation power corrections in B — K« Bauer, Pirjol, I.S. (‘or)

Kurimoto, Li, Sanda (‘02)

semi-inclusive DIS, e"p — e mw(k1)X

B — mer form factor

BY - DK~ decays with mp, m. > Aqcp

More recently:

Bauer, Pirjol, L.S. (02)

Becher,Hill,Lange,Neubert (03)
Beneke, Feldmann (‘03)

't Hooft model (large N.) form factors at LO in 1/Q?
Einhorn (“76)



Lets look at two specific examples.

i) k,-dependent parton distribution functions

1) B — wlu



Parton Distribution Functions in DIS

Standard (integrated) p.d.f. Wa(y™) = P exp(ig /O ds m-Ans + ny”))
- Wiy, 0) = Wi(y ™) Wn(0)
Flaap) = [ e (0,70 Waly ™07 B(O) phre P
m n° =0
PT /7—'_ + — —iy kTt —
or  fle.m)={plxd(z— ) xlp) X(E) = [aye Wi ety )
Xn it = (Wiéa)i+ in SCET
k| dependent p.d.f. Collins (hep-ph/0304122) also Brodsky et al,

hep-ph/0003082

J—dl .
f(CU,kJ_a,u):/ y167_‘_gJ_ TPy —HkJ_-yJ_f(y_ay_La:u)
Flu oy, m) = o047,y )y (0)[p)ren

Consider quark m.elt. in light-cone gauge, or with W, lines in Feyn. gauge:

wi 99
TEC fOaky) = 6(1 — 2)6" 2 (k) gl
. W'n,
one-loop / singular ¢
2
/dxddkg(a;,m)f (z,k1)qq 1g7r3/d:cddkL t(x, k1) —t(l,OL)}{(lfx) ki+m2x+1m2(1 e +}



Parton Distribution Functions in DIS

Standard (integrated) p.d.f. Wa(y™) = P exp(ig /0 ds m-Ans + ny”))

dy Wn(y_v O) — Woi (y_)Wn(O)

f(aj7M) — Ee_zxp v <p|/(7;(07y_7OJ_)Wn(y_ao)fy—i_w(O)‘p%en ,n2 —

ty vt —
or  flz,p) = (p|x 5(37 - Z;)Z?* x|p) X(k™) = /dy_e‘““’ CWHyT)w(yT)

Xnet = (Wi€n)e+ in SCET
k1 dependent p.d.f. Collins (hep-ph/0304122)

also Brodsky et al,
hep-ph/0003082

dy dy —dxptyT 414 . —
f(kaJ_alu):/ J_ PRy kL yJ_f(y 7y_|_7:u)

1673
£y, 1) = P00, 4=,y ) )y (0)p)ren

Proposed Definitions ¢= &% 42 £

u2

Fly yi, Gop) = @0,y y )W (y)Lu(y, 0)y T Wy (0)(0)|p) ¢ g
0 W.
o) = (pl¥(0,y~, y L )W () Ln(y, 0)yF Wi (0)1(0)[p)

(O|W () W (y) I (y, 0) I, (3, 0) W, (0) Wi (0)]0)




B — mtv SCETT
Step 1: needs time-ordered
products
Q2 > QA Q(O) _ Xn,wFHZJ
Q(l) — Xn,wiglgiw’FHZ
with
E(l) — _Y . = ' Xn
Requires a power g = (WV)igBn
suppressed interaction
f(E) = /dz Tz B) (Y (= E) + C(B) ¢PM(E) no singularity
problem here

same functions in B — 7 Bauer, Pirjol,
universality at F/A Rothstein, L.S.



F(B) = [d2T(=.B) (P (2, )
+ C(B) ¢BM(B)

Step 2: (further factorization) QA > A“ SCET1r

ok: (FM(2) foB/daz/dk+J 2,2, kT, E)oum(z)op (k™)

BM_7

______ 1
% » / dx ¢7;(2x) =777 endpoint singularity
0

for phenomenology
(PM(E) is left

unfactorized

one x from the Wilson line
one x from the gluon propagator



Do we know of other examples of
singularities of this type?



Three singularities in non-relativistic field theory

Appelquist, Dine,

1) Static potential in perturbative QCD is IR divergent Muzinich (78)
< 2 = static potential log singularity is
%’0&0&@%"&0&0@% - | s ft ol 5 sY Y 2
S = E involves soft gluons cutoff by E ~ mu

P E~p~mu an ultrasoft energy
 Admas(p) as () s s (1) \ 2 p 2, o (I
) = 1 e ()] () o 2t () 0 ()
s ()3 Ef
-|—( i ) {87?205’1111<%>—|—...}

2) Lamb shift in positronium eg. Pineda-Soto ‘98 in dim.reg.

® both e- can recoil, here soft and ultrasoft regions contribute

Y

® the soft region has an IR divergence, which O
A
matches the UV structure of the ultrasoft

Y
Y
Y



3) (Simple!)
pinch singularity with two heavy static (soft) particles

0" K%pk)

00000090 4

" K%p-rk) / dko f(k()) 1
(KO + i0+) (=K + 40) EO — K2 4 e

00000000 )

Several ways out here:

finite T, exp(i T V(r), calculate V(r)

Gatheral’s non-abelian exponentiation theorem

Avoid these poles in the contour integration

eg. static potential for color octet state at two-loops

(Kniehl, Penin, Schroder, Smirnov, Steinhauser ‘05)

?2PI effective action



Non-Relativistic EFT (NRQCD, NRQED)

Momentum Regions

. ° . O
These singularities come ko k o
from taking a double limit: hard: e
k2 potential: mv? muo
3) ko >> ~ 9 then kO — O R
2m soft: mv mv 4 § ------
soft overlaps potential region "
ultrasoft: mv?  mu? _**’92
i i a) |pl A
1,2) k"> E, then k™ — 0 4
z m —+ Qf.
soft overlaps ultrasoft region o . Y

A difterent momentum space :
mode properly describes the
the infrared in the region of mvZ+  %U

the singularity:.




Soft - Collinear EFT T

@) P a SCET| A formalism for jets.
Ad------- -
| 4
N+ °cn % 5 4 o 5
; | p*=ptp +pi
A2 1-"—-—"—-—- - - - |I— = — - - = m
I I
I
ON 1 o : °© cn i
O ] ! ] ! >»
0 0N A 0oN /I\ P+

+ — . N
eg. e'e — 2 jets 5 {
ala Korchemsky, Sterman
and Bauer et.al. n-collinear n-collinear
A jet jet




Soft - Collinear EFT T

A1-- - - --- | —

: /5(? pZNQ2
N - B A g

|
VS I .

| |
Q7\2' ¥ U : °CI_1:

[ [

[ [

| l i >

) N ) S

In SCET a constituent p~ ~ Q

[ dw C(w) O(w)

convolutions

p?=ptp” +p7

p
A \{2“’ 2

2 2
Qoft ~ A

>» D

Usually m; > A

: Z?:l Cz(lua ml) O’L(:u? A)



a)

Soft - Collinear EFT T

p_ A SCETI
SR - 2 2
0 : %, P~ Are there singularities here?
ON T © cn | od
[
R L
v ! !
21 ' |
O\ % U | o cni !
| | I
' |
0 0¥ A oX A pH

Yes. However, the ones we'’re interested in occurred for hadron
distributions, and will involve a theory SCET 11



Separate Momenta (multipole expansion)

label residual

HQET Pt = myv* + kM hy ()
SCET PH = pH + kM Enp(T)
\ ’ 0
Ly 22
| T ° ° o
Collinear Quarkg o . /\If .
> (@) = X, e () N ) 2
> ﬂgn,p = l / ~ o
sua
0y~ QA -
’ ’ derivative 0>
px0 *~
Introduce Label Operator zero-bin
DH ngl"'ﬁbpl"’ :(pu+..__qu_...) ¢<§1"'¢p1"' derivative
( ) 1 1 ( ) for labels

iOHe T Op(x) = e_ip'w(P“ + 10" ) pp ()



Separate Momenta (multipole expansion)

label residual

HQET Pt = myv* + kM hy ()
SCET  Pr= i 4+ kh e ()
\ . 0
Uy 2
| f i i
Collinear Quarkg o . /\If
>P(x) — ), e P p(T) | : l}/ .
> ﬂgn,p =0 l / o
O €y~ (QA2) En Hou —
! ! derivative %
p#0 Q,
zero-bin

The Naive ?
Replacement Z / dk — / dp
p



Wilsonian vs. Continuum EFT



Wilson effective action
e_SA
for soft modes

removing modes with A —6A < E < A

e—SA—éA :/ d¢ e—SA
VAN

Continuum  £EFT — ¢(4)O(u)

operators for

soft modes @, (:“)

Wilson coefficients

for hard modes C (:“)

P
t hard mod
A2 ® ard modes
cutofft
@® soft modes

2

P

XD 4

hard modes
|

® soft modes

Sending A to 0O includes the hard region in the matrix elements
of our operators, but we fix C (u) to correct for this.



How does EFT matching work? (continuum EFT)

® say we have a full and effective theory specified by:
Lull Lerr, C'Ogpr

® introduce UV regulators in the two theories, regulate and
renormalize them in some scheme.

@ calculate S-matrix elements (observables) in the two theories
using the same IR regulator (same states).

® subtract to determine C() (that is, we tune C to make the
EFT and full theory agree). IR divergences cancel.

Note: ® Dependence on i is from the scheme choice in the EFT
(usually MS).  C(p)Ogpr(p) is invariant.
® Any valid IR regulator will give the same C'(u) .

e Wilson EFT is a special case of the continuum EFT procedure
if the particle content is left fixed and no approx. are made.

Simply let 8(A® — p°) be the UV regulator and scheme in the EFT.



pl
oqb
AN 4------
% 4a
0)

Some EF1’s need another dimension.

I’ll call these “differential EF1’s” .









remove A

pl
e~ oqb Aqd
Al |
|
‘ﬁ’qa : Oqc
I—)OO
0 | >
0 Ay Py

® (o overlaps only in the UV, fixed by Wilson coefhicients



remove A

pl
o qb 4 qd
A _1
!
O ﬁqa : () qC
—> OO
0 I »
L Ay p, ; 0
QTx - //\’f
® gb has label momentum p; # 0 l :/’} .
‘Q_;?
Z /dplr F(qb)(pl) = /dpl [F(%)(m) — Fs(ggfqa)(pl)}

p17#0

tiling formula

® symmetric story for ¢c which has label momentum p2 # 0



remove A

pl
o qb 4 qd
A _1
|
O ﬁqa : o qC
> OO
0) I »
0 Ay Py
QTx //\’f
® gb has label momentum p; # 0 l :/’} .
‘Q_):z
Z /dpn F(qb)(pl) = /dpl [F(Qb)(p1) — Fs(gg:q“)(pl)}
p17#0
tiling formula

This formula describes “differential matching”.

K Zero-bin

subtractions




For cases with singularities
the subtractions are needed
to not double count a region!

Beyond this, difterent ways of
implementing the subtractions
correspond to a scheme dependence
in defining the modes.

eg. Gaussians, hard cutofts, ...

Lets define a nice, almost “scaleless”, scheme like MS :

® Take the integrand F’ (4°) (p1) constructed with the p.c. for its region.

® [Fxpand this integrand with P1 scaling as in region G and define

db—4a . . .
I S(u’;t ) by the terms up to marginal order in the power counting.

Z /dplr F(qb)(m) — /dp1 [F(q”)(pl) — Fs(gg:qa)(pl)

p17#0
tiling formula



What has been done in the past?

Z/d% %/ddp Ok 1f p=0 1s harmless.
p

In cases where it 1s not harmless we exploited dimensional regularization:

Method of Regions (Beneke & Smirnov)

Any full theory loop integral depending on scales P; satisfies:

H/ddk F(pi kj)= ) H/dd ki FO (pi, kj)

regions £ J

as long as we set e;r = €yy = € for every region



® Using this, the only errors one makes in defining the EF'T modes are

proportional to (_

so that there is only one meaning for €yv .

Cuv €IR

m
Euv
soft
IR
my
Euv
ultrasoft
SRY g2

pullup
ety

= L) . These can be fixed by hand, “a pullup”,

Hoang, Manohar, I.S.

soft

ultrasoft

Not elegant, but it works.

Euv
l m
Dl
my ‘ ‘ NRQCD
m 4
my op =g
RV 2
mvl % u

® However, dim.reg. does not handle all singularities.
& we were stuck with not being able to handle other regulators.

Tiling formula: can use any regulator, nothing to do by hand.

1 1

Subtractions reduce to exactly the needed (— — —) terms for
dim.reg. setup.

UV €IR



We move on to examples, then applications.



'NRQCD | 1
Ad------ S L -
| |
o S | |
p T A 4
soft loop with S ™ CPE—t s
S A .
ltrasoft si S %, A
ultrasort Slng. &~ | |
my? - *u | !
| |
[CTOSS - iCI‘OSS [CI‘OSS ]CYOSS 0 : 2 | I | I >
S — 1g — 14 — 19 0 my Ay My A m po
fCrOSs _ / de 1 1 1 1
S 7 ] @m)Ppd+i0t p0 +40t (p0)2 — p2 +i0F (p°)2 — (p — )2 + 0T
Joross _ / d’p 1 1 1 1
: N (QW)DpO + 107 pO +0* (p0)2 _ p2 + 07" —(I‘)2 + i€’ cross Cross 2 1 1
Jeross / de 1 1 1 1 [1 " 12 - _47721'2 €IR - €UV ’
2 7 ] 2mPpd +i0t p0 +i0t —r2 +40T (p°)2 — (p — r)2 + 0"
S 2
]gross _ Ngross - ]i:ross . [2cross _ Z2 2 1 4+ 1n (M_z )
dmér Euv r

Similar for the A.D.M. singularity:



'NRQCD | S

(%
Al--—---- :— ----- :_
inch singulari 2 = ' .
pinc smgu. arity; (é e ,Zpé_s
overlapping = = ) : :
o m 21 I I
subtractions UrooE :

0 my? /I\l my /I\ m  po

box __  Tbox box box box box box

usoft potential overlap pinch sing. is not
singularity singularity regulated by dim.reg.
but
B e e = S Lo hox — [k
(2m)P p° +40F —p® +40F (p°)* — p* +i0F (p°)? — (p —r)* +i0* S £
e / Py 1 1 | | is well defined
] (2m)P p° +i0+ —p® 440t —p? 40t —(p —r)2 + 0+

Using our formula to define the soft integrals, the singularities do NOT appear

)3 / dp1y F'™) (p1) = / dpr | F@(py) - ES% (m)|  They can now properly be taken
e care of by other degrees of freedom



| SCET:

IR divergences

& Matching

QCD  JACD — 51y
2 é@@ 000 0\0\% b) é@@ 05%
b ¢ 5 s € 9. °

&

a)

Ad====-=~- -
| 4
oX+ °cn %
I
ApH------- - - - - - - " -
[ [
[ [
07 - LA : Senj
0 — >
0 0¥ A ¥ A P
n-p = my
IR regulator
C
) ég@}% b p? # 0 for s-quark
G .

1/err for b-quark



SC ET| JOCET _ (gn ) Feyn. Gauge

n-p = my
k
—
a)f 6666660 2 d4]{f 1
S 2
usott g C}% p /(27'(')4 (k2+i0t)(v-k+i0T)(n-k + p2/n-p+i0T)
11'0) ?/ y / d4q7~ 27 (q + p)
collinear — : o : -
N g#0, g#—p (-q+i07)((q + p)?+1i0%)(g*+i07T)
—>
q+p

¢=(¢,q), (a+p)?*=n(g+p)n(¢+p) — (7L +P1)"

Comment: The tiling formula applies to each collinear propagator.
After using mom. cons. §-functions, the subtractions are not all at zero.



Apply to ©

EI/ using dim.reg. in UV
. gﬁ%ﬂ p?> #0 inIR

4 B avoids overcounting

Z / d C]r 2n-(q + p) the usoft region
. > NN 2 Lo
0. 9t —p (n-q+i01)((q + p)2+i01)(¢>+i01) ‘
_/ [ 2n - (¢ +p) ~ 27 - p ]
(2m)e | (2 - g+i0H)[(q + p)2+i0+](g2+30T) (- q+i0F)[n-gn-p+p2+i0+](g2+30T)

ot o2 2 N e 2 2N (- subtraction
. 16#2[ EIREUV EIRI (—pz) : <—p2)+<em eUV)l (ﬁp) T

- G ala G mGE)Y

; 2 2 2 2
-— S ln('u )—11r12('u ) + ...
].6’7'('2 v €Euv _p2 _p2

® UV collinear singularity comes from 7::q — OO (in subtraction term)

This is crucial for it to be independent of the choice of IR regulator.

Divergences are removed by counterterms as usual.



QCD and SCE'T: same IR divergences

QCD a) §666 Gm\%\ b) égG% ‘ C) égG @% b
b_¢ 3 s < 27 _c 97

C)
SCEL o g, v oy Y
-ég x> %> - 3’: —{X)--——-4-- > — Ll
2 2
Ol 5 [ —D 3 —D 1
- [ GG
N185001 37T[n 2 pat " +€IR

1 2 :
—— - i — —  In (i) — 21n? (i) — §hrl (M—Z) -+ COIlStaIltS]
2 my

® UV renormalization in SCET sums double Sudakov logs

® difference gives one-loop matching



eg. of another regulator
Cutoffs: Q5 < g7 < A7 0 < (g7)* < A%
no constraint on ¢ 1, p* on-shell

. ' o QO Q_p-
I - W[Lu( o) +in (5 )m (5]

QCD

2
1L
[g—>87: 877;2[ ln(ii)ln(g_)] — #[—M(%)ln(i—)] = #[—M(i%)ln(g_)]—l—...

1 1 = g i) +n () () e (52) -0 (7)) +-

IR matches again,
zero-bin subtraction is crucial.



RGE, Summing Logs (SCET Review)

0%

graphs :—f[m?(<7;];)2)+gln((7;f))2>+ e jv ln(%)Jr---] C(p,n-p)

T
€IR AV 2€UV €

n-p = mp mixes into itself, no convolution /

At any order:

M%C(Map) — :Zlu%Z}C(ﬂ,p) = [FC“Sp(as)ln (pﬁ_) +7(as)}0(u,p_)
= [rewrin (ﬁ) + {rewe (%) + () H Cnp) givgglillc(l)aglzov
one-loop /= 1+ %(ZioF [612 + % In (ﬁlfp) + %]
Peusp (g, ) = _a,CF  Aas) =  5a5CF u% = u% + (—2eas + ) 5




LL  rewr(a, = 2Cr )
d s (IUO)

solution

C(p) = C(uo) exp [— i (1 — 1+ lnz)]

béaus (o) \ 2
| | >
0 o p+
NLL () = _504ij / this result / shape fn. rge

need 2 loop ['“"°P
at this level Think of the log resummation for In C(u)

InC(u) = fuLz) +Nen(z,p~ ) + o (po) fanen(z,p7) + - ..
s (o)
N CC d: series in In C'(y) one-loop two-loops three-loops
AL o In" ! 1/€ - -
NLL a” In" 1/e 1/¢ -
NNLL a?In"! matching 1/e 1/€?




SCET LA
11

9

® all known examples of endpoint singularities have > one hadron

e SCETYyr allows us to treat cases with two or more hadrons

¢eg. B - Dn,B—-nlv, e p—e XT

modes

P~ A

ON'




SCETY, ‘o

A
Q

® all known examples of endpoint singularities have > one hadron

e SCETYyr allows us to treat cases with two or more hadrons

eg. B —-Dn,B—-mlv, e p—e XT

® Cp,S,Cxn are definitely
required as low energy
modes

e “messenger” scales O

show up in perturbation theory
Becher, Hill, Neubert

but only for special choices
of the IR regulators

Beneke, Feldmann; Bauer, Dorsten, Salem

Must consider effect of confinement. >
We will see shortly that the O modes can 03> O\ 07’ Pt
be absorbed into the other d.o.f.




For our endpoint divergence

/ 1 4 O (25'3) , the singularity comes from taking a double limit:
" ' collinear k= > k=, kT, then k= — 0

: () _
—Q- — O and k= — 0
in QCD was E
S C %
<

encounters the soft
region where
there is another mode

Based on our experience the formula:

P~ A
(gv) _ (av) _ p(aw—4a)
p;o / dp1r F*%(p1) = / dp {F (1) = Fiypy (pl)] 0104

should avoid double counting the soft region,
and thus remove the singularities here too.

Note: absence of onshell modes
between ¢,, and S is due to a — —>

rapidity gap.




Rapidity distinguishes

P~ A
S Cn
the d.o.f. Ck — k /kJr 010+ e
2 (=
n~-collinear : Cp~A " >1 @
soft: G~ A~ 1 o). —+ >
QN
Check how this works with a rapidity cutoft
i I >
. 5 o 1G 2 0 +
Wick rotated rapidity:  goft: —a’ < <a?, O Ok O) P
collinear: —a*>¢(, or ( >a’
toy example
e e B o M T L%R o () et () 12]
Iscalar — 1 1 /t ) VA 2
- a 1672(p—(+) | 262, e = (,u+) el (E) _ E] M+ = ILL/a/ 4,2
[scalar B —1 [ 1 1 | p- 2 P~ 2 — a ’LL—l_ ’LI/_ - 'LL
on T 16m2(p0) |2, em (u-) - (u__) B 16] =

IR reproduced e AR e [_ 5 (o) 2 ]

matching 1672 (p={T)



The zero-bin minimal subtractions can be used to handle the overlaps. This
ensure soft does not overlap collinear and visa versa.

However, doing our democratic subtractions produces problems with rapidity
divergences in the UV, and standard dimensional regularization does not
suffice for these.

Lets invent a gauge invariant dim.reg. like regulator

that is formulated at the level of operators: .

P o =
J(p; K [(659) To(STq0) i ] [(EW),- Tu(W1E,) - ]

dim.reg. —_ 4+ Q¢ i ‘P” |7D’ T ] [ ~ ’75” |7D’
E— J .7k'.’ SS S S nW -
(D7 k55 pet) [(q it T Do (5 0k | | &Py Ziem Tn 20

wie), |

Ik+k+|
P

= oy 7 ) 1 B ) T (STag | | PREE €W, v,

(Using absolute values preserves analyticity, it corresponds
to positive mom. of particles and anti-particles.)



Lets try it out

¢ = soft momentum
Three IR Masses, m;, m2, ms p = collinear momentum
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What about the messenger modes?

eg. DISasz — 1 P~ A

confinement causes messenger 030+
to be absorbed into collinear

POt A.Manohar

In the case with endpoint
singularities, we expect confinement
to cause the messenger to be
absorbed into a combination of

C, and S

0
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Lets find out k™

Three IR Masses, m;, mg, mg 01—+
study double log
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If we set M3 = 0 we become sensitive to “m” region.

In QCD we expect confinement to act like m; # 0
so that the s & ¢ modes absorb “m”, just as we saw in
our calculations with rapidity regulators.



Implications for our singular Convolutions
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Associated RGE flow?

Bjorn Lange, Aneesh Manohar, & I.S.  1n progress
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these two terms mix, and
close under the flow

This generates an interesting series:
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Application to Singular Cases

B — wly S
‘”ﬂﬂ%g\mm»%%%?ﬁ
B §
BM @@"9999 ?32
f(E) = [dz 7 (2, E) A Y
+ CBM(E) i PI-QA PPN

Factorize (M (E):

Br/n  Jx/BMB ! 4 (1+v)ox(u,v) ¢p(ks, ko)
(°"(F) = N Was(u)/o du dv dw /dk1 dk2{§ Oty ko Ot P B(kl)@

G (U, v)
(v?)g

4 (P2 + 2 ¢27) (u, v) dL(ki, ko) fam

St e e R Ci) “— [dks 0 O
Tyt COPEEN PR Y A

ks +Fky B Gr (U, v) 8ks P35 (K1, ka, k3>]
9 (k1+ks3)?k1]g vy 9(ki+k3)?ki]g

f371' ¢3W(U,U,w) 7@537-((11/,?],’(1}) 877¢37r(u7/07w>] ¢E(k17k2) }

T, Sk b 1 )y Do)ty | SPwlutwlly | (g

X ¢3p(k1, k2, k3)




Yp — (m )y alo* (b)) = i Ppaplex Fpml(®)

n g n 5 § = 2 =
e B g—(— %—4—»—(— eI« T
g) eg* h) > 1) m e J)—>—° k)»—%—)— v —>—:§—’—
: = 9555 =5 g g
s PN D I ISP SR W
m) n)
— > Chernyak & Zhitnitsky

R
|
ﬁ

F,(Q?) = 47;(;224 /dSL‘/dy/dZ/du/dv/dw {4f Frlln Oy Ouv ¢z¢ (ibg;ﬁ(uav)

v, 9ot (@, Y)bx(u,v) | g (@, 9)¢x(u,0)] | F3 S N (v 7
—|_f pfw5my5uv[ x¢y@(v )@ +4x@y@( )@( 2)®] A 5uv5:cyz ¢W( ) )¢3p( » Y )
. [ L2 9 11 ]

(Pz)gvg  (Zzy)gvs  (PP)g(v?)g  (Z22)g(v?)g  (25°)g(v?)g

9 1 1
—fr T T\% Yy P\ 5uvw5xy - = —
5 far G3n(w, v, w)0,,(2,y) [2(u2v)@(y2)@+2(u2w)@(y2)@+(uvw)@y@] }



Annihilation in B-Decays

new physics in penguins? B—7mnm, B— Km

A= VupVia) T+ (Ve Vea) P

us CS

fix phase convention, use isospin and data
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g / new
short-distance / + A sics

part too small to many people | gcharm
explain the data “oxplain” it with P
| xplain” it with SM
~ .37 annihilation
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¢ Keum, Li,
- SN Sanda
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Keum, Li,  regulate singularity Im [zmy — k1 + i€] ™ = —mé(zmy; — k)
Sanda with k|
Beneke, Buchalla, model singularity

_ ! i oA
Neubert, Sachrajda  as non-factorizable Xa = Jo dufy = (Ut pact®) In(ms /A)

Apply rapidity factorization: Arnesen, Ligeti,
Rothstein, I.S.

(hep-ph/o607001)
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Annihilation is real at lowest order 1n g expansion

Suffers from endpoint divergences.
But they do not introduce a phase.

Leading order but small.
No endpoint divergences here.
No imaginary part here either.

c) i(mblA—) I
] %4 A soft rescattering annihilation
B i/ \%\ contribution DOES have a strong
J . %‘\ ~&, M, phase, but is one higher order in Q4



Summary

e Differential formulation of continuum EFT
new tools for thinking about field theory modes

* Resolves singularities.

e Interesting applications in B-physics and
to processes with hard scattering

Future

e k| -dependent parton distribution functions

® [ots of phenomenology to examine.

e Application to other EFT’s



THE END




