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Outline

Expansions and the Soft-Collinear EFT
1) Lessons from B% — DO7x0 (1/N. & A/E;)
o Ay — A Ay — Xy
P S1 A D s s
2) Results for B — P and B — V form factors
3) Factorization for B — M Ms in SCET
ie. B— PP.PV.VV

® B — M;Ms Factorization Theorem

® B— mm Phenomenology at LO in 1/m

Outlook and Open Issues



Bogar B—o7mK  B_pK*
BHMlMg B B KK

PP =21 + 13 decays
PV = 40 + 23 decays
VV =21 + 13 decays En ~ 2.3GeV  energetic

B — ptp™ Babar e = 102° T15(stat) T3 (syst)

QCD contamination  |qeg — o < 17°

Of course we want as many a’s & 7Y'S aswe can get



Electroweak Hamiltonian

mw , My => My,

A = CKM factors
LR 7 A ST e !




Need expansion parameters to make model
independent predictions

ag(mp) >~ 0.2 g e ()9

myp EM A

”}\S ~ (.3

Eftective Field Theory

® Separate physics at different momentum scales
® Model independent, systematically improvable
® Power expansion, can estimate uncertainty

® Exploit symmetries



Measuring CP violation in “unclean” decays:

1. Use SU(2) or SU(3) to relate amplitudes

e Flavor symmetries of QCD, my, mg, ms < Aqep

2. Factorization from QCD to reduce the amplitudes to
simple universal nonperturbative parameters.

e Expandin My, Fr > Aqep

Proof of Factorization means Known to be Model Independent once
hadronic parameters are determined

These two possibilities are not exclusive.



Factorization in QCD

* Beneke, Buchalla, Neubert, Sachrajda proposed a QCD
factorization theorem for B — 7w, QCDF .

e Amplitude is reduced to simpler matrix elements

(et B e I ER o Kl R e O O 1| )

, AtLO in Aqep strong phases are perturbative, tas(mp ),
L

and therefore small.

Keum, Li, Sanda:

pQCD Factorization
<> Q@ Ciuchipi et al,
Colangelo et al:

B—M charming penguins
FB=M: 6y (a )y ba (), das, (v g pengu

form factor hard spectator



Soft - Collinear Eftective Theory

Bauer, Pirjol, Stewart
Fleming, Luke

 An effective field theory for energetic hadrons, E > Aqcp



Soft Collinear Eftective Theory

() —©

Pion has: p/! = (2.3GeV)n" =Q n" il s = O (7 p = p T )

Soft brown muck:

pt = (pT,p7,p") ~ (A, A, A)

Collinear constituents:

A
plvi= (T it (—,Q,A) ~ Q(N,1,)) it




SCETT e Energeticjets A2 < QA < Q?

usoft pH ~ A n"

collinear p? ~ QA, A= +/A/Q I

SCET rare L2 Energetic hadrons
soft p* ~ A n*

collinear p? ~ A%, A=A/Q i




Factorization

BRI I BN S D

LO = \° graphs

B, D are soft, m collinear

L3cET = i)

Factorization if O = O, x O,

Bauer, Pirjol, L.S.

(Drl(E)(@d)|B) = N ¢(o- ) [doTw.10) (.10
Universal functions: Calculate I, 0O (Q )
<D(*)|OS|B> :g(U‘U/) Q = Ex,mp, me

<7T|OC(£U) ‘O> it} fﬂ' ¢7T (ZU) corrections will be A/m. ~ 30%



Universal hadronic parameters

Process Degrees of Freedom (p?) | Non-Pert. functions
BY — Dtr—,... | ¢ (A%), s (A?) E(w), Ox

BY = D0 e (A?%), s (A%), ¢ (QA) S(kT), ¢n

B — X%y, | ¢ (QA), us (A?%) f(kT)

B XEnert gy,
B — mwly, ...

B — vtv, vy
B — mr

B — K™y

e p—e X
s T e 0

”}/*M—>M,

QSB('ZC_I_)? gbﬁ(aj)a CW(E)
OB

¢Ba ¢7T7 CW(E)

¢, Px, Cx- (F)
éi/p(g)v fa/v(€)

PNy DM




B — D

"Tree" "Color suppressed” "Exchange”

cl
&

u,d
BY — Dtr— B~ — DYr~ BY — Dtr—
BT — D% BY — D0 BY — DO

Large N, - not very predictive
(N,)Y 1/N, 1/N,

0" = (¢b)y_ (du)v_A
O ( TAb) (dT U)V—A



(Cleo, Belle, Babar)

Type Decay Br(lO_S) Decay Br(l()_?’)
I BY - DTn= | 2684+0.29 | B - D*tn— | 2.76 £ 0.21
[T | B ->D%%~ [|4974+038 | B- - D%~ | 46+04
11 B — D% |1 0.294+0.03 | B° — D*0z% | 0.26 + 0.05
I T R O A e L > el s FRGTE R I
IIT | B = D% | 134418 | BT = D*% > | 98+1.8
11 BY — D%°% | 0.294+0.11 | BY — D*0pY < 0.56

o bire sif BNt hbwengoeeschil

e atas
° qujq]gkgllov_ve B &ire]

° BI]%%O—MO)

Br(BC.—s Dt~
° Ii3ases1d ~
Br{BY — D+tn—) e

= (.93 4

s fFurt B alDiOM ) /Br(D+ M)

exnsstad (Pgyer suppressed)
50106 tdor I and D*

QHB(B_ — D¥7r7)
U\]}31“(3— — DO —)

20-30% level

- 0.11



Color Suppressed Decays

BO 111} D(*)OT‘_O D(*)O 0 D(*)OKO,D(*)OK*O,Dg*)K_,Dg*)K*_

Factorization with SCET
Single class of power suppressed SCET; operators T{(’)(O) ng)v E(l)}

AD™ = N /dx dz dki dly JD (2, 2, kT, k) SO (kT k) s (z)
« A\ J\_ J
I \% 4 v

e A?

new soft function S (%) (kil_, k; ) - like generalized parton distributions



Theory tidbits: Implications

1) Long Distance Amplitude polarization in D*V

2) Symmetry structure of S D versus D*

3) Complex nature of S(*) universal strong phases
Phenomenology:

1) Predictions that are independent of form of .J (2)
2) Predictions with .J (1) expanded in as(u® ~ EN)



(D™01008)|BYY 5 §O8) (L 1 +)  same for D and D*

with HQET for <D(*)OW|(5b)(Ju)|BO> get Py , Lr

not a convergent expansion

S () (kfr , k;r ) is complex, new mechanism for rescattering

0(078) — 0(0,8) [’U, ,0/7 TL]

Predict
equal strong phases 6"

— 607

equal amplitudes A% = ALY

corrections to this are as(myp), A/Q




Tests and Predictions
Expt Average (Cleo, Belle, Babar):

0.8 r . AT :
- isospin gives triangle:

Ao ATSY B

0.6
rearrange:
3A
0.4 00
BN B
WRDaAT
A9
0.2 it =
V2A3)5

5 = arg(A1/2A§/2)

Br(D°n%) = (0.294+0.03) x 1072, 6(Dw) =30.4 +4.8°
Br(D*°7%) = (0.26 + 0.05) x 1072, §(D*n) = 31.0 £ 5.0°




Tests and Predictions

Also predict (not post-dict):

v il A(B_O il D*OIOO) it
il AR DR 8 T T

il A(B® = D*K ™) R B e DR T |
/4 — T i1 £ EE == e :
0 A(BY — D, K~) ’ i A(B® — DK™
i A(B® — D% EK°) g A(B% — DK
Tog i 3 =i o0 T 5 =1

ie. same Br and same strong phases

All predictions so far are independent of the form of .J (2) (Z, fifl k‘f_, k; )
and SY(kT k3), dum(z)



More Predictions

If we expand J(z, 2, k], k3 ) in a,(EA), we can make more predictions

Relate m and p

o Reedikbtlatmgipd?” = ¢P7, not yet tested

. R0 _, D+ ._) {
£ W::LA%_L_ Pl 800,05 007 1+0¢| = 0.80 + 0.
if |f2 1) <‘A( __)DOW_)‘I&QGN'SZ__@%, 7PP| = 0.80 £ 0.09

Oc Skt

SCET predicts weak dependence on M throy'g]uiq <:LII]i

g L 16rasmp  (x7 M Serf
9(m3+mD) g(wmaaz) E}M

T 1

natural parameters fit data, s.q >~ (43(}

o o i ol




Baryon decays
Add a soft quark Leibovich, Ligeti, I.S., Wise

Ny — Aom, Acp, Zﬁ*)w, Zg*)p

cl

T=tree C= color E-= exchange B = bow-tie
commensurate

Naive factorization, only makes sense for T

Ay — Eﬁ*)@ violates isospin and is 1/my suppressed

In SCET: T LES B similar factorization

theorems



need

Ab Siite Acﬂ' 1.6 semileptonic
C(Ap = Ar™)  8m} (1-r3)rp (C(wrﬁax)y
[(B®— Dta=) mE(1—7r%)3(1+7rp)? \E(wha)

= 2 in small velocity limit

CDF has 2.7 £+ 0.8 for this ratio

Br(Ay — Xkm) Br(Ay — X% p)
=) =11
Br(Ap — X.m) Br(Ay — Xep)
BT(Ab%EzK)_Q Br(Ay, — ZXK?) il
Bl s E0 ) T Br(Ay — ZLK)




Decays to Excited States

Di: Jr=17, m=2420MeV S. Mantry
Di: JT =27, m=2460MeV
Semileptonics:

LO and 1/m.;, compete = could spoil factorization in B — D**r&
(D J|B,)  (v-v' —1) = 0.0 to 0.3

Nonleptonics:
At max recoil find: (v-v' —1)(v-v' +1) = mb;i ~ 1
D**

can use SCET power counting & factorization

Predict: Br(B — D)

== |
BrBsIm color allowed & color suppressed
¢D’2'<7r = @Dy equal phases in isospin triangles
— ., x0_—
Belle: 575 L 0.77 £ 0.15 (prev. theory estimates uncertain:

IR DL
it D) At



Lessons

* nonperturbative strong phases 90 ~ 30° are natural

from A/E |

 Nonperturbative J vs. Perturbative J

e With the entire amplitude power suppressed the
polarization issue in B to VV is non-trivial

naive factorization for color
suppressed decays




B — M Form Factors

pseudoscalar: fi, fo, fr
vector: V, A(), Al, AQ, Tl, TQ, T3

Fig) = Tam fe i b
SCET Result 1l I (2 TB,ME % :62¢B rs)

JeNH i)

R it~y AQ <1

result at LO in A, all
orders in g, where

Q T {mbaEM}




One LOOp @3 (E ] mb) Bauer, Fleming, Pirjol, I.S.
MatChlng: i) (Z, E, mb) Beneke, Kiyo, Yang
Jilzh mitr i) Becher, Hill, Neubert

LLog Resummation: Lange, Neubert
Becher, Hill, Neubert

(047, !
Sudakov suppression
of Nt relative to f*
E _
ES; g (,LL()) = 0.5
& :
? e | as(po) =0.75
02 nd o (o) = 10
I:} ..................... ]




B — MM, Factorization in SCET

® hard spectator & form factor terms === same

® long distance charming penguin amplitude

A < EA < E? mj



QCD

SCKTT

Operators

10,8¢g

> A0 + G008+ Y Cioy)

p=u,c P=4

i Gl

H
e

Integrate out ~ My fluctuations

2Gr [ « :
HW 5 TQF{Z/CZWJ QE?)(wJ)qLZ/de QE})(%)—I—QCC—F}
1=1 1=1

g(zi) 15 [ﬂn,wlﬁPva} [CZ’FL,WQ%PLU’FL,W:}} 9

ol — —2

1d —mb
e
Yd i

Ty

i 19, Pibe] [T Pt ]

= ' s 7 i it 29
[un,wl 4y Bn,£4Pva} [dﬁ,wzﬁh/,u PRuﬁ,w:ﬂ} ) . s

S

p2~A2




Long Distance c¢ ds g
b C ql 'y
Ols (mVBm > .
666 il

dangerous region near threshold

o > ~4m? | x~4m7/mi ~ 04

¢ NRQCD cc coupletob, spectator

suppression ~ v = 0.5  ie. none

These amplitudes appear to be LO ! (disagrees with QCDF)

If so: ® [.O large strong phases (mechanism as before)

® [.O transverse polarization in VV

s Need to derive a Fact. Thm. to be sure



Polarization

V'V channels transverse vs. longitudinal
expect longitudinal ﬁ I i
to be larger Ry m; Migan

SCET factorization theorem agrees, except for Az

Data: RT/RO

prp- | 0.04=x0.08 Penguins are smallin B — pp

p+p_ 0.01 == 0.05

K*0¢ | 0.7240.30 <g=== Penguin dominated
like o K5 also b — sss

Charming penguins Large power corrections
might explain (eg. annihilation) are
polarization data at L.O another possibility



SCET11 == Same Jet functionas B — M

1 gl
A(B 114 M1M2) Al ACE i N{fM2 CBMl /du ¢M2 (U) LY, fMl CBMQ /d’U, ¢M1 (U)
0 0

1 1 1 o0
+fagifM2K?uzyxzyélﬁk+J@¢mk+)[ M (2)p™2 (u) + eﬂbcw¢M%uﬂ¢E@4f}

New Nonperturbative Result in a (v EA):

1 1
A(B — My M) = ACC+N{fM2 qiin: /du ¢™2 (uw) + far, (P /du ™ (u)
0

0
1 i 1 1
BM; Mo BM, M
ﬂ%ﬂmku ; @¢QWWMAMﬁM L @¢aﬂ

where (BM ~ (BM () ~ (A/Q)3/? and appear in B — M

e fit ¢'s, calculate T’s



Hard Coefhicients

My Mo Ti¢(u) T¢(w) My Mo Ti¢(w) T (u)
i T s S B d d *) — * — S S
T, pm, W ,0+,/0|| p|T | )+Cz(1) 0 mi ! o o » Pl KH 0 C§)+CA(L)
i 1 d d d d d ) L s s s s
2 ﬂ.ij 0 \/_( ()+C( )) 7( () () Ci)) g7 (€Y E( () ()) %<C§)+C§l))
4 | 4 d d (d d d oA s S s S
13 ,OO P ,0(|)| \/_( ( )—I—c( )) 7( )-I—C( ) CEL )) pOK ,p”K” E( ( )—|—c( )) %(Cg )‘|‘CEL)
0.0 L(c§ () _ ) Dy L(c§ (@ _eld)_ Dy || = R™0, 5= KO, oy i 0 —c{¥
d d d d d d * s S s
p7T %(()—Fc() Ci)) %(() () Ci)) 70 ()0 E(()_C:(S)) _%Ci)
d d d d d d * s s s
pﬁpﬁ %( ()+C() i)) %( ()—l—C() CEL)> pOK P||K||O E( ()—I—Cé)) _%Ci)
K(*)OK(*)_, K ()0 ()0 _Cfld) 0 K= )+ 0 0

Note: have not
used isospin here

similar for 7T';’s in terms of

b

C 3 C
(f) 2 (f) 9 (f)
)\ (C —I_NC) )\ (010+NC) —|—AC
4] mi\ 3C
b(f) — A\ [C bl (1—mb) 2] —)\ [ (' ( b) 9} —I—Ab(f)
i it i ws/ N, i ws / 2N, AN




Phenomenology for B — 77

Beneke, Neubert - QCDF analysis
Buras, Fleischer, Recksiegel, Schwab - S{J(2) analysis
Ali, Lunghi, Parkhomenko - SUGk) analysis
Chiang, Gronau, Rosner, Suprun -global B — PP analysis
Bauer, Pirjol, Rothstein, L.S. - LO analysis in SCET with AL
BABAR
Srr = —0.40+£0.22 World Averages (HFAG, incl. CLEO)
Crn = —0.19£0.20 el b G il g 1 g1 g 13
BELLE Br(BT — 7%zt) = (5.2 £0.8) x 107°,
Spr = —1.00+0.22 Br(B® - 7n7n7) = (4.6 £0.4) x 107°,
C.. = —0.58+0.17 Br(B® — %% = (1.9+£0.5) x 107°,

® alarge Penguin, seems problematic for QCDF

® totest A/F expansionina model independent way
we should fit unknown hadronic parameters



Pure Isospin Analysis
A=) N7 L )\ Dp

MBS a0y = AOT L4y, | S FTTTTTTTTIITT

A(BO 184 7TO7TO) — )\&d) Tn(l + r, eié”’em) , 1.0 _ ‘/Y_ _

V2A(B™ - 7%17) = A4 T, o A/Y:MO

55 f i

10 hadronic parameters ; ; St e ;

- 4 for isospin relation i B

- an overall phase 05 F _

= arameters 1y

o P -1.0 f it

| e Y_74 p

T T 15 F il > =64

<T7T07507|t|:|1vc 7‘tn|: 1:;) i \y—54o

UL ORSLERER YU VR 11D M DI 25 11 310

Withvy = 64°
Tl 0.75 035, (SC LEed L0 )NV g 1 H ‘t’ =D E10.42 . ‘tn’ 2= {

1.15+0.33 (1)
1.42 £ 0.35 (II)

large penguin large C amplitude



SCET at LO

LOin A/E, LOin as(myp) for T’s

d gtz
fit 4 parameters (CB”, gl B lon ACE)) —> it R | ‘

ie. Br(B° — x°x°)

e
O] e = (0.05i0.05)(3‘9‘;1(’) ) QCDF used

_3 « B B
1 T oo = (0.1110.03)(3'9‘;1? ) Q> Gl

— (0.043 + 0.013) 1(136°£12°) « Compatlble with
v=64°

11l
il large Acz

At this order the “Iree” isospin
triangle is predicted to be flat



t [ : 3.9x1073
Predictions units x [24:26°]
0.20
. 0)
B B . it
D f10)=¢""+ (5T i i
! 0.10 | CJ
0A(B_—>7TO7T_)0<CB7T—|—(1—|—<U4>W) ?W 0'052_ NG
naive factorization it
! B B 55 60 65 70 75
fails when il id Y
] 9 x 1073
® values are substantially smaller  £,(0)| _;,. = (0.17+0.02) (3 9|X ? )
than model estimates e.g. i
. 1 only expt.
II) Predict PN,
r Iy f I g C
(1.0£0.7)x107°, v = 54 an extra term ﬁ(ﬂ*)w il
Br(B® —7%m%) ={ (1.34£0.6)x1076, y=64° mm 1 el
1 ., U ruins color suppression
| (1.840.7)x 1076, y = 74 A
L R AT
from flat “tree” triangle i /Y=64° :
, : i Y=74° ]
or turn this around and predict Y 05t | : Rt
! In °




Open Issues in B — M; M;

e Factorization formula with charming penguins?

e Power Corrections:

e expect nonperturbative phases § ~ 30°
o CIA/E ~ Cy > Civg

® “chirally” enhanced terms, annihilation

e size of SU(3) breaking: not just fa also ¢ ()

# a lot of work left to do



Outlook

e The theory of nonleptonic B decays is challenging, but
progress is being made

SCET

e Allows power corrections to be addressed in a model independent way

e For B’s, need to carefully examine expansion for each process and improve
our understanding of power corrections to trust results beyond the 20%
level

o A lot of theory and phenomenology left to study ...

We have only seen A
the tip of the iceberg




Comments on K






Eftective Field Theory

* Separate physics at different momentum scales
* Power expansion
 Make symmetries explicit

* Model independent, systematically improvable

Effective Theories Expansion Parameter
(1) Electroweak (Fermi) Hamiltonian my/my <K 1

(2) Heavy Quark Effective Theory (HQET) A/my < 1

(3) Chiral Perturbation Theory, SU(3) Mauds/N < 1

2
S

All designed to separate hard ~ () and soft p. momenta, Q* > p

Allow for energetic hadrons = collinear p., new class of processes

Q > Aqcp Q = FEg



SU(@3) Violation

1
/dwng(az)zl M=m K,n
0

Using chiral perturbation theory: J.Chen, 1.8. 03

| AT am all in
e Non-analytic terms vanish 1 | i

e At NLO, ie with all the leading SU(3) violation:

bn (@) + 3¢n(2) = 2[dxc+ (@) + o (@)] A



from CDF

CDF Run Il Preliminary, L = 119 pb

N N(B) = 84 + 11

L 50 NP = =

S 50

m -

= 40}

o

(N

o 30

(oN :

o 20}

&0 10} \ +
0:, AL 110 %

50 55
D.n* Mass [GeV/c”]

Br = (4.2 1 1.6) % 1073

e pure “Tree” topology == gives interesting information

e =159 o= (.3
Using SU3) [T+ C|=771+0.3
Uille= e antH iRt




Two body nonleptonic decays. Simple?

y :

2T
I 5| A A = (7| Hyeak | B)
dTM%
i
2
PN DS S8
] 3 |
& § gi Note: Nonleptonic B-decays are
&’ § S not Plated Observables for
> [\ D A L
X5 S Lattice QCD




SCET Expansion
LO: 0O with £
NLO: T{OW W1 ~ O0W  with £

NNLO: T{O0© @1 ~ 17{O0WM b}

ith (0)
L T{O(0)7 £ 5(1)} ~ O2) Ttk



B — MM, Factorization in SCET

Chay, Kim A? < FA K EQ, m%
® operators, exponentiation of soft & collinear gluons
® involves (ar,, ¢p(r"), éar, (2) same as form factors

Bauer, Pirjol, Rothstein, L.S.

® hard spectator & form factor terms ==  same operators

e unique function J(z,z,7r., F) whichisalsoin B — M

\ / p2~A2
\ ¢
! !\ !: :

\ /

\ \\_ / :.
\ VA

® long distance charming penguins

® analysis for PP, PV, VV

\ A
p2~ Q2 “.“

1
A(B — M M,) = A65+N{fM2<BMl/du
0

feiive s ; Hivnse
+ du [dzx [dz | dky J(z, 2, ky) |
mp 0 0 0 0







