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Motivation

b-Hadrons:

e Laboratory for EW, new physics, & QCD
e The lightest B’s decay weakly to many channnels

B — DWey, B — D&)ey, B — mev, B — pev,

B - K*y, B — Kete™, B — p,

B — v, B — vev, B — eTe ev,

B— Dr, B — nm, B — K, B— J/UKs,
B — Xyev, B — X;v, B — X, vv,

(Repeat for By, Ap, ...)

> Need to understand (elliminate) hadronic
uncertainties from QCD
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Scales

guarks mass D
u ~ 4 Mev QED.
d ~ 7TMeV }Iight as(p), presolution

S ~ 120 MeV as(A) non-perturbative

«— A _
C ~ 1.4 GeV — long distance
b ~ 4.5 GeV } heavy as(my) perturbative
— short distance

t 174 GeV

In full QCD usually we can not predict amplitudes with small
uncertainties in a model independent way

Need Expansion Parameters

(If we use a model then we can not even estimate the uncertainties
reliably)
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Use Effective Field Theories

Use Effective Field Theories: Separate physics at different
momentum scales

Expansion Parameters

(1) Electroweak Hamiltonian
mb/mW <1

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

(3) SU(3), Chiral Perturbation Theory
mu,d,S/A < 1

(4) Soft-Collinear Effective Theory (SCET)
A/Q <1, Q={ms, En}

Depending on the observable one or more of these may be necessary
(5) Lattice QCD

a/r <1, r’/V <1
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Electroweak Hamiltonian

1) Integrating out the W, t (mw, ms > my):

- ol Ly NGO
0O, = (’I_Lb)v A(Ju>v A
>/\> d Oy = (u;bj)v—a(dju;)v_a
t;_ih_./v:%_kd " _ 7
Oz = (db)y_4 Z qq)v—a
g @<j b, Q: d q
u S e 04,5,6 = ...
/K\ 077,8(;’ —_ ...
u u

=
/fww
cl o
cl

. o="
b t d b d ool B B
‘ A a7 N5

Operators come with different CKM elements, \' =V, V*,, ...
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HQET: B — X /i

Inclusive Decay' OPE In A/mg

f_
1 1
6\ + — +— T
-: Sgpm—) my ms;
b b b b b o

—m 7+l

e my — oc IS free quark decay, a(my) corrections computable
e No A/m; corrections — HQET gives 0 at this order
e At A?/m? have dependence on A1, A2 defined in HQET

1 _
AN = —§<Bv\thihv|Bv>,

Ao =

HQET is simpler than QCD — Spin-Flavor Symmetry
Uncertainties suppressed by A /m;,
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HQET: B — X /i

Inclusive Decay: OPE in A/my,

e Fit moments to simultaneously extract |V |, my (A), A1, Ao
O I I\\ \\l TR TNT l L | LI | LI | [ 116|3|q8|0|2|-(|)]|-(|)
~0.05 L N\ 0" Moment of B
' Lepton Ener
Example: CLEO  _;.0 oo
L /1 Moment of |
-0.15 Photon Energy |
L N (b—sy) |
N I o1|‘ELepton 15t Hadronic
D _ | Ener adronic _|
o 0.25 | & Mass Moment |
<030 - / |
—0.35 - 1o Total N
| Experimental |
—0.40 - pEIIipse -
~0.45 |- -
_0-50 - L1 | | L1 11 | L1 11 | | | L1 11 | | : | I\T\\k\ L1l I_
0O 01 0.2 03 04 05 06 0.7 0.8
A (GeV)
_ -3
[Vep| = (40.8 £ 0.6 £0.9) x 10 from S.Stone at EPS
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Soft-Collinear Effective Theory

Many processes have energetic hadrons, ) > A, where HQET does
not apply
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Soft-Collinear Effective Theory

C. Bauer, S. Fleming, M. Luke hep-ph/0005275 (PRD)
C. Bauer, S. Fleming, D. Pirjol, I.S. hep-ph/0011336 (PRD)
C. Bauer, I.S. hep-ph/0107001 (PLB)
C. Bauer, D. Pirjol, I.S. hep-ph/0109045 (PRD)

Builds on earlier work:
Hard Exclusive: Brodsky, Lepage, ...
Jet physics: Collins, Soper, Sterman, Korchemsky, . . .
B-physics Factorization: Dugan, Grinstein, Beneke, Buchalla, Neubert, Sachrajda, . ..
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Soft-Collinear Effective Theory

Introduce fields for infrared degrees of freedom (in operators)

modes  p# = (+,—, L) p? fields
collinear QA% 1,N) @\ &, AX
soft QMM A Q2N g, AH
usoft QAT NN Q7N qus, AR,

Offshell modes with p? > Q2)\? are integrated out (in coefficients)
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Soft-Collinear Effective Theory

Introduce fields for infrared degrees of freedom (in operators)

modes  p* = (+,—, L) p? fields
collinear QA2 1,)) Q%X &, A¢
soft QLA Q7N g, A
qus; AZS
s @@ 0@
Pion has: pt = (23GeV)n* =Qn" n®=n>=0, (A-pr = 2Q)

pion in rest frame has constituent momenta:
(T, p7,p") ~ (A, A A)

boosting gives coIIinear2constituents:
A
‘ (p—i_)p_apJ_)N (57@71\) NQ()\2,1,>\) A1
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Soft-Collinear Effective Theory

Introduce fields for infrared degrees of freedom (in operators)

modes  p# = (+,—, L) p? fields
collinear QN2 1,\) Q°N &, AH
soft QMM A Q2N g, AH
usoft QA2 A2, 0%) Q%A qus, AP,

B, D are soft, = collinear

£=r"+rl

%@ Factorization if © = O, x O,

&
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Soft-Collinear Effective Theory

Introduce fields for infrared degrees of freedom (in operators)

modes  pH = (+,—, 1) p? fields
collinear Q(N%,1,)) Q2 )\2 £, AH
soft QLA @A gs, AY
usort QA2 QA qus, Al

Typically either:

usoft pH ~ A
collinear p? ~ QA, jets

SCET; A=+A/Q —>

SCET;y A=A/Q = sOft p*~ A
collinear p? ~ A?, exclusive
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Soft-Collinear Effective Theory

Introduce fields for infrared degrees of freedom (in operators)

modes  p# = (+,—, L) p? fields
collinear QN 1,)\) Q*N\ &, A¥
soft QMM A Q2N g, AH
Qus, Al

Symmetries

1) Gauge Symmetry, Collinear, Soft, Usoft
2) Helicity, Spinor Reduction, 1¢£, = 0

3) Reparameterization Invariance, n, n

4) C,P,T in different sectors
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SCET

e gives a systematic expansion in A ~ Agcp/@
e model independent description of power corrections

can estimate uncertainties
e make symmetries explicit, understand factorization in a universal way

Determine quantities that are short and long distance,
calculate short distance coefficients

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

e SCET; has hard coefficients C'(P, 1) with p? ~ @Q?, Wilson

lines W,
e SCETy; has jet coefficients J with u? ~ QA, Wilson lines W, S
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Hadronic Parameters

Define universal hadronic parameters, exploit symmetries

B — X&mirtyy
B — mly,...
B — ~lv

B —7mm

B —» K™~

e p—e X

e vy — e~ m°
v*M — M’

c (QA), s (A%), c (A?)
c (QA), us (A?)

c (A%), s (A%), c (QA)
c (QA), s (A%), c (A?)
c (A?)

c (A%), s (A?)

c (A%), s (A?)

Process Degrees of Freedom (p?) | Non-Pert. functions
B - Dtrn=,... | c(A?), s (A?) E(w), ¢

B - D% ... | c(A?), s (A?), c (QA) S(kj)

B — X"y, | c(QA), us (A?) (k)

¢5(kT), ¢x(2), (= (E)
oB

¢B, ¢r, (x(F)

dB, i, Cier (E)
fi/p( £), fg/p(S)

O

oM, P
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Hadronic Parameters

SCET Authors (in no particular order):

S.Mantry, C.Bauer, D.Pirjol, I.S., S.Fleming, M.Luke, I.Rothstein,
M.Beneke, T.Feldmann, M.Diehl, A.Chapovsky, Descotes-Genon,
J.Chay, C.Kim, G.Buchalla, C.Sachrajda, E.Lunghi, D.Wyler, S.Bosch,
R.Hill, B.Lange, M.Neubert, T.Becher, M.Wise, A.Manohar, T.Mehen,

A.Leibovich, Z.Ligeti, ...
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Hadronic Parameters

Example: B® — Dtn~, B~ — D%~

1
(Dricbd|B) = N ¢(v-v') [ daT (.10 6 (. 1)
0
where
(mal€0), WO Co(PLyW TP ]0) = % FuEr [dz C[2E, (22 — 1)] ¢ ()

(Dyr|ho Thho|By) = &(v-0")

LO = \° graphs
Q = mp, m¢, Ex > A, corrections will be A/m,. ~ 30%
Example 2. B — X~

shape function f(I™) = (B| | B)
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B — D™ X phenomenology

Type Decay Br(1073) Decay Br(10—3)
| | B> Dtn= | 268+0.29¢ | B — D*tx— | 2.76 £0.21
Il | B~ = D%~ | 4974038 | B~ - D7~ | 46+04
1 BY — D% | 0.2924+0.045° | B® — D*079% | 0.25 £ 0.07
| BY — Dt p~ 7.8+ 1.4 BY - D*fp= | 6.8£1.0°¢
N | B- — D%~ 13.4+1.8 B~ — D%~ | 9.8+1.8¢
I BY - D%° | 029+0.11¢ | B%— D*0,0 < 0.56

PDG or a,b,c,d=CLEO, b=BELLE
New BaBar numbers (hep-ex/0310028 , yesterday):

BO_>DO7.‘.0
BO—>D*07TO

0.29 =0.02 = 0.03
0.29 £ 0.04 £ 0.05
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B — D™ X phenomenology

Type Decay Br(1073) Decay Br(10—3)
| | B> Dtn= | 268+0.29¢ | B — D*tx— | 2.76 £0.21
Il | B~ = D%~ | 4974038 | B~ - D7~ | 46+04
1 BY — D% | 0.2924+0.045° | B® — D*079% | 0.25 £ 0.07
| BY — Dt p~ 7.8+ 1.4 BY - D*fp= | 6.8£1.0°¢
N | B- — D%~ 13.4+1.8 B~ — D%~ | 9.8+1.8¢
I BY - D%° | 029+0.11¢ | B%— D*0,0 < 0.56

e BY— DM+ P~ decays agree within errors

o BY— D®O0z0 B0 _ D00 small as expected (0 at LO)

e ~ 20-30% power corrections for A(B~ — D°P~)/A(B° — DtP™)
Nonzero strong phase, § ~ 30°
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B — D

0% = (@b)y_a(du)y 4
O° = (ETAb)V_A(dTAu)V_A

"Tree" "Color suppressed" "Exchange”
u d
b A A
°
T,d
B - DT x~ B~ — D%~
B~ — D%~ B% — D70

Large N, - not very predictive:
(N,)° 1/N, 1/N,
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B — D

0% = (@b)y_a(du)y 4
08 = (ETAb)V_A(dTAu)V_A

"Tree" "Color suppressed" "Exchange”
u d
b > A
°
T,d
B - DT x~ B~ — D%~
B~ — D%~ B% — D70

Naive Factorization - too small:
‘ A(B0 — DY) ~ a2<7r0|(Jb)\BO>(D0|(Eu)|O>
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B — D

0° = (Eb)V_A(CZ’U,)\_/_A
08 = (ETAb)y_ 4(dT4u)y 4

"Tree" "Color suppressed" "Exchange”
u d
b > A
°
T,d
B - DT n™ B™ = D%~ BY » Dtx—
B~ = D%~ BY — D70 BY — D970
QCDF - D°#Y is non-factorizable channel BBNS
PQCD - predicted with expansion in m./my Keum et.al.
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Factorization for Color-Suppressed Decays

BY s D)0 0 Mantry, Pirjol, |.S.
e SCET factorization mechanism for color suppressed channels

still predictive
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Factorization for Color-Suppressed Decays

Mantry, Pirjol, |.S.
"Tree" "Color suppressed" "Exchange"

cl
o

B® - Dtg~ B~ — D%~ BY - Dtp—
B~ — D%~ BY — DOx0 BY — DOx0
A(BO — D+7T_) = i143/2 + \/2141/2 =T+ FE

V3 3
A(B~ - D7) = V3BA3u=T+C
AB° - D°7% = \/gA L, = i(c —~FE)=A
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Take B> AQCD

Mediated by a single class of SCET; operators T{O®), £{.), £}
(@

When matched onto SCET; we find a factorization formula
(M =, p):

AR = N /da: dzdky dky 71" (2) T (2,2, k7 k) SO (kT k) o ()
two new non-perturbative soft functions (¢ =0,8)

00:8) — [(ﬁfﬁ)S)Fh{l,T“} (STR®) (d8)+ T {1, T*}(S ) 4
(D™0)008)| BOY 5 508 (1:F k) same for D and D*
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Results and Predictions

e Find both C and E suppressed by A/Q relative to T

e S(k;) is complex, gives non-perturbative strong phase which is
independent of M and choice of D vs. D*

o0

Predict
equal strong phases 6P = §°”
equal amplitudes AP = AP*

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

Expt (pdg average):

Br(B® — D% = (0.29 £ 0.05) x 1073 ,  §P™ = 30°1%,
Br(B° = D*97%) = (0.25 £0.07) x 1073,  6P'™ =30° £ 6°
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Test and Predictions

0.8

0.6 |

0.4 | R, = Ary2
V243

0.2 | 0 = arg(A1/2A§/2)

0
0 0.2 0.4 0.6 0.8 1
Also predict (not post-dict):
A BO D*O 0
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0.8
0.6
0.4

0.2

0

Test and Predictions

0.2 0.4 0.6

Also predict (not post-dict):

RE

0
Ry

A(BY — DIK™)
A(BY — DsK™)

A(B% — D*K?Y)

A(BY = DOKD)

0.8

=1,

Y

~ A(BY = DVK*O)

A
R, — 1/2
V243
o = arg(A1/2A§/2)

A(BY — DiK,™)
- A(BY - DsKi7) B

)

A(BY — D*ORWO
=1
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More Predictions

More predictions can be made if we expand J in a;(u3 = QA)

At tree level T("= C() = constant, ), @s(po)
x ki ki
_ S(z k+, k+ - B
soget Ay x C(Z)/ k+1k+ (b s (po) (™ ")n
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More Predictions

More predictions can be made if we expand J in a;(u3 = QA)

At tree level T("= C() = constant, @ @s(po)

S~ T

x ki kg
_ S(z k+, k—l— - . B
soget Ay x CW / k+1k+ ¢ T(po) (™) x
o If (z71); ~ (1), then |rP™| = |rP?]
D [A(B® = D7) D
T = = 0.77£0.05 Pl =0.80 £ 0.09
"= 4B S o)) B

PP = 0.98 £ 0.27

e Also would predict that §? = 0™
o If we fit the complex s°T=(428 & 48 4 100 MeV) exp(i(44° & 7°))

ie natural size, s°ff ~ Aqcp from dim. analysis
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More Predictions

naive factorization for color %
suppressed decays
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Heavy-to-Light Decays

o Large ¢? accessible on the Lattice (B — mlv, ¢*> > 15GeV?)

e Forsmall ¢?, E > Aqcp and large energy factorization applies

B—)pﬁl/ BRI 300 |
20} CLEO 1 <, | BaBaARr
o | S
o I )
> & 200
o | N
i i N
<10} 2
aQ | D 100
S T N o D
> L
.

5% 10 15
g2 (GeV ?/c*)
Why is it interesting?
e Important ingredient for B — nwm, wp, pp (CP violation)
e Phenomenology: |V

,B— py, B— K*ete™, ...
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Heavy-to-Light Form Factors

pseudoscalar: f., fo, fr ,vector: V, Ay, A1, A, T1, Ts, Tj
“Soft part”

11 b}
Hard part
———® g N S —
22 S (;(‘ 5 2
2 § « 3 %
[ Q (2}
P S £ %
C\ S Q %
2 §¢ a %
2 § 3 %
2 S E %
) , 9 3 %
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Form Factor Results

Bauer, Pirjol, I.S.
Beneke, Feldmann

our result £(Q) = /7(Q) + fNF(Q)
1 1 o0
fFQ) = IBams [z [do [ dr 7m0

XJ(Z, Ly, T4, E)¢M
ANQ) = CulE,mup) G(QA, A2

IO2~Q2
X)H=r— ——— — —gn—— —
‘9*9%9.9.999999%%? _
2 result at LO in )\, all
W2 9 d : h
X @%&z orders in a4, where
9
Y % Q = {my, En}
S %
S
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Results

Pirjol, I.S.

B to pseudoscalar

f+ = 177+ No dM[TJ+ Ja(x,r+)+be+(z)Jb(z,x,r+)]¢p(x)¢g(r+),
PLo = 10+ No JAM[TL Ja(ary) + T )| or (@) 6 (),
fro= T No JAM[TIT Jale,ry) + )T () d (2 @) | dp (@) 6 (),
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B to vector

Results

Pirjol, I.S.

Y+ Ny /dM [T;/ Jo(z,ry) + T (z)Jz%(z,w,m)]ch (ri)eY (),
T 4 Ny [dM [Tfo Ja(@,r4) + T, (Z)Jb(zaww+)]¢§(7°+)¢|‘|/($),

T Ny fAMIT T @) + T ()0 )| 0 006 (@)

my TA12
E ¢

+T2 Jy(2,,m4) |6 (1)) (),

CI\‘ -I— ?N” dM [TleJa(w,r+)

T/'C! 4+ Ny /d/\/l T I () + T (2) T (2,2, m4) | (1) @Y (@),

T2+ NL M T ) + T ()T ()

|65 )8Y (@),

my . To5 v my T
?TCQBRH +N||?/dM[Ta23Ja(33a7"+)

1,2 (2) J (2,2, m1) ] 65 (1)) ()
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Implications

V =mpA;,/(2F) and T; = mpT>/(2F) by helicity symmetry

Burdman, Hiller

certain A; » and 77 o combinations are my /E suppressed

goal is to identify processes besides B — w/v that depend on

same non-perturbative parameters, egs. B — 7w, B — w14,
B — ~lv

If lattice can get points in the low ¢ region they can read off
Important hadronic moments by fitting certain linear combinations

vV T <$_1>V<T'4__1>B

For B — 7w SCET reduces the lattice problem to
(B — m)x(0 — m)

Maybe in the future we can get to
(B—0)x (0= 7m)x (0 — m)
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Form Factor Result

More comments

FFQ = foM/ /daz/dm (2, Q. o)

XJ(z, @, Qs po, 1) par (@, 1) d i (r, 1)

e No suppression of f¥/fN by an a,(u) is observed, might
expect fF(0) ~ fNF(0) ~ (A/E;)3/? ~ 0.08

e InB — 7w BBNS use fNF > fF
Keum, Li, Sanda use “fN¥ <« f£” (with a different definition)

e Fit with f.f. models gives, f,(0) = 0.23 +0.04 Luo, Rosner

e Datafor fi (¢ =0), V(g* =0), T1(qg* = 0), ..., will eventually tell
us how ¥ compares with f~¥

e Theory Corrections are A/E, ~ 20 — 30% to this factorization,
growing as E; gets smaller
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B — MM

eg. Measure sin(2a) with B°(t) — ntn—, B%(t) = ntn~

Acp(t) = —Spzsin(Ampt) + Crrcos(Ampt)
o _ 2Im CL-DE e 14+€TPT
S IR | D 14+ e YP/T

T = tree P = penguin

PIT+# 0, need information from QCD (or isospin analysis)

lain Stewart — p.2¢



B — 7w

In “QCD Factorization” Beneke, Buchalla, Neubert, Sachrajda

8 g ; g

FB=7 ¢ (2) ¢B(&), d=(x), d=(y)

In SCET Chay, Kim

Bauer, Pirjol, Rothstein, I.S. (in progress)

Involves

Cw’ QbB’ ¢W(5E>
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Issues In B — 7

1) Factorization/Exponentiation of gluons beyond O(a)

Chay, Kim

2) Resultif as(QA ~ 1.1 — 1.6 GeV) is not perturbative?

3) New Soft-Collinear messenger modes Becher,Hill. Neubert
Could spoil factorization in B — «m, .. ., etc.

4) Glauber Gluons beyond O(a;) (like Coulombic exchange)

5) Numerical stability and convergence, chirally enhanced terms?

6) Error estimates, could power corrections dominate B® — 7%z ?
(since BBNS and pQCD disagree with new Belle and BaBar data)
or is something else goingon ... ?
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Workshop Issues

e Is it always true that the vacuum factorizes? Manohar
0) =10). ®

e Can SCET help to explain the cross section for ete™ — J/U X,
ete” = n.J/Psi? Fleming

e Could singularities forbid factorization below the QA scale?
Feldmann

e Claim of a non-zero time ordered product in SCETy; for B-decays.
Pirjol

e Claim soft-Collinear modes exist and spoil factorization in some

cases.
Neubert

e A proposal for a new choice of fields for SCET; , and doubts about

soft-collinear modes.
Chay
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Outlook

SCET gives operator definitions to universal hadronic
parameters — need to measure these with experiment

Subfields: Jet Physics, B Physics, bb Physics

Allows power corrections to be addressed in a model
Independent way (even when we lack a rigorous OPE)

Need to carefully examine expansion for each process and
Improve our understanding of power corrections to go
beyond 20-30% accuracy for B’s

SCET applies to many inclusive/exclusive processes
A lot of theory and phenomenology left to study ...
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This is blue

This is red

This is brown

This is magenta

This is Dark Green

This is Dark Blue

This is Green

This i1s Cyan

Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks
Test how this color looks

Colors
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