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Soft - Collinear Eftective Theory

Bauer, Pirjol, Stewart
Fleming, Luke, ...

An eftective field theory for energetic hadrons & jets
E > AQCD

Effective Field Theory

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

® Exploit symmetries

® Resum Sudakov logarithms



Soft Collinear Eftective Theory

GO R ©

Pion has: pt = (2.3GeV)n! =@ n" n“=n*=0, (np=p")
Soft constituents:
pt=(pt,p7,p) ~ (A, A A)
Collinear constituents: A
_ A? \ = —
pg: (p—l_?p 7pJ_) ™~ (anaA) NQ(A2717)\) Q




Degrees of freedom in SCET

Introduce fields for infrared degrees of freedom (in operators)

modes  p* = (+,—, L) D? fields
collinear QA% 1, Q*N &, AH
soft QN AN Q2N gy, A¥
usoft QA% A% N Q@AY qus, Al
SCET] =g  Energetic jets A< QA< Q
usoft pHt ~ A n"

QA A= VAT

collinear p?

SCETH rrarermnrs
pt ~ A n"

Energetic hadrons

soft
2o A2 N=A/Q b

collinear p?




Processes

B — D
B— Xulv B — Xy g:gw
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Factorization



Factorization

e Separation of scales u
and Decoupling %ij
eg. ul'b b

=P (W T h, integrate out offshell quarks

medp  (E,W)T (YTh,)  usoft-collinear factorization (field redefn.)

mPp [ dw C(w) (&, W) T'(YTh,) hard-collinear factorization

® operators ar§ gagge 1.nvar1ant, S = Pexp (z g fyoo dsm- A Snﬂ))
so factorization is too



Factorization Theorems
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SCE'l} Lagrangians

Expansion:
- 1
L0 = gn{n-iD + i@jWEWTi@j}ggn B.E.PS.
LY, = qiPq

® Same (subleading!) Lagrangians for all processes

® Many processes require subleading Lagrangians or they vanish



Factorization

e B - D x~ B~ — Dz~

B, D are soft, m collinear

L3cET = £ 4 o

Factorization if O = O, x O.
1

(Drl(eh)(@d)|B) = N (v ) [da T () 0.0 Calculate T

0

° BO — D(*>O7TO Mantry, Pirjol, L.S.
ADOm _ () /da: dz dkFdkS T (2) T (2,2, kT, k) SOk, kT) ér ()
A 1

o & N suppressed



Color Suppressed Decays

® Factorization with SCET
Single class of power suppressed SCET; operators T{O0), £gz)’ E(l)}

N
u

Order X2 = (\/A/E)" = A/E
AL = N /d:v dz dkidkd T (2) T (2, 2,k k) SO (K, k) dr (2)

D)
‘|‘Along " » same for D, D* up to as(mp)

o with HQET for (D™Ox|(@b)(du)|B°) get 2= — Ex —135

not a convergent expansion



Expt Average (Cleo, Belle, Babar): Extension to isosinglets:
Blechman, Mantry; L.S.

2.0 F . . .
. A color allowed ISOSpln r 1angle
AD*M) e color suppressed p°p’
A(D M) I * O+ 0, T D'w 0.8
1.5 __ D’ Don ® I
i p’k® Dm * A
: ¥ { - 0.4 [
I p’n~ DK } !
_ D'n” DK D*p‘Dop_ ;
0.5 __ 0 0.2 0.4 0.6 0.8 1
i LO SCET prediction 5(D7T) _ 304 + 4.80
0.0 l l l l | l l l l | l l 5(D*7T) — 31.0 + 5 OO

Not yet tested:

® Br(D*p)) > Br(D*p]) , BT(D*OKWO) ~ Br(D*K*")

e cqual ratios D®K*, DSV K, DY K*; triangles for D®)p, DX K



Heavy to Light Currents

J(0>(w) = Xnwl Hy,
1

J(la)(w) — ;Xn,wPiT@?a)Hv

1

J(lb) (w1,2) — E Xn,wi (igB(Jx_)WQ @?;))H’U y

1 - -
TN (W) = — K TiyIDl Mo Wllspn
e s coefhcients
W) = =7 Xnwin - DusT )Mo, and Dirac
1
TPV (W) = == Xpuwi Dy T8 Hy structures
w
1 completely
JC) () = = 1, PHPITH, .
S 1 g determined
T wip) = — o] e (i9B)wPs T, | by RPI
Py Py
J( 7) — 2 _nw & & . BJ_ w Taﬁ v
(wl 2) m(wl _|_w2) X , W1 Wy + w1 (Zg a) 2 (f)H )
I . . 1
J(Qg) (ng) — mn-v Xn,wl{(?’gn ’ B)W2 + Q(ZQBJ-)u& ) PIE}T(Q)H’U )
1
J(2h) — _nw . BJ_ w . BJ_ w TQBHU)
(w1,2,3) m<CU21—|— WS) Xn, 1(7’9 5) 2(@9 a) 3~ (h)
J @0 (wi2,3) = Tr[(z'gBé)w (igB&L)ws] )_(n,mT?;?Hv :

m(ws + ws)

& four quark operators

What’s new?

one-loop matching
& running for j(1b)

Beneke, Kiyo, Yang
Becher, Hill, Neubert

complete basis of ,J (2)
operators is known
Beneke, Campanario,
Mannel, Pecjak

incl. Dirac structures
and RPI constraints

Arnesen, Kundu, I.S.
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Inclusive B-Decays



Inclusive

Decays

endpt. N B .
region dl’ = H(my, py) /dk+ J(pxk+) fET +A - p;r()

What’s new? eg. :
® Event generator Neubert, Lange, Paz

e Subleading shape functions

b— X uEV Keith Lee, 1.S.; Bosch et al.; Beneke et al.
X+ 1r charm
[ contamination - — ]

s I preliminary |
0.67__ %%% 7

SCET
region

Partial Branching Fraction (10'4/ 100 MeV)
o
T

-

— 2 2.2 2.4 2.6 2.8
mB Reconstructed E* (GeV)



V| ™! = (4.38 £0.33) x 107

CLEO (endpoint)
4.02 +047 +=0.35 i r—t—t

BELLE (endpoint) i
4.82 = 045 = 0.31 ‘. A

BABAR (endpoint)

4.23 £ 0.27 = 0.31 ®
BABAR (E., ¢°) |
4.06 = 0.27 = 0.36 ®
BELLE m

4.08 = 0.27 = 0.25 &
BELLE sim. ann. (m, q2) E
438 +0.46 = 0.30 ‘:‘
BABAR (my, q°)
476 + 0.34 = 0.32 ¢

Average +/- exp +/- (mb,theory) '
438 + 0.19 = 0.27 ¢

v*/dof = 5.9/ 6 (CL = 43.0%) §
HQ input fr?m b—clvandb— sy mOJ['nenté
1 1 1 1 |

HFAG

 EPS:2005

2 4 .6
VI [x 107]




Factorization at NLO

® derive factorization theorems at subleading order

A

e complete categorization of all terms at ——
mp

e all ordersin o

J=JO + g0 4+ J& 4
L=L0 40+l + 04y

LO:  T{J®, JOT}
Zero: T{J(O) ’ J(l)T} + h.c. + T{J(O)7 L‘,(l)7 J(O)}

NLO: T{JO J&N fthe +T{gW g1
+7{JO L O JON 4



Leading Order

Hard, Jet, and

. Usoft Operator
Shape Functions

T-product Example Diagram




Next to Leading Order

Hard, Jet, and

T-product Example Diagram . Usoft Operator
Shape Functions
)
J o . t,mﬁ
e o) 4 ' WO [P hy(@)h (0)iL ()
0 X
_______ ) —— e —
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(2) () | (hoDr, 1 )(2)hy(0)
J J
(@ g)
@& Y
0 PP@(&@@ X
Qg
7L JO g gof T ho(@)(D1D 1) (y)h(0)
h3’4 j(_Q) (4)
34 934
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7(20) S S
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Hard, Jet, and
T-product Example Diagram ard, Jet, én Usoft Operator
Shape Functions

7(2b) p2 7% f ) I () By (0)
(2¢) hl2d 72 ¢ Ry () iy (0)
~ola al ~0) (2 -
T(2La) [ZL]j ) gl)lz hv(x)DL(y)hv(O)
7(2Lb) 2L jj(/o) 9%),14 ho ()0 D(y)hy (0)
0 &Y <0>T
J . 'O'
0 X
A 2 —
FeLL) y i WL 772 1Y a6 Bu(@) Dy (y) Dy (2)he (0)



W (2) _ (triple differential spectra)

)
_ 2
hi(nep): as(mg)
_f%;(’”)) / k™ TO(mepk*, p) £ (K + %, p) ’ p ° b
my 0
2w (nep) Px _ = _|_
i dkt 7O (n-pkt, @) (k+ 4T, . ° 2
+ ; - /0 (nep k™) £ (K7 417 ) j(n pk] ) . as(mX) ~ Oés(mbA)
4 ' e
+ Skl /dkf dk$ Ty ekl ) £ (kF + ot ) A
r=3 My
S w7 —4 1 : T
+ Z hz _( [> dk+dk+dk+ jl )(TL p]{'_”u) f( )(k;:—i—T’Jr,,u) A brICk Wallo as
fi-p m™m
r=>5 b
 00f — pk
;. b p) / dkt 7O (npk*,p) g8 (K + ", p)
my 0
4 prfin A
D n<% S /dk+d’“+ Tizs (Apkf ) ot (kf 41, p) ® keep — and 4ra s —
7’23 L mb mb
Pyl ;,Z;p) /dk;+dk+dk+ Ty @epk,u) g0 (kf + 1t p)
r=>5
c 1)
N Z%/dkfdk;dk; D (p k) 9 (15 + 1) O Leg Leg Sio
r=7 _)—_ __)_
+3 @kl ) o (K + 17, )] / \
2b m+8 — p; _
+ /d21d22 : - ZQ:n.p)/ dk+jr(r?)(zlaz2ap)_(k+)f<0)(k++A_p;r()
m=1,2 Mo 0
[2¢c]m~+8 p;
N h; S (7-p) / it jn(lz)(p)—( k) f(o)(k:++K—p;})
mp 0 '
. B e model these subleading
; ep) (PR ) cpe k) FO kT +A—pt .
* Z/dl [ I k) O R shape functions to

a LL 2Ga 4
+ W ]f[ ﬁ)w +Wz‘[2Lb]f[9§?,14] + sz ]f[ %) 26 ]+ Wi[ ]f[f?g,zx)]

(2

get uncertainties

+ phase space & kinematic corrections (& interpolate to local OPE)
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Factorization (with SCET)

. . Bauer, Pirjol, 9‘)999“‘13;%\ S
Factorization at my e . 7% .

Nonleptonic B — MM PN

A(B — M, My) = A05+N{ Fri / duToc (u)$™M2 (u)+ far, / dudzT (u, ACFM(R)$" (w)+(1 - 2>}

Form Factors = o 0 Ml 1 \
f(E) = / dz T(z, E\¢2 (2, E) } “l}%(cltﬁ?;;?;g”’ — universality at
ror @By ) i -
Factorization at vEA expansion in a,(v EA)
7M(2) = fufp /O dr /0 A+ (2,0, K, B)orr ()0 () Beneke, Feldmann

Bauer, Pirjol, L.S.

CBM = 7 (left as a form factor) Becher, Hill, Lange, Neubert



Br(B — 7'('07'('0) =1.45+0.29 15 laroe
5 expected ~ (0.3

NOT a contradiction with factorization.

Why? Y
C
® if (7" ~("" thenaterm —1 (@1 ¢F™ in the factorization

Ne
theorem ruins color suppression and explains the rate

.. B Br . . . .
if ¢©" > (s this Br is sensitive to power corrections
(small wilson coeffs. at LO could compete with larger ones at

subleading order) .

® In the future: determine parameters using improved data on the

B — 7wly form factor at low q2 to provide a check.



Use nonleptonic data: B — mm  determines the parameters

® Uses data to remove arbitrary complex penguin amplitude, and color
suppressed amplitude. ie. to eliminate the hadronic parameters
Bauer, Pirjol, Rothstein, L.S.

647 ET(B_ — 7)) 1/2
V., 0) =
Varl F+(0) [m%fﬁ 75~ |Vud*G% ]

y [(Cl + Ca)te — 02] [1 N O(Ozs(mb), AQCD)] |

C? — (2 -
B B
= Fr(0) =P 4 )
Trr + Cor|
i j 9x107 flat with
t, = \/Ec (14 Byt r- c0828 + Syt - sin 23) units X [3|9Vu§90| ] at with 7Y

S —

0.15
7 — Br(BY — ntn 7 )15 o10F — C}?ﬂ
2Br(B~ — 797~ )7po 005 %‘\ r B

O_Oo:lllllllllllllIIIIIIIIIIIII

_ 2 2
Bi+,- = \/1 —C2 =57 _ 55 60 65 70 75 80

Factorization & B — 7w determines |Vup|f1(0)



Current
Data

|Vub‘f+ (O) — (7-2

dominated by theory estimate:
~ 25% from perturbative
and power corrections

3.9 x 107
f+(0):(0.18::0.011::0.04)( "X/b‘ )
expt. thlry
— 1.8) X 10_4
nonleptonic

PP I PRI I - B B
32 34 36 38 40 42 44 46

constraint
region

Vb x 103



Which Vub?

direct
V N as output V 5 from [3
. . (7
Tension with 120 - from . /
sin(2)3) 2 Y | Global fit Inclusive
100 F
Z TTTT
80 - Y SCET
60 = Y Global
40 [
2O-I---I----I----I---I----I----I-Vub
325 350 375 400 425 450 475
07
0.6 f—:é; sin2[3 Amd Y fitter _:
\gs\ EPS 2005 _ (p,n) .
- A : Via Vio
AL 3 7 E
= o4 E \ sol. w/ cos 2f <0 ] Vud VJZ
03 F % . (excl. at CL > 0.95) . =
tk y ] Vcd Vcb
0.2 a
0.1 e|Vub/Vcb| , B -
0 R T R S T T I S SR (0,0) (130)
-0.4 0.2 0 0.2 0.4 0.6 0.8 1

2|



Average from Cleo, Belle, Babar:

BABAR SL tag: B * — 7% 1" v x 21/,
3.31 £0.68 = 0.42 i ¢
BABAR Breco tag: B * — 7’ 1" v x 21,/1,
1.68 0.52 = 0.24 e

2 BABARSLtag: B’ > ml'v |
+ q 1.02 £0.25 +0.13 ——!

Belle SL tag: B " s qalty

need 1.79 0.28 = 0.20 p
— BABAR Breco tag: B " > mlty Br
0.89 = 0.34 £0.12 ——
Precision |p71- | << 1 / a CLEO untagged: B — 1" v i
Lattice QCD 132 £0.18 = 0.11 il to 8%

BABAR untagged: B — w1 v

[ | 138 =0.10 = 0.18 . B
Average: B = v 1" v
1.36 = 0.11 4
2 2 2 40F = _ :
q GeV % /dof =11.2/ 6 (CL = 8.3%) |

| | | | | ! HFAG
' | | | N |/ | ~ LP-2005 |
0 510 15 20 |25 | ChpT . !
' ' ' BB’ = 1" v) [x 10
SCET (Large Recoil) HQET (Small Recoil)
. m=p V1| to 4% 12!
dl’ .
L6r Rate is smaller
- 2 U inty from th
at large ¢ ncertainty from theory
1.2 ]
3 dominates.
0.8
().4: dF(BO — 7T+€D) . G%‘|ﬁﬂ'|3 ’V ‘2 ‘f ( 2)‘2
- dg? 2473 ub +14
OO C | | Lo | |

0 5 10 15 20 25 4



Lattice & QCD Dispersion Relations sourerycca.

Boyd, Grinstein, Lebed, Savage;
Arnesen, Grinstein, Rothstein, 1.S. Lellouch; Fukunaga, Onogji;

Focus on Vub determination, use:

i) Lattice qcd results at large g° f+(a°)

N g . 2 |
ii) chiral perturbation theory at g, 2 - SCET yPTh—>
iii) expt. spectra for information at low ¢ :

& SCET constraint from B — 7 at ¢° = 0 Lattice\‘
iv) QCD dispersion relations to constrain the O,;. e

form factors shape (model independent)

Belle Babar
< 1
; g g oa} nlv
o8kl AT vKach
g ‘!‘ ~_ More recently, Becher & Hill
co6r | i adH. .. D 02 .
I 5 — have studied whether the
04 TTT E ———-LCSR 1 o= :
L = oat T lae - spectrum data constrains the
1 - - oot
—_BKFftoDam SCET parameters
% 3 10 15 20 O 10 5 20 25

2(GeV?/c?
q(GeVie) q2 (GeV?)



T o statistics
51 f‘l‘ . 4_6%
I unquenched ’ )
15— | @ fﬂ(q‘j} HPQCD ‘I;'
1| f;((}; Pe:ﬂahfh{[ILC i;ll’ |
A f (¢ FermilabMILC ¥ ol 4
F s s f() -
> 9 statistics
> 16 GeV
1 = ~ 8%
HFAG expt. theory
0.64
103% |[Vip| = 3.75 £0.2770%5  FNAL
_ e +0.69
103>< VUb — 4.45 L 0.32_047 HPQCD
My LP’o5 Average for this method:
16%

total error

1% |Vip| = 4.1+ 0.3279-52

Systematics| HPQCD
errors
Ponacching | 970
extrzlgglaaltion 4%
disc?zz(z):tion 2%
e | 5%
Total
S : Fermilab/
yStematics| nM11.C errors
matching 1%
extrzgglaaltion 4%
q ? interp. 4%
finite a 9%
Total




» > ” M.N Meiman, ‘63
DlsperSIOn Relatlons S. Okubo, I. Fushih, ‘71

V. Singh,A. K. Raina, 79
C. Bourrely, B. Machet,

Define E de Rafael, ‘8|
E. de Rafael, |. Taron, ‘92 & ‘94
v 1 v 2 ey Tro2y, 99 L, 2 [ 14 igx v BGiin:tzien JP;Ire?wrlle ‘93
I (q) = 5 ("0~ MG () + L) = [d'a (0T (@) 71 (0)}0)  BGrinstein P Mende,
Dispersion relations
l. Caprini, L.Lellouch,
X(O) _ 1 82]:[?; _ l Oodt Im H?(t) M. Neubert ‘97 -
28(q2)2 =0 7 Jq 3 M. Fukunaga, T. Onogi, ‘05
Inequality
1
LI = = 37264 (g — px) [011X) > (2m)26"(a — p — pe) (01| B)
X
L W@If@))?
Bound on Form factor / dt 3 <1 ;
t



Complex A tc) — N = R tr = (mp £ mxg)?

Magic Vi —t+E —to
() t z i

) Blaschke Factor: remove pole at ¢ = m3.

vac — BW(ZV) Outer function: phase space, Jacobian,
Form factor for X () in QCD
B — wly
B* ‘pole 2
az <1

1 o

fo(t) = 5 Z a, 2" Pick tg = 0.65t_ then
)o(t) 2=

—0.34 < 2 < 0.22

from dispersion

Strategy: use input points to fix first few a’s
vary all higher a’s to determine uncertainty



Input Points
i) SCET
2 = V| f+(0) = (7.2 4 1.8) x 1074

ii) Lattice fL = £.(15.87) FNAL /MILC or HPQCD

2 = f.,(18.58) take systematic error to be 100% correlated

3 _ g . .
in = [+(24.09) Ej = oibi;+y* fiufin  (increases uncertainty)

iii) Chiral Pert. Theory Fo((ED) slome 114 o(Z0)] A ~ 600 MeV

ZQfW(EW—i—mB*—mB)
ii = f+(26.42) = 10.38 £ 3.63

5
® solve with Zanz" , for ap—a4
n=0

® vary as to get bounds Zai <1

n
including truncation error from

all higher order terms: a5 — \/;LE_ZQ
Fot) = Falt, Lo/ Vil fro for Fon fa}) om0



Uncertainties

Bound uncertainty:

® fix f'=/f., |Vw| =36x10""°
== bound uncertainty very small

e compare with 4 lattice points,
and constraint f(0) = f4(0)

Dispersion relations show there is a lot
of freedom for a pure extrapolation of
Perturbative uncertainty: lattice data

® OPE X (0) depends on My, order in ag(myp), condensates

== only effects norm., so enters through as , very small

Uncertainty from INPUT POINTS dominates



Method I

e use only the total Branching ratio

® integrate

dq?

r .
d— with  fi(t) = Fa(t, {fo/ Vi), f1, fo, f3, fa})

® use Lellouch method to account for theory uncertainty

(with f*

V| = 4.13 x 1073)

1
11

—3
V| = (3.96 £ 0.20 £ 0.56) x 10
N—— —
5%  14%
expt theory
: 08 (1-4%)f(g?)
Type of Error Variation From ) |Vub]Br 0| Vi |? [
Input Points 1-0 correlated errors +14% +12%
Bounds F. versus F_ +0.6%  £0.04%
pole 4.88 £ 0.40 +0.1%  +£0.2%
OPE order 2 loop — 1 loop —0.2% +0.3%
without SCET bound erroris +12%




Method I1

2 : ox —
® use ¢ spectra bins: (Br;" +6Br;) calculate rate in bins

. . .« . . 9 _
® use Minuit to minimize X° wrt. |Vus|, fO%

I A

+ > U= A = PIE,

i, J=1

17 ex
2 Z[Brip_Bri(VubaFi)]Q 1 [ i%_f0]2 n

rT L (0Br,)? (692 (67)2

f°~* input points are fit to data & input points (here
the spectra constrain the theory error)

can equivalently fit for a’s (same answer both ways)

H

E | m [ETT ISGW2
Belle 2 08F..| I!] ........ = dkaco Bab ar 03} mtlv
=
So6f T ... 7.9 =1 | | | ~_
..E 0.2
0.4 TTT o ISGW I
L] = ————LCSR 1
0.2 - 01} _ _ _Lacp+ [~ |
s LQCD 2
0 1 1 1 _BK Fﬂtﬂuﬂtﬂ
0 5 10 15 20 0 | | ! |
qz(GeVZ/cz) 0 5 10 15 20 o5

q2 {GeV")



Method I1

0.8

0.6

0.4

0.2

Type of Error Variation From 0 |Vub|q2

0.0!L

I

| (1- ’q\Z)]:_(qz) ChPTpt.\k

Lattice points

SCET pt.

—— with SCET point
— — — without SCET point
| 1 | | | I 1 1 | | I | | | | I 1 | | | I 1 | | | I 1 J
0 5 10 15 20 2 25

q

expt. spectrum prefers a
larger form factor in
™ 5-10 GeV? region

Input Points  1-0 correlated errors | +13%

Bounds F, versus F_ < 1%
mPe'e 4.88 £ 0.40 < 1%
OPE order 2 loop — 1 loop < 1%

Fit to expt. spectra & input points

2 —
_BQ 3
T dg?, .0
0.8 |
04__ — with SCET point
B — — — without SCET point
oot v U b

A 42
0 5 10 15 20 25 4

® Here the SCET point constrains
the spectrum, but does not
change the determination of Vub

Fit gives:
no SCET  f+(0) =0.25+0.06

similar to sum-rules

with SCET:  f+(0) =0.23 £0.05



x* fits to data & input pts. Lepton Photon ‘o5
with dispersion relations (without SCET point)

x*/(dof) ~1.0  €Xpt. &
theory

10° % Vub = 3.721+0.52 FNAL
103x |V,,5| = 4.11 + 0.52 HPQCD

My Average for this method:

1 3% This includes the information
- (.02 total error in the pure lattice method

(4% expt.)




Compare Vub’s
o V™! = (4.384+0.33) x 1073 (HFAG - EPS’05)

o |Vl o = (3.531031) x 107*  (CKMfitter)

o |Vup|™!=(3.92+0.52) x 1073 (Lattice + Disp. Analysis
+ Expt. spectrum)

B | fitter

~  EPS 2005

CKM fit Includive
averape

L1 1 1 1 L 1 1 [l N L 1 1 L 1 1 |||| 3
33 34 36 38 40 42 44 46 Vup*10 |

Light-cone sum rules
Babar (ILP'05) ¢° < 16 GeV?

(Ball & Zwicky) ° s 0.35 0.4 045 05

Vi =(3.27+0.257934) 103 Vi
expt. theory




Outlook

® There is an EFT for processes with energetic jets or hadrons

e We now have the tools to systematically study power corrections

=) color suppressed decays, inclusive decays
® Exclusive Vub from dispersion + Lattice + spectra

e Nonleptonics = predictions for the size of amplitudes

=) universal hadronic parameters, strong phases

=) v (or a) from individual B — M; M, channels

e The SCET can be applied to: Nonlept(?nic decays., Other B decays
Jet physics, Exclusive form factors

Charmonium, Upsilon physics
.. others 7

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



Looking into the Future

at B-factories

* improved determination of «, 3, v

=) clarify agreement / disagreement between S, k., Ssx., and sin(20)
=) precision determination of |V,

» match theoretical limits for sensitivity in B — X v and B — X /10~
=) observation of B — py and B — Tv

=) Sort out puzzlesin B — 7w and B — K

=) ... and of course, the unexpected.






Plan for this talk:

e B X,y B — X v B= Ky B—py

B — mtv B—pp B—nm

B — D B — K



Operator Product Expansion (I)

perturbative QCD

Decays like B — X;v & B — K

have contributions from ~ 12 operators



T 0 Operator Product Expansion (IT)

B-meson

Mw o My > AQCD

EROFON

Al A AN

my

Heavy Quark Effective Theory  hy, g

Operator Product Expansion for Inclusive Decays

A ® Justifies free quark decay as leading
QCD approximation
m A ~
S m—b ~ (),]_7 Oés(mb) — 0.2
subleading terms are crucial
My, d

: for precision phenomenology



Unquenched Lattice QCD
T ? det(lD + m) #+ 1

) T A o < nonperturbative
{) OU h dQ pQCD

mw  Now:
® Focus on “Gold Plated Observables” for high precision

- matrix elements with at most one hadron in initial and final state
mp - at least tooMeV below threshold, or small widths

® Simulate “real QCD”. Use nf=2+1 light flavors,
quark masses m, light enough for extrapolation with

a1
mc chiral perturbation theory (or PQChPT)
® Systematic/parametric estimates of uncertainties using
effective field theory methods. eg. heavy quarks:
- mg > Agcp NR CD, Fermilab action, RHQ action
Aqcp Q Q
® Results for a broad spectrum of observables are
Mg obtained using common inputs
™
q

}ChPT,
m,, g J PQCHPT

Y

== tests, predictions, and impact



T 2 Factorization Theorems

Energetic Hadrons

@ — —@

mw cg. Er > AQCD

Soft-Collinear Effective Theory SCET) . piior 15
my Flemirlig, LUkE,

E‘ } Q many other authors
Introduce fields for infrared d.o.f.
M collinear: En, AH
VAE
hy,qs, A%

soft: e
Aqcp

L=L 40 4@ 4
® Separate physics at different momentum scales

Mo d ® Model independent, systematically improvable



T 2 Factorization Theorems

Energetic Hadrons

) —®

mw cg. Er > AQCD

A= /dzda:z-korT(z) J(z, 2, k7)) d1(x1)d2(x2)dp(kT) + ...

mb}Q —_— e N —

L Q%> > EA > A2
me
\V AE fﬁ, Ag \\ g / p2~A2
\ \\_\ /
\ /
A h’UaQSaAgL p*~ Q? \\% gn,AilrLL
Q C D \-?9420 *&.9.9_9_9999%%?? X = —— —— — —m— — —
2 O
99‘)999%"§
M S
S S %
S S o e ___F




Nonleptonic Decays



[B — K wj Is there a K-pi CP Puzzle ?

; V*svu T VJSVU ¢ Pe(fi;C)
® Br sum rule: Expandin € = | 3% ch 5 |7 Vc: 5 5
0.02
. ' Lipkin, many authors
0 —\ _ L — gt 070\ _ (.2
R(m"K™) 2R(7T K")+ R(n"K") = O(€”) pr MB o f)
0.094+0.073= O(e2)~ 03 [(BY — n KY)
my estimate
from factorization
no puzzle here yet -
® Direct-CP sum rule: Gronau, Rosner
_ 1 -
A(K ") = SA(KT77) + A(K %) = O(€°) A(f) = Acr(HTSR()
FCP (W_KO)

avg

C0.058 £0.070 = O(*)< 0.007

my estimate
from factorization

in SCET

no puzzle here yet



® SU(s)? glObal ﬁtS to data (Neglect E, A, PA amplitudes) Global PP i

12 parameters, 18 predictions Chiang, Gronau, Luo Y2 .

mm, KK, mn, mn Km, Kn, K1/ Rosner, Suprun 50
* . 6 1 o | 11 O agrees with better agreement when K
’7 o — global fit one adds new Babar data 30

/ (I) 2|5 5|0 7|5 1(|)0 1;5 1;0 1;5 ‘Y
Grk B Wer (97 give Ax* = (27,5.9.29)  pre-LPos

hints of a pUZZIC7 see also Buras et al.; Kim et al. data
® SCET based fit Sl .
Bauer, Rothstein, 1.S. (to appear) EK A
. T
0 —
~v = 59° fixed ~Km 4
Sa'n®| %
=, N
6 parameters + 2 fixed by SU(3) Sm @ Theory
E;ﬁn‘ A *  Data
0o 5 10 15 20 25
AK ) T .o
: AR 7t | . |
hints of a puzzle’? ALK o) T
S(KO J'EO) | * A
AK %) 4
C(m ) A s+ Theory
S(ntm™) — 4 *  Data

0.75-05-025 0 025 0.5 0.75 I
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e constraints from angles dominate, will scale with statistics

a, 3, Constraints

0

-]

N
=
=

"

BUARY VAR

excluded area has CL > 0.95

T T | T T T ]
| fitter —:

EPS 2005 7

A

sol. w/ cos 2 <0
(excl. at CL >0.95)

: I e
| ¢ | |
a: B — pp B: B— YK
v: B— DK

0.7

0.6

0.5

0.4

0.3 F

0.2

0.1

All Constraints

2|

® other measurements test the SM, constrain new flavor physics

® 'Think of H,.qr = Z C;0; where SM relates the C

~100

1=1

[ T T | T T T ! T T T T | T T T | T T T | ] T T :
4 ' EPS 2005 T
:\z\ 'N\ 7]
b Q ’
C | & ~ ~ ]
— 8 : //
S ' sol. w/ cos 2B <0
% (excl. at CL >0.95)
€k
a
< [Vip/Vep! :
— |\ B
1 1 1 | 1 1 — | 1 | 1 1 |
0.4 -0.2 0 0.2 0.4 0.6 0.8

and all these connections need to be tested




