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Introduction

Testing the quark flavor sector
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Hocker, Lacker, Laplace, LeDiberder, Ocariz

Rare B Decays:
B — 7w, K, wp, ¢Kg, K*v, pv, K*ti—, lv~y

Rich source of information (CKM angles, FCNQC)

Many new results from B factories

Exclusive < inclusive decays: experiment easier, theory harder
Theoretical challenges: long-distance « short-distance QCD
my, > Ngocp — Factorization

flavor symmetries, SU(2), SU(3)

Gronau, London; Rosner; Fleischer



Tools and Applications

short distance < |long distance factorization
— important simplifications

Mw,mt — My OPE, Heff(AB = 1,2)

d U d u
W§ +Q0 ~ (C (@, Ozs> : ><
b
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Heff = Wilson coefficient -local operator
factorization: high scales > u >low scales

mqg < Ngcp: Syst. exp. in 1/mQ, ozs(mQ)
HQET, HQE, QCD factorization, SCET

HQET: static approximation for heavy quark;
spin-flavor symmetry rel. form factors;
mQ-dependence explicit
B — DMy, fg

HQE: inclusive B decays, justifies parton model
B — Xculv, B— Xgv, B — Xll, 15

QCD factorization: exclusive hadronic B decays
with fast light meson
B—Dn, B—mnmr, B—-7nK, B—Vy

SCET: energetic light quarks
B — P,V factorization proofs in B — M1 M>



EXxclusive Hadronic B Decays in QCD

hamiltonian (e.g. for B — 7mr)

(ab)(du) | (db)(aq) |

Gp
Heryr = \/EV WV [C1QT +C2Q5 4+ ), CpQyp
penguins
G
+ SVaVe (C1O1+ 0205+ 3 GQy
2 PENGUINS

similar for B - 7K, B — J/WKg (d < s)

Stech et al.; Bjorken; Szczepaniak et al.; Dugan_, Grinstein
problem:matrix elements (Q;): (mn|(ub)y_a(du)yv_a|B)

Politzer, Wise
Beneke, G.B., Neubert, Sachrajda
Bauer, Fleming, Pirjol, Stewart

e N\ogcp/my < 1 — power counting — leading power

e light-cone dynamics
(m(P)u(0)d(2)[0) =L v5 [ da P P (x)

e colour transparency

e short-distance < long-distance (soft, collinear) separation:
factorization formula



CP asymmetry in B — 7

—>7T+7T_ — B —>7T+7T_
Acp(t) = C(B(t) )+F(B(t) )

= —Ssin(AM t) + C cos(AM,t)

AB —nTr™) = V*V,.(up —top) +
ViVeg(charm — top)

neglect of penguins
— S =sin2a, C =0
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exp(—2i(8 + v+ a — a)) = exp(2ia)

C = —0.77+0.27 £ 0.08(Belle), —0.30+0.25+0.04( Babar)

S = —1.2340.417238(Belle), +0.02+0.34+0.05(Babar)
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penguin contraction: b
e gluon hard k? = zm?%
rp
e BSS mechanism

o (G(k?) = [ de G(Z) Pr(a)

kg~

A /\ gluon hard k2 ~ Amp

1
(r|Q|B) = F(B — ) /O dr T!(z) ox(z)+
1
+ [ dedudy T (€, 2,y) Pp(E) Pr(x) Prly)

¢ = ki /pk



e annihilation

suppressed §§ 4

power corrections with chiral enhancement

2
Hr — muﬁmd ~ 2GeV ~ /\QC'D

e spectator hard scattering

( £ ) pion w.f.: twist-2 and twist-3

2
~1+4 “”/dy ®p =1

e contribution ~ ag

(m|(qb) s—p|B)(n|(dq) s4p|0) ~ "



Phenomenology of B —- PP, PV

need to disentangle

e weak couplings (CKM)

e new physics
o QCD effects

Beneke et al.; Beneke, Neubert
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dI_(B—>7r+l_V)/dq2|q2=O

= 312 f2|V,q|%la1 + az|?

Beneke, Neubert;, Luo, Rosnher

3. Direct CP asymmetries generally small (S 10%)

4. Test: decays sensitive to annihilation
B; — D;"K_, B;—» KTK~



Hints of discrepancies (?)

o Acp(B — ntr™)

C =0.1+0.1[TH] = —0.51 + 0.23 [EX P]

e Acp(B — ¢Kg, n'Kg)

Grossman, Isidori, Worah; Grossman, Ligeti, Nir, Quinn
Beneke, Neubert

Spics — SyKe = 0.025 £ 0.016 [TH]
= -1.114+0.41 [EXP]

Syics — Syig = 0.011 4 0.013 [TH]
— —0.40 + 0.34 [EX P]

~>090°7 as large, FB=™ mg small 7
Beneke, Neubert

e B(B— 79K%)¢yp large Roo = 2 (7°K0) /T (= K0)
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Beneke, Neubert

Mode Theory S1 S2 S3 S4 | Experiment
B —n n° 6.0 39 T toetod 58 5.5 6.0 5.1 5.34+0.8
B — mtm- 89138150730 0% 60 46 95 52| 46+04
B® — 7070 0.3%037 01701 01 0.7 09 04 07| 1.6£0.7
(< 3.6)
B~ — 7 p° 11.9F83+36+25413 1 149 126 122 12.3| 9.4+1.6
B~ — 7%~ 14.0 8221 +H10+0-8 1 0.7 104 14.2 103 | 9.3+ 1.3
B — ntp— 21.2F10-3+87+1.3+2.0 ) 186 11.0 22.2 11.8| 13.9+2.7
B° — = p* 15.4 89 +25+H07+1.9 1175 10.8 16.4 11.8| 8.9+ 2.5
B — g*pT 36.5118:2+10.3+2.043.9 1 361 21.8 38.6 23.6| 24.0+25
B® — 79p° 0.4 9202 +0-9+0-2 0.3 1.7 03 1.1 <25
B~ = 71w 8.8 s oS 808 86 9.1 84 84 | 59+09
B — 7% 0.01F5-90+0-02+0.02+0-08 | 0.01 0.07 0.01 0.01 <19
B~ —» 7 K° | 19311939132 1 18.8 20.7 24.8 20.3| 20.6+1.3
B~ — 'K~ 11.1 35428409409 1 140 11.9 14.0 11.7| 128+ 1.1
BY —» nt K~ 16.3726+96+14+11.4 1 903 18.8 21.0 18.4 | 18240.8
B° — 79K° 7.0 80TS0 ES 6.5 83 93 80 | 11.24+1.4
B~ — 7~ K*0 3.6 04 A 27T 34 22 73 84 | 13.0+3.0
B~ — nOK*~ 3.3 5 oe et 55 2.6 54 6.5 < 31
B — ntK*— 3.3+ 5508 +02 50 24 6.6 81 | 15.3+38
B® — gOK*0 0.7 10503128 0.6 04 21 25 < 3.6
B — K% 5.8 08 i3 15183 5.6 13.6 10.8 9.7 < 48
B — K p° 2.6 093 088 1.3 6.0 47 4.3 < 6.2
B —» K—pt 7.4 1824107 4.3 139 125 10.1| 8.9+22
BY — K950 4.6 703300781 50 84 75 6.2 <12
B~ —» K w 3.5 103 o sl 1.9 79 58 59| 53+0.8
B° —» K 2.3 g tEs et 1.9 6.6 45 49 | 51+1.1
B~ — K¢ 4.5+ 180018 4.4 25 101 11.6 | 9.2+0.7
B — K% 41104 T8 100 40 23 91 105| 7.7+1.1




B — Vry

Beneke, Feldmann, Seidel
Bosch, G.B.
Ali, Parkhomenko

C1Q] +C2Q5+ > CiQ;
i=3..8

Heps = Z s Vb

puc

= Gp)v-a(@b)v-a Q7 = gmp50" (1 + v5)b Fpuy

factorization formula:

b g s (VA|Q7|B) ~ F(B — V)
Y

Ball, Braun
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(V~IQ§|B) = F(B — V) - Tf(—) +
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O my
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B(B® - K*94)/10°=7.1+£25 (4.44 + 0.35)
B(B~ — p~7v)/107°°=1.6£0.6 <23
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(p,n) constraint from B(p%y)/B(K*°)




B — K*tl™: App

03F™ ‘ ‘
A 2 -2
02 d FB /dq [GeV ]

01 10 .-

N

2
q m;C -02 NLO
mOQ — —a_|_m bce?f o
B B9 1 2 3 4 5 6 7T
. R~ 2 Burdman

B — P,V form factor relations

for my, Epy > N\ Charles et al.
= gy = 2 in this limit Ali, Ball, Handoko, Hiller
valid beyond tree level Bauer et al.
NLO corrections to g3 Beneke, Feldmann, Seidel

AB— KXITI7 ) =¢i&, + P R0T ® ¢ppex



SCET

04,3
p— 1 M nH H — p~xp~
p @(p—n + pynt) + 0 P+ 75
p— P4,  PL p?
hard M, M, M M?
hard — collinear M, N, vVAM AM
collinear M, N2/M, A N2
soft A, A, A A2
p= \%p—n +Dp1 P(x) = S5e” PPy

En,p = #@Dn,p Enip = 77{TT/{@%J’

collinear quark &n.p
heavy quark hy; soft, collinear gluons

Locp — LSCET

}Jh/'v = h'v %gn,p — O =

B — P,V form factors: 10 in QCD — 3 in SCET

Bauer, Fleming, Pirjol, Stewart

Beneke, Chapovsky, Diehl, Feldmann

Descotes, Sachrajda; Lunghi, Pirjol, Wyler et al.
Neubert et al.; Chay, Kim



B — vy

Korchemsky, Pirjol, Yan

}HJJ pq
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(b): leading power

(¢ —Fk)? =~ —2q-k~q-kyt

! b
?»
W, N
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dp(ky) = fdz_ei‘?+z—<0|b<o>a<z>|B>|z+:ﬂ=o

Grozin, Neubert;, Beneke et al.; Kodaira et al.; Lange, Neubert

Fr= [dky®Pg(ks)T(ky)

Descotes-Genon, Sachrajda

e holds at O(ay)
o FOO ~ dkydp(kL)/kL =1/)p

e hard scale up ~ /mp/\

e resummation of af In"t1(my/ky), o In®(my/k)
(SCET)

e NLO corrections typically few x10%



Descotes-Genon, Sachrajda

@

generalization to higher orders

soft-collinear effective theory (SCET)
Bauer, Fleming, Pirjol, Stewart

Lunghi, Pirjol, WYyler
Bosch, Hill, Lange, Neubert

SCET including power corrections

Beneke, Chapovsky, Diehl, Feldmann



Conclusions

mp > N
short distance < |long distance factorization

important tools for heavy hadron decays:
HQE, HQET, SCET,
factorization formulas for exclusive B decays

hadronic modes: B — DTx~ best understood
B — nw, K*v, py, K*It1~, ... more complicated
complete proofs

hard spectator interaction

power corrections

test reliability of my > A limit

= important applications:
B—nTr, B— 7K, B — pv

CPV, CKM angles, FCNC



