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Theoretical uncertainties in exclusive B decays (generalities)

• Determination of flavor parameters from inclusive decays theoretically “clean”, e.g.

dΓ[B → Xsγ] = |VtbV ∗ts|
2 |Ceff

7 |
2

[partonic rate] (pert. corr. + non-pert. corrections)

i.e. to first approximation the theoretical prediction is free of hadronic uncertainties,

and the sensitivity to non-perturbative effects only enters at the level of corrections

(which still may be sizeable)

• in contrast, the analogous exclusive observable depends on non-perturbative input

already in leading approximation, e.g.

Γ[B → K
∗
γ] ∝ |VtbV ∗ts|

2 |Ceff
7 |

2 |TB→K
∗
(0)|2 (pert. corr. + non-pert. corrections)

where TB→K
∗
(q2) is the hadronic form factor for a B → K∗ tensor transition.
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How to control/improve theoretical uncertainties

• Extract the product (SM parameters) × (hadronic quantity) from experimental data.

Find appropriate ratios where hadronic parameters drop out (to leading approximation).

→ Accuracy limited by control on perturbative and non-perturbative corrections, only!

• Approximate symmetries in QCD (isospin, flavor SU(3), heavy quark spin/flavor . . . )

→ decrease the number of independent hadronic quantities

↔ increase the possible ratios to be used in phenomenological analyses

• OPE / heavy quark expansion / effective theories (HQET, SCET, ChPT, . . . ):

→ systematic framework to calculate perturbative corrections (“QCD factorization”)

→ tool to classify non-perturbative corrections in terms of small expansion parameter(s)

• Rely on non-perturbative methods (lattice, sum rules, models . . . )

→ estimate hadronic parameters, and specify systematic theoretical uncertainties

→ use this input to extract SM parameters from a given observable

• Consider “old physics” experiments:

→ “de-bug” non-perturbative methods (e.g. checking lattice results with CLEO-c)

– Th. Feldmann, Theoretical uncertainties / possible improvements –
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Dominant uncertainties for specific observables

• “type–I”: Observables with leading dependence on non-pert. input:

Observable Accuracy dominant uncertainty

BR[B → π`ν, ρ`ν] ∼ 40% FB→π(ρ)

BR[B → K∗γ,K∗`+`−] ∼ 45% FB→K
∗

, “non-factorizable” corrections

BR[B → γ`ν] ∼ 60% FB→γ , “non-factorizable” corrections

. . .

• “type–II”: Appropriate ratios of observables with reduced hadronic uncertainties:

Observable Accuracy dominant uncertainty

BR[B → K∗γ]/BR[B → ργ] ∼ 20% FB→K
∗
/FB→ρ

ACP(B → ργ) ∼ 20% µ dep., 1/mb corr.

zero in dAFB[B → K∗`+`−] ∼ 15% µ–dep., mb, λB , ΛQCD, 1/mb corr.

. . .

• “type–III”: Observables which are tiny in the SM:

Observable order of magnitude suppression factor in SM

BR[Bs → µ+µ−] 10−9 m2
µ/m

2
b

1− BR[B → Kµ+µ−]/BR[B → Ke+e−] < 1% m2
µ/m

2
b

ACP[B → K∗γ] < 1% λu/λc
. . .
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5

Treatment of perturbative QCD effects

• short-distance effects above the scale mb:

? Wilson coefficients Ci(mb) in the electroweak Hamiltonian

? Precise higher-orders calculations available (for both SM and many possible extensions)

(latest contribution to 3-loop anomalous dimension for B → K∗`+`− by Gambino/Gorbahn/Haisch)

• short-distance effects at the scale mb:

? OPE / heavy quark expansion in 1/mb

? Effective theory formulation (HQET, SCETI)

• short-distance effects at the scale
√
mbΛ:

? Effective theory formulation (SCETII)

? Specific for exclusive decays where spectator quark participates in hard scattering

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arXiv.org/abs/hep-ph/0306079
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Treatment of non-perturbative QCD effects

Challenge: give a reliable estimate of systematic uncertainties!

• Lattice QCD:

? several extrapolations required:

(continuum limit, quenched approximation, chiral extrapolation, heavy quark extra-(inter-)polation)

? (slow but steady) progress to be expected:

(improved actions, better understanding of unquenched systematics, computer power, better algorithms)

• QCD sum rules:

? relies on parton-hadron duality

? estimate of uncertainties from variation of threshold parameter s0 and Borel mass.

? radiative corrections and power-suppressed effects from condensates can be included

• Models: Requires to compare sufficiently many (independent) approaches . . .

– Th. Feldmann, Theoretical uncertainties / possible improvements –
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Estimated accuracy of some important input parameters

Parameter Lattice Sum Rules Comments

mb ∼ 2% ∼ 2%

mc ∼ 10% ∼ 10% quenching error!

. . .

fB ∼ 15% ∼ 15%

FB→γ(0) ∼ 30% photon wave function

FB→π(0)

FB→ρ(0)
∼ 30% ∼ 20% ↔ experiment

FB→K
∗
/FB→ρ 10% 10% controversial

. . .

λB – 30% recent improvement

ξπ(0) – ? SR + SCET?

. . .

• To improve lattice predictions we need reliable unquenched simulations.

• Possible improvement of systematics in sum rules from cross-check with SCET predictions.

• Note that analogous parameters for higher resonances are barely known.
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http://arXiv.org/abs/hep-ph/0301135
http://www.slac.stanford.edu/econf/C0304052/buchalla.ps.gz
http://arXiv.org/abs/hep-ph/0309330
http://arXiv.org/abs/hep-ph/0308249
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The cases B → π`ν, B → ρ`ν

• Decay rate for B → πeν sensitive to |FB→π+ (q2)| |Vub|

? For q2 � m2
b effective theory (HQET+SCET) applies.

“Soft” (non-factorizable) part of the form factor can be estimated in light-cone sum rules.

? For intermediate q2 lattice estimates available.

? For q2 ∼ m2
b effective theory (HQET+ChPT) applies.

Form factor dominated by nearest B∗ pole / requires effective BB∗π coupling constant.

? Results often summarized in terms of simple parameterizations:

F
B→π
+ (q

2
) :=

FB→π+ (0)

(1− q2/m2
B∗)(1− α q

2/m2
B∗)

with FB→π+ (0) = 0.2− 0.3 and α = 0.3− 0.6

→ Non-perturbative methods should be checked against experimental data!

→ Different q2 regions should be considered separately!

(see CLEO’03)
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http://arxiv.org/abs/hep-ex/0304019
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The case B → ππ, B → πK

• in principle sensitive to CKM angles γ and α

• needs information on penguin-to-tree ratio

• dependence on hadronic effects reduced by isospin/SU(3)F analysis

• absolute values and strong phases of decay amplitudes can be estimated in
QCD factorization approach à la BBNS.

? reduced dependence on factorization scales etc.

? limited by non-factorizable 1/mb corrections (which may be “chirally enhanced”)

→ predictions for absolute BR’s should be taken with care!

? combination with isospin/SU(3)F analysis

→ still get reliable constraints on unitarity triangle!

< table >
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http://arXiv.org/abs/hep-ph/0104110
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Comment on exclusive b→ ss̄s decays

• Branching ratio B → Kη′ has large uncertainties

(interference of non-singlet amplitudes, extra contribution from flavor-singlet configurations, . . . )

⇒ not very useful as a test of SM or NP [Beneke/Neubert]

• Time-dependent CP -asymmetries for B → φKs, B → η′Ks etc.
are related to B → J/ψKs up to small Cabbibo-suppressed corrections.

see e.g. [Grossman et al.]

→ Current experimental discrepancy cannot be explained by QCD effects only!

< fig >
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http://arXiv.org/abs/hep-ph/0210085
http://arXiv.org/abs/hep-ph/0303171
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The case B → γ`ν

Factorization of short-distance QCD dynamics:

A[B → γ`ν] ∝ |Vub| fB

Z
dω

ω
φB(ω)

| {z }
T (ω, q2) + power corrections

= |Vub| fB λ−1
B (1 +O(αs)) + power corrections

[Korchemsky/Pirjol/Yan], [Descotes-Genon/Sachrajda], [Lunghi/Pirjol/Wyler], [Bosch et al.]

• uncertainty from value of decay constant fB ∼ 15%

• uncertainty from inverse moment of B-meson wave function, λ−1
B

∼ 30%

(see recent sum rule analysis by [Braun/Ivanaov/Korchemsky])

• uncertainty from power-corrections ∼ 30%

(enhanced by large normalization factor entering the photon wave function) [Ball/Kou]

• uncertainty from truncated perturbative expansion ∼ 10%

→ Useful to extract λB from data (with > 30% uncertainty)

[Important input to estimate factorizable corrections in other observables!]
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http://arXiv.org/abs/hep-ph/9911427
http://arXiv.org/abs/hep-ph/0209216
http://arXiv.org/abs/hep-ph/0210091
http://arXiv.org/abs/hep-ph/0301123
http://arXiv.org/abs/hep-ph/0309330
http://arXiv.org/abs/hep-ph/0301135
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The cases B → K∗γ, B → ρ(ω)γ
(see [Bosch/Buchalla], [Ali/Parkhomenko]), [Beneke/TF/Seidel], [Kagan/Neubert], [Ali/Lunghi])

• branching ratio dominated by form factor uncertainties

? corrections to naive factorization imply smaller B → K∗ form factor than estimated in sum rules (?)
? non-factorizable power-corrections may be important, too

• ratio of B → ργ and B → K∗γ can be used to constrain the ratio Rt = 1
λ

���VtdVts
���

? requires good knowledge of SU(3)F breaking in FB→K
∗
/FB→ρ

? value may be smaller than usually estimated in sum rules
? at present only upper bound on ratio available from experiment

• isospin asymmetries are less dependent on form factors

? probe 1/mb suppressed weak annihilation contributions
? ∆I [B → ργ] sensitive to unitarity angle γ
? ∆I [B → K∗γ] sensitive to penguin coefficients C5 and C6 (but large uncertainties)

• CP asymmetries:

? ACP[B → ργ]: uncertainties of order 20%
? ACP[B → K∗γ]: tiny in the SM because of CKM hierarchy

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://www.slac.stanford.edu/econf/C0304052/buchalla.ps.gz
http://arXiv.org/abs/hep-ph/0105302
http://arXiv.org/abs/hep-ph/0106067
http://arXiv.org/abs/hep-ph/0110078
http://arXiv.org/abs/hep-ph/0206242
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The case B → K∗`+`−

(see [Ali et al.], [Beneke/TF/Seidel], [TF/Matias])

• absolute rates dominated by form factor uncertainties

? model-dependence in cc̄ resonance region
? contributions which are not factorizable into form factors

• FB asymmetry in the region q2 < 7 GeV2:
? form factor dependence drops out to leading approximation
? radiative corrections can be taken into account systematically
? in particular, FB asymmetry zero can be predicted with 15% accuracy
? sensitive to Wilson coefficient C9 relative to Ceff

7

scale-dependence from spectator scattering still sizeable

→ Include higher-order corrections to hard-scattering kernels!

• Isospin asymmetry in the region q2 < 7 GeV2:

? requires to take into account 1/mb effects
? isospin effects in form factors themselves ?
? sensitive to penguin coefficients C3–C6

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arXiv.org/abs/hep-ph/0112300
http://arXiv.org/abs/hep-ph/0106067
http://arXiv.org/abs/hep-ph/0212158
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The case B → Kνν̄

• Hadronic effects factorize into B → K form factor(s)

(analogous situation to B → π(ρ)`ν)

? To test SM Wilson coeffficients in this channel,

form factors have to be determined from elsewhere.

? Ratio dΓ[B → K`+`−]/dΓ[B → Kνν̄] at small q2

to first approximation independent of hadronic uncertainties

? but requires sufficient statistics . . . feasible?

– Th. Feldmann, Theoretical uncertainties / possible improvements –
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The cases Bs→ `+`−, B → K`+`−

(see, for instance, Hiller/Krüger, Logan/Nierste)

• Bs → `+`− is helicity-suppressed by ml/mb in the SM

? BR[Bs → µ+µ−]SM = few× 10−9

? only hadronic uncertainty from fBs [∼ 15%]

? rate can be significantly enhanced in models with extended Higgs sector and large tan β

→ bounds on scalar and pseudoscalar b→ s`+`− operators

• Similar situation for the ratios

R
K(∗) =

R
dΓ[B → K(∗)µ+µ−]R
dΓ[B → K(∗)e+e−]

? (1− R
K(∗)) is small (of order (m2

µ/m
2
b)) in the SM (independent of hadronic effects)

? contributions from scalar and pseudoscalar operators can reach several percent

Hadronic uncertainties not really a big issue (yet)

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arxiv.org/abs/hep-ph/0310219
http://arxiv.org/abs/hep-ph/0004139
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The cases B → γγ, B → γ`+`−

(see, for instance, Bosch/Buchalla, Descotes-Genon/Sachrajda)

• Depends on same hadronic input (fB and λB) as B → γ`ν

? In the heavy quark limit, ratios of amplitudes do not involve physics below scales of order

mb, and are calculable as an expansion in αs(mb).

? Unknown (non-factorizable) 1/mb corrections limit theoretical accuracy to ∼ 30%

• Direct CP -violation from power-suppressed annihilation graphs

? order 10% for Bd → γγ / sensitive to CKM angle γ

? tiny for Bs → γγ

< Fig. >

(analogous to B → V γ)

• Somewhat challenging because of small BR’s (10−6 forBs → γγ, 10−8 forBd → γγ)

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arxiv.org/abs/hep-ph/0208202
http://arxiv.org/abs/hep-ph/0212162
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Conclusions

• hadronic uncertainties for individual exclusive rates still around 20-30%

→ not really suited for new physics studies

→ but important tool to test our understanding of “old physics” (i.e. QCD)

• in appropriate ratios of exclusive quantities uncertainties can be as small as 10%

→ systematic treatment of perturbative corrections

→ systematic treatment of non-perturbative effects

→ combining effective theory approach, sum rules, lattice . . .

(may reduce uncertainties in some cases to perhaps 5%)

• Some observables are tiny in the SM (Bs → µ+µ−, RK − 1, ACP [B → K∗γ] . . . )

→ sensitivity to new physics despite of hadronic uncertainties,
if SM rates are significantly enhanced.

– Th. Feldmann, Theoretical uncertainties / possible improvements –
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B → ππ decay parameters in BBNS approach

< back >

(from Beneke/Buchalla/Neubert/Sachrajda )

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arXiv.org/abs/hep-ph/0104110
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sin 2β measurements in b→ cc̄s and b→ ss̄s

< back >

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

sin(2β)

C
ha

rm
on

iu
m

 M
od

es
φK

0 S

�

η, K
0 S

�

K
K

K
0 S

�

OPAL 98

ALEPH 00

CDF 00

BABAR 02

Belle 02

Average (charmonium)

BABAR 02

Belle 03

BABAR 03

Belle 03

Belle 03

Average (s penguin)

Average (All)

3.2
�  + 1.8

– 2.0 ±
 0.5

�

0.84
�  + 0.82

– 1.04 ±
 0.16

�

0.79
�  + 0.41

– 0.44

0.741
�  ± 0.067

�  ± 0.034
�

0.719
�  ± 0.074

�  ± 0.035
�

0.734
�  ± 0.055

�

–0.18 ± 0.51
�  ± 0.07

�

–0.73 ± 0.64
�  ± 0.22

�

0.02
�  ± 0.34

�  ± 0.03
�

0.71
�  ± 0.37

�  + 0.05

– 0.06

0.49
�  ± 0.43

�  + 0.35

– 0.11

0.19
�  ± 0.20

�

0.701 ± 0.053
0.19 ± 0.2H F A GH F A G

Winter 2003

– Th. Feldmann, Theoretical uncertainties / possible improvements –



20

Constraints on unitarity triangle from Γ[B → ργ]/Γ[B → K∗γ]

< back >

(from [Bosch/Buchalla] )

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://www.slac.stanford.edu/econf/C0304052/buchalla.ps.gz
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FB asymmetry in B → K∗`+`−

< back >

main uncertainties for zero: µ-dep. and 1/mb corrections

(see [Beneke/TF/Seidel] )
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http://arXiv.org/abs/hep-ph/0106067
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Isospin asymmetry in B → K∗`+`−

< back >

(from [TF/Matias] )

– Th. Feldmann, Theoretical uncertainties / possible improvements –

http://arXiv.org/abs/hep-ph/0212158
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CP asymmetry in Bd,s→ γγ

< back >
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(from [Bosch/Buchalla] )
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http://arXiv.org/abs/hep-ph/0208202

