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An Idiosyncratic Overview

✤ Focus on hadronic matrix elements from Lattice QCD

✤ CKM unitarity

✤ Bs mixing

✤ Rare B decays

✤ Beautiful baryons

rather than an encyclopedic review



Lattice QCD

✤ Nonperturbative regulator of quantum field theories

✤ Quantifiable and improvable uncertainties

✤ No time for a pedagogic introduction, but

✤ Reminder of sources of lattice uncertainties . . . 



Lattice QCD



Lattice QCD
in 1 minute



Lattice QCD
in 1 minute

a silent film
by Matthew Wingate





finite box
L3



finite imaginary time
Lτ

∴evolution operator:  exp(-Ĥτ)



ħc/ΛQCD

or

ħ/mπ c
hadron

should be smaller than box
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hadronic physics 
as “brown muck”

B
b as static 

color source

HQET (NRQCD) to the rescue!



einde



Salient points

✤ Need clean separation of scales

✤ Physical point still too expensive

✤ Effective theories (HQET, chiral PT) used to treat 
heavy quark effects, extrapolate in light quark mass

✤ Both lattice spacing and use of HQET restrict 
kinematics

✤ Imaginary time ⇒ at most 1 hadron init/final state

✤ Statistical errors (physical reasons why some quantities have 
larger errors than others), another 5-minute film...

a ! m!1
b " m!1

! ! L



Global fits to CKM parameters

CKMfitter: Bona et al., ICHEP 2010
Talk by Heiko Lacker, Friday



Global fits to CKM parameters
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Global fits to CKM parameters
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Fitters: LQCD averages and errors

✤ CKMfitter (Charles, et al.) (arXiv:0905.1572)

✦ 2 and 2+1 flavor LQCD results
✦ Rfit (Gaussian + flat components to syst. errors)
✦ Systematic errors added linearly

✤ UTfit (Bona, et al.) (arXiv:0807.4605)

✦ 0 (??), 2 and 2+1 flavor LQCD results
✦ Bayesian

✤ Laiho, Lunghi, Van de Water (PRD 81, 034503, 2010)

✦ 2+1 flavor LQCD results
✦ Frequentist, systematic errors as Gaussian
✦ Systematic errors added quadratically



Fitters: LQCD averages and errors

✤ CKMfitter (Charles, et al.) (arXiv:0905.1572)

✦ 2 and 2+1 flavor LQCD results
✦ Rfit (Gaussian + flat components to syst. errors)
✦ Systematic errors added linearly

✤ UTfit (Bona, et al.) (L & T, arXiv:0807.4605)

✦ 0 (??), 2 and 2+1 flavor LQCD results
✦ Bayesian

✤ Laiho, Lunghi, Van de Water (PRD 81, 034503, 2010)

✦ 2+1 flavor LQCD results
✦ Frequentist, systematic errors as Gaussian
✦ Systematic errors added quadratically

B̂K

0.721(5)stat(40)sys

0.750(70)

0.725(27)

e.g.



Snapshot of recent work
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RBC-UKQCD, EPJ C69 (2010)



Cabibbo angle
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Figure 5: The plot compares the information for |Vud|, |Vus| obtained on the lattice with
the experimental result extracted from nuclear ! transitions. The dotted arc indicates the
correlation between |Vud| and |Vus| that follows if the three-flavour CKM-matrix is unitary.

covers both results in equation (39). In our opinion, it represents a conservative estimate for
the range permitted by the presently available direct determinations of f+(0) in lattice QCD,
not only for Nf = 2, but also for Nf = 2 + 1.

For fK/f!, Table 6 contains several simulations withNf = 2+1 dynamical quark flavours.
The latest update of the MILC program is reported in MILC 09A [51]. We use the results
quoted there when forming averages. Three further data sets meet the criteria formulated in
the introduction: BMW 10 [36] and HPQCD/UKQCD 07 [151] with Nf = 2 + 1 and ETM
09 [153] with Nf = 2 dynamical flavours. We ignore possible correlations due to the fact that
MILC 09A and HPQCD/UKQCD 07 have partly used the same set of gauge configurations
and apply the procedure outlined in section 2.2 to the three sets with Nf = 2 + 1. The
resulting fit is of good quality, with fK/f! = 1.193(4) and "2 = 0.6 for 3 data points and
1 free parameter. The systematic errors of the individual data sets are larger: 0.007, 0.007
and 0.006 for MILC 09A, HPQCD/UKQCD 07 and BMW 10, respectively. Following the
prescription of section 2.2, we replace the error by the smallest one of these numbers. Together
with the ETM 09 result for Nf = 2, our estimates thus read

fK/f! = 1.193(6) , (direct, Nf = 2 + 1) , (41)

fK/f! = 1.210(6)(17) , (direct, Nf = 2) .

It is instructive to convert the above results for f+(0) and fK/f! into a corresponding range
for the CKM matrix elements Vud and Vus, using the relations (34). Consider first the results
for Nf = 2 + 1. The range for f+(0) in (39) is mapped into the interval Vus = 0.2255(14),
depicted as a horizontal gray band in Figure 5, while the one for fK/f! in (41) is converted
into Vus/Vud = 0.2312(12), shown as a green band. The red curve is the intersection of these
two bands. More precisely, it represents the 68% likelihood contour, obtained by treating
the above two results as independent measurements. A Gaussian in f+(0) corresponds to a
Gaussian in the variable 1/Vus. Since the width is small, the distribution in the variable Vus is

34

From, FLAG working group of FLAVIANET, arXiv:1011.4408



Tensions

Laiho, Lunghi, Van de Water, Phys. Rev. D 81 (2011)

✤ Uncertainty in Vcb 
affects εK

✤ Inclusive/exclusive 
tension in Vcb

✤ As with Vub, exclusive 
“check” of inclusive 
result has exposed 
interesting “features”



CP asymmetry in flavour-specific Bs decays:

as,SMfs This work Ref. [2]

Central Value 2.11 · 10!5 2.06 · 10!5

!(|Vub/Vcb|) 11.6% 19.5%
!(µ) 8.9% 12.7%
!(z̄) 7.9% 9.3%
!(") 3.1% 11.3%

!(BR̃3
) 2.8% 2.5%

!(ms) 2.0% 3.7%
!(#s) 1.8% 0.7%
!(BR3) 1.2% 1.1%
!(mt) 1.1% 1.8%

!( !BS,Bs) 0.6% 0.4%
!(BR0) 0.3% !!!
!(BR̃1

) 0.2% !!!
!(BBs) 0.2% 0.6%
!(ms) 0.1% 0.1%
!(BR2) 0.1% !!!
!(BR1) 0.0% !!!
!(Vcb) 0.0% 0.0%"

! 17.3% 27.9%

Finally we also observe a large improvement for the CP asymmetry asfs. The overall
error went down from 27.9% to 17.3%. In asfs also the decay constant cancels, but in
contrast to !"s/!Ms we now have a strong dependence on the CKM elements. Here
we benefit from more precise values of the CKM elements. The central value for asfs
and the error are di#erent from the one quoted in Eq. (12), because in the table above
we have computed the CKM elements from the experimental range for |Vub| centered
around |Vub| = 3.92 · 10!3 (see Tab. 6 of Ref. [4]). In Eq. (12) the CKM elements are
calculated instead from the more precise result |Vub| = (3.56

+0.15
!0.20) · 10!3 of the global

CKM fit.
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Bs mixing

Tables from Lenz & Nierste, arXiv:1102.4274 (cf. L&N, JHEP 0706 (2007))

Anomalous like-sign di-muon asymmetry

AD0
SL = (!9.6 ± 2.5 ± 1.5) " 10!3

ALN
SL = (!0.20 ± 0.03) " 10!3

ASL = (0.506 ± 0.043)ad
fs + (0.494 ± 0.043)as

fs

ad
fs = (!4.1 ± 0.6) " 10!4

A discrepancy of ~3σ



determination of f 2
Bs
BBs . The situation for !"SM

s is similar:

!"SM
s this work Ref. [2]

Central Value 0.087 ps!1 0.096 ps!1

!(B !R2
) 17.2% 15.7%

!(fBs) 13.2% 33.4%
!(µ) 7.8% 13.7%

!( !BS,Bs) 4.8% 3.1%
!(BR0) 3.4% 3.0%
!(Vcb) 3.4% 4.9%
!(BBs) 2.7% 6.6%
!(BR̃1

) 1.9% !!!
!(z̄) 1.5% 1.9%
!(ms) 1.0% 1.0%
!(BR1) 0.8% !!!
!(BR̃3

) 0.5% !!!!
!("s) 0.4% 0.1%
!(#) 0.3% 1.0%

!(BR3) 0.2% !!!
!(|Vub/Vcb|) 0.2% 0.5%

!(mb) 0.1% 1.0%
"

! 24.5% 40.5%

For the decay rate di#erence we also find a strong reduction of the overall error
from 40.5% in 2006 to 24.5%. This is again due to our more precise knowledge of the
decay constant and the bag parameter BBs . However, in the MS-scheme for the quark
masses also the renormalisation-scale dependence is reduced. It is interesting to note
that now the dominant uncertainty stems from the value of the matrix element of the
power-suppressed operator R̃2 parametrised by BR̃2

.

12
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Appendix: Theory errors

In this appendix we give a detailed list of the di!erent sources of the theoretical
error for observables in the Bs mixing system. We compare this numbers with the
corresponding ones from Ref. [2], but slightly proceed in a di!erent way: In accordance
with Ref. [4] we use the MS scheme for mb, while in [2] we were using in addition
the pole scheme and our numbers and errors were averages of these two quark mass
schemes. The numerical values and uncertainties of the input parameters are taken
from Table 6 and Table 7 of Reference [4]. Contrary to Ref. [4] we do not use the
Rfit method for the statistical analysis in these proceedings, instead we simply add
di!erent uncertainties in quadrature.

mc(mc) = (1.286± 0.042) GeV and mb(mb) = (4.248± 0.051) GeV imply

z =
m2

c(mb)

m2
b(mb)

= 0.0474± 0.0033 . (25)

For the CKM angle ! we do not use the direct measurement given in Table 6 of
Ref. [4], but instead the direct bounds on "exp and #exp from the same table:

! = $ ! "exp ! #exp = 1.220± 0.077 = 69.9! ± 4.4!. (26)

In this way we find a precise value for ! from which new physics in B!B mixing drops
out. New physics can only change the value in Eq. (26) through novel electroweak
b " d penguin e!ects, which stay within the quoted error in all plausible models. We
calculate the CKM elements using Vus, Vcb, |Vub/Vcb| and ! as inputs.

The error budget for "MSM
s is as follows:

"MSM
s this work Ref. [2]

Central Value 17.3 ps"1 19.3 ps"1

%(fBs) 13.2% 33.4%
%(Vcb) 3.4% 4.9%
%(BBs) 2.9% 7.1%
%(mt) 1.1% 1.8%
%("s) 0.4% 2.0%
%(!) 0.3% 1.0%

%(|Vub/Vcb|) 0.2% 0.5%
%(mb) 0.1% !!!!

% 14.0% 34.6%

For the mass di!erence we observe a considerable reduction of the overall error from
35% in 2006 to 14% today. This is mainly driven by the progress in the lattice

11
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Bs mixing

Tables from Lenz & Nierste, arXiv:1102.4274 (cf. L&N, JHEP 0706 (2007))

R2/2̃ =
1

m2
b

[s̄!
!"
D"!µ(1 " !5)D"b!/#][s̄#/!!µ(1 " !5)b#]

✤ LQCD progress 
reducing fBs error by 
more than half

✤ Still dominant 
uncertainty in ΔMs

✤ Full NLO calculation 
requires dedicated 
effort



From Status to Prospects

✤ Checks w/ alt. LQCD formulations (actions, etc.) 

✤ Reduction of errors will occur via

✦ Further-improved actions (e.g. NRQCD/HISQ for B ➙ D)

✦ Nonperturbative operator matching

✦ Fine enough lattices for relativistic b



Rare B decays

✤ Talk by David Straub yesterday

✤ At large q2  hadronic physics is determined by            
B ➙ K(*) form factors (Buchalla & Isidori; Grinstein & Pirjol; 
Beylich, Buchalla, Feldmann)

✤ LQCD calculations of the relevant 10 form factors 
are being completed (Meinel, Liu, et al)

✤ Permits SM tests with more observables, those 
where form factors do not cancel (Bobeth, Hiller, van Dyk)



Beautiful baryon spectrum

Figure from Lin, Cohen, Mathur, Orginos (2009)
LQCD data also from: Lewis & Woloshyn, PRD 79 (2009); 
Detmold, Lin, Wingate, NPB (2009); Na & Gottlieb, PoS 
(2008)
Experimental bands: PDG (red), CDF (pink), D0 (purple)
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Splitting(Stat.)(Extrap.)(Scale) Experiment

Bs ! Bd 71.2(2.2)(1.2)(4.2) 87.1(0.6)

!b ! Bd 340(11)(8.1)(24) 341.0(1.6)

"b ! Bd 484.7(7.7)(6.2)(32) 513(3)

#b ! Bd 615(15)(12)(40) 554(3)

"!

b ! Bd 672(10)(9.1)(44) –

$b ! Bd 749.2(9.8)(9.0)(49) 786(7)/886(23)

!b ! Bs 261(10)(8.5)(19) 253.9(1.7)

"b ! !b 157.2(5.2)(3.4)(9.0) 172(3)

#b ! !b 274(13)(13)(17) 213(3)

"!

b ! !b 335(15)(10)(20) –

$b ! !b 414(12)(9.5)(25) 445(7)/545(23)

"!

b ! #b 62.6(2.6)(2.0)(3.9) –

$b ! "!

b 81.5(2.7)(3.4)(4.9) –

TABLE VI: Our consensus heavy-hadron splittings in units of MeV. The first error is statistical, the second is a systematic
associated with the mass extrapolation and the third is a systematic associated with the setting of the lattice scale.

This work

Detmold et al.

Lewis et al.

Na et al. !a!0.12 fm"
Na et al. !a!0.09 fm"
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FIG. 6: Comparison of mass splittings with all available 2+1-flavor lattice calculations of bottom baryons. The square (blue)
points are the points extrapolated using the $-mass reference scale; the solid error bars indicate the statistical error, and the
dashed bars indicate the total errors (including the estimated systematic ones). The solid (red) bars indicate the experimental
values given in the PDG, where available. For the $b, we show both the D0 result[5] (upper-right, magenta) and the CDF
result[67] (lower-left, purple).
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Rare Λb decay
!b ! ! !+!!

In the static limit, the 12 form factors reduce to only 2 form factors

Mannel, Roberts, Ryzak, Nucl. Phys. B 355, 38 (1991) 

✤ Future LQCD calculation of  f.f. at large Q2

✤ Baryons noiser than mesons, esp. pseudoscalars

✤ Hard to imagine ever calculating 1/m corrections

!!(p)|s̄" b|!b(p + q)" = ū!(p)
!
F1(q2) + /vF2(q2)

"
"u!b(p + q)



Conclusions

✤ Recent progress due to light quarks, use of EFT

✤ Further reduction of errors, relativistic b

✤ Meantime: other choices to confirm or expose 
hidden systematics

✤ Bs mixing

✤ Rare decays

✤ b baryons

CKM unitarity

FCNC





In our quest to discover and understand 
non-SM physics, we must . . . 

leave no stone unturned!


