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CKM mechanism: mixing of mass and weak eigenstates
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In practice, go to next order p = p (1 — ?) n=mn <1 _ _>
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Progress constraining CKM

«¢* Remarkable progress over past 20 years

¢* In addition to precise experimental results, “modern era of
LQCD”

¢* Further reduction of errors requires further precision in LQCD
% Issues to confront

4+ Matching error or mp extrapolation error

4+ Discretization errors

4+ Electromagnetic effects



Rare decays

% b = s decays occur only at 1-loop level in Standard Model:
Room for new physics?

¢* Following initial results from CDF, LHC experiments (esp LHCb))
are making impressive measurements of rare, semileptonic
decays

¢* There are a few tantalizing discrepancies with SM predictions

¢ Significant effort from theory remains to quantify and reduce SM
uncertainties



Low energy description of b = s decays

AG
Ao = —7;‘“‘4’2%2(0@ + Cl0OY)

In the Standard Model, i =1, ..., 10, S, P with known Wilson b
coefficients Ci;. Beyond SM, chirality-flipped operators are w
allowed and the C;®) depend on the model of new physics LY

Most important short-distance effects in b = sll come from 2-quark operators:

2 2
g € ‘) _ & _ nu 72
Oy’ = Tomz 57" Pr,(r)b 0,0 O = T2 57" Pr(r)b £y, vs5¢

1671'2

Charmonium resonance effects arise from:

O, = Ea'y“PLbﬁ §BW“PLCQ O- ~+* Pr,b” 5P “PLC



Dramatis Personse

¥ Pseudoscalar meson in final state

b= Kuu

¥ Vector meson in final state
B =K uu
Bs=> @ uu

o Baryon in final state

Ap=>Ap'p



Dramatis Personse

¥ Pseudoscalar meson in final state

b= Kuu

¥ Vector meson in final state
B =K uu
Bs=> @ uu

o Baryon in final state

Ap=>Ap'p

Simple & precise.

Complicated but
important. Loose ends
still to be tied up.

Simple. Relatively
uncertain, but growing
more precise.



B = K form factors (pseudoscalar)

R e e e A D)

(K(k)|50""q,b|B(p)) = i@ @*(p+ k)" — (mp — mk)q"]

mp + Mk

¢ “Golden” (“simple”) matrix elements: QCD-stable |7 ) and |f)
states

¢* Observables: differential branching fraction dI'/dgz2,
forward/backward asymmetry Arg (zero in SM), and “flat term”
Fr



B =V (K*/@) form factors (vector)
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Ap => A form factors (baryon)

In general

B - 1wt q, q" |
(AlsyblAs) = an |£Vv = 1T gy Ly

b

Als~v*~=bl|A — _Au_ Aia qv Aq“-
(A|5vHvsb|Ap) = ua | fiY e + f3 V5UA,

i Ha2 _ M [T
(Alsic™ qblAy) = a [fTV L~ prv 4
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In the mp = o limit

(A(p’, )3T Q |Aq(v,0,s)) = a(p,s")[F1(p"-v)+9iF2(p’-v)|[T U(v, s)




B = K form factors
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(using NRQCD-+HISQ valence on MILC n=2+1 asqtad)

C. Bouchard et al., arXiv:1306.0434, arXiv:1306:2384
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Horgan, Liu, Meinel, Wingate, arXiv:1310.3722



Ap => A form factors

. . . 1.5F
Static limit, mp=—> = —h
1.0F 2
a=70
0.5 m. = 138 MeV
(using Static+ DWF on n/=2+1 et
RBC-UKQCD) |
—0.5F | | |
0.0 0.2 0.4 0.6

In the static limit, 10 form factors reduce to 2
(A(p’,8")|3TQ |Aq(v,0,5)) = @(p’,s")[Fi(p'-v) +9F2(p"-v)|T U(v, s)

W Detmold, C-J D Lin, S Meinel, M Wingate, Phys Rev D87 (2013)

Physical mp:

Preliminary results in S Meinel, Lattice 2013, arXiv:1301.2685



Form factor error budgets

B=Kuu
democratic mix of:
statistical+discr.+chiral+inputs 4-6%

HQ operator matching 4%
/ p => / IL[+lL[_ statistics (zero-higher recoil) 1-5%
HQ operator matching 6%
finite V 3%

(additional 8% included in BF. due to use of
static approximation)

B = K pu (Bs=>ou'p)

statistical 4-8% (4-5%)
HQ operator matching 5%



B =>K*/@p complications

«* K* and ¢ are unstable resonances, while the present calculation so far
assumes a narrow width approximation. Difficult to quantify associated
quark mass and finite volume uncertainties.

¢* Quark mass effects not significant compared to present statistical
uncertainties

¢* Bricefio, Hansen, Walker-Loud (arXiv:1406.5965) developed a framework for
LQCD study of full B = K*(Kx/Kn)uu and Bs = @(=>KK)uu decays.
Technically demanding to carry out.

¢* Possible consistency check (assuming SM b = u): |Vus| from B = plv and
Bs = K*lv

¢* Important to remember B = K*/@ f.f. not of same standard as “simple” or
“golden” or LQCD quantities

¢* Good first step for B = K*/¢ in modern LQCD era, with prospects for
eventually removing assumptions, complements/improves upon LCSR
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Dominant theory error due to use of LO HQET (static action)
Improved calculation (w/ RHQ) underway (Meinel, Lattice 2013)

Detmold, Lin, Meinel, Wingate, Phys Rev D87 (2013)
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LHCD, R Aaij, Phys. Lett. B 725 (2013) [arXiv:1306.2577]



http://www-cdf.fnal.gov/physics/new/bottom/bottom.html

x10~7

Branching fractions

dB/dq* GeV~*

1.0 |
SM
binned

o5l 4 LHCb |

7% 0.6}

3

N@

< *
9 0.4}

e

0.2}

BO N K*O/L+/L_

043 | ‘ | 15 19

¢* (GeV)?
Theory:

1.0 |
SM
binned

ol 4 LHCb |

0.6}

0.4}

0.2

Bi _ K*iMJrlu—

093 | | | 185 19

x10~7

¢* (GeV)?

Horgan, Liu, Meinel, Wingate, Phys. Rev. D (2013), arXiv:1310.3722
Horgan, Liu, Meinel, Wingate, Phys. Rev. Lett. (2014), arXiv:1310.3887
Horgan, Liu, Meinel, Wingate, Proc. of Science (LATTICE2014), arXiv:1501.00367

Experiment:

LHCb Collaboration, J. High Energy Phys (2013), arXiv:1304.6325
LHCb Collaboration, J. High Energy Phys (2014), arXiv:1403.8044
LHCb Collaboration, J. High Energy Phys (2013), arXiv:1305.2168

10 x10~7 ‘
SM
binned
o5l 4 LHCb ||
7> 0.6
[«D]
3
N@
=]
~_ ‘
0.4} }
3
0.2
_|_ _
043 | 16 17 18
¢* (GeV)?




Fit to low recoil data

Best fit: Cg* =-1.04+£06 C{=1.24+1.0

% C,, Cy’ assumed to be real

o Data in 2 highest g2 bins

DO OV H—~ @)
|

+ B = K*uu (neutral mode):
dB/dq2a FL: S39 S49 SS) AFB

+ Bs= @uu: dB/dq?, Fi, Ss

2 5 1 0 1 2 3 o Theory correlations between
(NP observables & bins taken into
’ account

Likelihood function

Horgan, Liu, Meinel, Wingate, PRL 112, arXiv:1310.3887



Altmannshofer & Straub,
arXiv:1308.1501



Descotes-Genon, Matias, Virto [PRD88, 074002, (2013), arXiv:1307.5683]
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FIG. 2: Comparison between the SM predictions (gray boxes), the experimental measurements (blue data points) and the
predictions for the scenario with C'F = —1.5 and other C'¥' = 0 (red squares).

Agree with negative NP contribution to Cy. They do not find Cy’ + 0




Descotes-Genon, Matias, Virto [PRD88, 074002, (2013), arXiv:1307.5683]
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Beaujean, Bobeth, van Dyk, [Eur. Phys. J. C 74 (2014), arXiv:1310.2478]




Vio Vi | (A + T) o™ v + By 150

A,u = ——5 <K*’§iO'MV(C7PR—I—C§PL)b|B>

+ <K*| g’)/,u(CQPL -+ CéPR)b |B>

B, = (K*|59,(C1oPL + CioPr)b |B)

— 16772

q2

T = > G [dte ¢ (KH T 04(0) jiu(a) |B)

1=1...6:8

Affects all b = sll decays, regardless of initial /final hadrons




Ol

OPE at large g>

Zmb
q
L0 <aSA A2 m?

C
9 27

my My qg? ) Grinstein & Pirjol, PRD 70, 114005 (2004)

T, = —T%(q?) q”(I_(*|.§ia'u,,PRb|B) —|—T9(q2)(K'*|§'yuPLb|B>

First correction in expansion (m¢?/q?) simply augments C-¢f and Cy¢'! : Buras,
Misiak, Miinz, Pokorski (BMMP) = Grinstein, Pirjol (GP)

Order asA/my corrections calculable on lattice
éeﬁ) — sI'tDh,

S

Local duality: bin observables in g2

Duality violations estimated to be small (~2% in model): Beylich, Buchalla,
Feldmann, [Eur. Phys. J C71, 1635 (2011), arXiv:1101.5118]

On the other hand, Lyon & Zwicky [arXiv:1406.0566] claim charmonium
resonances can have a much larger effect, even on binned observables: “complete
breakdown of factorization”




Lepton flavor non-universality?

B(B — D™ 1i)
B(B — D®)¢p)

R(D™) =

R(D) = 0.440 £ 0.058 £+ 0.042 ~1_9 BaBar, PRL 109 (2012)
R(D*) = 0.332 +0.024 £ 0.018 |~ 7] FNAL/MILC, PRL109 (2012)

_ (B(BT = KTp"p™))g2 bin
(B(BT - KTeTe—))q2bin

K

Ry = 0.74570:029 4+ 0.036 2.60 LHCb, PRL 113 (2014)

1 < q® <6 (GeV?)

[ Lepton flavor violation?

B(h — Tu) = (0.89703)% CMS, CMS-PAS-HIG-14005 ]



Conclusions

¢* LQCD vital to constraining CKM parameters
¢ From 2013: b = s form factors from unquenched LQCD
4+ Direct access to low-recoil region

4+ Measured differential branching fractions are consistently smaller
than SM results in high g2 bin(s)

4+ Improvement for Ap = Auu is underway

4+ Fully-controlled calculation for B = K*uu and Bs = @uu will take
time

o Interesting hints in LHC flavor physics data!



B = K* form factors
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