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Motivation

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


I flavor basis
I EW interaction basis
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Motivation

flavor physics
determining the CKM matrix from a combination of Electro-Weak decays

can we do it?
I a lot of success

(MILC, HPQCD, ETMC, . . . )
I "only" involves (QCD)-stable hadrons

is it done?

No!
I puzzles!
I new aspects to

flavor physics
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Puzzles

size of CKM elements
I Vcb

I B → D ` ν [V exccb , R(D)]
I B → D∗(→ Dπ) ` ν

[V exccb , R(D∗)]
I B → Xc ` ν [V inccb ]

I Vub
I B → π ` ν [Vub]
I B → Xc ` ν

phases of CKM
I fully hadronic decays:

I B → Kπγ - history
I B → J/ψKβ

L,
I B → ππα, B → πρα, B → ρρα

rare decays
I B → K∗(→ Kπ) `+ `−

I Bs → φ(→ KK, ρπ)`+`−

I B → K `+ `−

... and many others ...
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Puzzles

flavor point of view
I properties of the current
I New Physics contribution
I Hadronic effects are a neccessary

evil

hadronic point of view
I effects of (hadronic) final states
I coupled channel effects
I do decays need to go through

resonances?
I how do the resonances behave in

these decays?

Two points of view on the same thing!
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New aspects?

what if in addition to going to very high precision on a few decays,
we also do reasonable precision on many decays?

For example: Determine Vub from B → π`ν, Λb → p`ν, B → ππ`ν, and
others?

→ More information, more insights and less risk of potentialy harmful
systematic effects...

... and lattice can do many of these things ...
((or we’re at least close))
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An Example: D → ππ(→ ρ)`ν

C. Alexandrou, S. Meinel, J.W. Negele, S. Paul, M. Petschlies, A.
Pochinsky, G. Rendon, S. Syritsyn

the final state dictates the complexity of the decay

H → V `ν, V → H1H2, H ′1, H ′2
I 3 angles
I 5 form factors
I `ν momentum transfer q2

I two-hadron invariant mass
√
s

I H1, H2, H ′1, H ′2

H → P`ν, P stable
I 2 angles
I 2 form factors
I `ν momentum transfer q2
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An Example: D → ππ(→ ρ)`ν

Tree Level SM

c

d

νl`−

W−

EFT, OPE

c

d

νl`−

Heff = GF√
2
Vcd
(
d̄γµc− d̄γ5γµc

)
l̄γµ(1− γ5)ν

[Feldmann B-Physik Workshop, Siegen 2014]
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An Example: D → ππ(→ ρ)`ν

zDW
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An Example: D → ππ(→ ρ)`ν

leads to very rich differential decay width
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√
q2

(
(m2

D −m
2
ρ − q

2)(mD +mρ)A1(q2
,
√
s)

− 4
m2
Dp

2
ρ

mD +mρ
A2(q2

,
√
s)
)

H±(q2
,
√
s) = (mD +mρ)A1(q2

,
√
s)∓

2mDpρ
mD +mρ

V (q2
,
√
s))

dΓ(D → ρ(→ ππ)`ν)
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[Richman, Burchat Rev.Mod.Phys. 67 (1995)]
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An Example: D → ππ(→ ρ)`ν
the lattice: part 1 (preliminary)

I RHQ charm quarks
[El-Khadra et al. 1996, Aoki et al. 2001 & 2003,

RBC/UKQCD 2012]

I tune mDs (PS) to experimental
value (1968.3(1) MeV)

I relativistic dispersion relation
c2 = 1.

I renormalization constant:
Zcq = 1.02054

I mostly nonperturbative method
[Hashimoto et al. PRD 61 (1999), El-Khadra et al. PRD 64 (2001)]

I d1 = 0.04305

JΓ(y) = Zcq(q̄(y)ΓQ(y) + d1q̄(y)Γ
3∑
i=1

γi(∇iQ)(y))
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An Example: D → ππ(→ ρ)`ν
the lattice: part 1 (preliminary)

Cp3 (tρ, tJ , tD) = 〈OD(tD, ~pD)OJ(tJ , ~q)Opππ(tρ, ~pρ)〉

Heff

d̄γ5u

ūγ5u

c̄γ5u

Heff

d̄Γiu c̄γ5d

optimized three point functions:

Ωn3 (tJ ,∆t) = v(n)
p Cp3 (tJ ,∆t = tρ − tD)

determine (finite volume matrix elements):

〈n,Λ, r, ~pρ|JV,A(~q)|π, ~pπ〉
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An Example: D → ππ(→ ρ)`ν
the lattice: part 2 (preliminary)

the matrix elements at (0.43838, 0.31339) with (B2, (0, 1, 1))
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An Example: D → ππ(→ ρ)`ν
the lattice: part 2 (preliminary)

the matrix elements at (0.48269, 0.195071) with (A2, (1, 1, 1))
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An Example: D → ππ(→ ρ)`ν
the lattice: part 3 (preliminary)

map the matrix elements from FV to IV
[Lellouch & Lüscher 2001, ..., Briceño, Hansen & Walker-Loud 2014, Feng, Christ, Martinelli & Sachrajda 2015]

|〈n,Λ, r, ~pρ|Jµ, ~q|D, ~pD〉(q2,
√
s)|2IV

|〈n,Λ, r, ~pρ|Jµ, ~q|D, ~pD〉|2FV
= 32πED

√
s

k

[
∂δ1(
√
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]
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[Alexandrou et al. PRD 2017]
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An Example: D → ππ(→ ρ)`ν
the lattice: part 4 (preliminary)

(a
q)

2

0.10
0.15
0.20
0.25
0.30
0.35
0.40

a
√
s

0.400.420.440.460.480.500.520.54

V
(q

2, √
s)

0

50

100

150

200

250

300

350

[z-expansion(1-pole) + BW + some residual
√
s dependence]



Luka Leskovec

An Example: D → ππ(→ ρ)`ν

I known very well experimentally [FOCUS, hep-ex/0509027]

I maybe we can chime in on the one-pole vs two-pole discussion [Fajfer &

Kamenik, hep-ph/0601028]

I use as a check of the methodology (Vcd known very well)
I (potential interplay with experiment?)
I crucial: cannot treat ρ as stable
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Other decays

(from M. Neubert Moriond 2017)
I B → Kπ(→ K∗(892))`+`−
P ′5: (2-3 σ), RK∗ : (2.5 σ)

I B → D∗τν
dΓ
dq2 : (3.5 σ)

I Bs → φµ+µ−

rate: (suppressed at 3.5 σ)
I 3 σ tension in Vub exclusive vs. inclusive
I 3 σ tension in Vcb exclusive vs. inclusive
I (and µ g − 2, K physics)

Is it New Physics? Maybe. But ...

Maybe the Standard Model has some surprises for us?
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Conclusions

I multi-hadron system represent a whole new opportunity in
electroweak decay studies

I a plethora of decays to investigate with QCD
I still issues though: long-distance effects in general
I also issues: sometimes resonances couple to three particles

I it can provide additional observables that can be compared to
experiment

I (better control of systematics)

I semileptonic decays can be done
I rare decays can be done
I fully hadronic? a bit harder
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Thank you :)


