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Background



Motivation

I Semileptonic decays are an important input to determinations of

CKM matrix elements.
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I ∃ number of tensions in B decays that point to e.g. lepton flavour

violation, for example in B → D∗ and B → D.
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Connection to B → D(∗)

I Bs → D
(∗)
s more feasible than B → D(∗) on the lattice, avoids

valence light quarks.

I b→ c transitions insensitive to spectator quark mass =⇒
Bs → D

(∗)
s ' B → D(∗).

hsA1
(q2max)/hA1(q2max) = 1.013(22) [Harrison et al. 1711.11013]

fs0 (m2
π)/f0(m2

π) = 1.006(62) [Monahan et al. 1703.09728]
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Heavy HISQ: A Recent History

I HISQ = Highly Improved Staggered Quarks [0610092]

I Successful at simulating light,strange & charm quarks.

I b quarks more difficult due to (amb)
2 discretization effects. Recent

calculations have used heavy-HISQ approach; simulate with light b’s

and extrapolate to physical b mass.
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I example - Bc → ηc form factors [Lytle et al. 1605.05645]
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Benefits of Heavy HISQ

SHISQ =
∑
x

ψ̄(x)

(
γ ·
(
∇µ(W )− a2

6
(1 + ε)∇3

µ(X)

)
+m

)
ψ(x)

I All normalization are done non-perturbatively - self-contained
calculations - no matching errors.

I NRQCD: O(α2
s, αs/mb, 1/m

2
b) matching errors.

I Fermilab: O(α2
s) matching errors.

I Heavy HISQ: No matching errors

I Fully relativistic

I Well controlled extrapolations to physical mb using HQET
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Calculation Details



Calculation Details

I Goal: Deduce Bs → Ds form factors f0,+ @ all q2, and Bs → D∗s form

factor hA1 @ zero recoil.

I We use the CSD3 cluster @ Cambridge, part of STFC’s DiRAC II

facility.

I 2nd Generation MILC Gluon Ensembles [1212.4768]:
I 2+1+1 flavours in the sea, using HISQ action
I Lüscher-Weisz Gauge action, improved up to O(Nfαsa

2).

a/fm N3
x × Nt aml ams amc amvals amvalc amvalh

0.0884(6) 323 × 96 0.0074 0.037 0.440 0.0376 0.45 0.5, 0.65, 0.8

0.05922(12) 483 × 144 0.0048 0.0048 0.286 0.0234 0.274 0.427, 0.525, 0.65, 0.8

0.04406(23) 643 × 192 0.00316 0.0158 0.188 0.0165 0.194 0.5, 0.65, 0.8

Masses tuned in Chakraborty et. al. [1408.4169].
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Correlation Functions

I Use random wall sources.

I Calculate 2- and 3-point correlation functions:∑
x,y〈Φ

†
D

(∗)
s

(x, 0)Φ
D

(∗)
s

(y, t)〉, ∑x,y〈Φ
†
Hs

(x, 0)ΦHs(y, t)〉,∑
x,y,z〈Φ

†
Hs

(x, 0)Jµ(y, t)Φ
D

(∗)
s

(z, T )〉.
I Extract 〈D(∗)

s |Jµ|Hs〉 from a simultaneous Bayesian fit.

I 2-point fit form:

CH(t) =

Nexp∑
k=0

|aHk |2(e−E
H
k t + e−E

H
k (Nt−t))

+(−1)t
Nexp∑
k=0

|aHok |2(e−E
Ho
k

t + e−Ek(Nt−t))
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Correlation Functions

I Use random wall sources.

I Calculate 2- and 3-point correlation functions:∑
x,y〈Φ

†
D

(∗)
s

(x, 0)Φ
D

(∗)
s

(y, t)〉, ∑x,y〈Φ
†
Hs

(x, 0)ΦHs(y, t)〉,∑
x,y,z〈Φ

†
Hs

(x, 0)Jµ(y, t)Φ
D

(∗)
s

(z, T )〉.
I Extract 〈D(∗)

s |Jµ|Hs〉 from a simultaneous Bayesian fit.

I 3-point fit form:

CJµ(t, T ) =

Nexp∑
k,j=0

(Ajke
−EHs

k
te−E

D
(∗)
s

j (T−t) +Bjk(−1)te−E
Bso
k

te−E
D

(∗)
s

j (T−t)

+Cjk(−1)T−te−E
Hs
k

te−E
D

(∗)
so

j (T−t) +Djk(−1)T e−E
Bso
k

te−E
D

(∗)
so

j (T−t))

〈D(∗)
s |Jµ|Hs〉 = 2A00

√
EHs0 ED

(∗)
s

0 /aHs0 aD
(∗)
s
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Currents & Normalizations

I Use only local HISQ currents.

I Bs → Ds : Use scalar S and temporal vector V0 currents.

S = ψ̄cψh , V0 = ψ̄cγ0ψh

S is absolutely normalized in HISQ. ZV0 fixed via Ward identity

between V0 and S @ zero recoil:

(MHs −MDs)ZV0〈Ds|V0|Hs〉 = (mh −mc)〈Ds|S|Hs〉

I Bs → D∗s : Use an axial vector current Ak = ψ̄cγ5γkψh. ZAk fixed via

Ward identity between axial vector and (absolutely normalized)

pseudoscalar [1311.6669].

MHsZAk 〈0|Ak|Hs〉 = (mh +mc)〈0|P |Hs〉

10



Form Factors

I From currents 〈D(∗)
s |Jµ|Hs〉 ≡ 〈Jµ〉, can deduce form factors.

I Bs → Ds :

f0(q2) =
mb −mc

M2
Hs
−M2

Ds

〈S〉

f+(q2) =
1

2MHs

δM 〈S〉 − q2ZV0〈V0〉
p2
Ds

(δM = (mh −mc)(MHs −MDs))

I Bs → D∗s :

hA1(q2max) = 2
√
MHsMD∗

s
ZAk 〈Ak〉
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Continuum & Heavy Mass Extrapolation

hA1(q2max) =

(
1 + p log

(
Mηh

Mηc

)) 2,2,2∑
i,j,k=0

bijk

(
ΛQCD

Mηh

)i (amh

π

)2j (amc

π

)2k

+

(
c0 + c1

ΛQCD

Mηh

+ c2

((amc

π

)2
+
(amh

π

)2))
(Mηc −Mphys

ηc )

+

(
s0 + s1

ΛQCD

Mηh

+ s2

((amc

π

)2
+
(amh

π

)2))
(M2

ηs −Mphys2
ηs )
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Continuum, Heavy Mass and Kinematic Extrapolation

f0,+(q2)

fHc
√
MHc

=
1− q2max/(MH

0,∗
c

)2

1− q2/(M
H

0,∗
c

)2

(
1 + p log

(
Mηh

Mηc
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Alz(q
2)l
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ΛQCD

Mηh

+ s2l

((amc

π

)2
+
(amh

π

)2))
(M2

ηs −Mphys2
ηs )

13



Results



Bs → D∗
s @ zero recoil
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Bs → Ds @ zero recoil
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Bs → Ds ∀q2
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Bs → Ds ∀q2

fBc
√
MBc multiplied out by fBc = 0.427(6)GeV [McNeile et al. 1207.0994]

and MBc = 5.3667(1)GeV from PDG.
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I This work:

f0(0) = f+(0) = 0.650(26)

(missing chiral & finite vol. errors)

I Monahan et al. (NRQCD)

1703.09728 :

f0(0) = f+(0) = 0.656(31)
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Conclusions

I Have obtained hA1(q2max) at zero recoil and f0,+ at all q2.

I Heavy-HISQ method in good agreement with other approaches e.g.

NRQCD.

I In future:
I R(D

(∗)
s )

I Find HQET insights, e.g. low energy constants lV ,lA,lP
I extend Bs → D∗s to non-zero recoil?
I B → D(∗)?
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thanks for listening!
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z(q2) definition

z(q2) =

√
t+ − q2 −

√
t+ − t0√

t+ − q2 +
√
t+ − t0

t+ = (MHs +M
D

(∗)
s

)2 , t0 = t− = (MHs −MD
(∗)
s

)2

I t0 chosen so that z(q2max) = 0.

I 0 < z < 0.06 for Bs → Ds,

0 < z < 0.05 for Bs → D∗s .
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M∗,0
Hc

poles

Have MHc from simulation for each heavy mass, but how to get M
H

∗,0
c

for

z-expansion?

I M0
Hc : ∆0 = MH0

c
−MHc = 0.429GeV [1207.5149], independant of

heavy quark mass. So just use

MH0
c

= MHc + ∆0

I MH∗
c

: ∆∗ = MH∗
c
−MHc → 0 in infinite mass limit by heavy quark

symmetry, so ∆∗ ' x/Mηh . Fix x at physical point, x = 0.508GeV2.

Then

MH∗
c

= MHc +
0.508GeV2

Mηh
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Priors for continuum, heavy mass and kinematic extrapolation

I f0,+(q2)/fHc
√
MHc :

p bijkl ci si

0(1) 0(2) 0(0.1) 0(0.1)

I hA1(q2max) :

p b0jk b1jk b2jk ci si

0(1) 0.93(1.40) 0.19(29) -0.25(50) 0(0.1) 0(0.1)

bijk priors inspired by HQET expression:

hA1 = ηA

[
1− lV

(2mc)2
+

2lA
2mc2mb

− lP
(2mb)2

]
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h+ for Bs → Ds
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f0(q2 = 0) for Bs → Ds
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f0,+(q2) vs. z
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Bs → Ds ∀q2, no ratio with fHc
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Bs → D∗
s @ zero recoil

3 4 5 6 7 8 9 10
Mηh[GeV]

0.7

0.8

0.9

1.0

1.1
h
A

1
(q

2 m
a
x
)

a ' 0.09fm

a ' 0.06fm

NRQCD[1711.11013]

NRQCD(B → D∗)[1711.11013]

Fermilab(B → D∗)[1403.0635]

Mηc Mηb

HPQCD Preliminary

20



HISQ Details

Fµ =
∏
ρ 6=µ

(
1 +

a2δ
(2)
ρ

4

)
Xµ(x) ≡ UFµUµ(x)

Wµ(x) ≡

Fµ −∑
ρ 6=µ

a2(δρ)
2

2

UFµUµ(x)

SHISQ =
∑
x

ψ̄(x)

(
γ ·
(
∇µ(W )− a2

6
(1 + ε)∇3

µ(X)

)
+m

)
ψ(x)

ε tuned to satisfy

lim
p→0

E2(p)−m2

p2
= 1
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