Semileptonic B, decays

Oliver Witzel
(RBC-UKQCD collaborations)

@]l University of Colorado
Boulder

CIPANP 2017, Palm Springs, CA, June 01, 2018



BNL/RBRC

Mattia Bruno

Taku lzubuchi
Luchang Jin
Chulwoo Jung
Christoph Lehner
Meifeng Lin

Hiroshi Ohki
Shigemi Ohta (KEK)
Amarjit Soni

Sergey Syritsyn

U Connecticut

Tom Blum
Dan Hoying
Cheng Tu

RBC- and UKQCD collaborations

Columbia U

Ziyuan Bai
Norman Christ
Duo Guo
Christopher Kelly
Bob Mawhinney
David Murphy
Masaaki Tomii
Jiqun Tu

Bigeng Wang
Tianle Wang

U Colorado Boulder
Oliver Witzel

Peking U
Xu Feng

U Edinburgh

Peter Boyle
Guido Cossu
Luigi Del Debbio
Tadeusz Janowski
Richard Kenway
Julia Kettle
Brian Pendleton
Antonin Portelli
Tobias Tsang
Azusa Yamaguchi

KEK
Julien Frison

York U (Toronto)
Renwick Hudspith

U Southampton

Jonathan Flynn
Vera Gilpers

James Harrison
Andreas Jittner
Andrew Lawson
Edwin Lizarazo
Chris Sachrajda

U Liverpool
Nicolas Garron



BNL/RBRC

Mattia Bruno

Taku Izubuchi
Luchang Jin
Chulwoo Jung
Christoph Lehner
Meifeng Lin

Hiroshi Ohki
Shigemi Ohta (KEK)
Amarjit Soni

Sergey Syritsyn

U Connecticut
Tom Blum
Dan Hoying
Cheng Tu

RBC- and UKQCD collaborations

Columbia U
Ziyuan Bai
Norman Christ
Duo Guo
Christopher Kelly
Bob Mawhinney
David Murphy
Masaaki Tomii
Jiqun Tu
Bigeng Wang
Tianle Wang

U Colorado Boulder
Oliver Witzel

Peking U
Xu Feng

U Edinburgh

Peter Boyle
Guido Cossu
Luigi Del Debbio
Tadeusz Janowski
Richard Kenway
Julia Kettle
Brian Pendleton
Antonin Portelli
Tobias Tsang
Azusa Yamaguchi

KEK
Julien Frison

York U (Toronto)
Renwick Hudspith

U Southampton

Jonathan Flynn
Vera Giilpers

James Harrison
Andreas Jiittner
Andrew Lawson
Edwin Lizarazo
Chris Sachrajda

U Liverpool
Nicolas Garron



introduction



introduction Bs — Kév

Bs — Dglv conclusion
Why B meson decays?

18 [ T e
» Alternative, tree-level determination of |V, Y %
1.0 Y -
and | V| from Bs — Dglv and B; — K{v E P Amgé AMs |
05 ]
. Commonly used B — 7fv and B — D™y F Amg - 4
— Long standing 2 — 3¢ discrepancy between = oo o
exclusive (B — wfv) and inclusive (B — X, 0v) 50 4 A
— B — 7v has larger error C e ]
-1.0 - v K -
. . ) 3 - t sol.w/cos2B<0
— Alternative, exclusive (A, — plv) determination e ‘ W Ak
[Detmold, Lehner, Meinel, PRD92 (2015) 034503] 18 es oo o5 10 15 20

p

[http://ckmfitter.in2p3.fr]


http://ckmfitter.in2p3.fr
http://dx.doi.org/10.1103/PhysRevD.92.034503
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Why B meson decays?

Bs — Dslv

conclusion

[HFLAV]

==

— — T
BaBar, PF\’ILlOQ,lOlSOZ(ZOlZ) '
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017

Average

————
Ax? = 1.0 contours

=== SM Predictions
R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

POC) = 715%
L L

x .

» Alternative tests of lepton flavor violations % 0.55
— Determine e.g. RDS(*) from B decays 0'455_
to compare with Rp(.) from B decays 04F
c_ dT(B > DWru,)/d? R

P dr(B — D) uwy,)/d2 03[

0.25F

» While SM prediction shown has small error, 0125_
value for Ry is a pheno. estimate .

» Nonperturbative lattice calculation favor B; over B decays (higher precision)

o
N

» Only the spectator quark differs: R,..) may be a good proxy for Rp)

0.6
R(D)
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https://hflav.web.cern.ch
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| Vip| from exclusive semileptonic B; — K{v decay

14
q2 = Més + M;z( - 2MBSEK
1%

o
<

B, = K

S

» Conventionally parametrized by (neglecting term oc m2f3)

dr(Bs—K/tv G2 2 3/2 2 2
) = s | (M, + MR — 62)° = 4MB, MR | < I£(62) X Vi

experiment known nonperturbative input CKM
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Nonperturbative input

» Parametrizes interactions due to the (nonperturbative) strong force
» Use operator product expansion (OPE) to identify short distance contributions
» Calculate the flavor changing currents as point-like operators using lattice QCD
= Nonperturbative calculation: lattice QCD

— Additional challenge mp, = 4.18GeV ~ 1000 x my
m. = 1.28GeV ~ 270 X my
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» RBC-UKQCD's 2+1 flavor domain-wall fermion and lwasaki gauge action ensembles

— Three lattice spacings a ~ 0.11 fm, 0.08 fm, 0.07 fm; one ensemble with physical pions
[PRD 78 (2008) 114509][PRD 83 (2011) 074508][PRD 93 (2016) 074505][JHEP 1712 (2017) 008]

» Unitary and partially quenched domain-wall up/down quarks
[Kaplan PLB 288 (1992) 342], [Shamir NPB 406 (1993) 90]

» Domain-wall strange quarks at/near the physical value
» Charm: Mobius domain-wall fermions optimized for heavy quarks [Boyle et al. JHEP 1604 (2016) 037]
— Simulate 3 or 2 charm-like masses then extrapolate/interpolate

» Effective relativistic heavy quark (RHQ) action for bottom quarks
[Christ et al. PRD 76 (2007) 074505], [Lin and Christ PRD 76 (2007) 074506]

— Builds upon Fermilab approach [El-Khadra et al. PRD 55 (1997) 3933]
— Allows to tune the three parameters (mga, cp, ¢) nonperturbatively [PRD 86 (2012) 116003]
— Smooth continuum limit; heavy quark treated to all orders in (mpa)”


http://dx.doi.org/10.1103/PhysRevD.78.114509
http://dx.doi.org/10.1103/PhysRevD.83.074508
http://dx.doi.org/10.1103/PhysRevD.93.074505
https://doi.org/10.1007/JHEP12(2017)008
http://dx.doi.org/10.1016/0370-2693(92)91112-M
http://dx.doi.org/10.1016/0550-3213(93)90162-I
http://dx.doi.org/10.1007/JHEP04(2016)037
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.074505
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.074506
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.014502
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.116003
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Bs; — K/{v form factors

» Parametrize the hadronic matrix element for the flavor changing vector current V#
in terms of the form factors £, (g?) and f(q?)

M2 _M2 M2 _M2
(KIVHIBS) = £.(q) (h, + Pl — “BZ™5qm ) + fo(?) "B g
t

to Usink

» Calculate 3-point function by
— Inserting a quark source for a “light" propagator at ty
— Allow it to propagate to tsnk, turn it into a sequential source for a b quark
— Use another “light” quark propagating from t; and contract both at t

conclusion
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Bs — Keév

Determining B; — K{v form factors f, and fy on the lattice
» Updating calculation [PRD 91 (2015) 074510] with new values for a—! and RHQ parameters

» New analysis directly fitting form factors and accounting for excited state contributions

» On the lattice we prefer using the Bs-meson rest frame and compute
fi(Ex) = (KIVOB.)/\/2M5, and  f.(Ex)pic = (K|VI|B.)/ /2,

» Both are related by
Ex)fi(Ex) + (Eg — Mg)fL(Ek)]

= e (Mg, -

fb(qQ) - Mé —Mf(

L [f(Ek) + (Mg, — Ex)f(Exk)]

f+(q2) = N



http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.074510
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Chiral-continuum extrapolation using SU(2) hard-kaon xPT

5.0

4.5

2\ 1 (1) 4.0
fL(MK,EK,a)——EKJrACJ_ “ 35
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f\I(MKa Ek, 32) = EKlJrA Cﬁl) 0.7¢

2

M2 E2 5
x[1+ gy + P + <P+ 5 + D7

FEE My

0.6

5f) (2) Mg B E (4) Ex (5) 22
X [1 R s e T v = I e = M v e /\Zaag‘2

N M,

0.5+

BK
|

0.4+

=== === =y
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Ej /M,

with df non-analytic logs of the kaon mass
and hard-kaon limit is taken by My /Ex — 0
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Estimate systematic errors due to 1Y
. . _ 6.0 preliminary
» Chiral-continuum extrapolation ~=5.0
— Use alternative fit functions ;E 401
— Impose different cuts on the data QT: 30—
N: e
» Uncertainties of the lattice spacing (a—1) Q20— | |
N Repeat the fit Varying a1 by its uncertainty 1.0F ] T 777:

077718 19 20 21 22 23

— Estimate effect of higher loop corrections g% [GeV?]

» Uncertainty of the renormalization factors

» Discretization errors and uncertainties of light and heavy quarks
— Vary by uncertainty
— Carry out additional simulations to test effects on form factors

» Finite volume, iso-spin breaking, ... ifu” error budget

11/19
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Graphical error budget (plots from previous analysis!)

1 1 1 1 1 1 1
120 | foK - statistichPRD 91 (2015) 074510] 120 BK - statistics [PRD 91 (2015) 074510]
+ mm chiral-continuum extrapolation 0 mm chiral-continuum extrapolation
mm lattice-scale uncertainty mm lattice-scale uncertainty
100 - o - 10 100 o - 10
mm renormalization factor mm renormalization factor
wm HQ discretization errors wm HQ discretization errors
“T 80 LQ and gluon discretization errors —_ “T 80 LQ and gluon discretization errors —_
=, other systematics X =, other systematics X
o F 8 = o L 8 »
s 60 - g s 60 g
| weoog w
& 40 6
4 20 4
2 2
0 T T T T T T T 0 T T T T T T T
17 18 19 20 21 22 23 17 18 19 20 21 22 23
¢ [GeV?] ¢ [GeV?]

» Read off values for “synthetic” data points
— Use values in the chiral-continuum limit with uncertainties representing the full error budget
— Chiral-continuum extrapolation performed over range of our data

— Avoids parametrizing lattice artifacts in kinematic expansion

12/19


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.074510
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.91.074510
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Kinematical extrapolation (z-expansion)

» Map g2 to z with minimized magnitude in the semileptonic region: |z| < 0.146

2
>y Vil b = (MpE M)
Z(q atO) - \/1—q2/t++\/1—l’0/f+ with ty = topt = (MB + Mﬂ)(\/WB — \/W)z

3.0 [Boyd, Grinstein, Lebed, PRL 74 (1995) 4603]

2 5 + f+ preliminary +§ [Bourrely, Caprini, Lellouch, PRD 79 (2009) 013008]
: tfo 1
2.0 » Express f, as convergent power series
E 15 ' : » fy is analytic, except for B* pole
1.0 . .3 » Exploit kinematic constraint fy = fy at g° =0
0.5 T » Use HQ power counting to constrain size of
0.0 ‘ f, coefficients

o 5 10 15 20 25
q* [GeV?]
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
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Kinematical extrapolation (z-expansion)

» Map g2 to z with minimized magnitude in the semileptonic region: |z| < 0.146

3.0
2.5
2.0
1.5
1.0
0.5
0.0

f+/0

V1= /ti—y/1-to/t}

ty = (Mg £ M,)?
to = topt = (MB + Mﬂ)(\/ Mg — +/ Mﬂ—)2

2 _
Z(q ,tO) - \/1_q2/t++\/1_t0/t+
I+ preliminary +
fo 3
/
0 5 10 15 20 25
g% [GeV?]

[Boyd, Grinstein, Lebed, PRL 74 (1995) 4603]
[Bourrely, Caprini, Lellouch, PRD 79 (2009) 013008]

» Allows to compare shape of form factors

— Obtained by other lattice calculations
[HPQCD PRDY0 (2014) 054506]

— Predicted by QCD sum rules and alike

» Combination with experiment leads to the
overall normalization: |V/,;|
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.4603
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.013008
http://dx.doi.org/10.1103/PhysRevD.90.054506
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| Vep| from exclusive semileptonic Bs — Ds/v decay

l
q* = Mg, + Mp, — 2Ms, Ep,
1%

o
ol

Bs ‘ D,

S

» Conventionally parametrized by (neglecting term oc m2f3)

dr(Bs— Dslv G?2 2 3/2 2 2
( dq? ) = 1927r3FMgs [(Més + Mgs - q2) - 4M§5M%5:| X |f+(q2)| X ’ VCb’

experiment known nonperturbative input CKM
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Charm extra-/interpolation for By — Dg/v
preliminary

» Simulate charm quarks using DWF
— Similar action as for u, d, s quarks =
— “Fully” relativistic setup simplifies renormalization

— Established by calculating fp
[Boyle et al. JHEP 1712 (2017) 008]

0.
» Coarse ensembles 0666666669%%

— Linearly extrapolate three charm-like masses
preliminary

» Medium and fine ensembles
— Interpolate between two charm-like masses

» Analysis of data at third, finer lattice spacing
will help to better estimate uncertainty

o.o.a.@.e.e.é.o.a.e.g.]5'36
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https://doi.org/10.1007/JHEP12(2017)008
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Chiral-continuum extrapolation

» No light valence quarks, no need for xPT
» Account for dependence on

— charm quark mass

— lattice spacing

— light sea-quark mass

ag + arMp, + and® + a3M,%

f =
(9,2) 1+ a4q2//\/lés

Bs — Dslv

conclusion

570

9.0

9.5

16.0 16.5
¢ /GeV?

11.0

115

12.0

(Only stat. errors for data points and central value of extrapolation)
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Conclusion

» In the final stages to complete B; — K{/v and By — Ds/v form factor calculation
— As usual, carefully estimating all systematic uncertainties is tedious
— Can even require additional simulations

» Our lattice calculation also includes
B — 7wy, B— wtti~
— B — K*T4~
— B — DXy
- B — K*{T 4~
- Bs — D} v
— Bs — ol 0~
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Resources and Acknowledgments
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2+1 Flavor Domain-Wall Iwasaki ensembles

L a~1(GeV) amy ams  M;(MeV) # configs. #sources

24 1.784 0.005 0.040 338 1636 1 [PRD 78 (2008) 114509]
24 1.784 0.010 0.040 434 1419 1 [PRD 78 (2008) 114509]
32 2383 0.004 0.030 301 628 2 [PRD 83 (2011) 074508]
32 2383 0.006 0.030 362 889 2 [PRD 83 (2011) 074508]
32 2.383 0.008 0.030 411 544 2 [PRD 83 (2011) 074508]
48 1.730 0.00078 0.0362 139 40 81/1* [PRD 93 (2016) 074505]
64 2.359 0.000678 0.02661 139 — —  [PRD 93 (2016) 074505]
48 2.774 0.002144 0.02144 234 70 24 [arXiv:1701.02644]

* All mode averaging: 81 “sloppy” and 1 “exact” solve [Blum et al. PRD 88 (2012) 094503]
» Lattice spacing determined from combined analysis [Blum et al. PRD 93 (2016) 074505]

» a: ~0.11 fm, ~ 0.08 fm, ~ 0.07 fm


http://dx.doi.org/10.1103/PhysRevD.78.114509
http://dx.doi.org/10.1103/PhysRevD.78.114509
http://dx.doi.org/10.1103/PhysRevD.83.074508
http://dx.doi.org/10.1103/PhysRevD.83.074508
http://dx.doi.org/10.1103/PhysRevD.83.074508
http://dx.doi.org/10.1103/PhysRevD.93.074505
http://dx.doi.org/10.1103/PhysRevD.93.074505
http://arxiv.org/pdf/1701.02644.pdf
http://dx.doi.org/10.1103/PhysRevD.88.094503
http://dx.doi.org/10.1103/PhysRevD.93.074505

Flavor Lattice Averaging Group



Lattice determinations of B, — K/v form factors

07 FAG2016 [
fff verage » Two independent calculations
06 - f RB%/S&?)EB 18 e Diff t acti
E + RBC/UKQCD 18 — Different actions

~ o5 | fo REC/UKQED 15 =+ | _, Different gauge field ensembles
=z I }i = Entirely uncorrelated
S04 [ gl
B3
) » Combined analysis by FLAG
n 03 i

02 [ % i3 %5 il

0.1 1 1 1 1 1

03 0.2 0.1 0.0 0.1 0.2 03

. FLAG2016
Z(qzv topt) [ ]


http://dx.doi.org/10.1140/epjc/s10052-016-4509-7

Lattice determinations of | V| and |V

3
FAG2016 FIG2016 IViplx10
! ' ' T Jfo BCI{ fit +
L0 g oSk o B s = B (BaBar)
7. FNALMICC 35 et 9 —— B—1v (Belle)
f+ RBC/UKQCD 15 H—4— Z|
cos b s e
S BaBar untagged 12bin —x— | estimate for Nr=2+1
= BaBar untagged 6bin —%— -
o 1 Belle tagged 13bin F—*— * [ B—ntv
To6 - 5 Bl e e o | 1 = B-w(BaBar)
a B—1v (Belle)
B — v = % %
ml S0l T |
. 3 -3 i o s Btv(BaBar)
rﬁ%‘g Z — B—1v (Belle)
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02 | ~ p
| L L L L 0 e~ HFAG Inclusive
<
5
03 02 01 00 01 02 03 €730 35 40 45 50 55 60
2(q° topt)
3
1.3 FAG2016 FIAG2016 IVeulx10
- T T T T T T
fo BCL fit
J4 BCL fit
12 _E PR -
T 7o HPQCD 15 8 T —— B—Dev
11 = fo FNAL, Mglczxu%g e _| N
- aBar [ ! .
) } Belle 2016 z e B-D"¢v
S0 b 4
B — Dtv 209 -% i b b
= o % L o BoDnv
Sos | o % i i
. 8
07 iy = £
o 3 e HFAG inclusive
06 | | | | | | 5 [FLAG2016]
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http://dx.doi.org/10.1140/epjc/s10052-016-4509-7
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