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introduction

semileptonic decays : probes of new physics = talks by lijima, Patel
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new physics? < e.g. Crivellin-Pokorski ‘18 : d*0" (go,,Rb) < F(Z — bb_) x 2

need deeper understanding of th. and/or exp't uncertainties

— theory side : form factors (FFs) describing non-perturbative QCD effects



introduction
published studies : review by Flavor Lattice Averaging Group ‘21
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Collaboration Ref. Ny, { ¢ T & &
FNAL/MILC 15 [554] 2+1 A % o * 0o v M_=165MeV, als 4.5GeV
RBC/UKQCD 15[555] 2+1 A o o o o , o .
HPQCD 06 552 241 A o o o o v ~ exprtalerrorlimited by statistics

= to be largely reduced by Belle Il

B—D¢v

HPQCD 15, HPQCD 17[605, 607]  2+1 A
both 2 FFs @ zero

FNAL/MILC 15C [604]  2+1 A K * v _
Atou 13 [601] 2 A x * — v & nonzero recoils
B—D*¢v

HPQCD 17B [609] 24+14+1 A O K & o Vv } only hAl out of 4
FNAL/MILC 14 603] 2+1 A x O * O v only @ zero-recoil

Fermilab/MILC ‘21 : 15t calculation of all SM FFs atw # 1 (1)
many on-going : HISQ (, DWQ) @ m,4 . B. B.decays = Lattice 21, DWQ@25



this talk
B—xtv, B—D®) ¢y FFs from JLQCD

e simulation method
. relativistic approach w/ DWQs

e B— D™y

« B— D*fv @ non zero recoils
— a comparison w/ Fermilab/MILC ‘21

« B— D¢{vtensor FF

e B— xtv

. current status and future prospect



simulation method



gauge ensembles
Mobius DWQs + link smearlng

simulation parameters I
- Ny=2 +1 037
- al< 25 36 45GeV ~ m,

+ m, <afew MeVw/N; ~ O(10) -«

by
+ no O(a?"*?!) errors QE
=

- M_= 230 MeV

+ D* % Drn
+ chiral log from a=0 HMChPT

- ML=4 0*"""""'
| 0 0.5 L0
+ M_L = 3 to directly check FVEs 2 X 100 [fm ]

— statistics < staggered-type
al < m,= need a careful treatment of heavy quarks
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“relativistic approach”

light and heavy DWQs

no matching to EFT

+ chiral symmetry

= not need explicit renormalizatio
for SM FFs

charmis OK: m.< a''s

fixed to physical mass

simulate 3 -6 m, <0.7a

= extrapolate to my .y, .
& m, dependence not large

N <

m /' m

o b

%

e & & o

0.0

.
a X 100 [fm]

other studies : Fermilab, RHQ, HQET, NRQCD, ...

w/ systematics very different from other studies




B—D"¢v decays



B—D()¢y form factors

“relativistic” convention
(DEIVH|B(p)) = folp+1 )+ f-(p—p)
(D*(p', )V B(p)) = ige" " €. plsp.
(D*(0' e)|A"[B(p)) = fe" + (€ - p)lar(p + )" + a_(p — p)"]

"HQET" convention |HQET)=|rel)/vM
(D(W)|VH|B(v)) = hy(w) (v+ ) +h(w) (v —2')"
(D*(v', ) |[V*|B(v)) = ihy(w) e v vg
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(D*(v',")|A"|B(v)) = ha, (w) (w+ 1) ™ — [hAQ(w) vH 4 ha,(w) fu’“} SERY

- 2 FFsfor B—>D¢v; 4 FFs for B>D*fv w/ ep«pp- = 0
- function of g? = (p - p')? < G%ax = (M-Mp)?> and wW=vVv' > 1



ratiO methOd (Hashimoto et al. '99)

e.g. 4 FFs for B>D*¢v

(D" (,0)[A"[B(0))(B(0)|A"|D" (2,0)) . h, (1) b )
D' (2,0)V,| D" (5,0))(B(O)NV[B(0)) ~ R (MR ~ °
(0 wp)A” @)D @O0 (0) _ b, (w

(D" (2,0)|A"™|B(0))(D" (:p.)|D" (&p,)) M (1)

<D"‘(a,pL )V1<'at)B(O)> _ h, (w) - B at rest

<D* (g,pL)Af'aUB(o» h, (W) - |pl2=01234
(0 (60, ALB(O) _ by, ot
(D"(e.p.)A'B(0)) Py (W)

do not need explicit renormalization for SM FFs w/ DWQs
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extracting FFs

V,[D)(BV,[B) — hy(1)

(D’

I Af+ A =8 I <= > € >
i ¢ =
095

At+Ar=12 g O |
Ar+Ar' =16 % 1 B D*
. At+Ar=20 i i
\\\‘:,1 /},-‘ /’ y S ; 3 ]
i L E i
b | 2 u = o J =t
= il

A|B){B|A|D")/(D

>0 0 <

« 4 values of source-sink
separation At+At’

- ~0.6-1.6fm
0.85— - : : :
I |« multi-exponential fit
:l.:;_r'] ~4.5GeV, fw"‘ ~ 300 MeV, = Sm_ oo lpl1 =4 Ip’[1 = {)l I <D* A| B>{1+ cotEeAl | C'e—AED*At'}
0 10 20 30 40

At

 large At+Af = ground state saturation

o small Ar+4¢ = statistical accuracy: e.g. 1 - 2% for h,,(w)
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continuum + chiral extrapolation

NLO HMChPT (Randall-Wise '92, Savage ‘01) + polynomial corrections

h (W) gz* T —
Alml — C+16722Dfn2 Ay Fog (M, AL A, )

+C,, (W—-1)+d,, (W—l)2 +¢,(W-1)e, +c.& +cC &  +CE, + Cam, G
M2,
(471' fn)

A M ?
e = . Tc: L . S:
=om St O

2! éa = (aAQCD )2 ’ ga = (amb )2

- singular correlation matrix = SVD cut, shrinkage < Fermilab/MILC
- one-loop radiative correction ny is explicitly included (Neubert '92)

* Op+p, = 0.53(8) (Fermilab/MILC "14) = small systematic error

- & - expansion : better convergence for light quark obs. (JLQCD '08)

« O((w-1)/m,) for h,y, h, & Luke's theorem 90 ; include O(1/m,?)



B—D"¢y form factors

]..0 I | T T T T I I I T T T
I %i 1.2_—
A e, i
0.8 pom ~125m O
-y om, lsﬁmc 7 . A a_l~2.5 GeV
¢ e Ny (W) ranicons - ogl A @ ~36Gev h, (W)
[ @ m,305m | % HPQCD '17 | F A d-a5Gey | |
L 1.00 l.v?)ﬁ 1.10 1.00 l.Oﬁw 1.10
|
0.0 i
A ME~SODM6V
1o M ~ 400 MeV 1
I 1 A M_~300MeV hA3 (W) ]
-1.01- O a M ~20Mev T3 .
100 1.05 1.10
w
- mild dependence on a, M_, m, mb
0
= all coefficients ¢y < O(1); > 50% error for c,, ¢, C, [except hy]

- extrapolation : reasonably controlled w/ ¥?/d.o.f. < 1



0.95

0.9

0.8%.
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M, dependence

T T T | T T T T T T I | | : : ) mild dependence
8 a’ [GeV] m, im ]
i O 25 1 - — suppressed lo
B hAL (1) 25, 156 | PP 9
O 36, 1
_ gL - no valence n
O 45 1
- W 45 244
e similar for other
w, FFs
w/ HQ g
N A+Q/A2—|v|§
A=A = M?
0 0.1 0.2 0.3 A:MD*_MD

2 2
M_"[GeV']
e D*—Dn = concave structure < statistical accuracy

e mild dependence = controlled extrapolation & B—xrfy



m, and a dependences

h, (1

0.90

0.85

' [GeV] M [MeV] -

2.5,
25,

vV
v 25
O

2.5,
3.6,
3.6,
3.6,

X Fermilab/MILC 14
% HPQCD ’17
< QCDSR: Gambino et al. "10

500 -
400
300 =
230 4
500
400
300

0.0

0.2

« turn out to be a few % effects
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A A
2m, M,
A=0.5GeV

- two a # 0 effects
— (aA)*™", (am/)*"

- (amy)®"

. consistency w/
QCDSR (?)

Gambino-Mannel-
Uraltsev 10

- reasonably controlled extrapolationin g, and a <& smallera?
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uncertainties

3 B ' — slatistical
— — systematic . ) .
Ah W SRR T —— correlation matrix
_ A& 4 - x-expansion r :
T o extrapolation form
- — - - multiplicative form
input: scale 1
2 — input: |- { mpUtS
: input: m_, a, mq, gD*Dn
/ ) inPUt: mb ’
I i fit form: €, ] | =
i - 7
- o — = fit form: M > polynomial COft.
1 [ o w—— -_: ...... fit form: M“ 2 ' add hlgher Order
FFFFFF -'"."._':::'__": — =" fit form: @~ . remove poorly
B e LTI == SNSRI determined term
el L LT e e R e e — ) . 3
5, aaten e 3 e f{t form: w J
e —————— e e FVEs - small by 2L's
900 1.05 1.10
W

- h,; : largest uncertainties — statistics and discretization — but 1-2 %

- other FFs . larger and more dominant statistical error
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synthetic data of FFs

synthetic data @ a=0 and physical mg’s

T T T T T T T T T T T T | T T 04 | T T T T T T T T T T T T | T T
6.0+ - I |
_ f(w) | g(w)
o gl § ’
sob = JLQCD % - —-= JLQCD
: O Fermilab/MILC 21 - O Fermilab/MILC 21
| I I 1 I | I I 1 1 | I I I I | I I non"n | 1 | | | | | | | ! | ! ! ! ! | I I
20 | T T T T T T T T | T T T T | T T 2.5 | T T T T | T T T T | T T T T | T T
- Fi(w)
18— — -
L 20—
16 -— JLQCD % 7 - -~ JLQCD % |
- O Fermilab/MILC "21 & - O Fermilab/MILC "21 .
| 1 | ] ] | ] ] 1 I | 1 ] | | | 1 | | | | i i | i i | | | | | | | | | |
1.00 1.05 110 RE LS00 1.05 110 115
W W

. relativistic FFs from HQET FFs
« w = 1.000, 1.050, 1.100 ( f), 1.030, 1.065, 1.100 (other FFs)
c.f. Fermilab/MILC : w = 1.03, 1.07, 1.17
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BGL parameterization

Boyd-Grinstein-Lebed parameterization ‘97

A E
T S S 7 o ) [ R
SOOI e A -

=[1.0,1.1], g% =[13.0,10.7] — z =[0.000, 0.012]

. Baschke factors P to factor out singularity
. outer functions ¢- leading to unitarity constraint X |a" |? <1
resonance masses, derivatives of VPFs same as Bigi-Gambino-Schacht 17

« W/0 unitarity constraint, but satisfied within errors

. w/ kinematical constraints @ w=1, w., (q>=0)
F1(1) = (Mg-Mp) £(1), Fo(Winae) = (1+1) F1(Wine) / Mg? r(141)(1+ Wiy )

- test quadratic exapansion : Ny, N, Ny, N = 2



BGL parametrization of FFs

= |  (R49))
CI I . s S I I :
(Pod F)(2) 1 ‘

C | 1 1 1 1 | 1 1 T | 1 1 1 1 | 1 1 1 1
0.00 0.01 0.02 0.00 0.01 0.02

- regular parts : very mild dependence on z - quadratic or even linear fit is OK

o o f
coefficients  a, x10° a' x10° ad x10 a’ x10
JLQCD e e —e— o
Fermilab/MILC —a— —— HiH -
B W I V- -5 ] 2000 20 2025 30 33 2000

- better determined than pheno.: e.g. 4a% = 0.02 (lat) & 0.15 (Gambino et al. "19)
. consistent with Fermilab/MILC within 26 or so in spite of different systematics
tends to favor smaller normalization and slope for f and g (h,; and hy)



BGL parametrization of FFs
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6.0

S I S S
(Rt F)(2) 1 | !

T e

| 1 1 1 1 | 1 1 1 1 |
0.00 0.01 0.02 —0.00 0.01

h 3 1 3 N 2 2
a;* x10 a’t x10 a;? x10 a’? x10
T T T T T T T [T IR EEEA R EEE S — T T T T [ T T T 7T I I
® —e— —e— ——
5 - - —a—
PR NN TN TN TR AN TR TR T N L1 L1 T B A A T T TR T (NN TR T N L1 L1 1 L
50 00 50 100250 0.0 5.0 25 50 55 40 20

.« = 20 consistency also for ‘F; and F,
. F, for scalar contribution to d77dw o< m;?

difficult from B—»D*{e,u}v < useful for B—>D*tv, R(D")
- analysis together w/ experimental data in progress

0.02



beyond SM h

B — D{v tensor FF (M. Faur [Paris ENS, internship] + Kou + JLQCD)

Normalized tensor form factor

(D(p)

v extraction of tensor FF

B( p)> =i (v’“v“ —v’Vv“)hT (w)

wv

v continuum chiral extrapolation

v systematic uncertainties

. renormalization in progress

hy (w)/h (1) vsw T Ishikawa @ Lattice 2021

0.7 1
Total error

—— Systematic error

— Tensor form factor . 10% stat. and 10% sys. errors
0.6 1 Tanaka, from h+ and h- lattice values

—— Melikhov with Mv = 6.74 GeV .

. consistent w/ phenomenology

1.00 1.02 1.04 1.06 1.08 1.10 1.12
W

useful input for BSM interpretation of B anomalies



B—nlv decay
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B—xlv form factors

“relativistic” convention

x (o) [VH|B(p)) = f4 () [p% o

m3 — m2

q2

my — m2

q2

q“] + fo(q°) q"

"HQET" convention |HQET)=]rel)/vVM

(7 (p=)[V*|B(ps)) = 2 {fl (v pe) V" + fo (v - pr) fiﬁ] surdman

f oc f

+ 2!

fpoc f,+f, (M_,p, >0)

JLQCD' measurements
— Bisatrest, |pJ°=0,1,2 3

— limited data set compared to B—D®)¢y
+ single source-sink separation At+At
+ upto 3 my's
+ ..



continuum + chiral extrapolation

analysis led by B. Colquhoun (York), J. Koponen (Mainz)

as a function of E;, M, m, a

T

fo(v - pr) =Dy [Eﬂ AL

(1 + DEWE?T)] (1 + Dxlog

6f8%7r

(47 f)?

Do,

+ D, mfr) (1 +
T meo

x (1+ D.,n§§67n§§) (1+ Dy20” 4 Dy 2(amg)?) .

lAT——=
N d  m, 500 MeV
1.24 VS E7T« @ m, & 400 MeV
mx ~ 300 MeV
1.0
0.8 f1(E,) + fol B~ e I8
o e
0.41 fo(Ex) ﬁsg,____f_=_=,=_=3.‘-:—3.‘-:—.‘—:—.‘-:—:—:—3.‘-.*—3.‘-:—@13:-:—é?}:—i;'—:Elt:m-:I_—-_:ﬁ;._-.%-ﬁ-_-_-___._._._____
— T -
0.2’ -1 2
a~ ~3.6GeV, m,/m =125
0.0 0.2 0.4 0.6 0.8 1.0

B, [GeV]

FFsvs E,
al~ 3.6 GeV, mg/m, =125¢
M_ ~ 300, 400, 500 MeV

— reasonably described
w/ y?/dof ~ 0.7

— less accurate @ larger E,
and smaller M,

)



dB/dgq* x10°[GeV]

partial branching fraction and |V ;|

Bourrely-Caprini-Lellouch (BCL) parameterization w/ Belle, BaBar data

N.—1 N
2 1 N k k—N_ k N 2\ 0_k
f+(Q)_1_ 2 2 E:b zF = (-1) N fO(Q)_E:ka
LAy : k=0
19 - I I I I I I I I I | I I I I | I I
2 2 = o HPQCD 06
dB/dg® vs q
10 - —0— RBC/UKQCD ’15
FHCH Fermilab/MILC *15
3
1 HH HFLAV average
T — o HH FLAG average
. + 98 —e— JLQCD
771 N.=3 -+ Belle 2013 tagged B 0 |7 | | e e e e e e e e - —
9 | \— =4 { Belle 2013 tagged B 1
EER N. =5 < Belle 2010 untagged B T |—o—| HFLAYV inclusive
* La @4 BaBar 2012 untagged 12 bin
_ # BaBar 2010 untagged 6 bin _ | I
" 5 10 15 20 25 3 3 6
3
q° [GeV’] V| x10

10% uncertainty : consistent w/ both previous excl. and incl.




uncertainty %

uncertainties

——— 1/m} === a —— {of syst uncertainties of f,
20’ Wl;lr ..................... (CL?TZQ)4 stat
15 - B S D\ log - o
v total systematic
10 — -
T T T T T < statistics

5,

oo oo T T S T T T E ST T ]

B A LR | < chiral extrap +M_4
—10- ‘ ‘ ‘ ‘ ‘

0.0 0.2 0.4 0.6 0.8 1.0 1.2
E. [GeV]

- f,, f,+f, . largest uncertainties — statistics ~ 7%, chiral extrapolation ~ 5%

. a paper will be submitted to arXiv soon

. statistical accuracy to be improved



more data w/ Fugaku

Fugaku @ RIKEN R-CCS
AG4FX x 158,976, 0.5 EFLOPS

+ Grid / Hadrons
e,

L

Hadrons

ORIKEN [
| I T |J
L1 (mVe (A0|B) BV (AO}m) 1 hope significant improvement of
i n\V, (at)n)(BNV, (at)B) T 7 1 .
Lo (= (2t B (a0)e) | statistical accuracy
' [ iipdpbiatatidss ] | #At+At):1—5
0.9 T - l’:’_,’-:fi;ﬁ ‘EEEEH‘.‘I&* .f:‘_.i:g . T |
- gEE S ' % BRIy #, . =1-2— 4
0.8_ A ]
Laariarsle | PAff=3—4
1 4 Bl A+ A =20 :
& " ‘= ¥ =
o oMiAR #Mg =3 —6

A " o (and hopefully new ensemble(s)...)



27

Summary
semileptonic FFs from JLQCD

relativistic lattice QCD w/ light and heavy DWQs

B — D¢y

mild a, m, dependence = controlled continuum — chiral extrap.
h,, ~ 2% total accuracy

reasonable consistency w/ Fermilab/MILC 21

analysis w/ Belle, BaBar data in progress

B — nfv

10% accuracy for |V |

- being improved by Fugaku + Grid + Hadrons

BSM FFs for NP model interpretation of B anomalies

- B—D¢tv tenor FF / expect more in the future
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