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Form factors from lattice QCD (and SM phenomenology):

mp a [fm] my [MeV] Reference
Ap — A oo 0.11,0.085 230-350 arXiv:1212.4827/PRD*??
Ao —p oo 0.11,0.085 230-350  arXiv:1306.0446/PRD"??
Ay — p phys. 0.11,0.085 230-350  arXiv:1503.01421/PRD%*
Np — Ac phys. 0.11, 0.085 230-350 arXiv:1503.01421/PRD1‘4
Ny — A phys. 0.11,0.085 230-350  arXiv:1602.01399/PRD"
Ny — A(1520) phys. 0.11 340 arXiv:1608.08110/PoS®
Ae — A phys. 0.11, 0.085 140-350  arXiv:1611.09696/PRL
ANe—p phys. 0.11, 0.085  230-350 in preparation
BSM phenomenology:
Reference

Ay — Aptp~  arXiv:1603.02974/PRD®
Ap — AT arXiv:1702.02243/ JHEP" %9
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Overview

A» — N(1520) (0~

[S. Meinel, G. Rendon, arXiv:1608.08110/PoS 2016]
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Comparison of exclusive b — s¢*{~ decays

A — NO(— ptK=)ete-

Probes all Final hadron Charged hadrons from LQCD
Dirac structures QCD-stable b-decay vertex Refs.
BY = Ktete— X 7 7 1,2 3, 4]
BY — K*0(— Ktn—)ete v X v [5, 6, 7]
Bs — ¢p(— KT*K=) e~ v X v [5, 6, 7]
A — NO(— ptr=)ete- v v X [8, 9, 10]
v X v [11]
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A* resonances in A, — K~ ptutu™ at ¢> = mi/w
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[LHCb Collaboration, arXiv:1507.03414 /PRL 2015]



A(1520) 3/2~

1Py = 0(37) Status:

Xk >k ok

A(1520) MASS

VALUE (MeV) EVTS DOCUMENT ID TECN COMMENT
1519.5 +1.0 OUR ESTIMATE

A(1520) WIDTH
VALUE (MeV EVTS DOCUMENT ID TECN COMMENT

15.6 +£1.0 OUR ESTIMATE

A(1520) DECAY MODES

Mode Fraction (I';/T)
. NK 45 *1 )%
I > 42 +£1 )%
[IEALE (10 +1 )%
My X (1385)7
s X(1385)7( — Amm)
I'e A(7)s-wave
r Xram (09 £01)%
g ANy ( 0.85+0.15) %
o X%

Treatment as if it were a stable particle in the following.



Helicity form factors for A, — A(1520)
Vector current:

(N (P, s') 37" bIAs(p, )

A 1
_ ’ (m/\b*m/\*)p q
=1u ,S) | o ———F——
A(P ) 0 ma, ?
i (ma, + ma=) pPM(G(p* + p™) — (mR, — mA«)q")
N mp, q% sy
+f pr " 2pN(ma, P + ma-p)
mp, mp, S+

A 2 A 2 A m /;L+m . pM s A
+ﬂ,<pv _2ptp™  2p7(mnp npt)  s-8 u(p, s)
m/\b m/\b M= m/\b St m/\b M=

where sy = (mp, £ ma)? — ¢°

Similar for axial-vector current (go, g+, g1, g1/)

and tensor currrent (hy, hy, h/, A/L, FL, EL/)



A(1520) Interpolating field:

Ny = €(Cy5)ap [53 dg (V;8)5 — 82 G5 (V;d)S + B2 (V;d)5 35 — di (V@) 55}

(Terms with derivatives on the strange quark have been eliminated using “integration by parts”; this works at

zero momentum only.)
— SU(2) and SU(3) singlet; naturally negative parity in nonrelativistic QM.

Requires propagators with derivative sources.

Must work in A(1520) rest frame. Project to J* = 3™ using

i (k1 i k) 1+
PJ—(gJ 3w) s

(note the plus sign!)



Lattice parameters and results for hadron masses:
e RBC/UKQCD ensemble with 2 + 1 flavors of domain-wall fermions
[Y. Aoki et al., arXiv:1011.0892/PRD 2011]

® Anisotropic clover action (“relativistic heavy-quark action”) for b quark
[Y. Aoki et al., arXiv:1206.2554/PRD 2012]

N3 x N, B amflseda) amgsea) amflvzl) amgval) a [fm]

24 x 64 2.13 0.005  0.04 0.005  0.0323 0.1106(3)

my [MeV]  mg [MeV] mpy [MeV] ma [MeV] ms [MeV]  “mp@seg)” [MeV]

340(1) 550(2) 1168(5)  1272(5)  1320(6) 1740(17)




Extracting the form factors from ratios of 3pt and 2pt functions

t = source-sink separation
t' = current insertion time



Compute (for vector current in this example)

o TP ) (B ) Ryt e ) P
A (p, t, t) =

Tr[P'm cM(¢ )] T [(P +mp,) CCM)(p, t)]

and contract with the polarization vectors

@ = (¢ q),
¢ = (lal, (¢°/lal)a),
9 (0’ €j X Q)
as follows:
) (p,t,t)) = guel e 7 (p,t.t)Y,

= gi egr)e,(f B (p, t, )Y,
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Then compute

RV (p.1) = 12 En,my, %4 (P, t, t/2) .

O (B, — o) (mn, — ma(En, £ 0T

R (p.1) 12 En,my, %Y (p,t, t/2) o
o (En, + mn,)(ma, + ma)>(En, —ma,)>

9ENm Z#Y(p,t, t/2

RY(p,t) = /-t ip.t.1/2) fl4 o
(En, — mn,)*(En, + mn,)?
2En,my %Y, (p,t,t/2)

RV /(p,t) = /- = fi+..
L(p ) (E/\b_mAb)4(EAb+m/\b)3 -

Here, "+..."” denotes excited-state contamination that vanishes exponentially as
t — oo.

The relations for the other ten form factors are very similar.
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Problem:
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We have started a new calculation using the moving-NRQCD action
for the b quark to reach higher pa,
[G. Rendon, talk at Lattice 2017; For mNRQCD action, see R. Horgan et al., arXiv:0906.0945/PRD 2009]
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Overview
Ny — N(1520) ¢F¢~

Ae = Nty

[S. Meinel, arXiv:1611.09696/PRL 2017]

Ao — plHo-



BESIII Collaboration, 2015:

First direct measurements of A branching fractions at e" e~ — A A. threshold.
Including

B(Ac — Netve) = (3.63+£0.38 £0.20) % [arXiv:1510.02610/PRL 2015]
e+
Ve
c W
s
AC u Vcs
e S
d A



BESIII Collaboration, 2015:

First direct measurements of A branching fractions at e" e~ — A A. threshold.
Including

B(Ac — Netve) = (3.63 4 0.38 4+ 0.20) % [arXiv:1510.02610/PRL 2015]

From the introduction of their paper:

Since the first observation of the A baryon in e*e~
annihilations at the Mark II experiment [4] in 1979, much
theoretical effort has been applied towards the study of its
SL decay properties. However, predictions of the branching
fraction (BF) B(Af — Ae*v,) in different theoretical
models vary in a wide range from 1.4% to 9.2% [5-15],
depending on the choice of various A wave function
models and the nature of decay dynamics. In addition,
theoretical calculations prove to be quite challenging for
lattice quantum chromodynamics (LQCD) due to the
complexity of form factors, which describes the hadronic
part of the decay dynamics in Al — Ae"v, [16]. Thus, an
accurate measurement of B(Al — Ae*v,) is a key ingre-
dient in calibrating LQCD calculations, which, in turn, will
play an important role in understanding different A SL
decays.




Helicity form factors
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[T. Feldmann and M. Yip, arXiv:1111.1844/PRD 2012]



Lattice parameters

e RBC/UKQCD ensembles with 2 4 1 flavors of domain-wall fermions
[Y. Aoki et al., arXiv:1011.0892/PRD 2011; T. Blum et al., arXiv:1411.7017/PRD 2016]

e Charm action: anisotropic clover

[Z. Brown, W. Detmold, S. Meinel, K. Orginos, arXiv:1409.0497 /PRD 2014]

® ¢ — s currents: “Mostly nonperturbative” renormalization
[A. El-Khadra et al., hep-ph/0101023/PRD 2001],
one-loop coefficients computed by Christoph Lehner
[C. Lehner, arXiv:1211.4013/PoS 2012]

N2 x N, a [fm] amyg  my [MeV]  am™™  m(™ [MeV]
48° x 96 0.1142(15) 0.00078  139(2)  0.0362  693(9)
24° x 64 0.1119(17)  0.005  336(5)  0.04 761(12)
24% x 64 0.1119(17) 0.005  336(5)  0.03  665(10)
32° x 64 0.0849(12) 0.004  295(4)  0.03 747(10)
32 x 64 0.0848(17) 0.006  352(7)  0.03  749(14)

(lattice spacings from T(2S)-T(1S) splitting computed with NRQCD)
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Re. (t) 29° En
fr (E/\ — m/\)(m/\c + m/\) E/\ —+ mp
1 Ep
Re, () = Y (t,t/2
1 (0 EAmMEHmA Y(t.t/2)
2 E,
Re(t) = A

Y (t,t/2
\/E/\-i-m/\ o (t,t/2)

mp, — ma

(and similarly for g+, g1, g0)

ZY(t,t/2) =

fi + excited state contrib.

fi + excited state contrib.

fo + excited state contrib.



Data from 48° x 96 lattice, m, = 139(2) MeV, p'’

=1(2r/L)?

1.7 0.85
1.6 0.80 |
15 075}
1.4 070}
1.3 0.65
1.00 0.85
095 0.80|
0.90 075}
0.85 070}
0.80 0.65
1.00 0.90
095 0.85|-
0.90 0.80} 7 i
0.85 075}
0.80 ' ‘ ' ‘ 0.70 : ' ‘ '
0.0 05 1.0 15 2.0 25 0.0 05 1.0 15 2.0

source—sink separation ¢ [fm]

The fits are of the form

source—sink separation t [fm]

Rf(t) =f+ Af e ot
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Combined chiral /continuum/kinematic extrapolation using modified
z-expansion
[C. Bourrely, I. Caprini, L. Lellouch, arXiv:0807.2722/PRD 2009]

Vs — g2 =ty — to

2(q%) = N Y te=(mp+mk)’,  to=(mr —m)?
+ = + —to
Nominal fit:
1 f fmfr_mgrhs fm2_m2 hys
f(q2) _ |:ao (1 _,’_ c sPny: + clo MNs 7s,Phy:
1- qz/(m;ole)2 /\g( ” A%(

ol 2(q?) + 2 [z(qzﬂ

X {1 + b 32|p'|2 +df a2/\(2)CD}
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Inner band: statistical uncertainty from nominal fit only

Outer band: includes systematic uncertainty estimated using higher-order fit







Predicted differential and total decay rates without |Vcs|*:

0.20 T T T T T

o1 — Ao Netvg
A0F — Ao — Ay,

o
o
RS
o>
5=

0.00 I I I ! I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2

q? (GeV?)

F(he > AC'v) _ [ 02007(71)(74) ps™", (=,
| Ves|? | 0.1945(69)(72) ps_l7 = p.



Taking the indirectly determined | V.| = 0.97344(15) from UTFit and
Ta. = 0.200(6) ps from PDG, the branching fractions predicted by lattice QCD
are

0.0380(19)Lqep(11) {=c¢e
+ — A ? P
B(Ae = ATwe) = { 0.0369(19)aco (1), , £ = p.
These agree with the BESIII measurements

[arXiv:1510.02610/PRL 2015; arXiv:1611.04382/PLB 2017]

0.0363(43), (=e,

+ —
B(/\c — N\ V[)BESIII = { 0.0349(53)7 {=pu



Alternatively, we can use the lattice QCD results together with the BESIII
measurements and 7, to determine |V|:

|Vc5| = 0-949(24)LQCD(51)Exp. from /\C — /\€+l/g.

For comparison:

1.008(5)Lqcp(16)exp.  from Ds — €1, [1,2],

‘V |_ 0.975( 5)|_QCD( )Exp. from D — K¢y, [, 3],
el 0.975(38)LQCD( )Exp. from D — K¢t 4],
0.978(35)LQcD+Exp. from D — K¢y, [

[1] S. Aoki et al. (FLAG), arXiv:1607.00299/EPJC 2017

[2] A. Bazavov et al. (Fermilab Lattice and MILC), arXiv:1407.3772/PRD 2014
[3] H. Na et al. (HPQCD), arXiv:1008.4562/PRD 2010

[4] V. Lubicz et al. (ETMC), arXiv:1706.03017

[5] L. Riggio, G. Salerno, S. Simula, arXiv:1706.03657
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Overview
Ny — N(1520) ¢T0~
/\c — /\€+V1

Ae — plti—

[S. Meinel, in preparation]



Interesting for LHCb!



¢ — uptp~ decays are dominated by resonant contributions from nonlocal
matrix elements.
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[S. de Boer, G. Hiller, arXiv:1510.00311/PRD 2016]



Why are the short-distance A. — p form factors still useful?

® BSM couplings much larger than SM couplings? Lepton-flavor-violating
modes such as A. — p eT ™ are short-distance only.

® A. — p form factors are useful as input for factorization approximation of
Ae = p V(= £707)

® Study mg-dependence of Ag — p form factors
(previous lattice calculations: mg = my, mg = 00)

e Charged-current decay Ac — n¢T v,



Vector and axial vector form factors — preliminary; only stat. uncertainty shown
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Tensor form factors — preliminary; only stat. uncertainty shown
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