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Qutline

* Heavy-hadron axial couplings: g1 23

* Heavy hadron chiral perturbation theory
[David Lin's talk on Tuesday]

e QCD calculation of axial couplings: detalls and
results

e Combine LQCD and HHyPT to control all
systematic uncertainties

e Strong decay widths



Chiral dynamics of heavy hadrons

* Axial couplings defined in static limit

B*/@\B<*> 2Wé*> EW”

g1 g2 g3
~ § ~ Jr ~ dB*Br

B* \j*d(07 S)‘A;(XPT) (O)|Pu(0)>|LO - -9 g1 5;(8).

B

(89(0, 5)|AH=XED(0)[ (0, 5")) Lo = —\% g2 vx P UL (s)U,(s").
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* Heavy-light mesons and baryons: dynamics amenable
to HQ and chiral expansions pwise; Burdman & Donoghue; Cheng et al]



H-L hadrons in lattice QCD

* Light quark mass dependence of H-L(L) observables
controlled by pion loops, coupled through gj 23

* Very important for control of current lattice QCD
calculations at unphysical quark masses
Exam

ET

dbles so far this week:

V. chiral extrapolation of fgs/fg Is dominant

systematic uncertainty

FNAL/MILC: B, D semi-leptonic FFs, gx major
systematic uncertainty

HPQCD: requires prior iIn B meson properties



Current knowledge of g

* Experimental extraction of g| from D* — Dn, D* — D~

* g :OS(7> [Arnesen et al.]

e |attice calculations for g

me™)? (GeV?)

Reference ny, action g1

De Divitiis et al., 1998 [14] 0, clover 0.58 - 0.81 0.42 +0.04 £ 0.08

Abada et al., 2004 [15] 0, clover 0.30 - 0.71 0.48 £0.03 + 0.11

Negishi et al., 2007 [16] 0, clover 0.43 - 0.72 0.517 = 0.016

Ohki et al., 2008 [17] 2, clover 0.24 - 1.2 0.516 £ 0.005 £ 0.033 £ 0.028 £+ 0.028
Beéirevié et al., 2009 [18] 2, clover 0.16 - 1.2 0.44 £ 0.037507

Bulava et al., 2010 [19] 2, clover 0.063 - 0.49 0.51 4+ 0.02

* Need fully gquantified uncertainties



Current knowledge of g/ 23

* Model estimates for g) 3 [Cho normalisation]

Reference Method g1 g2 gs
Yan et al., 1992 [5] Nonrelativistic quark model 1 2 V2
Colangelo et al., 1994 [45] Relativistic quark model 1/3

Becirevi¢, 1999 [46] Quark model with Dirac eq. 0.6 +0.1 . .
Guralnik et al., 1992 [47] Skyrme model 1.6 1.3
Colangelo et al., 1994 [48] Sum rules 0.15 - 0.55

Belyaev et al., 1994 [49] Sum rules 0.32 £ 0.02

Dosch and Narison, 1995 [50] Sum rules 0.15 4+ 0.03

Colangelo and Fazio, 1997 [51] Sum rules 0.09 - 0.44 . .
Pirjol and Yan, 1997 [52] Sum rules e <+6—g3 <V?2
Zhu and Dai, 1998 [53] Sum rules . 1.56 +£0.30 £0.30 0.94 £0.06 £ 0.20
Cho and Georgi, 1992 [54] B|D* — D x|, B[D* — D ~] 0.34 +0.48

Arnesen et al., 2005 [57] B[D{y— D7), B[D{s— D(s)7], T[D"] 0.51

Li et al., 2010 [58] dI'[B — wlv] < 0.87

e All overthe placel

e Precise calculation needed



Actions and ensembles

Domain-wall light quarks

[RBC/UKQCD]
¢ LaJ[JEICG Chll”a| Symmetl”y Ensemble  a (fm) L?xT amfieda) m$ (MeV)
A 0.1119(17) 24° x64  0.005 336(5)
Static hea\/y quarks with B 0.0849(12) 32> x 64  0.004 295(4)
C 0.0848(17) 32%x64  0.006 352(7)

nHyp=0,1,2,3,5 10 levels

Ensemble amgzl) m{® (MeV) mb™") (MeV) t/a

of HYP Smeal”iﬂg A 0.001  294(5) 245(4) 4,5, ..., 10
A 0.002 304(5) 270(4) 4,5, ..., 10
TWO |a-t-tlce SpaC|ngS A 0.005 336(5) 336(5) 4,5, ..., 10
B B 0.002 263(4) 227(3) 6,9, 12
d — 0085, O | 12 fm B 0.004 295(4) 295(4) 6, 9, 12
C 0.006 352(7) 352(7) 13

Six valence quark masses
My = 0.23-0.35 GeV

Single (2.5 fm)? volume



Actions and ensembles

Domain-wall light quarks
[RBC/UKQCD]

e [attice chiral symmetry

Static heavy quarks with
nHyp=0,1,2,3,5,10 levels
of HYP smearing

Iwo lattice spacings
a =0.085,0.1121m

Six valence quark masses
My = 0.23-0.35 GeV

Single (2.5 fm)? volume

0.15 I
® ¢ =0.112 fm o
m o= 0.085 fm Mc
O
0.10 p -
I’B
®A
®A
0.05 " m
// | |
0.00 0.05 0.10 0.15

mi)? [GeV?)



Actions and ensembles

. . 0.15
Domain-wall light quarks |
[RBC/UKQCD] ® g =0.112 fm ,
" g =0.085 f Mc
Lattice chiral t —
e [attice chiral symmetr 5
Y Y > 010 -
. . O "B
Static heavy quarks with - .
nHyp=0,1,2,3,5,10 levels i e,
of HYP smearing £ 0.057 e i
Iwo lattice spacings
a=0085,0.1121m 000/ 0.05 0.10 0.15
Six valence quark masses mi™2 [GeV?)

Mg = 0.23-0.35 GeV e Of(a) improved” axial current;

Single (25 fm>3 volume 2, — { 0.7019(26) for a=0.112 fm, [RBC]
0.7396(17) for a = 0.085 fm.



Correlation functions

. Interpolating operators in static limit

— @ ( )aﬂ (jcizﬁv S/Zjoa = €abe (C’Y )/37 Cﬁtﬁ qi’Y Qea;
PI = Do ()es T T3 — eupe (C5)a Ty Qo

* [wo point and three point correlation functions

C[p" PJ](t)ZszP“(X,t) Pl(0)), C[P** A PI1™ (¢, t') ZZ P (x,t) A (%', t") PJ(0)),
CIP* Py (1) :Zx: (P17 (x,1) Pi1(0)), CISUA Sa]M 0 (¢, t) ZZ Sahn (x,t) A (x,t') S5, 5(0) ),
C[deﬁdd]gg(t)=;<S£id“(x,t)32dg(0)>, CISMA Tyt ) ZZ (S5 H(x, 1) A”(x, ') Tau (0) ),
CIS™ Saultg(t) = D (88" (%) Sa, (0) ). CT™ AT Sq) (1, ) ZZ (T3 (x,8) A*(x', 1) Sgq 5(0) ).

X

CIT™ Taulap(t) = Y (T3 (x,t) Tau p(0) ).

Axial current

Light quark
t t

e (alculate with forward propagators from 2 sources




Correlator ratios

* Ratios of 3pt to 2pt correlation functions give
effective couplings

ST P ARG E) b o
C[Pv Pi|(¢)

Ri(t, t") =

7 3 dd v /
a 1 €ouvp C1SA SaulMvP(t, t t,t'—
Ry(t, t') =22 Z’“"””i_l 30”  Cl e ) —" (g2)efr
5 2= O[S9 Saqlt#(t)

* [or transition coupling, double ratio

—>

R3(t, t') =

\ 30, OIS Saalre(t)] [C1T4 T (1)

5 X0 CISMA Taent, )] [ )y O AT Saai(t, )]t/ —oc

(QB)eff

e [Xcited state contributions important for tt'<eo

.9
23,2

Zs1

Ro(t, t/2) = AY®) +

|Zs.1 )

with energy gap s = Es, — Esa

’ Zs12%
(ASY ~ ATy eont o | TR AGT | e dont g



Ro(t,t)  Ry(t,t)

Rs(t, 1)

Correlator ratios

* Ratios for varying operator insertion time

0.6E [ [ [ ] [ [ ] _ 0.6E s [ [ [ [
0.5+ = d:;: 0.5 s ¢ & 5 ¢ & & 5
" 8 s 3 3 = Q:
0.4+ — 0.4+
1 1 1 1 1 1 1 1 1
14l [ [ [ [ [ ] _ 14l [ [ [ [
- = = L]
L0 s & =% & % N % 1.0r $ & 5 + ¢ & ¢ ¢
n i S n
0.6 1 1 1 1 1 0.6 1 1 1 1
1ol [ [ [ [ [ ] _ 1ol [ [ [ [
0.8 - = 0.8F
[ o L I I T
0.61 II * 1 ¢ I| ) 1 1 ] = 0.61 1 1 1 * E| : i
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
t" (fm) t" (fm)

* Negligible t' dependence away from source/sink

e No evidence for transition matrix elements



Ro(t) Ry(t)

Ra(t)

Source-sink separation

e [Extract effective axial couplings (gj)efr from t
extrapolation

Ri (t7 Ay My nHYP) — (gi)eff(aa M, nHYP) — Az (CL, Mmoo, TLHYP)Q_&L (@M~ nuyp)t

o (Constrain §; for a=0.086 fm from d;j at a=0.1 12 fm

0.55F | . 0.55F | |

0.45//_)/{4& - = Ll /I/}/
=
0.35 | | | | ] 0.35 | | | |

1.1F I I I _] 1.1F I I I I

0.9+ - = 09k
+ G /1/{,
07 | | | | ] 07_ | | | |

0.9F 7 i i 09F | | | '
0'7/-/‘/(1/}7 . ?Eé 0.7+ /I/I/
0.5 | | | | ] 0.5 | | | |

ot (fm) ' ot (fm)

* Fitted gaps: §; ~ 0.7—1.0 GeV



Source-sink separation

1.6

e [Extracted effective 1.4
couplings (gi)e(a, mx, niye) 12}

1.0 hﬂ e %ﬁ EEE

0.8 i e e _.

0.6
e et [ e

EI
0.41- 5/

e Remove | or 2 points o2 Pifferentn
0.0 | | | | |

* [stimate systematic
uncertainty in
extrapolation

* Add second exp with
Gaussian priors

¢ 2, 3, 5% for 2123

0.112 fm
0.001
0.112 fm
0.002
0.112 fm

0.005
0.085 fm
0.085 fm
0.004

0.002

VS
<
P

N—

a
a, am, .

=

0.085 fm
0.006



Chiral and continuum extrapolation

e Use NLO partially quenched SU(4|2) HHYPT at finite volume
and Include polynomial discretisation effects

Partial quenching

(91)est (0, marv) =@[131< ) + @D 4 uml, 0) = 15757, (m), 0))

2
\ ,
d \f/ Loop functions

4 CSVV) [mngV)P 4+ Cgvs) [mngS)]Q + dl, S &2] .

\/\ Lattice spacing effects

2 3
(92)est (@, m, nEYP) [1 — FI( m{)) + ’H(m(V 0) — 02 gH, (m{), 0)} depend on nyye
CA) - H () (o) _
f2{27-[( A) = H(mEY) | —A) — 2 K(ml), A, 0)}
+ Céw) [m{™)]? +C§VS) [N R F— CL2]> \
9,3 extrapolation

2 1 .
(ot mmer) =1~ 73 T0n) 1k, -0 = St S

3
+ SHmME, A) +3HmEY, A) = KmE™, A, 0)}

+{—H<m;VS>,A>—H<m5:V>, D)+ HmE, 0) = 8 5Hy (ml™), 0)}

+ Cévv) [mSTvV)]Q + c;(gVS) [mgrvs)]Q + d3, S CL2] .



Chiral and continuum extrapolation

3

= 0.112 fm, NHYP

—a

0.000 0.025 0.050 0.075 0.100 0.125 0.150

m? (GeV?)

projection on unrtary line



Chiral and continuum extrapolation

3

= 0.085 fm, nNgyp —

—a

0.000 0.025 0.050 0.075 0.100 0.125 0.150

m? (GeV?)

projection on unrtary line



Chiral and continuum extrapolation

VP (GeV?)

0.000 0.025 0.050 0.075 0.100 0.125 0.150

m? (GeV?)

projection on unrtary line
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Chiral and continuum extrapolation

0.6 _
E
B 0.5
0.4 | | 1 e a=0.112 fm
1.4+ ! | I 1=0.086 fr
=
— a=0
§ 1 0 'T.."..._..:..‘.'.:,:“f‘,.’r. _§__E_i_——_1— L=
'g' — S 1
0.6 | | _
1.0 | | N
I
g 0.8 [ -————-;_—E— _—§—£_—_;‘£_E__—=
0.6 | | |
0.00 0.05 0.10 0.15



Chiral and continuum extrapolation

* Various choices of HQ actions to use In fits

* Heavy meson coupling g

0.6 —
NHYP g1 d.o.f. XQ/d.o.f. Q 0o } { E E } I T
1,2,3,5, 10 0.371(28) 30 —38 1.3 0.17 S 04 { I
1,2,3,5 0.401(39) 24—7 1.2 0.29 03k _
1,2, 3 0.449(47) 18 —6 0.75 0.70

1,2 0.440(60) 12—5 0.85 0.54 0.2

10 0.450(38) 6-—4 0.09 0.91 1.0

5 0.468(47) 6 —4 0.61 0.55

3 0.482(55) 6 —4 0.73 0.49

2 0.465(66) 6 — 4 1.0 0.36 < 0oF 7
1 0.49(10) 6—4 0.72 0.49

0.0




Chiral and continuum extrapolation

* Various choices of HQ actions to use In fits

* Heavy baryon couplings g;:3

1.5
g Egiiiiiii
NHYP g2 gs d.o.f. X2/d.0.f. Q 0.5
1,2,3,5 10 0.72(12) 0.635(90) 58 — 16 0.94 0.57 0.0
1,2,3,5 0.73(13)  0.61(11) 46— 14 1.1 0.31 1.2
1, ; 3 8.2411(20) 0.71(12) 34 —12 0.61 0.92 osk PO S E _
, 81(22)  0.57(17)  22-10 0.50 091 & [ I} ) I
10 0.90(15)  0.75(11) 12 -8 0.64 0.64 0.4
5 0.98(19)  0.76(13) 12— 8 0.74 0.57 0.0
3 0.98(23)  0.74(15) 12 -8 0.54 0.71 1.0
2 0.91(23)  0.66(18) 12 -8 0.51 0.67
1 0.79(29)  0.61(27) 12 — 8 0.42 074 < 05F

0.0




Higher order terms

* Add higher order analytic terms in quark masses and lattice

Spacings
(gi)((glf\fILO+HO) (CL, m, nHYP) — (gZ)Sf\fILO) (CL, m, nHYP)
+g; | ) [ g V) [l g YY) [y (0]2 ()

+ d(_VV) a2 [mngV)P + d(VS) CL2 [mngS)]Q =+ hi, NHYP a4 )

1, NTHYP 1, NTHYP

e Refit with priors on ¢, di and h;

CZ(VV,VV) =0 + w/Aia w g1 50’(91) g2 50’(92) gs 50(93)
0 0.449(47) 0 0.84(20) 0 0.71(12) 0
V) — 0 & w /A
v X’ 1 0.449(47) 0.0020 0.84(20) 0.0023 0.71(12) 0.0045
CZ(VV’VS) =0 % w/Ai; 5) 0.452(48) 0.0089 0.84(20) 0.014 0.70(12) 0.017
dz(',VZLLYP -0 + wA%QCD/Agp 10 0.455(50) 0.016 0.84(20) 0.024 0.70(12)  0.026
d(vs) A2 A2 50  0.464(72) 0.054 0.82(22) 0.099 0.68(15) 0.094
& RHYP 0+ w QCD/ X7 100 0.452(94) 0.082 0.78(26) 0.17 0.63(21) 0.17
4
hi, nuyp =0 T W AQCD'

60 (g:) = \/Uz(gi)(NLO+HO) — 0%(g;) NLO),

* w =10 gives systematic uncertainty (w=1 i1s NDA)



Finite volume effects

e Finite volume effects computed in HHyPT

mC® (MeV) mS™ (MeV) <gl>§;’§>—(g)1>gff> <gg>g§;>-(§§>gg> (93>g;}°>—(g§>gﬁf)
(91) ogf (92) of¢ (93) asr
294 245 0.0057 0.015 0.0074
304 270 0.0040 0.0070 0.0027
336 336 0.0016 0.00037 —0.00079
263 227 0.0072 0.028 0.013
295 295 0.0031 0.00027 —0.0012
352 352 0.0013 0.00033 —0.00071

e Very small, higher order FV negligible



Axial couplings

e Final extracted values

0.449 = 0.047 gya¢ £ 0.019 ¢

0.84 = 0.20 6401 = 0.04 gyst | ol =
Oo71 :l: 0.12 stat :l: 0-04 Sys‘t 0.9
° S f : 0.8
ources ot systematic errors
K 07}F
Source g1 g2 93
NNLO terms in fits of m,- and a-dependence 3.6% 2.8% 3.7% 0.6 -
Higher excited states in fits to R;(t) 1L.7% 2.8% 4.9%
Unphysical value of m{™® 1.5% 1.5% 1.5% Vor
Total 4.2% 4.3% 6.3% 0.4

05 06 07 08 09 10 1.1
g2

* Dominated by statistical
errors



Decay wiaths

20 I I I

e PDG, ¥, — A, 7+
e Strong decays allowed for I g
= 15H—Fit, J = 1/2 -
heavy baryons =l m e
T
1 RJ : MT S 10 n
T[S — T = 2 2 e <
5T =d g (w0 ) GER
AR -
—
(1 for ZS) —>AQ 7T:|:, >
(*) B l l l l l l l
Cf = 9 1 tor Z/ *)%AQ ™ U0 180 190 200 210 220 230
1/\/5 for EQ — 20 T, Mo — My, (MeV)
| 1/2  for E/C(;)%EQ 0.
. . 1.4 . 7]
* |/mq corrections important: B

determine from charm sector

gg+/<aJ/mQ

e [Effective coupling vs |/mg

e Validonly at LO in HHyPT




Decay wiaths

Calculate (and predict) bottom and charm baryon

decay widths 6

I I I I I I I I I
1Al — This work, J = 1/2
Hadron  This work Experiment G -~ This WOFk’ J = 3/2
= 4.2(1.0) 9.7738+12 [13] ~ 12H e CDF, 5 — Ayt ey
5 4.8(1.1) 49731 4 1.1 [13] = a CDF, 1% 5 Ay 7t
DI 7.3(1.6) 11.513 7712 [13] o 101
I 7.8(1.8) 75773100 [13] k<
=, 1.1 (CL=90%) = S
=F 2.8 (CL=90%) T gL
Zxt 2.44(26) < 3.1 (CL=90%) [70] —
=20 2.78(29) < 5.5 (CL=90%) [71] Al AL
—
2 L
| | | | | | | |
USGS determlnathnS Of 0 140 150 160 170 180 190 200 210 220

=3, = masses from LQCD M — My, (MeV)
[Lewis & Woloshyn 09]



Heavy hadron axial couplings

* First complete calculation of axial couplings
controlling all systematics

e

g1 = 0.449 + 0.047 o0 £ 0.019 40
L9y = 0.84 £0.20 40 £ 0.04 e
| 0.71 £ 0.124p0 % 0.04 gyt

Considerably smaller than quark model estimates

Pleasant consequences for convergence of
HHYPT

* Allows pre- (and post-) dictions of strong decay
widths (also T'[=; — E.9])

C






Actions and ensembles

e further detalls

LP*xT amt™ amq(zza) amfle) a (fm) m& (MeV) m{® (MeV) m{™ (MeV)

243 x 64  0.04 0.005 0.001  0.1119(17) 336(5) 294(5) 245(4)
243 x 64  0.04 0.005 0.002 0.1119(17) 336(5) 304(5) 270(4)
243 x 64  0.04 0.005 0.005 0.1119(17) 336(5) 336(5) 336(5)
323 x 64  0.03 0.004 0.002 0.0849(12) 295(4) 263(4) 227(3)
323 x 64  0.03 0.004 0.004 0.0849(12) 295(4) 295(4) 295(4)
323 x 64  0.03 0.006 0.006  0.0848(17) 352(7) 352(7) 352(7)
L3 xT am,&vjll) t/a Nmeas (approx.)
243 x 64 0.001 10 550
o Numbel”s Of measurements 243 % 64 0.001 9,8, 7.6 240
243 x 64 0.001 5 460
243 x 64 0.001 4 120
243 x 64 0.002 10 880
243 x 64 0.002 9,8,7,6,4 240
243 x 64 0.002 5 480
243 x 64 0.005 10 960
24% x 64 0.006 9,8,7,6,4 240
243 x 64 0.005 5 480
322 x 64 0.002 12 1200
32° x 64 0.002 9,6 480
323 x 64 0.004 12 1200
32° x 64 0.004 9,6 480

323 x 64 0.006 13 700




