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Motivation oo e

Motivation : Y (2S) — 7, (1.5)~

Spin singlets: /b

Insight into heavy quark bound states in QCD

Exclusion of parity odd Higgs
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Laboratory to test relativistic effects: NRQCD =? Experiment




Theory

Decay Rate: Y (25) — 7, (1.5)~

theory formation
exploratory research

<
Theory Reality

\/

theory validation
empirical research

v? ~ 0.1, |q,| ~ 0.6GeV
B(T(25) — mp(18)y) = (3.9+1.5) x 107*
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Decay Rate: Y (25) — 7, (1.5)~
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Theory

Currents and Power Counting from NRQCD + NRQED

a,| ~ mv?,v* ~ 0.1

W4

M4 .
2M

hio - BREPyy ~ |q. |2 ~ v

C. Hughes DAMTP, University of Cambridge




Theory

Currents and Power Counting from NRQCD + NRQED

a,| ~ mv?,v* ~ 0.1

W4

M4 .
2M

%J,rff BREPyy, ~ gy |2 ~ vt =~ 0°

Suppressed more than naively expected,
due to orthogonality of radial wavefunctions

C. Hughes DAMTP, University of Cambridge




Theory

Currents and Power Counting from NRQCD + NRQED

a,| ~ mv?,v* ~ 0.1

W4

M4 . —
2M

%J,rff BREPyy, ~ gy |2 ~ vt =~ 0P

Suppressed more than naively expected,
due to orthogonality of radial wavefunctions

_ o S. Godfrey, J. L. Rosner,
Potential Model Predictions: arXiv:hep-ph/0104253

Table III: Predictions for overlap integrals and branching ratios in hindered M1 tran-
sitions hetween nS; and n'*.Sy bb levels, taking into account relativistic corrections.

n=2n"=1 n=3n=1 n=3 n=2

k = Pty = 008 McV k= 352 MeV

Reference |1 B [1] B |1] B

(1074 (10-) (10-4)

ZBS3 [ 008| 15 04l 22 0.095 7.0
cosstfl () M 79 fm B ) ()
Gossafp () M 4 for ®  ®)  ®) . . .
GIss [ (d) 0058 74 o020 11 0054 22 EXperlmental Result (Babar): K.A. Olive et. al. (Particle Data Group)
ams g3l (o) oosf 13 o3 25 00w 47 VS
ZsGot [ () o002 4 fb) ) ®m) () . _
7sco1 [ () 000§ ~0 Qo) m) () (b) B(T(QS) — nb(ls)’y) = (39 + 15) x 10 4
LNROO [[I) (h) (D) 046 Jb) 14 (b) 0.3
LNR99 [ () (W 005 Jb) 005 (b)) 040

@ Scalar confining potential. * Not quoted.

¢ Vector confining potential.

¢ Based on quoted transition moments.

¢ Based on matrix elements between *S; and 'S wave functions.
I Scalar-vector confining potential of Ref. [Z].

9 Scalar confining potential of Ref. [27].

" Without exchange current. © With exchange current.
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Theory

Currents and Power Counting from NRQCD + NRQED

a,| ~ mv?,v* ~ 0.1

Wy
M4 - mwgg . BQED¢b ~ ’qfY‘Q ~ U4j ~ U5

W
M6 : —— i {D? o - BREP}yy, ~ v?|q, [ ~ 0°
2N
Ed: o mthyo - [Dx B, ~ g, [* ~ o
31w
E6 - 64Mi¢ga {D?, [Dx,EEP| Ly, ~ v?|q, |? ~ v°
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Theory

Currents and Power Counting from NRQCD + NRQED

Need matching coefficient of L.O. Current Operator:

ED 2 5

This study finds (including mixing from higher order currents):

ws ~ 1.03 + O(a?)
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Theory

NRQCD Action

aH = aHy+ adHya + adH s

(2)
aly = - Qimb’
(2))2 ' - .

a0H,» = Clég((in%)):‘ + (JQS(G:T)Q (V E - E- V)

~ergrmo (T xE - Bx V)

_ A“) A(2))2

T 2amy, o-Btcs 24amy, €6 lﬁ(n(mrzb)? ’
adH 6 = —(378(71%)3 {A(Q),O' : f’,}

—csﬁ {A(2),J : (@ xE — E x @)}

i S(a:nb):‘g ‘ExE
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Lattice NRQCD

Lattice Methodology
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Lattice NRQCD

Two Point Calculation

1. Build interpolating operators O(n, t),

which overlap with states having specific quantum numbers J7¢, e.g, T,
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Lattice NRQCD

Two Point Calculation

1. Build interpolating operators O(n, t),
which overlap with states having specific quantum numbers J7¢ eg, T, 1,
2. Calculate Cth (nsrca Nskn; T) — <O(nsnk7 T + 750)(9Jr (nsrca t0)>

numerically on the lattice

NB: Get on-shell photon data numerically by using twisted boundary conditions with twist:

2 4 om?2 2 3
_ Myms) T Myy(ms) | 2
Onm = M, (mS)
2mT(nS)
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Lattice NRQCD

Three Point Calculation

1. Build current operators which we are interested in: V(¢ + t)
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Three Point Calculation

1. Build current operators which we are interested in: V(¢ + t()

2. Calculate Capi(nsre, nsten; T 1) = (O (g, T + o)V (¢ + t0) O (ngre, to)) numerically with the same
twist as in the two point calculation.
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Lattice NRQCD

Three Point Calculation

1. Build current operators which we are interested in: V(¢ + t()

2. Calculate Capi(nsre, nsten; T 1) = (O (g, T + o)V (¢ + t0) O (ngre, to)) numerically with the same
twist as in the two point calculation.

NB: Details swept under the rug, ask if interested!
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Lattice NRQCD

Bayesian Fitting

 Simultaneously fit two point correlator for T, 7, data to

C2pt (nsrm nsnk) — Z a; (nsrc)ai (nsnk> eXp(_Ez't)

and three point correlator data in order to

C3pt (nsrm nsnk) — Z Q; (nsrc)‘[é,fbf (nsnk) exp(_Eit) eXp(_Ef (T o t))
i, f

and extract what we need: V;
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Lattice NRQCD

Coulomb Gauge Fixed Ensembles

MILC Configurations (= = 2 + 1 + 1 HISQ)

Set B (ar (fm) Nam; ams ame L XT neg
1 5.8]0.1474(5)(14)(2)] 0.013 0.065 0.838 16x48 1020
2 6.010.1219(2)(9)(2) | 0.0102 0.0509 0.635 24x64 1052
3 6.310.0884(3)(5)(1) ) 0.0074 0.037 0.440 32x96 1008

!

m!e ~ 300MeV
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Lattice NRQCD

Previous Lattice Calculation

R. Lewis, R. Woloshyn, arXiv:1207.3825 first Study of the decay includes:

One gluon ensemble

192 gauge fields and 16 time sources

No radiative corrections to action or currents

Extrapolate to on-shell photon matrix element using off-shell data
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Lattice NRQCD

Our Improved Lattice Calculation

This study of the decay includes:

* Three gluon ensembles
* -1000 gauge fields and 16 time sources, including physical pion mass.

* Order alpha in v*4 Action and Order alpha in L.O. Current radiative
corrections - N.B!!

* On-shell photon data
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

10 b o B Very Coarse |
Preliminary |mmm coarse
Bl Finc | |
:; |
» |
=
|l
(o]
2t N
;-“:_,:
S -
-6 | m
-SF m
Not 10% of M4!!
-10 | B
M4 M6 E4 E6

Tree Level Current Operators
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

currents

V(@) = > VYQ? with statistical errors only

X V(Q*=0) [ Experiment
0.20 H 0 LWs inferred V Very 1
Preliminary
'ﬁ O0.15 F 1
C:]@ O10F e R R
—
- it
0.05 | |
0.00

0.000 0.005 0.010 0.015 0.020 0.025
a’® (fm?)
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

Data for Very Coarse Lattice

10 [ Bl c: = 1.00 |
Bl i = 1.21—O(as)value
8 Bl c:.— 150 H
6 —
T4 y
=
x 2 g
(I-I) 0 _—
(g ]
S 2 |
;‘:_,‘-;
SO .
-6 | _
Ry Preliminary i
-10 | -

M4 M6 E4 E6
Tree Level Current Operators
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

0.05

0.00

C. Hughes

currents

V(Q) = > VHQ? with statistical errors only

a? (fm?)

| X V(Q? :I 0) II:E] LWs infelrred \% |
= I V withcqy = 1.0 0 Experiment Preliminary —
D V withcy = 1.5
- @ —
e — >I< ______________ X--TTT T Tt oo X'_______
Ri ; 0
0.000 0.005 0.010 0.015 0.020 0.025
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

currents

V(Q) = > VHQ? with statistical errors only

7

Remove sensitivity to C4 P —RET—

ex 020H @ Vwithes=10 @  Experiment Preliminary-
: M — M D ‘
V’I“CLt’LO — ((M’i(ls) — Mnb(ls)))lat V @ V withcg = 1.5 [D yratio

(15) b (15) — d

S 015) > l

Qgof Yormmmmemeees I B

0.05F N -

0.00

0.000 0.005 0.010 0.015 0.020 0.025
a* (fm?)
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

currents

V(D)= D> VYR

7

Introduce a 10% systematic error on L.O.

current from neglecting O(a?) terms in . l . .
matching, and 30% in all other currents X V(@*=0) @ Experiment Ver
from neglecting 0(a,) terms. 0.20F very 1
Preliminary
? 0.15 | -
Storof T % _______________ % ______________ %
-
0.05F i
0.00

0.000 0.005 0.010 0.015 0.020 0.025
a? (fm?)
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Lattice NRQCD

Results for Radiatively Improved O(v*) Action with O(v°) Corrections

currents

V(D)= D> VYR

7

Introduce a 10% systematic error on L.O.

current from neglecting O(a?) terms in . l . .
matching, and 30% in all other currents X V(@*=0) @ Experiment v
from neglecting 0(a,) terms. 0.20F Yery 1
Preliminary
? 0.15F _
: : i@/ omoF %( _______________ % ______________ %
NB: Progress Report. Take with pinch N
of salt, further analysis of 0.05 EI] |
sensitivity and full error budget still '
needs to be done. 0.00

0.000 0.005 0.010 0.015 0.020 0.025
a? (fm?)
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Ending

Summary

* L.O. current suppressed due to orthogonality of radial wavefunctions

* This suppression results in sensitivity to:

— Relativistic corrections in current (Need multiple current corrections)
— Relativistic corrections in action (Need relativistic corrections in action)

— Radiative correctionsin action  (Need precise matching coefficients)
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Ending

Summary

L.O. current suppressed due to orthogonality of radial wavefunctions

This suppression results in sensitivity to:

— Relativistic corrections in current (Need multiple current corrections)
— Relativistic corrections in action (Need relativistic corrections in action)

- Radiative corrections in action  (Need precise matching coefficients)

Lattice NRQCD is a first principals tool that has been systematically improved.

Can aid in reliably pinning down this difficult to predict decay.
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Ending

To Do and Future Projects

* Further study sensitivity of the form factor

 Then perform high statistic study with multiple lattice spacings with physical pion
mass
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Ending

To Do and Future Projects

Further study sensitivity of the form factor

Then perform high statistic study with multiple lattice spacings with physical pion
mass

n6(25) — T(1.5)7 not as suppressed

C. Hughes DAMTP, University of Cambridge

Get h(1P) width from Ay (1P) — np(15)y




Ending

To Do and Future Projects

Further study sensitivity of the form factor

Then perform high statistic study with multiple lattice spacings with physical pion
mass

n6(25) — T(1.5)7 not as suppressed

BN

* Get h(1P) width from hp(1P) — 1y (1.5)~y v,
PR

—
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Ending

Questions
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Ending

Back Up Slides
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Non-Relativistic QCD

* |s an Effective Field Theory to describe b-quarks
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Theory

Decay Rate: Y (25) — 7, (1.5)~

Non-Relativistic QCD

* Is an Effective Field Theory to describe -quarks

* Has expansion parameter :v* ~ 0.1

* Shows up in two places: the propagator and interaction Lagrangian
(which also has NRQED)
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Theory

Potential Model for L.O. Current

A 2

1| [ r2ares, (190091 )6 (29

FT—mb'y — aQEDe

V(@)m [ 12065, (m8)io (1% )9 (05)
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Theory

Potential Model for L.O. Current

X . 4|7
V(@ )m [ 12465, m8)io (Y )i (n5)
Hyd aglgl? - al =0
- V(Q?)7 o (1 - 016 ) — 1
oz o Golal (L aplaP\ T e
* (Q )21 X 16 ( L ].6 )
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Theory

Potential Model for L.O. Current

V(@ )m [ 12465, m8)io (Y )i (n5)

2112\ T2 .
 V(Q?)IYY (1 . %1'2' ) 10

I
L

21 .12
Hyd ao|‘l‘ (1

agla?\ " e
’V(Q2)21 16 ° )

— 0
16

UQ Suppressed more than naively expected!!
Difficult to predict in potential model.
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V a amb Vphv&.

x |1+ Z kj(a'*’i)gj(l +kjb5I1rn +kjbb(5xm)2) . (“1)
j=1,2

The lattice spacing dependence is set by a scale A = 500
MeV, and dx,, = (amy — 2.7)/1.5 allows for mild depen-
dence on the effective theory cutoff am;. We take priors
of 0(1) on all the coefficients except ky which is 0.0(3)
since the action includes radiatively improved a? lattice
spacing corrections. We have tested that our results are
not sensitive to the fit form or the priors.

DAMTP, University of Cambridge
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