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Introduction

o Lattice methods are powerful techniques in analyzing the spectrum of hadrons.
However for hadrons containing heavy quarks particullarly bottom quark are difficult
to analyze.

@ For spectrum calculation it is necessary that aM << 1. For light quarks it is true
but for charm quark aM. > 0.7 and for bottom qurak aM, > 2 with lattice spacing
a=0.12fm.

o However in hadrons containing heavy quarks the velocities of heavy quarks are
non-relativistic. One can use effective theories like NRQCD.
M~y = 9390 MeV where as 2 x M, = 8360 MeV (MS Scheme) and M,y = 3096
MeV where as 2 x M. = 2580 MeV.
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Foldy-Wouthuysen Transformation

o The Dirac equation Hy = 2% 3¢ Y where

= 3.(3762)+e¢+m,8

@ Non-relativistic limit is reached by making the following transformation ¢’ = e

where S = f—ﬁﬁ (B — X)
o We get ,6111 = H'4)’ where

—iS
H/ — e:SHe—:S _ ielsaei
ot

= H4ilS,H]~ S1S.[,H]] - é[s, [S,1S, HIl] + oo

5= 215,81+ ¢[S,15. 811 + v
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o Writting

° /8’/’ = H'v)’ gives

.Ou 1 2 e 1 242
W me =S - feB-——(S'D
"ot [m 2m ; T om? 8m?3 (; /)
tep— S VE- " (VX E—ExV)u
8m? 8m2 "’

Protick Mohanta National Institute of Science Educat Heavy hadrons spectra on lattice using NRQC!



NRQCD Lagrangian

o Similarly like QED we write NRQCD Lagrangian upto O[(v/c)®]
L=Lo+ L+ L

Lo =(x)! (D5 + 2 )(x)

5£V4 = ’lj)TD4’¢Y—|—C28 5 T(EE—EB)’IZJ

+C3—1/ﬁ& (Dx E—Ex D)+ c4%¢*a.éw

2
SLps = wT{D2*B}¢—c—wT(6'.E><E)w
3:gf T
+C764m4w{D d(DxE—ExD)}y

o Lo merely gives us Schrodinger equation.

® c1, 6, C3, G, Cs, G and ¢z = 1(tree level).

Protick Mohanta National Institute of Science Educat Heavy hadrons spectra on lattice using NRQCD



Improvement upto O(a*)

@ For a = 0.12fm it is desirable to correct operators upto order O(a*).
@ Symmetric derivative

AFf(x) = %[f(x +al) — f(x — ah)]
2
= of+ %a?f
82 + —
= Of+ TA AFATF
a2
Of = AFf- EATA,“LA,_f
At + & A
Aif = A‘f_EA,AIAIf

o Laplacian

2
A= N T NIAAT

o Gauge fields corrected upto O(a*) {using cloverleaf}

4
a _ _
gFu(x) = gFuu(x) — E[A:Au + A:J:Au lgFuv(x)
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Green's Function

@ The Lagrangian has the following form
£ = 9" (x, )Da(x, £) + ' (x, ) H(x, 1)

@ H contains spatial derivaties only.

o Green's function obeys.
H oH
(1- 22 - T Uix. )

(1- "‘57"')(1 _ "”T'L’O)c(x, £:0,0)

G(x,t+1;0,0)

H = Ho + 6H. For stability purpose we modify

Glx,t+1,0,00 = (1= 2y M5 vyt
2n 2

a0H 1-— a—HO)"G(X7 t;0,0)

1290
( > (1=
with G(x,t;0,0) =0 for t < 0 and G(x, t;0,0) = dx,0 for t = 0. From the above

equation it is evident that n > %
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Tuning and mass calculation

@ In NRQCD Lagrangian the rest mass term is not included.

@ In order to tune b-quark we calculated 'kinetic mass’ of 77, meson

E(p)—E0O) = VpPP+M-M
=AE+M = +/p>+ M? where AE = E(p) — E(0)
= (AE)’ 4+ 2MAE = p°
2 2
p~ — (AE)
=M 20E
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Heavy-heavy correlator

o For mesons containing both heavy quarks let the heavy quark and anti-quark are
created by two component spinor ¥ and x and their destruction operators are 1)
and x'. As anti-quaks transform by 3 under color rotation so it is convinient to
rename the anti-quark spinor.

C(p,t) = Z< |€7%0(%,)0'(0,0)/0)

Z O (T () (<) ()T Le(0)x(0) o)

—Zeiﬁ F(OIx(0)x" ()T s () (x)%" ()7L (0)0)

> TG (x, 0) (x) G (x, 0)T L (0)]

X

o In the last line we have used G'(x,0) = —[x(x)x'(0)]'. Here I'(x) = Q¢(x). ¢ is
the smearing operator and 2 is a 2 X 2 matrix in spin space. Q2 = | for pseudoscalar
particles and Q = o; for vector particles.
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@ We ran our code on 40, 24364 milc lattices. Nr-loop n = 3 and mass is tuned to
m = 0.759.
@ Here we shown the correlators for 7, obtained at momenta p = 2T"(2,07 0) and

p= 2T”(O,O,O) with L = 24. We find kinetic mass of 7, = 9.42 GeV.
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Figure: Heavy-heavy p200 vs p0
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Mass difference of T and 7,

@ The following plot shows the mass differencebetween T and 7. For fit range 7-17
we find the splitting to be = 131 MeV.
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Figure: Hyperfine splitting
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Heavy-light correlator(light = overlap)

@ For mesons containing one heavy quark and one light anti-quark the interpolating
operator is QT (x)I'(x)q(x).

cpy) = Ze‘” (0lg" (ML () Q(x) QT (0)+c(0)q(0)[0)
= —Ze""x 0lg(0)q" (), (x) Q(x) Q" (0)F «(0)[0)
= =20 PITM(O, )l L ()6 (x, 0)Tse(0)]

= Z eiﬁ"?Tr[75 M(x, 0)‘L75'y4r;rk(x)G(x7 0)ls(0)]
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7)c Meson

@ Charm is tuned using the kinetic mass.
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Figure: Light-light p200 vs p0

@ We find the kinetic mass of n. = 3.05 GeV.
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B. meson

@ Plot for B, meson correlators.
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Figure: Heavy-light meson correlators obtained at zero momentum

o From fit Eg, = 1.46149 = 1.46149x 197.3/0.12 = 2402 Mev
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@ As we used kinetic mass in tuning the bottom and charm masses we had
to use the following formula to calculate the mass of B..
1 1

Mg, = Eg. + E(M'Ub - E’]b) + E(Mnc - E"Ic)

Here Ep_, E,,, E,. are the simulated masses and M,,, M,,_ are their pdg values.

o Mp_ = 2402 + [(2980 - 2190)/2] 4 [(9391 - 2472)/2] = 6256.5 Mev
with error = + 20 MeV
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Bs meson

@ s-quark has been directly tuned to produce s5 pseudoscalar mass to be 686 MeV.
Here we used the following formula to calculate the mass of pseudoscalar

s-quarkonium state
Mss = /2M2 — M2

where My and M, are kaon and pion masses.

@ Bs meson mass is calculated as
1
MBs = EBs + E(M’ﬂb - Emy)

Mg, = 1640 + (9389 — 2476)/2 = 5096 MeV
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Heavy-light correlator(light = hisq)

o Q:(?),I’:ysorl':'yk

C(p.t) =

3 (014! (0T (@M@ O« (0)a(0) 0
~ 3 014(0)q' (T Q@' O)r0
—> " PFTrM(0, x)7al G(x, 0)I]

= PFTr[ysM(x, 0)TsT G(x,0)T]

@ G(x,0) is now a 4 x 4 matrix in spinor space having vanishing lower components but
it is in Dirac representation of gamma matrices. We can convert it to milc gamma

V2

. . . o o
representation by an unitary transformation S = - ( Y y)

—Oy Oy

Protick Mohanta National Institute of Science Educat Heavy hadrons spectra on lattice using NRQCD



Bs meson

@ Plot for Bs meson correlators.
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Figure: Heavy-light meson correlators obtained at zero momentum

o Mg, = 1584 + (9389 — 2476)/2 = 5040 MeV
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@ Interpolator (Ok)a = eabc(QaTC'kab)Q; with C = y47v4

Ciap(t) = Z(OHOI(?,t)]a[Of(570)1ﬂ|0>

X

= > cancemn Gl (x,0) T €7 G%(x,0)C% 6™ (x,0)]

X

@ The correlator has overlap with both spin 3/2 and spin 1/2 states
Ci(t) = Zsppe B2 NPY? + 7y pe B2 NP2

N=1(1+) P)/* =68;— Ly P> =Ly and P2.P)/% = 0.

y

0 PY?.Co+ P .Co + PY?.Cox = 2Z35Me™ 5312
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@ Plot for Qppp correlator
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Figure: Omega 3/2

o Ma,,, = Ea,,, + 3(M,, — E;,)=14.38 GeV with error = & 20 MeV
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o Interpolator (Ox)a = €abe (@77 Cvk Q®)sS

Ciap(t) = > (0[[0i(%, 1)]a[0] (0, 0)]5(0)

X

= 3 eacernM(x,0).7a]as Tr[C7i G (x,0)C7 6™ (x,0)]

o Change G(x,0) into milc gamma representation.
o Pi%.Co+ Px3y/2-cyx + P Co = %23/2ﬂe*E3/2f
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@ Plot for Qpps correlator
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Figure: Omegapps 3/2

e Mg, = Eq,,, + (My, — E;,)=9.81 GeV with error = + 40 MeV
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THANK YOu
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Backup
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