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Setting

A relativistic wave equation
for two fermions
with arbitrary masses

with the correct one particle Dirac equation limit when the mass
of one component tends to infinity (not as Bethe-Salpeter Eq.!)

with the correct two-body Schrodinger Equation limit in the
non-relativistic regime.

including a vector Coulomb-like interaction and a Breit term
responsible for the hyperfine splitting

possibly including also a confining scalar interaction linearly

growing at infinity (phenomenological term from QCD)

Later on the vertex with a photon field will be needed for the
covariant treatment of radiative decays

and the vertex for leptonic decays will be studied.
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Benefits

The obvious inclusion of the complete relativistic kinematics
without any need of corrections.

Spin-orbit: 2 spin-orbit couplings, one for each fermion,
directly implied by the Dirac equations for the two particles
Spin-spin: a plain perturbation treatment of the spin-spin
interaction ’ without the puzzle of d-function smearing in the
Fermi coupling approximation.

Correct introduction of the confining scalar potential - coupled
to the mass - and of the vector potential (e.g. electrostatic)

- coupled to the energy -.

Eigenfunctions (16 component spinors) and their use for
perturbative calculations as the radiative decays.
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Kinematical stuff

Particle variables ~ m;, X, p;. =12 ~
Global and relative variables
L Mt 2 1 0 "
P =Py + Py » X = (xhy + )
q“:%(pf?)‘p(”z))’ =Xy = Xz ~

Canonical variables

pn
€abcPa7lch el . . P,
M =Xt + + F—raq) + = §F
Ny RN G AL
E/:ggql“ 7’:5ng7 Qa:5gqlta ra:5ZCL

r, g Newton-Wigner 3-vectors: r?, g%, 7, ¢ Lorentz invariant.
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Coupled Dirac Operators

» The Dirac operators and the v matrices of the two particles are

1 1
D1:<§Pu+qu)7(u1)_m1a DZZ(EP#—Q;J’Y(MZ)—mz
My =7"®l, Yy =hke,

» In terms of the canonical variables
(1/2) M5y + @51y — Gavny, = M1,
(1/2) XM 2) — GF2) + Q) , = M2
with
Y0y =30 (P) =g (P iy s Yiya = YiyalP) = €2 (P)Yiyu
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The free eigenvalues

» Solve in the mass Ao = V' P2 and in the relative energy g

Ao =(a (’°7(1) Y1), — V@) 7(2)3) + YaymM + Y@ym:

. 1 . . . .
9=50a (7(1) Y, T @) W(z)a) M — Y@M

» Free eigenvalues: the 4 combinations :
1/2 1/2
Ao = Zl:(qa qa + m12) + (qa qa + mg)

each one with multiplicity 4.
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The interacting qq problem

Mass parameters M = mq + mo, =My — Mo

Meson interaction in terms of the Cornell potential:
x a linear scalar interaction or is added to the total mass.
x a Coulomb-like vector interaction «/r is added to the energy.

The qq wave equation reads:

1
[ (7(01)7(1)5, - '7?2)7(%) Qa + > (’y( )+7 ) (M + ar)
L b
5( i W(2>) (A + ;) +eVB(r)] w(r)=0.
V(r) is the Breit term to be treated at the first perturbation

order It reads:

rarb)
,
Vs(r) = 2,7(1 Y0 V@5 (5ab+

(For hydrogenic atoms b = k1x2ce Where k; = total magnetic moments of
the components and « = fine structure constant.)

fiﬁa;
Thessaloniki - August 30, 2016 S



The interacting problem: equation and states

» The unperturbed interacting problem is

M(r) lag Ho B ()\+ [3)
Ho —lag r

» The W_ states have 16 components, collected in 4 groups
labeled by the free eigenvalues +M, —M, —u, +pu.Ineach
group the components have the in singlet-triplet order, i.e.

wi: (\U(M) \U( M) w( ®) w(l‘))

V= 0, |4,4 = diag(|47 —|4)

. A
Wlth (¢i05wi1+7wi107w§:%7)7

» Odd and even spinors are related by

0 1
— = 8 ‘U+
lg O

¢
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The Hamiltonian submatrix *

The H, bloc is given by

ﬂ p—
0 0 X, X X 0 Xi X X
-X_ X0 —-X_ 0 - X_ Xo X_ 0
XX X. 0 -X. X -X. 0 X
7X+ 0 X+ XO 7X+ O 7X+ 7X0
where

Xo=—(+q+iq)/V2, Xo=0z,  Qa— —i0/rs

¢
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The even state components (i-viii) *
» The four \Uﬂv’) components
Wi = V(6. ¢) a(r)
m NV m+1 \/j+myl

¢+1+ - \/7\/]T (Ga ¢) bo(f)
v = \/\/ﬁ $) bo(r)
wy = IR \/’]}m Ly 00, 9) b

» The four \IJ([M) components
w0 = Yi(6. ¢) ai(r)
VimmEiiEm,,

¢5r1":) \/7\/]T m 1(9 ¢)b1()
Wy = \/\/7\/’ (8, ¢) bi(r)
Vimm/iEmT,
Wi = e Y14 (6,9) (1)
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The even state components (ix-xvi) *

» The four W{"*) components
111( K)

w(f)_\/ler vl+mY11
+1+ \/7\/2/77 m—1

VImmIA = mE2 s

V2ji+2/2j+3 m=1

(0, ¢)ico(r) + (0, ¢)ido(r)

(—w) _ MI=mAIEm g _MImmrtViAmat
v = DR 0, gyicte) - SR v, 9y
_ Vi—m—14/j j+m+1yj+m+2 .
wi = VB e o)) + %ﬁ% YEL (0, )i co(0)
> The four w{*) components
w(u)
t0=0
——— 5
N N T;”m e, i+ BB v 6, o)iann
() _\/ \//+m 0. J—m-+1 j+m+1yj+10 i
¢+10 \/\/2/7 ( ¢)IC1() m\/m m ( 7¢)’ 1(/’)
Vimm =i : VitmEiJjrm+z2
W) = ’fﬁ]i_ YN0, 9)ici(r) + ’ﬁ”jﬁw% YEL (0, @) idh(r)
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The originary radial system *

Substitute W in wave-equation and let the coefficient of each spherical
harmonics vanish. Get 34 equations, 8 of which are independent:

W(%+/+,1)a+<'>—m(5+”—1) b_(r)+ V2j+Ta(r) (u+h(r)) =0
\/j(%+jt1)a* r)+\//T( ]t1)b—(f)*mm(r)(u—h(r)):o
m(%*£>3+(f)+\ﬂ(%*£)b (r) = V2j+1a(r) (u+h(r)) =0
m(%_é)a*(')_‘ﬂ(%‘/ﬂ N+ V2T T ah(r) (1 — h(r)) =0
\/j(%_u>c+(’)_m(%+jt2)d )+ V2] 1 ao(r) (M(r) — h(r)) =
‘ﬁ(% - ) e - \//?(% +/%) di(r) — 2]+ 1 ai(r) (M(r) + h(r)) = 0
m(%flr1)°*(')+\//(%+1t2>d7(f)f\/mbo(r)(M(r)fh(r)):o
m(%fjr1>cf(r)+\ﬂ(%+j+f2)d—(f)fmb1(r)(M(r)+h(r)):o
here s=(r) =so(r) £ s1(r), s=ab,cd
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The reduced 4th order radial system *

» The system gives 4 algebraic and 4 differential equations.
» The reduced radial equation for each parity is the 4 x 4 system

y(r) 0 A=o(r) —Beo(r) 0 yi(n)

d | 0 A(r) 1/r 0 B.(r) yo(r)

dr | ya(r) + C.(r) 0 2/r  A(r) ya(r) =0
ya(r) 0 D.(r)  Ao(r) 1/r ya(r)

v

The Schrédinger and the 1-particle Dirac limits are satisfied.
Solution by double shooting and Padé approximants.
Match the four component functions at a crossing point x;

v

v

Ki v OV (xe) + Ko y©2 (xo) = Ka v (o) + Ka y[ ™2 (xc)

v

Spectral condition = vanishing of a 4x4 determinant

faﬁ{;
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HFS for some Hydrogenic atoms

» Hyperfine splitting for 1S and 28 states (e in MHz, p in meV).

Atom AHFS(1 S) AHFs(ZS)

(p,e) 1420.595 1420.405 177.557
(ut,e) 4464.481 4463.302 558.
(*He",e) -8665.637 -8665.650 -1083.355
P, 1) 182.621  182.638 22.815
(*He™, p) -1372.194 -1334.730 -166.645

» Hyperfine splitting for 2P states (e in MHz, p in meV).

Atom AHFS(2p1/2) AHFS(2PS/2)
(p,e) 59.196 59.221 24.0
(ut,e) 186.252 187.0 74.0
(He*,e)  -361.100 - -

P, 1) 76.82  78.20 32.48
(CHe™, p) -57.028 58.713 -24.291

4|
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Procedure

We have first calculated the spectra of heavy quarkonia

(bb), (ct), (bT).

From minimization of the square differences with respect to the
experimental data the same string tension is obtained.

We have fitted m, and m..

» We have fitted two parameters «,; and «.z independently for

the whole spectra of (bb) and (cC) .

We have done the same for (ss), (bs), (¢S). For the last two we
have used the already found masses.

We have finally studied the light mesons (ud)
We comment later on the string tension and on « parameters.
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(1)

bb Mesons
State Exp Num
(1'80) 07(0*) 1 9390.90+2.8" 9390.39
(13s1)0-(177) T 9460.30+.25 9466.10
(13p0) 07(0) Xpo 9859.44-+.73 9857.41
(1301) 05 (1) Xpq 9892.78+.57 9886.70
(1'p1) 0~ (177) hp 9898.60-£1.4 9895.35
(13p2) 0% (2°%) Xpa 9912.21+.57 9908.14
(2°s)0~(17") T 10023.26+.0003  10009.04
(13) 0~ (277) T2 10163.70+1.4 10152.69
(2°p0) 0F(07") xpo ~ 10232.50+.0009  10232.36
(2°p1) 0F(17%) xp;  10255.46+.0005  10256.58
(2°p2) 0F(27) xp ~ 10268.65+.0007  10274.26
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bb Mesons (2)

State Exp Num
(8%s1)0~(1~7) T  10355.20+.0005 10364.52
(3%po) 07 (0%") xpo 10534.86
(3p1) 0F (1) x,; <10530+.014>, 10556.59
(3%p2) 07(2%) xpa2 10572.44
(4%s1)0-(17) T  10579.40+.0012 10655.34
(5°s1)0-(17) T 10876+11 10910.35

Table: The bb levels in MeV. First column: term symbol, /°(JPC) numbers ,
particle name. o=1.111 GeV/fm, «=0.3272, m,=4725.5 MeV.
Experimental data from [PdG].

'0§¢5
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One photon emission

Photon wavefunction with polarization e,

Var —ik-x
—— €, €
V2w

Interaction Hamiltonian in the two particle coordinates, z=A.N.

A(k,o) =

Hint = —q (Za(1) cA(Xx1) - aq) - A(Xz))

Reference frame with vanishing initial global momentum, P; =0
2-fermion wavefunction in canonical global-relative coordinates

W, = V12 e Pz y(r), (=i f
S-matrix element, with A = (m? — m3)/2P?,
( ) 4 / 3 v 4n * *
Sii= —i MPr+k—PF) | d°r r)e
T av vz Vit e

a“) efi(%fA)k- ro_ &(2) el(§+A)k-r} ¢i(r)-

Thessaloniki - August 30, 2016



v

v

v

v

The S-matrix element

Conservations: P? = P? +w, P;= P+ k (recoil included !)
If 27 /w >> atomic scale length,

eH(1/2EKr w1 L (1/2 L A)k - r
This corresponds to the “dipole approximation”, but has different
origin.
By angular properties
/ dr yYi(r)agvi(r) =0, j=1,2.
The final form of the S-matrix element in this approximation is
Sy = (4nw/V3)V2 (2rn)* 6*(Pr + k — P)) (€5 - dy),

dy=—iq [ &r (n-r) vi(r) [a (5 - 8) +a@ (3 +2) | uin.

faﬁ{;
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The transition rate
The differential transition rate is

aw = 2“’7 5P+ k — P,)ZU: €% - dy2 BBk PPy

Integrate over P with the invariant measure. Use the identity
J (a®P/2P°) = [ (d*P) 6(P°)6(P? — X?)

Get
dw _ o T,
= j — - " * . ds|?
dwdQ, 27\ (i —w) (5(w 2\ ) ZJ: e - di
The integtrated transition rate is
4 (e1 L €2) 2
|’|/=77I\2‘|Nf'|2 |[J/f'|2=7.df.
3 i U i i
with 3 7€ V2
hw_Ai'F)\f()\._)‘) Az_)\,?+}\$
STy T T e
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Atomic hyperfine transitions

Using for the matrix element the Breit corrected wavefunctions
Vi =Vysg(r,0,0) and  V; = Wyi5(r,0,0)

we have calculated the decay rate for some cases.
For the first two levels of the electronic Hydrogen:

n=1 Purs, =2.86610~"° s~  approximately known
n=2 Purs,=187110"" s not found in literature
For the first levels of the muonic Hydrogen:

n=1 Purs, =2.49610"¢ s’ not found in literature

fiﬁa;
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Meson radiative decays. Remarks

Comparison and difficulties w.r.t atomic transitions.

» We calculate branching ratios and widths of the measured
radiative decays of T(3s), xv2(2p) , xv1(2P) , xp0(2P) , T(25)

» Good but less accurate results w.r.t. atomic transitions. Indeed:

(a) The Cornell potential is an effective potential more
adapted to the description of a stationary situation contrary to the
fundamental atomic electrodynamical interaction.

(b) Atoms: same fine structure coupling constant aep, for
Coulomb potential, Breit spin-spin interaction and decay process
% proper calculation of first order corrections to wave functions.

(c) Mesons: a remnant of Breit term correction already
present at lowest order by means of the fitted Cornell parameters
entering the wave functions - no proper (even) first order
perturbative corrections.

» Difficulties with QCD e.w. and strong radiative effects.
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The Breit corrections for some levels

State Ag(bb)  Ap(ct)  Ap(s8)  Ap(ud)
(1's0) 07(0 ) 92.31 155.22 296.81 600.12
(13s1) 0~ (177) 18.09 38.80 94.37 106.21
(13po) 07 (07F) 44.30 117.41 297.14
(13py) 0T (171) 19.98 52.14 127.83
(1'p1) 0~ (177) 15.95 43.24 110.77
(13p2) 0F(2+H) 7.51 21.10 55.93 63.72
(2%s1) 0~ (177) 24.31 60.02 134.22
(13d1) 0~ (177) 17.49 49.32 123.85

Table: The Breit correction Ag in MeV for some levels of bb, c¢, ss, ud.
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Wave equation & densities

» The 2-fermion equation with vector-scalar Cornell potential and
with the Breit term

(4700 7@,) qa% (28 +1% ) (2motor) - (E+§) +Va(r)| w(r)=0

b o 0 Falp
Ve(r) = 5, 7(1)7(1)a7(2)’7(2)b(5ab+7r2 )
» Completely covariant probability normalized densities for the states
T T T T T T
a->11s0
© b ->13p0
of a c->13pl |
- d ->13p2
2 [ b d e->21s0 |
Ni e f->23p0
@ f g->23pl
L ¢ h->23p2 |
° N i->33s1
13
o |

0 3 6
$ atﬁ_:f
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Decay rate expressions

Photon wavefunction Ak, o) = é% €, e kX,

Transition matrix element
Mﬁ _ /dar w}k(r) (a(U efik-r/z _ a(z) el’k‘f/Z) 1/)[(’,)
Differential transition rate

_ & les - Msl* 5 3 p
dw = 52 54 (Py + k - P> ot 1 dkdP

Differential transition rate per unit (frequency,angle) from level \; to As

2 _ MI
R L CR DIl s

dwdQ, 27\
Total transition rate

— 2 | Mfl
77wf1/\f12 2//"!‘1

c A+ X o M+
= A A2 =
h 2)\/ ( i f)7 fi 2)\,2 )

are the frequency of the emitted photon that completely includes the
recoil and the relativistic kinematic correction factor.

where

wfi =
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Branching Ratios

Branching Ratios Theor Exp

T(3s) = vxp1(2P)/T(35) — vx52(2p) .812 .96+.21
T(3s) = vxpo(2p)/T(35) — vxb2(2P) .433 .45+.10
T(3s) = ymp(25)/T(3s) — vxp2(2p) .002 <.005
T(35) = vxp2(1P)/T(3S) = vxb2(2p) .042  .075+.019
T(3s) = vxp1(1p)/T(38) — vxb2(2P) .010  .007+.005
T(3s) = vxeo(1p)/T(38) = vxb2(2P) .010 .021+.006
T(35) — ynp(18)/T(35) — vxp2(2P) .003 .004+.001
T(25) = vxp1(1p)/T(25) = vxb2(1P) .812 .96+.10
T(25) = vxpo(1P)/T(25) = vxp2(1P) 410 .53+.08
T(25) = ynp(18)/T(25) — vxp2(1P) .006 .006+.002
X62(2P) = YT (18)/xp2(2p) — YT (25) .55 .66+.23
xb1(2p) = YT(18)/xp1(2pP) — 7T (25) .46 .46+.08
xe0(2P) = YT (18)/xe0(2P) — yT(25) 13 (20+.20)

4|
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Widths for T(3) decays

Decay Theor(keV) Exp(keV)
T(3s) = vxp2(2p) 3.51 2.70+0.57
T(3s) — vxb1(2p) 2.85 2.58+0.48
T(3s) — vxwo(2P) 1.52 1.214+0.23
T(3s) — ynp(2s) 0.006 <0.013
T(3s) — vxp2(1p) 0.149 0.204+0.045
T(3s) = vxpi1(1p) 0.036 0.019+0.012
T(3s) = vxeo(1p) 0.032 0.056+0.013
T(3s) — ynp(1S) 0.009 0.011+0.003
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Widths for T(2) and x(2) decays

Decay Theor(keV) Exp(keV)
T(2s) — vxp2(1p) 2.13 2.30+-0.20
T(25) = vxpi1(1p) 1.73 2.22+0.21
T(25) = vxpo(1p) 0.87 1.2240.15
T(2s) — ynp(1S) 0.013 0.013+-0.04
X62(2P) — 1p(25) 18.77 13.60+1.87
xb2(2P) — ynp(1S) 10.27 7.44+1.02
Xb1(2D) — Y1p(28) 16.80 17.50+2.92
Xb1(2P) — ynp(1S) 7.68 8.00+1.33

o(2p) — ’yr]b(ZS) 11.77 -

xs0(2P) — 7m(15) 1.49 -
sz(1p) — ynp(2S) 33.73 -
xb1(1P) — ynp(25) 29.48 -
xbo(1p) — mp(25) 19.65 -

4|
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Widths for other decays

Decay Ours [1] [2]
hs(2p) — ymp(25) 20681 17600 16600
hp(2p) — ynp(18) 16884 14900 17500
T(25) = ym(25) 0.369 0.58 0.59
np(28) = T (1s) 65.41 45 64
xb2(1p) — vhpo(1p) 0.015 0.089
xe2(1p) = ¥T(18) 33731 39150 31800
hp(1p) — vxb1(1P) 0.050 0.012 0.0094
hp(1p) = vxeo(1P) 0.124 0.86 0.90
hs(1p) — ymp(18) 39318 43660 35800
T(18) = ynp(1S) 3.101* 9.34 10

Table: Comparison of the previsions of the theoretical widths of some
radiative decays of xp2, hb, Xb1, Xpo and T. Units are eV. The comparison
data are from [1] Segovia J. et al, arXiv 1601.05093. [2] Wei-Jun Deng et al.
arXiv 1607.04696. * This value is in agreement with N. Brambilla et al. Phys.
Rev. D 73, 054005 (2006).
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(1)

c¢ Mesons

State Exp Num
(1's0) 07(0~) 1, 2978.40+1.2 2978.26
(13s1)0-(177)J/v»  3096.916+.011 3097.91
(13p0) 07(0") X0 3414.75+.31 3423.88
(13p1) 07 (11) Xy 3510.66+.07 3502.83
(1'p1) 0~ (177) he 3525.41+.16 3523.67
(132) 07 (2*) Xeo 3556.20-+.09 3555.84
(2's0) 07(07) n, 3637+4 3619.64
(2%s1) 0~ (177) ¥ 3686.09+.04 3692.91
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c¢ Mesons (2)

State Exp Num
(1%d)o~(17) v 3772.92+.35 3808.48
07(?"") X(3872) 3871.57+ .25
(2%p1) 07 (17%) Xeq - 3961.21
07(?"") X(3915) 3917.4+ 2.7
(2p2) 07 (2) xco 3927+2.6 4003.93
?7H(?")  X(3940) 3942+ 13
(3's9) 07(0~ ) m, - 4064.21
(8%s)0~ (1) o 4039+1 4122.95
(2%d) 0~ (177) % 415343 4200.51
(4%s1)0-(17) @ 4421+4 4479.22

Table: The cc levels in MeV. 0=1.111 GeV/fim, =0.435, m.=1394.5 MeV.
Experimental data from [PdG].

f'ﬁ“?
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sS Mesons

State Exp Num
(1'sp) 01 (0~) - 818.12
(13s)0~(177) ¢ 1019.4554+.020 1019.44
(13p4) 07 (11F) £4(1420) 1426.4+.9 1412.84
(13p2) 07 (2++) 1/5(1525) 1525+5 1525.60
(2°5)0~(177) ¢ 1680-:20 1698.41
(13d;) 0~ (177) X(1750) 1753.5+3.8 1776.53
(13d3) 07 (37 7) ¢5(1850) 1854+7 1880.85
(2%p2) 07 (2+F) 2(2010) 2011+70 2073.15
(3%s))0-(177) ¢ 2175415 2217.57

Table: The ss levels in MeV. 0=1.34 GeV/fim, =0.6075, ms=134.3 MeV.
Experimental data from [PdG].

0§¢5
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Bc, Bs, Ds, Mesons

State Exp Num
(1's0) 0(07) BE 6277+.006 6277
(1's0) 0(0~) B 5366.77+.24 5387.41
(13s1) 0(17) By 5415.4+2.1  5434.34
(13p1) 0(17) Bs1(5830)° 5829.4+.7  5817.80
(1p2) 0(2") Bs2(5840)° 5839.7+.6  5829.33
(1'sp) 0(07) DF 1968.49+.32  1961.24
(1%s) 0(17) D2* 2112.3+.50  2101.78
(1%po) 0(0%) Do (2317)*  2317.8+.6  2339.94
(1°p1) 0(17) D&1(2460)F  2459.6+.6  2466.15
(1'p1) 0(17) D& (2536)*  2535.12+.13  2535.82
(13p2) 0(2%) D% (2573) 2571.9+.8  2574.92

Table: The Bc, Bs and Ds levels in MeV. o=1.111, 1.111, 1.227 GeV/fm and
«=0.3591, 0.3975, 0.5348 respectively.
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Light Mesons

State Exp Num
(13s1)1*(177) p(770)  775.49+.39  826.14
(1%po) 17(0*") a,(980) 980.4+20 970.34
(1®p1) 17 (17") a4(1260)  1230.£.40 1204.66
(1"p1) 17(117) b4(1235) 1229.5+3.2 1274.76

)

)

(13p2) 17(217) a5(1320)  1318.3+.6  1325.40
(2's,) 17(07F) w(1300)  1300+:100  1337.36
(2%s1) 17(177) p(1450) 1465425  1497.63
(13dy
(3's0) 1
(3%s1) 1

1+(177) p(1570) 1570*) 1565.42
~(0~*) ©(1800)  1812+12 1882.30
+(177) p(1900) 1900*) 2016.35

(2%ch) 17(177) p(2150) 2149417  2064.36

Table: The ud levels in MeV. 0=1.34 GeV/fm, a=0.656, my=6.1 MeV,
my=2.94MeV. YMeson Summary Table, [PdG].
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The running coupling constant «aqcp

05
OZS(Q) v T decays (N°LO)
& Lattice QCD (NNLO)
04l a DIS jets (NLO)
o Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
* 7 pole fit (N°LO)
pp —> jets (NLO)
03+
02+
0.1
=—=QCD «4(Mz) =0.1184 £ 0.0007
1 100

' QIGev]
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Ratios of anum and ratios of ag

Ratios anum Ratios asg
%ob _ 0,752 as (X61.0P) _ g 754
Qe ag (Xco,(1P))
2 _ 0,911 2e X("gi‘;)) - 0.914
be as c

_ B*
25 _ 0,903 25 (B2) _ 4 o5
Qps as (B;)

_ B*
Qe _ 0.672 s fi) - 0.686
Qs 67 (DC )
%et _0.716 as (Xeo.0n) g 744
Ors3 as (fip))
955 _ 0.926 as (hp) _ g 933
Qg as (31,(1P))

Table: Behavior of anum VS. ais for average values As = 0.221, 0.296, 0.349

GeV for n; = 5,4,3 [PdG]. esso avsso o B



