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Abstract. The energy level displacements of the excited nf states of pionic hydrogen and the contribution
of the ns — 1s transitions and the (7~ p)coul — 1s transitions of the 7~ p pair, coupled by the attractive
Coulomb field in the S-wave state with a continuous energy spectrum, to the shift of the energy level
of the ground state of pionic hydrogen, caused by strong low-energy interactions, are calculated within a
quantum field theoretic, relativistic covariant and model-independent approach.
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1 Introduction

Pionic hydrogen A, a hydrogen-like mesoatom with the
electron replaced by the 7~ meson, is a nice laboratory for
the experimental investigation of strong low-energy inter-
actions and the mechanisms of spontaneous breaking of
chiral symmetry [1,2].

As has been found by Deser, Goldberger, Baumann
and Thirring [3] (see also [4-8] and the textbook by Eric-
son and Weise [9]) due to strong low-energy interactions
the energy level of the ground state of pionic hydrogen
acquires the following shift and width:
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This is the so-called DGBT formula, fJ ?(0) is the S-

wave amplitude of low-energy 7~ p scattering calculated at
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threshold, aé/ % and ag/ * are the S-wave scattering lengths
of mN scattering with isospin I = 1/2 and I = 3/2,
Qron, = 28.040MeV is the relative momentum of the
7n pair at relative momentum zero of the 7~ p pair, and
¥15(0) = 1/4/mag; is the wave function of pionic hydrogen
in the ground state at the origin r = 0. The imaginary
part of the amplitude f7 ?(0) in (1.1) is defined by the
inelastic channel 7= 4+ p — 70 + n.

The DGBT formula (1.1) can be transcribed into an
equivalent form [3] (see also [9])
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where F1, = —a/2ap = —a?u/2 = —3234.940eV is the
binding energy of the ground state of pionic hydrogen and

ey 1
ag = o (26 + )%,

- 2
Ag o = V2 (ag/2 - a(1)/2) (1.3)

3

are the S-wave scattering lengths of 77 p scattering.

! Here ap = 1/ap = 222.664fm is the Bohr radius, where
a = ¢? = 1/137.036 is the fine-structure constant and u =
m—myp/(m .- + mp) = 121.497 MeV is the reduced mass of
the 7~ p pair calculated for m, .- = 139.570 MeV and m, =
938.272 MeV [10].
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The theoretical accuracy of the DGBT formula with
respect to next-to-leading—order corrections caused by
strong low-energy interactions has been recently analysed
n [11]. As has been shown the second-order correction
to the shift of the energy level of the ground state
relative to the first order makes up (0.111 + 0.006)%.
In turn, the derivation of the energy level displacement
of the ground state of pionic hydrogen, carried out
within a quantum field theoretic, relativistic covariant
and model-independent approach [11], leads to the
non-perturbative correction of order of 1%. Hence, strong
low-energy interactions cannot compete with contri-
butions of QCD isospin-breaking and electromagnetic
interactions [12]. The predicted value of these corrections
is 6. = (—7.3 £2.9)% [12] 2.

Experimentally [1,2], the energy level displacement of
the ground state (€15, 1) can be obtained by measuring
the np — 1s transitions in pionic hydrogen for n = 2, 3,4,
where n is the principle quantum number of the bound np
state of pionic hydrogen with the angular momentum ¢ =
1. As a result, the energy level displacements (€, Ihp)
of the excited np states turn out to be entangled into the
definition of (eys, I's).

Within a potential model approach, the shift of the
energy level of the excited ns state of pionic hydrogen has
been calculated by Trueman [4] and Ericson, Loiseau and
Wycech [8], who have also given a systematic analysis of
electromagnetic corrections, and of the excited nf state by
Partensky and Ericson [5], Lambert [6] and Deloff [7].

The main aims of this paper are i) to derive the general
formula for the energy level displacement of the n¢ excited
state of pionic hydrogen in terms of the partial-wave scat-
tering lengths of m IV scattering within a quantum field the-
oretic, relativistic covariant and model-independent ap-
proach developed in [11] (see also [14]), ii) to give an an-
alytical expression and a numerical value of the energy
level displacement of the np excited state of pionic hy-
drogen, iii) to calculate the second-order correction to
the shift of the energy level of the ground state of pio-
nic hydrogen caused by the ns — 1s transitions and the
(T7p)coul — 1s transitions of the 7~ p pair, coupled by
the attractive Coulomb field in the S-wave state with a
continuous energy spectrum [15], and iv) to compare our
results with those obtained in [4-9].

As has been shown in [11] (see also [14]), the energy
level displacement of the ground state of pionic hydrogen
can be represented in terms of the momentum integrals:
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2 Tt is likely that the correction obtained in [11] is also in-
cluded in that calculated by Gasser et al. [12] within Chiral

Perturbation Theory (ChPT) [13]. The analysis of this ques-
tion is in progress.

(1.4)
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where M (7~ (7)p(—,0) — 7~ (k)p(—Fk,0,)) is the am-
plitude of 7w~ p scattering for arbitrary relative momenta of
the 7~ p pair, Er- = \/k? + m2_ and E,(k) = |/k? + m2
are the energies of the m~-meson and the proton, o, =

+1/2 is the polarization of the proton, ®1,(k ) is the wave
function of the ground state of pionic hydrogen in the mo-
mentum representation normalized by

[

Near threshold the r.h.s. of (1
lows:

|B1 (k)2 =1. (1.5)

.4) can be rewritten as fol-
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where we have set [16]
M= (@)p(=G,0p) = 7~ (F)p(=Fk, 7)) =
87 (e +my) 17 7(V/Fa). (17)

Due to the wave functions @] (k) and @1,(7), the inte-
grand of the momentum integrals in (1.4) and (1.6) is
concentrated around k ~ ¢ ~ 1/ap = 0.887MeV. This
justifies the application of the low-energy limit k,q — 0
to the calculation of the amplitude of 7~ p scattering [11].
As a result, the r.h.s. of (1.6) reduces to the form of the
DGBT formula with an additional non-perturbative cor-
rection of order of 1%, caused by the smearing of the wave
function of the ground state of pionic hydrogen around the
origin [11].

The paper is organized as follows. In sect. 2 we con-
struct the wave function of the excited n¢ state of pionic
hydrogen following the prescription developed in [11]. In
sects. 3 and 4 following [11] we calculate the shift and
the width of the energy level of the excited nf state of
pionic hydrogen within a quantum field theoretic, rela-
tivistic covariant and model-independent approach devel-
oped in [11]. In sect. 5 we calculate analytically and give a
numerical estimate of the energy level displacement of the
excited np state of pionic hydrogen. The shift of the energy
level of the np state is found in analytical and numerical
agreement with the result obtained by Ericson and Weise
within a potential model approach [9]. In sect. 6 we calcu-
late the contribution of the ns — 1s transitions and the
(T~ Pp)coul — 1s transitions of the 7~ p pair, coupled by the
attractive Coulomb field in the S-wave state with a con-
tinuous energy spectrum, to the shift of the energy level
of the ground state of pionic hydrogen induced by strong
low-energy interactions. We find that this contribution rel-
ative to the DGBT shift makes up 0.076%. In the conclu-
sion we discuss the obtained results. In the appendix we
calculate the momentum integral defining the energy level
displacement of the np state of pionic hydrogen.
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2 Wave function of n¢ state of pionic
hydrogen

The wave function of pionic hydrogen in the 1s state has
been defined as [11]

IA(IS)(I3 op)) =
a3 k,,

(2m)? /\/2 7 \/2E

% 2B (k,
(2.1)

where Ej(é‘ls)(ﬁ) = \/MIEXIS)Q + P2 and P are the total

energy and the momentum of pionic hydrogen, MSS) =
mp + my— + Ey5 is the mass of pionic hydrogen in the
1s bound state, o, = £1/2 is the proton polarization;
¢1S(Eﬂ—) is the wave function of the 1s state of pionic hy-
drogen in the momentum representation. It is normalized

to unity (1.5). The wave function |7r‘(Er)p(lgp,ap)> we
define as [11]

k) Py (k)|

—

1™ (k- )p(kp, 0p)) = ¢l (kr-)ad (Kp, 0)[0),  (2.2)

n

where ¢! _ (kx-) and a;(Ep7Jp) are creation operators of

the 7~ -meson with momentum l_c’r and the proton with
momentum Ep and polarization o, = =1/2. They sat-
isfy standard relativistic covariant commutation and anti-
commutation relations:

p%p
(2m)° 2B, () 8P (, = Ky) 66,
{ap(k;ovap) ap(kp’gp)} { ;r;(k/ ) (kp,op)} =0.
(2.3)
The wave function (2.1) is normalized by
(AG (P! o )AL (P, o)) =
(2m)? 2B (P) 6@ (P’ — P) 6410, (2.4)

This is a relativistic covariant normalization of the wave
function. The wave function (2.1) has been applied to the
derivation of the energy level displacement of the ground
state of pionic hydrogen within a quantum field the-
oretic, relativistic covariant and model-independent ap-
proach [11].
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In analogy with the 1s state, we define the wave func-
tion of the nf excited state of pionic hydrogen:

A "W o) =
a3k,

By
(2m)? /\/2 7)\/2Ep(/%'

X \/2Ef4"£ (Bn- + kp) Prem (Fn- )7~ (K- )p(Kp, 0)),
(2.5)

where E("K)(P) = \/MXM)2 + P2 and P are the total

energy and the momentum of pionic hydrogen, Mg"e) =
myp + M- + Epe and E,, are the mass and the binding

NP — kp- —kp)

energy of pionic hydrogen in the nf bound state. @, (E )
is the wave function of the excited nf state in the mo-
mentum representation, where n is the principle quantum
number, £ is the angular momentum ¢ = 0,1,...,n—1 and
m is the magnetic quantum number m = 0,+£1, ..., £/.

The wave function of pionic hydrogen in the coordinate
representation W, ., (7) is equal to [17]

Wn@m(F) - Rn@(r) Y-Km('ﬂ? 90) =
EERNICEYENINERAY
n? \| [(n+0)!3ad \nap
2 r
—r/nap j20+1 Yo (9, 26
Xe n+l <n CLB) Zm( SD) ( )
where L2€+£1 (p) are the generalized Laguerre polynomials

defined by [17]

L2041y — (_1)2+1 ( : —(20+1)
dnféfl .
xe dpr (p" e =P) (2.7)

and Yy, (¥, ) are spherical harmonics normalized by

/ ALY (0,0 Vi (9,9) = 607t 6o, (28)

where df2 = sin ¥dddy is a solid angle.
In the momentum representation the wave function
@, om (k) of pionic hydrogen is determined as

By (F) = / A Wy (7) e 1R T —

/O drr? Ry(r /dQZ sz

—0m/=——
X }/;m/(,ﬁ’ (p)}/é’m’ (19/5’ @E)}/@m(ﬁa (,0) =

(=) Yo (95, 1) 4 /0 h Ge(kr) Rpg(r)r2dr =

(=) VAm o (k) Yo (07, 07),

jg/ k’)")

(2.9)
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where jy(kr) are spherical Bessel functions [18],
Yo Ok, o) and Ppe(k) are spherical harmonics and ra-
dial wave functions in momentum space. The radial wave
functions @,,¢(k) are defined as

k) = VAar /0 h Go(kr) Ry (r)r2dr. (2.10)

Now we are able to proceed to calculating the energy level
displacement of the excited nf state of pionic hydrogen.

3 Shift of energy level of excited n¢ state

The shift of the energy level €,, of the excited nf state of
pionic hydrogen we define as [11]

1 1
QM("E) 20+1

S

m=—{

€ne = —

AL (0,0,) 1 La (0)|AT™(0,0)), (3.1)

where Ly, (z) is an effective total Lagrangian of strong
low-energy interactions. For the quantum field theoretic
and model-independent calculation of the shift of the en-
ergy level of the nf state of pionic hydrogen we will not
specify Lg,(z) in terms of interpolating fields of the cou-
pled mesons and baryons. We would like to emphasize
that Lqr(x) is a total effective Lagrangian accounting for
all strong low-energy interactions. In other words, this ef-
fective Lagrangian defines the Tgi,-matrix of strong low-
energy interactions

Ty = / e Lo () (3.2)
obeying the unitary condition [19,16]
Tstr — T z’]I‘Str’]l‘str. (3.3)

This means that the matrix element of the effective La-
grangian L, (0) between the states |7~ p) defines a phys-
ical amplitude of 7~ p scattering [11]
1
(PlLn (O p) = 3 (212 +712) . (3.9)

where T/2 and T°/2 are the amplitudes of 7N scattering
with isotopic spin I =1/2 and I = 3/2, respectively.

According to [11], the shift of the energy level of the
nf state, expressed in terms of the matrix element of the
effective Lagrangian L, (0), reads

dSk énfm (E
26 1 Z / :
qﬁn[m(i)

)
B, (F)2E,(F)
d3q
% / 27)® /2B, (7)25,(7)

(
(77 (K )p(—k, o) | Lotr (0) |7~

€ne =

(@)p(=q,0p)) . (3.5)
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It is convenient to redefine the r.h.s. of (3.5) as follows:
nf(k>
? V2E,~(k)2E, (k)

d3l<:
Ent = 2£+1 Z /
/ d3q // dQ» df2
X
\/2E 2E \/E

X<7T_(k)p(_k7ap)|£str( )\7? (CT)p(—q,Up»Yem(ﬁq,soq*)-
(3.6)

Yo (D5 01)

Since there is no spin-flip in the low-energy transition 7=+
p — m~ +p, the amplitude of 7~ p scattering is determined
by [20,21]

(x™ (R )p(—F, )| Lats O) ™ (§)p(~, 7)) = 87 /5
Z (6 41) fors (Vha) + £ for (v/ka)] Por(cos ) =
87 V/'s Z {(fl +1) fors (Vkq) +€'f£'—(\/k_Q)}

£'=0

£l
4
g ,Ze, g1 m Ve ealYerm (Vg op).

(3.7)

where +/s is the total energy in the s-channel of 7~ p scat-
tering, P;/(cos?)) are Legendre polynomials [18] and 9 is

the angle between the relative momenta k and q- The am-

plitudes f; 4 (v/kq) and f;/—(\/kq) describe 7~ p scatter-
ing in the states with a total momentum J = ¢’+1/2 and

J = ¢’ —1/2. They are defined by the phase shifts [20,21]

+ider 4 (Vka)
fors(Va) = S sinbrs (V).
e T —(VEq)
for—(\kq) = VR sindg/— (v/kq). (3.8)

Near threshold k,q — 0 the amplitudes fo 4 (v/kg) and
fer—(V/Ekq) are defined by the £’-wave scattering lengths
of 7~ p scattering [21]

for(Vhq) = ap, 77" P(kq)*
fo—(Vkq) = a, 77" P(kq) " (3.9)

Substituting (3.7) and (3.9) in (3.6) and integrating over
the solid angles, we get the shift of the energy level of the
excited nf state:

r (1) af, P P La] 7T
nt =TT 20+ 1

d3k My mp
‘ | o\ G et

This is a generalization of the DGBT formula to any ex-
cited nf state of pionic hydrogen.

2

(3.10)
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The ¢-wave scattering lengths azri_p P are related to

the ¢-wave scattering lengths a/,, for I = 1/2 and I = 3/2
as
Tr Tp—oTmp

1 1/2 3/2)
fex =3 (2al +al).
For the ground state n = 1 and ¢ = 0 the expression (3.10)
with (3.11) reduces to the DGBT formula (1.1) [11].

(3.11)

4 Width of energy level of excited nf state

According to [11], the width I5,¢ of the energy level of the
excited nf state is defined by

—

Fné Z / dgk énim( )
2“1 V2B, (F)2E,(F)

d3q ¢n4m((j)
/ (@27)° /2B~ (7)2E,(@)
d3Q
A, —Zil/2/ )32E 0 ( )2E (Q)
x 21 0(Ero (Q ) + E (Q) My~ — My + Epg)
x (17 (K )p(—k, )| Latx (0)|[7°(@)n(~F, An))
< (n(=@, An)7(Q)| Lstr (0)| 7™ (7)p(~G, ).

(4.1)

For the subsequent calculation it is convenient to rewrite
the r.h.s. of (4.1) as follows:
ol (k)

. Z / a3k
e 167r 2£+ 1 ) /En- (k) E, (k)
d3q énZ(Q) > dQ Q2
- / (2m)* /B (9) B, (9) _Zi// Ero(Q)En(Q)
X5E0 JrE(Q) *Ené)

/ A Vir | Vi Vim0

—
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X <”(_Q7/\n)77 (Q )|£str(0)‘7ri(qﬂ)p(_ﬂo)> ng( )
(4 2)

(m= (% )p(—k, 0)| Lt (0)|7°(Q)

Me— —Myp

The matrix element

n(—@7 An)) we define as
)p(—k, )| Lot (0)|7°(Q)n(~F, \n)) = 87 /5

(n(k
Z [ (¢ +1) for (VEQ) +f/fe/—(\/E)} Py (cosd) =

N> (0" +1) fors (VEQ) + ¢ fur (VRO
£'=0
N

4
Zz M,Jrlyef (95,¢5) Yerm

/(ﬂg,gﬁg), (43)
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Near threshold the amplitudes fy/ 4 (vkQ) and fr/— (VEQ)

are defined by the £’-wave scattering lengths of the 7~ p —

7%n scattering [21]:

(4.4)
The (’-wave scattering lengths aj,} =" are related

to the ¢’-wave scattering lengths aé,i for I = 1/2 and
I=3/2as

232
Qpry

Qpr g =3

7'r_p~>7r0n o \/i 1/2
aé,i .

Substituting (4.3) and (4.4) in (4.2) and integrating over
the solid angles and the phase volume we arrive at the
expression

(4.5)

" p—n'n m~p—7n 2
Fg=4—ﬂ- (£ + )az—s- +lay,_ Q2+
" 20+ 1 nt
d3k ?
| [ k)| . (46)
(27m)% /E,— (k) Ep,(k)
where Q¢ is a relative momentum of the 7%n pair
2mpomy,
Qri=1/ ————— (M- +mp—mgo—my + Enp), (4.7)

M0 +My,

where my o = 134.977 MeV and m,, = 939.565 MeV [10].

This is a generalization of the DGBT formula to any
excited nf state of pionic hydrogen. For the ground state
n =1 and ¢ = 0 we arrive at the DGBT formula (1.1).

5 Energy level displacement of excited np
state

The analysis of experimental data obtained by the PSI
Collaboration demands the knowledge of the energy level
displacements of the excited np states. For £ = 1 from
formulas (3.10) and (4.6) one gets

2 1
i (2

J
Mg— My

d3k
. / @n)?\ B, (k)E,(k)

L o ) ¢ s )

- / (333

T p*?’/T eraﬂ' p—T p)

€np = apy

kd,,(k)| =

2
kdnp(k)| |

MMy

Er— (k) Ep(k)
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Inp = 5 :p (2 ap! +ap” )
d3k Mp—Myp
s kd,, (k)| =
<[ @Bt o)
81 an

81 I [(2
d3k
/(27T)3

where ap,, and a},_ are the P-wave scattering lengths of
mN scattering with isospin / and total momentum J =
3/2 and J = 1/2, respectively [20,21].

The integral over k is calculated in the appendix. The
result reads

d3k m,r mp -1
Dy ( n5 % (5.2)

Substituting (5.2) in (5.1), we obtain the shift and the
width of the energy level of the excited np state. They

3/2 3/2 1/2 1/2
P/++ P/)_(2‘113/+Jr P/ﬂ

M=y

B (k) Ep(K)

X kgpnp(k) ’ (51)

read
Co_2ad (N memy )]
"9 p3 n? My + My
{2 (2a1/2 1/2) + (2a3/2 + a3/2>]
8 of 1 M-y *
Ly —2 (1-—=) (L=
81 n? n2 M- +my

{(2(13/2—1— 3/2) (2@1/2+ 1/2)]

QmWomn( + \E )3/2
——— (My-+my—mgpo—my+E, .
Mo +My p—hn® P

(5.3)
The shift and the width of the energy level of the np ex-
cited state (5.3) can be rewritten in the equivalent form

€np 4 AL PP
=+, - _2 e
np n n agp

(5

Iny 8 1 1 P
E.,, n n2 ad np’

2

=

(5.4)

where E,, = —a/2agn” is the binding energy of the ex-

cited np state and
% [2 (2@1/2—1-(11/2) + (Qa?},/i—i-ai,ﬂ)]
g [( 3/2+ 3/2) ( 1/2+ 1/2)} (5.5)

are the P-wave scattering lengths of 7~ p scattering [9].
The ratio €,,/E,, in (5.4) is in analytical agreement
with the result obtained by Ericson and Weise (see [9],
eq. (6.29)).

A7r_p4>7r_p —

A7T7p—>7l'0n _
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In order to estimate the values of the shift and width of
the excited np state we use the experimental data on the
P-wave scattering lengths compiled in table 5.3 of ref. [21]
(Hohler 78, input: Karlsruhe-Helsinki analysis 78):

12

ap”® = (—0.082 +0.002) m_* |
af? = (—0.032 +0.001) m_* |

a3® = (—0.044 +0.001) m_3 |
a3y = (+0.215 £ 0.003)m > |

2 <2a1/2—|—a1/2> (2@3/2 3/2) — (0.094 + 0.008) m =3

(2032 +a32) - (2047 +a}f?) = (0532 + 0.007) m
(5.6)

This yields

1 1 _5
E’np = 7? (1 — 7’12) X (347 + 030) X 10 eV,
1 1 _7
L= —5 (1= 5 ) x (3.712010) x1077eV. (5.7)

Thus, the values of the energy level displacements of the
excited np states of pionic hydrogen are much smaller than
10~°eV 3. The experimental value of the energy level dis-
placement of the ground state of pionic hydrogen is equal
to [2]

€SP = —7.108 +0.036 €V,

I = 0.868+0.054eV (5.8)
with an accuracy about 0.5% and 6.2% for the shift and
the width, respectively.

The level of accuracy in a new set of experiments is
about 0.2%, i.e. (ASH, = £0.014eV), for the energy level
shift and 1%, i.e. (AL, = £0.009¢V), for the energy
level width [1]. Hence, according to (5.7), the contribu-
tions of the energy level displacements of the excited np
states to the transitions np — 1s with n = 2,3,4 can be
neglected, since |ASE | > |€,p| and |ATE,, | > Tp.

6 Energy shift of ground state caused by

(ﬂ_p)ns - (W_p)ls and (W_p)Coul - (W_p)ls
transitions

In this section we calculate the shift of the energy level
of the ground state of pionic hydrogen de;5 caused by the
(T P)ns — (77 p)1s and (77 p)coul — (7 p)1s transitions
induced by strong low-energy interactions, where (77 p)ns
is a bound ns state of the 7~ p pair and (7~ p)cou is the
7~ p pair, coupled by the attractive Coulomb field in the

3 For pionium, the bound 7~ xt state, the shift of the en-
ergy level of the np state has been recently calculated by Julia
Schweizer [22] within Chiral Perturbation Theory [13].
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915(Q)

56515) = P/ (k)
W 5 2B, (k)2E,(

(n (F)p(=k, )| L5 (0)[p(— anp) (@)(

2B, (Q)2Ep(Q)

Ep(k) —

% E, (k) +
X / &P

¢1s(k)

V2E, - 9)2E,(q)

d3

Pns(Q)

@IS(P) d3
3 \/2E,.—(P)2E,(

+ Z ZP/

=+1/2n=2

« <7r—<k)p(—k,ap>|z:str(0>|p<—@‘, ap)m

2E,_ (k)2E, (k)

‘(Q)><7T‘

\-/@

- (Q)2E,(Q)

Er- (k) + Ep(k) + Exs — E;

X/ 3P &5 (P) d3q
2F,_ (P)2E,(P)

S-state with a continuous energy spectrum [15]. According
to [11] the correction de;s reads

1 / 4 1 D>
d*z (ALY (P, o)
M{gls*) P p

|T( btr( ) atr( ))‘A 19)([3 p)> 15=0.

5618 = —

(6.1)

First, we consider the contribution of the discrete spec-
trum. For this aim, we use a unit operator which we define
as

A oo n—1 ¢ 1
- T SE Y o
=41/2n=1£=0 m=—¢

N(AG™(Q, o).

(6.2)

d3 o
2E,7(Q)

Following [11] and using a unit operator (6.2) for the de-
scription of the intermediate states in (6.1), and integrat-
ing over angular degrees of freedom, we get

see eq. (6.3) above

where the abbreviation (ds) means the discrete spectrum
and P stands for the calculation of the principle value of
the integral.

Due to the wave functions of pionic hydrogen the inte-
grands in the r.h.s. of (6.3) can be taken at the low-energy
limit [11]. This yields

ds 87T 1 2
ol = = (2 o2+ ay?) 10

d3k d3Q¢ P1,(Q)  Ar?
P/ It ()é§)+7

1 1/2 . 3/2 | 0)¥5(0)?
><—2<2a0/ +a0/) Z Els_ .

ns

(6.4)

Since in the momentum representation the wave function
of the ground state of pionic hydrogen can be taken real,

&5, (k) = P15(k), the integrand of the first term in the
r.h.s. of (6.4) is antisymmetric under the change of vari-
ables k «—— @. Hence, the integral over k and @ should
vanish.

Thus, the shift of the energy level of the ground state,
caused by the ns — 1s transitions, is defined by

(2 1/2 3/2) Z| Wls | '
Els -

= 1/y/mn3a, Els =

5 (ds) 47?2 1
61S - 9 2
"

Setting ¥1,(0) = 1/\/7a3, ¥ps(0

—a/2ap and E —a/2agn?, We get
as) _ 8 ISR S
s) 4 3 1/2 3/2 _
P = g (2% rail?)’ 2 1)

a4M3 ( 1/2+a3/2)

The contribution of the continuous spectrum of the 7~ p
pair, coupled by the attractive Coulomb field in the S-
wave state, can be determined by
Ug(
(0)[? / dE| 5
6 7)

where the abbreviation (cs) means the continuous spec-
trum. The wave function ¥g(7) of the 7~ p pair, coupled
by the attractive Coulomb fields in the S-wave state with
a continuous energy spectrum, is equal to [17,23]

(6.6)

472 1
™ 1 (2 1/2+a3/2

56('3:) =—
1: 9 //42

1 2
Wy (F) = an 1428 o 2ikr), (6.8)

L
A 1 — e—27rozu/k k

where k = /2uE and F(a,b, z) is a confluent hypergeo-
metric function [18]. The wave function ¥ () is normal-
ized by

/d% Uy, (F)Wg(F) =0(E' - E). (6.9)
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At 7= 0, we get [17,23]

1 apu?

e 1— e 2mapu/k’

5 (0)* = (6.10)
Substituting (6.10) into (6.7) and changing variables E —

k2 /2u, we obtain
2 2
5 (2a1/2 3/2) |Wls(0)\2
o / < dkk 1
o k2+a?u?q_ - 2rap/k
The integral over k is divergent. As has been shown in [11],
it should be regularized by a cut-off K = au. A divergent
part can be removed by a renormalization of the reduced
mass of the 7~ p pair. The regularized contribution of the

continuous spectrum to the shift of the energy level of the
ground state of pionic hydrogen reads

<2a1/2+a3/2> 01,(0)[2
o /a” dk k 1
o k2+a2p?q_ - 2map/k’

Dropping the contribution of the exponential, which is
insignificant in the physical region of relative momenta*,
we get

56%25) =— % aln2 (Qa(l)/Q +

/n2
i (2a1/2

——~at

9

565?) =

(6.11)

665?:) =

(6.12)

2
ay*) " 0. (0) =

3/2)2
Thus, the total correction dejs = (561(::) + 5e§“) to the
shift of the energy level of the ground state, caused by the
ns — 1s transitions and the continuous spectrum of the

7~ p pair coupled by the attractive Coulomb field in the
S-wave state, is equal to

2 1 1/2 3/2\ 2
-5 (1+ §€n2> a (2@0/ +a0/ ) |#1,(0))* =

2 1 4 3 1/2 3/2
5 (1+2€n2) a i (2@0 +ag )

Comparing deq; with the DGBT formula we obtain

(6.13)

6613 =

(6.14)

d€rs 1
U _ Y (11 Zm2) <2a1/2+a3/2>
€1s 3 2

0.76 x 1072 = 0.076%,

(6.15)

where we have used the experimental values of the S-wave
scattering lengths ao/ and a3/ *[2):

al/? = (+0.1788 + 0.0043) m
aﬁ/ = (—0.0927 + 0.0085) m_

2ay/” + ay/? = (+0.2649 £ 0.0121) m (6.16)

4 A maximum value the exponential acquires at the upper

limit. Setting k = au, one gets e —2map/k _ q 87 x 1072 that

is less than 0.2%.
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As has been calculated in [11], the contribution to the

shift of the energy level of the ground state to the second

(2 )

order in strong low-energy interactions €;, relative to the

DGBT result is equal to

2 2

1/2 3/2

5@ _ Gs _ 20 2 (") + (")
1 = —— = — —

€1s T 1/2 ot a3/2

(1.11 £ 0.06) x 10~ . = (0.111 £ 0.006)%.

(6.17)

Therefore, a total contribution to the shift of the energy
level of the ground state of pionic hydrogen caused by
strong low-energy interactions makes up (0.187+0.007)%.
Hence, it does not exceed the experimental accuracy 0.2%
of the new set of experiments by the PSI Collaboration [1].

7 Conclusion

Within a quantum field theoretic, relativistic covariant
and model-independent approach, we have derived the en-
ergy level displacement of the excited nf state of pionic
hydrogen in terms of the partial-wave scattering lengths
of mIN scattering. We have given the explicit calculation
of the energy level displacements of the excited np states
in terms of the P-wave scattering lengths of 7~ p scatter-
ing. The shift of the energy level of the excited np state is
found in analytical agreement with the result obtained by
Ericson and Weise [9]. We have shown that the contribu-
tions of the energy level displacements of the np states to
the transitions np — 1s are much less than the experimen-
tal accuracy of 0.2% [1]. Therefore, they can be neglected
for the extraction of the experimental value of the energy
level displacement of the ground state of pionic hydrogen
from the np — 1s transitions.

We have given numerical values only for the energy
level displacements of the excited np states. These numer-
ical values are needed for the theoretical elaboration of
experimental data on the np — 1s transitions of pionic
hydrogen, used by the PSI Collaboration for the measure-
ments of the energy level displacement of the ground state
of pionic hydrogen [1]. Experimentally, there are measured
only scattering lengths of 7N scattering in the P (¢ = 1),
D¢ = 2) and F (¢ = 3) wave states [21]. The D- and
F-wave scattering lengths are by factors of 10 and 100,
respectively, smaller compared with the P-wave scatter-
ing lengths [21]. Hence, the energy level displacements of
the excited nf states for ¢ > 2 are negligibly smaller com-
pared with the energy level displacements of the excited
np states. It is obvious that for the contemporary level of
accuracy of experimental technique the energy level dis-
placements of the excited nf states with ¢ > 1 cannot
be practically measured, and the contributions of them
should be neglected for the extraction of the experimental
value of the energy level displacement of the ground state
of pionic hydrogen from the n¢ — 1s transitions.

We have calculated the contribution of the ns — 1s
transitions and the continuous spectrum of the 7~ p pair,
coupled by the attractive Coulomb field in the S-wave
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state, to the shift of the energy level of the ground state
of pionic hydrogen induced by strong low-energy interac-
tions. The numerical value of this contribution relative to
the DGBT expression makes up 0.076%. Taking into ac-
count the result obtained in [11], the total shift of the
energy level of the ground state of pionic hydrogen to the
second order of perturbation theory in strong low-energy
interactions makes up 0.187%. This does not exceed the
experimental accuracy 0.2% of the new set of experiments
on the energy level displacement of the ground state of
pionic hydrogen by the PSI Collaboration [1].

The obtained results confirm that the contributions of
QCD isospin-breaking and electromagnetic interactions,
calculated by Gasser et al. [12] (see also [8]), are the most
important for the precise extraction of the S-wave scatter-
ing lengths of 7N scattering from the experimental data
on the energy level displacement of the ground state of
pionic hydrogen.

We are grateful to our referee for useful comments and to Tor-
leif Ericson for numerous helpful discussions and for calling our
attention to the results obtained in refs. [5,6] and [8,9].

Appendix A. Calculation of momentum
integral in (5.1)

In this appendix we give an explicit calculation of the
momentum integral in (5.1). The wave function &,,,(k) is
defined by (2.10). Substituting (2.10) in the momentum
integral in (5.1), we get

M- My

/ 4>k
(2m)% | Er- (k) Ep(k)

1 / 3
m/ d'f"” Rnl / dk M m;’ ]1 ]CT‘
0

For the spherical Bessel function j; (kr) we use the expres-
sion [24]

k&, (k) =

Jikr) = —

d1 (M) (A.2)

k2

The integration over k we carry out in the limit m, — oo.
This yields

/Omdk‘/#%k:”jl(kr):
/O b dk , / ETj(’k) k3 g1 (kr) =

arr

d1d [ dkcos(kr)
VI )
24w d1d

— (M) VK g (1), (AL3)

M= I(1/4) drrdr
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where we have used the formula [25]
1\ (22)Y [ cos(xt)dt
K, =TI Z . (A4
([L'Z) (V + 2) ﬁx” /0 (t2 + 22)V+1/2 ( )

Due to the appearance of the McDonald function
K /4(my-7r) the integrand of the integral over r is local-
ized around r ~ 1/m,-. This allows to take the wave
function R,;(r) equal to

2 vVn® -1
Rui(r) = "3 W (A.5)
Substituting (A.3) and (A.5) in (A.1) we get

/ d*k 1 VnZ—1 2°/4
(2m)3 37 n5/245% T(1/4)

MMy

Er (k) Ep(k)

k (pnp(k) =

0 d /1/4d
3 S (2 “l/4g A.
></O drx dz (x (dx 1/a(x ))) (A.6)
where x = m,-r. Using the relation [26]
L/d i —5/4
poll e pet Kija(x) | = =27 K5 (), (A7)

we transform the integral over x to the form

Lot lim):

/ dz 23 5/4K5/4(a:)) =

3/ daa®/* K5/4(x):3-2’1/4f @) r <i) , (A.8)
0

where we have used the formula [27]

[T (SR ()
0

(A.9)
Substituting (A.8) in (A.6), we get
d3k m,r m n?—1
B p B )
ap

Using this result, we calculate the energy level displace-
ment of the excited np state of pionic hydrogen (see
sect. 5).
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