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Axial-vector contributions to the HFS of muonic hydrogen
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We review the axial-vector meson contributions to the HFS of muonic hydrogen. We evaluate the impact of the singly- and doubly-virtual
asymptotic behavior of the transition form factors of the axial-vector mesons. As our main result, we find an opposite sign (and a factor of 2
difference) concerning previous analyses and a novel discussion of the hadronic modeling.

Keywords: Hyperfine splitting; form factor; axial-vector meson; muonic hydrogen.

DOI: https://doi.org/10.31349/SuplRevMexFis.3.020719

1. Introduction

. . . . P Macayre = ieQ{BQ(qi ©) i€paps @) (05020 — 95 @3]
An exhaustive analysis of bound states involving muon lep-
tons, such as muonic hydrogen, is mandatory in view of the

15, SUCH 1C 1 _ 1ew + B(q3,41) i€vaps 45 [af a1 — gt i)
existing discrepancies in muon physics [1-5] pointing to-

wards lepton flavor universality violation (LFUV). The mea- +iCuvas 4705 [T12p Calad, @3) + q12, Cs(di, 43)] } @
surements performed by the CREMA collaboration allow to
extract the value of hyperfine splitting of thxS' level [6], X € (q1)e™ (q2)€’ (qi2)

AEHES = 22.8089(51) meV, and also several experimental

-2 * *U
groups are planning to measure the hyperfine structure (HFS) = i€ Mauvoe (a)e™ (@2)e” (ar2),
of various muonic atoms with even higher precision [7-9]. whereqis = ¢1 + ¢2 = ¢, Gi2 = @1 — g2 ande®'23 = +1,

The electromagnetic contributions from axial-vector Here,e"(q1) ande™(g2) are the polarization vectors of the
mesons have become relevant recently. Especially, in thBhotons, whilee”(q) is the polarization vector of the axial-
context of the hadronic light-by-light (HLbL) contribution Vvector meson withd = a1, f{”. Ba(¢3,43), Ca(¢3, ¢3) and
to the muon anomalous magnetic momenf)([10-20], but ~ Ca(4f, g3) are form factors. To guarantee the Bose symme-
also regarding their contribution to the HFS of muonic hy-try, Ca(q?, ¢5) must be antisymmetric ands(qf, ¢3) must
drogen [21, 23]. be symmetric undey; < ¢2. The contribution fronCs van-
ishes when the axial meson is on-shell and, in this basis, can

The paper is organized as follows. In Sec. 2, we discus : o . S
: . . G e omitted when considering high-energy constraints’[15]
the amplitude ford — ¢+ ¢~ decays. The axial contributions :
In the last expression;’4 corresponds to transversal pho-

to the HFS are shown in Sec. 3. In Sec. 4, we despnbe ° an (I'T) and B is a combination of'T" and LT polariza-
particular model based on resonance saturation. Finally, OL{l’ y . , :
conclusions are presented in Sec. 5 ion state¥. In the following, we will use form factors with
> well-defined symmetry [12,15]Bs (¢7, 43) = Bas(a?. a3) +
Ba(qf,¢3) andBs(43, ¢7) = Bas(ai, 43) — Baa(ai. a3).
In Fig. 1, we can see the leading order contribution to the

A — £7¢~ decays. Using Eq1}, the corresponding ampli-

2. A— ("l decays tude reads as
The leptonic axial-vector meson decays appear as an interme- A d*k av [(F —p) +medve o,
diate step in our calculation, and deserve their own attentiofM = —e 5p/ 2m* @[k —p)? —m2| MY (a1, 2)

as they can provide information about the— ~*~* transi-
tions [18, 24]. =ia(g —p) [A1(g*) 7" + A2(¢%) °] v*v(p) €0 (a),

The most general structure for tile— ~*~* transition, @
which complies with gauge and Lorentz invariance, is giverwith ¢; = k andgs = ¢ — k. The second line in Eq2jf
by [12] corresponds to the most general amplitude for these decays,
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FIGURE 1. The leading contribution tel — ¢7¢~ decays (left). The axial-vector meson contribution to4hg — ¢~ p amplitude relevant
to the HFS (right). The grey blob includes structure-dependent axial-photon-photon interactions.

TABLE |. Branching fraction forf, — e*e™ decays in units 010~ with the different form factors outlined in Appendix A (ideal mixing
case). In particular the first three columns correspond to models incorporating a vector mesemmass77 GeV, whereas the last three
columns have effective masses arodn@eV, illustrating the relevance of the intermedi&ts state.

VMD eVMD heVMD DIP heDIP OPE

Bete- 1.90(71) 1.55(33) 1.66(33) 2.87(7:%3) 2.73(7:65) 2.67(:%5)

where both4; and A, can be obtained through the projectors
in App. Ain Ref. [25]. TheA, amplitude does not contribute

to the decay width since it is a pure off-shell effect. ‘7NR(q2) ~ QANNASL%(&Z LGN,
The branching ratios for thg — e*e~ decays are sum- mytq
marized in Table | using different parameterization®ef in gannA1(0) .
Appendix A. These results are compatible with the measure- VaRr(r) = T dnr © (G¢-6n). ®)
ment reported by the SND collaboration [2B],f, (1285) —
ete™) = (5.1757)-1079. Contrary to ther(n) — ¢+ ¢~ de- For the HFS, we are interested in the energy difference

cays, where the imaginary part is dominated by the intermeamongst tthfEl and thenSf/EO energy levels [29]. In
diate2 state, thed — ¢*/¢~ decays are especially sensitive particular, forn = 1,2, we get
to the intermediatd’~ contribution as consequence of the

_ A1(0) (pa)? 4
Landau-Yang theorem [27, 28]. AJHFS  JANN 1(0) (p 2) . ®
us my (14 mA)
, a2
3. Axial contributions to the HFS ApHFs _ 9annAL(0) (pa)? 2+ (x) @
? dr o omd (L+ AT

The relevant amplitude for the p — ¢~ p scattering medi-
ated by axial-vector mesons, Fig. 1(right-hand), can be writio leading order im**, where is the reduced mass. We

ten as note thatA, (0) can be expressed following the notation in
Ref. [21] as
_g;uj + %
ipr = igANN[ﬂ’VU'YSU]meQA 4 9 o0
T M) =3 (2) [ dRL0d B2 -1, @)
x [w(A1v" + Azq")y uly, ®3) sAm/ )
where the coupling of the axial-vector mesons to the nuclewith L,(k?) defined in Ref. [21] (see Eq. (14) thereiti).
ons,gan N, is introduced through Likewise, it is straightforward to check that the general re-
sults in Ref. [21] amount to our Eq®)(and [7) times a fac-
LayNN = —ga; NN (N7, FN)ay, tor of (—2). While we could not trace the factor @f the
. i relative sign appears comparing to their Egs. (5), (20). Still,
Lyny ==guNn (N7 N)fT- 4)  the sign depends on their photon momentum flow &ié?

convention, that are unclear. More importantly, the final sign
Making use of the relation,, = —2mg2me/NR(q2), arising from Eqgs.8) to (8) will depend on the relative sign
we obtain the leading expression for the nonrelativistic pofor B25(0,0) andgann, that was fixed in Ref. [21] on the
tential basis of quark-loop models.
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4. Model results where we have useg, = 1.2730(13) [30], ¢5 = 0.530(18),

. o . ¢% = 0.392(24) [31], Fx = 140(10) MeV [15, 32, 33],
Tp determine the C(')ntrlbut.lon to the HFS in E®), (7) the éLs = 26.7(5.0)° [34, 35] and the PDG [36] masses with an
sign of gann A1 (0) is required which, for our form factors, aqgitional uncertainty accounting for the half-width rule [37].
relates to the the sign aBys gann. In this respect, the  Here ¢ is the f; — f] mixing angle in the flavor basis.
short-distance constraints obtained from the operator prod- The axial-vector contribution to the HES of muonic hy-

uct expansion (OPE) of two vector currents allow 10 fiX grogen is shown in Table Il where the values from the OPE
sgn Bas(0,0) = sgn Fama, and thus reducing the problem ¢ \umn in Table 11l and the coupling in ELT) have been

to determine the sign foF’§magann. This combination seq. Additionally, we have also included the uncertainty re-
appears in the axial form factor of the proton, lated to the mixing angle), within brackets.

k/—LE))\a k :k,|:tGa 2
Pl Nalp(k)) = alk') | 3.G54(0) 5. Results and conclusions

qu
QmN

+ Gap(qz)} YPu(k), (a=3,8,0), (9) Inaddition to the results for the HFS in Table Il, we have in-
corporated a systematic uncertainty related to the inclusion of
after adopting a resonance saturation scheme. In particulag second multiplet of heavier resonances in &6).(Thus,

one finds [22]

2F%m,
Gu(?) =Y TATAIANN, (10)
A

AELT(15) = 0.039(*13) (F5) (F55) meV,

e — 2 AETS(28) = 0.0049(F1)(F3)(F59) meV.  (13)
where the sum goes over the (infinite number of) axial-vector Comparing these results with those in Ref. [21], we find
meson resonances. Truncating the last expression with than opposite sign (and a factordélifference) in the computa-
lightest resonance, the value @f y v can be determined in tion. As we can see from Table Ill, the doubly-virtual asymp-

terms ofG¢% (0). This implies, totic behavior of the transition form factor plays an important
role (abouts0 %, between DIP and OPE modélsind it has
garnn =5.6(1.1),  gpnn =2.01(0.17), to be taken into account in any future estimatiol\df § 5.
Finally, incorporating the axial-vector mesons contribu-
'nn = —0.33(0.08), =0), 11 , X ;
IHNN ( ) (¢ ) (11) tions in Eq. (3) along with the pseudoscalar one [38],
ga; NN = 5.6(1.1), gn NN = 1.93(0.16), AEF pg = —(0.09 £ 0.06) eV, we obtain
9N = 0.71(21), (s = 26.7(5.0)°), 12) ry = 1.112(31)exp(19)th(i%8)axials~ (14)

TABLE Il. Results for the HFS of muonic hydrogen. The central values fogtheny couplings are those from ideal mixing (= 0),

Eq. (11). The second column displays results from OPE column in Table Ill, including as an additional uncertainty the difference with other
models therein. The final two columns include uncertainties frbi(0), gan~, B2s, ma and an additional uncertainty from the mixing
within brackets.

A1(0) B35(0,0) AE{T(18) AEZT5(25)
A 2 RA
a?Big [GeVv2 [meV] [meV]
f1(1285) 1.53(25)(*99) 0.269(30) 0.011(2)(1)(1)(0)[0] 0.0014(*2)(1)(2)(0)[0]
a1 (1260) 1.41(30)(+92) 0.245(63) 0.029(*%)(6)(7)(2)[0] 0.0036(*5,)(7)(9)(2)[0]
f1(1420) 1.20(22)(*99) 0.197(30) —0.001(0)(0)(0)(0)[3] —0.0001(0)(0)(0)(0)[*3]
TOTAL 0.039(*12)[3 0.0049(t14H)[*3)

TABLE I1. The results for; (0)/[a? B2s(0,0)] for £ = p. For simplicity, we take ideal mixing in VMD models, implying that,, =
0.77 GeV ~ m,,, for a1, fi andmy = my for the f.

VMD eVMD DIP heVMD heDIP OPE
f1(1285) 1.68(37) 1.21(37) 0.99(1%) 1.34(31) 1.33(3%) 1.53(3%)
a1(1260) 1.68(3%) 1.03(52) 0.91(33) 1.17(38) 1.14(33) 1.41(33)
f1(1420) 2.99(33) 0.78(1%) 0.78(13) 0.96(13) 0.96(33) 1.20(33)
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ryz = 1.037(16) fm [42] from hydrogen spectroscopy, and
ryz = 1.054(3) fm [43] from electron-proton scattering and
eTe™ annihilation. These outcomes are summarized in Fig. 2
where the blue band corresponds to the average for electron-
proton (eP) scattering and hydrogen (H) spectroscopy.

eP scattering {

H spectroscopy {

Meilner et al.

Appendix

CREMA coll.

Dorokhovet al.

A. Form factors
This work

In this contribution we assess the impact of the asymp-
totic behavior using different models for thB,s(q?, ¢3)

form factor. For the doubly-virtual case, it is known that

FIGURE 2. The Zemach radiusrg) from the references inthe  p H2 52y —4 for lar 2 val 12.15 1
text and this work. The blue band represents the average from 25(~Q", —Q7) ~ O(Q"*) for largeQ” values [12,15, 18,

Refs. [39-42] 44]. Besides, in the singly-virtual kinematic regime, it is also
' ' known from the light-cone expansion that, for lai@é val-

The value is in mild tension with other estimates, Ues’B2S(*Q27 —q°) ~ O(Q™*"), whereq® < Q?[18,44],

ry = 1.086(12)fm [39] andr; = 1.045(4)fm [40], that is also suggested by L3 data [34, 35].

from electron-proton scattering; = 1.045(16) fm [41] and The models used in this work for thB,s form factor
| are’’:

1.040 1.082 1112

ry [fm]

Bgs(o, O)m%/

Bas(0,0)m{, M*
VMD/DIP, 2 2 25\Y, Vv
B ) = (s (@ — ) (@~ W) (A2)
Bs5(0,0)A4
BS§H(dt,43) = m, (A.3)
BRI g2 43y = BSYIMPIPP (g2 62) [1+ i3 Ao - (A.4)

For the normalization, we take the values for f; from
L3 [34, 35] together with the estimation in [12, 15] for the
ar: Bas(0,0) = {0.269(30),0.197(30), 0.245(63) } GeV 2
for {f1, f{,a1}. Regarding the mass parameter, we taken. M. wishes to thank the organizers for the pleas-
both, for the OPE and (he)DIP variants;y = M = ant conference. This work has been supported
Ax = {1.04(8),0.926(79),1.0(1)} GeV , see Refs. [12, py the Spanish Ministry of Science and Innovation
15, 34, 35].  Concerning the eVMD and heVD models, (grants SEV-2016-0588, FPA2017-86989-P and PID2020-
we fix the M parameter to reproduce the slope from the112965GB-100/AEI/10.13039/501100011033), by Secre-
L3 collaboration dipole in order to share the same low-taria d'Universitats i Recerca del Departament d’Economia
energy behavior, which is accomplished adoptilf = | Coneixement de la Generalitat de Catalunya under (grant
A% mi/(2m3, — A%) ~ 2 GeV for my = 0.77 GeV.  2017SGR1069), and European Union’s Horizon 2020 grants
Finally, to ensure the OPE behavior in he(VMD/DIP) Research and Innovation Programme (grant no. 754510
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. Relations to other bases can be found in [12, 25]. 12.
Here, L stands for longitudinal.
At this order,B2s becomes the only relevant form factor.
We further note that, for the dipole (DIP) parametrization em-
ployed in Ref. [21],41(0) = (4/3) (a/7)? Bas(0,0)I(my), 13

with I(m,) defined in the Eq. (27) from Ref. [21].

From Table Ill, we can see an effect of abaQ¥s (20%) for the
eVMD (DIP) model compared with the heVMD (heDIP) one,
which has been corrected to comply with the asymptotic behav-
ior of the transition form factors, making explicit the relevance
of the low-energy behavior of the TFFs.

Further details can be found in [25].
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