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Abstract: By analyzing existing data on pseudoscalar charmonium decays, we obtain the ratio of the branching
fractions of 1.(2S) and 7. decays into ten different final states with light hadrons. For the first time, we test the two

existing theoretical predictions of these decays and find that the experimental data are significantly different from

both of them. The lack of observation of any decay mode with higher rate in 7.(2S) than in 7. decays suggests very

unusual decay dynamics in pseudoscalar charmonium decays to be identified. We also report the first model-inde-

pendent evaluation of the partial width of 7.(25) — yy (2.21

3+0A41

+0.88

Togs keV) and improve determination of that of

e = vy (543775 keV). The latter shows a tension with the most recent lattice QCD calculation.
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Charmonium states are the bound states of a charmed
quark (¢) and a charmed antiquark (¢). Since the discov-
ery of the first charmonium state, the J/y, at BNL [1] and
at SLAC [2] in 1974, all the charmonium states below the
open-charm threshold and a few charmonium states
above the open-charm threshold have been established;
the measured spectrum of the states agrees well with the-
oretical calculations based on QCD [3—5] and QCD-in-
spired potential models [6—8]. On the contrary, the de-
cays of the charmonium states into light hadrons, which
must proceed via the annihilation of the charmed quark-
antiquark pair, are still poorly known, although they are
governed by the same QCD theory.

The first calculation by Appelquist and Politzer [9]
using perturbative QCD related the hadronic decays of
J/y and its radial excited sibling, ¥(2S), to their leptonic
decays, and predicted

_ B(Y(2S) — hadrons)
~ B(J/w — hadrons)
_By(2S)—ete)
By —eter)

QV

The ratio was found to be around 12% using the

branching fractions of the leptonic decays at that time,
and this was called the "12% rule" since then, although
the most recent ratio is (13.3 = 0.3)% [10]. Extending Q¥
of inclusive decays of charmonium to light hadrons to
each individual hadronic final state, /, the Mark II experi-
ment tested QZ with eight final states [11] and found two
modes were severely suppressed relative to 12%, while
the other six modes agreed with 12% reasonably well,
and the pr mode was suppressed by more than an order
of magnitude; therefore, this was referred to as the "pr
puzzle." Many theoretical explanations have been put
forth to decipher this puzzle [12]. Some attribute the
small Q/‘J’,r to the enhanced branching fraction of J/y de-
cays, some attribute it to the suppressed branching frac-
tion of ¥(2S) decays, and some others attribute it to some
dynamics that may affect both y(2S) and J/y¥ decays but
in a different way. Improved measurements from BES,
CLEOc, and lately, BESIII experiments confirmed the
Mark II observations and tested various theoretical mod-
els [10]. None of these models can solve the "pr puzzle"
and all the newly available data satisfactorily [12].

As the spin-partners of J/y and ¥(2S), respectively,
the spin-singlets . and 7.(2S) may decay into light had-
rons in a similar way as their spin-triplets partners. An-
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selmino, Genovese, and Predazzi assumed [13]

B(n:(2S) — hadrons) — B(Y(2S) — hadrons)
" B(J/y — hadrons) -’

B(n. — hadrons)

while Chao, Gu, and Tuan argued that [14]

oF = B(1:(2S ) — hadrons) |
" B(j. > hadrons)

These two predictions differ by a factor of seven and
should be tested with experimental data.

The theoretical work was clearly ahead of its time
since the 7.(2S) was first observed in 2002 [15], and un-
til now, only three hadronic decays of it were listed with
branching fractions and the uncertainties are more than
50% [10].

By examining the experimental data available for
n.(2S) decays (cited by the PDG [10] and those listed in
the Appendix A), we found an amazing fact that in most
of the cases, both 5. and 1.(2S) were measured in an ex-
periment at the same time; therefore, this allowed a very
convenient way of determining the ratio of the branching
fractions and to test the theoretical predictions. We scru-
tinized the experimental measurements, selected only the
reliable results, and performed a global fit to extract prop-
erties related to the n. and n.(2S) states.

There are mainly three categories of measurements

related to 7. and 7.(2S) states: two-photon processes
(yy = ne 1:(25))), B meson decays (B — Kn. (c(25))),
and charmonium decays (¥(2S) — yn. (n.(2S)), J/v —
vne, and h. — yn.). In many of the cases, experimental
measurements are the ratio or the product of the branch-
ing fractions or partial widths. With the help of measure-
ments of a few absolute branching fractions and the total
widths of 5. (I';) and 7.(2S) (I, 25)), we were able to
determine the branching fractions of 7. and 7n.(2S) de-
cays and the ratios, as well as their partial widths, of yy
(T —yy and Ty, @25)yy ).

The n.-related measurements before 1995 were ob-
tained by using 7, mass and width that are significantly
smaller than the recent results [10]. They were not used in
our analysis since the results are biased and the precision
is low. The n.-related measurements from J/y — yn,
were biased by neglecting the interference between 7.
and non-n. amplitudes and using unreliable line shape of
ne resonance in this M1 transition [16]. They were also
not used in our analysis.

We were left with 97 measurements from the AMY,
BaBar, Belle, BESIII, CLEO, DELPHI, E760, E835, and
LHCb experiments, as listed in Appendix A. We per-
formed a least-squares fit with 29 parameters, and the y?
of the fit was 86, which corresponds to a confidence level
of 5.7%, indicating a reasonable fit. The main contribut-
or to large x> is DELPHI [17]; the uncertainties of its
three measurements may have been underestimated, but
there was no significant effect on the results by including

Table 1. The branching fractions of 7.(25) and 5. decays and the ratios. For the modes with upper limits only, the data are from ex-

perimental measurements directly. The upper limits of the ratios at the 90% confidence level are determined by dividing the upper lim-
its of the 7.(25) decays by the branching fractions of the . decays lowered by the corresponding uncertainties.

decay mode () Bl1c = h) (%) B1c(25) = ) (%) o
pp 0.136£0.012 0.0077+0-0028 0.057+0:022
KEn 6.90°04 18655 0.27:310
KEn 1272 013 040
oy 1.20%0-1% 0.25+0.14 0.21%.12
7 0.365'58% 0.236°878 0.65%93
KOK*n¥rn- 2.39%09 100703 0.42+034
KK rt 35008 136578 039703
Ty 1.43704 <0.96 [18] <0.78
2n* ) 0.8670:13 <0.41[19] <0.50
K*K mtn 0.57+0.10 <0.32[19] <0.60
2K*K™) 0.135+0:028 <0.14[19] 15
3(rtnT) 1.75+0.48 [20] <2.9[18] <2.0
K*K=2(n* 1) 0.72+0.37 [20] <2.2[18] <5.4
@0 0.155:818 - —
oK K~ 0.3670:13 — —
2>t a0) 15.1i%;8 — —
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Table 2. The fit results on 7.(25) and 7, related quantities.

Y o
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Fig. 1. (color online) @ from the global fit and the compar-
ison with theoretical predictions. Dots with error bars are data

and the vertical lines show Q0 =0.133 and Q¥ =1.

these data.

Table 1 and Fig. 1 show the fit results and the total
uncertainties of 7, and 7.(2S) hadronic decays. We found
that the ratios of all the modes with positive 1.(2S) sig-
nals (upper half of Table 1) were less than one, and those
of some modes with stringent 7.(2S) decay rates were
also less than one, although those of some other modes
were inconclusive (lower half of Table 1). These put the
prediction of Qf ~ 1 in question. Although each and all of
the ratios agreed with the "12% rule" better than Qf ~ 1,
we found that all central values were higher than 13%,
except for pp mode, which was lower by more than three
standard deviations. These indicated that the experiment-
al measurements do not agree with either of the two pre-
dictions.

Table 2 shows the other fit results. We found that the
total widths of . and 7n.(25) agreed with those obtained
in Ref. [10], and the ratio I, 25)/I;, = 0.44+0.10 agreed
well with the expectation of Eq. (14) of Ref. [14], i.e.,

I I —she I Sete-
n.(2S) ~ 1.(2S )—hadrons ~ Y(2S)—>ete — 042+ 0.01’
Fm 1ﬂm—)hadrons r]/lp—w*e’

where I'yos)—ee- and T'jjye are the leptonic partial
widths of the vector charmonium states [10].

The partial width of 7. — yy, (5.43*041) keV, is about
one standard deviation higher than the world average [10]

and is lower than the lattice QCD calculation of

Ty, 32.2+0.7 MeV
De2s) 14.1+3.1 MeV
I, 0.41

=YY 543405 keV

rUc(ZS)HV}/ 2.21%088 pey

-0.64
B(B* — n.K*) (10.8+£0.6) x 1074
B(B* — n:.(28)K*)
BW(2S) = yn:(25))

B (2S) = n°he = 7'y

(4.42+0.96)x 1074
(1.073H x 107
0.52 -4
(5.03*032)x 10

Iy —yy =(6.51+£0.20) keV [21]by 2.5 standard devi-
ations. Further measurements and refined calculations are
needed to clarify the tension and to develop other model
calculations [22, 23].

The partial width of 1.(25) — yy of (2.21%)8}) keV is
a first model-independent evaluation, to be compared
with various calculations compiled in Ref. [23]. Note that
the ratio of the branching fractions of 1.(2S) and r. — yy
agreed fairly well with the Qf = 1 rule:

B®(28) — vy) _ Uy.25)-yy/Tn.2s)

— — 0.93+0‘48,
B(me = yy) Lynyy Ty, ot

although the uncertainty was large.

As by products, we also report the best evaluation of
B(B™ - n.K"), B(B" - n:(28)K™), B(2S) -
yn(28)), and BW(2S) — °h.)- B(h. — yn.) to date, as
shown in Table 2. These results will be used in future
measurements with these processes.

In summary, we determined the ratios of the pseudo-
scalar charmonium states 7.(2S) and 7, decay branching
fractions and found prominent discrepancy from theoret-
ical predictions [13, 14]. The mixing of the J/y with a
nearby glueball has been proposed [24] to explain the "prn
puzzle", and the scheme has been extended to the 7. case
[13, 14]. As the pseudoscalar glueballs are expected to be
close to n, or n.(2S) [25, 26], the mixing between them
may also play an important role in the charmonium de-
cays [27-29]. The different contribution of the open-
charm loop in 7, and 7.(2S) decays may affect the
branching fraction ratio [30] too. The fact that all the
known hadronic decays of 7n.(2S) have rates lower than
n. decays suggests abnormal dynamics in either 7.(2S) or
n. decays, and these may be investigated at future experi-
ments like BESIII [31], Belle II [32], and LHCb [33] in
charmonium decays, two-photon processes, and B decays.

APPENDIX A: DATA USED IN THE ANALYSIS
(TABLES Al, A2, A3, Ad)
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Table Al. Data used in the analysis: absolute branching fractions and the ratios of the branching fractions for 7. and 7.(25).

Index quantity Value (%) Experiment
Branching fraction
1 B — K*K ") 1.15+0.12+0.10 BESIII [34]
2 B(ne - KIK*n™) 2.60+0.21 +0.20 BESIII [34]
3 B(e — pp) 0.120+0.026+0.015 BESIII [34]
4 B(ne - 2wt 7)) 153+1.8+1.8 BESIII [34]
5 B(B* — n.K") 0.120 +0.008 + 0.007 Belle [35]
6 B(B* - n.K") 0.096 +0.012 +0.006 BaBar [36]
7 B(B* — 1:28)K™) 0.048 £0.011 +0.003 Belle [35]
8 B(B* - n.(25)K™) 0.035+0.017 +0.005 BaBar [36]
Ratio of the branching fractions
9 % 1.79+£0.14£0.32 LHCb [37]
10 % 0.0327091% +0.009 Belle [38]
11 % 0.571£0.025+0.051 BaBar [39]
12 % 0.052+0016 40,014 Belle [38]
13 8@ 220" K) 0.0260:992 +0.007 Belle [38]
B(n. — KKn) -
14 ;ng;)):g+£$) 0.82£021+0.27 Belle [39]
15 B1:28) - KKm) - BB — 1:25)K") 0.09670.929 40,025 BaBar [40]
B(n. —» KKm)-B(B* - n.K*) :
16 B25) > KOgKi”I) sy 0.18£0.05:£0.02 CLEO [41]
B(e = KgK*n%)-Tysyy
Table A2. Data used in the analysis: product branching fractions measured in B decays and charmonium decays.
Index quantity Value (x1079) Experiment
17 Bne — pp)- BW(2S) — n°he — nyne) 0.65+0.19=0.10 BESIII [42]
18 B = pp)- B = vy) 0.224+0:938 +0.020 E835 [43]
19 Be — pp)-B(e = vy) 0.336700% E760 [44]
20 B(ne — pp)-B(B* — n.K*) 1.64+0.417017 Belle [45]
21 B(ne — pp)- B(B® - 1K) 1.79+0.68*0-17 Belle [45]
22 B(ne — pp)- BB - 1K) 1.8%03+0.2 BaBar [46]
23 B — pp)- BB+ — n.K+) 1.4220.11*526 Belle [47]
24 B(ne = vy)-B(B* — n.K*) 0.22+0:09+0.04 Belle [48]
25 By — ¢p)- BB — ncK*) 47+£1220.5 BaBar [49]
26 B(e = ¢¢)- B(B® - 1K) 2441403 BaBar [49]
27 B(n. — KKn)- B(B* — n.K*) 74.0£5.0+7.0 BaBar [49]
28 B — KKm)- B(B® - n.K°) 64.8+8.5+7.1 BaBar [49]
29 B — KK~ 70 - By(2S) — n°h. — 7%yn.) 4.54+0.76+0.48 BESIII [42]
30 B — K*K~7°)- B(B* - n.K*) 11.4£2.5%4 Belle [45]
31 B - KK 7°)-B(B® - 1K) 16.6+5.0+1.8 Belle [45]
32 B(ne > KL K*a7) - By(2S) - n%he — nOync) 11.35+1.25+1.50 BESIII [42]
33 B(ne — KK*17)- B(B* — necK™) 24.0+1.2+21 Belle [50]
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Table A2-continued from previous page

Index quantity Value (x1079) Experiment
34 B(ne > KIK*n7)- B(B® - n.K°) 20.1£4.7139 Belle [45]
35 B — 1t n) - BWw(2S) — 1°he — n10yn.) 722+147+1.11 BESIII [42]
36 Bne — K*K™n)- BW(2S) - n°he — nync) 2.11+1.01+0.32 BESIII [42]
37 B — 2t 7)) BWp(2S) — 7°he — 1yn;) 7.51+0.85+1.11 BESIII [42]
38 B > 2K K7)) - Bp(2S) — 70h — n%ync) 0.94+0.37+0.14 BESIII [42]
39 B — 2(K*K™))-B(B* - n:.K") 2.0+£0.6+0.4 BaBar [49]
40 B(n. — 2K*K7))-BB® - n.K°) 0.9+0.9+0.4 BaBar [49]
41 Bne — 71 pp)- B(B* — ncK*) 3.94+041+0.22 Belle [51]
42 B(pe — "1 pp)- BB = 1cKQ) 1.90+0:32+0.13 Belle [51]
43 B(ne - nta pp)- BW2S) — nhe > 710ync) 2.30+0.65+0.36 BESIII [42]
44 B —» K*K~m*n7) BW(28) - n°he — nyne) 4.16+0.76+0.59 BESIII [42]
45 B(ne - KYKE*n™nn™)- BW(2S) — n°he — n0ync) 12.01 £2.22+2.04 BESIII [42]
46 B(e — An* 7 7°) - BW(2S) - 7%he — nyne) 75.13+7.42+9.99 BESIII [42]
47 Bnc(2S) — pp)- B(B* — 1:(2S)K™) 0.0342 £0.0071 +0.0021 LHCb [52]
48 B(n:(28) —» KKn)- BW(2S) = ync(2S)) 13.0£2.0£3.0 BESIII [53]
49 B10c(2S) = KJK*7)- BB = 1.(25)K*) 3.1+0.8+02 Belle [50]
50 B@e(2S) - mta pp)- B(B* — n.(25)K*) 1123518 +0408 Belle [51]
51 Bne(2S) - n*n pp)- B(B® - n.(25)KY) 0.42*314+0.03 Belle [51]
52 Be(2S) > KOK*a™n 1) - BW(2S) — y1c(25)) 7.03+2.10+0.70 BESIII [54]

Table A3. Data used in the analysis: product of yy partial width and branching fraction of 5. and 7.(2S) decays measured in two-

photon processes.

Index quantity Value/eV Experiment
53 B(ne = ¢¢)-Tpe—yy 7.75 £0.66 +0.62 Belle [55]
54 B(ne = ) Tneoyy 6.8+12+1.3 Belle [19]
55 Bne = pp)-Tne—yy 7.2041.53+047 Belle [56]
56 B(ne = KK1) - Tpmsyy 386+8+21 BaBar [57]
57 B(ne = KK7) - Tyomsyy 374+9+31 BaBar [58]
58 B(ne = KK1)- Ty 600 + 120 + 90 DELPHI [17]
59 B(ne = KJK*1™) - Tpomsyy 4904290 +90 AMY [59]
60 B(ne — KIK*1%) Ty 142+4+14 Belle [60]
61 B = 7770 Tyoyy 65.4+2.6+7.8 Belle [61]
62 B(e = 2" 717))  Tpemsyy 40.7+3.7+5.3 Belle [19]
63 B(e — KKt 17) Ty 257432449 Belle [19]
64 B(pe = KK~ n7) Ty 280+ 100 + 60 DELPHI [17]
65 B(e = 2(K*K7) Ty 56+1.1+1.6 Belle [19]
66 B(ige = 2K*K7) Tpemsyy 3509060 DELPHI [17]
67 Bne - KK nta7%) Ty 190+ 6 +28 BaBar [57]
68 B1e(28) = KK7) - Ty, 25)yy 41+426 BaBar [57]
69 B(:(28) = KQK*17) - Ty 28)-yy 11.2+2.4+2.7 Belle [60]
70 B1:(2S) = 777 Tye2s)—yy 5671711 Belle [61]
71 B(2S) > K* K117 1%) - Ty 25)>yy 30£6+5 BaBar [57]
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Table A4. Data used in the analysis: total widths of 5. (upper half in the table) and 7.(2S) (lower half in the table).

Index Process Width/MeV Experiment
72 VY = ey e = T 30.8723+29 Belle [61]
& Yy = ne. e > K*Kn 348431240 BaBar [39]
74 Yy = ner e = K*K~ 7 252+2.6+24 BaBar [39]
75 ¥y = fles ne = KOK*7* 32.1+1.1+13 BaBar [57]
76 ¥y = fles ne = KOK*7* 24.8+34+35 CLEO [41]
77 ¥y = fles ne = KOK*7* 36.6+1.5+2.0 Belle [60]
78 Yy = e ne = KOK*7* 31712408 BaBar [58]
» Yy = > e = KKt n 70 36.2+2.8+3.0 BaBar [57]
80 Y = e, e — hadrons 28.14£32+22 Belle [19]
81 B* = ncK*, e — pp 34.0+£19+13 LHCb [52]
82 B* = K", e — pp 48*8 x5 Belle [47]
83 B - nK*, ne — AR 40+£19+5 Belle [47]
84 B* - n.K*, 0. — KOK*n* 354+3.639 Belle [50]
85 B—n.K®, 5. - KRn 363737 +44 BaBar [40]
86 b— X, ne — ¢p 31.4+3.542.0 LHCb [37]
87 b—nX,n.— pp 258+52+1.9 LHCb [62]
88 PP = 1w e = Y 20.4+77+2.0 E835 [43]
89 PP = Nes e =YY 23.9+)%6 E760 [44]
90 ¥(28) - 7% — 1%y, 5. — hadrons 320£12+1.0 BESIII [63]
91 ¥(28) — 1°h, — n%n, 5. — hadrons 364+£32+17 BESIII [63]
92 ¥y = 1e(25), .28) - KK*n* 13.4+4.6+32 BaBar [57]
23 ¥y - 1:28), 1.28) - KOK*7* 6312440 CLEO [41]
94 ¥y = 1e(25), .28) —» KK*n* 19.1+6.9+6.0 Belle [60]
95 B = 1.2S)K*, 7:(28) — KO K*n¥ 41,0+ 12,064 Belle [50]
96 W(2S) = yne(2S), 7.(2S) - KKn 169+64+48 BESIII [53]
9 W(28) > y1.(25), 0.(28) - KOK*n¥ 9944829 BESIII [54]
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