Remarks on the composite nature of the light scalar
mesons f,(980) and ap(980)
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Motivation

e The nonperturbative meson-meson interaction and the related scalar meson is
a topic of great importance
The unflavored scalar mesons below 1 GeV

— like f(500)/c, K*(800)/x, f5(980), 2(980)

o The compositeness can give quantitative description of the inner structure of a

resonance/molecular
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Formulation of the compositeness relation and decay width

Compositeness and elementariness relation [1]

X+Z=1 1)

X and Z called the compositeness and elementariness.

o Bound state: Z and X are positive real numbers, allowing probabilistic interpretations
@ Resonance: Z and X are usually complex numbers.

o For example: The probability of finding the physical deuteron |d) in a bare

elementary-particle state |do), Z = |(dp|d)|?. If the deuteron is purely elementary, then

Z = 1. On the contrary, for a purely composite particle made of a proton and a neutron,

Z=0.[1,2]

[1] S. Weinberg, Phys. Rev. 137, B672 (1965)

[2] V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova, and A.E. Kudryavtsev, Evidence that the
a(0)(980) and f(0)(980) are not elementary particles, Phys. Lett. B 586, 53 (2004).
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Formulation of the compositeness relation and decay width

Here we will follow Ref. [1], which formulates a probabilistic interpretation of compositeness
relation with only positive and real coefficient for resonance. After the proper unitary phase

transformation of S-matrix, it offers the partial compositeness coefficient for resonance in the

form as 9Gi(s)
s
Xi = | 2|’ )
s=sp
compared to the bound state case,
0G;(s
x =280 3
Js s=sp

where G(s) is the one-loop two-point function.
[1] Z-H. Guo and J. A. Oller, Phys. Rev. D 93, 096001 (2016), 1508.06400.
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Formulation of the compositeness relation and decay width

For the different imaginary part of p; and p2, we can define the four different Riemann
Sheets as

Sheetl: Imp; >0, Impy >0
Sheet Il : Imp; <0, Impy, >0 )
4

Sheet Il : Imp; <0, Impx < 0

Sheet IV: Imp; >0, Imp, < 0

Riemann Sheet Il and Il are connected to the physical Reimmann Sheet | below and above the

KK threshold in the real axis, respectively.We have

G!'(s — ie) = G!(s — ie) — i Vs = (m + m2)225][5 = (m1 = m2)?) (5)

The notion of s — je is to distinguish the negative imaginary part. Thus the Sheet | is obtained
with Gl(s), G}(s); the Sheet Il is obtained with Gl'(s), G}(s); the Sheet IIl is obtained with
Gl'(s), G)'(s); the Sheet IV is obtained with G](s), G} (s);

2021 48 H 18 H 6 /20



Formulation of the compositeness relation and decay width

The standard formula for the partial decay width:

_ mPpi(m?)

Mo = 5 (6)
8mmp
where p; is the momentum in the rest frame of resonance. The KK threshold is very close to the
resonance mass and the effect of the finite width of (980) (around 50 MeV) is not negligible.
Or even, the lower limit of £,(980) mass within the uncertainty region may be smaller than KK
threshold. We will consider the Lorentzian distribution for the resonance mass, and the partial

decay width can be written as

+oo 2

p2(W Mp

12 / aw P2 > ) — (7
s W2 (mp— W)2+T2/4

Mex = 2

1672
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Two main equation

o We suppose that the total compositeness coefficient of f,(980) can be expressed as the sum

of those for two channels 77 and KK:

0Gi(s) 0Gy(s)
X= XWW Xik = ’ ’ T 9s ‘ L 2‘ T 9s 8
+ Xk = Il Js  ls=sp + Il Os ls=sp ®)
@ The total decay width of f,(980) is then
2 or 2
p1(m 1 mp+2lp w r

rp:h1|2—( §)+m\2 2/ aw P 2) L (9)

8 1672 J my+my W2 (mp—W)?4T3/4

o Our input parameter of f(980) is from the dispersive analysis in a model-independent way,

which provide a reliable and accurate determination. [1]

mp =996 £7 MeV, [p = 50733 MeV (10)

[1] R. Garcia-Martin, R. Kaminski, J. R. Pelaez, and J. Ruiz de Elvira, Phys. Rev. Lett. 107, 072001 (2011),
1107.1635.
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Results

@ The compositeness coefficient KK is always much larger than 7. Moreover, f5(980) couples

much more strongly to KK channel than to 7w

o The partial decay width of w7 channel should be larger than the one for KK. In other words,
smaller X(X ~ 0.4) is preferred. Other components contribute to the elementariness, like

qq, compact qqqq, or their superposition.

For X =0.8, 0.6, 0.4 in Riemann Sheet Il and Ill, we calculate the couplings(columns 3,4),
corresponding partial decay width I'; (columns 5,6) and individual compositeness coefficients
Xi(columns 7,8) for each channel.

X Riemann Sheet| [yx-|(GeV) |y%l(GeV) T'rr(MeV) T'pp(MeV) Xor Xiw
0.8 " . B B ) -
111 10504k 3.867035  21.0671075  28.94715 73 0.008275:007  0.791870:507
11 0.9919%2 4.00703  18.90F13°7 311071532 0.007375:0582  0.5927F8.5057
06 111 1;21+3:39 3331081 98.48+1389 91 Kot1LES 00171000078 0,5890* 00064
11 1224032 3247035 29.6171027  20.3971L32  0.011570:00%  0.388570-0054
04 T 37RO 7002 g5egPIOR g (IR (3000080 () 3q 00050
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o Given the branching ratio value Trr /(Frr 4+ T 3c). Let Trn/(Trr + T 32) = b and
Mrx + e = Tp, the value of compositeness Xz~ and X, - will be given by

% _ Bﬂbrpm% 8G1(S)
T -
pl(mlz-?) Os s=sp
- 1672(1 — b) 9Gy(s)
KK f"’P+2rP de(WZ) 1 05 |e—s
my+my W2 (mp—W)2+T2 /4 P
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Results

@ In the Sheet Il, the range of the total compositeness varies from 0.2 to 0.45, while in the
Sheet Il the range becomes 0.3 to 0.65. From the “molecular” point of view, it is also more

suitable for interpreting f(980) as a resonance locating at the Sheet IIl.

Combining the ratio of Mrr/(Tan + T 3), as well as [rr + Tz = [p, the corresponding values

are uniquely predicted in the Il and Ill Riemann Sheet.

F”F++17 Riemann Sheet [Yrr|(GeV)  |7gxl(GeV) Trr(MeV) T pzp(MeV) Xrr Xew
05201 I 1167021 3.525070  26.005%1°  24.0073%5  0.0101F50032 0.45741‘3_}3?}
11 1165071 3.525070  26.005%1°  24.0072%5  0.0101700052  0.656710 3358
0680 I L33f8:%? 2.8710:88  34.0053%%° 16A00t§;;}2 00132#3;8?,?? 0.304919:0991
T 1331925 287408 34.0071%%°  16.00%53  0.0132+05955  0.437875:1837
- I 1A43t3;jf3 2.38t‘r}1?; 39.00t$j:’;g% 11.0043:89 0A0151t8;};3§:§ 0.2096’:&824}%
1 L4303 2381098 30.0003%6 1100743 0.0151%09088  0.3010+0:1423

[1] B. Aubert et al. (BaBar), Phys. Rev. D 74, 032003 (2006), hep-ex/0605003.

[2] J. A. Oller and E. Oset, Nucl. Phys. A 620, 438 (1997), [Erratum: Nucl.Phys.A 652, 407 - 409
(1999)], hep-ph/9702314.

[3] W. Wetzel, K. Freudenreich, F. X. Gentit, P. Muhlemann, W. Beusch, A. Birman, D. Websdale, P.
Astbury, A. Harckham, and M. Letheren, Nucl. Phys. B 115, 208 (1976).
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|
Results of ag(980)

A recent coupled-channel analysis of antiproton-proton annihilation data is presented in Ref.

[1], where the pole parameters and partial decay width of ap(980) are discussed; In Sheet II,
mp = 1004.1 + 6.67 MeV, Tp = 97.2 + 6.01 MeV, I, /Ty = 13.8 + 3.5 % (13)
and in the Sheet IlI,

mp = 1002.4 + 6.55 MeV,p = 127.0 £ 7.08 MeV, I, /T =y =14.9+£3.9 % (14)

TABLE V: Given the total compositeness X varying from 0.2 to 0.6 in different Riemann Sheets for ag(980), we
predict the couplings, the compositeness coefficients and the partial decay widths. The label 1 denotes the channel

7 and 2 the channel KK.

X Riemann Sheet| |vr,|(GeV)  |v4%l(GeV)  Trp(MeV) T pp(MeV) Xon Xiw

o i I I R
11 2.56+518 3787010 87.04111:08  39.967510  0.079075:0122  0.521070:0123

o 11 2117008 3771060 B8.T7EG5r 3843701 0.052470G055  0.347670505
11 2.801513 2901098 103.527971,  23.487342  0.0939705115  0.306170:0412

02 I 2:5132-1) 2.27+0.08 83.3017-70 13:9072%8 00743709088 1957400087
I 3.01:30 1.58T010  120.0118:38 6.997150  0.108975:0151  0.091175:010%

[1] M. Albrecht et al. (Crystal Barrel), Eur. Phys. J. C 80, 453 (2020), 1909.07091.
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|
Results of ag(980)

TABLE VI: Using I ;% /T» values from PDG and the condition of I' o7 + T = I'p, we predict the compositeness

coefficient Xj;.

l;fff Riemann Sheet| |yq,|(GeV) |v4%l|(GeV) Trp(MeV) Tppe(MeV) Xiw Xyw
— 11 2.5450:08 2.0%8;}? 85<41f223§ 11.79t3;3; 0.076175:9557  0.106679-0152
jail 2.90+5-08 2351015 111.607522 15407088 0.1013700552  0.2008700%!
- 11 2507398 2321318 s258*3ll  14.62+030  0.073673:00%  0.1322%05164
11 2.85+0-08 2617018 107.907802  19.101105  0.0979T5:007  0.24901093¢%
02303 11 2.44153% 2591020 79.023;33 18187112 0.070473:00%2  0.164475:0204
I 2791008 2927018 103.25+376 23757132 0.0937+0:9970  0.309670-9149

[1] M. Albrecht et al. (Crystal Barrel), Eur. Phys. J. C 80, 453 (2020), 1909.07091.
[2] P. A. Zyla et al. (Particle Data Group), PTEP 2020, 083C01 (2020).
[3] A. Abele et al., Phys. Rev. D 57, 3860 (1998).
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Flatté parameterization

o We consider the propagator of a resonance following a Flatté parameterization [1]
r i
D(E):E—Ef—&-l?l—i—ggg«/mKE (15)

We look for the zero of D(Eg) = 0 to determine the resonance pole position Eg. We have
the equation:

T i
ER—Ef—f—I?l:—EgQ\/mKE (16)
We have to distinguish two cases according to the sign of mkgs /16 — Ef,
2
i) mk8&;

—Ef>0

1

i 1 2 2 2 or2\* i r/2

Er = Ef — érl - §ng22 - m;;gz <(mf6g2 — Ef) + 71 exp (éarctan%)
mk8&5 — Ef

(17)
myg;
i) 2 _E<0
i 1 ng2 Ef—ng2 2 r2 % i F1/2
ER:Ef—Eﬁ—ngng— 4 2 ( 16 2) +Tl expi (7r—arctan

— Mg /1
(18)
1] V. Baru, J. Haidenbauer, C. Hanhart, Y. Kalashnikova, and A.E. Kudryavtsev,"Evidence that the a(0)(980)
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Flatté parameterization

We introduce the auxiliary angle ¢ defined by

r/2

=arctan—————
¢ Ef — ng22/16

(19)

For the discussions we write down explicitly the expressions for the cases i) and ii) for the

mass and width of the resonance as obtained from the pole position

Case i)

Mg = _mfiégzz — %I’Rcotg — % (tan% + cotg) (20)
Case ii)

Mg = — mi<6g22 - %rRtang + % (tan% + cot%) (21)

1/
frg=Tr1+ 5 ngfrlcotg
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Flatté parameterization

We need to fix fix '], ¢ and g»
Case i)

2
o omgg, 1 ¢ I ) @
Mg = — 6 EFRcotE iy tanE + COtE (22)

1
frR="r1+ 5 ng22F1|tan§\

Finally, if X = X1 + Xa, Mp and I'p are the inputs, then we have the extra equation or branching
ratio 1 /Tr

9Gi(s)
Js

9Gy(s)
Js

X — 87rMﬁ,F1
q1

2
1zl

v (23)

s=sp s=sp
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Flatté parameterization

We have the go/mkE is the width to the KK channel at energy E. Then,

5 \/(ZmK + MR)2 — 4mf(
727 16m(Mg + 2mK )2

— &2V mxMg (24)

Therefore,
2 _ 16m(Mg +2mk)?

w2 \/4+MR/mK

where at the end we taken Mg < 2my (because the resonance mass is near the two-kaon

~ 32Tme g (25)

threshold and this is taken as energy reference).
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Results of Flatté parameterization

X Riemann Sheet|  |vr[(GeV)  |v,7%|(GeV) Trr(MeV) Tpip(MeV) P Xurw
o i 0817035 3.27t03T 12607979, 37.40THEL 0.004970003  0.3951%0:0042
111 1125938 2717030 242501508 257510332 0.000470:0087  0.390610 0007
o i 108703 2817931 22.43MF5 27573 0.0087H000%  0.2013%00041
111 1277030 2337930 310278 1898738 0.0120700073  0.28807000%3
o 1 1307038 22570%% 3226738 17757905 0012570008 0.187570 0043
111 140793 1874015 377871888 19994586 (147409076 (.1853+0-0052

Fﬂiﬁ Riemann Sheet [Yarl(GeV)  |vxrl(GeV)  Trr(MeV)  Tppe(MeV) Xrn Xpw
ozl 11 1165070 2627092 26.0055%3°  24.0072%%  0.0101700052  0.253610047%
111 1167930 262704 26.0073%1°  24.00725%  0.0101700052  0.3641709550
0] il 1.334:3;?? 2147085 34007858 16.007543  0.01327000%  0.160170032
111 133502 2147030 34.0003%50  16.00754  0.0132X0:0055  0.2427E5:0%8
0783 1 1,43t31:f§ L7703 39.00%5%6  11.0075¢) 0,0151f}};3gg; 0.116275039°
111 1437030 LT3 11.00734]  0.01517000% 0166970035
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Summary

o We predict the couplings, compositeness coefficients and partial widths of the 77 and KK

channels.

o We also roughly discuss the compositeness of the resonance ag(980) under the assumption of

molecular interpretation.
o We use the Flatté parameterization to discuss the compositeness coefficients.

@ The compositeness concept, as a quantitative examination of the inner structure of a

resonance/molecular is very crucial to promote a step forward the understanding of hadron

structure.
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