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Introduction
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Lowest QCD scalar resonances

fo(500)/o : precise nr scattering data + dispersive technique +
chiral EFT. Well determined pole positions !

[Xiao,Zheng, NPAO1] [Caprini,Colangelo,Leutwyler,PRLO6]
[Garcia-Martin, et al., PRD11]

fo(980)3 nw scattering data + (dispersive technique,Unitarized

chiral EFT). Confirmed pole in the complex energy plane !
[Garcia-Martin, et al., PRD11] [Oller, Oset, Pelaez, PRD99]

Ko(700)/k: =K scattering data+ (dispersive technique,Unitarized

chiral EFT). Confirmed pole in the complex energy plane !
[Zheng, Zhou, et al., ] [Descotes-Genon, Moussallam, EPJCO06]
[Pelaez, Rodas, PRD16]

ay(980):  Absence of the =nn scattering data. Lattice can help.
[ZHG, L.Liu, Meissner, Oller, Rusetsky, PRD17]
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Lightest QCD scalar resonance: sigma
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Importance of the broad sigma:

to improve the description of the hadron yields
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f,(980) and a,(980) :

theoretically less clear, due to the nearby Kbar-K threshold.

Coupled-channel analysis needed !
[Garcia-Martin, et al., PRD11] [Oller, Oset, Pelaez, PRD99]

[ZHG, L.Liu, Meissner, Oller, Rusetsky, PRD17] .......

In this talk, we focus on the thermal behaviors of these scalar
resonances at finite temperatures.

e Chiral EFT is used to describe sigma, kappa, f,(980) and a,(980)
simultaneously.

« Scattering and relevant inputs from Exp/Lattice are nicely
reproduced In our approach.

 The QCD U,(1) anomaly is tentatively addressed by examining
the thermal masses of the eta and eta’'.

* The thermal behaviors of both light pseudoscalar and scalar
mesons are pure predicitons !
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Chiral peturbation theory

and eta-eta’' mixing
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The relevant dynamical d.o.f: n, K, n, n'

SU;(3) ® SUR(3) — SUy(3): Goldstone 7, K, ng [SU(3) xPT]

Ne — 00 : My ~ O(1/Ng), .. 9 becomes Goldstone

U(3) xPT : w, K, ngand 1
A consistent power counting scheme in U(3) %PT:

6 ~p?/A] ~m?l  /A] ~1/Nc
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In this case, it is essential to generalize from SU(3) to U(3) ChPT

, 1.0, 1 1 + +
—:;% + —\}ﬁis mt K+ =T T BT F 0 K
, - -1,0_, 1, 1 0
T ——:}% + = K 9 m =T+ F+ K
. = : - 70 -2, 1,
K~ K" —v%ﬂs K K 75 + el

Leading order in the & counting:

F? F? F?
Lo = T<U”UH> + I<X+> + ?]\/[3 In? det u
\
Leads to a
massive n,
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NLO: O(Ncp*) and O(N2p?)

1
LO) = Ls{uuufxy) + Ls/2{x+ X+ + X—X—)
+ +F2 A {u,) Py + F?Ay In(det U)(UTY — xTU) + ...

NNLO: O(N-2p%), O(N;'p?), O(N2p*) and O(N¢p®)

£ = gOX + TP X2 () + La(uu?) (x4
+C1<Upuph#yh'uy> + ...

[Herrera-Siklody, Latorre, Pascual, Taron, NPB'97 |
[Bijnens, Colangelo, Ecker, JHEP'99], [Jiang, Ge, Wang, '14]
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o counting in U(3) yPT: a systematical expansion to describe eta-eta’ mixing

F? F? F?

-1’ mixing at LO: Tw‘"uﬂ) 4+ T<\+> 4+ 5 MZX?
L = % 0" Mg + %ﬂﬁmﬂ“m
ilmK — T = e — 2m; +ma + 3M; _— 4/2(my — m=) -
3 3 3
with
M- = 2Bmyy . ik = B(m. + myy)
—
ng = coll+ 547 . (cg =cosf sy =sinbh)
mo = —sgl+ 1] .

The leading order calculation leads to the conventional one-mixing
angle scheme.

Iﬁ—ﬁ" will get mixing again due to higher order effects. B



General parameterizations of 77, 77" bilinear terms

0 P
L = Tl Oy O, TTOH OV + ? Dy O] OH OV + 63 0,0, TOH OV T
1+ &5 . 1+ 65 __
+— 1O, TR + T 9,7 0*1 + 8y 0, oH 7
2 2 Y
.r'.".'ﬁ T (5m%__ mﬁ, 1 f}mzﬁ; L o
- o nn = 5 NN — 0217 -

0;’s are calculated up to NNLO in é-counting U(3) ChPT

LO from £%:  §; =0,
NLO from £

NLO . §NLO _ sNLO _
. 8ls - .

d%u’f_ﬂ = 32 _mi{—cg—ilﬁcgsg+5§}+2mi{26§+2@ﬂ95&+5§_ —|—5§ﬂ1 .
NLO 8ls - 5 > 2 2, 2 > 2

O = 3p mz(cy + 4v2cpsp — sp) + 2mi (e — 2v/2cgsp + 2s5] + i1 .
NLO 16Ls 2 2 :

J = —3g Mk - mZ)(V2¢j — cpsg — V2s3) — cgsoh
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NNLO from £%° and chiral loops:

shneo _ 32Ci2
! —

ET=3 [mgrl[—cé — 4 2¢cgsy + 55} + Emif [2.:,92 + 2v2cpsp + 55] .

SNNLO _

8L,
F2

[Emf,.; +mi)+ ...

:mf‘r(—cg — 4/ 2cgsy + 55.2} + mf’,;[?cg + 24/ 2cpsg + 55} + .-

:Emfr + 4mf{(2f:£ + 2v/2cysg + 55} — 4m%; mi(zcé + 2v/2cysp + 55}] + e

m? m?
log

Ag(m?®) = —
o{m”) 1672 1

[X.K.Guo, ZHG, Oller, Sanz-Cillero, JHEP’15]

B ERE R AL IR YE K 2E) Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019



e \We also give the relation to the popular two-mixing angle
scheme:

1 B 1 Fg costlg —Fq sin b 78
W ) T F\ Fssinfls Fo cosfy m )

8 _ 8 — <inf
F; = costligksg Fn" — sinfgFg (O\A ‘”( )> _ IP,uFa

F?? — —sinfyFo Fr?,f — cos g Fo

Now the mixing parameters ( F, Fg 6, ©5 )are

calculated in terms of the chiral low energy constants
up to NNLO |

First complete NNLO calculation of eta-eta’ mixing !
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Eta-eta' mixing in ChPT in literature

Some previous (partial) lower-order calculations:
LO in d-expansion, Georgi, PRD'94
LO in p? and NLO in 1/Nc, Peris, PLB'94.

NLO in p?, LO in 1/N¢, Gerard, Kou, PLB'05; Degrande, Gerard
JHEP'09: Mathieu, Vento PLB'10.

NLO in p? and 1/N., Herrera-Siklody et al., PLB'98

One-loop calculation+resonance exchange (partial NNLO),

Z.H.Guo,Oller, PRD'11
FKS formalism, Feldmann, Kroll Stech,PRD'98

etc

2R ERE I ALITIE K ) Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019 18



134 | - Gao
A RBOUKQCD
WSO HBC
12| « =P %
——NLCFtB
1|2 i
1.1 NNLCFit-B, % % %
> 10 | %] % S - v
g 0 . e e T e e
Q E :_:;;?-—:.':.__*...-.-.r:':__;._—n:.—-_l_._
$ oe4 — - . -
g - Q
0.8+
0.7 -
0.6 -
0.5
T T T T . T , ' i |
0.00 0.05 0.10 0.15 0.20 0.25

[X.K.Guo, ZHG, Oller, Sanz-Cillero,
JHEP’15]

0125 <
0120 -

0115 -

0.100 4

decay constant/Gev

0.088 -

o004

L 3
4 axp

—— MLOFit-8

= == MHLOFit-B

Jiw:]

0110 B

01054

m, iGev’

T T T J T T T T T
o2 o004 008 008 0O10 O
m *IGev’
O lattice
—— KLOFit-B
- - - MMLOFit-8|
--—-- KLOFit-D

12 014 016 048 O

m *iGev’

Nice reproduction of the lattice results with reasonable chiral LECs !
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S-wave meson-meson scattering

and Scalar resonances

2R ERE I ALITIE K ) Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019 20



ChPT is reliable at threshold energy region.

E.g. Leading order amplitudes of pi-eta, K-Kbar, pi-eta’ scattering

TI =1,mp—7n 2) _ (Cg — \/ESQ)Q?TLEF
J=0 ( ) - BFE
7I=1 fm;_>KK( )(2) B 09(3’-%% + 8??;%{ +m2 —9s) + 2\/559(27;?%( +m?2)
= 616 F2 ’
TI 1 an—smn’ (s ) _ (\/5(;3 — CpSg — \/ﬁsg)mi
3F?2 ’
TI:]_,KK—)KK(S)(QJ _ S
- ' AF2’
TI 1 K K—mn' ()@ = -‘59(3’”’533:* + 8m3 +mZ — 9s) — 2v/2¢o(2m3, + m?2)
61/ 6F2 ’
TI=1,~1‘T?}'—>W??’ N2 (\/ﬁcg + 59)2?15121.
J=0 ('5) - 3F3 .

There is no resonance in such amplitudes !

[ZHG,Oller, PRD’11] [ZHG,Oller,Ruiz de Elvira PRD’12,PLB’12]
[ZHG,Liu,Meissner,Oller,Rusetsky,PRD*17]
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Unitarization: Algebraic approximation of N/D (a variant

version of K-matrix)
B N(s)
1+ G(s) N(s)

* The s-channel unitariy is exact. The crossed-channel dyanmics

TJ(S)

IS included in a perturbative manner.
« Unitarity condition:  ImG(s) = —p(s)

o] 152 [t

 N(s): given by the partial wave chiral amplitudes

! 1 [+
S.1 . . N
V_E',Di}{ﬁl[—}ﬂzq-}z(ﬁ) = i/—1 dcos @P;(cos rp}vglgﬁﬂz%@, t(s,cos¢))
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For eta-eta' mixing, temperatures enter via the loop funcionts

2 o  8p? 1
Ag(m?) = —m? ln% —/ dp i - Q
H 0 Ep o —1

For meson-meson scattering, temperatures enter via 6(s)

d*q 1
G(s) = 3/
2m)4 (¢ — m?)[(P — q)% — m3 —
(2m)* (¢* — m7)[(P — q)* — m3] N
°¢ [d 1 1 \ -
e L W
(2m)° 2m q5 — EY (Po — qo)* — E3

qo — twy = 12mn1, dgy — 27T

B / d3q ""'—i’o . 1
) @) Wi+ BY (R —iwn)® — B3

Standard Matsubara techniques to calculate G(s) .

Be careful about the complex extrapolation !
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Thermal behaviors of light pseudoscalar mesons
and scalar resonances at low temperatures
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Relevant channels to study o, f,(980), K, a,(980)
o 1J=10: mn, KK,
a,(980)
o IJ:%O: Kr, Kn, K/
K

o |J=00: 7, KR, nm, ', n'n’
s, £,(980)

2R ERE I ALITIE K ) Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019 26



00
&
n

300

250

200

g 150 =

100

50 |-

T L T L T L T

- pi-pi

70

60

50 |-

4

o

30

20

Preliminary

pi-K

700 800
E(MeV)

900 1000

Preliminary fits to Exp and Lattice

scattering observables at zero temperature

I EE T ILIVE R )

g™

12 —

1.1

Preliminary

0.5 '_ -
L n
04 -
0.3 '_ -
2 [ L i | _._ i 1 i L
980 1000 1020 1040 1060 1080 1100
000A 002A
1300 1300 5 i
¥, : Poy  ®. .
1250 §im 1250 . ﬂbsk} pl—eta
200 " & 200 " E B
1150 1150 " 8 i [
g‘m-!- " ada e seanbenaebess ZHG,e,t.
o
-1 al.,PRD
. e a B8 [ L] as ; B BB ]
Qmaggauaitaaulal- QSO‘I“ . EQL:—%T 17
wel
i 22 24 26 28 3 a2 e 22 24 26 28 3 &
Lifm) L{fm)
001A 011A 111A
1300 z 1300 T 1300 T
g, LN S E, i d
A RN % Foa |l Lattice data
1200 lI. 1200 &g F lahi:a 200 béi §::n
= nh D@ ',I ’ o %5 ° [DUdek, et.
__%’nso u? aacia 50 Qﬁﬁ “nn 1150 | 53., g%ﬁa 2
T e T M gl PRD16]
1100 g’g 1100 uvgéﬁ i 1100 VVQDE,
"o, Phag, 1 e
i b ‘-“e,,‘a ice —e—i
50 ]@@a@g"veiaﬁ_ - - B%‘FE n
2 22242628 3 32 2224262 Zesazer
L(fm) Lifm) L{tm)

Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019

27



/2 (MeV)

I EE T ILIVE R )

280

280

270

260

250

240

230

T/2 (MeV)

Preliminary results

17.0 — , . . . . . .
T T T T T 1'E.H | “ _mc |
T=200MeV _
- - om0
16.6 [ L -
16.4 | .
< 182 b -
e4) L 4
E 16.0 —
o™ | J
= 458 | i
= £ (980) |
15.4 | O . 4
- T=100Me\ 1
15.2 - T=0MaV
1 i 1 i 1 i 1 1 1 1 i 1 i
- -1 Q62 9654 966 968 a7a q72 974 ave
1 1 1 1 1
380 400 420 440 460 MiMeV}
M(MeV) L —
T T T
44
290 |
43
42| oas |
41 —
I = 280}
40| 2
%
a.q_- e
38 L .
b T=200MeV” .
37 L - i 270 !
Lo T=200MeV
L . | .
36 -
1 N 1 255 L 1 L 1 L [} L 1 L 1 1 1
1028 1032 1036 1040 Ga0 B90 700 710 720 T30 740
M(MeV) MiMeV)

B7E

Light-flavor mesons at finite T in Chiral EFT@¥} 06. 2019

28




Summary

« Chiral perturbation theory provides a reliable framework to
study the interactions of pi, K, eta and eta' and also the possible
resonances in their scattering at zero temperature.

 The finite-temperature effects are pure predictions in chiral
perturbation theory.

o Our preliminary results show interesting thermal behaviors of
light scalar resonances of QCD !

 This approach can be straightforwardly extended to other
systems and can be a useful tool to study the thermal behaviors
of resonances !
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