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OUTLINE:

e Chiral and U(1)4 restoration
e Ward Identities
e Predictions from effective theories

The role of thermal resonances




QCD phase diagram

SOME OPEN PROBLEMS:

e Nature of chiral restoration and connection with U(1)4

Properties of Resonances in Hadronic Medium

High density beyond BES programme
Existence and nature of critical point

Other dimensions: uj, ps, 5, €B, ...

Temperature (MeV)

The Phases of QCD

Quark-Gluon Plasma
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A.Bazavov et al [USQCD coll] EPJA 55, 194 (2019)




Signals of Chiral Symmetry Restoration

Inflection point for the light quark condensate (Gq), = (uu + dd)

A.Bazavov et al PRD85, 054503 (2012) A.Bazavov et al, Phys.Lett.B 795 (2019) 15
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Crossover-like transition in physical case
(Ny =2+ 1, massive quarks)




Signals of Chiral Symmetry Restoration

Peak of scalar

(da()qa(0)) — {aa);

susceptibility ys = /

xT

H. T. Ding et al PRL123, 062002 (2019)
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possibly of second order
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Signals of Chiral Symmetry Restoration

e Screening masses and susceptibilities of chiral partners

degenerate around 7,
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e Key to understand the nature of chiral transition vs U(1)4 »




Chiral Symmetry Restoration vs U(1)4

U(1) 4 asymptotic restoration

D.J.Gross, R.D.Pisarski, L.G.Yaffe, RMP53, 43 (1981) —> A .
via Instanton suppression

Universality class depends on the Transition order can even change
strenght of U(1)4 breaking QT if U(1), is sufficiently restored
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E.V.Shuryak, CNPP21, 235 (1994); T.D.Cohen PRD54 R1867 (1996); S.H.Lee, T.Hatsuda PRD54, R1871 (1996)
A. Pelissetto, E. Vicari PRD88, 105018 (2013)

= M, and X, reduction if U(1)4 efficiently restored around 7,
J. I. Kapusta, D. Kharzeev, L. D. McLerran, PRD53, 5028 (1996)
T. Csorgo et al, PRL105, 182301 (2010)
AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, JHEP11, 086 (2019)



Chiral Symmetry Restoration vs U(1)4

U(1) 4 asymptotic restoration

D.J.Gross, R.D.Pisarski, L.G.Yaffe, RMP53, 43 (1981) —> A .
via Instanton suppression
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= How effective is U(1)4 asymptotic restoration at 7.7
(specially around N; =2 in light chiral limit)




O(4) vs U(1) 4: lattice results

(light scalar/pseudoscalar sector)

o Ny =2+ 1 susceptibilities

(physical m.q4, ms, domain wall fermions)
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=1 spe.  1=0 g
O(4) vs U(1) 4: lattice results T =1qsT G 0@) parters 01 = i)
(light scalar/pseudoscalar sector) IU@) . IU(D .,
e N; = 2 screening masses = -
f — g 5“(@0) = @TQQZ O(4) partners T]I = QY5 q
(dynamical Wilson fermions)
G.Cossu et al PRD87, 114514 (2013)
B.B.Brandt et al JHEP 12, 158 (2016), PoS CD2018, 055 (2019)
A.Tomiya et al PRD96, 034509 (2017)
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Soft U(1) 4 breaking for m # 0, increasing with V




AGN, J.Ruiz de Elvira, 9
R.Torres, . 0.0

PRDSS, 076007 (2013) O(4) vs U(1)4: Ward Identities

AGN, J.Ruiz de Elvira,

JHEP1603, 186 (2016),

PRD97, 074016 (2018), bs
PRD98, 014020 (2018) XPpP /:Fd33<T771(33)775(0)>
1
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Allow to relate susceptibilities and quark condensates
from QCD generating functional: Az) = 3ag Trc G G
ls ml 2
T)=-2— T) = — T
xp (1) = . X5, disc(T) — Xtop(T)

- dsee — % (X% — xZ) measures O(4) x U(1)4 restoration



AGN, J.Ruiz de Elvira, 9
R.Torres, . 0.0

PRDSS, 076007 (2013) O(4) vs U(1)4: Ward Identities
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» O(4) x U(1)4 pattern for exact CSR

Consistent with lattice for Ny =2, m; — 0
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O(4) vs U(1)4: I =1/2 sector and role of strangeness

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, D. Alvarez-Herrero, EPJC81 (2021) 637

e K —r expected to degenerate around O(4) x U(1) 4 restoration region
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O(4) vs U(1)4: I =1/2 sector and role of strangeness

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, D. Alvarez-Herrero, EPJC81 (2021) 637

e K —r expected to degenerate around O(4) x U(1) 4 restoration region
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O(4) vs U(1)4: I =1/2 sector and role of strangeness

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, D. Alvarez-Herrero, EPJC81 (2021) 637

e K —r expected to degenerate around O(4) x U(1) 4 restoration region
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Reconstructed susceptibilities from WI and lattice condensate data 11
confirm this behaviour (no direct x** results yet)
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Effective Theories: chiral and U(1)4 partners within U(3) ChPT

AGN, J.Ruiz de Elvira, PRD98, 014020 (2018)
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Scattering and Resonances within finite-1T" Unitarized ChPT

A.Dobado, AGN, F.J.Llanes-Estrada, J.R.Peldez, J.Ruiz de Elvira, A.Vioque-Rodriguez

e Unitarized meson scattering from thermal unitarity including
physical thermal-bath processes:
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2
e Poles in proper Riemann sheet — thermal resonances s,,.(T) = [ M,(T) — Z-Fp(T)]
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Saturating scalar susceptibilities with light thermal resonances

S.Ferreres-Solé, AGN, A.Vioque-Rodriguez, PRD99, 036018 (2019)

= xs saturated by lightest I = J = 0 state, i.e. f;(500)

generated in unitarized finite-T' mrm scattering
1.0 —=
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behaves as p = 0 thermal mass in this channel T (MeV)

(scaling near 7. checked with LSM analysis)



Saturating scalar susceptibilities with light thermal resonances
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S.Ferreres-Solé, AGN, A.Vioque-Rodriguez, PRD99, 036018 (2019)

= xs saturated by lightest I = J = 0 state, i.e. f;(500)

generated in unitarized finite-T' 7 scattering
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within uncertainties

e Consistent 7. reduction and yg growth
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Thermal interactions crucial!
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Saturating scalar susceptibilities with light thermal resonances

= Xg saturated by [ = 1/2 Kg (700) scalar pole AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez,

from unitarized ChPT thermal K7 scattering D. Alvarez-Herrero, EPJC81 (2021) 637

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez,
2304.08786 [hep-ph]
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Thermal interactions crucial again
X5(0) = Xg,ChPT (0) to reproduce expected peak behaviour

LECs Molina, Ruiz de Elvira JHEP2020
s, = 678 — 1289 MeV at T'=0



CONCLUSIONS
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U(1)4 breaking QT, stronger for Ny =2+ 1 than Ny = 2.

Role of strangeness crucial

WI = O(4) x U(1)4 for exact chiral restoration of S/P nonet.
OK with Ny = 2 lattice

WI = K/k alternative channel for O(4) x U(1)4 restoration.

Driven by (5s) around % peak
U(3) ChPT patterns&partners OK with WI and lattice

Scalar thermal resonances crucial for chiral and U(1)4 restora-
tion. Generated within finite-7 unitarized ChPT scattering

Saturated ys with thermal f;(500) reproduces xSR peak at T, in
agreement with lattice

Saturated x% with thermal K;(700) OK with O(4) xU(1) 4 pattern
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QCD phase diagram explored in HIC — chemical freeze-out
close to phase boundary
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Pressure, entropy, trace anomaly

OTHER HIGHLIGHTS OF QCD TRANSITION
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Chiral Symmetry Restoration vs U(1) 4

Additional consequences of U(1)4 restoration around 7,:

e Reduction of M, (T") (visible also in HIC) and x:.,(7)

J. I. Kapusta, D. Kharzeev, L. D. McLerran, PRD53, 5028 (1996)
T. Csorgo et al, PRL105, 182301 (2010)

G. Grilli di Cortona, et al, JHEP 1601, 034 (2016)

M. Ishii et al, PRD95, 114022 (2017)

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, JHEP11, 086 (2019)
M. P. Lombardo, A. Trunin, IJMPA 35 (2020)

S.Aoki et al (JLQCD coll), PRD103, 074506 (2021)

e 1 — 1 mixing ideal (7 ~ 1, 7' ~ V/2n;)
M. Ishii et al PRD93, 016002 (2016)
AGN, J.Ruiz de Elvira, JHEP1603, 186 (2016), PRD97, 074016 (2018), PRD98, 014020 (2018)

e Affects critical point at ug # 0
M. Mitter, B. J. Schaefer, PRD89, 054027 (2014)




AGN, J.Ruiz de Elvira, R.Torres,
PRD88, 076007 (2013)
AGN, J.Ruiz de Elvira,
JHEP1603, 186 (2016)
PRD97, 074016 (2018)
PRD98, 014020 (2018)

O(4) vs U(1) o: Ward Identities

From QCD generating functional:

(qq), (T)
my

e 1 SECTOR — \&H(T) = —

(q9), (T) +2(55) (T)

my; + mg

e K SECTOR — x5(T)=—

e 7, A SECTOR — 7/n’ mixing & U, (1) anomaly:

xp(T) = - <qq7>721(T) B 7;1[2 Xtop(T)
Xp(T) = - <§’ZET) -~ 7:&2 Xtop(T)
BT = = D) = D] = = xioplD)
e K SECTOR — Yi(T) = (qq), (f;)s—_ 27T<;?8> (T)
X% = /Tdac (O(x)O(0)) susceptibilities
Xtop = _3_16 dx(T A(x)A(0)) Topological Susceptibility  A(z) = Sas

T

v

TTCGW(;”“’



In addition ...

V() = XE(T) = 3™ (), (T) — 20 (55) ()
\ 4

subtracted condensate A
(removes lattice finite-size divergences)

= Ny = 2, consistent with O(4) x U(1) 4
restoration for m;, (gq), — 0"

(=

= In physical limit provides well-determined
O(4) x U(1)4 breaking above T, via A; ; tail

modulated by (ss)

081

0.6

0.4}

0.2}

AI,s .
ks ‘% 0(4) Te f scale
ts, 4
4 iﬁlx
»
)
asqtad: N=8 0 4, % 0(4) X U(l)A
N.=12 @ i
HISQ/tree: N =6 % M
N=8 m -
N=12m LR
N,=8, m=0.037m + . e'i"@ Ty
stout cont. 4 T [MeV] $ 44
120 140 160 180 200




Ward Identities and lattice screening masses

o M,. well measured in lattice lim,_, K (z) ~ e Mse?

e With reasonable assumptions of smooth 7T-behaviour of residues and
Ms./Mpoie in Kp g correlators :

xps = Kps(p=10)~ M2 ~ M.’

MT) 'x;z<o>r/2 _ [<qq>l<o>r/2

2(0) X3 (T) (gq), (T)

MiE(T) 'xf-f(m'”?:'<c7ql<o>+2<§s><o>r/2
M;é(0) B [ag), (T) +2(s8) (1)
s - LRl ()

MZEE(O | Xxp (T | (55) (T

M(T) ‘x@m)r”:[<qq>l<o>—2<ss><o>r/2
M;<(0) | XE(T) (Gq), (T) =2 (ss) (T)

Anomalous contrib. -7 suppressed
S



WI and Screening Masses

Subtracted Condensates have the right critical behavior in lattice,
avoiding T = 0 finite-size divergences (g;q;) ~ m;/a* + .. .:




Using lattice masses and condensates from same simulation:
M.Cheng et al (HotQCD) EPJC71, 1564 (2011); PRD77, 014511 (2008)

'SC SC ' D '
1.8t oo My™(T)IM,>(0) A M s*(T)/Mss%°(0) |
T
AAA -1/2 P -1/2
16l AT A Ag(T)
000 MM SC(0 AAA MSS(T)IM, SC(T,
14l k>“(T)IMk>*(0) I e (TVM>(To) |
*k %k AK—'I/Z(T) 6*@ EEE AK_1/2(T,'T0)
O _
1.2 SS
A ®o.
_ g § °
1.0 W L
[ |
A A
o K A
0.8' .
Ly} n
0.8 0.9 1.0 11 1.2
TIT,

e A, subtracted condensates with two fit parameters

e Scaling law OK within 5% for T < T,

_\—1/2
l

e Rapid increase M?:° ~ (Gq) around T,

o Softer M3 ~ ((qq); +2(35))~/2. and even softer M:¢ ~ (35)~1/2

e Minimum of M from (gq), — 2(5s) counterpart of x% peak

(last two points not fitted)




Disconnected susceptibility and O(4) x U(1) 4 restoration

X% = 2X§" + 45" = Xs +4X5" | (mu = ma)

On the other hand,

Xs.dise(T) = XE(T) + 7 (D) — X§(D) + 7 [XS(T) ~ XB(D)]

— Is the vanishing of x5 4isc in conflict with Xflgis peaking at the chiral

transition?



Disconnected susceptibility and O(4) x U(1) 4 restoration

X% = 2X§" + 45" = Xs +4X5" | (mu = ma)

On the other hand,

X5,disc(T) — ngl’zs (T) +

H~ |

From ChPT in the chiral limit M, — 07 (IR),

T, : .
= Xs,disc(Le) ~ O (M ) ~ x§°(Te) "peak” with same coeff.

KoL) = X (1) 4+ VBTG + T [ (T — X))

7

~~

IR regular




Disconnected susceptibility and O(4) x U(1) 4 restoration

X% = 2xS" + 4)@18 — X% + 4){58 (my = my)

On the other hand,

Xs,disc(T) = X&5(T) + [XH(T) — XE(D)]

H~ |

From ChPT in the chiral limit M, — 0"(IR), = T.; =17, + O (M?)

| T, 1 .
= x¥5¢(T3) ~ O (M3> ~ ng(Tcg) ?peak” with same coff.

18 1 T o 1
Xs.dise(Te3) = 0= &5 (Tea) + = XM ea) — XZ(Te3)] + ~ | x2(Tea) —x
4 4| &8
| IR regular

m

03)




Disconnected susceptibility and O(4) x U(1) 4 restoration

Vanishing of x5 4;s at O(4) x U(1)4 rest. near T, at chiral limit
compatible with ngs peak and both peaking at T.

15 | ‘
my;=1 MeV
10¢ |
U(3) ChPT!
St . | 330 o 4 Kaczmarek et al 2020
X5,d|sc (T) mSX| diSC/fK
(Bp)? 300 | > my/m=20 5
Qe e ] 27 o
______ x& (1) 250 40 S
| 200 f
-10f M i _________ _Xg(T) ‘ s | ] 160 -
4(Bpy? § 4(Bpy? \‘\\‘ § 150
-15] i [ 100 | N f
0.999 1 2 1,001 %\@
c \ 2
50 \ 1
TITc w

0 1 1 1 1 1 1 1
130 135 140 145 150 155 160 165 170

<

= ngs not the best O(4) x U(1) 4 indicator near chiral limit



Effective Theories

e Needed to describe the hadron gas for T' < T,

e SU(2), SU(3) and U(3) ChPT model-independent formalism for
light mesons (7w, K, 1, '), more abundant at low T

Chiral counting 1/N. ~ m, ~ T? ~ p? (1)

e Light meson collisions are dominant interactions

— thermal resonances through Unitarization ®

e Spectral modifications of thermal resonances decaying in the
hadron gas described within ET®

e HRG allows to include heavier states for 7' < 7. ¥

e (U)ChPT useful for certain observables regarding chiral and
U(1)a restoration around 7, ———

(1) Gasser, Leutwyler, Gerber, Kaiser, Herrera-Siklody et al, AGN, Ruiz de Elvira, ...

(2) Cabrera, Dobado, Fernandez-Fraile, AGN, Llanes-Estrada, Pelaez, Ruiz de Elvira, Torres-Andrés, Vioque, ...

(3) Gale, Rapp, Wambach, Song, Koch, van Hees, Tolos, ....

(4) Karsch, Tawfik, Redlich, Tawfik-Toublan, Huovinen, Petreczcky, Jankowski, Blaschke, Spalinski, ...




Mixing in U(3) ChPT

0.0 0.2 0.4 0.6 0.8 1.0 1.2
T/Tc

1 .

3 [XEs(T) — xps(T)] sin [20p,5(T)] + xp.5 cos [20p,5(T)] = 0,

(nm’ correlator vanishing, leading order)




Effective Theories: Topological susceptibility in U(3) ChPT

1 2 1 4 AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez,
— - _ JHEP 11 (2019) 086
b y
~ Axion mass ~ Axion coupling
2~ _ 4
XEJ(B),LO . MOm CU(3)’LO )D Mgm
op 2 — — T —
My +6Bom mlBl \ M2 + 6 Bym
S T w11 1]
M= e T g T me LR i R e
u d ms mu md mS

(—X) LO quark condensate My anomalous part of M, (my, 45 = 0)

e vanish m, — 0 = expected to be well described within ChPT
e SU(3) for My — oo, SU(2) for My, mgs — oo
e Quenched mg — oot x{9 = F?M§ /6

(Witten-Veneziano 1979) — meson loops crucial

Leutwyler,Smilga 1992: SU(3) LO
Mao et al 2009; Bernard et al: 2012: SU(3) NLO
Grilli et al 2016: T #£ 0 SU(2) NLO




Effective Theories: Topological susceptibility in U(3) ChPT

— T =0 results (m, = my):

Xiop [MeV]| U(3) [SU(2) [SU(3) b = iy | UB) | SU@) | SUB)
LO 74(3)[75(3) [75(3) LO -0.01737(4) [-0.02083 |-0.01960
NLO 74(3)[78(3) [83(2) NLO -0.018(2) [-0.029(2)]-0.025(1)
NNLO 81(2) NNLO -0.023(2)

[Xécob;f?t}l/‘l = 73(9) (Bonati et al 2016) biatt = —0.0216(15) (Bonati et al 2016, gluodynamics)

= SU(2) dominates, U(3) 1’ loops and 1 — ' mixing of the same
order than SU(3) K,n loops

= full U(3) in agreement with lattice within uncertainties
(LEC and lattice, larger lattice uncertainty for b2)

= In addition, within U(3) ChPT, explicit expressions for the
leading and subleading 1/N. contributions can be obtained:

—1
Xtop = O(1) + O(N, ") +. OK with lattice and theo:
——
Witten-Veneziano term |:> Vicari, Panagopoulos 2009-2011
Bonati et al 2016
_ —2 -3
Ca = O(N. ) +O(N:7) + Vonk, Guo, Meissner 2019

constant 94 term in L




Effective Theories: Topological susceptibility in U(3) ChPT

1.2 Yoo (1) 0.25; .| Bonati et al a=0.0572 fm
1.0} =0 U(3) NNLO | 0.20, - Bonati etal a=0.0707 fm -b,(T) U(3) NNLO
Xtop (0) Al

0.8} 0.15¢

0-6' 0.10f
. Borsanyi et al

0.4} . l
- Bonati et al a=0.0572 fm 0.05 l

0.2; Bonati et al a=0.0707 fm K ] 0.00
. Bonati et al a=0.0824 fm

0.0" ) ) ) ) -0.05}

0.0 0.5 1.0 1.5 2.0 00 05 10 15
TIT, TIT,

e T-dependence captured by ChPT within uncertainties (larger for
c4) far beyond the low-T applicability regime

® X:op scales with 7" dominated by (gq),

0.8

e However, 2nd term in WI x;,, = —i [mud (qq), +m3de]

(T
Y U(3) NNLO

6 0 qe(T)
relevant near 7, * 08 240 43) NNLO

— finite O(4)-U(1)4 gap in physical case 0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

TIT,




Scattering and Resonances within finite-1T" Unitarized ChPT

A.Dobado, AGN, F.J.Llanes-Estrada, J.R.Pelaez,
12 — 34 J.Ruiz de Elvira, A.Vioque-Rodriguez

X
o LSZ-+finite-1T Green function
a b c d

e Thermal bath breaks Lorentz covariance

— 5,t,58°,T° UY on-shell independent

>Q< ZZ j>< — 3 independent Ji-loop integrals
e f g

S=p1+p2, T=p1 —p3, U=p1 —p4

T(S,T,U;T) = Ta(s, t,u) + T{"(s,t,u) + T (S, T, Us T) + T,/ (S, T, U; T)

(a) (b) (c-g) (e-g)
Fpo(T)=T Z / ;:Dl . M2 tadpole-like
d"lq ab _
(QO7 |Q‘ T Tn;w/ 27'(' D— 1 _ Mg] [(q _ Q)Q . Mbg] (k — 0, 1, 2)

qo = wp, = 2minTy Qo = Wy, n,m € Zy Wy, — —i(Qo +i€) AC to Qg € R




Scattering and Resonances within finite-1T" Unitarized ChPT

A.Dobado, AGN, F.J.Llanes-Estrada, J.R.Peldez, J.Ruiz de Elvira, A.Vioque-Rodriguez

e Unitarity modified from physical thermal bath processes:

., K* K .
‘«". .(".
e e » Correction to standard unitary cut
\ (+n) (14 Im[s] li
thermal bath particles
Landau cut Unitary cut
ni = np(E;) = -7 BE distrib. | — —
T -19)2 A (MM (Mo +My)? Rels]
Landau cut
s Y (purely thermal, vanishes for "= 0 or M, = M)
‘.." 7T .
(1K) )




Scattering and Resonances within finite-1T" Unitarized ChPT

mr scattering

A.Dobado, AGN, F.J.Llanes-Estrada, J.R.Pelaez, PRC66, 055201 (2002)

—T,/2 (MeV)

2my
—
sl p(770)
T=0 /
-100t
~150f I=J=1 _ T=200 MeV
e
300 400 500 600 700 800
M, MeV)

K7 scattering
AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez, 2304.08786 [hep-ph]

2my
o]
w0 £0(500)
_—100f I=J=0
Z |
= *
! —200} | — T=200 MeV
i T=0 - /~.
—250[ —
| e
‘ e - ——*
~300f_ ‘ ‘ ‘ g
300 350 400 450
M, (MeV)
350r  T=150 MeV /
~ 300 \
) /-
e // \ /
/ =0 MeV
2507 / \ Method 1
e T=200 MeV —— Method2
200} 1AM
Kz (700) /8 (I =1/2,.J =0

550 600 650 700
K
()

750

rmi2

100

80f

40t

20f

—— physical case
\\\\\\\\ ——Mg=350 MeV
\\
N
T=200 MeY :}* T=150 MeV
IAM
K*(892) (I =1/2,J =1)
840 860 880 900 920 940 960

M (T)

P




Saturating scalar susceptibilities with light thermal resonances

014 ' ' ~ :
ﬁ72
0.12 v [Xs(T)-xs(0)] ] 0A4F" 2 | T
0.10; A=0.13 £ 0.01 %’{’F ~~~~~~ ] 012y p [Xs(T)-xs(0)]
,'/ ~~~~~~~ Mr( I/’
, T N 0.10} - 1
0.08 L a Y .Aoki et al ~ B=1.71+0.23 ?+
0.06] 0.08| , /7
—— Thermal f0(500) saturated fit 2 Asa Y.Aokietal
0.04] 0.06} Y 4
— HRGHit2
0.02} 0.04]
95 % CL
0.00} 0.02}
0 25 50 75 100 125 150 175 95 % CL
T(Mev) 0-00" ] ) ) ) ) ) )
n 5 0 25 50 75 100 125 150 175
M (0) T (MeV)
s S
S T)=A AChPT ~ (.14 .
xs(T) 4m2 Mg(T) ( ) HRG Jankowski et al PRD87, 105018 (2013)
Fitted with free-energy normalization B
Fit A B X2/dof | Tymaz(MeV)
Thermal fo fit 1 | 0.13+ 0.02 — 6.25 155 1.0
Thermal fy fit 2 | 0.13+ 0.01 — 4.93 165 e
HRG fit 1 — 1.90+ 0.02 | 1.33 155 |
HRG fit 2 — 1.71+ 0.23 | 10.30 165 N
HRG fit 3 — 1.06+ 0.12 | 3.77 155 B=1.06 £0.12
0.6 ,aaY.Aokietal A (T
I,s( )
0.4l — HRGit3
e Thermal f;(500) fits better around 7.
. 0.2
(peak behaviour) 95 % CL
. . . . . 0.0 : : ‘ :
e HRG increasing yg, in conflict with condensate fit 50 75 100 125 150 175
T (MeV)




Saturating scalar susceptibilities with light thermal resonances

= X% saturated by thermal [ =1/2 K;(700) scalar pole from

unitarized 7K scattering — Xg’U(T) = x%(0)

0.030
------ Unitarized Method 1

0.025 Unitarized Method 2

0.020

0.015] 4Aa Lattice (WI reconstructed)

2
%’%m - X40)]

T

0.010

0.005

g

0.000 —

=

0 50 100 150 200 250
T (MeV)

AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez,
D. Alvarez-Herrero, EPJC81 (2021) 637

Mi1:

to(s:T) = —1306)

T = 0 poles:
VoM = (7314£7) —i(280£9) MeV
V5P = (679 £ 6) — i(289 + 8) MeV

??4(8; T)
7?4(8; T)

M;(0)

ME(T)

Thermal interactions crucial again
to reproduce expected peak

= X5(0)

k,ChPT
= Xs (0)

with simplified unitarized methods:

subtracted CU-like approach

2z (R.Gao et al PRD 2019)
167 to(s)2JE™(s5;T)

ta(s;0) + 16mt2(s)? [J& 7 (s;T) — J3 ™ (5;0)]

N\
LECs Molina, Ruiz de Elvira JHEP2020




Saturated Scalar susceptibility in the LSM
S.Ferreres, AGN, A.Vioque, 2018

Lrsm = %aucpTaucp — 2 [©7® — v2]” + ho,
d2h dh \ 2
T = [ == )T ) AL (k= 0:T),
xs(T) (dmg)”( )+(qu> (k=0;T)

/

suppressed near 7, M(?W _ ﬁ _ )\(’02 o U%) : M020 — Mgw + 2)\7)2’ v
(%

||
S

calculating the self-energy > to one loop:

0.12} m/2
——————————————————————————— — [Xs(T)-xs(0)]
M, (MeV) | M, (MeV) [ T, (MeV) | A orol M +#
0 450.0 1725 | 84 [ M
0 775.1 550.0 | 20.0 0.08] P4 +
AAA Y.Aokietal (2009)
140 450.0 159.2 9.6
140 750.1 550.0 | 21.2 o8 HoM saturated A=10 ;) +
---------- LSM saturated A=20 VAR N
0.04 <]
——  LSM perturbative A=10 s e )
XS (T) MO20 + )y ( k= 0; T = O) 0.02f e LSM perturbative A=20 ]
0) ~ M2 +>(k=0:T il | | | |
xs(0) 05 + 2 ) 000 25 50 75 100 125 150 175
T (MeV)




Chiral Imbalance in ChPT

D.Espriu, AGN, A.Vioque, 2020

e 15 chem. pot. for approx. (local) conservation of chiral charge Qs
(characteristic time 7, p ~ mq_1 > trirebanr for light quarks)

= Lgcp — Loep + 157751 in that region Qs = / &>z Py ysv
vol

e GOAL: Construct the most general meson eff. lagr. for 5 # 0



Chiral Imbalance in ChPT

D.Espriu, AGN, A.Vioque, 2020

e 15 chem. pot. for approx. (local) conservation of chiral charge Qs
(characteristic time 7, p ~ mq_1 > trirebanr for light quarks)

= Lgcp — Loep + 157751 in that region Qs = / &>z Py ysv
vol

e GOAL: Construct the most general meson eff. lagr. for 5 # 0

e ”local” chiral invariant ChPT with axial U(1) external source

D,, & explicit source-dep new terms
Z ~ 0.8 (EM pion mass dif) N; =2

Lo— Lo+ 2uEF* (1 — Z + ko) k; new LEC to be fixed

L4y — £4+/<51,u§tr (a“UTaMU>—|—l€2,LL§tI‘ (80UT30U)—|—/<;3M73,L4§1:I' (U + UT>—|—/€4IM§




e NLO dispersion relation —

No lattice data

e NNLO quark condensate

Well acommodated by chiral limit ChPT:

2
v (us) = |p£;1 - =1+ 2/{2;—% (ke < 0)
97 pole 9 [ Iug
[M2)7' (1) = M2 |1—4(s1 + 2 —n?,)ﬁ]
[ 2

2% (us) = M2 | 1— A(my — ﬁg)%]
(qq), (T, ps) :1_T_2[1_2K u_%]_ T4
(@a); (0, 1) | pr—o 8F2 “F2|  384F4

1.10
T, (us)
: 7. (0) )
Y M. #0 FIT . §x‘
togl "0 2.3 x 1073 (fixed)
Tk =(041)x 1073 |
| i ”_,,»
102l X /dof = 1.36
________________ :
o '::::::%—_ ______
. 160 260 360 460 1
ps(MeV)

Ka = 2K1 — K2, Kp = K1+ Ko — K3

Lattice data Braguta et al 2015 (N, = 2)

1.00

T, (Us)
T:(0)
/'/§
Mﬂ' = 0 FIT /""
Ko = (2.34+0.4) x 1073
X2/d0f —_— 1.41 )
? ------------------- ==='=::::$7_:: _______
0 100 200 300 200 ]
us(MeV)




e NLO chiral charge density —

Linear O(u5) dominant

for moderate ps5

Very insensitive to M

ps(MeV?)

8x107}

6x107}

4x107}

2x107}

Ps(Us)

M, =0 FIT, linear

Ko = (3.2 0.1) x 103
R%2 =10.99
0 100 200 300 400 500 600 700
Hs(MeV)

e NLO topological susceptibility —

1.4

1.2¢

1.0

0.8¢

0.6}

xop (Us) k3 = (0.5+0.9) x 1073
xop (0)  X*/dof=1.13

e

e Astrakhansev et al m,=410 MeV
a Astrakhansev et al m,=580 MeV

T
e
pes

-
Pas

0

100 200 300 400
Hs(MeV)

500

600

Lattice data Astrakhantsev et al 2019

Xtop(5)

2

K35
=144

Xtop(0) P2

More lattice data needed
to better pin down k;

Lattice data Astrakhantsev et al 2019



