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Lattice signals of Chiral and U(1)4 restoration
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How effective is U(1) 4 asymptotic restoration at 7.7

= Transition order and universality class, M,/, x:op reduction, n —n’ ideal, critical point,...
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Ward Identities for chiral& U(1)4 restoration
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e Relate (g;¢;) and x’s from QCD generating functional
e Tested in NLO U(3) ChPT

e Describe lattice screening masses at finite 7T
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Ward Identities for chiral& U(1)4 restoration
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e Relate (g;¢;) and x’s from QCD generating functional
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Scattering and Resonances within finite-7" Unitarized ChPT
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Saturating scalar susceptibilities with light thermal resonances

= xs saturated by lightest I = J = 0 state f,(500)(0o)
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e Reproduces expected peak T, ~ 158 MeV
e Agrees with lattice around 7. within 7'= 0 LEC uncertainties

e Consistent 7, reduction and yxs growth as M, |




Saturating scalar susceptibilities with light thermal resonances

= Xx§ saturated by I =1/2 K;(700)(x) scalar pole
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AGN, MC. Mendoza. A.Vioque-Rodriguez,

Large-N. behaviour of light thermal resonances | . N —

e Large-N, crucial to understand 7, < 7T < T; phases

e T'=0 N_.scaling expected to change for critical observables (P, (Gq), x5y ---)
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Large-N. behaviour of light thermal resonances

e Large-N, crucial to understand 7, < T' < T; phases

AGN, MC. Mendoza. A.Vioque-Rodriguez,
in progress
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= From large-N,. scaling of f; and low-energy constants:
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CONCLUSIONS

* Ward Identities powerful tools for symmetry restoration in QCD.

= U(1)4 restored at exact chiral restoration of S/P nonet.
= K/k alternative channel for O(4) x U(1) 4 restoration above x% peak driven by (Ss).
= OK with lattice and ChPT.

* Scalar thermal resonances from thermal unitarity crucial for chiral & U(1)4 restoration

= Saturated xs with thermal f;(500) reproduces 7. peak in agreement with lattice.
= Saturated x& with thermal K;(700) peaks according to O(4) x U(1) 4 pattern.

= Large-N, scaling of f;(500) pole modified according to its critical behaviour.
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QCD PHASE DIAGRAM. SOME CHALLENGES:

U(1)4 vs chiral restoration

Role of Resonances
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Chiral Symmetry Restoration vs U(1)4

U(1)a asymptotic restoration
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Chiral Symmetry Restoration vs U(1)4

Additional consequences of U(1)4 restoration around 7.:
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G. Grilli di Cortona, et al, JHEP 1601, 034 (2016)
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M. P. Lombardo, A. Trunin, IJMPA 35 (2020)
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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
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Ward Identities

From QCD generating functional:

1q), (T
e 1 SECTOR — x\&(T) = __<qq7>72( )
l

(q9), (T) +2(55) (T)
my + Mg
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e 7,A SECTOR — 7n/n’ mixing & Uyx(1) anomaly:

(qq), (T) 4

I = LS (D)
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e ks SECTOR — x3(T) =
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In addition ...

2m my
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|
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Ward Identities and lattice screening masses

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

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

xp,s = Kps(p=0) ~ Mp_o%e ~ M,

M(T) [x5(0) ] v [ (dq), (0) ] 12

M;3<(0) X5 (T) (ga), (T)

M) [xE©7"" _ T (@4),0) +2(5s) (0) ]1/2
M;¢(0) XE(T) (ga), (T) +2(5s) (T)
M) [xB(0) 1/2N‘<§s><o>r/2

M5 (0) XM 4 LEs)(T)

M(T) 'xg<o>r/2:[<-q>l<o>—2<§s><o>]”2
M<(0) | X5(T) (ga), (T) =2 (ss) (T)

Anomalous contrib. ™ suppressed
S



Ward Identities and lattice screening masses

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

L (T) — (q9), (0) + {gq);*’
(ag);!
L (T) — (@q), (0) + 2 [(38)(T) — (35)(0)] + (Gq);*’ + (3s)"e/
(a7 + (ss)ref

A(T) = (qq)

Ag(T) = (qq)

Ag(T;Th) = (38)(T) — (55)(0)] + (Gq), f_ (5s)ref
(g0 (To) — (gg), (0) — 2[(55)(To) — (8s)(0)] + (gg);* — (ss)ref
r3(gg);’ = 0.750
r3(3s)rf = 1.061
r1 =~ 0.31 fm




Ward Identities and lattice screening masses

Compare WI predictions for screening masses and condensates from

same lattice simulation.
O
= > 1.8/ 0OD My(T)M,*(0) A Ms(T)IMss%(0)
T
16 AAA AI—‘]/Z(T) 6 YY) AS‘1/2(T)
lim, o K (2) ~ e Mse?
(4l 000 METIM(0) o Ao M, (T)IM,*(To)
—2 -2 . - A 2.
XP,S = KP,S(p - 0) ~ Mpole ™ Msc wex AT 5@ wEE AT To)
. . 1.2 Ss
(assuming T-smoothness for residues . fo’
and Msc/Mpole) 1.0 B :
A A
0.8 2 = " A -
L. [
0.8 0.9 1.0 1.1 1.2
TIT,

Lattice: M.Cheng et al (HotQCD) EPJC(2011); PRD(2008)

e A, subtracted condensates with two fit parameters

e Scaling law OK within 5% for T < T,
e Rapid increase M3¢ ~ ((jg}l_l/ ?> around 7,
e Softer M3 ~ ((qq); +2(3s))~1/2. and even softer M2S ~ (5s)~1/2

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




Chiral and U(1)4 partners within U(3) ChPT
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= Compatible with WIs, lattice and models (NJL Ishii et al PRD 2017)




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

X% = 2x&" + X% = x% + 4xE° | (my = ma)

On the other hand,

X5 dise(T) = xE*(T) + 7 IR(T) — X3(D)] + 3 (KA(T) — XE(@)]

= Is the vanishing of x5 4isc in conflict with ngs peaking at the chiral

transition?



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

Xg = 2x&" +4xE° = xg +4x§° | (M = ma)

On the other hand,

Xs,disc(T) = x§°(T) + [Xs(T) — x3 (T)]

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

T, : .
= X5.disc(1e) ~ O ( ) ~ x%5(T,) »peak” with same coeff.

[x5(T.) — XB(T)]

4

X5,dz’sc(TC) — X%’is (Tc) +

-~

IR regular




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

X% = 2x&" + X% = x% + 4xE° | (my = ma)

On the other hand,

X5 dise(T) = xE*(T) + 7 IR(T) — X3(D)] + 3 (KA(T) — XE(@)]

From ChPT in the chiral limit M, — 0T(IR), = T.;=7T,+ O (M?)

| T, 1 .
= x%5(T3) ~ O (M3) ~ ng(TC;;) ”peak” with same coff.
dis 1 7y o 1 )
X5, disc(Te3) = 0= x5°(Te3) + - [XpAle3) — x5 (Te3)] + — | xs(Tes) —x

| 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 xg?s peak and both peaking at T,

15, |
m;=1 MeV
10} |
U(3) ChPT!
5- - X5,disc(T) E
(BY)? |
e S
______ x&(n §
-5 (B5)?
10l XM -xEM XM
4 (B 4 (Bpy
-15! i . 1
0.999 1 ?3 1.001
C
TITc




n/n'(P) and f3(500)/f0(980)(S) mixing in U(3) ChPT

0.0 0.2 0.4 0.6 0.8 1.0 1.2
T/Tc

1 .
5 [XP.s(T) = xps(T)] sin [20p,s(T)] + xps cos [20p,s(T)] = O,

(nn' correlator vanishing, leading order)




Topological susceptibility in U(3) ChPT

1 9 1 4 AGN, J.Ruiz de Elvira, A.Vioque-Rodriguez,
6vac(e) — 6vac(o) + §Xt0p0 + ﬂ649 P oo 2l 32 (Al
\
~ Axionxmass ~ Axion coupling
M3 2m O\

Xi](3),LO _ ¥ UL U(3),L0 by Msm

op 2 — — — Z —

Mg +6Bom ml3l \ M2 + 6Bym

I I T T @1, 1, 1]
m= R me =yt s 3
me, my mg mu md ms

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

e vanish m,; —+ 0 = well described within ChPT
e SU(3) for My — oo, SU(2) for My, ms — 0o

e Quenched m,; — oc: Xf;f; = F?M2/6

(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



Topological susceptibility in U(3) ChPT

— T =0 results (m, = my):

X:5n [MeV]| U(3) |SU(2) [SU(3) by = zi—| U@B) SU(2) | SU(3)
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)

[Xég;f]l/4 =73(9) (Bonati et al 2016) biatt = —0.0216(15) (Bonati et al 2016, gluodynamics)

= SU(2) dominates, U(3) n’ loops and 7 — " 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 b,)

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

— -1
Xtop = O(1) + O(Ng )+ ... OK with lattice and theo:
——
Witten-Veneziano term Vicari, Panagopoulos 2009-2011

Bonati et al 2016
_ -2 -3
C4 = O(N: ") +O(N:") + ... Vonk, Guo, Meissner 2019

constant 64 term in L




Topological susceptibility in U(3) ChPT

1.2}
Xiop (T) U(3) NNLO |

1.0}
Xtop (0)

0.8}

0.6;

. Borsanyi et al

0.41
Bonati et al a=0.0572 fm
0.2} Bonati et al a=0.0707 fm
ool - Bonati et al a=0.0824 fm |
0.0 0.5 1.0 1.5 2.0
TIT,

0.25

0.20

0.15

0.10

0.05

0.00

-0.05

Bonati et al a=0.0572 fm
Bonati et al a=0.0707 fm -b,(T) U(3) NNLO
0.0 0.5 1.0 1.5

TIT,

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

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

e However, 2nd term in WI x,, = —i [mud (99), ‘l‘mide]

relevant near 7,

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

SN

1.0

0.8
Yoo ()

Y UG)NNLO
,,,,, <g@x(T)

0.6| S U(3) NNLO

SU(2) NLO

EPT)
0.4 :‘@

0.0 02 0.4 0.6 0.8
TIT,

1.0

1.2

14




Scattering and Resonances within finite-7" Unitarized ChPT

12 — 34

X
e LSZ-+}finite-T' Green function
a b ¢ d

e Thermal bath breaks Lorentz covariance

— 5,t,5° 79 U° on-shell independent

>©< ZZ j>< — 3 independent J;-loop integrals
e f g

S=pi+p2, T=p1 —p3, U=p1 —ps

T(S,T,U;T) = Ta(s, t,u) + T{™(s,t,u) + TS (S, T, U; T) + T/ (S, T, U; T)
(a) (b) (c-g) (e-g)

O dD—lq 1 .
Fo(T)=T E (@m)D—1 & — M2 tadpole-like
@uidm =1 Y [E 5 (k=0,1,2)
T W= 27TD1q — MZ][(q — Q) — Mj] o

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




Scattering and Resonances within finite-7" Unitarized ChPT

e Unitarity modified from physical thermal bath processes:

» Correction to standard unitary cut

\ (1+n) (140, Im[s] \i
thermal bath particles
Landau cut Unitary cut
n; = ng(FE;) = eE/l—T—l BE distrib. [ I
-1Q)? A (Ma=My)* (Mo +M,)? Rels]

Landau cut
(purely thermal, vanishes for T =0 or M, = M)

(1+nk) nye - ng (1+ny)




m scattering

2my, 2my
o 0
-50 |
| fo(500) o(770)
) I=J=0 -50
S-100 o
5} ! )
| v
150 s 2 0 — 3
o o < .
a . 7% .
—200 W\ T=200 MeV K3
. T=0-m o e 4
: \. — T I
-250 e ~150 I=J=1 T=200 MeV
i b I ®
-300 ! 1
300 350 400 450 300 400 500 600 700 800
M, (MeV) M, MeV)

Strong I', T, mild M, | compatible with

M,,I'; consistent with CSR

Similar pattern as f;(500)

other analyses & dilepton spectrum

K scattering

Softer T-dependence than p
compatible with HIC.

Approaches p behaviour as Mg |

\ 100} ' - ; ’
—— physical case
350  T=150 MeV / \\\\\\ ——My=350 MeV
801 S 1
——————— S
\ L o~ T=200 MeV "\}‘ T=150 MeV
E 300+ - ) “ 2 el
S v ’ _P‘ E
e // 58 X / XI_Q. o
7 /’ =0 MeV
2501 // —F— Method 1 40t
-{- N\ e T=0 MeV
T=200 MeV —— Method2 IAM N
20t
200¢ — 1AM
550 600 650 760 750 840 860 880 900 920 940 960
M0 MEm

K (700)/x (I =1/2,J = 0)

K*(892) (I=1/2,J = 1)



Saturating scalar susceptibilities with light thermal resonances

0.14f s
m
0.12; 7 Xs(T)-xs(0)]
My A
0.10; A=0.13 + 0.01 ey
0.08}

AAA Y.Aoki et al

0.06}
—— Thermal fO(500) saturated fit 2
0.04
0.02}
95 % CL
0.00}
0 25 50 75 100 125 150 175
T (MeV)
4 M2(0)
T S
Xs(T) =A AC’hPT =~ 014)
4m?2 M2(T) (
q
Fit A B X2 /dof | Tpee(MeV)
Thermal fp fit 1 | 0.13% 0.02 — 6.25 155
Thermal fp fit 2 | 0.13+ 0.01 — 4.93 165
HRG fit 1 — 1.90+ 0.02 1.33 155
HRG fit 2 — 1.71+ 0.23 | 10.30 165
HRG fit 3 — 1.06+ 0.12 3.77 155

0.14 2 ':' 'l
A I 1
m i

0.12 — [xs(T)-xs(0)] i
M, /

n ’Il

0.10 B=1.71+0.23 ++

0.08 AAA Y.Aokietal

0.06 /

— HRGfit2

0.04

0.02

0.00

25 50 75 100 125 150 175
T (MeV)

HRG Jankowski et al PRD87, 105018 (2013)
Fitted with free-energy normalization B

e Thermal f;(500) fits better around 7T,

(peak behaviour)

e HRG increasing xgs, in conflict with condensate fit

1.0

0.8

<

B=1.06 £ 0.12

0.6/ LaaY.Aokietal
AI,s(T)
04 — HRG fit 3
0.2
95 % CL
0.0L - - - ‘
50 75 100 125 150 175
T (MeV)




Saturated Scalar susceptibility in the LSM

1 A 5 S.Ferreres, AGN, A.Vioque, 2018
Lrsm = §8M<I>TB“<I> — 2 [@"® —v3]” + ho,

4
ws(T) = (%)U(T)qL(dd—WZYAU(k:O;T),

/

d T. h
suppressed near M2 ===Xv>—=03) , MZ =M +2)\?% v=(o)
v

calculating the self-energy Y to one loop:

0.12} m,2
—, [Xs(T)-xs(0)] ]
M, (MeV) M, (MeV) 'y (MeV) A o10l M. +4‘
0 450.0 1725 | 84 [ Ml
0 775.1 5950.0 20.0 0.08! + ,"': +
140 450.0 159.2 96 AAA  Y.Aokietal (2009) ”,
140 750: 1 5 50:0 2i 9 0.06f LSM saturated A=10 A +
e LSM saturated A=20 A /,/"
0.04} VA I
——  LSM perturbative A=10 S )
XS (T) M(?a + 3 ( k=0;T = 0) 0.02) e LSM perturbative A=20 _____________________
XS (O) B Mgo' + E (k — O; T) 0.00 ":::::::::.- ————————— ‘
0 25 50 75 100 125 150 175
T (MeV)




Chiral Imbalance in ChPT

D.Espriu, AGN, A. Vioque-Rodriguez, JHEP06 (2020)
AGN, P.Roa-Bravo, A. Vioque-Rodriguez, PRD109 (2024)

e 15 chem. pot. for approx. (local) conservation of chiral charge 5
(characteristic time t;, _p ~ mq_1 > 1 pireban; for light quarks)

= Locp — Lqop + ps¥y° 59 in that region Qs = / 3% Py sy
vol

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

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

D, & explicit source-dep new terms
Ne=2

Lo — Lo+ 2,LL§F2 (14 xo) k; new LEC to be fixed

L4 — £4—|—/4:1,u§tr (a“UTGMU)—FFcQ,ugtr (80UT80U)+KJ3M72“ugtr (U + UT)—|—f<c4,u§




2
U (us) = ’pﬂj - =1+ 2&2;—75? (ke < 0)
e NLO dispersion relation —- [Mﬂp‘)le () = M2 |1—4(k1 + Ko — K3);_%]
No lattice data - )
[Mﬂscr (,US) — Mz 1— 4(’61 — /63)%}
e NNLO quark condensate —> ((j_g)l (T, pis) =1 T_2 [1 _ 2,§-ja'u_§:| _ T_4
(@), (0, 115) | 10 8F?2 F2| 384F*

Kqa = 2K1 — K2, Kp = K1+ K2 — K3

Well acommodated by chiral limit ChPT:

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

1.10 1.10
Tc (IJS) Tc (/—’5)
1.08 TC (0) 4 1.08 TC (0) p
1.0 ) 1.06 3
M, #0 FIT \ M, =0 FIT
J— - o ’// """"
roal 0= 2.3 x10 (_fgxed) P ol Ka=(23£0.4) x 1073 P
K:g = (0 + 1) x 10 /_// ‘‘‘‘‘‘‘‘‘‘ X2/d0f = 1.41 //,/ —————————
x°/dof = 1.36 P N =
1.02 P B
e ° e
T _..=======:=:“““----—‘-’ ‘—==::::#::____ ________
1.00[$----mmemeee=s 1,00 rerrrerrereee A
0 100 200 300 400 500 0 100 200 300 400 500
ps(MeV) ps(MeV)




8x107}

e NLO chiral charge density — ool P5(1s)
Linear O(u5) dominant B
= 4x107t
for moderate us %
. . .. M, =0 FIT, linear
Quite insensitive to M, 2x107| Ko = (3.2+£0.1) x 103
R? =0.99
0 . . . . . . .
0 100 200 300 400 500 600 700
ps(MeV)

Lattice data Astrakhantsev et al 2019

2
K
e NLO topological susceptibility — XtL('us) =1+4 3’;5
Xtop(0) F
1.4}
xes (M5) k3= (05+09)x1073 [
1.2 x(0)  x?/dof=1.13

1.0

H—p—H
—e———1 M

0.8
e Astrakhansev et al m,=410 MeV

0.6l ~ Astrakhansev et al m,=580 MeV

0 100 200 300 400 500 600
Hs(MeV)

Lattice data Astrakhantsev et al 2019



e Pion scattering and light thermal resonances: u5 and 7' dependence

ps NLO corrections:

e Tree level from L4

e Dispersion relation mod.

e LLSZ residue

Braguta et al N.=2 Lo (k)
e Braguta et a =
1.08 g T, (0)

~ from unit xs, Ki,,,3 Fit

1.06f = from ChPT NNLO (gq):, Ki,,3 Fit

1.04}
1.02 ?
1.001# ?

0 100 200 300 400

-~

I 2
15F xs(T,us)  Mg(0, us) -
L = D) R4
b xs(0,p5)  MG(T, ps) s
K123 Fit /'
101 ;
----- Us=475 MeV /
[ ---- p5=300 MeV :
b —— p5=0 MeV e
5 B '/;/”
/\-
0 1 1 1 1 1 L L L 1 L 1 1 1 1 1 1 1 L L 1
80 100 120 140 160
T (MeV)

180 200

1

Hs(MeV)

T.(us) 1 compatible with lattice
o « and different 7. determinations

Combined fit of xiop, 725, ' Wl

k1 X 10 | Ky x 10% | k3 x 10% | x2/dof
94713 | —4.5715 | 3.6795 | 1.37




