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OUTLINE:

e Aspects of the QCD phase diagram
e Ward Identities: chiral and U(1)4 partners

e Effective theories: partners, susceptibilities, chiral imbalance.
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QCD PHASE DIAGRAM
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QCD transition (chiral/deconfinement)

CROSSOVER transition for ugp =0, Ny = 2 4+ 1 and physical masses

(true phase transition for NV = 2 massless)
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QCD transition (chiral/deconfinement)

CROSSOVER transition for ugp =0, Ny = 2 4+ 1 and physical masses

(true phase transition for NV = 2 massless)

Well established in lattice through thermodynamic observables:

e Inflection point of (subtracted) light quark condensate (gq), (1)

0

e Peak of scalar susceptibility ys(7) = ~om (qq), = / [(Qq(w)ch(())ﬁ — @(])ﬂ

. as well as chiral partners through susceptibilities and screening
masses degeneration:

p/ar, o/m, n/ag,...




CONDENSATE AND SCALAR SUSCEPTIBILITY

A.Bazavov et al (Hot QCD) 2012-2019
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CONDENSATE AND SCALAR SUSCEPTIBILITY

Y.Aoki, S. Borsanyi et al (Budapest-Wuppertal) 2009, 2010
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QCD phase diagram explored in HIC — chemical freeze-out
close to phase boundary
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CHIRAL PATTERNS AND PARTNERS

= What is the nature of the transition (chiral pattern)?
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Universality class depends on the
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CHIRAL PATTERN AND PARTNERS

= What is the nature of the transition (chiral pattern)?

Transition order can even change
if U(1)4 is sufficiently restored
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CHIRAL PATTERN AND PARTNERS

= What is the nature of the transition (chiral pattern)?

Universality class depends on the Transition order can even change
strenght of U(1) 4 breaking @7, if U(1)4 is sufficiently restored
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= Is U(1)4 asymptotic restoration effective already at 7.7
(specially near chiral limit)




O(4) and U(1) 4 partners for scalar/pseudoscalar nonets: [ =0, 1

v = (u,d) I=1 ‘ I=0

- SU(2 _
T = 1)y T Yy &A o = P
Tu)a Tu)a
_ SU(2 -
0" = 7Y 3 m = WrysY

Lowest meson states:

7@ — pion, §% — ao(980)

o1, 0s = 55 — fo(500), fo(980) (mixed)

M, Ns = 15755 — 1,7’ (mixed)

Chiral SSB: SU(2)y x SU(2)a [~ O(4)] — SU(2)y [~ O(3)] 7




Ny = 2 4 1 susceptibilities - SU(2)a )
(for physical ma, m, masses) T =
Tu)a Toa)a
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Ny = 2 + 1 susceptibilities s
. @ = ja) a %)A o] = Y/_JMDZ
(for physical m,q, ms masses) = W l
Tu)a Tu(ya
Buchoff et al (LLNL/RBC coll) PRDS&89 (2014 v SU(2 -
( / ) ( ) 8% = %Y, g m = iP1ysP;
100 . . . . 120 T T T
e 3 OAT — X58) /T —+— * 323 % 8 (xx> = x5™)/T? —+—
“ 327 X 8 T — 72 100 (T — T /72 o ]
+
60 I 80
60 +
40
% -I- 40 § $
i ¢
0 & ¢ ¢ ? 8. .9 M * b Jl) : % o)
! ¥ ® . + @
a0 /'
130 140 150 60 170 180 190 200 130 140 150 0 170 180 190 200

T (MeV)

T (MeV)

O(4) OK (with large
uncertainties in x, — xs)

significant U(1) 4 breaking
@ T, for physical masses




Aoki et al, 2012, Cossu et al, 2013 (Ny =2, m — 0)

Brandt et al 2016, (Ny =2, m # 0)

2019 (Ny =2, incl. m — 0 screening masses)
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Aoki et al, 2012, Cossu et al, 2013 (Ny =2, 1 — 0)| 7o — ifvsriy, L3 5, = G

Brandt et al 2016, (N; = 2, 7 # 0) towa Tuwa

2019 (Ny =2, incl. m — 0 screening masses) 5% = diroh O = idiysty
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Compatible with U(1)4 restoration @7, in chiral limit

200 E //u T T T— = 0.2 : : : : :
0 . 0} OV PRP—
g -200 | - <02l ‘ o © 1
n = -04 Qoo
§ 600 | i S Ar
a4 800 o T=Te, V=48 —e— 1 <4 0.6 AMps ot
-1000 <> T=0 physipal p'()iI}t —— | 08 L C i
1200 L . . T :.0 chiral hmllt —— preliminary
- _]_ 1 1 1 1 1 1 1
0 10 20 30 40 50 07 04 09 1 11 1.2 1.3
Mud [MeV] I =1 =1 T/Tc
\
Small U(1) 4 breaking in phys.limit, increasing

with larger volumes p/ar O(4)
more efficient




WARD IDENTITIES

AGN, J.Ruiz de Elvira, 2016, 2018

Shed light on chiral patterns and partners formally from QCD
connecting xs p and (q;q;)
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WARD IDENTITIES

AGN, J.Ruiz de Elvira, 2016, 2018

Shed light on chiral patterns and partners formally from QCD
connecting xs p and (q;q;)

v

my 2

X5,disc (T> —
Mg MM

Xp(T) = 2

Xtop(1')

e SU(2)4 transforms (7 invariant) Plsﬂﬂ&ys) = 0 by parity

O(4) sO(4 O(4 O(4
L T L 5:>XZP L)O - X5,disc L)Oa Xtop L)O

(x) m — i@z%eigm’”b% — g’

10




WARD IDENTITIES

AGN, J.Ruiz de Elvira, 2016, 2018

Shed light on chiral patterns and partners formally from QCD
connecting xs p and (q;q;)

v

my 2

X5,disc (T> —
Mg MM

le; (1) = -2 Xtop(T>

e SU(2)4 transforms (7 invariant) Plsﬂ@m) = 0 by parity

- Also Azcoiti 2016
ith similar WI
I b, O 1sO(4) O(4) o) | ™
m ~ 5:>X§ ~ 0 = X5,disc ™ 0, Xtop ™~ 0

—> 0(4) x U(1) o pattern at exact chiral restoration
(hence consistent with Cossu, Aoki, Brandt et al Ny =2, m; — 0)

!

efficient 7, — § degeneration Q7. (much worse in 2+1)
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I =1/2 SECTOR. (K/x)

o K% = itpysA®) ++ k% = 1)\ degenerate under both O(4) and U(1)4

(W1 = (u,d,s),a=4,...7)

(lowest states K and K(700)/k)
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I =1/2 SECTOR. (K/x)

o K% = itpysA®) ++ k% = 1)\ degenerate under both O(4) and U(1)4

(W1 = (u,d,s),a=4,...7)

From Wls:

(lowest states K and K(700)/k)
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I =1/2 SECTOR. (K/x)

o K% = itpysA®) ++ k% = 1)\ degenerate under both O(4) and U(1)4

W7 = (u,d,s),a=4,...7) (lowest states K and K(700)/k)
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EFFECTIVE THEORIES

e Effective Theories needed for systematic analysis below the tran-
sition in terms of physical hadrons.

e SU(3) and U(3) ChPT model-independent framework for light
mesons (7, K, n, n) within 1/N. ~m, ~ T? ~ p* counting.

e Light meson scattering dominant interactions in the thermal
bath. Unitarized scattering generates (thermal) resonances

e HRG approach includes heavier states and describes well (mono-
tonically) most observables for T'ST, ¥

e Relevant observables where (U)ChPT useful for CSR >>>

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

12




Partners in U(3) ChPT
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Partners in U(3) ChPT
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Disconnected susceptibility and O(4) x U(1) 4 restoration

X% = 2XS" + 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 4;sc in conflict with Xfigis peaking at the chiral

transition?

14




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

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

On the other hand,

X5,disc(T) — X%Z’zs (T) +

H~ |

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

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

X5,dz’sc(Tc) — X%is (Tc) + i [XWC)] + i [X%(Tc) - X% (TC)]

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

X% = 2xS" + 4){53 — X% + 4Xg~i8 (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 (Toa) + = XM e3) — XZ(Te3)]+~ | x2(Te3) —x
4 4 | I8
| IR regular

m

03)
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Disconnected susceptibility and O(4) x U(1) 4 restoration

Vanishing of x5 4;s at O(4) x U(1) 4

compatible with y4* peak for m; — 0"
| L<
15, | |
my;=1 MeV
10} | |
U(3) ChPT
5' _XS,disc(T) % 1
(Bp)?
0---------------‘-----------------------------------;lsr\-\ -------------------------------------------------
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4(By) T 4y
~15} l S
0.999 1 = 1,001
TITc
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Disconnected susceptibility and O(4) x U(1) 4 restoration

Vanishing of x5 4;s at O(4) x U(1) 4
Both peak at chiral 7. | compatible with x%* peak for m; — 0"

\ >
N .

15 |
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Disconnected susceptibility and O(4) x U(1) 4

restoration

Vanishing of x5 4;s at O(4)

XU(l)A

170

Both peak at chiral 7, | compatible with Xd“ peak for m; — 0T
| L <
19 i \
my;=1 MeV
10| 1 1
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S Xs.disc (T) 1 330 - ,Kaczmarek et al 2020
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o) b N
. ! 27 o~
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| 200 | 80 2
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= x%* may not be the best O(4) x U(1) 4 indicator near chiral limit
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Scalar susceptibility and the (thermal) o/ f,(500) state

S.Ferreres, AGN, A.Vioque, 2018

= xs saturated by lightest scalar pole: thermal f;(500)

M5 (0)

xs(T') =~ XS(O)W

M(T) = Re(spote (T)) ~ ReEy,

calculated from UChPT 77 scattering at T # 0

— Same scaling expected for screening masses if they don’t differ
much from pole masses around 7. (OK with lattice through WI)

16




Scalar susceptibility and the (thermal) o/ f,(500) state
S.Ferreres, AGN, A.Vioque, 2018
0.14f™ A2’
—m 14" '
0.12} v [Xs(T)-xs(0)] ‘ 0. 52 7/
0.10; T A=0.13 + 0.01 i ~~~~~~~ 1 0.12; _4 [XS(T)_XS(O)] /'I ,:"’l
/I/ ~~~~~~~~~~~~~ Mr( Y /,
0.08) .\ Aokietal ~~~~~~~~~~~~~~~ 0.10; B=1.71£0.23 , A)-+
o6l h 0.08/ , 4//
008 __ Thermal f0(500) saturated fit 2 /4 Asa Y.Aokietal Yy
0.041 0.06
— HRGfit2
0.02¢ 95 % CL 0.04
0.00¢ 0.02¢
0 25 50 75 100 125 150 175 95 % CL
T(Mev) 0.00" ) ) ) ) ) ) )
1 5 0 25 50 75 100 125 150 175
mo MS<O) T (MeV)
XS (T) o A4m2 M§ (T) (AChPT - 0'14) HRG Jankowski et al 2013
1 free energy density normalization B fitted.
Fit A B 2/dof | Tyan(MeV) , , ,
Thermal [, fit 1 | 0.13+ 0.02 — 6.25 155 10 —
Thermal f fit 2 | 0.13+ 0.01 — 4.93 165 N
HRG fit 1 — 1.90+ 0.02 | 1.33 155 0.8 )
HRG fit 2 — 1.71+ 0.23 | 10.30 165
HRG fit 3 — 1.06+ 0.12 | 3.77 155 0.6/ AaaY.Aokietal
AI,s(T)
0.4l — HRGit3
0.2
95 % CL
e Thermal f;, approach better around 7. 0.0l ‘ ‘ ‘ ‘ \
" 50 75 100 125 150 175
e HRG fits of A;; and x5 at conflict T (MeV)




Topological Charge in U(3) ChPT

1 ) 1 A AGN, J.R.Elvira, A.Vioque, 2019
€vac(0) = €vac(0) + =Xtopd~ + —cab™ + ...
2 \ 24 \
~ Axion mass ~ Axion coupling
2~ _ 4
NAORZ IS Mgm v@Lo _ % MEm
o Mg +6Bom ™ ~ Bl \ M2 + 6Bym
. 11 1]t . [ 111 }1
m=|—+—+— mee = 3T —3 1T —3
My, my me my mg mg

(=) LO quark condensate My anomalous part of M, (my. 4.5 = 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{o = 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: 7' # 0 SU(2) NLO




Topological Charge in U(3) ChPT
AGN, J.R.Elvira, A.Vioque, 2019

— T =0 results (m, = my):

Xioa [MeV]| U(3) [SU(2) [SU(3) by = za—| UG 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)

[Xégml/‘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:

— O(1 ONTH +...
Xtop ow) T OW) + OK with lattice
Witten-Veneziano term (Vicari’ PanagOpOUIOS,
s s Bonati et al)
cy = O(N_*) +O(N_°) + ...
N——

constant 64 term in L 19




Topological Charge in U(3) ChPT

1.2]
1.0}
0.8
0.6
0.4}
0.2}

0.0r

. Borsanyi et al
. Bonati et al a=0.0572 fm

Bonati et al a=0.0707 fm

. Bonati et al a=0.0824 fm

Xtop )
Xtop (0)

2227 U(3) NNLO |

0.0

05 1.0
TIT,

15

2.0

AGN, J.R.Elvira, A.Vioque, 2019

0.25

0.20}

0.15}

0.10}

0.05;

0.00;

-0.05;

[ - Bonatietal a=0.0572 fm
Bonati et al a=0.0707 fm -by(T) U(3) NNLO

S

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

_ \ChPT

e Scales with T dominated by (gg),

e However, 2nd term in WI x;,, =

near 1,

at low T

—i [mud (qq), +mid><m] relevant

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

20




Chiral Imbalance in ChPT

D.Espriu, AGN, A.Vioque, 2020

e 15 chem. pot. for approx. (local) conservation of chiral charge Q5
(characteristic time 7, p ~ mq_1 > trirebanr for light quarks)

= Lgcp — Loep + 15¥7*y51  in that region Qs = / &>z Py ysy
vol

e GOAL: Construct the most general meson eff. lagr. for 5 # 0
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Chiral Imbalance in ChPT

D.Espriu, AGN, A.Vioque, 2020

e 15 chem. pot. for approx. (local) conservation of chiral charge Q5
(characteristic time 7, p ~ mq_1 > trirebanr for light quarks)

= Lgcp — Loep + 15¥7*y51  in that region Qs = / &>z Py ysy
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

Ly — £4+/<51,u§tr (@“UT(‘?MU)—i—chugtr (80UT30U)+/£3M72,L4§1:I' (U + UT>—|—/€4,LL§

21




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)
o7 pole 9 [ Iug
(M2 () = M2 |1— 4051 + s _Kg)ﬁ]
[ 2

D2 (us) = M2 |1— A(my — @,)%]
(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 ”_,,u
102l X /dof = 1.36
________________ :
- e #__ ______
. 160 260 360 460 1
ps(MeV)

Kq = 2K1 — K2, Kp = K1+ K2 — K3

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

1.00

T, (Us)
T:(0)
/'/§
M7'r et 0 FIT /""
Ko = (2.3+0.4) x 1073
X2/d0f —_— 1.41 )
? ------------------ ==='=::::$-_—_: _______
0 100 200 300 400 1 22

ps(MeV)




e NLO chiral charge density —

e NLO topological susceptibility —

Linear O(u5) dominant
for moderate ys5

Very insensitive to M

8x107}

Ps(Us)

6x107}

4x107}

ps(MeV?)

M, =0 FIT, linear

2x107) ko= (3.240.1) x 1073
R% =0.99
0 . . . . . . .
0 100 200 300 400 500 600 700
ps(MeV)

1.4

1.2¢

1.0

0.8¢

0.6}

xop (Us) k3 = (0.5+0.9) x 1073

xer (0) X7/

dof=1.13

e

e Astrakhansev et

a Astrakhansev et

al m, =410 MeV
al m,=580 MeV

T
-7
pes

-
-
pes

0

100 200

300 400
Hs(MeV)

500

600

Lattice data Astrakhantsev et al 2019

2
Xtop(H3) _ 1 4
Xtop(0) F

More lattice data needed
to better pin down &;

Lattice data Astrakhantsev et al 2019
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CONCLUSIONS

* Nature of chiral transition and interplay with U(1)4, keys for
QCD phase diagram

* Stronger U(1l)4 breaking QT, for Ny =241

(role of strangeness and chiral limit to be understood)

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

* WI = K/k suitable channel — O(4) x U(1)4 ~ A; s driven by (ss)

*x Eff. Th. = Patterns and partners OK with WI
Saturated ys with thermal f;(500) OK with lattice
Xtops C4 Well described by U(3) ChPT
s # 0 ChPT — OK for us< 600 MeV incl. T # 0
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BACKUP SLIDES



OTHER HIGHLIGHTS OF QCD TRANSITION

Pressure, entropy, trace anomaly
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WB HotQCD

4 [ — [ —
(e-3p)/T,

150 200 250 300 350 400
T [MeV]

From C.Ratti 2018 (2014 WB, HotQCD data)




Pressure, entropy, trace anomaly

OTHER HIGHLIGHTS OF QCD TRANSITION

¥

w

-

»
T

'SB limit |

iif] e
1 I
, iiiiii it i“HH ““Hmmm
i
1iiii e HotQCD
Mﬂ” W= =
1 ;’30 260 2151(-) eV 360 3150

400

From C.Ratti 2018 (2014 WB, HotQCD data)

Fluctuations of conserved

charges (Q,B,S)
‘ Bazavov et al 2014

.. BS, S -
0.30 | X11/X2 B ] =
0.25 cont. est. B 7

------------ PDG_HRG [R—— —
020 - B~ QM-HRG — 1

!
....
o”’
ot

N_=6: open symbols ]|

015 P N,=8: filled symbols |
L1 I I I I I I ] ] ] ]
140 150 160 170 180 190
T [MeV]
related to strangeness
freeze-out conditions
B T T T T T T T T T T Ii i 0-30 1 1 1 1 1 1 1 1T 11T 17T 17T
[ | /
0.30 L (igfkg)o ﬂ 2 st [ — T=A70 MeV
cont. est. 1 025 L T=158 Moy sl T=166MeVV |
025 - PDG-HRG = - rrson TR e o
=155 Mev A \
- OM'Bl'éRGS - T=tag e 525\59_
020 - QUERRG: 737 = = DTN
L N.=6: open symbols | 020 - . EDG_HF(;G BT L
o~ =8 fi — QWHR
0.15 ¢ oo N.=8: filled symbols | @~ 39GeV (STAR priim.)
I T[MeV] i l 17.3GeV (NAS7) ug/T
1 1 1 1 1 1 1 1 1 1 | 0.15 Lo
140 150 160 170 180 190 00 02 04 06 08 10 12 14

ns =0, ng/np =0.4




CHIRAL PATTERNS AND PARTNERS

= Is U(1)4 asymptotic restoration effective already at 7.7
(specially near chiral limit)

e Chiral limit behaviour still under debate

e U(l)4 @QT, affects also critical point at ug # 0 Mitter, Schaefer 2014

e U(1)4 restoration shows in M,  reduction in effective theories, lat-
tice and experiment (increase of ' production in dileptons&photons)

Ishii et al 2017. Gu et al 2018. AGN, J.R.Elvira 2018. Kotov, Lombardo et al 2019
Kapusta, Kharzeev, McLerran 1996. Csorgo, Vertesi, Sziklai 2010




‘ Ward ldentities

Formally from QCD through A /V transformations:

() v e
<§S§éi;> — <Os(y)lﬁ(x) [;M] w(x)>




‘ Ward ldentities ‘

Formally from QCD through A /V transformations:

(390D — (0pwyite) { - MY v +i%2 (00 ()

(32st0)) - <os<y>zz<x> [%M] w<x>>

oary (z)

Ob = iy A\ = P° — 1p vs 2p fns — (Gq) vs xp

Ob = PS¢ — 2p vs 3p — ch.partners vs meson vertices
(e.g. XO — X" ~ommy ...)

0% =P\ = S — (gq) vs x5 for k sector b=4,...,7




WARD IDENTITIES obtained from the QCD generating functional
may shed light on chiral patterns and partners

AGN, J.Ruiz de Elvira, 2016, 2018

e T SECTOR — (qq), (T) = —rxp(T)
e K SECTOR. — (qq), (T) +2(3s) (T) = — (1 +my) xp (T)

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

, qq), (T 4
X?]D (T> — < >T£TL( ) _ WXtop(T)
1
XZSS (T> — _< 7325 ) - m—EXtop(T)
m 2
Xllg — “om [X}TD(T) - X?Dl (T)] = _WXtop(T)
b _ a b _ _ = A 30

Xp = /Tda: <P (z)P (0)>, (qq), = <uu + dd>, M = My = My A(z) = - TTCGWG’“’

1
Xtop = ~3g dx(TA( JA(0)) TOPOLOGICAL SUSCEPTIBILITY



Chiral Patterns and Partners from Wi

2p vs 3p WI FOR CHIRAL PARTNERS

O(4) partners omT vertex
l —> mrm scattering [ = J =0

Sll m/ dx TO'[ >
Pll 555 m/ dx T5 >
Pls —m/ dfl? T775 >

Sls — ——m/ dx T(TS >

A" [Prk (y) — Sex(y)] = 1 /T dz (TK"(y)x*(z)m*(0))




Chiral Patterns and Partners from Wi

2p vs 3p WI FOR CHIRAL PARTNERS

U(1)4 partners

Prr(y) — Sss(y) =

Pu(y) — Su(y)

g
N
=
S

|
@)
=
5
S

|




WI AND LATTICE SCREENING MASSES

Assuming soft 7" behavior for residues and M,./M,.
of correlators Kp g:

xp,s = Kps(p=0)~ M;fe ~ M ? — measured in lattice

15




WI AND LATTICE SCREENING MASSES

2 s measured in lattice

SC

]
|

~ M

—2
pole

0) ~

Assuming soft 7" behavior for residues and M,./M,.

of correlators Kp g:

xpr.s = Kps(p

15

M

1
— suppressed

/

Anomalous contrib.




WI AND LATTICE SCREENING MASSES\

‘SC s¢ ‘ | O | sc ‘ sc
Same lattice setup for masses 1.8/ 0o0 Mo ()M, (0) A Mss™(T)IMss(0) |
(Cheng et al EPJC’11) and g AdA AT A o AT
condensates (PRD’08) '
L4l 090 ME(DIM(0) ADA MET)IM,(To) |
*kk AK_1/2(T) A*@ HEEN AK_1/2(T,'T0)
1.2} @O
o b
100 | d
Aom A
i " A
0.8 n ) .
0.8 0.9 1.0 1.1 1.2
TIT,

e < 5% deviations below T, from predicted WI scaling

e /A, subtracted condensates with two fit parameters

—~1/2
l (]

Softer M;¢ ~ ((qq), + 2(3s))~/2. Even softer M:¢ ~ (3s)~1/2

e Rapid T, increase in M3¢ ~ (qq)

e x minimum from condensate diff. (last two points not fitted) 16




WI and Screening Masses

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




Screening vs pole masses

Lattice parametrization for inverse pseudo correlator
(Karsch et al 2003):

K5 (@, ) ~ —w? + AX(T)[BI? + MP'e(T)?

Mpole(T)
AT) =22/
(T) Mo (T)
Pseud 1 tibilit Ny
seudoscalar susce 1D111TYVY: —
p Yy XP M? + %7(0,0)

p =0 expansion: X(w,p:T) = X7(0,0) + a(T)w? — B(T)|p]* + O(p*)

14+ 8(T)

‘ AT = 1+ a(T)

2 o M2 —|—ZT(0,0)
 1+a(T)

[Mpole (T)}

Therefore, N, x5 (T) = [1+ a(T)] A*(T) [M*¢(T)]?



‘ Unitarizing scattering: resonances

X X ><>< ChPT Partial waves|t!/ =t/ +¢{/ + ...
2

Unitarity — Im t(s) = o(s)[t(s)|? (s > 4M?) =|Im ¢t~ ! = —0

4 M2
o(s) = \/ 1— _ Lo two-particle phase space

s s
2
‘ Y (S; T) — [t2 (S)] Exactly proven for large

t(s)=t.(s:T NGB and chiral limits:
2() 4( i ) S.Cortés, AGN, J.Morales '16

(IAM) /
FINITE TEMPERATURE: 4, () —s £,(s:T)

c — ol —|—3nB(\/§/2)] = o7
A.Dobado, D.Fernandez-Fraile, AGN, F.J.Llanes- Thermal phase Space.

Estrada, J.R.Pelaez,E.Tomas-Herruzo, ’02 ’05 ‘07 Bose net enhancement (1 + n)? — n?




Scalar susceptibility and the (thermal) o/ f,(500) state

S.Ferreres, AGN, A.Vioque, 2018

ChPT 2
XU(T) XS (0)M5(0)
S - 2
Mg(T)
0.14} ° '
m/2 i
012 — Xs(T)-xs(0)] Y
M. £
0.10;
0.08; i
AAA  Y.Aoki et al (2009) i //
0.06f —— Thermal fO(500) saturated / i/“ +
P LEC uncertainty band /; -, /i -/‘_—_’_,_,.—. ,+ ,,,,,, |
--------- LEC uncertainty band /4,15 4 —_’___,..-—-""' +
0020 T ]
------- ChPT one loop o

0.00}

100
T (MeV)

25 50 75

125

150

175

e Consistent with lattice
transition peak.

e LECs and uncertaintities from
unitarized 7' = 0 fit in Hanhart,
Pelaez, Rios PRL100 (2008)

\

s, = 446.5 — i220.4 MeV

e Consistent 7, reduction and
Xs growth near chiral limit



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

Lrsm = %aucpTaucp — % [@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’ )
(%

!
)

calculating the self-energy > to one loop:

0.12} m/2
- — [Xs(T)-xs(0)]
M, (MeV) | M, (MeV) | T, (MeV) | X o1l M ﬁ
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 VA
0.04{ VA
——  LSM perturbative A=10 A 4
XS (T) Mga + 3 ( k=0T = O) 0.02f LSM perturbative A=20 L !
0) M2 +X(k=0;T . il | | | |
xs(0) 0r T2 ( ) 0:0% 25 50 75 100 125 150 175
T (MeV)




