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Kaon correlations from ALICE

ALICE collaboration reported a

surprising measurement in 2022 While the correlator

- Vayn KT, K~] exhibits a
scaling approximately in
inverse proportion of the
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features a significant
deviation from such
scaling.
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vV dyn

S. Gavin and J. |. Kapusta, Phys. Rev. C 65, 054910 (2002)

® v4yn[AB] measures how detection of particles of type A or Bis
correlated with itself than with the other type

e Specifically
Vayn|A, B] = Raa + Reg — 2Rss

where Ry are robust covariences

(NaNg) — (Na)(Ng) — (Na)das
(Na){(Ng)

Rag =

® For uncorrelated particles, Ris = Rgg = Rag = 0 and consequently,
Vdyn = 0

® If vqyn > 0, detection of one particle biases the next particle to be
of the same type. It is opposite for vqy, < 0
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Vdyn

ALICE Collaboration, Phys. Lett. B 832, 137242 (2022)
R. Nayak, S. Dash, B. Nandi and C. Pruneau, Phys. Rev. C 101, 054904 (2020)
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Vdyn

ALICE Collaboration, Phys. Lett. B 832, 137242 (2022)
R. Nayak, S. Dash, B. Nandi and C. Pruneau, Phys. Rev. C 101, 054904 (2020)

® They also extend over a unit in rapidity
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vV dyn

® The measured vg4y, has three distinct anomalies
1. Itis unusually large
2. Scaled vqyy grows with multiplicity
3. Correlations stretch over a unit in rapidity
® The systems appears to have an unusual neutral kaon
fraction over large volumes

Coherent domal

Coherent domains seem =
unavoidable

"Normal distribution

in
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Isospin fluctuations from coherent
domains

S. Gavin and J. |. Kapusta, Phys. Rev. C 65, 054910 (2002)

® Suppose we have domains of condensates (not necessarily
disoriented) which give rise to coherent emission i.e. have flat
neutral kaon fractions

® |f the number of domainsis > 2, den[Kg,Ki] is given by

B 1
Vayn = 45k (?),\l/(d T Nbot
K

where fk is he fraction of all kaons that come from condensate
domains, N, is the number of such domains

® The relation is derived from folding the distributions of kaons from
condensates and thermal sources. For multiple condensate
sources, P(f) again approaches a Gaussian by the Central Limit
Theorem

Vanderbilt University Mayank Singh 7/21



Isospin fluctuations from coherent
domains

® [ can be estimated from the energy of condensation

€<Vd
B = e\t
KNk

e¢ is the energy density available from condensation and V4 is
the total volume of all condensates put together

® Let’s assume that N, scales with kaon multiplicity and V4
scales with Ny and the lifetime of the fireball

Ny = aNt

Vd = VON;OT (17(-;‘_/0)
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Isospin fluctuations from coherent
domains

e Putting this together we have

Tav
= b
5K ( 107’0 )

€V
b = =2
mg

® And a two parameter formula for vgy, /o

Vdyn _ 2[) Tav 3 Tav \ 1
o 3 1071y 3a \ 107y
® \We obtain 7, as a function of centrality from realistic
hydrodynamic simulations of heavy-ion collisions
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Isospin fluctuations from coherent

domains

We performed fit for 5 central
points

For reference energy density

e = 25 MeV/fm3, only Vg4 changes

b = 0.1044 + 0.0380
b2
— = 0.218740.0458 Centrality | Ny [ Vg™ | B
0-5% 932 | 120 | 0.302
ALICE —o 5-10% | 729 | 821 |0.283
02 O Comentional smulors om| 10-15% | 6.02 | 640 | 0.267
o 15-20% | 4.67 | 476 | 0.256
£, 20-40% | 2.88 | 258 | 0.225
. . 40-60% | 1.20 82 0.172
t0 Y iy
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Simple kaon systems
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® Probability distribution of

neutral fraction of kaons in
a degenerate state is flat

Above result holds when

Is = 0 irrespective of
whether overall isospin is
unconstrained or
constrained to be in
isosinglet. This result is also
holds when the isospin
state is disoriented as in
DCC
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Simple kaon systems

. ® These values of v4y,/aare for a

degenerate, Q, S conserved . N . . .
—+ dogenerate single domain in isolation and not
61 0.5 conserved what is measured in experiments

—— random

g ® These needs to be folded with

s other domains and thermal kaons
2 to calculate experimental

i ee observables

10 20 30 40

Nk ® Only large number of degenerate
kaons can explain the data.
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Hadron Gas Model

S. Pratt and R. Steinhorst, Phys. Rev. C 102, 064906 (2020)

® \We set up abox at a given
temperature and fill it with
hadrons of many species
consistent with canonical
ensemble. They are then
allowed to decay

® 14,4, decreases with increasing
volumes. It is consistent with
data for very small volumes,
which are not relevant for
heavy-ion collisions
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2 +1 flavor Linear Sigma Model

J. Schaffner-Bielich and J. Randrup, Phys. Rev. C 59, 3329 (1999)
The field potential U is expressed in terms of the 3 x 3 bosonic field
matrix M as

um) = _g pATr(MMT) + XTr(MMTMMT) + X [Tr(MM"))? — c(det M + det M)
1
- frm2o — <\/§me,% - ﬂfwmi> ¢

o meson is a Uu + dd scalar and the ¢ meson is an ss scalar. Assuming
only those two condense, we have

Ulo,¢) = ; o+ )+ ; (0% +2¢") + N(0® + (?)* — co®C — frmio
1
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Energy of Condensation

® |n high temperature limit, in absence of condensation
o = ¢ = 0. We also have vacuum values of oy, = f; and
Cvac = \/QfK - %fﬂ'

® \We get o and { value at chiral symmetry restoration
temperature from lattice

0.025 0.025
oo, HisQves: N-12 8 00 !“‘“‘-ﬂ% Hsoee N1z o HotQCD Collaboration, Phys.
10y N6 x e Noon
oo L TR wamooime | 00 e Rev. D 85, 054503 (2012)
001t ‘ﬂx stout, cont. 4 001l P,
P.m:H s -
0.005 0.005
0 ';"E:PI??‘ S B 0 " o160 ~ 0.250vac
-0.005 T[MeV]“ o f * -0.005 T [MeV] 4160 % O . 85CVaC
120 140 160 180 200 220 240 120 140 160 180 200 220 240
® Plugging in the values,
3
U2+1(Uvacy Cvac) = —265 MeV/fm
— 3
Uz41(0160,Cl60) = —234 MeV/fm

AlUsyy = 31 MeV/fm?
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Disoriented Isospin Condensate (DIC)

® |tis always assumed that (uu) = (dd). What if their relative
magnitudes fluctuated at finite temperature? Nothing in QCD
prohibits this

® This will be a fluctuation between the isosinglet (uu) + (dd)
and isotriplet (ut) — (dd). The excitation of latter
corresponds to triplet ap(980) meson

e |f the condensate is all (uu), then at the time of cooling it will
combine with strange quarks to form charged kaons. Similarly
all (dd)) will form neutral kaons

e This will lead to the same kaon neutral fraction
phenomenology as above
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Disoriented Isospin Condensates (DIC)

® |s it plausible? Thermodynamic energy cost can be
calculated in the linear sigma model

¢ Scalar field matrix M has diagonal elements (o, 04, () (as
opposed to (0,0, ()) where

ow = —(ub)/V2c
og = —(dd)/v2c
¢ = —(s3)/V/od

® \We can calculate the energy associated with these
fluctuations
1
UM) = —5p*(ou+og+ )+ Nog + o5+ %)
+ Aoy +o0g+¢*) — 200404

/
— V2 (myoy + mgog + msC)
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Disoriented Isospin Condensates (DIC)

¢ \We can paramterize the condensates
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Light : A =0.01984, T = 161.7MeV, AT = 9.009MeV
Strange : A = 0.02402, T = 194.0MeV, AT = 22.25MeV
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Energy cost of DIC

® | et us define o, = o cosf and F- T
og=osinf. The§ = /4 g ;

>4
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Outlook

¢ |t would be illuminating to see similar measurements at 5.02
TeV Pb+Pb collisions at LHC and at 200 GeV Au~+Au collisions at
RHIC. More differential measurement in rapidities and
azimuthal angles are needed

® Maybe Lattice QCD can provide guidance

® Need a theory for evolution of DIC fluctuations in conjunction
with the hydrodynamic medium

® Are we seeing the melting and refreezing of the QCD vacuum?
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Summary

e ALICE has measured isospin correlations in the kaon sector
which are anomalously large, have anomalous centrality
dependence and extend to over a unit in rapidity

® These measurements cannot be explained by any known
means without invoking kaon condensation (least likely),
Disoriented Chiral Condensates (less likely), or Disoriented
Isospin Condensates (most likely)

® DCC involve disorientation in the strange quark sector while
DIC involve disorientation in the light quark sector

® The DIC would show similar anomaly in particles rich in u/u vs
those rich in d/d, like Z° and =~ and is a testable, verifiable
and refutable idea.

Vanderbilt University Mayank Singh 21/21



