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Introduction: QCD phase diagram 1

@ QCD phase diagram:

Quark-Gluon Plasma
sQGP
Critical
Point s S

Temperature T

\\ " Quarkyonic ¥
X Matter ~___-SSEE

.-
CFL-K0, Crystalline CSC
Nuclear Superfluid”  Meson supercurrent  Baryon Chemical Potential it
Gluonic phase, Mixed phase

Figure: Fukushima and Hatsuda '11.

@ Only a small part of the diagram is available with ab. initio. methods
due to asymptotic freedom and the fermion sign problem.

@ Most results are model dependent.
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LQCD and the Sign Problem

Zoon = [ DADGDGeS,  S=Suu+ [dxama. (1)
z= / DAe=S%M det[M(jug, 1, s )], 2)
p(A) ~ e M det[M (g, i1, pis)], (3)
[det M(ug)]" = det M(— i) € C. 4)

@ No sign problem at finite isospin chemical potential y; # 0, with
pe = ps =0.

@ Possible to compare model calculations with first principle
calculations!
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Introduction: QCD phase diagram 2

@ Deconfinement transition at high T.
@ BEC of pions at low T and intermediate ;.
o BEC-BSC crossover at large p.

Figure: Brandt '18.
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This talk

@ Pion Condensation at T = 0 using two and three flavor xPT.

@ Importance of next-to-leading-order corrections in ChiPT when
comparing with LQCD data.
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Figure: Brandt '18.
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@ xPT is uniquely determined by the global symmetries and
symmetry-breaking patterns of QCD.

@ Global SU(N); x SU(N)g x U(1)g, N is the number of quark flavors.
(Exact/approximate for massless/massive quarks).

e SSB SU(N)L X SU(N)R X U(l)B — SU(N)\/ X U(l)B.

o Goldstone's theorem tells us that there are N?> — 1 Goldstone bosons.
For N = 2 we get the three pions. For N = 3: pions, kaons, eta.
These are the DoF in xPT.

@ The Goldstone bosons parametrize the vacuum manifold
SU(N). x SU(N)gr/SU(N)y (more on this in a minute).

o (For N = 2) the appearance of ;; > 0 reduces the symmetry to
5U(2)V X U(l)B — U(l)/3 X U(l)B.
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From symmetries to Lagrangians

@ Weinberg's principles tells you to include all terms that are allowed by
symmetry.

@ Leads to an infinite number of terms... Predictive power out the
window?

@ No! Power counting scheme: m = O(p), f = O(p), O = ph.

@ Systematic expansion in powers of momenta (p):
Logg = Lo+ La+ Lo+ ...

@ One loop costs p?.

@ Non-renormalizable in the "old sense of the word”. Higher order in
loops = more couplings /; must be determined from experiments.

@ No problem, as long as one is content with finite precision, which is
the essence of an EFT.
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LO Lagrangian and GS

e Lagrangian:

f2 f2
o=, T [v#szz} + T [XTZ + ZTX} , (5)
X = 2BoM + 2iBoj1T1 -+ 2iBoj2T2, (6)
V=0, —ilvy, X] — i{a,, X} (7)
V= 5300, V6 = i an = 5%, (8)
(9)
@ Parametrize GS by parameter a:
Sa= R =i Ryzo1 (o)
Plug this ansatz into H> and minimize the energy to determine a:

m2
cosa =1, p <m, cosa = —5, fy=>m. (11)

Ky
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Parametrizing fluctuations.

@ Parametrize fluctuations around the (condensed) ground state,

Y = LYo R], (12)

Lo = ALUAL, (13)

Ro = ALUTA,, (14)
LPiTi

U=e¢2r. (15)

@ Can be nice to think of a less abstract example: SO(3) — SO(2).
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Renormalization

@ NLO terms relevant for our calculations:
1 2 1
= - AV z T wy o
Lo= 7 (T |[Vas'vrE]) 4 2hTe [V, sV o [vertves

1 1
1 Us 4 W) (TDE + T + Ll [v#zfvuz} e[t s + Ty

+ %thr[XTx] : (16)
A —2¢
”'—'fr(’\)_% [EH] , (17)
_ ~ 2
I"(A) = ﬁ [/, + log A/(?] : (18)

Mojahed, Martin (NTNU) xPT at Finite isospin April 16, 2021 10/18



Three-flavor Effective Potential...

1
Vet = —F2Bo(2m; + ms) — §f2(u/ sin o + ap cos a)® — [64LE 4 1615

1 (37 A? A? A2 1 A? s
+8H; + ()<18—|—|og —5 *+2log §+Iogm£+9|ogm§>} Bym

[, 1 /1 N 4 A?

[ 1 13 A2 4 A2
__16L6+8L8+4H2+( )2 (18+|og ~2+§Iog 8)}33,”2

- ) A2
- _8L£ e < + log iﬂ x Bo(2m; + ms)(p sin o + af cos a)?
A2
)
m3

[ 1 3 A
_ _8L§ + 2(an)? (2 + 4log — log m4>] x Bomj(pysina + ag cos a)? 4
—_4Lr+4L’+2L’+; 9—i—8|o A2+Io i (121 sin o + a cos
1 2 3 16(47)2 g g ~£21 K o CO
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And here comes the observables!

() = {fu) = (o) "= L OLA (20)
(5s) = %\;f, (21)
(nty =0 ;85\;6-&7 (22)
(53050) = °aa‘f§. (23)
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Parameter Fixing (in two-flavor xPT)

@ Experimentalists have determined the LECs:

L =-04+06, h=43+01, (24)
h=29+24, Ih =44+02 (25)
hy=—-15+02. (26)

@ Our LQCD friends have provided data that we use to fix f and m
through the following NLO relations:

B -
m2 = 2Bym {1 - M;’)sz@] =131+ 3MeV , (27)
4Bym -] 12843
2 _ g2 0 _
2= f [1+ P /4} = =5 Mev. (28)
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(Numerical) Results

(Numerically) minimize Veg w.r.t GS parameter « for given values of 1,
and source fields, and then generate condensates by taking derivatives of

Ve w.r.t sources.
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(Numerical) Results
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(Numerical) Results...
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Conclusions

@ This work completes a series of papers on calculations of observables
to next-to-leading order in two- and three flavor YPT in the
pion-condensed phase.

@ Good agreement with LQCD at T = 0 and low temperatures. First
precision tests of xPT at NLO with finite n,.

@ Related topic: Pions in a magnetic field. Something my collaborators
have been working on more recently.
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