Uses and misuses of the NJL model

— Heavy-light mesons, magnetic fields, dense matter
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Happy Birthday Tony!



Tony Is an open-minded guy:

— Soliton model

— Cloudy bag model

— Ansatz approach to DCSB

— QMC model, Walecka model
— Chiral guark model

— Lattice QCD

— BSM, SUSY, etc
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BUT not NJL model, whye¢l!



Does hot have confinement,
does not have asymptotic freedom,
needs regularization, Too much freedom,

cutoff spolls symmetries, ...
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Ab initio calculation of the neutron-proton mass difference

Sz. Borsanyil, S. Durrl’z, Z. Fodorl’g’i’:, C. Hoelblingl, S. D. Katzi’ﬂ, S. Kriegl’g, L. Lellouché, T. Lippertl’g,

A. Portelli2®, K. K. Szabol+, B. C. Tothl

+ Author Affiliations

. Corresponding author. E-mail: fodor@bodri.elte.hu “AAAS

ABSTRACT EDITOR'S SUMMARY

Weighing the neutron against the proton

Elementary science textbooks often state that protons have the same mass as neutrons. This is not
far from the truth—the neutron is about 0.14% heavier (and less stable) than the proton. The
precise value is important, because if the mass difference were bigger or smaller, the world as we
know it would likely not exist. Borsanyi et al. calculated the mass difference to high precision using
a sophisticated approach that took into account the various forces that exist within a nucleon. The
calculations reveal how finely tuned our universe needs to be.

Science, this issue p. 1452



DCSB and the neutron-proton
mass difference

VOLUME 62, NUMBER 22 PHYSICAL REVIEW LETTERS 29 MAY 1989

Nambu-Jona-Lasinio Model and Charge Independence

E. M. Henley and G. Krein @

Institute for Nuclear Theory, Department of Physics, FM-135, University of Washington,

Searttle, Washington 98195
(Received 28 September 1988)

For different up and down current quark masses, charge independence follows in the Nambu-Jona-
Lasinio model from chiral-symmetry breaking; however, chiral symmetry is restored at high densities.
The dependence of the constituent quark masses and the neutron-proton mass difference on the density
are examined. The effect of the up-down-quark mass difference on the neutron-proton mass difference is

large and in the right direction to explain the Nolen-Schiffer anomaly.

PACS numbers: 11.30.Hv, 12.40. A4, 21.10.Sf
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FIG. 1. (a) The average quark mass M = 7 (M, + M) and
(b) the mass difference —8M =M, — M, as functions of the
ratio of the average nuclear density to that of nuclear matter,

po=0.17 fm ~°.
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FIG. 2. (a) The average nucleon mass My =5 (M, +M,)
and (b) the mass difference AM,, =M, — M, as functions of
the ratio of the average nuclear density to that of nuclear

matter, po=0.17 fm ~*. The long-dashed curve shows the

effect of a lincar variation of a, with density, and the short-
dashed curve is for a, & M %* (see text).
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Right direction to explain the
Nolen-Schiffer anomaly

AA]\4mirror — AMpn =+ A]\41\/IB

TABLE I. Discrepancies and AM,, for nuclei with masses in the regions of 4 =16 and
A =40. p,, i1s the average density defined in the text.

Discrepancy with AM Discrepancy with
Nuclei AMpy = —1.3 MeV at pav NJL correction
A =16,
Puv=0.09 fm ~° 0.3 —0.4 —=0.6
A =40,

Par==0.10 fm ~* 0.7 —0.12 -0.5




Right direction to explain the
Nolen-Schiffer anomaly

AA]\4mirror — AMpn =+ A]\41\/IB

TABLE I. Discrepancies and AM,, for nuclei with masses in the regions of 4 =16 and
A =40. p,, i1s the average density defined in the text.

Discrepancy with AM Discrepancy with
Nuclei AMpy = —1.3 MeV at pav NJL correction
A =16,
Puv=0.09 fm ~° 0.3 —0.4 —=0.6
A =40,
Pa==0.10 fm ~* 0.7 —0.12 =0.5

Part of the NS anomaly used to be explained by
rho-omega mixing component in the NN interaction



Physscs Letters B 317 (1993) 293-299
North-Holland

PHYSICS LETTERS B

Charge-symmetry breaking, rho—omega mixing,

and the quark propagator

G. Krein®!', A.W. Thomas®? and A.G. Williams ><

2 Insnuto de Fisica Téorica, UNESP, Rua Pamplona 145, 01405 Sao Paulo, SP, Brazl
b Department of Physics and Mathematical Physics, University of Adelaide,
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Heavy-light mesons

— Light quark moving in a (static)
background of a heavy color source

Laboratory for learning about confinement
and dynamical chiral symmetry breaking

Neat measurable* decays: light flavor changing decay

DT = Dt v B - B et
D — DYet v BY - B* etv

T —————————————

T ———————

* Small phase space



Charm in matter

— Understanding of the nuclear force, role of glue

— J/W, ne, - . color polarizability, van der Waals force
— D-mesons in medium: chiral-symmetry restoration
— Charm hypernuclei

— Quark-gluon plasma

Experiments ongoing and underway:
LHC, RHIC, JLab @ 12 GeV, JPARC, Fair, NICA



Need crucial input

— DN Inferaction
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PANDA @ FAIR



Need crucial input

— DN Inferaction

PANDA @ FAIR




J/W binding to nuclel

Generically: two independent mechanisms

— Second order stark effect — octet infermediate state
van der Waals force

— D,D* meson-loop — color singlet infermediate state
D mesons interact with the nuclear mean fields



van der Waals type of force

© CERN



D,D*-meson [loops




DN Experiment

- anfiproton annihilation on the deuteron*

---------- D
p Ta
...... .
d \_/ P
Panda @ FAIR a) -
p L)
d =) @ p
b)

* J. Haidenbauer, GK, U.-G. Meissner, A. Sibirtsev
1) Eur. Phys. J. A 33, 107 (2007)

2) Eur. Phys. J. A 37, 55 (2008)



Predictions for the PANDA
measurement

Use SU(4) symmetry for couplings:
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Variational calculation

Vv(cé)N

Nuclear-Bound Quarkonium

Stanley J. Brodsky and Ivan Schmidt '*’
Stanford Linear Accelerator Center, Stanford University, Stanford. California 94309

Guy F. de Téramond

Escuela de Fisica, Universidad de Costa Rica, San Jose, Costa Rica
(Received 25 September 1989)

We show that the QCD van der Waals interaction due to multiple-gluon exchange provides a new kind
of attractive nuclear force capable of binding heavy quarkonia to nuclei. The parameters of the poten-
tial are estimated by identifying multigluon exchange with the Pomeron contributions to elastic meson-
nucleon scattering. The gluonic potential is then used to study the properties of ¢¢ nuclear-bound states.
In particular, we predict bound states of the n, with 'He and heavier nuclei. Production modes and

rates are also discussed.

PACS numbers: 21.90.4f, 12.40.—y, 21.30.+y, 25.10.+s

from Ref. 10.
! 1 Unscreenefl Partially screened

of binding energy AR a e a T | e

| 3.9 0.60 0.715  0.59 >0 0.42 >0

2 10.7 0.23 115 0.172 >0 0.122 >0
o ur 3 9.5 0.26  1.45 0.327 040 |=0.019 | 0231 024  —0.003
(T) — _—_ ¢ 4 82 030 166 0585 092 |-0.143 | 0414 062  —0.05
r 6 1.2 0.22  1.95 0470 089 |[=0.128 | 0332 061  —0.050
9 1.2 022 220 0.705 153 |—0407 | 0499 1.07  —0.179

.

TABLE 1. Binding energies ¢=|(H)| of the n. to various nuclei, for unscreened and par-
tially screened potentials; all masses are given in GeV. The data for (R3)"? (in GeV ~') are




VOLUME 67, NUMBER 16 PHYSICAL REVIEW LETTERS 14 OCTOBER 1991

Comment on “Nuclear-Bound Quarkonium”

David A. Wasson
Department of Physics
The Ohio State University
Columbus, Ohio 43210

Smearing of the inferaction 0 [T ——
over the nuclear volume B ;- // i
I / / o / g
Viceya(r) = /d " Viean(r —1")pa(r’) I S / :
2 -s0=" — —
/d?%,a/ pa(r’) = A S :
-40r— B
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A € [MGV] <T > / [fm] %% 2 4 6 8 10
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3 B 08 35 FIG. 1. Effective charmonium-nucleus potentials for various
4 _ 5 O 1 9 A. The dotted line is the A=1 result given by Eq. (1) and the
’ ’ dashed line is the A =4, the dash-dotted line is the A =40, and

12 _ 13 1 7 the solid line is the 4 =200 results predicted by Eq. (2).
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Physics Letters B 288 (1992) 355-359

North-Holland PHYSICS LETTERS B

A QCD calculation of the interaction of quarkonium with nuclei

Michael Luke, Aneesh V. Manohar and Martin J. Savage
Department of Physics 0319, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0319, USA

Binding to nuclear matter

2

T.n. : €e~—-2 to —4MeV

J/U : e~—-8 to —11MeV

less reliable
P'(2s) : €~ T00MeV



Bhanot-Peskin theory

— van der Waals force (second order Stark effect)

J/W as a small color electric dipole

1

Amy(pp) = _§/dk2 Y (k)

ok

(k) : charmonium wave function

Note: intermediate state
pB : nuclear density IS honinteracting

Me, MpN  masses charm quark and nucleon

€ = 2m. — My, : energy shift octet — charmonium



Numerical results

(s F? /1)y = 0.5 GeV?

Y : Gaussian <”I“2> - from Cornell potential model

at normal nuclear
Amw = —8MeV matter density

| —

Sibirtsev & Voloshin, PRD 71, 076005 (2005)

J/¥ N cross section > 17 mb Amw = —21 MeV



23 October 1997

PHYSICS LETTERS B

Physics Letters B 412 (1997) 125-130

Is J/yrnucleon scattering dominated by the gluonic van der
Waals interaction? '

Stanley J. Brodsky *, Gerald A. Miller **°

® Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309, USA
® National Institute for Nuclear Theory, Box 35150, University of Washington, Seattle, WA 98195-1560. U/SA

Received 17 July 1997
Editor: M. Dine

Abstract

The gluon-exchange contribution to J/-nucleon scattering is shown to yield a sizeable scattering length of about -0.25
fm, which is consistent with the sparse available data. Iladronic corrections to gluon exchange which are generated by pwr
and indiat states of the J /4 arc shown to be negligible. We also propose a new method to study J/y-nucleon
elastic scattering in the reaction 7 d — J /¢ pp. © 1997 Elsevier Science B.V.




D,D*-meson loops

/\
\/

Calculate loop with effective Lagrangians

— need coupling constants & form factors

— need medium dependence of D masses



D,.D* In medium

Light quarks in D mesons

— quark condensate changes for nonzero
temperature and baryon density

— quark-model: masses of the D mesons change



Quark condensate at finite T

— model independent result*

For low temperatures:

(qq) m2 2"
TCJ TT dmﬂ-
2 = Mg dm,
T2 3 ) lar d it
~ 1 PE(T) + 5 pions in medim

E

* Gerber & Leutwyler (1989)



D.D* In me

— QMC model

dium
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Low temperature and density:

K. Saito, K. Tsushima & A.W. Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007)
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K. Saito, K. Tsushima & A.W. Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007)



J/W In nuclear matter

-20

m* ,— m , (MeV)

-25

-30

DD+DD*1oops N, ™~
~
cutoff 1000 MeV . ~ |
= = = cutoff 1500 MeV .
— = cutoff 2000 MeV ™~ B
= = cutoff 3000 MeV ™~
~
L] \ . —
| : 1 1 : 1 : 1 L
0.5 1 1.5 2 2.5 3

3
PPy (P =0.15fm ')

GK, A. W. Thomas & K. Tsushima PLB 697, 136 (2011)



J/W single-parficle energies in nuclel

— from Klein-Gordon equation

AD,D* = 1500 MeV AD,D‘ = 2000 MeV

E (MeV) E (MeV)

+He Is —4.19 —5.74
C ls —9.33 —11.21
1p —2.58 —3.94

) ls —11.23 —13.26
1p —5.11 —6.81

3 Ca Is —14.96 —17.24
1p —10.81 —12.92

1d —6.29 —8.21

2s —5.63 —7.48

WZr Is —16.38 —18.69
1p —13.84 —16.07

1d —10.92 —13.06

2s —10.11 —12.22

VEPb ls —16.83 —19.10
1p —15.36 —17.59

1d —13.61 —15.81

2s —13.07 —15.26

K. Tsushima, D. Lu, GK & A. W. Thomas PRC 83, 065208 (2011)



PHYSICAL REVIEW D 91, 114503 (2015)
Quarkonium-nucleus bound states from lattice QCD

S.R. Beane,' E. Chang,"* S.D. Cohen,” W. Detmold,” H.-W. Lin," K. Orginos,*” A. Parrefio.® and M. J. Savage”
(NPLQCD Collaboration)

lDepartment of Physics, University of Washington, Seattle, Washington 98195-1560, USA
*Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1560, USA
Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA
*Department of Physics, College of William and Mary, Williamsburg, Virginia 23187-8795, USA
5.Ieﬁ"erson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
6Departament d'Estructura i Constituents de la Matéria and Institut de Ciéncies del Cosmos, Universitat

de Barcelona, Marti i Franqués 1, Barcelona, 08028, Spain
(Received 9 November 2014; published 11 June 2015)

Quarkonium-nucleus systems are composed of two interacting hadronic states without common valence
quarks, which interact primarily through multigluon exchanges, realizing a color van der Waals force. We
present lattice QCD calculations of the interactions of strange and charm quarkonia with light nuclei. Both
the strangeonium-nucleus and charmonium-nucleus systems are found to be relatively deeply bound when
the masses of the three light quarks are set equal to that of the physical strange quark. Extrapolation of these

pruits-te-thephysieq] light-quark masses suggests that the binding energy of charmonium to nuclear matter

DOIL: 10.1103/PhysRevD.91.114503 PACS numbers: 11.15.Ha, 12.38.Gc, 13.40.Gp



M d | TABLEI. Estimates for the binding energies of charmonium to
O e S light nuclei and nuclear matter (in MeV) from selected models. A

indicates the system is predicted to be unbound, while entries
W1th center dots indicate that the system.was. not.addressed.........

Binding energy (MeV) Binding energy (MeV)
Ref. 3Hen, “*Hen, NMuy, | *HeJ/y  NMJ/y
[1] 19 140 * |
[2] 0.8 5 27 §
[3] 10 §
[5] * * 9 "
[6] !
—p (7]
8]

TABLE V. The binding energies (in MeV) of charmonium-
nucleus systems calculated on the L = 24 and 32 ensembles. The
rightmost column shows the infinite-volume estimate, which,
without results on the L = 48 ensemble, is taken to be the binding
calculated on the L = 32 ensemble. The first and second sets of
parentheses shows the statistical and quadrature-combined stat-
istical plus systematic uncertainties, respectively.

N P LQC :) System 243 x 64 323 x 64 L=co }

N7, 17.90.4)1.5)  19.80.7)2.6) | 19.8(2.6) |

dn. 39.3(1.3)(4.8) 42.4(1.1%(7.9) | 42.4(7.9)
PP, 37.8(1.1)(4.5) 41.5(1.0)(7.5) | 41.5(7.6) §
*Hen, 57.2(1.3)(8.3) 56.7(2.0)9.4) ¢
*Hen, 70(02)(13) 56(06)(17) ¢ 56(18)

——> ‘HeJ/y  75.7(1.9)9.4) S307)18) | 53(19) ¢



J/W binding to protone
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ATHENNA* collaboration JLab @ 12 GeV

L.-E. Meziani (Co-spokesperson/Contact)
N. Sparveris (Co-spokesperson)
L. W. Zhao (Co-spokesperson)

*A J/W THreshold Electroproduction on the Nucleon and Nuclei Analysis



How About coalescence
at the LHC@

— Chances of a charmed hadron meeting one or two nucleons
not smaller than of two antinucleons and one antinyperon
meeting to form an antihypernucleus

Obagervation of an Antimatter Hypernucleus

The STAR Collaboration
Sclence 328, 58 (2010); ‘ . :
DOI: 10.1126/science. 1183980 Pb-Pb, 2011 run, {3 =2.76 TeV negative particles
‘Om : . ! bd ‘[ L ‘( " Ld 'T"[ Y L2 T T
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Need to detect in coincidence
the decay products




Theory on
Heavy-Light Mesons



Dyson-Schwinger + Bethe-Salpeter

— Rainbow-Ladder

Mass spectrum: OK

T 1 ’
* expt. data
o qqV meson
qq PS meson
+ sq PS meson
uq PS meson 5.2

Ny fe

o

meson mass [GeV]

S S ¥ |
m q(1 9 GeV) [GeV]

P. Maris and P. C. Tandy, NP Suppl. 161, 136 (2006)



Dyson-Schwinger + Bethe-Salpeter

— Rainbow-Ladder

Leptonic decay constants: NOT OK

TABLE IV. Pseudoscalar and vector mesons decay constants
with constituent mass approximation for the ¢ or b quark
propagators in the BSE and Irp or 3ccp in f and N integrals.
Experimental data are from [52].

Meson Exp. (GeV) ™ (GeV) 3P (GeV)
D(uc) 0.222 0.154 0.255 + 0.010
D*(uc) 0.164 0.288 *+ 0.030
D,(sc) 0.294 0.197 0.255 *+ 0.005
D;(sc) 0.180 0.326 + 0.040
B(ub) 0.176 0.105 0.193 + 0.005
B*(ub) 0.182 0.549 *+ 0.083
B.(sb) 0.144 0.212 + 0.002
B:(sb) 0.20 0.425 *+ 0.041
n.(c) 0.340 0.239 0.326

J /U (cé) 0416 0.198 0.330
B.(cbh)) 0.210 0.324 + 0.004
B:(cbh)) 0.18 0.328 + 0.008
n,(bb) 0.244 0414
Y(bb) 0.700 0.210 0.381

N. Souchlas, PRD 81, 11419 (2010)



NJL model

D. BLASCHKE, P. COSTA, AND YU. L. KALINOVSKY PHYSICAL REVIEW D 85, 034005 (2012)

TABLE I. Results for pseudoscalar meson properties in the
light, strange, charm and bottom sectors for the corresponding
current quark masses and dynamically generated quark masses
of the model in the vacuum at 7 = u = 0.

flavor P Mp [MeV] fp [MeV] m;[MeV] M;[MeV]

u, d T 135.0 02.4 5.5 368.0
S K 4977 05.4 140.7 5874
C D 1869.3 79.6 1279.9 1828.8
b B 5279.4 A 4634.8

03

Exp 113
146




Bethe-Salpeter equations

BUT, franslational

INvariance requires:

Approximations & truncations:

- Independence of choices is not guarantee



Translational iInvariance:

N+,M— :arbitrary

BUT, tfranslational

'E77++77— :1

INvariance requires:

Approximations & fruncations:

- Independence of choices is not guaranteed
- Integral is divergent, change of variable is problematic



Ward-Takahashi identity

P,TY (ki P) = S7 (kg )ivs + iv5S;, (k=)

— i (my + mp) TP (k; P)

| — adifferent dependence on 74,7

also violates this WT identity




Reqgularization & Symmetry preservation

Next:

- How 1o make sure in your
approximation/tfruncation/regularization

scheme symmetries are preserved

1) Isolate divergences l
2) Isolate symmmetry-offending terms
- without performing change of variables

|




Contact interaction

DSE  Sp(k)™ = iy-k+my
+ [ 8Dk~ 0) Sy @5 Thah)
BSE
[FlPhS(k;P)}AB — /[K(ka%P)]AC,DB [SZ(QJr)FlPhS(CI?P)Sh(q—)]CD
W]
P,TY (k;P) = S (kg )ivs +ivsS, (ko)

— i (my + my) TP (k; P)



Contact interaction

Ao A
2 IR a
gDy (k—q) = 2. 0 and T', — 5 Vi
)\CL




1
Ips(P) = [iEf»hs(P) + mW'PFgé(P)] My = MMy /(M + Mp,)

E#zb(P) _ drmaggr ’ClEh.E K:lEh.F Eglb(P)
Fis(P) | 3me [ KGE KRE | | F(P)
Kib =— [ Tx| Si(q+) ¥5 Sn(g-) Vul
lh V5 Y 2I\G+) V5 Ph\d—) T
q
. e 2Myp e
EF ! KFE _ ) EF
Kin = oM, /Tl‘[% Yu Si(q4)v5 7y - P Sh(q-) vul th p2
T J,

1
Kl = E/Ti‘[%wpw Si(q+)vs v - P Sn(g=) vl
q

Must not depend on —> | 1)+, 7]—




Reqgularization
1) A d*q A
reguslsc;Jr;oeﬂgn: / (27m)4 fa) = /q /(a)

2) Make subtractions of 1 ( 1 1 ) 1

. 2 o + 5) G
the kind: g5 + M? 2 + M2

Z+ M2 @+ M2

1 qft—q2 1

TR M2 (@ + M) (@ + M)

3) Make as many subtractions as T
necessary fo obtain enough powers .
in the denominator to obtain a finite Subtraction lowers

amplitude the degree of diverge



Performing the subtractions®:

BSE
A
qs - q_ + MMy
Example K&¥ = 16/
P I . (@& + M2 (¢ + M7)
W]

0= (M, —my)+ (M —my)

6471’(1'1}{ /”\ ﬁ[[ n f\[h
3mz, ¢ g + M7 ¢% + M7

0:/"\ q+ - P (1_-1’)
| ¢ qi -+ ﬂ[,? q> + ]\[,‘f

*F.E. Serna, M.A. Brito, GK




Results of the subtractions:
BSE

Kes = 8{ (ny +n2) A (M?)P,P,
+ Tquad (M?) + Tquaa (MR) = | P? + (Myy = My)*

< [Tog(M?) — Zo(M2, M2, P M2)]

A 2 2

4q QV_(q +M )5 v

A V(A[2):/ M I
g g (¢* + M?)3

A A
1 1
I ua AIQ == Io 1’\[2 =
aued (M) /q g% + M? log (M) /q (g% + M?2)2

1 2 2 2 2
¢"z(1 —2) = (A1 =AYz + A
Zk[)‘%a)\%aqz;)\z] :/0 dz 2" In [ )\21 2 1



Result of the subtractions:

W]
0 = (M —my)+ (Mp—mp)

04w
SméR {lequad(MzZ) + MpIquaa(My)

+ (Ml 77_2|_ + Mh 77—) AMV(MQ)PLLPV}

0 — /A g+ - P q— - P
¢ \qi+M? ¢+ M?

~ terms proportional to 1+ (A,.,, B, Cuupe)




Where

A
4q,q, — (g2 + M?2)4,,
7 (g= + M=)

A 29,4, — (¢® + M?)5,,
2 pudv
Byw(M7) /q (@ + M2)?

A 2
M*)

Cravpo(M?) = / Compe (4
H PO( ) . (q2+M2)4

Cuvpa(‘IQaA'fQ) = 249, qvqp90 — 4(42 + Al?)

X (0uv9p9- + Perm. vop)



What to do with the divergent
symmeftry-offending termse

|deally, regularization scheme should
fake care of them

— Dimensional regularization does that:

A =0, By =0, Cuy=0

— Cutoff: 4,, #0, B, #0, Cuu,e #0



Truncations & approximations

Criterion for elimination of symmetry-otffending terms
IS Infegral part of the

fruncation/approximation scheme

IMPOSE A, =0, B,,=0, C,,, =0




WII 0 = (M;—my)+ (My—mp)
6471
— 3 2[R {Mllquad(Mlz) =+ Mh]quad(M}%)
ma

s o (o)

0 = /A< q+ _ q—'P>
¢ \4i gz + M?

~ terms proportional to ni (AW,BW,CWW)



W /

0 = /A< q+ _ q—'P>
¢ \4i gz + M?

~ terms proportional to ni (AW,BW,CWW)



A,=0  B,=0 Ci, =0

/Gop equation
WTI 0 = (M, —my)+ (My, —mp)

~ terms proportional to ni (AW,BW,CWW)
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Contact with: Roberts, Phys. Rev. C 81, 065202 (2010).

They work In the chiral limit:
- Ml — Mh =M
— Only term with B, (M?*) appears in the WTI

— They choose n+ =1, n- =0

. ‘g 5q*>+ M?
B (M?) =0=26,, [ —L 2
M) =0 = b | oS T hy




. Lo X Gutiérrei—Gueriero, A. Bashif, I.C.Cloet and C. D.
Contact with: Roberts, Phys. Rev. C 81, 065202 (2010).

They work In the chiral limit:
- Ml — Mh =M
— Only term with B, (M?*) appears in the WTI

— They choose n+ =1, n- =0

dq %qz + M?

Bu(M?) = 0= b, | L B0 EqL (17) of




Confinement
— no quark-antiguark thresholds

e = 8{ (ny +n2) A (M?)P,P,
+ Tquad (MP) + Tquaa (MR) = | P? + (My, = My)*

X [Ilog(M2) _ ZO(MZ27 Mf%’ P2; M2)}}

1 9 9 9 9
1 —2)P° —z(M#7 — M#7)+ M
Zo(MfaMf%,PQ;MQ) = / dz In {Z( ?) (M i) l }
0

M2

\ branch cut P? = (M;, + M;)?



/o came from:

N

d4q 1 UV divergences cancel

]1Og(M2) — / (2W>4 (q2 _|_M2)2

H(z) = 2(1 — 2)P? — 2(M7 — M#?)z + M7



INnfrared cutoft:

1 > 2 2 Tin 2 2
= — drre 7@ HMT) _, —/ dr e 7@ +M)
(¢ + M?)? /0 0



Masses and leptonic decay
constantes of heavy-light mesons*

Parameters:

Air = 0.240 GeV

me = 0.8 GeV amr = 0.937 2 = 1/A? |
G | 1r,uv [Air v Agw = 0.905 GeV

My Mu Mg Ms Me Mc
0.007 0.367 0.165 0.529 1.319 1.374
Meson E F mps fps E* F* mpg fps mpe fog/V2
e 3.609 0.476 0.140 0.102 3.593 0.474 0.140 0.101 0.135 0.092
K 3.959 0.615 0.494 0.111 3.805 0.586 0.492 0.110 0.498 0.110
D 5.213 1.285 1.869 0.174 5.105 0.718 1.864 0.093 1.865 0.146
D, 5.748 1.572 1.900 0.162 5.331 0.977 1.974 0.096 1.968 0.184

*F.E. Serna, M.A. Brito, GK



Masses
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Leptonic decay constantes

fps [MGV]
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Heavy-heavy

exp

Heavy-heavy| FE F' myg E* F° my || myg

n-(15) 7.472 2.121 2,983 || 6.023 1.711 2.983(| 2.983
Xeo(1P) 2908 0 3.293( 1905 0 3.293|3.414

fo.(15) = 0.236 GeV

Lattice™*; 0.255 GeV

*C.T.H. Davies et al. PRD 82, 114504 (2010)



Chiral chemical potential

Chiral unbalance produced by
sfrong magnetic fields:

— heavy-ion collisions
— supernova collapse, neutron stars

— No sign problem in lattice simulations

L~ ps (YY) = s (WRwR — w}{m)



SU(2) color
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V.V. Braguta et al. JHEP 06 (2015) 094



SU(3) color

l l =
.

1.08

1.06 +

Tcm Sch(-O-)

1.4

1.02

0.98 1 1 L 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

V.V. Braguta et al. Phys. Rev. D 93, 034509 (2016)



Chiral guark model

PHYSICAL REVIEW D 84, 014011 (2011)

| ' . 1 I | 1

0.8 | us=400 MeV
- ,115—300 MeV

S 0.6} #5=200 MeV
3 ps=0
0.4
0.2
oob . . . ., . . ... . .  ee——=ta
0.7 0.8

M. Ruggieri



NJL model

04—t
I‘s=g,
0.3} H5=V.~
";‘ ! ”5203
O ps=0.5
3 02
I
w,
=
© 01f
0.0l . DL P S O ) S — |
000 005 0.10 0.15 020 025 030

T[GeV]

2. The dynamical quark mass o as a function T at
ps =0, 0.2, 0.3, 0.4 and 0.5 for Q°, Q¥ and Q¥ .

L. Yu, H. Liu and M. Huang, arXiv:1511.03073



Chiral guark model
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Figure 1: Critical temperature as a function of us for the three
renormalization schemes discussed 1n this article: upper panel
corresponds to T = 150 MeV and lower panel to TY = 180

MeV. M. Ruggieri & G. X. Peng, arXiv:1602.0365]1



DSE — modified Maris-Tandy interaction

PHYSICAL REVIEW D 91, 056003 (2015)

1 ' ! J _'l‘__[ T T
"
s00 | — ]
T o ]
b ,. .
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~ |
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[ |
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Tc U‘S] (Mev)

FIG. 3 (color online). The relation between us and the cormre-
sponding T'.[us| in the T — yu plane.

Shu-Sheng Xu et al. PRD 21, 056003 (2015)



Chiral chemical potential

— How to make NJL agree with lattice™

NJL Lagrangian:

+ (VisT)) 2]

Gap equation:

1 _Z/d4k 0 _/“d% 1 1
ANN¢G == | Ja 2m)* k2 — (k + sps)? — M2 o (2m)3 14 e Buws w,

ws = /M2 + (k + sp5)?, s=+1
* R.L.S. Farias, D.C. Duarte, GK, R.O. Ramos



Use the identity (3 times)

1 1

k2 — (k=4 ps)? — M2 kg — k? — Mg

N M? — Mg + 2kps 5

(kg — 2 = M3) |k — (k = pis)” — M2,

and obtain for the gap equation

1
AN.N;G




where

d4]€ 1 d4]€ 1
Tquad (M3) = i Do M2:'/
quad (M() ZA(QW)4k8_k2_M§ log(Mg ) =1 A (2m)* (kg — k2 — Mg)?
d4k (M2 + 12 + 2kps — M2)3

pin(M?, Mg, :i/
fin| 0+ #5) (2m)4 (k2 — k2 — MZ)3[k2 — (k + us)? — M?]

o0 d3k 1 1



Critical temperature
— chiral limit mo= 0

A 0.6 l 0.8 l 1.0
g [GeV]



Critical temperature
— Mo =5 MeV

<
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ug[Gev]



Comparison with lattice

1.15F ' [ v | v I

- — Subtraction Scheme No=3 and Nf=2
112 — Inkerpolason of Lathoe results l
. s Lattice Data No=3 Nf=2

=

Tﬂ,(j.l o/ Tpr' (0)

0.0 ' 1.0 ' 20 ' 3.0
w/T ()



Color superconductivity

High-density quark matter

— instability around the Fermi surface, gap in the energy spectrum

N
o
o

Perturbative QCD

— gap increases with
chemical potential

n 37’
AN—exp( )
V2g

g=g(u)

Temperature T [MeV]
3

Nuclei Net Baryon Density




Superconducting gap

| — 2Ci f d*k 1 > —)
= [ : — L
NEH Py ch S
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S 150 ’, :
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<] 100 e e ——————— Yo o
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Separate finite and
divergent parts

1 ).Gi[ e : ( )
= I —_ —
e | B —Grpi—az T

= AG[2I;(M2, A?) — 42 L,(M?, A%)  + Iin(A?, ) + Ign(A%, —p)]



L(M?*, A?) =

Iin(A%, ) = i

12 I AZ
5 In{ —
12M2  (47)2 ( M2)

d*k I

(2m)? (k(z) — k2 — A2)3

2p*(pnt —4A%) +

('u2 + 2kp)?

— (k+ p)? —

A?)




Result

300 ; . . u | | |
250

200
A grows

with W

150

A (MeV)

100

S0

0 ] | | | | .I |
100 200 300 400 500 600 700 800 900

u (MeV)

R.L.S. Farias, G. Dallabona, GK, O.A. Battitel, PRC 73, 018201 (2006)



How about asymptotic freedom?@
— change the coupling

Example
— inverse magnetic catalysis

J
N & LA | I LA | ] LA | I L B | l L |
)
At

D eB=1.0 GeV2
0 eB=0.6 GeV2

- 1 (pseudo)crifical temperature
TEe 4 \ 4 for chiral restoration decreases
- 33 .
as B Increases

(L, +%,) /2

0 120 140 160 180
T (MeV)



Models (NJL, PNJL, LSM, ...}
oredict opposite effect

G.S. BALI et al. PHYSICAL REVIEW D 86, 071502(R) (2012)
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Asymptoftic freedom

V. A. Miransky and I. A. Shovkovy, Phys. Rev. D 66, 045006 (2002)

. sk e —eafz.oce;::jé
Change the NJL coupling T S
s g~ eB=04GeV?
— rough fit to lattice data for condensates F| VSE T by poid
+ | ™ r g0 © : ]
) 1.0 — _;; " '
G(B,T):G(B)(l—y'e,B' ! 031
AFY‘“ AQCD 00— \\. >X
0 50 100 150 200
Go T[MeV)
G(B) = eB
| + In (1 - ﬂxz—) FIG. 1. (Color online) The condensate average as a function of
o the temperature. Data points are from the lattice simulations of
Ref. [13].

X RLS. Farias, K.P. Gomes, G. Krein and M.B. Pinto, Phys. Rev. C 90, 025203 (2014)
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FIG. 3. (Color online) The normalized thermal susceptibility as
a function of the temperature for different values of the magnetic

field B.
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FIG. 4. The pseudocritical temperature for the chiral transition of
magnetized quark matter as a function of magnetic field.



Change the NJL coupling*®

— more precise fit to lattice data for condensates

2.00 ' T ' T ' T
_ — ¢B=0.0 Gevz
| --=- ¢B=0.2 GeV
150~ - < € -
N I ~ = ¢B=04 GeV’
8 | TEo3 B "= ¢B=0.6 GeV’
['f 100k ' h ' eB=0.8 GeV’
QT
0.50F

*R.L.S. Farias, V.S. Tomoteo, S.S. Avancini, M.B. Pinto, GK



Predictions for thermodynamics
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Figure 3: Normalized pressure and entropy density as functions of temperature for different values

of the magnetic field calculated with G (left) and G(B, T) (right).
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Figure 5: The thermal susceptibiity and specific heat as functions of temperature for different

values of the magnetic field obtained with G (left) and G(B,T) (nght).
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Figure 6: The sound velocity squared and interaction measure as functions of temperature for

different values of the magnetic field obtained with G (left) and G(B,T') (nght).



Perspectives

— NJL is not a replacement of full QCD,
of course

— Symmetries can be preserved

— Confinement, asymptoftic freedom
can be mimicked



