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<latexit sha1_base64="N1E6u6DR1zRqgn5ORWh1mfiXHEA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1qtX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UPbfq3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A/kjjPo=</latexit><latexit sha1_base64="N1E6u6DR1zRqgn5ORWh1mfiXHEA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1qtX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UPbfq3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A/kjjPo=</latexit><latexit sha1_base64="N1E6u6DR1zRqgn5ORWh1mfiXHEA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1qtX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UPbfq3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A/kjjPo=</latexit><latexit sha1_base64="N1E6u6DR1zRqgn5ORWh1mfiXHEA=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh1qtX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1UPbfq3V9W6jd5HEU4gVM4Bw+uoA530IAmMAjhGV7hzRk7L86787FoLTj5zDH8gfP5A/kjjPo=</latexit>
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<latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit><latexit sha1_base64="H9G0ITqUckkrviyce0/CNBVtY7I=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi6LHoxYtQwX5AG8pms2mXbnbD7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMC1PBDXret1NaW9/Y3CpvV3Z29/YPqodHbaMyTVmLKqF0NySGCS5ZCzkK1k01I0koWCcc3878zhPThiv5iJOUBQkZSh5zStBKnftBX0UKB9WaV/fmcFeJX5AaFGgOql/9SNEsYRKpIMb0fC/FICcaORVsWulnhqWEjsmQ9SyVJGEmyOfnTt0zq0RurLQtie5c/T2Rk8SYSRLazoTgyCx7M/E/r5dhfB3kXKYZMkkXi+JMuKjc2e9uxDWjKCaWEKq5vdWlI6IJRZtQxYbgL7+8StoXdd+r+w+XtcZNEUcZTuAUzsGHK2jAHTShBRTG8Ayv8Oakzovz7nwsWktOMXMMf+B8/gA9r49+</latexit>
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<latexit sha1_base64="8S+bDp6y/VvyfikXbdeAupKsigc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYI9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD7X6oFxxq+4CZJ14OalAjuag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8WlM3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIM634mVJIiV2y5KEwlwZjM3yZDoTlDObWEMi3srYSNqaYMbTglG4K3+vI6adeqnlv17q8qjZs8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AfYXjPg=</latexit><latexit sha1_base64="8S+bDp6y/VvyfikXbdeAupKsigc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYI9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD7X6oFxxq+4CZJ14OalAjuag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8WlM3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIM634mVJIiV2y5KEwlwZjM3yZDoTlDObWEMi3srYSNqaYMbTglG4K3+vI6adeqnlv17q8qjZs8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AfYXjPg=</latexit><latexit sha1_base64="8S+bDp6y/VvyfikXbdeAupKsigc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYI9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD7X6oFxxq+4CZJ14OalAjuag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8WlM3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIM634mVJIiV2y5KEwlwZjM3yZDoTlDObWEMi3srYSNqaYMbTglG4K3+vI6adeqnlv17q8qjZs8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AfYXjPg=</latexit><latexit sha1_base64="8S+bDp6y/VvyfikXbdeAupKsigc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKYI9FLx6r2A9oQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD7X6oFxxq+4CZJ14OalAjuag/NUfxiyNuEImqTE9z03Qz6hGwSSflfqp4QllEzriPUsVjbjxs8WlM3JhlSEJY21LIVmovycyGhkzjQLbGVEcm1VvLv7n9VIM634mVJIiV2y5KEwlwZjM3yZDoTlDObWEMi3srYSNqaYMbTglG4K3+vI6adeqnlv17q8qjZs8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8AfYXjPg=</latexit>
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(dark) quark
nuggetWIMPzilla

Macroscopic dark matter

(Incomplete list) Dark Matter Models
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26.5 %
5.0 %

≈

Dark matter is coincident with 
ordinary matter! Why?

5
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Baryon-anti-baryon asymmetry
nB − nB

nB + nB
∼ 10−10

Sakharov’s three “general” conditions:

I. Baryon number violation

II. C and CP violation

III. Departure from thermal equilibrium

Models: electroweak baryogenesis, leptogenesis, 
spontaneous baryogenesis, ……

Why is dark matter comparable to the leftover of baryon 
asymmetry?
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Asymmetric dark matter

mDM nDM

mp np
=

26.5 %
5.0 %

≈ 5

Two conditions: I.

II.

nDM ∼ np

mDM ∼ mp
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The first condition can be satisfied by introducing 
some non-trivial number density history  
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......

Gudnason, Kouvaris, Sannino, PRD, 73, 115003 (2006)

I. nDM ∼ np
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II. mDM ∼ mp

90% of the mass of ordinary matter emerges from QCD

Does it mean that dark matter knows the QCD scale?

32 9. Quantum Chromodynamics

9.4.4 Hadronic final states of e+e≠ annihilations:
Re-analyses of jets and event shapes in e+e≠ annihilation (j&s), measured around the Z peak
and at LEP2 center-of-mass energies up to 209 GeV, using NNLO predictions matched to NLL
resummation and Monte Carlo models to correct for hadronization e�ects, resulted in –s(M2

Z
) =

0.1224 ± 0.0039 (ALEPH) [571], and in –s(M2
Z

) = 0.1189 ± 0.0043 (OPAL) [572]. Similarly, an
analysis of JADE data [573] at center-of-mass energies between 14 and 46 GeV gives –s(M2

Z
) =

0.1172 ± 0.0051, with contributions from the hadronization model and from perturbative QCD
uncertainties of 0.0035 and 0.0030, respectively. Precise determinations of –s from 3-jet produc-
tion alone (3j), at NNLO, resulted in –s(M2

Z
) = 0.1175 ± 0.0025 [574] from ALEPH data and in

–s(M2
Z

) = 0.1199 ± 0.0059 [575] from JADE. A recent determination is based on an NNLO+NNLL
accurate calculation that allows to fit the region of lower 3-jet rate (2j) using data collected at LEP
and PETRA at di�erent energies. This fit gives –s(M2

Z
) = 0.1188 ± 0.0013 [576], where the domi-

nant uncertainty is the hadronization uncertainty, which is estimated from Monte Carlo simulations.
A fit of energy-energy-correlation (EEC) also based on an NNLO+NNLL calculation together with

αs(MZ2) = 0.1179 ± 0.0009

August 2021

α s
(Q
2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)
HERA jets (NNLO)

Heavy Quarkonia (NNLO)
e+e- jets/shapes (NNLO+res)

pp/p-p (jets NLO)
EW precision fit (N3LO)

pp (top, NNLO)
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

1st December, 2021

PDG
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If dark matter is a “dark baryon” from a new QCD-like 
strong dynamics in the dark matter sector

⇤dQCD ⇠ ⇤QCD ?

Need to have QCD and dQCD gauge couplings related 
to each other in IR

Possibility I: dark QCD
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Possibility I: dark QCD

↵s

⇤UVM⇤QCD

 
 

 

⇤dQCD

↵d

�c(gc, gd) = �d(gc, gd) = 0

2 The Scale of Dark QCD

Assuming an asymptotic-free QCD-like dynamics in the dark sector, the dark baryon in this sector

could be a stable particle and serve as a dark matter candidate. Neglecting the electroweak symmetry,

we have the gauge group to be SU(Nc)QCD × SU(Nd)dQCD. For simplicity, we only consider the case

Nd = Nc = 3 and fundamental representations for fermions and scalars under the gauge group. Other

representations will not change the generic conclusions of this paper. Other than nfc (nfd) Dirac

fermions and nsc (nsd) complex scalars as fundamentals of SU(Nc) [SU(Nd)], we also introduce nfj

Dirac fermions and nsj complex scalars as bi-fundaments of SU(Nc) × SU(Nd), which are crucial

to relate the IRFP gauge couplings in the two sectors. At two-loop level, the two gauge couplings

gc and gd affect each other’s running. Defining the beta functions as dgc/d(log µ) = βc(gc, gd) and

dgd/d(log µ) = βd(gc, gd), we have the beta functions at two-loop as [19] 1

βc(gc, gd) =
g3c

16π2

[

2

3
T (Rf ) 2(nfc +Nd nfj) +

1

3
T (Rs) (nsc +Nd nsj)−

11

3
C2(Gc)

]

+
g5c

(16π2)2

[(

10

3
C2(Gc) + 2C2(Rf )

)

T (Rf ) 2 (nfc +Nd nfj)

+

(

2

3
C2(Gc) + 4C2(Rs)

)

T (Rs) (nsc +Nd nsj) −
34

3
C2
2 (Gc)

]

+
g3c g

2
d

(16π2)2
[

2C2(Rf )T (Rf ) 2Nd nfj + 4C2(Rs)T (Rs)Nd nsj

]

. (1)

The formula for βd(gc, gd) is obtained from βc(gc, gd) by interchanging the indexes c ↔ d. Here,

C2(Gc) = Nc and C2(Gd) = Nd are the quadratic Casimirs of the adjoint representations; C2(Rf ) =

C2(Rs) = (N2
c,d − 1)/(2Nc,d) are the quadratic Casimirs of the fundamental representations; T (Rf ) =

1/2 and T (Rs) = 1/2. We have checked and found that the electroweak gauge couplings and the top

Yukawa coupling have negligible effects on the QCD and dark QCD couplings in the infrared. Similarly

to the Banks-Zaks fixed point for a single gauge coupling [18], one can solve the zero beta-function

equations βc,d(gc, gd) = 0 and obtain the perturbative IRFP as

α∗
s ≡ α∗

s(nfc, nsc , nfd , nsd , nfj , nsj) ,

α∗
d ≡ α∗

d(nfc , nsc , nfd , nsd , nfj , nsj) , (2)

with αs = g2c/4π and αd = g2d/4π. Here, we assume that there are no masses for the fermions and

scalars between the UV scale and a lower scale of M and no threshold corrections for the IRFP
1In Ref. [19], chiral fermions are used. In our notation, we use Dirac fermions, so there is an additional factor of two

in the formula.

3

Using infrared fixed points to relate the two scales

YB, Schwaller 
1306.4676
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Possibility I: dark QCD
Using infrared fixed points to relate the two scales

Model nfc nfd nfj nsc nsd nsj α∗
s α∗

d M (GeV) mD (GeV)

A 6 5 3 0 2 0 0.095 0.175 518 31

B 6 6 3 1 0 0 0.083 0.120 2030 8.6

C 6 6 3 2 2 0 0.070 0.070 13500 0.32

D 7 7 2 2 0 2 0.078 0.168 3860 72

E 7 7 2 2 1 2 0.090 0.133 869 3.5

F 8 8 2 2 0 1 0.074 0.149 7700 29

G 8 8 2 2 1 1 0.082 0.118 2244 1.2

Table 1: The perturbative IRFP coupling values, decoupling scale M and the dark baryon mass mD

for some representative models. Matter fields that are charged under both gauge symmetries decouple
at a mass scale M , which is determined from α∗

s and αs(MZ) = 0.1197 ± 0.0016 [20,21].

calculation. Assuming a common mass M for all scalars and fermions except the QCD quarks and

dark fermions charged only under dark QCD, the QCD coupling values, αs(M) = α∗
s and αs(MZ) =

0.1197 ± 0.0016 [20, 21], can be used to determine the decoupling scale M . For some representative

models, we show the IRFP gauge coupling values and the decoupling scale M in Table 1.

Once the scale M and the dark QCD coupling value αd(M) = α∗
d are known, we calculate the dark

QCD gauge coupling from the scale M to a lower scale. Because the gauge coupling αd increases as

the scale decreases, at a lower scale the dark QCD coupling can be large enough to trigger confinement

and chiral symmetry breaking. The actual determination of such a scale requires a non-perturbative

calculation. As a guidance, we use the chiral symmetry breaking condition from Cornwall, Jackiw and

Tomboulis effective potential [22], which has αd C2(Rf ) > π/3 or αd > π/4 [23]. From this condition,

we define the dark QCD scale through the relation αd(ΛdQCD) = π/4. Applying the same calculation to

our QCD scale, we have the relation between the proton mass and ΛQCD as mp ≈ 1.5ΛQCD. We apply

this relation to the dark QCD and obtain the dark matter (dark baryon) mass as mD ≈ 1.5ΛdQCD.

Similar to light flavors in our QCD, the dark quark masses have been assumed to be much lighter

than ΛdQCD and their contributions to the dark baryon mass can be neglected. We show the values

of mD for different models in the last column of Table 1.

There are around one million models that have both couplings to be asymptotic-free in UV and

provide infrared fixed points to explain dark baryon masses. Requiring 0.05 ≤ α∗
s ≤ 0.1 and a

perturbative α∗
d, the number of models reduces to tens of thousand. To understand the correlation

betweenM and the dark baryon mass, we further require 1.5 < mD/mp < 15, imagining that nD/nB =

O(1), such that the experimental value of ΩDM/ΩB can be explained up to a range of a factor of three.

4
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Possibility I: dark QCD

A B C D E F G
0.1

0.5
1.0

5.0
10.0

50.0
100.0

Models

!
D
M
!!

B

Figure 3: The ratios of the dark baryon energy density over the ordinary baryon energy density for
different models in Table 1. The dark lines are the ratios ΩDM/ΩB calculated using Eq. (11) for
different models, while the orange (grey) bands are obtained by letting the dark baryon mass vary
between 1/2 and 2 times the estimated value, to account for the uncertainty of the non-perturbative
estimation of ΛdQCD (a more precise calculation could be done at Lattice [33]). The green line is the
measured value of ΩDM/ΩB from the Planck collaboration.

models D, E, F and G have the necessary particle content to implement the asymmetry mechanism

in this section. Among different models, the model “E” has a dark matter mass around 3.5 GeV and

the ratio ΩDM/ΩB ≈ 4.9, which is very close to the measured value from the Planck collaboration.

A prominent issue in asymmetric dark matter model building is that the dark matter - anti dark

matter annihilation rate must be sufficiently efficient to prevent a large symmetric relic density. In our

model, this potential problem is naturally solved because the dark baryon and anti-baryon annihilation

into dark pions is very efficient, similar to the proton and anti-proton annihilation in the SM. The dark

pions do not carry dark baryon number, so they can decay into SM particles (unless they have their

discrete symmetries for stability, for instance in [34–36], which we don’t consider here). We discuss

their properties in the next section for the phenomenology of our model.

4 LHC and dark matter phenomenology

So far, the chiral symmetry, SU(nfd)L × SU(nfd)R, associated with the dark quarks is unbroken. To

provide masses to the otherwise massless Nambu-Goldstone bosons or dark pions, πd, we adopt the

Higgs portal and introduce the dark-flavor-blind interactions, X̄XH†H/Λ, which can be easily UV-

completed by introducing a gauge singlet field S with two couplings X̄XS and SH†H. The dark pion

8

any simpler possibility?

YB, Schwaller 
1306.4676

ΩDM

ΩBaryon
=

nDM mDM

np mp
≈

79
56

mD

mp
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Possibility II: 
dark matter from our QCD

Other states in QCD?
QCD phase diagram from the lattice at strong coupling Wolfgang Unger

 0

 0.2
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 0  0.5  1  1.5  2  2.5  3

tricritical
point

〈-ψ ψ 〉 = 0

〈-ψ ψ 〉 ≠ 0

1st order

2nd order
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1
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Vacuum
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Matter
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
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T [MeV ]

Color
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conductor?

Quarkyonic
Matter ?

Hadronic Matter
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〈   〉=0

1 st order

Neutron StarsNeutron Stars

2 nd orderO(4)

Figure 1: The Phase diagram in the strong coupling limit (left), as measured in a Monte Carlo
simulation, compared to the standard expectation of the continuum QCD phase diagram (right).
Both diagrams are for massless quarks.

the Grassmann constraint:

nx + Â
n̂=±0̂,...,±d̂

✓
kn̂(x)+

Nc

2
|`n̂(x)|

◆
= 3. (2.2)

This constraint restricts the number of admissible configurations {kb,nx,`} in Eq. (2.1) such that
mesonic degrees of freedom always add up to 3 and baryons form self-avoiding loops not in contact
with the mesons. The weight w(`,µ) and sign s(`) = ±1 for an oriented baryonic loop ` depend
on the loop geometry. The partition function Eq. (2.1) describes effectively only one quark flavor,
which however corresponds to four flavors in the continuum (see Sec. 4). It is valid for any quark
mass. We will however restrict here to the theoretically most interesting case of massless quarks,
mq = 0. In fact, in this representation the chiral limit is very cheap to study via Monte Carlo,
in contrast to conventional determinant-based lattice QCD where the chiral limit is prohibitively
expensive.

For staggered fermions in the strong coupling limit, there is a remnant of the chiral symmetry
U55(1) ⇢ SUL(Nf )⇥ SUR(Nf ). This symmetry is spontaneously broken at T = 0 and is restored
at some critical temperature Tc with the chiral condensate hȳyi being the order parameter of this
transition. As shown in Fig. 1 (left), we find that this transition is of second order. This is analogous
to the standard expectation in continuum QCD with Nf = 2 massless quarks, where the transition is
also believed to be of second order. Moreover, both for our numeric finding at strong coupling and
for the expectation in the continuum, the transition turns into first order as the chemical potential is
increased. Thus the first order line ends in a tricritical point, which is the massless analogue of the
chiral critical endpoint sought for in heavy ion collisions.

In fact, at strong coupling, the zero temperature nuclear transition at µB,c ' mB is intimately
connected to the chiral transition, and they coincide as long as the transition is first order. The
reason for this is the saturation on the lattice due to the Pauli principle: in the nuclear matter

3

Forcrand, et. al., arXiv:1503.08140
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Quark nuggets
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Formation from 1’st order phase 
transition

Witten, ’1984 
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T > Tc
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T ~ Tc
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Hadron bubbles grow
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Isolated quark nuggets
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Properties of quark nuggets
The mass of the quark nugget is

The radius of the quark nugget is 

MQN ∼ 1014 g

RQN ∼ 1 cm

The energy density of the QM is similar to a Neutron 
Star, except with a much smaller radius

“micro Neutron Star”

One example of Macroscopic Dark Matter
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JHEP04(2004)050

Figure 2: The phase diagram in physical units. Dotted line illustrates the crossover, solid line the
first order phase transition. The small square shows the endpoint. The depicted errors originate
from the reweighting procedure. Note, that an overall additional error of 1.3% comes from the
error of the scale determination at T=0. Combining the two sources of uncertainties one obtains
TE = 162 ± 2MeV and µE = 360 ± 40MeV.

The small change of the mass parameter on the line of constant physics (caused by the
change of the lattice spacing) slightly decreases the curvature.

The endpoint is at TE = 162± 2 MeV, µE = 360± 40 MeV. As expected, µE decreased
as we decreased the light quark masses down to their physical values (at approximately
three-times larger mu,d the critical point was at µE=720 MeV; see [8]).

The above result is a significant improvement on our previous analysis [8] by two
means. We increased the physical volume by a factor of three and decreased the light
quark masses by a factor of three. We carried out the whole analysis using four subsets of
our volumes (Ls = 6, 8, 10, Ls = 6, 8, Ls = 8, 10, 12 and Ls = 10, 12) and found that the
results changed only within their uncertainties. This fact indicates that the volumes of the
present study are large enough and that the finite volume analysis is reliable. We do not
expect finite size effects on µE. Clearly, more work is needed to get the final values. Most
importantly one has to extrapolate to the continuum limit.
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How to have QCD 1’st-order PT?
Making the strange quark lighter during the transition time 
(FOPT for 3 massless quarks)

For instance, using Froggatt-Nielsen fields to dynamically 
control quark masses (suffers fine-tuning and flavor 
constraints)

Supercool the electroweak phase transition to be below 
the QCD scale (requires a non-trivial flat potential)

Existing a large lepton number chemical potential (suffers 
from BBN and CMB constraints)
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QCD phase transition with θ ≠ 0
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QCD with θ = π

Dashen ’1971; Witten ’1980; 
Gaiotto, Kapustin, Komargodski, Seiberg, ’2017

In large , the periodicity in  and continuity of the 
vacuum energy function suggests a multibranched 
function

Nc θ

V(θ) = N2
c Λ4 mink cos ( θ + 2π k

Nc ) , k = 0,⋯, Nc − 1
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Phenomenological LSMq
V(Φ) = μ2Tr (Φ†Φ) + λ1 [Tr (Φ†Φ)]

2
+ λ2Tr [(Φ†Φ)2]

−
κ
2 [e−iθ det (Φ) + eiθ det (Φ†)]−Tr [H (Φ + Φ†)]

Φ = Ta (σa + iπa) H = Taha ℒYukawa ⊃ q [−gTa (σa + iγ5πa)] q
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Pisarski, hep-ph/9601316
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QCD PT inside domains
The early universe could have different domains with 
different effective  angleθ
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One half of the domains could have FOPT for QCD
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Discrete symmetry and domain wall
Spontaneous breaking of discrete symmetries generate 
domain walls in the early universe Zeldovich, Kobzarev, Okun, ’1974

V(S) =
λ
4

(S2 − f2)2 ℤ2

A non-perturbative solution to transit from one vacuum 
 to the other vacuum ⟨S⟩ = − f ⟨S⟩ = + f

S(z) = f tanh [ λ
2

f z]

-20 -10 0 10 20

-1.0
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0.0
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σ ≡ ∫
∞

−∞
T00dz =

2 2
3

λ f3
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QCD-anomalous discrete symmetry
For QCD to care different domains, one need to have the 
discrete symmetry ( ) anomalous under QCDℤN

ℒ ⊃ −
1

32π2
Gμν G̃ μν θ0 + ∑

ψ

2 qψ C(rψ) arg(S)

⟨S⟩j = f ei 2π j/N , with j = 0,1,⋯, N − 1V(S) ⇒

C(3) = 1/2

Assume , for instance from the Nelson-Barr mechanismθ0 = 0

For   .   For , the QCD 
instanton effects break all  symmetry 

qψ = 1, θj = 2π j nf /N gcd(nf , N) = 1
ℤN

Preskill, Trivedi, Wilczek, Wise, ’1991
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QCD-anomalous discrete symmetry

V(⟨S⟩j) = − m2
π f 2

π 1 −
4 mu md

(mu + md)2
sin2 ( π j

N )

Based on the chiral Lagrangian, different domains have 
different effective potential

Vmax
bias = 0.66 m2

π f 2
π ≈ (100.4 MeV)4 for N = even

A smaller dependent value when N− N = odd
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A Nelson-Barr model
CP is a good symmetry at the UV and is spontaneously 
broken in the IR Nelson, ’1983; Barr, ’1984

ℒ ⊃ Yu
ij H̃ u QiL ujR + (ηj ϕ + κj ϕ*) ψ̄L ujR + μ ψ̄L ψR + Yd

ij Hd QiL djR − V(Hu, Hd, ϕ)

ℤNB
2 : Hu → − Hu , Hd → Hd , ϕ → − ϕ

uR → − uR , ψL,R → ψL,R , QL → QL , dR → dR

4 domains:

(⟨Hd⟩, ⟨Hu⟩, ⟨ϕ⟩) = (v cos β, v sin β, f eiα) , (v cos β, v sin β, f e−iα) ,

(v cos β, − v sin β, − f eiα) , (v cos β, − v sin β, − f e−iα)

ℳu = ( Yu⟨ H̃ u⟩ 0
ηj⟨ϕ⟩ + κj⟨ϕ⟩* μ) arg[det(ℳu)] = 0 or π
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QCD-collapsed domain walls
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Around the QCD phase transition temperature, the 
domains with a lower potential expand and push walls to 
collapse
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Domain wall evolution 

Case I: domain walls never dominate the universe
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Domain wall evolution 

Case II: domain walls could dominate the universe
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Domain wall evolution 
After formation, the domain walls reach the so-called 
scaling region with an order-one number of walls per 
Hubble patch
The wall energy density is  , with , so 

, which drops slower than radiation energy 
density 

ρw ≈ σ/L L ≃ t
ρw ∝ t−1

ρR ∝ t−2

The walls will dominate the universe if they exist till

Tdom ≈ 45 MeV ( σ

1016 GeV3 )
1/2

( g*

10 )
−1/4

The walls annihilate at ( )pT ≈ pV

Tann ≈ 120 MeV ( Vbias

(100 MeV)4 )
1/2

( σ
1016 GeV3 )

−1/2

( g*

10 )
−1/4

Simulations: Martins et. al, 1602.01322, M. Kawasaki et. al, 1412.0789
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Different scenarios

no collapse

Tann < Tcaus

σ
(1016 GeV3)

4.2

2.6

Case II: domain-wall dominance
Tcaus < Tann < Tdom < Tj

QCD

Case I: radiation dominance
TBBN < Tdom < Tann < Tj

QCD

0.92

…… TBBN, Tdom < Tj
QCD < Tann

……

1.2

0.66
PTA data preferred
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GW for pulsar timing array (PTA)
Millisecond pulsar has a very 
stable rotation frequency 

Credit: Kurzgesagt

v(t) = v0 + ·v0 t
·v0/v0 ∼ 10−23 − 10−20 Hz

Using pulsar timing to find 
the common stochastic red 
process

19
78
Sv
A.
..
.2
2.
..
36
S
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Hellings-Downs curve

χ(ζ) =
1
2

−
1
4 ( 1 − cos ζ

2 ) +
3
2 ( 1 − cos ζ

2 ) ln ( 1 − cos ζ
2 )

NANOGrav-15, 2306.16213, 
see also CPTA,EPTA, PPTA

Hellings, Downs, ’1983



Yang Bai 3838

GW from domain wall collapse
From Einstein’s quadrupole formula , with Q as 
the transverse-traceless part of the quadrupole moment of matter.

PGW ∼ G (···Q)2

For domain walls, . So, Q ∼ MwallL(t)2 ρGW ∼ PGWH−1/L3

The peak frequency, f(tann) ∼ H(tann)

Red-shift to today’s universe

ΩGWh2(t0)
peak

= 3 × 10−8 ( σ
1016 GeV3 )

2

( Tann

100 MeV )
−4

( g*s

10 )
−4/3

fpeak = 1.1 × 10−8 Hz ( g*(Tann)
10 )

1/2

( g*s(Tann)
10 )

−1/3

( Tann

100 MeV )
It scales like , for  and  for . A harder 
spectrum for  from simulations

f3 f < fpeak f −1 f > fpeak
N > 2,

M. Kawasaki et. al, 1207.3166
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Domain-wall interpretation for PTA

NANOGrav-15, 2306.16219



Yang Bai 4040

Domain-wall interpretation for PTA
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αDW ≡
ρw(Tann)

ρw(Tann) + ρR(Tann)

green band indicate QCD phase transition T for different θ
N = 2 : σ ∈ (0.66,1.2) × 1016 GeV3

N = 6 : σ ∈ (0.9,1.3) × 1016 GeV3

Discrete symmetry breaking scale: f ≃ 100 TeV
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Gravitational wave spectroscopy
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Conclusions

42

Domain walls from a QCD-anomalous discrete symmetry 
could play such a role

The stochastic GW from domain collapses with the discrete 
symmetry breaking scale ~100 TeV has both frequency and 
amplitude match the PTA observed one

The quark nugget is a compelling dark matter candidate, 
with additional BSM physics that can modify the QCD phase 
transition

The dark matter coincidence problem suggests a non-trivial 
relationship between dark matter and QCD
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Dark Energy

Dark Matter

68.5%

26.5%

Ordinary Matter
5.0%

Dark matter is not dark, but rare!
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Thanks!
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