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Transition?
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Transition?

DM Freeze Out?

Baryogenesis?

Before BBN, most of what we know about the physics in the early Universe is an 
extrapolation based on the Standard Model + ingredients such as dark matter. 

In this talk, I’ll explore the idea that the QCD phase transition initially happened at a 
much higher temperature than ~GeV.



Outline

• The Baryon Asymmetry of the Universe


• Baryon asymmetry and the strong CP problem


• The QCD Phase Transition at 1 TeV


• Outlook & Future Directions



• Experiments show that:


• Cosmic rays contain:


• Density of hadrons in the Universe: If there had been equal 
baryons and anti-baryons, they would have annihilated and 
frozen out to a much smaller density:
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Big Bang Nucleosynthesis
• The ratios of the primordial 

elements are also sensitive 
to the baryon asymmetry.


• Y is more or less 
equivalent to the fraction 
of  He.


• The 7Li abundance is 
marginally inconsistent 
with the most accurate 
determinations from 
deuterium and Helium.


• The best fit value agrees 
with CMB determinations.
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23. Big-Bang nucleosynthesis 3

Figure 23.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted
by the standard model of Big-Bang nucleosynthesis — the bands show the 95%
CL range [5]. Boxes indicate the observed light element abundances. The narrow
vertical band indicates the CMB measure of the cosmic baryon density, while the
wider band indicates the BBN D+4He concordance range (both at 95% CL).

predictions and thus in the key reaction cross sections. For example, it has been suggested
[31,32] that d(p, γ)3He measurements may suffer from systematic errors and be inferior to
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Cosmic Microwave Background

• The sizes of the doppler peaks of the CMB are sensitive to the 
number of baryons in the Universe.

8 J. M. Cline

10 100 1000
multipole, l

0

2000

4000

6000

8000
C

M
B

 t
em

p
er

at
u

re
 f

lu
ct

u
at

io
n

s
15% higher  ! value
accepted  !  value

15% lower  ! value
WMAP data

Fig. 2. Dependence of the CMB Doppler peaks on η.

as large as the presently observable universe. There seems to be no plausible way

of separating baryons and antibaryons from each other on such large scales.

It is interesting to note that in a homogeneous, baryon-symmetric universe,

there would still be a few baryons and antibaryons left since annihilations aren’t

perfectly efficient. But the freeze-out abundance is

nB

nγ
=

nB̄

nγ
≈ 10−20 (1.7)

(see ref. [4], p. 159), which is far too small for the BBN or CMB.

In the early days of big bang cosmology, the baryon asymmetry was consid-

ered to be an initial condition, but in the context of inflation this idea is no longer

tenable. Any baryon asymmetry existing before inflation would be diluted to a

negligible value during inflation, due to the production of entropy during reheat-

ing.

It is impressive that A. Sakharov realized the need for dynamically creating

the baryon asymmetry in 1967 [5], more than a decade before inflation was in-

vented. The idea was not initially taken seriously; in fact it was not referenced

again, with respect to the idea of baryogenesis, until 1979 [6]. Now it has 1040

citations (encouragement to those of us who are still waiting for our most interest-

ing papers to be noticed!). It was only with the advent of grand unified theories,

WMAP

Hu, Dodelson Ann.Rev.Astron.Astrophys.40, 171 (2002)



Questions for Particle Physics

• It could be that the baryon asymmetry is an initial condition of 
our Universe.  This would have been mysterious, but possible.


• However, it is hard to reconcile this idea with the evidence for 
inflation.  Inflation erases all primordial abundances, and 
regenerates them thermally.


• As an input to nucleosynthesis, the baryon asymmetry must be 
generated by scales around a GeV.  So it is a problem for particle 
physics to solve.



Sakharov Conditions

1.  B Violation: If we can’t generate baryon number 
(“B”) through some process, we are dead in the 
water.


2.  C and CP Violation: Essentially, if we don’t violate 
C and CP,  the sum of all baryon-violating processes 
will still result in no net baryon number.


3.  Out of Equilibrium: If the processes which violate B 
are in equilibrium, the reverse processes will cancel 
out the B generated.

Requirements for baryogenesis from a baryon symmetric starting point:



• At first glance, weak scale baryogenesis looks problematic.  We 
need reasonably strong B violation, but we look for such things at 
low energies, mediated by irrelevant operators, and see no signs:


• ΔB=1: Proton decay: Λ > around 10  GeV


• ΔB=2: n-nbar oscillation: Λ > around 10  GeV


• So it seems that any B-violating interaction should be highly 
suppressed at the weak scale.

B Violation at Low Scales
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B Violaton
•The electroweak instantons of the SM violate baryon and lepton number.


•Perturbatively, weak interactions preserve B and L, but non-
perturbatively, there is a triangle anomaly between B+L and the SU(2) 
interaction.


•The sphalerons destroy 3 quarks of each family and one lepton of each 
family.  They preserve B-L.  (Actually, over-all B-L for each lepton family i 
is effectively preserved).
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Sphaleron Rates
• The sphalerons can also naturally explain the paradox of 

strong baryon-number violation at temperatures around 100 
GeV, but very small rates in low energy tests.


• At low temperatures, when the Electroweak symmetry is 
broken, the masses for the W and Z fields imply that it costs 
energy to form the sphaleron configuration.  The sphaleron rate 
is roughly:


• At high temperatures, the electroweak symmetry is restored.  
The sphalerons become completely unhindered by electroweak 
symmetry-breaking masses, and proceed very rapidly.

Esph !

8πv

gΓ ∼ e
−Esph/T



EWBG: Basic Picture
• At the critical temperature, a 

bubble of true vacuum 
nucleates, and expands.

• CP violation, combined with 
the EW sphalerons, induces 
an asymmetry between 
matter and anti-matter at the 
surface of the bubble.

• The quarks fall into the 
bubble.  Once inside 
sphaleron processes are 
switched off, and quarks can’t 
be processed away.
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It Almost Works!
• There is a strong connection between Higgs physics and the EW phase 

transition.


• The connection comes through the thermal corrections to the Higgs 
potential from the plasma of SM fields:


• In order to get a first order phase transition, one must have a small Higgs 
quartic, such that:


• This is close enough to working that theories that do nothing more than add 
fields coupling strongly to the Higgs can be enough to make it viable.  The 
MSSM is a famous example.


• The SM also does not have enough effective CP violation in the CKM matrix.

mH < 50 GeV
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Strong CP?
• An interesting idea is to invoke a strong CP phase as the source 

of CP violation.


• Of course, in the SM we know that the neutron EDM requires 


• But if there is a dynamical solution to the strong CP problem such 
as the axion, the effective phase could be different in the early 
Universe before the axion reaches the minimum of its potential.
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…so it’s irrelevant…



Thermal History
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<latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit>



The Challenge

There is a mismatch between the 
periods of  B-violation and the 

Universe being out of equilibrium

TEW TQCD

�sph
<latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit>

ma(T )
<latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit>

✓e↵
<latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit>



Supercooled EW Transition

�sph
<latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit>

✓e↵
<latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit><latexit sha1_base64="U6ilyijN6LuQ2QiRMqgiI9k1zuI=">AAAB+XicbZBLS8NAFIUnPmt9RV26GSyCq5KIoMuiG5cV7APaECbTm3boTBJmbgol9J+4caGIW/+JO/+N0weitQcGPs65l7mcKJPCoOd9OWvrG5tb26Wd8u7e/sGhe3TcNGmuOTR4KlPdjpgBKRJooEAJ7UwDU5GEVjS8m+atEWgj0uQRxxkEivUTEQvO0Fqh63ZxAMjCoqsVhTiehG7Fr3oz0R/wlp0KWageup/dXspzBQlyyYzp+F6GQcE0Ci5hUu7mBjLGh6wPHYsJU2CCYnb5hJ5bp0fjVNuXIJ25vzcKpowZq8hOKoYDs5xNzVVZJ8f4JihEkuUICZ9/FOeSYkqnNdCe0MBRji0wroW9lfIB04yjLau8soR/0Lys+pYfriq120UdJXJKzsgF8ck1qZF7UicNwsmIPJEX8uoUzrPz5rzPR9ecxc4J+SPn4xuew5Oi</latexit>

TEW TQCD

ma(T )
<latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit>

Kuzmin, Shaposhnikov, Tkachev PRD45, 466 (1992)

[also Witten NPB177, 477 (1981) ]


…

(more on this shortly)



• The non-zero θeff looks like a tadpole for GG:


• Which in turn sources WW:
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<latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit><latexit sha1_base64="rW5GF9QSNr+v/WNxxuEW2co5JFU="></latexit>
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<latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko="></latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko="></latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko="></latexit><latexit sha1_base64="8vbA6chxJ4T5HkDn+KYCZ2Q13ko="></latexit>
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<latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit><latexit sha1_base64="LBXXCr3NKJRPS/QoG9QGgwViMug="></latexit>

}
<latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit> }

<latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit><latexit sha1_base64="ifI9GKHGV456Px/eSdr0uH3fqkE=">AAAB+HicjVDLSsNAFJ3UV62PRl26GSyCq5KIoMuiG5cV7AOaUCbTm3boZBJmboQa+iVuXCji1k9x5984fSxUFDxw4XDOvdzDiTIpDHreh1NaWV1b3yhvVra2d3ar7t5+26S55tDiqUx1N2IGpFDQQoESupkGlkQSOtH4auZ37kAbkapbnGQQJmyoRCw4Qyv13WogIcZgSgMthiOs992aX/fmoH+TGlmi2Xffg0HK8wQUcsmM6flehmHBNAouYVoJcgMZ42M2hJ6liiVgwmIefEqPrTKgcartKKRz9etFwRJjJklkNxOGI/PTm4m/eb0c44uwECrLERRfPIpzSTGlsxboQGjgKCeWMK6FzUr5iGnG0XZV+V8J7dO6b/nNWa1xuayjTA7JETkhPjknDXJNmqRFOMnJA3kiz8698+i8OK+L1ZKzvDkg3+C8fQJtlZLs</latexit>

⌘ �(T )
<latexit sha1_base64="OtVW5NiJsuRPJahzCApKwOTo4/o=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEuimJCLosunFZoQ+hCWUynbRDJ5M4j0IN/RI3LhRx66e482+cPhYqCh64cDjnXu7hRBlnSnveh1NYWV1b3yhulra2d3bL7t5+W6VGEtoiKU/lbYQV5UzQlmaa09tMUpxEnHai0dXM74ypVCwVTT3JaJjggWAxI1hbqeeWA3pn2BgFZMhQtXnScyt+zZsD/U0qsESj574H/ZSYhApNOFaq63uZDnMsNSOcTkuBUTTDZIQHtGupwAlVYT4PPkXHVumjOJV2hEZz9etFjhOlJklkNxOsh+qnNxN/87pGxxdhzkRmNBVk8Sg2HOkUzVpAfSYp0XxiCSaS2ayIDLHERNuuSv8roX1a8y2/OavUL5d1FOEQjqAKPpxDHa6hAS0gYOABnuDZuXcenRfndbFacJY3B/ANztsnZeeSPw==</latexit><latexit sha1_base64="OtVW5NiJsuRPJahzCApKwOTo4/o=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEuimJCLosunFZoQ+hCWUynbRDJ5M4j0IN/RI3LhRx66e482+cPhYqCh64cDjnXu7hRBlnSnveh1NYWV1b3yhulra2d3bL7t5+W6VGEtoiKU/lbYQV5UzQlmaa09tMUpxEnHai0dXM74ypVCwVTT3JaJjggWAxI1hbqeeWA3pn2BgFZMhQtXnScyt+zZsD/U0qsESj574H/ZSYhApNOFaq63uZDnMsNSOcTkuBUTTDZIQHtGupwAlVYT4PPkXHVumjOJV2hEZz9etFjhOlJklkNxOsh+qnNxN/87pGxxdhzkRmNBVk8Sg2HOkUzVpAfSYp0XxiCSaS2ayIDLHERNuuSv8roX1a8y2/OavUL5d1FOEQjqAKPpxDHa6hAS0gYOABnuDZuXcenRfndbFacJY3B/ANztsnZeeSPw==</latexit><latexit sha1_base64="OtVW5NiJsuRPJahzCApKwOTo4/o=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEuimJCLosunFZoQ+hCWUynbRDJ5M4j0IN/RI3LhRx66e482+cPhYqCh64cDjnXu7hRBlnSnveh1NYWV1b3yhulra2d3bL7t5+W6VGEtoiKU/lbYQV5UzQlmaa09tMUpxEnHai0dXM74ypVCwVTT3JaJjggWAxI1hbqeeWA3pn2BgFZMhQtXnScyt+zZsD/U0qsESj574H/ZSYhApNOFaq63uZDnMsNSOcTkuBUTTDZIQHtGupwAlVYT4PPkXHVumjOJV2hEZz9etFjhOlJklkNxOsh+qnNxN/87pGxxdhzkRmNBVk8Sg2HOkUzVpAfSYp0XxiCSaS2ayIDLHERNuuSv8roX1a8y2/OavUL5d1FOEQjqAKPpxDHa6hAS0gYOABnuDZuXcenRfndbFacJY3B/ANztsnZeeSPw==</latexit><latexit sha1_base64="OtVW5NiJsuRPJahzCApKwOTo4/o=">AAAB+HicjVDLSsNAFL2pr1ofjbp0M1iEuimJCLosunFZoQ+hCWUynbRDJ5M4j0IN/RI3LhRx66e482+cPhYqCh64cDjnXu7hRBlnSnveh1NYWV1b3yhulra2d3bL7t5+W6VGEtoiKU/lbYQV5UzQlmaa09tMUpxEnHai0dXM74ypVCwVTT3JaJjggWAxI1hbqeeWA3pn2BgFZMhQtXnScyt+zZsD/U0qsESj574H/ZSYhApNOFaq63uZDnMsNSOcTkuBUTTDZIQHtGupwAlVYT4PPkXHVumjOJV2hEZz9etFjhOlJklkNxOsh+qnNxN/87pGxxdhzkRmNBVk8Sg2HOkUzVpAfSYp0XxiCSaS2ayIDLHERNuuSv8roX1a8y2/OavUL5d1FOEQjqAKPpxDHa6hAS0gYOABnuDZuXcenRfndbFacJY3B/ANztsnZeeSPw==</latexit>
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B

<latexit sha1_base64="HoehnYgDpjGOLNWwt+iRxxSDlDE=">AAAB/XicjVDLSsNAFL2pr1pf8bFzM1gEVyURQZelblxWsA9oYphMJ+3YmSTMTIQair/ixoUibv0Pd/6Nk7YLFQUP3MvhnHtnLidMOVPacT6s0sLi0vJKebWytr6xuWVv77RVkklCWyThieyGWFHOYtrSTHPaTSXFIuS0E47OC79zS6ViSXylxyn1BR7ELGIEayMF9p6XYqkZ5oEnMnRzbXrQCOyqW3OmQH+TKszRDOx3r5+QTNBYE46V6rlOqv28eJlwOql4maIpJiM8oD1DYyyo8vPp9RN0aJQ+ihJpKtZoqn7dyLFQaixCMymwHqqfXiH+5vUyHZ35OYvTTNOYzD6KMo50goooUJ9JSjQfG4KJZOZWRIZYYqJNYJX/hdA+rrmGX55U6415HGXYhwM4AhdOoQ4X0IQWELiDB3iCZ+veerRerNfZaMma7+zCN1hvn1mPlSM=</latexit><latexit sha1_base64="HoehnYgDpjGOLNWwt+iRxxSDlDE=">AAAB/XicjVDLSsNAFL2pr1pf8bFzM1gEVyURQZelblxWsA9oYphMJ+3YmSTMTIQair/ixoUibv0Pd/6Nk7YLFQUP3MvhnHtnLidMOVPacT6s0sLi0vJKebWytr6xuWVv77RVkklCWyThieyGWFHOYtrSTHPaTSXFIuS0E47OC79zS6ViSXylxyn1BR7ELGIEayMF9p6XYqkZ5oEnMnRzbXrQCOyqW3OmQH+TKszRDOx3r5+QTNBYE46V6rlOqv28eJlwOql4maIpJiM8oD1DYyyo8vPp9RN0aJQ+ihJpKtZoqn7dyLFQaixCMymwHqqfXiH+5vUyHZ35OYvTTNOYzD6KMo50goooUJ9JSjQfG4KJZOZWRIZYYqJNYJX/hdA+rrmGX55U6415HGXYhwM4AhdOoQ4X0IQWELiDB3iCZ+veerRerNfZaMma7+zCN1hvn1mPlSM=</latexit><latexit sha1_base64="HoehnYgDpjGOLNWwt+iRxxSDlDE=">AAAB/XicjVDLSsNAFL2pr1pf8bFzM1gEVyURQZelblxWsA9oYphMJ+3YmSTMTIQair/ixoUibv0Pd/6Nk7YLFQUP3MvhnHtnLidMOVPacT6s0sLi0vJKebWytr6xuWVv77RVkklCWyThieyGWFHOYtrSTHPaTSXFIuS0E47OC79zS6ViSXylxyn1BR7ELGIEayMF9p6XYqkZ5oEnMnRzbXrQCOyqW3OmQH+TKszRDOx3r5+QTNBYE46V6rlOqv28eJlwOql4maIpJiM8oD1DYyyo8vPp9RN0aJQ+ihJpKtZoqn7dyLFQaixCMymwHqqfXiH+5vUyHZ35OYvTTNOYzD6KMo50goooUJ9JSjQfG4KJZOZWRIZYYqJNYJX/hdA+rrmGX55U6415HGXYhwM4AhdOoQ4X0IQWELiDB3iCZ+veerRerNfZaMma7+zCN1hvn1mPlSM=</latexit><latexit sha1_base64="HoehnYgDpjGOLNWwt+iRxxSDlDE=">AAAB/XicjVDLSsNAFL2pr1pf8bFzM1gEVyURQZelblxWsA9oYphMJ+3YmSTMTIQair/ixoUibv0Pd/6Nk7YLFQUP3MvhnHtnLidMOVPacT6s0sLi0vJKebWytr6xuWVv77RVkklCWyThieyGWFHOYtrSTHPaTSXFIuS0E47OC79zS6ViSXylxyn1BR7ELGIEayMF9p6XYqkZ5oEnMnRzbXrQCOyqW3OmQH+TKszRDOx3r5+QTNBYE46V6rlOqv28eJlwOql4maIpJiM8oD1DYyyo8vPp9RN0aJQ+ihJpKtZoqn7dyLFQaixCMymwHqqfXiH+5vUyHZ35OYvTTNOYzD6KMo50goooUJ9JSjQfG4KJZOZWRIZYYqJNYJX/hdA+rrmGX55U6415HGXYhwM4AhdOoQ4X0IQWELiDB3iCZ+veerRerNfZaMma7+zCN1hvn1mPlSM=</latexit>



• Integrating by parts, this is a term in the action representing a 
chemical potential for baryons:


• Which leads to baryon production:

Spontaneous Baryogenesis
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• Kuzmin et al engineer the super-cooled 
EW phase transition by invoking a 
Coleman-Weinberg potential for the 
Higgs.


• (That was still an option in 1992…)


• Today, one can arrive at something 
appropriate with a modified Higgs 
sector.


• For that choice, the barrier between the 
symmetric and broken phases is hefty 
enough that around TQCD, there wouldn’t 
have been enough time to tunnel.

Phase Transition

e.g.  in a RS composite Higgs model:

von Harling, Servant JHEP1801, 159 (2018)

V(h)

<h>



• However, the QCD phase 
transition breaks chiral 
symmetry, inducing a quark 
condensate.


• For nf = 6 massless 
flavors, this is expected to 
be a first order transition.


• That already breaks the 
electroweak symmetry.


• It also looks like a tadpole 
for the Higgs, which triggers 
EWSB & quark masses.

QCD Phase Transition
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Figure 1: Schematic phase transition behavior of Nf = 2+1 flavor QCD in the (T, µ) plane (left panel)
and for vanishing chemical potential in the (mu,d, ms) quark mass plane (right panel)[4].

In the opposite quark mass limit, the so-called quenched limit of QCD with infinitely heavy quark
masses, QCD reduces to a pure SU(Nc) gauge theory which is invariant under a global Z(Nc) center
symmetry. In contrast to the chiral symmetry, the center symmetry is spontaneously broken at high
temperatures and densities, i.e., in the color deconfined quark-gluon plasma phase and is restored in
the hadronic phase at small temperatures and densities. The associated phase transition from the
hadronic (glueball) phase to the color deconfined plasma phase is the confinement/deconfinement phase
transition. The center symmetry is always broken explicitly when dynamical quarks are present, i.e.,
when the quenched limit of QCD is left.

Both phase transitions are conceptually distinct phenomena of QCD. For the experiment it is im-
portant to investigate and understand the interplay between these phase transitions, in particular, for
realistic quark masses. Based on theoretical models and QCD lattice simulations a generic phase dia-
gram for Nf = 2 + 1 quark flavors in the temperature and (baryo)chemical potential µ plane can be
drawn as in the left panel of Fig. 1. Here not only the chiral and deconfinement phase transition from
the hadronic fluid phase to the quark-gluon plasma are shown. The regions probed by some already
running or planned relativistic heavy-ion collision experiments such as ALICE, RHIC, CBM and SPS
are also marked in the figure. So far, it is still an open issue whether both phase transitions, the chiral
and deconfinement transition, take place at the same temperatures and densities yielding thus a single
transition or crossover line in the QCD phase diagram as indicated in the figure. For example, McLerran
and Pisarksi suggested that this is not the case at moderate temperature and large chemical potential.
Based on large-Nc arguments, they concluded that in this phase diagram region there might be a new,
so-called quarkyonic phase which is still confining but chirally symmetric [3].

The situation is even more sophisticated since some properties of the chiral phase transition such
as its order depend on Nf and the strength of the axial anomaly. The status for vanishing chemical
potential is partly summarized in the right panel of Fig. 1: in the limiting case of two massless light
quarks, mu,d = 0, and an infinite strange quark mass ms, which corresponds to Nf = 2, it is conjectured
that the finite temperature chiral phase transition is of second-order for a constant anomaly strength
and lies in the universality class of the Heisenberg O(4) model in three dimensions.

If the anomaly strength is identified with the instanton density, a temperature-dependent strength
of the axial anomaly would arise. It is supposed that the strength vanishes at high temperatures. This
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hq̄qi ⇠ ⇤3
<latexit sha1_base64="f2/XRauWp5nDdke2aodbM+EVLhM=">AAACEXicjVDLSsNAFJ3UV62vqEs3g0XoqiQq6LLoxoWLCvYBTS03k0k7dDJJZyZCCf0FN/6KGxeKuHXnzr9x2mahouCBC4dz7r0z9/gJZ0o7zodVWFhcWl4prpbW1jc2t+ztnaaKU0log8Q8lm0fFOVM0IZmmtN2IilEPqctf3g+9Vu3VCoWi2s9Tmg3gr5gISOgjdSzKx4H0ecUez7IbDTBI+zJXFEswt6l2RXAzVHPLrtVZwb8NymjHPWe/e4FMUkjKjThoFTHdRLdzUBqRjidlLxU0QTIEPq0Y6iAiKpuNrtogg+MEuAwlqaExjP160QGkVLjyDedEeiB+ulNxd+8TqrD027GRJJqKsj8oTDlWMd4Gg8OmKRE87EhQCQzf8VkABKINiGW/hdC87DqGn51XK6d5XEU0R7aRxXkohNUQxeojhqIoDv0gJ7Qs3VvPVov1uu8tWDlM7voG6y3T3QlnMA=</latexit><latexit sha1_base64="f2/XRauWp5nDdke2aodbM+EVLhM=">AAACEXicjVDLSsNAFJ3UV62vqEs3g0XoqiQq6LLoxoWLCvYBTS03k0k7dDJJZyZCCf0FN/6KGxeKuHXnzr9x2mahouCBC4dz7r0z9/gJZ0o7zodVWFhcWl4prpbW1jc2t+ztnaaKU0log8Q8lm0fFOVM0IZmmtN2IilEPqctf3g+9Vu3VCoWi2s9Tmg3gr5gISOgjdSzKx4H0ecUez7IbDTBI+zJXFEswt6l2RXAzVHPLrtVZwb8NymjHPWe/e4FMUkjKjThoFTHdRLdzUBqRjidlLxU0QTIEPq0Y6iAiKpuNrtogg+MEuAwlqaExjP160QGkVLjyDedEeiB+ulNxd+8TqrD027GRJJqKsj8oTDlWMd4Gg8OmKRE87EhQCQzf8VkABKINiGW/hdC87DqGn51XK6d5XEU0R7aRxXkohNUQxeojhqIoDv0gJ7Qs3VvPVov1uu8tWDlM7voG6y3T3QlnMA=</latexit><latexit sha1_base64="f2/XRauWp5nDdke2aodbM+EVLhM=">AAACEXicjVDLSsNAFJ3UV62vqEs3g0XoqiQq6LLoxoWLCvYBTS03k0k7dDJJZyZCCf0FN/6KGxeKuHXnzr9x2mahouCBC4dz7r0z9/gJZ0o7zodVWFhcWl4prpbW1jc2t+ztnaaKU0log8Q8lm0fFOVM0IZmmtN2IilEPqctf3g+9Vu3VCoWi2s9Tmg3gr5gISOgjdSzKx4H0ecUez7IbDTBI+zJXFEswt6l2RXAzVHPLrtVZwb8NymjHPWe/e4FMUkjKjThoFTHdRLdzUBqRjidlLxU0QTIEPq0Y6iAiKpuNrtogg+MEuAwlqaExjP160QGkVLjyDedEeiB+ulNxd+8TqrD027GRJJqKsj8oTDlWMd4Gg8OmKRE87EhQCQzf8VkABKINiGW/hdC87DqGn51XK6d5XEU0R7aRxXkohNUQxeojhqIoDv0gJ7Qs3VvPVov1uu8tWDlM7voG6y3T3QlnMA=</latexit><latexit sha1_base64="f2/XRauWp5nDdke2aodbM+EVLhM=">AAACEXicjVDLSsNAFJ3UV62vqEs3g0XoqiQq6LLoxoWLCvYBTS03k0k7dDJJZyZCCf0FN/6KGxeKuHXnzr9x2mahouCBC4dz7r0z9/gJZ0o7zodVWFhcWl4prpbW1jc2t+ztnaaKU0log8Q8lm0fFOVM0IZmmtN2IilEPqctf3g+9Vu3VCoWi2s9Tmg3gr5gISOgjdSzKx4H0ecUez7IbDTBI+zJXFEswt6l2RXAzVHPLrtVZwb8NymjHPWe/e4FMUkjKjThoFTHdRLdzUBqRjidlLxU0QTIEPq0Y6iAiKpuNrtogg+MEuAwlqaExjP160QGkVLjyDedEeiB+ulNxd+8TqrD027GRJJqKsj8oTDlWMd4Gg8OmKRE87EhQCQzf8VkABKINiGW/hdC87DqGn51XK6d5XEU0R7aRxXkohNUQxeojhqIoDv0gJ7Qs3VvPVov1uu8tWDlM7voG6y3T3QlnMA=</latexit>

hhi = 0
<latexit sha1_base64="l61okL85bOZl9BQhOrNdsi9jXeQ=">AAAB/nicjZBLS8NAFIVv6qvWV1RcuRksgquSiKAboejGZQVbC00ok+lNO3QyCTMToYSCf8WNC0Xc+jvc+W+cPhYqCh4Y+DjnXuZyokxwbTzvwyktLC4tr5RXK2vrG5tb7vZOS6e5YthkqUhVO6IaBZfYNNwIbGcKaRIJvI2Gl5P89g6V5qm8MaMMw4T2JY85o8ZaXXcvEFT2BZIBCdSMzonXdat+zZuK/A1VmKvRdd+DXsryBKVhgmrd8b3MhAVVhjOB40qQa8woG9I+dixKmqAOi+n5Y3JonR6JU2WfNGTqft0oaKL1KInsZELNQP/MJuZvWSc38VlYcJnlBiWbfRTngpiUTLogPa6QGTGyQJni9lbCBlRRZmxjlf+V0Dqu+ZavT6r1i3kdZdiHAzgCH06hDlfQgCYwKOABnuDZuXcenRfndTZacuY7u/BNztsnbueUeQ==</latexit><latexit sha1_base64="l61okL85bOZl9BQhOrNdsi9jXeQ=">AAAB/nicjZBLS8NAFIVv6qvWV1RcuRksgquSiKAboejGZQVbC00ok+lNO3QyCTMToYSCf8WNC0Xc+jvc+W+cPhYqCh4Y+DjnXuZyokxwbTzvwyktLC4tr5RXK2vrG5tb7vZOS6e5YthkqUhVO6IaBZfYNNwIbGcKaRIJvI2Gl5P89g6V5qm8MaMMw4T2JY85o8ZaXXcvEFT2BZIBCdSMzonXdat+zZuK/A1VmKvRdd+DXsryBKVhgmrd8b3MhAVVhjOB40qQa8woG9I+dixKmqAOi+n5Y3JonR6JU2WfNGTqft0oaKL1KInsZELNQP/MJuZvWSc38VlYcJnlBiWbfRTngpiUTLogPa6QGTGyQJni9lbCBlRRZmxjlf+V0Dqu+ZavT6r1i3kdZdiHAzgCH06hDlfQgCYwKOABnuDZuXcenRfndTZacuY7u/BNztsnbueUeQ==</latexit><latexit sha1_base64="l61okL85bOZl9BQhOrNdsi9jXeQ=">AAAB/nicjZBLS8NAFIVv6qvWV1RcuRksgquSiKAboejGZQVbC00ok+lNO3QyCTMToYSCf8WNC0Xc+jvc+W+cPhYqCh4Y+DjnXuZyokxwbTzvwyktLC4tr5RXK2vrG5tb7vZOS6e5YthkqUhVO6IaBZfYNNwIbGcKaRIJvI2Gl5P89g6V5qm8MaMMw4T2JY85o8ZaXXcvEFT2BZIBCdSMzonXdat+zZuK/A1VmKvRdd+DXsryBKVhgmrd8b3MhAVVhjOB40qQa8woG9I+dixKmqAOi+n5Y3JonR6JU2WfNGTqft0oaKL1KInsZELNQP/MJuZvWSc38VlYcJnlBiWbfRTngpiUTLogPa6QGTGyQJni9lbCBlRRZmxjlf+V0Dqu+ZavT6r1i3kdZdiHAzgCH06hDlfQgCYwKOABnuDZuXcenRfndTZacuY7u/BNztsnbueUeQ==</latexit><latexit sha1_base64="l61okL85bOZl9BQhOrNdsi9jXeQ=">AAAB/nicjZBLS8NAFIVv6qvWV1RcuRksgquSiKAboejGZQVbC00ok+lNO3QyCTMToYSCf8WNC0Xc+jvc+W+cPhYqCh4Y+DjnXuZyokxwbTzvwyktLC4tr5RXK2vrG5tb7vZOS6e5YthkqUhVO6IaBZfYNNwIbGcKaRIJvI2Gl5P89g6V5qm8MaMMw4T2JY85o8ZaXXcvEFT2BZIBCdSMzonXdat+zZuK/A1VmKvRdd+DXsryBKVhgmrd8b3MhAVVhjOB40qQa8woG9I+dixKmqAOi+n5Y3JonR6JU2WfNGTqft0oaKL1KInsZELNQP/MJuZvWSc38VlYcJnlBiWbfRTngpiUTLogPa6QGTGyQJni9lbCBlRRZmxjlf+V0Dqu+ZavT6r1i3kdZdiHAzgCH06hDlfQgCYwKOABnuDZuXcenRfndTZacuY7u/BNztsnbueUeQ==</latexit>



• The resulting baryon asymmetry is:


• Allowing for entropy production after the phase transition:


• This leads to a new problem.  The weak bosons get masses of 
order 100 GeV once the EW symmetry is fully broken.  Their 
decays instantly produce too much entropy, which dilutes the 
baryon asymmetry by about 10-9.
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<latexit sha1_base64="qr/EgJUexndTkkaAraibDMRmR4Q="></latexit><latexit sha1_base64="qr/EgJUexndTkkaAraibDMRmR4Q="></latexit><latexit sha1_base64="qr/EgJUexndTkkaAraibDMRmR4Q="></latexit><latexit sha1_base64="qr/EgJUexndTkkaAraibDMRmR4Q="></latexit>
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cos ✓e↵
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TQCD

TRH

◆3 ✓ ⇤

TQCD

◆7

<latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="clP8EuqGUfblhCv+cwSBURkeIPY="></latexit><latexit sha1_base64="piSLE+jzzcnmbihQYJldRC0rueA="></latexit><latexit sha1_base64="bh27KsLKJZ5vJVDTnjbF1ChZqpA="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="ck8pdC+ekZH4nUmSP+ZG7r8lEyk=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odOn4MoA7ncAFXEMIN3MEDdKALAhJ4hXdv4r15H6uuat66tDP4I+/zBzjGijg=</latexit><latexit sha1_base64="clP8EuqGUfblhCv+cwSBURkeIPY="></latexit><latexit sha1_base64="piSLE+jzzcnmbihQYJldRC0rueA="></latexit><latexit sha1_base64="bh27KsLKJZ5vJVDTnjbF1ChZqpA="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit><latexit sha1_base64="k1hAZ1vTYMLbYwHjhRd/h/ZAjco="></latexit>

' 5⇥ 10�9

✓
TQCD

TRH

◆3

<latexit sha1_base64="s4QpbgBUFyNale38EUlZFq4usMU="></latexit><latexit sha1_base64="s4QpbgBUFyNale38EUlZFq4usMU="></latexit><latexit sha1_base64="s4QpbgBUFyNale38EUlZFq4usMU="></latexit><latexit sha1_base64="s4QpbgBUFyNale38EUlZFq4usMU="></latexit>



Strategy #2

TEW TQCD

�sph
<latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit><latexit sha1_base64="BEPmePuzi6/FLgpR32XXyoKRSIw=">AAAB+HicdZBLSwMxFIXv1Fetr1GXboJFcFWmIqi7ogtdVnBsoTMMmTTThiaZIckUytB/4saFilt/ijv/jelDqEUPBD7OuZdcTpxxpo3nfTmlldW19Y3yZmVre2d3z90/eNRprgj1ScpT1Y6xppxJ6htmOG1nimIRc9qKBzeTvDWkSrNUPphRRkOBe5IljGBjrch1g1ssBI6KQAmks/44cqv1mjcV8n6gvgxVmKsZuZ9BNyW5oN IQjrXu1L3MhAVWhhFOx5Ug1zTDZIB7tGNRYkF1WEwvH6MT63RRkir7pEFTd3GjwELrkYjtpMCmr5eziflX1slNchkWTGa5oZLMPkpyjkyKJjWgLlOUGD6ygIli9lZE+lhhYmxZlcUS/gf/rHZV8+7Pq43reRtlOIJjOIU6XEAD7qAJPhAYwhO8wKtTOM/Om/M+Gy05851D+CXn4xveZ5Nc</latexit>

ma(T )
<latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit><latexit sha1_base64="WV8gAjV/eCYamlMpbuU65LkH9h0=">AAAB7XicdVDJSgNBEK2JW4xb1KOXxiDES5iRgB6DXjxGyAbJEHo6PUmbXobuHiEM+QcvHhTx6v9482/sLIiKeVDweK+KqnpRwpmxvv/p5dbWNza38tuFnd29/YPi4VHLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY1vZn77gWrDlGzYSUJDgYeSxYxg66SW6ONy47xfLPkVfw4UrCQlWKLeL370BoqkgkpLODamG/iJDTOsLSOcTgu91NAEkzEe0q6jEgtqwmx+7RSdOWWAYqVdSYvm6s+JDAtjJiJynQLbkfnrzcT/vG5q46swYzJJLZVksShOObIKzV5HA6YpsXziCCaauVsRGWGNiXUBFVwIq3//Jq2LSuD4XbVUu17GkYcTOIUyBHAJNbiFOjSBwD08wjO8eMp78l69t0VrzlvOHMMveO9fs6GOig==</latexit>
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• From here, the baryogenesis story is essentially the same as 
before, with the important distinction that TRH ~ TQCD ~ TeV.


• To get the observed baryon asymmetry, we need to live in a 
patch where θ ~ 0.1, or there needs to be a small amount of 
extra dilution.


• Of course, there is plenty we need to think about how to make 
it happen…

Baryon Asymmetry
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• We envision something like the following:


• The strong coupling is promoted (at least in part) to a field of 
some kind. 


• The parameters are such that above TEW, QCD confines.


• This triggers EW breaking (including a Higgs VEV), and 
generates a baryon asymmetry at high temperatures.


• Dilution is negligible, because everything happens around the 
EW scale.


• Below the usual TEW (and well before BBN), the field adjusts itself 
to the usual strong coupling we measure at low temperatures.

ΛQCD at ~1 TeV



• We can model the strong coupling as:


• Φ could be something like a dilation, or a radion in a theory with 
extra dimensions.  It could also have a coupling induced 
radiatively.


• g0  is the strong coupling in the absence of a φ VEV.  It runs just 
like in ordinary QCD.

Strong Coupling
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(e.g. via vector-like quarks)



• At one loop:


• The scale at which QCD gets strong is about:


• For nf = 6, to get Λ ~ TeV, we would like:


• This is pushing the EFT, but not so much that it is clearly 
problematic.  If induced radiatively, this would require ~10 
vector-like quarks at M*.
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Φ Potential

• I’ll stay pretty agnostic about where the φ potential comes from.  
Writing down something generic characterized by a single mass 
scale obviously provides a VEV around that scale.


• For choices of αi of O(1) and m ~ M*/10, one can get <φ> ~ M* 
without much tuning.


• Once QCD gets strong, it will also induce corrections of O(ΛQCD), 
which is likely to be a fairly large corrections to the VEV unless      
m >> Λ.
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Thermal Corrections
• To “fix” QCD after the electroweak transition, there need to be 

appropriate thermal corrections to the φ potential. 


• That could be as simple as some states with O(1) couplings to 
φ and masses around the ~TeV scale so that they decouple 
around 100 GeV.


• They don’t need to be colored or electroweak-charged, so 
LHC bounds on them are probably not very strong.  


• Dark matter?


• Of course, they could be important for the φ phenomenology 
and play an important role in its decays, etc.



Phase Transition
• The phase transition is a little complicated in this case, because the 

Higgs VEV is induced via the chiral condensate through the Yukawa 
interactions.


• Naively this is dominated by the top quark, but wasn’t initially clear 
to us that the induced VEV isn’t so large that the top just decouples 
from the picture.


• So we model the chiral symmetry breaking and Higgs VEV using a 
linear sigma model with SU(6)xSU(6) symmetry:


• Neglecting the Higgs, NDA would suggest:
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Phase Transition
• We include the Higgs and Yukawas as a SU(6)xSU(6) breaking 

spurion:


• (where Y has diagonal entries given by yi H).  


• If we continue to estimate the coefficients a la NDA, the 
induced Higgs VEV is a little smaller than Λ.


• That implies that the top mass is itself O(Λ).  Probably there is 
an O(1) impact on <H>, but the results are probably 
trustworthy at the order of magnitude level.

LY = m̃2 Tr
⇥
⇧†Y

⇤
� �̃1Tr

⇥
⇧†Y⇧†Y

⇤

� �̃2Tr
⇥
⇧†Y Y †⇧

⇤
� �̃3Tr

⇥
⇧Y †Y⇧†⇤
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Phase Transition

• This seems to be borne out by more careful estimates, but of 
course this is all fuzzy at the level of O(1) NDA coefficients anyway.


• It might be fun (but computationally expensive) to look at on the 
lattice.

3

and the sums go through all the massive bosons and
fermions in the SM. Taking h⇧66i ⇠

⇤̄
4⇡ , the Higgs vev is

can be approximated well by

v '
⇤̄

4

⇣
yt

⇡2�

⌘1/3
. (10)

For ⇤̄ = 4 TeV, the new Higgs vev v ' 0.9 TeV as can
be seen in Fig. 1.
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FIG. 1. Higgs potential at T = 1 TeV.

IV. APPLICATIONS

This new mechanism for early-time QCD confinement
has many implications for early universe. We describe
one of them, implications for baryogenesis, here. We
leave details of this and other applications to future
works.

A. Baryogenesis

This new QCD structure could lead to interesting ways
to address the baryon asymmetry of the universe (BAU).
Since all six quarks are massless during the QCD con-
finement, this phase transition is first order [5]. Hence,
even if the tadpole-triggered EW transition were second
order, bubbles of broken EW phase forms such that the
system is out of thermal equilibrium. Furthermore, if we
assume an axion field that addresses the QCD CP prob-
lem, there can be large CP violation during the phase
transition. (For such baryogenesis scenarios, see [4, 6].)
We will sketch here the principles of the production of
BAU in our model and leave a detailed analysis to an
upcoming paper [? ].

Considering the interactions of the pseudoscalar ⌘0 me-
son, one has the e↵ective, baryon-number-violating La-
grangian

Le↵ =
10

f2
⇡m

2
⌘0

↵s

8⇡
GG̃

↵w

8⇡
FF̃ . (11)

A non-zero axion field results in a GG̃ condensate,

↵s

8⇡
hGG̃i = m

2
a(T )f

2
a sin ✓̄(T ),

where ✓̄ = a(x)
fa

. The temperature-dependent axion mass

is [4, 6, 7]

m
2
a(T ) ' m

2
a(T = 0)

✓
⇤

T

◆7

, (12)

where m
2
a(T = 0)f2

a = m
2
⇡f

2
⇡

p
mumd

mu +md
.

The number density of baryons is given by

nB =

Z Tf

Ti

dt
�(T )

T
µ, (13)

where � ⇠ (↵wT )4 is the thermal sphaleron rate outside
the bubble where v = 0. We assume inside the bubble
the sphalerons are shut o↵. The chemical potential µ is

µ =
d

dt

"
10

f2
⇡m

2
e⌘0

m
2
a(T )f

2
a sin ✓̄(T )

#
.

Assumingmu = md, a constant sin ✓̄ and�m
2
a(TPT) '

m
2
a(TPT) around the temperature at which the EW tran-

sition happens, TPT we find the baryon number as

nB = 5
m

2
⇡

m2
⌘0
↵
4
wT

3
PT sin ✓̄

✓
⇤

TPT

◆7

. (14)

Then the baryon-to-entropy ratio is

⌘ =
nB

s
=

45

2⇡2g⇤(Treh)
5
m

2
⇡

m2
⌘0
↵
4
w sin ✓̄

✓
TPT

Treh

◆3 ✓ ⇤

Treh

◆7

,

(15)

where Treh is the reheat temperature right after the EW
phase transition. In this model Treh ' TPT ' ⇤. Note
also that the ratio m⇡

m⌘0
'

135 MeV
958 MeV is the same as the SM

QCD since all QCD parameters scale up the same way
(up to O(1) di↵erences). With these parameters we find
the baryon-to-entropy ratio to be

⌘ ' 1.8⇥ 10�9
⇥ sin ✓̄. (16)

B. Other Applications

1. Dark matter?

2. What would happen to the baryons? How about
BBN?

3. Would anything happen at colliders?

Λ = 1 TeV


Λ = 4 TeV <H> ~ 0.8 TeV



Deconfinement

consider the mixing between S and the Higgs boson and investigate a parameter region where

an electroweak (EW) phase transition triggers another transition where v
T
S ! 0 such that the

QCD confinement returns to the SM case before BBN.

2 A model of early (de)confinement

The Lagrangian of the model that we will study in this paper is given by,

L = LSM �
1

4

✓
1

g
2
s0

+
S

M⇤

◆
Gµ⌫G

µ⌫
� V (S)� V (H)� V (H,S) , (2.1)

V (H) = �µ
2
|H|

2 + �h|H|
4
,

V (S) = a2(S � S0)
2 + a3(S � S0)

3 + a4(S � S0)
4
,

V (H,S) = �b1S|H|
2 + b2S

2
|H|

2
.

LSM is the Lagrangian of the Standard Model (not including the explicitly written gluon

kinetic term and tree level Higgs potential), Gµ⌫ is the gluon field strength, and S is a gauge-

singlet scalar which mixes with the SM Higgs boson. Note that this is the same Lagrangian

considered in [4]. However in that earlier work the Higgs mixing was set to zero for simplicity.

The current work will focus on this mixing.

The scalar potential V (S) differs from the one given in [4] slightly. Here we chose to shift

S by S0 in order to get rid of the tadpole term. [SI: Is what I just said is correct?] The scalar

potential, taken together with mixing with the Higgs the finite-temperature corrections, which

we will discuss shortly, has two vacua: i) the high-temperature confining vacuum and ii) the

SM-like vacuum.

The scale of the scalar–gluon interactions, M⇤, can be constrained at hadron colliders. For

example, the dijet resonance search by ATLAS [1] can be used to constrain M⇤ & 4�15 TeV for

scalar masses 2-4 TeV [2]. We will discuss shortly that the scalar masses that are interesting

in our study are O(10 GeV). In this light-scalar regime non-resonant searches are more

applicable. In [3] such searches were reinterpreted for axion-like particles (ALPs). In contrast

to ALPs, the scalar here only couples to the gluon field strength. Hence, most of the constraints

are not applicable. In fact, the only constraint comes from CMS dijet angular distribution [6],

requiring M⇤ > 3 TeV, independent of the S mass for masses lighter than ⇠ 100 GeV
1
. Further

constraints on the model parameters will be discussed later.

[SI: Write: H � S mixing and mass eigenstates.]

3 Fantastic phase transitions and where to find them

In this section we will discuss the finite-temperature behavior of the scalar sector of the model

as well as the confinement/deconfinement phase transitions in the strong sector, starting

1
It is important to note that this constraint was obtained for a pseudoscalar. We expect the constraint for

a scalar to be less stringent, but leave a more detailed LHC analysis for future work.

– 2 –
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Figure 2: [SI: is this a useful figure to have? If yes, I will fix the figure to look better.]

correct.] We stress that there could be scenarios where the transition to the SM-like vacuum

happens below ⇤SM , in which case QCD would not deconfine. (See Figure 2 for a schematic

description.)

4 Baryogenesis in the confined phase

• Description of axion mechanism, estimate for time taken

• Description of washout, conservative condition: vh/T > 1

5 Benchmark study

The model described in section 2 has 9 parameters:

µ, �, ⇤S , ṽS , S0, ↵, b1, b2, ⇤0.

The parameters in the Higgs potential, µ and �, can be fixed in the SM-like vacuum (in terms

of the other parameters) by the vacuum expectation value of the Higgs (vh = 175GeV) and

the mass of the Higgs-like mass eigenstate (mh = 125GeV). As mentioned above, we may fix

S0 by defining a SM-like confinement scale and fixing ⇤0. This reduces the number of free

parameters to six: four parameters defining the potential for S, and the two Higgs-S couplings.

In a benchmark study we will fix the former as in the table below, and scan over the latter.

⇤0 ⇤S ṽS ↵

500MeV 150GeV 1.5TeV 0.51

At large temperature, temperature corrections in the Higgs directions ensure H = 0, and

S takes the value defined by its tree-level potential. As the temperature drops, the thermal

corrections become less important, and both vaccua move to finite values in the h direction.

– 7 –

One possibility is to use the Higgs 
evolution with temperature as the 
trigger which causes the shift in φ 

which takes us to a SM-like vacuum. 

The Temperature-dependent 
corrections to the Higgs potential 
contain terms from the EW bosons 

(standard), but the top contribution is 
modified during confined phases, and 
is dominated by top-flavored mesons. 

They’re bosons!
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Figure 5: Contours of constant potential for the benchmark point 2, with b1 = 0.7GeV, and
b2 = 1. ⇥ 10�3 at three indicated temperatures. In each panel, the red dot marks the global
minimum at that temperature, and the blue dot a local minimum. We point out that at
T = Tc the global minimum is separated from the local minimum by a barrier and tunneling
is not efficient enough. At a lower temperature, Td, this barrier disappears and the system
rolls to the SM-like vacuum.

above. At high temperatures, finite-temperature corrections in the Higgs direction ensure
vh = 0, and vs takes the (negative) value defined by S0, eventually leading to high scale
confinement when T ⇠ ⇤QCD(vs). Before confinement, but after T ⇠ TEW, the SM-like point
becomes the global minimum. However, it is sepearated from vh = 0 vacuum by a barrier.
Typically, the large distance in field space between the two vacua implies that tunneling is
expected to be strongly suppressed before confinement, as the Euclidean bounce action scales
as SE/T / (��i/�V (�i))

4
⇠ 10�8 (see e.g. [20, 21]). Hence the universe is in a metastable

state. Confinement triggers a change in the degrees of freedom contributing to the effective
potential in the Higgs direction, as described in Section 3.2, which in turn quickly shifts the
minimum to non-zero vh due to the tadpole term from chiral symmetry-breaking. Note that
this minimum may still be a local minimum, separated from the true, SM-like, vacuum by
a potential barrier. As the temperature drops further, the thermal corrections become less
important while the mixing terms governed by b1 and b2 take over. Subsequently the mixing
terms lift the potential and eventually the field can roll to the SM-like vacuum, instead of
tunneling.

Figure 6 summarizes the allowed parameter space in the b1-b2 plane for benchmarks 1
and 2. The black dotted lines indicate contours of the labelled values for vh at Tc, and blue
dotted lines show contours for the values of ⇤QCD. The pink-shaded region corresponds to the
parameter space in which sphalerons are not active at the time of QCD confinement, vh 6= 0

right before Tc, whereas the blue-shaded region corresponds to the parameter space in which
vh/Tc < 1.4, risking that the generated baryon asymmetry will be washed out. Grey shading
indicates points in which transitioning to the SM-like vacuum is via suppressed tunneling,
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Croon, Ipek, Howard, TMPT, arXiv:1911.01432



Parameters

Croon, Ipek, Howard, TMPT, arXiv:1911.01432

vh=120.GeV

vh=160.GeV
vh=200.GeV

�
Q
CD

=
85
.G
eV

�
Q
CD

=
90
.G
eV

�
Q
CD

=
95
.G
eV

m
S =30GeV

m
S =32GeV

m
S =34GeV

m
S =36GeV

m
S =38GeV

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

5

6

7

b1 (GeV)

b 2
(×
10

-
3 )

Benchmark 1

Figure 6: Parameter space in the b1-b2 plane for benchmark 1 (left panel) and 2 (right
panel). In the blue-shaded, upper-right region, vh < T after confinement, risking washout of
the baryon asymmetry. In the pink-shaded, lower-left region, vh > T before confinement, and
the sphalerons are inactive at T ⇠ ⇤QCD. Gray shading marks the region in which tunneling
to the SM-vacuum is highly suppressed, and inaccessible before TBBN = 2 MeV.

and would not occur before BBN. The white (unshaded) region thus allows one to successfully
realize baryogenesis as described above. Also shown for reference are contours of fixed mass
of the singlet S at zero temperature (see Section 6, below).

The benchmark studies reveal a few features which are likely to be fairly generic:

• Larger choices of M⇤ require larger values of vs in the confining vacuum to obtain the
same ⇤QCD (see Equation (3.4)), which in turn corresponds to a larger distance in
singlet-field space between the vacuum during high scale confinement and the SM-like
vacuum. The need to transition to the SM-like vacuum before BBN then implies smaller
values of the couplings b1, b2, translating into smaller singlet masses.

• In order for the Higgs VEV to successfully trigger deconfinement, it is necessary that
the potential be EW scale in the S direction, at least for a distance in field space
�S ⇠ O(M⇤). That implies that the parameters ai should be inversely correlated with
the scale M⇤, as was engineered for the benchmark points.

• Note that all of the benchmark models have a vacuum energy which is always subdom-
inant to the energy of the SM radiation bath.

6 Experimental Constraints and Prospects

The signature property of the kind of modification of the QCD coupling described here is
the existence of scalar excitations of the S field, which couple to gluons and mixes with the
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Outlook
• The idea that QCD may have undergone a period of 

confinement in the early universe is an interesting question 
that highlights our general ignorance of the universe at times 
before BBN.


• I played with a toy theory that adjusts the coupling such that 
confinement occurs at around 1 TeV, and later relaxes to ~ 1 
GeV after the electroweak phase transition.


• There could be primordial gravitational wave signatures 
associated with the first order phase transition of the early 
QCD confinement.


• In a theory in which the axion is invoked to solve the strong CP 
problem, it appears to offer a viable baryogenesis option.



Outlook

• Still many questions remain…


• Naively, the axion could possibly end up with the right relic 
density to be dark matter, if fa is adjusted appropriately to 
match the preferred θ0. 


• But it goes through a period in which it has a much larger 
mass!  It could be that most of the axions decay during that 
period…

Requires Λ > 109 GeV or so…



Outlook
• The true hallmark of these dynamics is the φ.


• Minimally, it couples to gluons. 


• Also has Higgs-like interactions through mixing (but in this 
parameter space, θ < 10-3 or so).

5 10 15 20 25 30 35 40
10-12

10-9

10-6

5 10 15 20 25 30 35 40

0.005
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0.100

0.500
1

Figure 7: (Left:) Partial decay width of s into gluons, bb̄, cc̄ and ⌧+⌧� final states. For
reference we show two mixing angles, sin2 ✓ = 10�2 (dashed) and 104 (dotted). We set the
scale of the scalar-gluon interaction at M⇤ = 5 TeV. (Right:) Branching fractions into final
states of gluons,bb̄, cc̄ and ⌧+⌧� for M⇤ = 5 TeV (solid) and 10 TeV (dotted) for sin2 ✓ = 10�2.

heavy vector-like quarks, in which case M⇤ ⇠ MVLQ. There are various model-dependent
LHC searches for vector-like quarks, with particular emphasis on searches for top partners.
Searches for pair-produced vector-like quarks mixing with the SM top quark exclude their
masses below ⇠ 1 TeV [26, 27] whereas single production constraints go up to 1.4 TeV [28],
depending on the mixing angle. Bounds are typically somewhat weaker for vector-like quarks
mixing with lighter SM quarks.

6.2 Scalar mixing

The requirement that the transition to the SM happen before BBN points to the mixing
parameters b1 . a few GeV and b2 ⇠ O(10�5

� 10�3). In the benchmark scenarios, the scalar
mass is O(1-10 GeV). Together, these parameters allow a small mixing between the singlet
and the Higgs, sin ✓ ⇠ 10�4

� 10�2. This is below the current sensitivity of the LHC to the
properties of the Higgs boson [29].

The singlet decays into SM fermions f via its mixing with the Higgs boson. The partial
decay width into ff̄ is given at tree level by

�(s ! ff̄) '
Nc y2f sin

2 ✓mS

8⇡

 
1�

4m2
f

m2
S

!3/2

, (6.3)

where Nc = 3 for quarks and 1 for leptons. In Figure 7 we show the partial decay widths into
gluon and fermion final states, and the branching ratios as a function of mS for representative
values of sin ✓ and M⇤ from the benchmark models.

The dominant gluonic decay mode is an important difference between the singlet discussed
here and typical singlet scalar extensions of the Standard Model. Nevertheless, although
subdominant, the bb̄ final state provides a useful search mechanism at particle colliders. The
best limits for ms ' 10� 100 GeV are from Higgs searches at LEP [31], which probe sin2 ✓ &
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10-11
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10-5

0.001

0.100

Figure 8: Benchmark points (blue dots) and various experimental constraints (lines with
shading) and prospects for future experiments (lines without shading) are shown in the plane
of ms-sin2 ✓⇥BR(s ! bb̄). LEP bounds are at the 95% C.L. and Higgs/Z prospects correspond
to 3� evidence curves [30]. Note that the benchmark points at mS . 10 GeV are not multiplied
with the bb̄ branching fraction.

0.01. If the singlet is lighter than the bb̄ threshold, the best constraint is from OPAL, which
requires sin2 ✓ . 0.1 independently of its decay mode [32]. Smaller mixing angles, including
the region of interest studied here for a light scalar, can be probed in the future at Higgs
and/or Z factories [30]. We show several current constraints and future searches in the plane
of ms and the quantity sin2 ✓ ⇥ BR(s ! bb̄) in Figure 8, together with the points from our
benchmark scans.

It is worth pointing out that the larger coupling to gluons may present interesting opportu-
nities to search for low mass scalar particles which are produced at high transverse momentum
via the strong force, but decay through mixing with the Higgs into clean final states such as
into muons.

6.3 Gravitational Waves

At the time of first confinement, ⇤QCD ⇠ O(100GeV), the EW symmetry is unbroken. Thus,
all of the SM quarks are light (Nf = 6), and the resulting phase transition is expected to
be first order. At the time of deconfinement, which happens shortly after confinement as
the scalar fields roll to the SM-like vacuum, the top quark may have a mass comparable to
the temperature, but for most relevant regions of parameter space all of the other quarks
are light. Then, the first-order confinement phase transition is followed by a subsequent
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Outlook
• The true hallmark of these dynamics is the φ.


• Minimally, it couples to gluons.  So it can be produced at the LHC and appear as 
a resonance in dijets.


• Studies by theorists suggest M* greater than about 3 TeV (depending on the 
Higgs mixing).
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Non-Resonant Searches for Axion-Like Particles at the LHC
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We propose a new collider probe for axion-like particles (ALPs), and more generally for pseudo-
Goldstone bosons: non-resonant searches which take advantage of the derivative nature of their
interactions with Standard Model particles. ALPs can participate as o↵-shell mediators in the s-
channel of 2 ! 2 scattering processes at colliders like the LHC. We exemplify the power of this
novel type of search by deriving new limits on ALP couplings to gauge bosons via the processes
pp ! ZZ, pp ! �� and pp ! jj using Run 2 CMS public data, probing previously unexplored
areas of the ALP parameter space. In addition, we propose future non-resonant searches involving
the ALP coupling to other electroweak bosons and/or the Higgs particle.

I. INTRODUCTION

Axion-like particles (ALPs) [1, 2], and more generally
pseudo-Goldstone bosons, often appear in extensions of
the Standard Model (SM). They may be connected to
solutions to the strong CP problem [3–19] and/or to the
existence of new spontaneously-broken global symmetries
in Nature. In the following the term ALP will be used
indistinctly to denote all such pseudo-scalars.

ALPs are being searched at high-energy colliders [20–
27, 30, 31], beam dump experiments [32, 33], via their
e↵ects in flavour physics [29, 34–38] and through their
astrophysical signatures [39–42] (see Ref. [43] for a re-
view).

In this work we propose a novel approach to probe
the existence of ALPs at high-energy colliders, namely
non-resonant searches where the ALP is an o↵-shell me-
diator in the s-channel of 2 ! 2 scattering processes.
The ALP pseudo-Goldstone nature implies that its in-
teractions with SM particles are dominantly derivative,
enhancing the cross sections for center-of-mass energies
ŝ � m2

a, where ma denotes the mass of the ALP a. In
this kinematical regime, the processes tailored to search
for ALPs at the Large Hadron Collider (LHC) include
those with two SM bosons in the final state: electroweak
gauge bosons (W , Z, �), gluons g and/or the Higgs par-
ticle h. For ma ⌧ 100 GeV, the gluon-initiated 2! 2 di-
boson scattering processes pp (gg) ! ZZ, WW , Z� and
Zh may be mediated by a virtual ALP, as shown in Fig. 1.
This can also occur for the processes pp (gg)! jj (gg) or
pp (gg)! �� in the regime where a large invariant mass
mjj or m�� is required in the final state.

The theoretical framework used throughout this work
is the model-independent approach of e↵ective field the-
ories (EFT). If the Higgs particle is considered to be part
of an exact SU(2)L doublet at low energies, as predicted
in the SM, the putative beyond the Standard Model
(BSM) electroweak physics may then be described by

an EFT linear expansion [44, 45] in terms of towers of
gauge invariant operators ordered by their mass dimen-
sion. Alternatively, since a non-doublet component of
the Higgs particle is at present experimentally allowed
(at the ⇠ 10% level [46]), a non-linear EFT (also called
chiral) [47–53] based on a momentum expansion is also
of interest. In the following we concentrate on the lin-
ear EFT for the SM plus an ALP [1, 2, 24], and discuss
when pertinent the comparison with a chiral EFT, no-
tably for the interactions between the ALP and the Higgs
boson [24, 25].

a∗

Z

Z

a∗

Z

h

FIG. 1. Feynman diagrams for the processes gg ! ZZ (left)
and gg ! Zh (right) via an o↵-shell ALP in the s-channel.

II. BOSONIC ALP LAGRANGIAN

Linear expansion. In the linear ALP EFT, the new
physics scale to be considered is the ALP decay constant
fa, which will weight down the higher-dimensional opera-
tors built from the SM fields and a. The most general CP-
conserving e↵ective Lagrangian describing bosonic ALP
couplings contains – up to next-to-leading order (NLO)
– only four independent operators of mass dimension
five [1, 2, 24, 54],

�Le↵ � cG̃ OG̃ + cB̃ OB̃ + cW̃ OW̃ + ca� Oa� , (1)

where

OG̃ ⌘ �
a

fa
Gµ⌫

eGµ⌫ , OW̃ ⌘ �
a

fa
W a

µ⌫
fWµ⌫

a ,

OB̃ ⌘ �
a

fa
Bµ⌫

eBµ⌫ , Oa� ⌘ i
@µa

fa
�† !D µ� .

(2)
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TeV is 81 pb. The CMS event selection is discussed in
detail in Appendix A1. Fig. 3 shows the invariant mass
m``J distribution resulting for the signal after the CMS
event selection, for ci = 1 and fa = 2 TeV (correspond-
ing to the largest value of m``J in the CMS analysis),
together with the SM background publicly available in
Ref. [62] (and dominated by Z+ jets), both for the un-
tagged (top plot) and b-tagged (bottom plot) categories.
A binned likelihood analysis of the m``J distribution af-
ter CMS event selection combining the untagged and b-
tagged categories is then performed, which allows to set
a 95% C.L. exclusion limit on the signal cross section of
� = 25 fb. This corresponds to fa > 4.1 TeV for ci = 1,
and is valid for any value of the ALP mass up ma ⇠ 200
GeV without significant modifications of the signal prop-
erties. Note that, since the “low-mass merged” CMS
analysis uses data up to mZZ = 2 TeV, our derived limit
on fa for ci = 1 lies within the region of validity of the
EFT. In Fig. 4 (top) the corresponding new limit on gaZZ

(see Eq. (5)) resulting from our non-resonant analysis is
depicted as a hatched area, for a fixed value g�1

agg = 1
TeV.

For comparison, Fig. 4 (top) depicts as well previous
bounds in the literature for gaZZ , which also assume the
additional presence of gagg, albeit obtained from on-shell
ALP searches. For ma . 0.1 GeV, the ALP is stable
on LHC scales, resulting in constraints on gaZZ from
mono-Z searches (in violet), see Ref. [24]. The radiative
(2-loop) contribution of gaZZ to ga�� allows to obtain
further constraints for certain ranges of ALP masses for
which strong constraints on ga�� exist (see the discussion
in Refs. [25, 28]). For ALP masses below the GeV scale,
limits on gaZZ are thus set by beam dump searches (in
yellow) [70–72] (we adapt here the bounds compiled in
Ref. [32]), and by energy-loss arguments applied to the
supernova SN1987a [41, 42] (in blue), both through ab-
sence of extra cooling (labelled “length” in Fig. 4 and
through absence of a photon burst from decaying emit-
ted axions (labelled “decay” in Fig. 4. Furthermore, the
radiative contribution of gaZZ to ga�� is also constrained
by LHCb [73] (see Ref. [35]) in the small region 4.9 GeV
< ma < 6.3 GeV (in dark grey) and by ATLAS/CMS
searches for �� resonances (in red) for ma > 10 GeV (we
adapt here the bounds from Refs. [20, 26]). We stress
that the latter limits are from LHC Run 1 (

p
s = 7 and

8 TeV), and as such
p

s = 13 TeV Run 2 analyses should
significantly improve on those. Next, although LHC tri-
boson searches for ma � 100 GeV have yielded very
weak constraints [30], the radiative contribution of gaZZ

to ga�� provides as well sizeable constraints. We do not
include here, though, the expected tree-level bounds on
gaZZ from ZZ resonance searches by ATLAS and CMS
(e.g. from Ref. [62]) for ma > 200 GeV. To our knowl-
edge, these have not yet been obtained and are com-
plementary to the non-resonant search presented in this
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FIG. 4. Top: Bounds on the ALP coupling gaZZ as a func-
tion of ma. The hatched region corresponds to the limit from
non-resonant LHC searches derived in this work using CMS
di-boson data [62]. Also shown are limits from LHC mono-
Z searches (violet), beam-dump experiments (yellow), super-
nova SN1987a (blue), LHCb (dark grey) and LHC resonant
�� searches (red), see text for details. Bottom: Bounds on
the photonic couplings ga�� , with color code as for the top
figure. Limits from BaBar (dark grey), L3 (cyan) and LEP
(green) are also depicted, see text for details.

work. The study of such ZZ resonant searches is left for
a forthcoming work [74].

2) pp ! a⇤ ! ��

Non-resonant ALP searches are also possible for final
states to which a light ALP could decay, such as ��, by
selecting events with a large invariant mass m�� � ma.
The recent CMS search for non-resonant new physics

There could be other, possibly 
dark, important decay modes.



Outlook
• If there is WIMP dark matter 

coupled to quarks via a scalar 
portal (such as the φ itself), and it 
freezes out during a confined 
phase, the relic density can be very 
different from naive expectations.


• The freeze-out is into mesons 
rather than quarks.


• In that case, the DM mass is shifted 
by chiral symmetry breaking.


• Regions which naively look 
excluded by Xenon may be viable.

Figure 3: (Top Left) The thermally averaged cross-sections at the time of freeze-out as a
function of |m

T=0
� | plotted for MS = {106, 107} GeV and ⇠ = {1, 500, 1000}. (Top Right)

The generated relic abundance today as a function of |m
T=0
� | plotted for MS = {106, 107} GeV

and ⇠ = {1, 500, 1000}. (Bottom Left) The freeze-out temperature as a function of |m
T=0
� |

with MS = 106 GeV plotted for ⇠ = {1, 500, 1000}. (Bottom Right) Coupling as a function
of |m

T=0
� | to produce the observed relic density plotted for ⇠ = {1, 500, 1000}. For m

T=0
� < 0,

the line is plotted in red.

Here MS is effectively the mass of the scalar mediator. We take � to have the same
structure as the yukawa couplings in the Standard Model with the coupling to the up quark
normalized to one

�
j
i = �

j
i

mi

mu
. (3.12)

As discussed earlier, this coupling contributes to the scalar current for the quarks with
S
j
i = M

j
i +

�j
i

M2
S
�̄�. This leads to a term in the chiral Lagrangian of

L� � tr[US
† + SU

†] =
1

2
(Ma

⇡ )2⇡a
⇡
a +

1

2
!
a
⇡
a
⇡
a
�̄� +

⇠
3


M
2
S

tr(�)�̄� . (3.13)

where !
a are the eigenvalues of ⇠

4
f2
⇡M

2
S
tr(T a

T
b
�) and the structure of � ensures that the

basis which diagonalizes the mass matrix also diagonalizes this coupling matrix. The tadpole
term for the scalar current ends up as an additional mass term for the dark matter, shifting

– 8 –

Berger, Ipek, TMPT, Waterbury,  
arXiv.2002.soon!



Thank you!



Out of Equilibrium

• The SM also has a 
problem with the out-of-
equilibrium condition.


• The EW phase transition 
needs to be strongly first 
order, or the sphalerons 
will stay in equilibrium 
and erase any baryon 
asymmetry that is 
generated.

Baryogenesis 31

determined by the behavior of the Higgs potential at finite temperature, as shown

in figure 10. In a first order transition, the potential develops a bump which sep-

arates the symmetric and broken phases, while in a second order transition or a

smooth cross-over there is no bump, merely a change in sign of the curvature of

the potential at H = 0. The critical temperature Tc is defined to be the tem-

perature at which the two minima are degenerate in the first order case, or the

temperature at which V ′′(0) = 0 in the second order case.

V
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T>Tc

T=Tc

T<Tc

V

H
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T<Tc

T=Tc

Fig. 10. Schematic illustration of Higgs potential evolution with temperature for first (left) and second

(right) order phase transition.

A first order transition proceeds by bubble nucleation (fig. 11), where inside

the bubbles the Higgs VEV and particle masses are nonzero, while they are still

vanishing in the exterior symmetric phase. The bubbles expand to eventually

collide and fill all of space. If the Higgs VEV v is large enough inside the bub-
bles, sphalerons can be out of equilibrium in the interior regions, while still in

equilibrium outside of the bubbles. A rough analogy to GUT baryogenesis is that

sphalerons outside the bubbles correspond to B-violating Y boson decays, which

are fast, while sphalerons inside the bubbles are like the B-violating inverse Y de-

cays. The latter should be slow; otherwise they will relax the baryon asymmetry

back to zero.

In a second order EWPT, even though the sphalerons go from being in equi-

librium to out of equilibrium, they do so in a continuous way, and uniformly

throughout space. To see why the difference between these two situations is im-

portant, we can sketch the basic mechanism of electroweak baryogenesis, due to

Cohen, Kaplan and Nelson [32]. The situation is illustrated in figure 12, which

portrays a section of a bubble wall moving to the right. Because of CP-violating

interactions in the bubble wall, we get different amounts of quantum mechanical

reflection of right- and left-handed quarks (or of quarks and antiquarks). This

leads to a chiral asymmetry in the vicinity of the wall. There is an excess of
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