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Baryogenesis problem

2

• The universe around has excess matter 

over antimatter 

• Sakhorov Conditions:  

1. C&CP violation 

2. B violating processes 

3. Thermal inequilibrium



Incapable standard model

3

• Not enough CP violation 
• Could EWSB(h=0 -> h=v) provide thermal 

in-equilibrium?  
• Phase transition required to be first order 
• Standard model provides second order 

phase transition 



Effective Potential

4

• Need Effective Potential V to talk about vev as its 

minimum. 
• Tree level V gets corrections at 1-loop 
• Captured by Coleman-Weinberg calculation 
• Finite temperature;virtual interactions with plasma 
• Imaginary Time formalism to modify potential



10 second crash course in FTFT
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Notes on Finite Temperature e↵ects to the Higgs Potential

January 24, 2015

1 Introduction

We set out to calculate the full finite temperature potential for a scalar field theory with
quartic coupling. The tree level 0 temperature potential is

V
tree

= �µ2

2
h2 +

�

4
h4 (1)

however in applications to phase transitions it is important to consider one-loop e↵ects.
After summing over any number of vertices in one loop, we have

V
CW

=
1

2

Z
d4k

(2⇡)4
Log[k2

E

+M2] (2)

where

M2 =
d2V

tree

[h]

dh2
(3)

In finite temperature field theory we take

Z
dk4
2⇡

f(k4) ! T
X

n

f(k4 = i!
n

),!
n

= 2⇡nT (4)

we shall use p to represent the 3d part of k. substituting and di↵erentiating w.r.t to M2

to easily do the n sum we get

dV
CW

d(M2)
=

T

2

Z
d3p

(2⇡)3

X

n

1

p2 + !2
n

+M2
(5)

after summing over n and integratiing over M2 we get,

V
CW

= V T=0
CW

+ V T=0
CW

(6)

where

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
p2 +M2 (7)
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1 Introduction

We set out to calculate the full finite temperature potential for a scalar field theory with
quartic coupling. The tree level 0 temperature potential is
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h4 (1)
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X

n

1
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n
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after summing over n and integratiing over M2 we get,

V
CW

= V T=0
CW

+ V T 6=0
CW

(6)

where

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
p2 +M2 (7)

1

and

V T 6=0
CW

=
T

2⇡2

Z
dpp2 log[1� exp[��

p
p2 +M2]] (8)

V T=0
CW

is the original T independent Coleman Weinberg Potential we know and love
while V T

CW

is the finite temperature potential. While the former term has just one mass
scale M2 , the latter has two ; M2 and T 2 and in regions of h space where M2 is
small compared to T 2 the one loop temperature dependent one-loop correction to the
mass can be much larger than M2 itself. Hence some terms in the two loop potential
actually contribute comparable to the first loop potential and these terms can be taken
into account by including the one-loop generated temperature dependent mass as a
correction to the mass matrix that generates the 1-loop CW potential.ie replace M2

with M2 + ⇧1(T ) Towards this we compute the temperature dependent 1-loop mass
correction in section 3. For this we would need certain artefacts of the 1-loop zero
temperature potential which we shall compute in section 2.

2 0-temperature Coleman-Weinberg potential

V T=0
CW

=
1

(2⇡)3

Z
d3p

p
p2 +M2 (9)

In cut-o↵ regularization,

V T=0
CW

=
M4

64⇡2
(log[

M2

⇤2
]� 1

2
) +

M2⇤2

32⇡2
(10)

we need counter terms to cancel divergences,

V
CT

= �µ2
CT

2
h2 +

�
CT

4
h4 (11)

with the renormalization conditions,

(
d2(V T=0

CW

+ V
CT

)

dh2
)
h=v

= 0 (12)

and

(
d(V T=0

CW

+ V
CT

)

dh
)
h=v

= 0 (13)

we get

µ2
CT

= � 3�

16⇡2
(�⇤2 + 3µ2 log[

2µ2

⇤2
]) (14)

and

�
CT

= � 9

16⇡2
(�2(1 + log[

2µ2

⇤2
])) (15)

2

Good old CW potential

Imaginary time formalism 
replacement

Splits neatly into T-dependent 
and T-independent parts



Heating up
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Extensions to Higgs
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Figure 1. The four methods of obtaining a strongly first order phase transition by inducing a
barrier in the thermal effective potential, which are discussed in this paper. The framed expressions
indicate which term is responsible for the rise or fall of V

e↵

.

freedom. One subset of enhanced symmetries is based on continuous symmetries (or the
parametric limit in which the discrete symmetry enlarges into a continuous symmetry).
One way to understand how the Higgs data rules out this subset is to note that the Nambu-
Goldstone bosons associated with the spontaneously broken continuous symmetries have
couplings to Higgs determined by the kinetic part of the action, and this coupling-induced
decay rate is unsuppressed when the Higgs mass is of the order of v = 246 GeV. Hence,
the Higgs decay to the Nambu-Goldstone bosons exceeds the experimental limits on exotic
decays of the Higgs.

The tension that we present in most of the categorization points to the enhanced dis-
crete symmetry point [14] being the parametric space marker having intuitively the largest
set of model building possibilities for electroweak baryogenesis.

In addition to constraints coming from the SM-likeness of the Higgs, it is also interest-
ing to consider the “anomalies” which may point to beyond-the-Standard-Model (BSM)
physics. One of the most promising anomalies observed at the LHC is an excess of events
in the loop-induced diphoton decay channel of the Higgs. If the excess can be attributed
to the presence of a BSM scalar field running in the loop, then we utilize our classification
to argue that there is a general tension with electroweak baryogenesis if this scalar field is

– 4 –

Chung et.al. arxiv 1209.1819



Break down of P.T:Conventional wisdom
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3 Calculate the temperature dependent 1-loop polarization

V T 6=0
CW

=
T 4

2⇡2
J
B

(
M2

T 2
) (16)

and in the high temperature limit,

J
B

(
M2

T 2
) = �⇡2

45
+

⇡2

12

M2

T 2
� ⇡

6
(
M3

T 3
) (17)

Calculate ⇧1(T ) as But this is just

⇧1(T ) =
d2V T

CW

dh2
(18)

substituting expression for V T

CW

we get ⇧1(T ) = R1 +R2 where

R1 =
M2(d2

h

M2)

4⇡2

Z 1

1
dx

p
x2 � 1

exp[�x
p
M2]� 1

(19)

and

R2 = �(d
h

M2)2

8⇡2

Z 1

1
dx

p
x2 � 1(�1 + exp[�x

p
M2](1 + �x

p
M2))

(exp[�x
p
M2]� 1)2x2

(20)

It might be instructive to look at the origin of R1 and R2 before isolating the temperature
dependent part and the sum over Matsubara frequencies ie. do

d2V
CW

dh2
= S1 + S2 (21)

and remember that R1 comes from S1 and R2 from S2

S1 =
1

2(2⇡)4

Z
d4k

(d2
h

M2)

k2 +M2
(22)

and

S2 = � 1

2(2⇡)4

Z
d4k

(d
h

M2)2

(k2 +M2)2
(23)

and hence R1 and R2 seem to contribute to the feynman diagrams A and B respectively

4 Calculate the temperature dependent 2-loop polarization

the 2-loop contributions to the polarization come from the following diagrams(ignoring
for the moment, contributions from the 4-point function after vev-ing two external legs)
Display diagrams 2a 2b 2c and 2d

⌃2a = �
(s0 + s

�

)(j0 + j
�

)

18�
(24)

3

In the high T limit,

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)

5

• the one loop generated thermal mass is much 
larger than the tree level mass! 

• Break down in P.T. contributions from all 
orders(called Daisy diagrams). 

• to resum Daisies,replace 
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ultra-violet  singulari t ies d i sappear  and we end up with the expression for the renormal ized  mass with the cor- 
rections at second order  

m2~2) =m2 + lgip(m ~l)) _ lg2ia(rn)Ja(m ) _ lg2 [Kp(m)  - Jo (m) Ip (m)  ] . (18)  

We turn now to the infrared problem.  We need the asymptot ic  behaviour  of  the function [ 9 ] 

x 2 1 x x 2 
2n 5Fx(X)= 12 4n 8 n 2 1 n x +  .. . ,  (19)  

and consequent ly  

1 1 1 1 
4n i F 2 ( x ) =  8 n x  + 8~n 2 l n x + ' ' "  ' (20)  

in the l imit  x=flrn--,O which corresponds ei ther  to the infini te tempera ture  l imit  or  to the case of  massless 
particles.  As Ka contains  only terms o f ln  m types, the leading infrared part  is thus restr icted to Ja which behaves 
as 1/tim according to eqs. (10)  and (20) .  We recall that  this contr ibut ion  comes from a loop with two Bose-  
Einstein propagators  (fig. l a ) .  This loop generates an infrared singularity. A possible cure for these infrared 
singulari t ies would be to use as cutoff  the mass ob ta ined  at first order,  rna = x ~  T. A priori ,  this manipu la t ion  
is forb idden by per turba t ion  theory since i teratively,  the result ob ta ined  at Nth order  cannot  be put  into the 
( N +  1 )th order  term. Nevertheless,  i f  we do this, we find that  

]g21,~(m=O)J.a(m~) = O (gx /gT  2) • (21)  

We have lost a x ~  factor. This  could indicate that  we have now a series in terms of  ~/g and not in g. This is 
indeed the case if  we consider  the N-loop d iagram shown in fig. 2a which gives the following contr ibut ion:  

X'aN'(k)= (_ig)N(f d4Z d4 k )N--, 
2 ~ ( ~ n ) 4 D x l ( l ) / \ j ( ~ n )  4 [D~l (k ) -D~2(k) l  

= ( - ½g)U(lo +I~) (Jo +Jp) f - '  (22)  

All the terms which contain  a T =  0 cont r ibut ion  are ultra-violet  and by cancellat ion with the counter- terms we 
are left with only the T ¢  0 term which has the following behaviour:  

gf la(m = 0) [J~(mp) ] N-- 1 = O (g (u+,)/2T2 ) . (23)  

However ,  it is possible to add the tadpoles  in a different way ~1. Let us consider  the N-loop contr ibut ion  shown 
in fig. 2b. Using the mass-der ivat ive  formula  [ 5 ], we obta in  the expression for a product  of  N -  1 successive 
Bose-Eins te in  propagators ,  

a~ In a different context, these graphs have been previously examined in the imaginary-time formalism by Dolan and Jackiw [ 10], and 
also recently by Chia [ 11 ]. 

© 

S 
a) b) 

Fig. 2. Two N-loop diagrams, with (a) a diagram with Nbubbles 
attached successively, and (b) a diagram with N bubbles at- 
tached to the one-loop self-energy, called also "daisy" diagram. 
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High temperature approximation 
Ring induced phase transition

9

• add new singlet :  
• now, at high T, 
• replacing,                     for an extra singlet 

coupled to the Higgs, 
• you get   
• and then  

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)
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�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (40)
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⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)

(M2
s

+⇧)3/2 = (�µ2
s

+ �
hs

h2 +⇧)3/2 (39)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (40)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (41)
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6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)

(M2
s

+⇧)3/2 = (�µ2
s

+ �
hs

h2 +⇧)3/2 = �
(3/2)
hs

h3 (39)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (40)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (41)

5

3 Calculate the temperature dependent 1-loop polarization

V T 6=0
CW

=
T 4

2⇡2
J
B

(
M2

T 2
) (16)

and in the high temperature limit,

J
B

(
M2

T 2
) = �⇡2

45
+

⇡2

12

M2

T 2
� ⇡

6
(
M3

T 3
) (17)

V T 6=0
CW

= �T 4

90
+

T 4

24

M2

T 2
� T 4

12⇡
(
M3

T 3
) (18)

Calculate ⇧1(T ) as But this is just

⇧1(T ) =
d2V T

CW

dh2
(19)

substituting expression for V T

CW

we get ⇧1(T ) = R1 +R2 where

R1 =
M2(d2

h

M2)

4⇡2

Z 1

1
dx

p
x2 � 1

exp[�x
p
M2]� 1

(20)

and

R2 = �(d
h

M2)2

8⇡2

Z 1

1
dx

p
x2 � 1(�1 + exp[�x

p
M2](1 + �x

p
M2))

(exp[�x
p
M2]� 1)2x2

(21)

It might be instructive to look at the origin of R1 and R2 before isolating the temperature
dependent part and the sum over Matsubara frequencies ie. do

d2V
CW

dh2
= S1 + S2 (22)

and remember that R1 comes from S1 and R2 from S2

S1 =
1

2(2⇡)4

Z
d4k

(d2
h

M2)

k2 +M2
(23)

and

S2 = � 1

2(2⇡)4

Z
d4k

(d
h

M2)2

(k2 +M2)2
(24)

and hence R1 and R2 seem to contribute to the feynman diagrams A and B respectively

4 Calculate the temperature dependent 2-loop polarization

the 2-loop contributions to the polarization come from the following diagrams(ignoring
for the moment, contributions from the 4-point function after vev-ing two external legs)
Display diagrams 2a 2b 2c and 2d

3



Wait What?

10

• How is high T limit valid? T~ EW scale and so are 

all masses 
• In fact typically the extra scalar is more massive 
• Mass is h dependent.  
• regions where M is small:approximation valid 
• regions where M ~ T, thermal mass small for small 

coupling

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(36)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(37)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(38)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (39)

(M2
s

+⇧)3/2 = (�µ2
s

+ �
hs

h2 +⇧)3/2 = �
(3/2)
hs

h3 (40)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (41)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (42)

⇧ =
�
hs

2
T 2 (43)

5



Problems with 

11

• Thermal mass doesn't decouple as Ms becomes 

massive 
• Thermal mass seems to be h independent 
• Super-Daisy terms not taken into account.

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(36)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(37)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(38)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (39)

(M2
s

+⇧)3/2 = (�µ2
s

+ �
hs

h2 +⇧)3/2 = �
(3/2)
hs

h3 (40)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (41)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (42)

⇧ =
�
hs

2
T 2 (43)

5

Volume 238, number 2,3,4 PHYSICS LETTERS B 5 April 1990 

0.2 

0 .175  

0 .15  

0 .125  

0.1 

0 .075  

0 .05  

0 .025  

0 

rn/m 

i / 

0.2 0.4 0.6 0.8 

Fig. 3. A fractal diagram with the repeated Daisy diagram on each 
bubble, called also "superdaisy" diagram. 

Fig. 4. The mass shift as a function of the coupling constant. Solid 
curve: m/ T= X/~g; dashed curve: m/ T=g/ a~N/~f I ( x / ~  )" 

With the imaginary-time formalism, it is claimed [4] that the infrared behaviour is obtained by keeping only 
the n =  0 term in the Matsubara frequency sum. In this case, the region where the propagator is on shell, ko = 
I k l, I k I - '  0, is discarded. If  this is correct for the diagram shown in fig. 2a, this is completely wrong for the daisy 
diagram. 

The main result of  this paper is that it seems reasonable to believe in perturbative calculations. The leading 
infrared series present in our problem, can be summed and give almost no corrections to the perturbative result 
obtained at first order. At higher orders, it should be possible to regularize all the infrared singularities with the 
natural cutoff, m~ = x / ~ T .  However, it would be difficult to disentangle the perturbative corrections from the 
non-perturbative ones, and also those coming from In m terms. Therefore, it seems difficult to go beyond one- 
loop calculations. 

We conclude with the following remarks: 
- In a model with O (N) symmetry,  the dominant  contribution comes from the diagrams with the simple loops 
only (the planar diagrams).  The other diagrams are at least of  order O( 1/N) and may be neglected in the limit 
N ~  [ 12]. Then the relevant diagrams are those shown in fig. 2. Therefore, it is clear that there is no infrared 
problem in a g ~ 4 0 ( N )  model in 4 dimensions in the case of  massless particles, and that complete results can 
be obtained at all orders. 
- Of course, it would be interesting to generalize this discussion to QCD. This is not so trivial since the gauge 
structure of  the gluon propagator is quite complicated. For instance, we know that there are two masses, mag- 
netic and electric, which are associated to transverse and longitudinal modes respectively. Furthermore, these 
masses are quite different if one considers space-like or time-like gluons [ 13 ]. But it is clear that the infrared 
cutoff  we should use for the daisy diagram (which does not have any static limit) in the case of  QCD is ~ g T  
and fortunately this does not change the behaviour of  eq. (26).  Apparently, the breakdown of  the perturbation 
series appears both in the magnetic (static) and in the electric sector, and at the same order. As we have achieved 
in gO 4 the summation of  leading infrared diagrams and found a result which does not change very much the 
result obtained at first order, it could be that, despite the more complicated structure of  the propagator, the 
infrared problem in QCD is not so dramatic. 

I would like to thank R. Baier and M. Le Bellac for helpful comments  and discussions. Partial financial sup- 
port from PROCOPE ("Projets de Coopdration et d 'Echange")  was appreciated. 
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What we did

12

• Computed thermal mass accurately.(no high-

T expansion) 
• How about new thermal mass after 

substitution? 

• Solved iteratively to take into account super-

daisy

6 Complete ⇧

Let us now compute the Potential after incorporating the ring terms. Simply replacing
all M2 with M2 + ⇡2 in equation () will account for all the diagrams in (). Note
that the right way to do this would be to replace M2 with M2 + ⇡2 both in V T=0

CW

and
V T

CW

. However the former gives temperature dependent singularities which are cancelled
by additional diagrams and correctly taking into account 1-loop 0-temperature counter
terms. After doing all this we find that the additional contribution by including the
thermal mass in the T=0 CW is small compared to non-zero temperature CW. Hence
we proceed with replacing M2 with M2 + ⇡2 only in V T

CW

Now doing the above substitution and di↵erentiating with respect to h twice will
produce a new ⇧ and this can be done iteratively. The end of such an iteration can be
captured by the following equation:

⇧ =
d2V T

CW

[M2 ! M2 +⇧]

dh2
(35)

This equation needs to be numerically solved. To compute this we write

V T

CW

=
X

i=Bosons

n
i

T 4J
B

(y
i

)

2⇡2
+

X

j=Fermions

n
j

T 4J
F

(y
j

)

2⇡2
(36)

where y
i

=
m

2
i

T

2 I shall suppress Summation and boson fermion indices for brevity for the
following discussion, now

d2V T

CW

d�2
i

=
d2V T

CW

dy2
(
dy

d�
i

)2 +
dV T

CW

dy

d2y

d�2
i

(37)

clearly it would be useful to compute the J functions along with their derivatives with
respect to y which we shall call J

B

,Jp
B

,Jpp
B

and J
F

,Jp
F

,Jpp
F

for the bosons and
fermions respectively. When summing over the di↵erent degrees of freedom this becomes
a messy coupled equation. We iteratively compute ⇧ till the desired accuracy is reached.

⇧1(T ) =
d2V T 6=0

CW

dh2
=

�

4
T 2 (38)

(�µ2
s

+ �
hs

h2 +⇧2)3/2 (39)

�L = �1

2
µ2
s

s2 +
1

2
�
hs

h2s2 +
1

4
�
s

s4 (40)

⇧super =
dV 0

T

dh
[M2 ! M2 +⇧super] (41)
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RESULTS
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Old vs New Thermal Mass
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Parameter space where ring induced 1st-order 
phase transition feasible
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The Ring has awoken,its heard its masters call


