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Running of the SM gauge couplings
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Figure : Running of the gauge couplings g1, g2 and g3. At large values of t, g1

begins its ascent towards the Landau pole.
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Running of the SM quark Yukawa couplings
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Figure : Running of the Yukawa couplings in the Standard Model. We see a very
slow running and a separation that preserves its shape through the flow.
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Running of SM scalar quartic coupling
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Figure : Running of the quartic coupling in the Standard Model. We see running
that shows an instability in the potential and a Landau pole at very high energies.
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Theory space
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Figure : Theory space of couplings gi where only 3 axes are shown for simplicity. For a
given fixed point, we show the UV safe surface SUV (blue region), the approximated UV
critical surface around the fixed point (white plane), the new set of coordinates zi, a small
region of possible initial points for the flow (red circle) and two UV safe trajectories ending at
a given matching scale M (green and orange lines). We also show a trajectory starting close to
the point B but outside SUV . This trajectory approaches the fixed point but goes to infinite
values at very high energies (magenta line).
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Generation of the fixed points

General form of the gauge and Yukawa beta functions
[Sannino & Litim, 2014].

βg =
dαg
dt

= (−B + Cαg −Dαy)α2
g

βy =
dαy
dt

= (Eαy − Fαg)αy

Cancellation between 1 and 2 loop terms produces a
non-trivial FP in the gauge coupling.

Perturbative control large Nf , Nc.

Presumably FP also exist for finite Nf , Nc.

Conditions on SU(2) and SU(3) representations in [Bond,

Hiller, Kowalska & Litim, 2017].
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A class of models

Group: SUc(3)× SUL(2)× UY (1).

Add Nf families of vector-like fermions ψi minimally
coupled to SM and Yukawa interactions new scalars S.

L = LSM + Tr(ψ̄i /Dψ) + Tr(∂µS
†∂µS)− yTr(ψ̄LSψR + ψ̄RS

†ψL).

Representation labels (p, q), `, Y and Nf .

Couplings: (α1, α2, α3, αt, αy, αλ), where αi ≡
(
gi
4π

)2
and

αλ ≡ λ
(4π)2 .
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A promising model

Nf = 3, ` = 1/2, Y = 3/2, p = q = 0
α∗1 = 0.188, α∗2 = 0, α∗3 = 0, α∗t = 0, α∗y = 0.778

θ1 = 33.2, θ2 = −3.36, θ3 = −0.817, θ4 = 0, θ5 = 0.
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Requirements

Small couplings

α∗i ≡
(
g∗i
4π

)2
< 1.

Small critical exponents

βi = −digi + βqi (gj), Mij = −diδij +
∂βqi
∂gj

, demand |θi| < O(1).

Hierarchy in the loop contributions

At the FP 0 = βi = A
(i)
∗ +B

(i)
∗ + C

(i)
∗ ,

demand ρi < σi < 1 where ρi = |C(i)
∗ /A

(i)
∗ | and σi = |B(i)

∗ /A
(i)
∗ |.

CFT data [Dondi, Sannino & Prochazka, 2017]

〈Tµµ 〉 = cW 2− aE4 + · · · , where a = afree + aq and c = cfree + cq.

We demand |aq/afree| < 1 and |cq/cfree| < 1.
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Standard Model matching

For realistic models, the running to low energies has to
match with the SM.

We start the flow down to the SM at values of the
couplings near the FP.

We define the initial conditions for the couplings as

g0i = g∗i + Sijz
0
j .

This equation puts strong constraints on the models.
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The procedure

BSM
β-functions

321

Scheme

p = 1, q = 0

13 Combinations

p = q = 1

No solutions

p = q = 0

4 Combinations

210

Scheme

p = 1, q = 0

17 Combinations

p = q = 1

No solutions

p = q = 0

5 Combinations

Parameter space

N ∈ [1, 300, 1], ` ∈ [1/2, 10, 1/2], Y ∈ [0, 10, 1/2]

(N, `)

(1, 1/2), (1, 1), (2, 1/2),
(3, 1/2), (4, 1/2)

(N, `)

(1, 1/2), (1, 1), (1, 3/2), (1, 2), (1, 5/2), (1, 3),
(1, 7/2), (1, 4), (1, 9/2), (2, 1/2), (2, 1), (2, 3/2),

(2, 2), (3, 1/2), (3, 1), (4, 1/2), (5, 1/2).
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Singlet of SU(3)

Figure : Distribution of the largest eigenvalues θmax of the stability matrix for
the FPs associated to the fermions in the singlet, fundamental and adjoint
representation respectively. Blue dots: eigenvalues for the Y -independent
solutions. Red dots: eigenvalues for the Y -dependent solutions.
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Results

A systematic scan of possible extensions of the SM based
on vector-like fermions shows that there are no UV
perturbative FPs that can be connected to the TeV
physics.

Most of the FPs that appear in the 210 approximation
scheme are difficult to identify when probed in the 321

approximation scheme. Those that seem to be present in
both schemes are affected by the triviality problem.

The same applies to other models appearing in the
literature.

Either use non-perturbative tools, or consider other models
(e.g., GUT, gravity+matter).
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Gravitational corrections

Universal quantum gravity effects on the SM beta
functions: βQGgi ∼ fggi, β

QG
yi ∼ fyyi, β

QG
λ ∼ λfλ.

[Daum et al. 17] [Zanusso et al., 10] [Percacci et al., 03]
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Figure : RG flow of the dimensionless Newton coupling constant.

We can represent the correction as fg = −c k2

M(k)2
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Gauge-Quark-Yukawa system

Gauge sector

dgi
dt

=
1

16π2
big

3
i − fggi.

Up-type Yukawas

βYU =
1

16π2

[
3

2
YUY

†
UYU −

3

2
YDY

†
DYU + 3 Tr

(
YUY

†
U + YDY

†
D

)
YU

−
(

17

12
g2
1 +

9

4
g2
2 + 8g2

3

)
YU

]
− fy YU .

Down-type Yukawas

βYD =
1

16π2

[
3

2
YDY

†
DYD −

3

2
YUY

†
UYD + 3 Tr

(
YUY

†
U + YDY

†
D

)
YD

−
(

5

12
g2
1 +

9

4
g2
2 + 8g2

3

)
YD

]
− fy YD.
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Diagonalized System

We introduce the unitary matrices V U
L and V D

L such that

V U
L MUV

U†
L = D2

U = diag[y2
u, y

2
c , y

2
t ],

V D
L MDV

D†
L = D2

D = diag[y2
d, y

2
s , y

2
b ].

Thus, we get the CKM-matrix

V = V U
L V

D†
L =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 .
Set of variables: yi = (yu, yc, yt), yρ = (yd, ys, yb)
and 4 CKM elements |Viρ|2
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Diagonalized System

Up-type Yukawas

dyi

dt
=

yi

16π2

3
∑
j

y2
j + 3

∑
ρ

y2
ρ −

(
17
12
g2
1 + 9

4
g2
2 + 8g2

3

)
+ 3

2
y2
i − 3

2

∑
ρ

y2
ρ|Viρ|2

−fy yi.
Down-type Yukawas

dyρ

dt
=

yρ

16π2

3
∑
j

y2
j + 3

∑
α

y2
α −

(
5
12
g2
Y + 9

4
g2
2 + 8g2

3

)
+ 3

2
y2
ρ − 3

2

∑
i

y2
i |Viρ|2

−fy yρ.
CKM elements

β|Viρ|2 = −3

2

∑
σ,j 6=i

y2
i + y2

j

y2
i − y2

j

y2
σ

(
ViσV

∗
jσVjρV

∗
iρ + V ∗iσVjσV

∗
jρViρ

)

+
∑
j,σ 6=ρ

y2
ρ + y2

σ

y2
ρ − y2

σ

y2
j

(
V ∗jσVjρViσV

∗
iρ + VjσV

∗
jρV
∗
iσViρ

) .
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Two generations

CKM matrix

V =

[
Vtb Vts
Vcb Vcs

]
.

We choose |Vtb|2 = W , such that |Vts|2 = 1−W ,
|Vcb|2 = 1−W and |Vcs|2 = W .

|V |2 =

[
W 1−W

1−W W

]
,

dW

dt
= − 3

16π2
(1−W )W

[
y2t + y2c
y2t − y2c

(y2b − y2s) +
y2b + y2s
y2b − y2s

(y2t − y2c )

]
.

Two important points: W = 0 and W = 1.
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Two generations

Yukawa beta-functions

βyt =
yt

16π2

(
3(y2

t + y2
c + y2

b + y2
s) + 3y2

t −
3

2
y2
bW −

3

2
y2
s (1−W ) (1)

− 9

4
g2
2 − 8g2

3 −
17

12
g2
1

)
− fy yt.

βyb =
yb

16π2

(
3(y2

t + y2
c + y2

b + y2
s) + 3y2

b −
3

2
y2
tW −

3

2
y2
c (1−W ) (2)

− 9

4
g2
2 − 8g2

3 −
5

12
g2
1

)
− fy yb.

For yc and yb, we have (t, b)↔ (c, s).

Using g1 ∗ = 4π
√

6fg/41, demanding yt ∗ > yc ∗ and yb ∗ > ys ∗

W∗ = 0, yt ∗ =
4π√
15

√
fg + 2fy , yb ∗ =

4π√
615

√
−19fg + 82fy . (3)

y2
t ∗ − y2

b ∗ =
1

3
g2
1 ∗. (4)
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Two generations - Gauge running
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Figure : Running of the gauge couplings g1, g2 and g3 before (dashed lines) and
after (solid lines) the Planck scale. We have used fg = 97× 10−4 for the matching.
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Two generations - Yukawa running
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Figure : Trajectory emanating from the asymptotically safe fixed point. IR
predictions: Mt = 185.54(173.21) GeV, Mc = 1.27 GeV, Mb = 4.18 GeV,
Ms = 0.096 GeV.
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Yukawa running +λ
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Figure : Trajectory emanating from the asymptotically safe fixed point. New IR
prediction: MH = 124.98(125) GeV.

Carlos Nieto September 2019



Three generations

Yukawa couplings yi = (yu, yc, yt), yρ = (yd, ys, yb).

CKM matrix

V = V U
L V D†

L =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 .
We choose |Vud|2 = X, |Vus|2 = Y , |Vcd|2 = Z, |Vcs|2 = W

|V |2 =

 X Y 1−X − Y
Z W 1− Z −W

1−X − Z 1− Y −W X + Y + Z +W − 1

 .
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CKM beta-functions

dX

dt
=

−
3

(4π)2

[
y2u + y2c

y2u − y2c

{
(y

2
d − y

2
b )XZ +

(y2b − y
2
s)

2
(W (1−X) +X − (1− Y )(1− Z))

}

+
y2u + y2t

y2u − y2t

{
(y

2
d − y

2
b )X(1−X − Z) +

(y2b − y
2
s)

2
((1− Y )(1− Z)−X(1− 2Y )−W (1−X))

}

+
y2d + y2s

y2
d
− y2s

{
(y

2
u − y

2
t )XY +

y2t − y
2
c

2
(W (1−X) +X − (1− Y )(1− Z))

}

+
y2d + y2b

y2
d
− y2

b

{
(y

2
u − y

2
t )X(1−X − Y ) +

y2t − y
2
c

2
((1− Y )(1− Z)−X(1− 2Z)−W (1−X))

}]

dY

dt
= −

3

(4π)2

[
y2u + y2c

y2u − y2c

{
(y2b − y

2
d)

2
(W (1−X) +X − (1− Y )(1− Z)) + (y

2
s − y

2
b )YW

}

+
y2u + y2t

y2u − y2t

{
(y2b − y

2
d)

2
((1− Y )(1− Z)−W (1−X)−X(1− 2Y )) + (y

2
s − y

2
b )Y (1− Y −W )

}

+
y2s + y2d

y2s − y2d

{
(y

2
u − y

2
t )XY +

y2t − y
2
c

2
(W (1−X) +X − (1− Y )(1− Z))

}

+
y2s + y2b

y2s − y2b

{
(y

2
u − y

2
t )Y (1−X − Y ) +

(y2c − y
2
t )

2
(W (1−X − 2Y ) +X − (1− Z)(1− Y ))

}]
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CKM beta-functions

dZ

dt
= −

3

(4π)2

[
y2c + y2u

y2c − y2u

{
(y

2
d − y

2
b )XZ +

(y2b − y
2
s)

2
(W (1−X) +X − (1− Z)(1− Y ))

}

+
y2c + y2t

y2c − y2t

{
(y

2
d − y

2
b )Z(1−X − Z) +

(y2s − y
2
b )

2
(W (1−X − 2Z) +X − (1− Y )(1− Z))

}

+
y2d + y2s

y2
d
− y2s

{
(y2u − y

2
t )

2
((1− Y )(1− Z)−X −W (1−X)) + (y

2
c − y

2
t )ZW

}

+
y2d + y2b

y2
d
− y2

b

{
(y2t − y

2
u)

2
((1− Z)(1− Y )−W (1−X)−X(1− 2Z)) + (y

2
c − y

2
t )Z(1− Z −W )

}]

dW

dt
= −

3

(4π)2

[
y2c + y2u

y2c − y2u

{
(y

2
s − y

2
b )WY +

(y2b − y
2
d)

2
((1−X)W +X − (1− Y )(1− Z))

}

+
y2c + y2t

y2c − y2t

{
(y

2
s − y

2
b )W (1− Y −W ) +

(y2b − y
2
d)

2
((1− Y )(1− Z)−X −W (1−X − 2Z))

}

+
y2s + y2d

y2s − y2d

{
(y

2
c − y

2
t )WZ +

(y2t − y
2
u)

2
Z((1−X)W +X − (1− Y )(1− Z))

}

+
y2s + y2b

y2s − y2b

{
(y

2
c − y

2
t )W (1− Z −W ) +

(y2t − y
2
u)

2
((1− Y )(1− Z)−X −W (1−X − 2Y ))

}]
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yt - yb system
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Figure : Trajectory emanating from the asymptotically safe fixed point for the
Yukawa sector. New IR predictions: X = 0.933(0.949), Y = 0.0502(0.0505),
Z = 0.05002(0.0503), W = 0.949(0.0948).
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Three generations

Decoupled solutions

X∗ Y∗ Z∗ W∗
123 1 0 0 1
132 1 0 0 0
321 0 0 0 1
213 0 1 1 0
312 0 0 1 0
231 0 1 0 0

Table : Fixed points for the CKM matrix in our
parametrization. The first column is linked to the permutation
group of three objects as shown below.
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Three generations

These values correspond to the matrices:

M123 =

1 0 0
0 1 0
0 0 1

 , M132 =

1 0 0
0 0 1
0 1 0

 , M321 =

0 0 1
0 1 0
1 0 0

 ,
M213 =

0 1 0
1 0 0
0 0 1

 , M312 =

0 0 1
1 0 0
0 1 0

 , M231 =

0 1 0
0 0 1
1 0 0

 .
We seek for solutions of βyi = 0 = βyρ in each of the cases
|V |2 = Mabc as functions of fg and fy.

We find that the solutions for |V |2 can be obtained from
123 by applying the corresponding M−1

abc to the vector
yρ = (yd, ys, yb)

We select the positive solutions having at most two zero
couplings.
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Three generations

We find 1 plane of fixed-points, 6 lines. On these solutions
we impose the conditions yt ∗ > yc ∗ > yu ∗ and
yb ∗ > ys ∗ > yd ∗.

Only the case X∗ = 1, Y∗ = 0, Z∗ = 0, W∗ = 1 contains
such solutions.

Three solutions remain

y2u ∗ =
4π2

123
(47fg + 82fy)− y2c ∗ − y2t ∗ , y2s ∗ = −32fgπ

2

41
+ y2c ∗,

y2d ∗ =
4π2

123
(23fg + 82fy)− y2c ∗ − y2t ∗ , y2b ∗ = −32fgπ

2

41
+ y2t ∗ .
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Three generations

y2c ∗ =
4π2

123
(35fg + 82fy)− y2t ∗ , y2b ∗ = −32fgπ

2

41
+ y2t ∗,

y2s ∗ =
4π2

123
(11fg + 82fy)− y2t ∗ , y2d ∗ = 0 , y2u = 0 .

y2c ∗ =
4π2

123
(23fg + 82fy)− y2t ∗ , y2b ∗ = −32fgπ

2

41
+ y2t ∗,

y2s ∗ =
4π2

123
(−fg + 82fy)− y2t ∗ , y2u ∗ =

32fgπ
2

41
, y2d = 0 .

These fixed-points are UV repulsive.

Other non-trivial CKM fixed-points generate negative
Yukawa couplings.
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Three generations

We need to introduce extra structure.

We use different fy for each generation of quarks:
fy,1 - fy,2 - fy,3.

We use the “decoupled” solutions M123.

There are always two non-zero Yukawa couplings.

We demand y∗t > y∗c > y∗u, y∗b > y∗s > y∗d
=⇒ y∗t > y∗c , y∗b > y∗s

We study the fy,2 - fy,3 space of parameters.
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yt - yb system
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Figure : We show the evolution of the coupling yc starting from one of our fixed
points, as well as other two trajectories starting a little above and below y∗c (solid,
dotted and dashed lines respectively). We also depict the fixed-point value and the
corresponding value of the charm Yukawa coupling at the Planck scale.
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Conclusions

Quantum gravity fluctuations have an important effect in
the construction of a UV-complete theory.

The solution of the Landau pole in the U(1) sector opens
the possibility of exploring interesting UV properties of the
SM.

Using gravity effects, we can (partially) have an
understanding of the mass hierarchy in the quark sector.

A full understanding of the complete flavor structure of the
SM needs further investigation.
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