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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 ¢, 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 spac

Flgure . Theory space of couplings g; where only 3 axes are shown for simplicity. For a
given fixed point, we show the UV safe surface Sy (blue region), the approximated UV
critical surface around the fixed point (white plane), the new set of coordinates z;, 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 Syyy . This trajectory approaches the fixed point but goes to infinite
values at very high energies (magenta line).




Generation of the fixed points

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

Bg = ke (=B +Cay — Day)az

da
By = d_ty = (Eay — Fag)ay,
o Cancellation between 1 and 2 loop terms produces a
non-trivial FP in the gauge coupling.
e Perturbative control large Ny, N..

@ Presumably FP also exist for finite Ny, N..

e Conditions on SU(2) and SU(3) representations in [Bond,
Hiller, Kowalska & Litim, 2017].
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A class of models

Group: SU.(3) x SUL(2) x Uy (1).

Add Ny families of vector-like fermions ¢; minimally
coupled to SM and Yukawa interactions new scalars S.

L= Lsn +Te(Qilpy) +Tr(9,510,8) —y Tr(YrSYr +PrSTYL).

Representation labels (p,q), ¢, Y and Ny.

. N2
Couplings: (a1, ag, a3, g, ay, vy ), where o; = ()" and

— A
O\ = Ty
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A promising model

Ny=3,0=1/2,Y =3/2,p=q=0
aj =0.188, a5 =0, a3 =0, af =0, a;, =0.778
01 = 33.2, 0 = —3.36, 03 = —0.817, 0, =0, 05 = 0.
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Requirements

@ Small couplings
N
af = (Z—;) <1
@ Small critical exponents
a4
Bi = —digi + B{(9;), Mij = —didi; + 3192, demand [6;] < O(1).

@ Hierarchy in the loop contributions
At the FP 0=, = AV + B v o, -
demand p; < 0; < 1 where p; = |C£Z)/A5f)| and o; = |B£”/A,(.f)|.

@ CFT data [Dondi, Sannino & Prochazka, 2017]
<TI5L> = CW2_G,E4—|—..., where a = afT€€+a/q and ¢ = CfTee+Cq-
We demand |aq/afree] < 1 and |cg/cree| < 1.
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Standard Model matching

o 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

g? = gf +S”Z;) .

This equation puts strong constraints on the models.
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The procedure

eter sp

am, ac
N € [1,300, 1], S [1/2,10,1/2], Y € [0, 10,1/2]

BSM

B-functions

vt)

%

(1,1), (1, 3/2) (1 2).(1,5/2), (1,3),
(1,7/2), (1,4), (1,9/2), (2, 1/2), (3,1), (2,3/2),
@22, (3,1/2), (371, @1/2),6,1/9).




Singlet of SU(3)
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Figure . Distribution of the largest eigenvalues 6max 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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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.

o 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

o Universal quantum gravity effects on the SM beta
: G
functions: BRE ~ fogi, BYE ~ fyyi, BLE ~ M.
[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.

. 2
e We can represent the correction as f; = —CW
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Gauge-Quark-Yukawa system

Gauge sector

dgi o 1
dt 1672
Up-type Yukawas

’ng fz] CJL

13 3
Bvy = 123 [EYUYL‘;YU — SYpYhYe +3Tr (Yo Y + YoV ) Yo
17 , 9 ,
~ (G0 + Job +a2) v - v
Down-type Yukawas
13, s 3. i ; !
Bvp = 153 | 5 YOYHYD — JYuYiYp + 37T (Yovd +voy)) vo

5
(Egl + 1% +893) YD] = JyYD.

Carlos Nieto

September 2019



Diagonalized System

o We introduce the unitary matrices VLU and VLD such that

U .

VLUMUVL f = D(2J = dzag[y27yg7yrf2]7
D .

VLDMDVL f = D2D = dlag[?/(%??{??l/l?]‘

@ Thus, we get the CKM-matrix

Vud Vus Vub
V=VIVP = Vg Vs Va
Viae Vis Vu

e Set of variables: v; = (Yu, Ye, Y1), Yp = (Yd, Vs Ub)
and 4 CKM elements |V;,|?
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Diagonalized System

Up-type Yukawas

dy;
(T; = 16;2 323/] +3Zyp (1501 + 393 +893) + Sui - *Zyprzpl —tuyi-

Down-type Yukawas

dy
U 16 32w 33 v~ (g + 5 +808) + 35— 32wVl | =Sy

CKM elements

3 yi2+y.72 2 * * * *
B = =5 | 20 5202 (VieViuVipViy + Vi Via Vi Vi)
o,j#1 7 J

3 +y
+ 30 s (Vi VipVie Vi + Vie Vi Vi Vi)
J,o#p P E
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Two generations

o CKM matrix

_ V;Eb ‘/ts
V= |:V;:b ‘/cs:|

e We choose |V|? = W, such that Vis]2=1-W,
[Vp|?> =1—W and |Vc$]

WlQZ[ W 1—W}7

1-W w
dwW 3 vy, ) g2 + 2
- 1—WW 4 _ b s 2_ 2
dt ].67T2( ) |:ytg_yg( b s)+ yg_yz(yt yc)

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

o Yukawa beta-functions

3 3
By = L (B2 +y2+y2 +yD) +3yF — SEW — 22 (1-W) (1)
1672 2 2
9 17
—195—893—59%) — fy yr.
_ Y 2 2 2 2 32—§2W—§21—W 9
By, = 3(yr +ye +yp Tvs)+ 3y — Svp e ( ) (2
1672 2 2

9 2 2 5 2
—Zg3—8¢2— —g7) - )
192 =895 — 01 fy Yo

For y. and yp, we have (¢,b) « (c, s).
o Using g1, = 4m/6f,/41, demanding y;« > Yex and yp. > Ys«

Ar 47
Wi =0, yt*:ﬁm7 yb*zix/—19f9+82fy~ (3)
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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 fy = 97 x 10~% for the matching.
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Two generations - Yukawa running

0.100¢ E

0010\ i

0.001} J

10} ;
_Yl_Yb_YC_ys_W

107

0 500 1000 1500 2000 2500 3000 3500
t
Figure : Trajectory emanating from the asymptotically safe fixed point. IR

predictions: M; = 185.54(173.21) GeV, M, = 1.27 GeV, M, = 4.18 GeV,
Mg = 0.096 GeV.
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Yukawa running -+ A\
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Figure : Trajectory emanating from the asymptotically safe fixed point. New IR,
prediction: My = 124.98(125) GeV.
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Three generations

e Yukawa couplings ¥ = (Yu, Yes Yt)s Yp = (Yds Yss Yb)-
o CKM matrix

Vud Vus Vub
V=V'vP = Vi Vi Va
Via Vis Vi

@ We choose |Vog|? = X, |[Vus? =Y, [Vua|> = Z, |V =W

X Y 1-X-Y
V|2 = Z W 1-Z-W
1-X~-Z 1-Y-W X+Y+Z+W-1
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CKM beta-functions

dx _
g
3 [ui+vl (wh —v2)
- e [Za—zz {(z;ﬁ—y?)XZ+M<W<1—X>+X—(1—Y)(1—Z))
2 2 2 _ 2
+%{<y§—y§)X<1—X—Z>+w((l—yxl—Z>—X<1—2Y>—W<1—X>>}
u It
2 2 2 2
+ Vgt {(yi —y$>XY+u(W<1—X)+X—(1—Y><1—Z>>}
Yyg — s 2
92"’92 y27y2
+ Y ’;{(yi—y3>X(1—X—Y>+#((1—Y>(1—Z>—Xu—2Z>—W<1—X>>H
g — Yy 2
ay 3 [yi+v? [wE-vd) _ 2_ 2
W [y%_yg{ W= X+ X = (1= V)= 2) + (4~ YW
2 2 2 _ 2
w vt F V0 (4 vy - 2) - wa- X) - X(1 - 2Y) + 02— sV (- Y — W)
y2 —y? 2
2 2 2 _ 2
+’“‘;Ly;{wi—yf)xv+u(wu—xwx—(l—yxl—zn}
yi —uy 2
2 2 2 _ .2
+%{(yi—y?)Y(l—X—Y)+(yc27yt)(W(1—X—2Y)+X—(1—Z)(1—Y))H
y2 — yj
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CKM beta-functions

dz

dt

dw
dt

3 [s+4 P2
e [32 _ZQ {@3 — Xz + MW(l—xwx—u—zm—m}
yf-&—y?

2 2
L {(yi—y?)Z(l—X—ZHM

(W(l—X—2Z)+X—(1—Y)(1—Z))}
y2 — y3 2

2 2 2 _

va Vs {M((l ~Y)A-2Z)~ X - W1 - X))+ (2~ y?)ZW}

Y3 — vs 2

vai+vi [P —vd) 2 2

ST S (- 2)(1-Y) = WA = X) = X(1—-22) + (7 —v])Z(1 - Z - W)
Y3 — Y 2

2 2 2 2

i {Z;Z; {@2 — WY + w«l—xw+x—(1—yx1—zn}
2 2 2 2
%{(yi—y§>W<1—Y—W)+w«uwl—m—X—W<1—X—2Z>>}
c T Yt
y?-&-yﬁ

2 _ 2 (ytz - yﬁ) _ 1 _
5 We —y)I)WZ+ —————Z((1 - X)W+ X - (1-Y)(1-2))
ys —yg 2

2 2 2 _ .2
zzfj;g {(y? —y W - Z - W)+ Lj’“((l—Y)(l—Z)—X—W(l—X—M)}]
s b
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Yt - Yp 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), ¥ = 0.0502(0.0505),
Z = 0.05002(0.0503), W = 0.949(0.0948).
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Three generations

@ Decoupled solutions

X, Y. Zy 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:

1 00
Miss =10 1 0
0 0 1
[0 1 0]
Mys=11 0 0
0 0 1

)

)

Mz =

M35 =

OO OO

_— OO = OO

)

)

M3y =

M3 =

SO = OO

e We seek for solutions of 8,, = 0 = 3, in each of the cases

|V|? = Mgp. as functions of f, and f,.

o We find that the solutions for |V|? can be obtained from
123 by applying the corresponding Ma_bi to the vector

yp = (yd7 ysa yb)

o We select the positive solutions having at most two zero

couplings.
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Three generations

o We find 1 plane of fixed-points, 6 lines. On these solutions
we impose the conditions ¥« > Yex > Yu+ and
Ybx > Ysx > Ydx-

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

@ Three solutions remain

32f,m2
yz*: 123(47fg+82fy) yg*—yf* ) yg*:_%'l-yg*?
_ 4n? 32f, 72
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Three generations

32f,m2
32f,m?
2 32f,m?

@ These fixed-points are UV repulsive.

o Other non-trivial CKM fixed-points generate negative

Yukawa couplings.
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Three generations

@ We need to introduce extra structure.

o We use different f, for each generation of quarks:

fy,l - fny - fy73
@ We use the “decoupled” solutions Mjo3.
o There are always two non-zero Yukawa couplings.

e We demand y; > y: > v, vy > vs >,
=Y > Yo, Yy > Us

o We study the fy,2 - fy 3 space of parameters.
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Yt - Yp System
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Figure : We show the evolution of the coupling y. starting from one of our fixed
points, as well as other two trajectories starting a little above and below y* (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

o 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.

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

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