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The D/T splitting problem

Embedding of the Higgs doublet H in a representation of SU(S)

SH — (331)—1/3 D (192)1/2 =1®H

New color triplet 7'with mass 2 M1 = 10'® GeV from bounds on proton lifetime
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The D/T splitting problem

Embedding of the Higgs doublet H in a representation of SU(S)

New color triplet T with mass > M- =~ 10° GeV from bounds on proton lifetime

What keeps the doublet light while the triplet is heavy?
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The D/T splitting problem

In minimal SU(S) the masses of H and T come from the potential

V(54 245) = — u2575, + —(5?‘ 507+ a5 5, Tr |245| + B57 2455, + 657 2455,
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Veff(Ta H) =

The D/T splitting problem

In minimal SU(S5) model the masses for H and T come from the potential

A
V(5,,245) = — u251 5, + Z(S;ISH)2 +a5] 5, Tr [245| + p57 2455, + 657 2455,

H

After SSB of SU(S) to the SM gauge group by the vev

we obtain the potential
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The D/T splitting problem
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The D/T splitting problem

To have a light electroweak scale while keeping the triplet near M, we need

20 36
mfl = —//t52 + v% (—300{ + 45 Vz> = @(m}%) m% = —/452 + v% (—30a+ 9p ) = @(MéUT)

Vy

Technically natural choice but large tuning between ,u52 and coefticients of v%
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The D/T splitting problem: A cosmological solution?

Can this tuning be a result of cosmological dynamics similar to cosmological solutions
to the weak scale hierarchy problem? (e.g. Sliding Naturalness )
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The D/T splitting problem: A cosmological solution?

Can this tuning be a result of cosmological dynamics similar to cosmological solutions
to the weak scale hierarchy problem? (e.g. Sliding Naturalness )

Sliding Naturalness relies on the Higgs vev to trigger a low energy potential

—> Naturally gives a solution to the D/T splitting problem
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Sliding Naturalness: A quick summary

Landscape of Higgs masses, £ and CC values

[D’Agnolo, Teresi, 21}
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Sliding Naturalness: A quick summary

After reheating and atime 7, ~ 1/H(Aycp) ~ 107>

(h) ~v
0 <1
(h) ~v
(h) ~v 0 <1
0 <1
(h) ~v
0 <1
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Sliding Naturalness: A quick summary

Only universes with the observed values of (/1) and 0 can live cosmologically long times

(h) ~ v

0 <1
= v (h) ~ v

VES
0«1

(h) ~ v

0«1
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Sliding Naturalness: A quick summary

A pedagogical model (zoom in on shallow minimum)

We introduce two scalar fields with potential:

b: Py
V., = = m> Mz 2 — —
P ( OM2  AM4

Vi(g,) V_(¢_)

——
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Sliding Naturalness: A quick summary

A pedagogical model

We introduce two scalar fields with potential:

V,=m M2 ¢+ — qbi
M T\ Moz amt ) oy

+-— +-—

Vi(g,) V_(¢_)

——
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Sliding Naturalness: A quick summary

A pedagogical model
M, M

+-—> —

Vi(g,) V_(¢_)

[
e

The universes crunch for | ¢, | 2 M, due to a large contribution to the CC from V_(¢, )
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Sliding Naturalness: A quick summary

A pedagogical model

We add the axion-like coupling to gluons:

37 F, F

Vot = —&(9+ﬁ+¢—)ﬂ GG
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Sliding Naturalness: A quick summary

A pedagogical model

After QCD phase transition V,, ;; becomes:

2
4
R () (9+ b, cb_)

P F. F.
where
m,m
A*((h)) = m2f? 1 r;ld)z for m, 4 S 4nf,

is a monotonic function of (/1)
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Sliding Naturalness: A quick summary

Assumptions

A technically natural choice:

M,/F, < 1
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Sliding Naturalness: A quick summary

A technically natural choice: M, /F, <« 1

Pedagogical assumptions (do not affect the conclusions):

my >m, = ¢_startsrolling before ¢,

M M -
—— < 6+ —= to neglect the cross-term -9 inV, g

—> two separate minimization problems for ¢, and ¢_
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Sliding Naturalness: A quick summary

With these assumptions the potential of ¢_ looks like:

N e

V —lmquz— 0 . —
D R ST V) SR

/

[N A

l l
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Sliding Naturalness: A quick summary

With these assumptions the potential of ¢_ looks like:

NN }f;’i‘

1 2 42 _
=T
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Sliding Naturalness: A quick summary

The local minimum around the origin is safe if:

m
A*((h)) S —M_F_
Ocy

i.e. the mass term dominates the tadpole
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Sliding Naturalness: A quick summary

With these assumptions the potential of ¢_ looks like:

V. = — 4m? i i ¢t + A((h)| 07 ik + &
R VY P JFE,. - 2F?

N
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Sliding Naturalness: A quick summary

With these assumptions the potential of ¢_ looks like:

V. = — 4m? i i ¢t + A((h)| 07 ik + &
R VY P JFE,. - 2F?
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Sliding Naturalness: A quick summary

A safe local minimum around the origin is created if:

A*((hY) 2 m; F and o+ < My
YU T - eq F

i.e. the QCD term dominates the negative mass term of ¢, at the origin
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The D/ T splitting problem in the Multiverse

Assumptions

There is some physics that scans the tuning in mé ana m% with vy =~ M 7 fixed

The unified gauge group and particle content at M ;7 are the same in all universes
(not crucial for the discussion but allows us to make it more concrete)

Pablo Sesma (IPhT Saclay) - Laboratori Nazionali di Frascati - 17 April 2024

26



The D/ T splitting problem in the Multiverse

If s and 0 are scanned over there will be contributions to V(¢,.)

depending on s and o0

We can classify different values of ys and o by four different criteria:

1-(H) =0 or (H) >0 9
2-{TY=0 or (T) >0 = s (-30ar 4= 2)
3-my =~ Mgyr or my <K Mgyr md = = 2 412 <_30a+9ﬂ+ﬁ)

Vy

4-mp >~ Moy or mp << Meyr
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The D/ T splitting problem in the Multiverse

If s and 0 are scanned over there will be contributions to V(¢,.)

depending on s and o0

We can classify different values of ys and o by four different criteria:

1-(H) =0 or (H) >0 9
2 (T) =0 or (T) >0 R G
3-my = Mgyr or my << Mgyr md = = 2 402 <_30a+9ﬂ+ﬁ)

Vy

4-mp >~ Moy or mp << Meyr

—> We have to consider 16 qualitatively different Universes
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Crunching the D/T splitting problem

We add to the minimal SU(5) GUT two singlet scalars with the following potential

as [ ¢, P ~
V.=V, +V_ —— —+—+6; | Tt |FF
¢ + 87:(F+ F 5) [55]

N/
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Crunching the D/T splitting problem

At low energies the potential Vi, becomes

VH¢3—N3§[—;(;€+ | ;’i‘ | 9) Tr [GG] —NQ%(¢+ 2 9W> Tr [WW]
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Crunching the D/T splitting problem

At low energies the potential Vi, becomes

¢+ ¢— ¢+ Qb_
Vit 2 = Ny ( F ) r [GG] — Ny=2 - ( o )Tr WW]|

In the SM the second term can be removed by a U(1)g, ; field redefinition, butin SU(S)

Yukawa interactions mediated by 1 explicitly break this anomalous symmetry

—> We need to consider the contributions of both operators to V(¢ )!
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Crunching the D/T splitting problem

At low energies the potential Vi, becomes
¢ _ % _
Vig D — N38ﬂ< ~ 4 i ) [GG]—N28E< ~ 4 ;’i )Tr (WW|

—> We need to consider the contributions of both operators to V(¢..)

We have to evaluate UV instanton contributions to V(¢ )

from SU(3),.and SU(2); in all the universes!
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Crunching the D/T splitting problem

Instantons generate a potential for axion-like particles

In the UV, where the gauge coupling is small, instantons give the leading contribution to
the potential

In the IR, where the gauge coupling increases, the strong dynamics give the leading
contribution to the potential
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Crunching the D/T splitting problem

Instantons generate a potential for axion-like particles

In the UV, where the gauge coupling is small, instantons give the leading contribution to
the potential

In the IR, where the gauge coupling increases, the strong dynamics give the leading
contribution to the potential

—> We need to compute these contributions in each universe and compare them
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Crunching the D/T splitting problem

Example: SU(2); (constrained) instantons

SM : Tr [WW] is not observable

B + L violating

/ operator
QOQL
2

mf

SUG5) — SM : Tr |WW| +
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Vsu@), (@)

Crunching the D/T splitting problem

Example: SU(2) (constrained) instantons

< ¢
COS

N
F_+

f+%)
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Crunching the D/T splitting problem

The QCD scale Ay

In our universe the size of the ¢, potential is

m,ni;

(mu md)

4 — 1,2 £2
AQCD — mﬂfﬂ

~ =~ (80 MeV)*

In practice this number is inaccessible in the other universes

In other universes we approximate A, ¢p by the scale where a; = 1 = A3,
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Crunching the D/T splitting problem

The QCD scale Ay

All we need to check is that the ¢, potentials in other universes

4
are very different from (Ag‘%@))
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Crunching the D/T splitting problem

Our Universe has (H) > 0, (T) = 0, my < Mgyr and mp =~ Mgy

In this case the QCD IR contribution is

P
A ((h b, _
Vo = (2< . <9+F_++?_)

4 _ 2o MMy
A (<h>) o m]l'fﬂ' (mu 4 md)2

for m < 4nf,

u,d ~ T
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Crunching the D/T splitting problem

Our Universe has (H) > 0, (T) = 0, my < Mgyr and mp =~ Mgy

While the SU(S) instanton contribution to ¢, potentials are:

V(.. det(Y,,Y.
y (qﬁ;) L e = 35) x (2,10 x 10710 GeV)*
c:()s(F+ - I6’5) (127%)

which gives a much smaller contribution than A*((h)) ~ (80GeV )*
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Crunching the D/T splitting problem

Our Universe has (H) > 0, (T) = 0, my < Mgyr and mp =~ Mgy

The instantons contributions are negligible compared to the QCD strong dynamics
contributions: the mechanism works as expected here
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Crunching the D/T splitting problem

Doublet Higgs light
Triplet Higgs Heavy

(H) >0 (Hy >0 (H)y=0 (H)=0
(T)=0 (T) >0 (T)=0 (T) >0
Our universe: QCD broken @ GUT: | Massless fermions | QCD broken @ GUT:
A* ~ Aop A* < Afep A* < Afep A* < Agep
Doublet Higgs heavy
Triplet Higgs light
(H) >0 (H) >0 (H) =0 (H)=0
(TY=0 (T) >0 (T)=0 (T >0

All fermions heavy.

Confinement is earlier.

All fermions heavy.
Confinement earlier

Massless fermions

EW confinement

4 4 or Broken QCD A < AéCD M« A‘éCD
A* > Agep 4 4
A* > AGep
Doublet Higgs heavy
Triplet Higgs heavy
(H) >0 (H) >0 (H) =0 (Hy=0
(T)=0 (T) >0 (T)=0 (T) >0

All fermions heavy.

Confinement is earlier.

QCD broken @ GUT:
A* < A§ep

Massless fermions
4 4
A K AQCD

QCD broken @ GUT:

EW confinement

A* > Agep A* < Agep
Doublet Higgs light
Triplet Higgs light
(H) >0 (H) >0 (H) =0 (Hy=0
(T)=0 (T) >0 (T)=0 (T) >0
D brok
, QCD broken , QC_ broken
Confinement is later. Q Trivlet scale: Massless fermions @ Triplet scale:
A% < A? P ' A* < AL EW confinement
QCD A4 & Aa D QCD

1 1
A* < Agep
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Conclusion
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