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A few questions

The Standard Model (SM) has been introduced in the '70.

Guide line — gauge symmetry.

Discovery of the Higgs, almost everything agrees with this theory.
And the neutrino masses? The DM? The hierarchy problem?

Is it an effective theory of something deeper?

But where is the new physics?
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Hierarchy problem

= Why the mass term for the Higgs boson breaks the scale
invariance of the SM lagrangian?

= Why this parameter gets this value? Is there a physical
explanation?

= How can we deal with the quadratic divergences to the mass
of the scalar boson?

s e v —_— e = — -
A
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Naturalness

New guide line for Beyond the SM physics — Naturalness.
Divergences are canceled by new physics at some energy scale Apy;.

om3 (N2

2
nat) S mp.
Common solutions: SUSY and Higgs composite models.
Naturalness suggests new physics below the TeV but LHC didn't
see anything.

Maybe it doesn't work in this way. ..
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Finite naturalness

Reinterpretation: The naturalness principle must be respected only

by the physical corrections.
The quadratic divergences arise because of the formulation of the

theory, so they can be ignored (as we do in dimensional
regularization computations).
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Soft gravity

Gravity gives big high energy corrections to the parameters.
Brutally: we want it to stay weak at all the scales.

If there are more degrees of freedom these corrections may be
suppressed and natural.

Pro: the gravitational sector of the model does not affect the low
energy observable sector.

Con: we must study models also at A > Mp; (beware of Landau
poles!)
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What is TAF

We want to build a model for the observable sector as a 4
dimensional QFT, s.t. the gauge, Yukawa, scalar couplings are
dimensionless and it stays in a perturbative regime at energy
higher than a given scale.
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How to find a TAF model

The general form of the RGEs for all the couplings is known
[Machacek & Vaughn, Nuc. Phys. B 222 (1983), 83
and subsequent].

One can solve them, finding the asymptotic behaviour. Simple.
BUT

If we have tens of couplings? Is there a general way to deal with it?
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How to find a TAF model

We rescale the couplings: given t = In(p2/u3)/(472)

) P31 Am(t)
. ya(t) == ;

g (t) =

The one-loop RGEs become

dgi gi ~ dya _)7a ~ o~ d m Y ~ ~ X
= = ' : = — . - )\m Y ) a)‘
dint ~ 2 @) i = 2 ARE V) +05,(&:7,A)
L odxg ™
In one line: T Vi(x) where x; = {&;, V2, Am}
n

Solving the algebraic system d";’;’t = V; =0, we find the

fixed points x,: the couplings — 0 with fixed ratios.
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Features of a TAF model

We linearize these equations around x/_
J J
Vi~ Y My(x? —x3)
J

where M, is block triangular
I

The running of A; = x' — x!_ is given by dlnt =3, MyA,.

All positive eigenvalues — “fully IR-attractive” fixed point (and
vice-versa).

A fully IR-attractive fixed point predicts a complete set of low
energy values of the parameters.

In general we get a low energy constrain on parameters for each
positive eigenvalue.
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Features of a TAF model
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| 7 72 7. §2. Eigenvalues | Ao Eig
Solution 1 | 227/1197 0 0 0 +—++ Sol. 1 —143 4 V119402 40.0423 +
Solution 2 0 227/1197 0 —t+ M 2788 = b
Solution 3 | 227/1596 227/1596 0 0 ++++ —143 — V119402
Solution 4 0 0 0o o ——++ Sol. 2| —— - ~-01020 -~

[Giudice, Isidori, Salvio, Strumia, arXiv:1412.2769]
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The code: TAFfatron

A program does the dirty job:
1. builds the generators;
2. checks the invariance of the Lagrangian;
3. computes the RGEs for all the couplings;
Exploiting the form of the 3 functions, it

4. finds fixed points for gauge couplings and plugs the results
into the Yukawa RGEs

5. For each Yukawa fixed point, it searches for scalar fixed points.

If there is at least a fixed point also for scalar couplings it is TAF.

Question: is phenomenology consistent with the reality?
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Standard Model

First thought: is SM TAF? No.

The coupling gy hits a Landau pole (a problem of all the abelian
groups). We have to embed it in a non-Abelian group.

We chose Trinification GUT models, whose gauge group is

SU(3).®SU(3)gr®SU(3).



The context
00000

What is TAF Search for TAF A Trinification TAF model
00000 008000 00000

Minimal Trinification
SU®R)L

SU®).

Conclusions
[e]e]



The context What is TAF Search for TAF Trinification TAF model Conclusions

00000 O000C 00000 0000C

Symmetry breaking pattern

The Higgses have a non-zero VEV:

Vun O 0
< Hn> = 0 Vdn VLn
0 VRn Vn

In this way
SU(3),®SU(3)®5U(3),. ~2 SU(2),®SU(2) r@U(1) 5_, ®SU(3)

SU(2), ®SU(2)r@U(1)5_, ®SU(3), Yer U(1), ®SU(2), ®SU(3).

U(1)y ® SU(2), ® SU(3), 2 U(1),,, ® SU(3).
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Bad news

= With 1 Higgs it can't reproduce the fermion masses;

= with 2 Higgses the new fermions get a mass M ~ yV while
the SM quarks get a mass m ~ yv.
SM quark masses are reproduced if couplings y < 107>,
But if V ~ few TeV we have M < 0.1GeV in contradiction
with data. Fine tuning?

= 3 Higgses can reproduce “naturally” the fermion masses, but
no TAF solutions.

We have to introduce other particles.
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New particles modify RGEs — finite number of good models

candidates to TAF.
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How to expand?

name representation Ab; Yukawas

1 (1,1,1) 0 0 0| LLH" —

ol 8 (8,1,1) 2 0 0|8, LH" -

S sk (1,8,1) 0 2 0| 8LH* -
5 el (3,31)®(3,31)|2 2 0| L'LH LLH+LLH*

Q,eQ, 3,1,3)®(3,1,3)|2 0 2|Q,QrH -

QreQy (1,3,3)@(1,3,3) | 0 2 2| QRQLH -

3083, (3.L)e@B,L1) |3 0 0 - -

3r®3r (1,3,1)®(1,3,1)|0 2 0 - -

33 (L1,3)®(L,1,3)|0 0 2 - -

8. (1,1,8) 0 0 2 - =

| 6,@6, (6,1,1)®(6,1,1)[%2 0 0 - -

S| 6r®06r (1,6,1)@(1,6,1)| 0 L o - -

?| &6 (LL6)e(L,L6) |0 0 - -

Lel (331D)@@3,31))2 2 0 - =

QeQ, 31383132 0 2| - _

Qr® Qg (1,3,3)®(1,3,3)| 0 2 2 = -

Conclusions
[e]e]
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A Trinification TAF model

A phenomenologically interesting model:
Minimal Trinification (with Q;, Qrg, éand 3 Higgse_s)

plus a vector-like quark family Q; @ @, and Qr @ Q.

2> M QLiQL+ /V’{? Qry Qr + yé’{j QLirQrjrHn
nij

+ yg (:;)L(:?RH:; + %L,’Lan + h.c.

We will choose Mj = M = 0 and write o
Qui = (uLi, dii, dg;), Qua = (UL, Di, DR), Qua = (UL, Dy, D}),
Qrj = (urj, dr;j, dg;), Qra = (Ur, Dr, DR), Qra = (Ug, Dr, Dj),



Up quarks:

Down quarks:

dj
VdnY, Z)U
Vryg o
24
Veryg’
n4j
VdnY @
0
0
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Quark masses

uRj
nij
ugj VunY @
n4j
U VunY g

Ur

J-/
dR
2ij
VLY q
Vaye
4
Vayg”

24j
VLY qQ ’

0
0

Ur U
Vun yg 4 0
Vuny 544 M

Mg VunY, g)

Dl Dgr D]
vyt vanyd* 0
Vnyg4 VRY%'4 0
Vayd* Veyg" My

2
viyg)  vany@* 0
MR 0 Vun}/g)
0 Mg 0
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Lepton masses

Charged leptons:

€r
€L [ —VdnYLn
/
€ VinYLn
Neutral leptons:
/
vy VR vy
Ve 0 - VunYLn 0
VR 0 0
vy 0
vy

e
VRnyLn
—VnYiLn
vy v
- VRnyLn 0
—VLnYNn 0
VnyLn VunYLn
0 VdnYLn
0



A Trinification TAF model
000e0

Vector masses

Let's take only V,, and Vg,: SM group still unbroken.
Defining V2 =3, (V2 + V3), a =3, V3, /V? and
B =3, VaVra/V?, the gauge bosons are:
= a SU(2), doublet with 4 components: My, = g,V /V/2;
= two charged fields H,? with mass MH,;?t = grV/V2

= two neutral fields H,% with mass

21/2
> _ 8rY 2 2
Mzp = S5 {1+\/(1—2a) + 442,
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Vector masses

» the right-handed W5 vectors (the lightest) with mass

21/2
/\/15‘/,?i - gR4V {1 — \/(1 —20)2 + 462]

= the Zg and the Zg_; vectors, that mix together. In the limit
Vgn < V, the mass eigenvalues are

2 g3/2 + 2g?
Mo — Vi Z(22 2 Mo ~ Ve, 2RLZ T “5L
7 S(67 +8k), Mz =|Bler R\/;

= The 12 SM vectors remain massless.
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Conclusions

We performed a systematic search of TAF models such that:

= gravity is softened, it doesn’t spoil the observable sector
predictions

= the perturbative regime holds up to infinite energy
= the phenomenology is consistent with the data
Among Trinification GUT models we found that:
= minimal Trinification has no TAF solutions
= the most interesting Trinification TAF model includes
QL Qand Qr® Qr
= to get the right phenomenology naturally, 3 Higgs are needed.
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What's next?

The experimentalists at LHC have seen excesses (~ 3c) in some
channels at an energy ~ 2 TeV.
The lightest vector Wg may be responsible of these observations?

> 10°F T g T T T -]
8 ATLAS TLAS e~ Data E|
8 L[ s-8Tev. 203 ~87Tev, 203"  — Background model J
210 = — 15 TeVBUK Gy Wi =1 5
Significans TS Sigif 1
I Signfcance (sai +sys) | . Sigrifcance (stal + syst)

?f 2z selection

T o s T T A e P |
3 3
my [TeV,

3 3.
m [TeV]

[ATLAS Collaboration, arXiv:1506.00962]



Minimal Trinification

Field spin | SU(3), SU(3)r SU(3).
up  ur U

Qr=|dt & 3| 12| 1 3 3
dg dg dp
b d

Q= |’ d? d| 1/2| 3 1 3
G d
v,o€e e .

L= & v, v 1/2 3 3 1
er vgp UV
H 0 3 3 1




Vector masses

The vev V; alone breaks

Gs33 — SU(2)L & SU(Q)R & U(l)BfL ® SU(3)C

A SU(2), doublet H;, a SU(2)g doublet Hr and a Z’ singlet
acquire mass:

2
My, = %Vh Mu, = %Vh Mz =W g(gf + 83)-



Quark masses with 3 Higgses

Let's assume that H; breaks Gs33 but preserves Gy (i.e. Vi #0
and Vdl — Vy1 = Vi1 = 0)

The Yukawa couplings yg1 and y;1 allow to give large enough
masses I\/Idf/? = Viyg1 2 700GeV and I\/Ie;? = Viyi11 2 200GeV to
the extra primed fermions, without also giving too large masses to
the SM fermions.

H> and H3 can have the small Yukawa couplings needed to
reproduce the light SM fermion masses,

3

3 3
me ~ Z VdnYLn, my ~ Z YunYQn mqg ~ Z VdnYQn-
n=2 n=2 n=2



An idea of the problem

For minimal Trinification with 3 Higgses

{210a, A10aI, AL0b, X10bT, Alla, M1al, M1b, J11bT, X122, A2c, X124, A12el, XL2f, M2£1, A13a, Al3al, A13b, A136I, M3c, X13cI,
SELNRE \1Sa, A15aI, A1Sb, WSET, 2 2b, 132, 23b, Ma, Mal,

24b, 24b1, 252, 15al, 35b, I, A7, <, 28, T: in positions

23, 23, 28, 461, {22, 31, 31, 38}, (20, 21, 33, 501, (25, 31, 35, 481, (34, 39, 42, 53}, (27, 44, S0, 521, (29, 47, 52, 521, {27, 46, 53, 531, (23, 23, 43, 431, (34, 36, 40, 42},

121, 28, 41, 481, (19, 36, 37, 531, (22, 26, 37, 451, (19, 35, 42, 49}, (13, 20, 40, 511, (9, 34, 43, 49}, {14, 35, 37, 42}, (16, 32, 38, 391, (16, 34, 44, 441, (13, 32, 45, 45},

8, 34, 46, 50}, {5, 26, 37, 471, {1, 8, 24, 471, {2, 7, 28, 40}, {14, 17, 20, 41}, {14, 18, 26, 47}, {8, 8, 33, 51}, {15, 15, 20, 37}, {8, 16, 28, 50}, {1, 12, 25, 41}, {2, 22, 33, 49},
118, 25, 32, 481, (11, 19, 24, 441, {16, 20, 22, 49}, {7, 36, 36, 43}, (17, 28, 28, §41, (17, 30, 32, 43}, {2, 24, 31, 54}, {10, 10, 17, 17}, {3, §, 15, 18}, {29, 29, 31, 31},

121, 24, 33, 361, {40, 40, 48, 42}, {40, 41, 51, 541, {14, 22, 22, 321, {14, 24, 24, 31}, {14, 19, 23, 361, {7, 28, 32, 341, {7, 13, 15, 27}, {6, 15, 17, 213, {1, 10, 10, 13},

{10, 10, 24, 24}, {9, 11, 34, 361, {10, 16, 29, 35}, {10, 18, 27, 36}, (6, 13, 20, 35}, (11, 15, 28, 351, (15, 37, 37, 51}, {10, 42, 42, 45}, (3, 41, 52, 541,

16, 16, 44, 441, {2, 5, 43, 483, {10, 16, 44, 501, {5, 10, 41, 45}, (7, 16, 45, 50}, {9, 14, 44, 52

72 free scalar couplings

a, 2b, 222,

1, ABa, Afal, ABb, AZDI, 292, o1, 292, X

6.6, 10, 27}
11, 38, 42, 44}, (3, 13, 16, 381, (9, 14, 16, 44}, (5, 5, 14, 501, (6, 8, 8, 411,

overlapped scalar couplings {A12b, Al2e, A13d, A13dI, Al3e, M3el, Al4d, A14dT, Alde, A4eT, AL5d, M5dT, AlSe, ALSeI, Ab, A6e, ASb, 29e} in positions
7, 20, 37, 541, {18, 26, 44, 53}, (12, 17, 30, 531, {10, 10, 27, 46}, {10, 18, 27, 53},

(15, 34, 36, 541, {5, 18, 23, 361, {5, 14, 24, 3L}, {12, 13, 48, 49}, {6, 16, 41, 51

20, 28, 37, 45}, (30, 31, 48, 48}, (1, 25, 37, 431, {1, 34, 37, §
7,13, 31, 44}, {6, 20, 24, 38, {13, 30, 31, 47, {17, 28, 36, 45
rmion couplings [yELIRla, yEL1RZa, yELIR3a, yLiRla, yL1R2a, yL1R3a, yL2Rla, yL3Rla, yELOR2a, YEL2R32, yL2R2a, yL2R3a, yL3R2a,
YEL3R32, yL3R32, yELIRLD, YELIRZD, YELIRSD, yLIRIb, yLIRZb, yLIR3b, yL2RIb, yLIRID, yEL2R2b, YELIR3b, YL2R2b, YLZR3b, YL3R2D, YELSRID, YLIRID,
in positions

YELIRIc, yEL1R2¢, YELIRSC, YLIRLc, yLIR2e, yLIRSC, yL2Rle, yL3Rlc, yELZR2c, yEL2R3c, yL2R2c, yLIR3c, yLIR2c, YEL3R3e, yLIRIC
{1, 5, 93, {1, 5, 361, {1, 5, €3}, (1, 10, 191, {1, 10, 46}, {1, 10, 73}, {1, 19, 371, {1, 19, €41, {1, 32, 361, {1, 32, 63}, (1, 37, 46}, {1, 37, 73},
i1, 46, 64}, {1, 59, 631, {1, 64, 733, {19, 5, 93, {19, 5, 36}, {19, 5, 63}, {19, 10, 19}, {13, 10, 46}, {19, 10, 73}, {13, 13, 373, {19, 19, 64},
19, 32, 361, (19, 32, 63}, (19, 37, 461, {19, 37, 731, {19, 46, 64, 19, 59, €3}, (19, &4, 73}, (37, 5, 91, (37, 5, 36}, (37, 5, 631, (37, 10, 191,
37, 10, 461, (37, 10, 73}, {37, 19, 371, (37, 19, 641, {37, 32, 361, 37, 32, 63}, (37, 37, 46}, (37, 37, 731, (37, 46, 641, (37, 59, 631, (37, 64, 73
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For Trinification with 3 Higgses and the new quark family (TAF)

TrovaTAF[{0D, 0, 0}] // Timing

R i
Coefficienti RGE di gauge: [L,R,C} = |-=, -=, -1}

1
{Found TAF solution number , 1, at attempt , 1}

2

{Found TAF solution number , 2, a

=3

attempt , 1}
3

-..down to 0.00366261

...down to 2.83773x%107*

{Found TAF solution number , 3, a

=3

attempt , 3}
4

-..down to 0.0032124%

...down to 3.53552x107%

{Found TAF solution number , 4, a

o

attempt , 2}

5

...down to 3.09757x107*

{Found TAF soluticn number , §, at attempt , 1}

Found 5 TAF for 90 quartic couplings. (check: 0 = 1.06581x107* 2

{133.562500, Null}
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