Vacuum Stability in Dynamical Seesaw models
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SM vacuum stability.....

Higgs Potential: V = — u2®'® + A(®'®)* At classical level minimum exist if

uz > 0 : broken symmetry (Mexican hat)

1. Vacuum is stable at large field values if: 4 > 0 1

2. Perturbativity constraint: || < 4= *

— 1 and 2 must be satisfied at each energy scale !

After the Higgs mass measurements quartic
coupling is known at EW scale: mg = 2)v?

High energy behaviour of 1 can change the shape of the potential

One need to derive RG running of A Strumia et al, 1307.3536
ext. leg corrections gauge bosons loop
2 dA 2 2 2 2 4 3 4 3 2. 2 9 4
1677 = +2427 +2(12y% — 382 — 9gD) —6y +=g*+2glg? + —g]
din p | g1 47172 8

scalar loop
SM,Valle, Srivastava, arXiv:1903.03631

A <0 at EW scale



SM couplings
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Vacuum stabillity in low scale seesaw

i1 & giiee 4 L
_F = 2 YIL®Ue + MULSS; + E,uSJSl-Sj +H.c. V=-— ,u(%CDTCD + WD D)?

g
2

m, & mpM~ (M7 'm? = %YVM_IIuS(MT)_I y7 Valle et al, 1404.3752

One can allow large Y, ~ 6(1),even for M,, ~ O(1) TeV
Schechter, Valle: PRD 22(1980) 2227
Effective Theory : Below u ~ M, v“and S are integrated out

1 -
mass is generated : — ¥4 = > (£,@) .x. (®T¢F) +hec. T~ -
k=Y M 'luM='TY" is very small as m, = xv3/2 o ~
Running parameters : SM + «, corrections to 1 but O(v?x?)

16778, = 6y; k —3g7k+ 4.k slowly increase with x due to large y,
Lindner et al, hep-ph/0203233 T. Ohlsson et al, 1009.2762

Conclusion: the running of A below the scale u ~ M will be almost the same as SM.
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Full Theory: Y now runs

B, =SM+41Tr (YY) - 2Tr (Y)Y, YY)
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v

3 9
Py = EYUYJYD + Yy<3yt2 ~ Zglz B Zg22+Tr(Y”Y”T>>

H ~ VR r H
, , gives correction to A
LY T L .
in full seesaw theory
H H
// VR A N\

/7

\

Important point : ¥, runs for much longer time in low-scale seesaw for M), ~ 1 TeV

A=M=1TeV, Y,(A)=0.6

SM et al, 2009.10116

A=M=100 TeV, Y,(A)=0.6
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Conclusion: Stability properties are even worse compare to High-Scale type-| seesaw
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Dynamical low-scale seesaw: Lepton number is spontaneously broken by the vev of o
3 SM et al, 2009.10116, 2103.02670
_ P — r & j ij

Z =) YILOU + MIuSS;+ YioS,S; + H.c.

ij |
.
L O Y MY MOITYT H = Ysv,/v/2, hence can take Y, very small and v, ~ 6(TeV)

A

Livil=1, LIS]=1, Llo] =-2

For m, ~ 0.1 eV, we can have Yukawa couplings Y, of order one, for TeV scale v_and M .

Large Y, is needed to produce heavy neutrinos at collider

Potential: V = ug®'® + pu2676 + Agp(®T®)* + 1,(676)* + Ag (D T®) (67 0)

CP-even scalars: H, and H, Imaginary part of the o corresponds to the
physical majoron J=1Imo

Boundedness : Ag(u) > 0, 4,(1) > 0, dgo(1) + 24/ Ap(1)A, (1) > 0,

Perturbativity: Ap(p) < 4x, A (1) <4rx and |Aq (1) | < 4x

Aside: KeV scale majoron is Warm dark matter candidate. I'; « m,, Long lived
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mg; cos” 6 + mj sin* 6 Two possibilities:

ﬂq) —_
2vg, Case I: my < 125GeV with H, = H,,s i.e. my, = 125 GeV
7 sin” 6 + mg; cos® 6 . .
= S M, CO8 Case ll: my; > 125 GeV with H; = H,s i.e. my; = 125 GeV
(o} zvg 2 1
sin 2(9(1711%,1 — mflz)
j’(3[36 —

Q’VCDVG
Effective theory u < M : SM+dim-5 operators are running

Full theory u > M : All the new couplings are running

H H

\\ // \\ //’

H Vvr /' H Tl L7
X

, , Negative term S, Positive term

L ¥ A+ 4 \\ //

H/ VR \‘H H/// \\\ H

7/ \

7/ AN

167°f;,, = SM +13, +4A¢Tr<Yij ) —2Tr<Yij Y)Y ) Reminder: — 6y term in SM

! !

2nd diagram 1st di?gram



16728, = 1—101%( 4+ 402, + 804+ 1201g + 40Tr<YSY;) + 60y + 20Tr(Yij> —15g2 - 45g22>
Running of 44, depends on the sign

16728, = 2(10@3 + 22+ 4/10Tr(YSYST> _ 8Tr(YSYgYSYg>> With Y, = 0, 4_increase

If v_is small 1, hits Landau pole

Yukawa coupling:

3 5, 9
Py = EYijYy+ Yy<3yt2 —2812 _2322+Tr<Y”Y3)>

1%

Py, = ZYSTr(Y;f Yo) + 4YS(YSTYS)
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Heavy neutrino scale is fixed at
A~ M = 10TeV. Below is the Eft

Heavy scalar H, = H' close to EW scale,
hence run all A’s from the EW scale

Stability: need large 44, for large Y,

LHC: constraints exist on 14, or

Goal: find optimal range consistent with
LHC, stability and perturbativity



Collider constraints: Signal strength parameter and Invisible Higgs decay

hgy — cos@ H,s —sin6 H’

2
— @0 0., = cosf sind
SHJI = 2V, kiz> B 1—sin@ cos@
sin 26 5 ) . Ve
SHH H, = 4—(21an1 + mHz)(—cotﬁ cosf@ +sinf), tanf = v_

Invisible Higgs Decay: I''V(H,) = T'(H, = JJ), I'V(H,) =T'(H, = JJ) + '(H, = H,H, — 4J)

Large invisible Higgs decay for v_ ~ O(TeV)

N cos” T PM(H)) sin® 0T ?M(H,)
Visible sector: BRy(H,) = . , BRy{(H,) = —
cos2OT'SM(H,) + T'"V(H,) sin2 OIT'SM(H,) + T'(H, — JJ) + I'(H, - HH,)
. rinv H _ Finv H
Invisible sector: BR™(H,) = (1) . , BR™(H,) = — 1)
C082 QFSM(HI) + FII’]V(HI) Sln2 HFSM(Hz) + F(HZ —> JJ) + F(Hz - HIHI)

Modified Higgs Production: e(pp — H,) = cos?> 06> (pp — H,), o(pp — H,) = sin? c°M(pp — H,)

NP(pp = h) BRN (h - £)

Signal strength: u, = oSM(pp — h) BRSM( — f)
1

0



Present bound on Invisible Higgs decay is: 1,
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Meaning of colour codes in subsequent Figures:

This is the region where we can have stable vacuum all the way up to the
Planck scale, and all the couplings are within their perturbative regime.

0 < Ap() < V4, 0 < 2,(0) < VAm, dgp(it) + 24/26(02,(1) > 0 and |Ag,(1) | < v/4n

Red Region: In this region the vacuum is unstable, this means that any one or more than
one of these conditions are realised:

Ao(1) <0, 2,(1) <0, Apy(pt) + 24/Ap(1)A,(1) <0 Landau poles are excluded

This region implies the existence of non-perturbative couplings at some
energy scale before the Planck scale.

| Ao() | = 4m, |A ()| = 4n, |Ap,()| = 4m, | Y (u)| = 47 Landau poles are included
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- : . vo=700 GeV
Interplay of stability and Collider constraints:

Y,=0, vg=700 GeV
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Y,=0, vg=1 TeV
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More generations implies more negative
effect thats why green region shrinks

Conclusions: In presence of invisible
Higgs decay constraint on the mixing
angle between two CP-even Higgs

IS weaker and this helps to have stable
vacuum
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Summary:
e SM vacuum is metastable but very sensitive to top mass

* |n neutrino mass models additional fermions has destabilising effect on vacuum

In low-scale seesaw with explicit lepton number breaking,
A becomes negative much before the SM instability scale
for large Yukawa coupling

* |n seesaw models with dynamical lepton number breaking, stability can be
restored

* Advantage with dynamical low-scale seesaw model: neutrino mass, large heavy-
light neutrino mixing, dark matter candidate, consistent vacuum, TeV scale heavy
neutrino

Thank You for your attention
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Back Up Non-perturbative dynamics........
Landau Pole: If 8. = Ac* one has

de(p) * o de(u) e c(My)
7 =Acz(u);"J > =[ — = c(p) = =
du m, ACT()  Jy, M I — Ac(Mz)log--
d M
Generalized: u ) =Ac"(u) = c(u) = (M) — n > 1 gives Landau pole

n—1

d
: (1 - 1)Ac(MZ)<n—1>|ogML>

Continuous growth:

. . , 1
For n < 1, we will not have pole but c¢(x) grows continuously. For example with n = 5
A % . dc(p) Iz
=c(M 1+ log— ) , = C Y — = — —
() = )| Nernik MZ) and with n = 0+ 4= = = A = c(u) = c(My) +Alog -

Saturation:
If . has a zero at the finite value c(u.) then the growth of ¢ will be saturated at c(u.) fory — .

. A
Example: . = (A — Be(u)) . Lets say this has a zero at c(u-) = R

de(p) # de(p) *d 1
M dﬂ =(A—BC(/4))=>[ s =J —ﬂ=>C(M)=ﬁ<—Aﬂf+Bﬂfc(/«t*)+AﬂB>
H o (A — Bc(,u)) us M K
1 B B B A
= c(u) = W( — Apy’ + Bulc(us«) + Au ) Hence c(u) = = forany u.
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Effective potential at large field value: V¢ ~ A(u)dp(u)*
V. depends on the running of 4

A(V)

Few Possiblilities: 1.IfA ~ 0and my,is large : Landau Pole — A(A) =
1 —

24 A
(an)? /1(V)|n7

Veff Veff

2.A < 0at weak scale but if not run Stable
negative enough at large ¢ :

V.« 1S bounded from below — ¢ ,

3.A < 0at weak scale and run N /

negative enough at large ¢ :

V1S unbounded from below nstable \/ 90

4.A < 0at weak scale but change
sign at large ¢ : V_ develops

another minimum N /\
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