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e true vacuum

The Standard Model (In)Stability

Vew = —u2HH + A (H'H)”

o large field values: V ~ A(H'H)?
@ RGE: A — A(Q), where Q ~H

e A — 0 around Q ~ 10'° GeV, new minimum beyond Mpj,nc.




| Vacuum Stagility: the art of findine the true vacuum
The Standard Model (In)Stability

Veu = —u2H'H + A (H'H)”

o large field values: V ~ A(H'H)?
@ RGE: A — A(Q), where Q ~H

e A — 0 around Q ~ 10'° GeV, new minimum beyond Mpj,nc.

The MSSM: less simple

Vmssm = Vi + Voot + Vp

with (only 3rd generation squarks and Higgses)
Vsoft = mlzfdlhdlz + m12'1u|h‘1|2 - (B,uhd -h,+h.c. )
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+ (Ath & tg + Aphgbibg +h.c. )

+ B M + GymlTy + bim by + bjyriyby
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A multi-scalar theory

@ 2 Higgs doublets

@ 2 x 6 scalar quarks, 6 + 3 scalar leptons

@ 12 colored and 18 + 2 charged directions

e charged Higgs directions “safe” [Casas et al. 1996]

e SM Higgs potential: SO(4) symmetry

o large couplings to Higgs doublets (y, and y; comparably large)
e large stop contribution (X;, A,) to light Higgs mass needed

@ SUSY threshold corrections for m; influence y,
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A multi-scalar theory

@ 2 Higgs doublets

@ 2 x 6 scalar quarks, 6 + 3 scalar leptons

12 colored and 18 + 2 charged directions

charged Higgs directions “safe” [Casas et al. 1996]

e SM Higgs potential: SO(4) symmetry

large couplings to Higgs doublets (y, and y; comparably large)

large stop contribution (X,, A,) to light Higgs mass needed

SUSY threshold corrections for my, influence y;,

An analytic solution?

impossible! only approximative
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Vin=1" (M2 + byeho?) b, + T (77 + byeha ) B
+b,* (Thf + ypha |2) by +bg* (ﬁli + vy |2) br
— (& (uy, hy* —Ahy) B +hec.]
_[BL* (u*yp hy* —Aphy) bg + h.c.]
+ e P12 Pl >+ Ly by gl

g Lo 20 0 105 4. 0
T (1ol + 516y P42 15 + S P21

g ~ - 2
2(|h2|2 Iy %+ 15, 1> — |, %)
g% T2 E 2 1B 12 — [ 12)2
+§(|tL| — |tr]® + |by| _lel)

+(mp + o P+(my + |ul*)hy|* —2Re(B, hihy).
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Vin=1" (M2 + byeho?) b, + T (77 + byeha ) B
+b,* (Th% + ypha |2) by +bg* (ﬁli + vy |2) br
— (& (uy, hy* —Ahy) B +hec.]
_[BL* (u*yp hy* —Aphy) bg + h.c.]
+ e P12 Pl >+ Ly by gl

g Lo 20 0 105 4. 0
T (1ol + 516y P42 15 + S P21

g ~ - 2
2(|h2|2 Ihy | + By |? — 1E1%)
2
&3 (1 - - = 032
+§(|tL|2—|tR|2+|bL|2—|bR|2)
+(mp + o P+(my + |ul*)hy|* —2Re(B, hihy).
It,] = [E] = [£], |B,| = |Bg] = B
w.c.H [PEEEEETa



Vap =1 (M7 + ihol?)t +1 * (M2 + lyhol?)1
+b * (M2 + yphy[2)b +b * (2 + yphy[*) b
—[& * (W, hy* —Ahy)t +hee]
—[E *(uyp hy* —Aphy)b +h.c.]
+ e PIE PIE P+l M0 1215 12
g2 - 2
e (N T A

2
&g ~ - 2
+§2(|h2|2—|h1|2+|b 12—t ?)

+(m2, + |l hy*+(m? + |u®)|hy 2 — 2Re(B,, hihy).

|t| = [Eg| =[£I, || = bg] = [b|
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Vap =1 (M7 + ihol?)t +1 * (M2 + lyhol?)1
+b * (M2 + lyphe [2)b +D * (M2 + lyyhe[*) b
—[& * (W, hy* —Ahy)t +hee]
—[E *(uyp hy* —Aphy)b +h.c.]
+ Iy PIE PIE P+ 10 121D 2
g - 2
& (|h R TR — P )

gz

~ ~ 2
(Ihzl2 hy? +1b = )

+(m2, + |l hy*+(m? + |u®)|hy 2 — 2Re(B,, hihy).

6= [l = I8, 15.] = [Bal = 151 5 151 = [y = Iy, 161 = Iy | = I s
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Van = $2" (7] + :9al) ¢o + 62" (77 + by hal?) 62
+01 5 (A + b |2) 1+ & (A2 + et [2) &4
—[62" Wy &1 —Aba) $o +hec ]

—[¢1* (WY $2" —Appy) P + h-C-]
+ e PldalP a2+ 20 2l 12

+(my + P do+0m +uP)d > —2Re(B, ¢ ¢,).

6= [l = [2], 1B.] = Bl = 151 5 151 = [y = 19,1, 161 = Ihy| = Igh
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Vin = ¢2° (Tﬁf + b’t¢2|2) ¢o+ P (ﬁl? + b’t¢2|2) 0B}
—[ 92" ( —Aipy) ¢y +hec.]

+ P12 19o

+(mg + P,

It,] = [Eal = 2, |b,| = |bg| = |b] 5 B/ =ter=Id L, £l = |hyl = |
w.c. H. PRSI



Minimize the potential
V(g) =m*$* —Ad® + 197,

with m? = mil +|ul? + ﬁlf + ﬁ1t2, A=—-A;and A = 3yt2.
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Minimize the potential
V(p)=m?$p? —A¢® + 2%,

with m? = miz +|ul? + ﬁlf + ﬁlf, A=—-A;and A = 3yt2.

Answer:
3A + V/9A232 A m?2
¢0 = 01 ¢:|: = .
8A

Condition to be safe from non-standard (i.e. non-trivial) minima:

A2

1% >0 o m’>—

(92) ”
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Minimize the potential
V(p)=m?*$p* —Ad® + 2%,

with m? = mﬁz +|pl>+m2 +m2, A=—A, and A = 3y>.

Answer:
3A + V/9A232 A m?2
¢0 = 07 ¢:|: = .
8A

Condition to be safe from non-standard (i.e. non-trivial) minima:

A2

1% >0 o m’>—

(92) ”

Well-known constraints

A2 < 3y2 (m2 + |uf? + 2 +m?)

2 2(, 2 2, =2, =2
|Ap|© < 3y (mhl + |ul® +m; +mb)

for the limiting cases |f;| = |fg| = |h2| and |b;| = |bg| = k4!
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A% < 42m?
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A% = 4Am?
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A% > 42m?




ho=¢, ll=al¢l, h=n¢,  Ibl=plsl

Vg =(m%2 + nzmﬁ1 + (14 nHu?— 2B,,1)
+(a? + BRI + o’ + By )¢
—2(®(uy 1 —A) + B2y — 14y)) ¢ + (a?y? + Bry2)g?
4 2
N (g% - gz(l — 1%+ P —a?)? + 2ay? +2/52y§) o

=M>(1, @, )% — A1, @, B)¢° + A(n, a, B)¢*,
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hy = ¢, |t| = alel, hy=né¢, bl = Blg|
Vg =(m%2 + nzmﬁ1 + (14 nHu?— 2B,,1)
+(a® + PR} + a’m? + B2 )
—2(®(uyen —A) + B (uy, — 14p)) ¢° + (@®y2 + By d*
g+,
+ (T(l — 772 + /52 — ocz)2 + Zazyt2 + Zﬂzyg) ¢>4

=M?*(n,a,B)p>— A(n,a, B> + A, a, B)o*,
with

M? = m}zl2 + nzmﬁl +(1+71)u*—2B,1
2, p2ym2 L 222 p2=2
+(a” + B)m; + atm; + By,
A= 2a27]‘uyt — 2a2At + 2/52,uyb — 27)/52Ab )

_gite

A (1_n2+ﬁ2_a2)2
+(2+ o)’y + (20" + BBy .
w.c. v [ —



WOktimized Charece and Color Breakine BWeHE!

[Gunion, Haber, Sher ’88; Casas, Lleyda, Mufioz '96]
A% < 4AM?
!
4 min Aln,a, BIM*(n, a, ) > [max (Aln.a, B))?

(yp)?
yi+ (g3 +g3)/2

2 2, 22 =2
mHH+,u, +mQ+mb>

\

|hd|2 = |hu|2 + |B|2’ E = ah,

4ua?
2+3a2 |
wern

2 2 2 2 2=2 | =2
m7,(1+a®)+m3, +2m7, 1+a2+a(mQ+mb)>
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X, /Mgysy

EEEESiEqe0lee orucial p=350Gev
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X, /Mgysy

BERESERchoice crucial t=Mysusy
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X, /Mgysy

MEEEtericholee crucial w=500GeV
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| A comment on metastasility and quantum tunneling

Cosmological stability

bounce action
B Z 400

< life-time longer than age of the universe

Decay probability (per unit volume)

£ = Ae B/M

[Coleman "77]

Death and doom

o value of B crucially depends on field space path

e multifield spaces: reduction to single field space (!)

o independent of SUSY parameter choice

v
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A sinale field potential from mutidimensional field space
A general n scalar potential

V(@) = AapeaPaPpbePd + A @a®p P + M2y oy + tapa +¢

@ includes up to 3" stationary points

@ initial vacuum at ¢_§ = q§V
v

9¢alg=4,

Expanding around the vacuum

° ¢ =+ with§=(¢1,....)" ,
V(@) = AgpeqPaPpPcd T Agp PaPbPe + My PaPp
e rewrite ¢ — ¢ @ with unit vector ¢, ¢ = 1/ @ +...+ ¢2

=0

V(p, §) = A" —A(@)p® +m?($)p?

v
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WA single field potential from mutiditensional field space

A general n scalar potential

V($) = Aabea®a®sbeba + Aabc DaPo®ec + M2 baPp + tapy + ¢

@ includes up to 3" stationary points

@ initial vacuum at q_g = qgv
A%

D
-
a

q-g:(;gv

| A\

A semi-analytic approximation
A quartic potezzntialz V() =2 ¢p*—A2 ¢p3 +m? ¢?
B= %(2 —5)7%(13.8325 — 10.819 5% + 2.0765 5°)

with _ 8im?

o 2

[Adams 1993]
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IR e S chnark scenarios  wa et ol 2001

Benchmark scenario M11125

mo, =my, =mp, = 1.5TeV, my, =mg, =2TeV, pu=1TeV,

w
Xt:At_tan/}

M;=M,=1TeV, M;=2.5TeV

3

=28TeV, A,=A,=A,

stability most dangerous minimum global minimum

601 @ short-lived H, tvevs H, tvevs
ESHISCAY w Hbvevs w Hbvevs

501 = long-lived
stable

404

< 30
201
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04 ] ]
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M % scenario
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[Bahl et al. 2018]

we v



IS SREnE R UNEARS  (wa et ol 20)

An absolutetely stable and experimentally allowed point

tan B = 20 m, = 1500 GeV
A=A =A, =A,
stability most dangerous minimum global minimum
6
21
S 25 gTeV --Xag-—-=="""
T o
<
o
< short-lived & =
1 390 <B <440 Lye || | H,Evevs
-4 = long-lived u Hbvevs w Hbvevs
_61 m  stable m HEbvevs = H, tvevs
-50 -25 00 25 5.0 -50 -25 00 25 5.0 -5.0 -25 00 25 50
u[Tev] [Tev] H[Tev]
o tachyonic sbottom masses upper left corner
e caveat: still limited numbers of fields included!
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How is the “most dangerous minimum” (MDM) defined?
Go along the dashed line with X, = 2.8 TeV

—-107
l == MDM
—108 ~ o Hvevs
—10° H, Evevs
e H,bvevs
—101° ~ ® H,tvevs
o H,Ebvevs
T —10 + o
% ® H,b,Tvevs
O, —1012 { o H,t fvevs
N
—1013
~10% 1
_1015 4
_1016 4
—6000 —4000 -2000 0 2000 4000 6000
1 [GeV]
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Nds

A vast set of constraints

3 stable,
7.5 long-lived.

2 2 2 2
A7 +3u” < (mzR +me) .
[Casas, Lleyda, Muiioz 1996, Kusenko, Langacker, Segre 1996]

Furthermore, a “heuristic” bound of

m'aX(AZ-,[;’ .U-’) s
mln(mQ&UB)

exists. [Bechtle, Haber, Heinemeyer, Stefaniak, Stal, Weiglein, Zeune 2016]

@ vacuum tunneling weakens the “traditional” constraint
e metastable vacuum vs. absolute minimum

@ quick and dirty versus sophisticated and precise (. e. slow)
— needs numerical evaluation!

w.e v D



Ar=Ap=A.[TeV]

semi-analytic bounds

[ stable
1 long-lived &

..... heuristic

-50 -25 00 25 5.0
U [Tev]



@ inclusion of one-loop effective potential
o thermal corrections

@ quantum tunneling by CosmoTransitions [Wainwright 2011]

Vevacious

present analysis

[Camargo-Molina, O’Leary, Porod, Staub 2013]

Vevacious tree-level Vevacious one-loop

short-lived

4 390 <B <440 short-lived short-lived
= long-lived = long-lived = long-lived
_g{ ™ stable m  stable m  stable .
-5.0 -25 0.0 25 5.0 -5.0 -25 0.0 25 5.0 -5.0 -25 0.0 25 5.0
u[Tev] u[Tev] u[Tev]
[WGH, Weiglein, Wittbrodt 2019]
W. G. H.



IR weketol200)

Benchmark scenario Mlllzs(%): light stau

mo, =my, =mp, =1.5TeV, my, =mg, =350GeV, pu=1TeV,
u
X, =A,——— =28TeV, A,=A,, A,=800GeV,
tan 3
M;=M,=1TeV, M;=25TeV
stability most dangerous minimum global minimum
60
50
40
«Q
&30
20 z
short-lived H {VEVS —
] 390 <B <440 A, Tvevs H, b vevs
10 = long-lived H,b, T vevs m  H, Tvevs
o] m  stable ] w Hittvevs | | = Hf fvevs
0 500 1000 1500 2000 0 500 1000 1500 2000 O 500 1000 1500 2000
mgu [GeV] my [GeV] mpu [GeV]

large tan f3 values: short-lived
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Benchmark scenario M,llzs(alignment)

mq, =my, =mp, =2.5TeV, my =mg =2TeV,
u=75TeV, A =A,=A,=6.25TeV,
M, =500GeV, M,=1TeV, M;=25TeV

stability most dangerous minimum global minimum

20.0

m  short-lived 1 H, tvevs m H,bvevs

17.54 = HEtvevs

s HiEbvevs
15.01 = -
12.54
=
g 10.01
it
7.59
5.0

2.5

0.0

200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
ma [GeV] ma [GeV] mg [GeV]
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Benchmark scenario M,llzs(alignment)

[(WGH et al. 2019]

mq, = my, =mp, =2.5TeV,
u=75TeV, A =A,=A,=6.25TeV,

my, =mg, = 2TeV,

M, =500GeV, M,=1TeV, M;=2.5TeV

Ac [TeV]

Ac=Ap=

stability most dangerous minimum global minimum
10 A -
s
-
8
R, e e %=
44 H, tvevs
short-lived . J s
2 390 < B < 440 H, tvevs m H tvevs
= long-lived m H, tvevs m H,b, tvevs
oA m stable w Htbvevs = HEfvevs
0 2 4 6 8 10 0 4 6 8 10 4 6 8 10
H[Tev] u[Tev] p[Tev]
W. G.



Benchmark scenario M,llzs(alignment)

[(WGH et al. 2019]

mq, = my, =mp, =2.5TeV,

p="75TeV, A =A,=A,=6.25TeV,

my, =mg, = 2TeV,

M, =500GeV, M,=1TeV, M;=2.5TeV

Ac [TeV]

Ac=Ap=

stability

most dangerous minimum

global minimum

e
"
______ -7
T = 241G
H, tvevs
short-lived . ] H,lz vevs
390 <B <440 H, tvevs = H, Tvevs
= long-lived m  H fvevs m  H,b, tvevs
m  stable w Htbvevs = HEfvevs
0 2 4 6 8 10 0 2 4 6 8 10 4 6 8 10
H[Tev] u[Tev] p[Tev]

u=75TeV—>4TeV and A=6.25TeV— 5TeV
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@ severe constraints from vacuum (meta)stability in SUSY

o fast and numerically stable approach
o global minimum not the “most dangerous” one

o tree-level analysis sufficient (in comparison with 1-loop)

Some day,

" True,
we will all die,

but on all
the other days,

we will nok,:
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False vacuum decay
The bounce solution

¢ 3d¢ U

L= ===
dp? ¢dp 3d¢
with boundary conditions

do

=i =0
dp

p=0

¢(o0) = ¢,,

U is the euclidean scalar potential, p is a spacetime variable and
¢, is the location of the metastable minimum.

4

The bounce action B is the stationary point of the euclidean action
given by the integral

a7 s (14 ’
B=2n JO p dp[z(dpqu(p)) +U(¢B(p))}
w. ¢ v, I
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INAStEshaical constraint: the numser of fields

Reduction to a single real scalar field

1 i
¢ — ERG(¢)+ Elm(dﬁ

@ ¢ is canonically normalised after expanding ¢ = ¢ ¢
e EW vacuum is given by

Re(hg) =vysinf, Re(hg) =vcosf3

where v =4/v2 + vﬁ A 246 GeV is the SM Higgs vev

Unfeasible to vary all real scalar degrees of freedom

simultaneously — selection of fields
{Re(h), Re(hY), Re(f,), Re(tg), Re(b,), Re(bg)}
{Re(h?), Re(hY), Re(f,), Re(fg), Re(%,), Re(%g)}
{Re(h?), Re(hY), Re(b,), Re(bg), Re(%,), Re(%x)}

w. v I



