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“l think, we have it!”
Rolf Heuer
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Theoretical considerations

@ \<d4m < perturbativity

@ A\ >0 < unbounded from below, aka vacuum stability




Theoretical considerations

@ \<d4m < perturbativity

@ A\ >0 < unbounded from below, aka vacuum stability

trivial at the classical (i.e. tree) level
V(®) = m?a'e + A(of0)?

D; ,Pj \‘ s \ ’ \\* ] N s
‘g T, e =7 o
‘ = Jl:j + ik + v o t.ot s
e >y bad AR
@ ey - y Le - Uy < g

2 2
& _'“T(u?w ] x (127:9) o _'f(l's\vr ]
[courtesy of Max Zoller]
”

e dominant contribution: top quark (y; ~ 1)
@ dependence on the energy scale: 8 function!
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Scale-independent loop-corrected effective potential

d
QwWoop(/\ia (,25, Q) =0

| \

Approximation for large field values

Vloop(qs) = A(¢)¢47

evaluated at Q ~ ¢

B function for coupling \;

@ running of A determines stability of the loop potential
@ upper bound: Landau pole; lower bound: A > 0

W. G. H.
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A(u)

3loop

—_— 2 loop
77777777 a,;=0.1185+0.0006
***** a;=0.1185-0.0006
------------------- Mg=1257+0.4 GeV
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my, = 125 GeV: metastable electroweak vacuum
metastability: decay time of false vacuum large
instability scale around 101912 GeV

SM sufficiently stable

neutrino masses missing
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ERMISESSTaBIty OF the Standard Model

my, = 125 GeV: metastable electroweak vacuum
metastability: decay time of false vacuum large
instability scale around 10012 GeV

SM sufficiently stable

Why Supersymmetry?

neutrino masses missing

e my = 125 GeV: very suitable for light MSSM Higgs
@ metastability — absolute stability
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ERMISESSTaBIty OF the Standard Model

my, = 125 GeV: metastable electroweak vacuum
metastability: decay time of false vacuum large
instability scale around 10012 GeV

SM sufficiently stable

Why Supersymmetry?

neutrino masses missing

e my = 125 GeV: very suitable for light MSSM Higgs
@ metastability — absolute stability

Task: Do not introduce further instabilities!
(generically difficult)
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@ relates bosonic and fermionic degrees of freedom: absolute zero

@ the only non-trivial extension of Poincaré symmetry
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Whmssm = MHd-Hu—Yii-Hd'LL,iER,j+YZ-?Hu'QL,iUR,j—Yi'j-Hd'QL,iDR,j

Higgs potential of 2HDM type Il

V =m?, HiHy+m% H{H, + (m} H, - Hg+h.c)
A
+ 2 (HiHy) + 22 ()’

+ 3 (HIH,) (HYHy) + M(HEHS) (HLH) + {5, 26, A7)

In the MSSM: tree potential calculated from D-terms and Lgog

P bmee 2 2 tree tree tree 92 + 9/2
my; = |ul” +my,, AT =0 =37 = 1
o e 2 2 92
_ tree __
mayy = |pl|” +miy,, Ay = DX
P e tree tree tree
v
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Wwussm = ,UHd'Hu—Yii-Hd'LL,iER,j+Yi?Hu'QL,iUR,j—Yi’j-Hd'QL,iDR,j

Higgs potential of 2HDM type Il

V =m?, HiHy+m% H{H, + (m} H, - Hg+h.c)
A
+ 2 (HiHy) + 22 ()’

+ 3 (HIH,) (HYHy) + M(HEHS) (HLH) + {5, 26, A7)

In the MSSM: tree potential calculated from D-terms and Lgog

2 12
gimee 2 2 tree __ ytree __ tree U +g
myy - ‘,U,l =+ de7 )‘1 - )‘2 - _)\3 - T’
Qtree 2 D (/2
_ tree __
mayy = |pl” +miy,, AL =0
e tree _ ytree __ ytree __
v
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[iThe Hiaas sector of the MSSM and its stasility

Whmssm = qu'Hu—YﬁHd'LL,iER,j+Yi?Hu'QL,iUR,j—Y{Ji'Hd'QL,iDR,j

Higgs potential of 2HDM type Il

V =m2, HiHy+m3 H{H, + (m} H, - Hg+h.c)

b 2 A
+ 5 (HEH) + T

+ s (HIH,) (HIHy) + M (HSHy) (HSH,) + (s, X6, M1}

()"

| A\

Unbounded from below requirements

/\1>0, )\2>0, )\3>—\//\1)\2
and others. .. [Gunion, Haber 2003]
@ always fulfilled in the MSSM @ tree

Extending the tree

@ loop corrections? [Gorbahn, Jager, Nierste, Trine 2011]




te, Trine 201

@ integrating out heavy SUSY particles

@ requirement of large SUSY scale Mgysy > MA ~ Vew

o effective theory: generic 2HDM, \; calculated from SUSY
loops
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r, Nierste, Trine 2.0l

@ integrating out heavy SUSY particles
@ requirement of large SUSY scale Mgysy > MA ~ Vew
o effective theory: generic 2HDM, \; calculated from SUSY

loops
H H
Y Y
R -~
‘—[_‘—’-4——(/ \}——>-1—_{— ﬂ-<— —>-j{—
DAl e
A A
H | H |

collecting all SUSY contributions:
>‘ _)\(tanﬂ M7M17M27mQ7 3, 3 Au7Ad7A )

@ B _



simple check:

)\1>0, )\2>0, /\3>—\/)\1)\2,

where now ) ‘
Ino sierm
A+

A=A 2

Severe UFB limits
Bounds on Ay 2 3 transfer into bounds on myg, At 1, ...




V(9) = 126" + ao'

w.c v. [ —



V() = —*¢ ~ A"
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V(p) = —p2¢* — A+ 200
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e dominant contribution from third generation squarks
e quadrilinear couplings (~ |Y;|?)
e trilinear coupling to a linear combination (,w“Ythji — AchQ)

@ series summable to an infinite number of external legs
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dominant contribution from third generation squarks
quadrilinear couplings (~ |Y;|?)

trilinear coupling to a linear combination (,w“Ythji — AchQ)
series summable to an infinite number of external legs

Do not stop after renormalizable / dim 4 terms!

W. G. H.



@ 1-loop effective potential [Coleman, Weinberg 1973]
1 M2(hy,ha)\ 3
wha) = Tr M3 (R, In (w2
Vl(h +ha) 6472 STr M (h 7hd) |:n ( Q? 2

o field dependent mass M(h.,, hq)
e STr accounts for spin degrees of freedom

@ same result can be obtained by the tadpole method

Tw%Vl(h) < Vl(h)N/th(h)

[Lee, Sciaccaluga 1975]

o functional methods: effective potential for arbitrary number of
scalars: Vi (o1, @2, ... ¢n) [Jackiw 1973]
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The effective potential
Verr(9): average energy density
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The effective potential
Vesr(¢): average energy density

The ground state of the theory

Vegr minimized:




The effective potential
Verr(¢): average energy density

The ground state of the theory

Vegr minimized:
d Vesr

Technically:




The effective potential
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The effective potential

Verr(¢): average energy density

The ground state of the theory

Vegr minimized:
d Vesr

Technically:

conversely: calculate all 1Pl n-point functions — Vg
(with subleties)
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@ most dominant contribution from top Yukawa y; and A
@ can be easily summed for m; =m; =M
R L

@ 1-Pl potential as generating function for 1-PI Green's functions
1 3
~Vipi(¢) =T1pi(¢) = Y —Gn(Pext = 0)¢

@ “classical” field value ¢ — (0|¢|0)

° %ff) = 0 determines ground state of the theory
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Field dependent stop mass

MO0y = T P A — i
£\ 't A;ﬁkh’u* _ Ny;f*hg mg + |Y},h2‘2

tr
ha Lk
o trilinear ~ h(hY, h?), quadrilinear ~ |h0|? ~
X
e diagrams with mixed contributions LA
hu/ \tLR



Field dependent stop mass

a0 ny = ™ IR A — vy

tr
e 0 0 e 012 RO~ Nﬁ’g\ < h
o trilinear ~ h(hy, hy), quadrilinear ~ |hy| W T
A TiRL
e diagrams with mixed contributions AN ]
hy, trr D



Field dependent stop mass

e oy [ FIROP A — Yind:
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Field dependent stop mass

md VO A - e Yih

210 10 t
Mz (hy, hy) = 0
us 'd * 7, 0% * 7,0 2 0|2
¢ Afhy" — pYithg  mg 4 [Yihy)
5 0 1,0 o 02 oo eE
o trilinear ~ h(hy, hy), quadrilinear ~ |hy| W T
A TiRL
e diagrams with mixed contributions LA
ho fL,R v h
N - e
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« £ ¥ x . R
’ \ | ’ \
- - F-»-- --» - F-»-- --» - F-»--
\ / v ! h 4
- » AP EN AL
S 7 S o- 7 AT, T -7\ A3
» N -TA LN
@ gummi bear factor =3 0
ga k | @ v"‘ | g
(2n+k—1)! o) &8
k;‘ (27’L — ]_)' www.idn.uni-bremen.de/biologiedidaktik

w.c v. [ —



Field dependent stop mass
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Field dependent stop mass

2 02 0 o 0%
MO0 = [ M T VihO|2 Akl — prYh
e Afhy' — pYihg  mZ + |Yihof?

tr

o0 o0
VAR NASUP
Vlwzzakn‘anyka .’L’2z|'u t| ’yzl t u|

M* M2
n=0 k=0
—iw 1 @n+k—1)" o
T Zn@n k- 1)@n+k—2) k@2 1)

=[(1+y+a)log(l+y+z)
+(1 4y —x)%log(l+y — ) —3(m2+y2+2y)]

W.G.H. | Avoiding Death by Vacuum Decay



N_M*
Vl(hﬁ,hg):W[(l%—y—km)%og(l—i—y%—x)
+(1+y—:c)2log(1+y—x)
—3(x2+y2+2y)]
2 _ |MY;5|2hTh 0% Ay g o |Y;fh2|2
i Tr e AL T

branch cut at x — y = +1: take real part (analytic cont.)
ignore imaginary part: log(1 +y — 2) = 3 log ((1+y — z)?)
always bounded from below

minimum independent of Higgs parameters from tree potential

minimum determined by SUSY scale parameters

w.c v. [ —
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1 Eo0king up phenomencioaically viasle parameters

Minimum at the electroweak scale v = 246 GeV

tree tree '1)2 ]. 6
m3, =mly tanf — 5 cos(2B) A — veos 575dV1

d)u,d —0 ’
Xu,d —0

gtree m2 tree cot 6 4 U2 Cos(QIB))\tree 1 5
22 - 12 1 USinB 5¢u 1

¢u,d —0 ’
Xu,d_>

=
N
|
<

mp, = 125 GeV

@ using FeynHiggs 2.10.0 to determine light Higgs mass by
adjusting A; (several solutions: sign A; = — sign )

@ connection to potential: m 4

@ pseudoscalar mass m 4 less dependent on higher loops

@ decoupling limit: ma, mg+, mg > my,

@ include sbottom (drives minimum), take A, = 0

w.c v. [ —



IR ICRE O Eottot ykawa coupling

Yukawa coupling not given directly by the mass

my
Y =~
Ud(l + Ab)
i 2
gluino __ s ~ ~
Ab = 3. /LMétan/BCg(mgl,ml;z,Mé),
2
higgsino Y;: ~ ~
A)EENC = Ay tan BCo(m;, , My
b - 2/1/ t anB O(mt17mt2?lu’)'
167
Ab(gluino) Ab(higgsino)
02F
oE
—4000 -2000 20‘00 40‘00 “
—0.1
. ) ) MG
20000 40000 60000 80000 100000(; 02

w.c v. [ —



Vegr / GeV*

6 x 108

4 % 108

2 x 108

0 T — T vy + ¢u [/ GeV
g 400 /
—2x 108 %

e tan 3 =40 o u=3.75TeV
e my = 800 GeV e A, ~ —1.5TeV
o M =1TeV




Vegr / GeV*

6 x 10%

4 % 108 -

2 x 10% -

0 T =z T / Uy + ¢u / GeV

—92x 108 /ﬁ

e tan 3 =40 o u=3.83TeV
e my = 800 GeV e A, ~ —1.5TeV
o M =1TeV
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Access to Charge and Color breaking minima

6 x 108 : . .

8 u=3810GeV
5x10° | | = 3860GeV -
4)( 108 | M=3910Gev ...........

3x 108
2x 108
1x 108

Veff / GeV4

Ox1
—1x10° |
—EA .

—4x 108 : , .
0 200 400 600

Vy + Lpu/GeV

W.G.H. | Avoiding Death by Vacuum Decay




Access to Charge and Color breaking minima

52 02 0 * 0x

2 h h — Q U u d

M (hus ha) (A:;hg* — pY7hG i+ |Yiho?
2 0|2 0 * 0%

2,70 1.0 me + |}/;7hd| Abhd — U }/bh
2(h0 hY) = Q -

M ) (A;;hg* — pYyhd  mg + [Yh)?

@ non-trivial behaviour of sfermions masses with Higgs vev

w.c v. [ —



Access to Charge and Color breaking minima
=2 02 0 *y/ 7, 0%
2,20 70 mg + |Yihg|®  Aihy — p*Yih
2(p0 ROy — Q u u d
Mt( us d) <A*h0* _ My;*ho ﬁl% 4 ‘Y;fh2|2
mQ + |Y5hI|? Abho — Y, h0
AphOr — pYFhd  mi + [YyhY)?

M1 = (

@ non-trivial behaviour of sfermions masses with Higgs vev:
22 | =2
mgy+m
m? (ho, h) = % + [Yhgl?

2\/ )2 + 4] AphY — p*Yyh0*|?

@ expand theory around new minimum: m% <0
2

v

w.c v. [ —




Access to Charge and Color breaking minima
=2 02 0 *y/ 7, 0%
2,20 70 mg + |Yihg|®  Aihy — p*Yih
2(p0 ROy — Q u u d
Mt( us d) <A*h0* _ My;*ho ﬁl% 4 ‘Y;fh2|2
mQ + |Y5hI|? Abho Yy ho*
AphOr — pYFhd 2+ |v,ng)?

ME(h2, 1Y) = (

@ non-trivial behaviour of sfermions masses with Higgs vev:
22 | =2
mgy+m
m? (ho, h) = % + [YhG

2\/ )2 + 4] AphY — p*Yyh0*|?

@ expand theory around new minimum: m% <0
2

@ tachyonic squark mass!

v

w.c v. [ —
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What does a tachyonic mass mean?

® mass < second derivative: m, = 9*V/9¢*

° mi <0 <& negative curvature

@ non-convex potential: imaginary part

o log(l+y—=z)~ log(mi)
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What does a tachyonic mass mean?

® mass < second derivative: m, = 9*V/9¢*

° mi <0 <& negative curvature
@ non-convex potential: imaginary part

o log(l+y—=z)~ log(mi)

vV (b)

1><108j

8x10' [

6x107 -

4x10" -

2x10°f




Including colored directions

VEtree _ Ei(Mé + |Yb’Ud|2)BL = EE(MS T |Yb’Ud|2)I;R

— (B YohdT = Ayva)br + h.c. | + 1o 2lbs]?
+ D-terms.




Including colored directions

Ve = E{(Mé + |Yoval?)br, + big (M2 + |Ypval*)br
— (B Yohd — Ayva)br + h.c. | + % PlbL[2I5s]?

+ D-terms.

D-flat direction: minimizing D-term contribution

o D-terms: g?¢*

2
g = 25 9y2
Vp = —1(|h3|2 |h31? + Ibng + —\bR\z)

l\Dl\D

2 -~ -~
(|h0|2 RS1% + [b2]2)” + 3(|bL|2— br|?)”.

o will always take over for large field values
o take e.g. by, = bg = b and |h9|? = [hY|2 + |b]?|

v
w. . +. | —




Including colored directions

Ve = E{(Mé + |Yoval?)br, + big (M2 + |Ypval*)br
— (B Yohd — Ayva)br + h.c. | + % PlbL[2I5s]?

+ D-terms.

D-flat direction: minimizing D-term contribution

o D-terms: g?¢*

2
g = 25 9y2
Vp = —1(|h3|2 |h31? + Ibng + —\bR\z)

l\Dl\D

2 -~ -~
(|h0|2 RS1% + [b2]2)” + 3(|bL|2— br|?)”.

o will always take over for large field values
o or h=0and b=h [large D-term]

w. . +. | —




ential

From CCC to CCB

o previously “safe” false but CC conserving minima turn into to
deep global minima with (bz) = (bgr) # 0 and (h0) # v,




From CCC to CCB

o previously “safe” false but CC conserving minima turn into to
deep global minima with (b;) = (bg) # 0 and (h0) # v,




@ choose appropriate direction — one-field problem

Vdi):ree — m2¢2 _ A¢3 +)\¢4

@ identify parameters, e.g. m? = ﬁLQQ +m? + m%Iu + 12,
A= Y2 gl+g2 A — 2;qu

. _ 2 ..
© necessary condltlon: m? > f—A < second minimum not below
first (trivial) one)



@ choose appropriate direction < one-field problem

Vgree — m2¢2 _ A¢3 +)\¢4

@ identify parameters, e.g. m?>

A\ = Y2 g1+92 VA =2uYs

:ﬁ12Q+Thb+mHu+u2,

. _ 2 ..
© necessary condltlon: m? > ‘2—)\ — second minimum not below
first (trivial) one)

(uYh)?

2 2 ~ 2 ~ 2
my, + 1 +mg +my >
N Y2+ (g +33)/2




@ choose appropriate direction < one-field problem
V(;ree — —2¢2 o A¢3 +)\¢4

RO =0, hy =0
@ identify parameters, e.g. m? = fné +m? + m%Iu + u?,
A=Y+ 4 +g2 cA=2uYy

. _ 2 .
© necessary condition: m? > Z‘—)\ < second minimum not below
first (trivial) one)

|h3|? = |h3|? + [b], b = ahy,
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the Higgs potential in the SM is meta/un/stable

MSSM: multi-scalar theory, has several unwanted minima
formation of new CCB conserving minima at the 1-loop level
stability of the electroweak vacuum: bounds on pu-tan

instability of electroweak vacuum by second minimum in
“standard model direction” ~ v,: global CCB minimum

more severe bounds [new CCB constraints|
CCB constraints for non-vanishing D-Terms

quantum tunneling: either very long- or very short-lived



Greetings from Sefior Higgs
(courtesy of Jens Hoff)

w.c v. [ —
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