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. Towards a fundamental theory of nature

Open questions
@ What is the origin of
space-time?
@ Which is the fundamental
symmetry of nature?

e How does spontaneous
symmetry breaking work?

@ Why do we observe three
copies of matter states?

° ...
Possible answer

@ Nature is supersymmetric!
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More than a symmetry

Latin: superus—being above/beyond, part of the Olympus, celestial

Haag—t opuszanski—Sohnius theorem

@ evades no-go theorem by Coleman and Mandula
[*All Possible Symmetries of the S Matrix'; Coleman, Mandula 1967]
@ only direct products of any internal symmetries and Poincaré
group allowed (commutator relations)

@ supersymmetry is an exception (anticommutator relations)
[Haag,topuszanski and Sohnius 1975]

a SUSY algebra obeys a pseudo Lie algebra
{Qtjxva Q_;\B’/I} = 275ﬁPM6NM7

where N, M count the number of SUSY generators, «, 3 are (Dirac)

spinor indices, 1 a Lorentz index, P, the 4-momentum and @, Q@
generators of a supersymmetry
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@ more than a solution to the hierarchy problem

@ more than simply stabilizing the Higgs mass

@ less than “doubling” the number of states




How SUSY acts

Q|scalar) = |fermion)
Q|fermion) = |scalar)
QQ|scalar) =0

but
Q|fermion”) = |vector)

at least two different kind of multiplets

The (left) chiral Supermultiplet
O = {¢,&, F'} with an auxiliary (scalar) field F

D(y,0) = ¢(y) + V20£(y) + 00F (y),

for superspace coordinates y* = x* — ifco*6 and Grassmann
numbers 6 (two-component spinors)

W. G. H.
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How SUSY acts

Q|scalar) = |fermion)
Q|fermion) = |scalar)
QQ|scalar) =0

but
Q|fermion’) = |vector)

at least two different kind of multiplets

The vector Supermultiplet
V = {A,, A\, D} with an auxiliary (scalar) field D

| A\

®(z,0,0) = 000 A, (x) + 000X (x) + OX(z)00 + £0000D(z),

in a special supergauge (Wess—Zumino gauge) and where 62 = 0,
but 00 = 06, # 0
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| SUSY heroes: The Minimal Supersymmetric Standard Model
Chiral Superfields of the MSSM

spin 0 spin 1/2  SU(3).,SU(2), U(1)y

Q <ﬂ/L7 CiL) (uLa dL) (37 27 %)
D dp, dg (3,1, %)
I_’ (DLaéL) (VLaeL) (]-lza_%)
E & € (1,1,1)
Hy (h9,hy) (B9, Ry (1,2,3)

Gauge Supermultiplets of the MSSM
spin 1/2  spinl  SU(3).,SU(2)r,U(1)y

g g (8,1,0)
Wi,NWO Wi, Wy (1,3,0)
B B, (1,1,0)

v
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ERIiSiadvantaces of SUSY and the MSSM

Electroweak symmetry breaking is automatic

o Higgs potential determined by theory, not put by hand
@ Higgs mass calculated, not an input

@ potential stable up to high scales, quartics ~ g2 + g3

v

There are, however, problems

o (tree level) Higgs mass bounded by M,

o need (large) loop corrections to shift m;% — 125 GeV

@ Supersymmetry apparently not exact in nature @ EW scale

Higgs potential of 2HDM type |l

V =m} HiHg+m3 HiH, + (m3, H, - Hy+h.c.)

A
+ 5 (HiHa)" + 3 (HLH.)®

+ s (H{H,) (HIHg) + M (HIHg) (HUHL) + {5, A6, M7}

W. G. H.




ERIiSiadvantaces of SUSY and the MSSM

Electroweak symmetry breaking is automatic
o Higgs potential determined by theory, not put by hand
@ Higgs mass calculated, not an input

@ potential stable up to high scales, quartics ~ g2 + g3

v

There are, however, problems
o (tree level) Higgs mass bounded by M,

o need (large) loop corrections to shift m;% — 125 GeV

@ Supersymmetry apparently not exact in nature @ EW scale

2., 2
9gi t+ g

mi; = |ul? +m%[d, A=A =—-A3= %,
2 2 2 92

may = |u|” + miy,, Ay = 5

m2, = By, A5 =Xg = A7 = 0.




~ The desired vacuum of the MSSM
Desired = constructed

V = (my, + |ul*) [ Hul® + (miy, + |ul*)| Hal* — 2Re (BuHy - Hy)

2 2 2
+ 2
+ g1 T 93 (lHu‘Q . ‘Hd’2) + %‘HgHuP

8
ey = (o)) e = ().

and vZ + 03 = (174 GeV)?, v, /vy = tan B.

with

(9V 2 2

0 = 2(m2; + |u?)ve — 2Re Byvg + LFZ (v2 — v3)u,
u hu,d_yuu,d

oV 9. o

0 = 2(m3;, + |u|*)va — 2Re By — D52 (02 — v)vg
d hu,d_ﬂ)u,d

v
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The Minimal Supersymmetric Standard Model:
A multi-scalar theory

V =Vr+Vp+ Veort

with . ow|?
=2 1%,

2
Vb = %Zgg <Z ¢3Ta¢i>

Viore = 3 m3,[6:2 + Y AD bl 00

ijk

)

The Standard Model: A single scalar theory




The field content of the MSSM. ..
W=puHg H,+ Y} Hy - QiTj —K?Hd-QiBj—Yiﬁ- H, L;Ej,

i,j =1,...,3 generations; Hy - H, = h;h — hOhS.

| A

Soft SUSY breaking terms for the scalars. . .

Lo = mir, [hal” + miy, [hul?
+ (M), Q1Q; + (m3),; @ity + (m3),; did;
+ (m1),; LiL; + (m2),; ¢
+AY by Qat — AL hg - Qd”
- Afj ha- Q&

@ about 100 new parameters
@ in the scalar sector only!
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| Sokt SUSY eresking complicates everythina
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]
SM Higgs potential: SO(4) symmetry

v

The hazard
@ impossible to minimize directly, analytically
@ colored directions sensitive to all kinds of SUSY breaking

@ spontaneous breaking of color charge: (¢) # 0

y

The true vacuum
o effective potential: average energy density

@ global minimum: true ground state of the theory

v
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_pace By theoretical consistency
The third generation MSSM

WZMHd’Hu+ytHu'QT_ybHd’QB

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

@ tan 8 resummation for my influences

Properties of the (effective) scalar potential

@ no UFB directions (due to quantum corrections)

o D-terms: (comparably) large contributions ¢*

@ “dangerous’ directions: small quadrilinears + large trilinears

Analytic constraints

@ define certain directions in field space: great simplification

o e.g. D-terms absent: |Qr| = |tr| = |ha|  (possibly miss sth.)
w. G. H. [NacisSesnstrane .




Vo =1tr* (m% + |Z/thu\2) tp +tg* (ﬁl? + !ythu|2) tr
+EL* (fn% + |ybhd|2) EL + ER* (mf + |ybhd|2) ZNJR
— [to* Wy ha* — Athy) TR + hec.]
—[br* (u*ys h* — Apha) bg + h.c.]
+ |yt|2|t~L|2|ER|2+|yb|2|l~’L|2|l~)R|2
2
# 98 (1f? =l + Y P Sl + 31— )

~ - 2
L (= I + B2 — i)

[

~ ~ ~ ~ 2
+ % (|tL|2 — |tR|2 + |bL|2 — |bR|2>

+ (mp, + ) ha*+(mi, + |1]?)|ha)* — 2Re(By hahu).
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Vo =1tr* (m% + |Z/thu\2) tp +tg* (m? + !ythu|2) tr
+br* (rh% + |ybhd|2) b, + br* (m% + |ybhd|2) br
— [to* Wy ha* — Athy) TR + hec.]
—[br* (u*ys h* — Apha) bg + h.c.]
R T R R AR
2
+4 (|hu|2 ~ Vhal? + S lBo 4 Al + §|5L|2_§|5R|2>

9 - - 9\2
+ 2 (Il = ha? + Bl — £ )

[}

~ ~ ~ ~ 2
+ %2 (18l = [l + 5. — ba]?)

+ (mp, + ) ha*+(mi, + |1]?)|ha)* — 2Re(By hahu).

izl = |irl = |i], |b| = |br| = [b]
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Van =1 “ (M + lychal®) T +1 % (M + yshul?)
+b (I + [ywhal®) b+ * (Mg + |yphal®) b
— [f *(urys hg™ — Aghy) T+ h.c.]
- [E (W bt — Aphg) b+ h.c.]
+lyelPlE PIE PHwl?lo Po P
2 2
e (R N A

2 2
92 2 2272
+ 2 (1hal = kel + 15 2= )

+ (my, + ) ha*+(mi, + |1]?)|ha)* — 2Re(By hahu).

izl = |irl = |i], |b| = |br| = [b|
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Van =1 “ (M + lychal®) T +1 % (M + yshul?)
+b (I + [ywhal®) b+ * (Mg + |yphal®) b
— [f *(urys hg™ — Aghy) T+ h.c.]
- [E (W bt — Aphg) b+ h.c.]
+lyelPlE PIE PHwl?lo Po P
2 2
e (R N A

2 2
92 2 2272
+ 2 (1hal? = ke + 15 2= )

+ (my, + ) ha*+(mi, + |1]?)|ha)* — 2Re(By hahu).

F2l = al = 7], el = bl = 8] : 18] = [hal = 6], ] = bl = 2]
w. . +. [ —



Vin = 62" (M7 + [yedl?) o2 + ¢ (M7 + |yeoal?) P2
0 (ME + o [P) o1+ o (Mg + |y ]?) o
— [ (W¥ye 01F — Avpa) 2 + hoc.]
— [0 (Wryp d2* — Apor1) 01 + huc]
+ [yel*dal[d2l >+ lyn |01 2|01 2

+ (mi,, + ) o2+ (mi, + ) |01 = 2Re(By 01¢2).

F2] = lal = £, ol = bl = 8] : 1Bl = [hal = 0], || = bl = 2]
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Vin = 62" (M7 + [yedl?) o2 + ¢ (M7 + |yeoal?) P2
— 2" ( — Ay¢2) 2 + huc.]

+ |ye|*|p2?|p2|?

+ (my, + |u*)| o2

1] = lErl = [l [br| = [ba] = [b] ; BI=Hat=Tail, [ = hul = |62l
w. . +. | —



Minimize the potential
V(g) = m?¢? — Agp® + A¢*,
with m? = mj_+ |u|® +m7 +m7, A=—A; and X = 3y7.

maw



Minimize the potential
V(9) = m*¢* — A¢° + Ao,

with m? = mj_+ |u|® +m7 +m7, A=—A; and X = 3y7.

Answer:
3A £ V9A232\m?
¢0 = 07 ¢:|: = N .
Condition to be safe from non-standard (i.e. non-trivial) minima:
A2

1% s
(px) >0 < m>4)\



Minimize the potential
V(¢) = m*¢”* — Ap® + A",
with m? = mj_+ |u|® +m3 +m7, A= —A; and X = 3y7.

Answer:
3A + V9A232\ m?
po=0, o+ = ) :
Condition to be safe from non-standard (i.e. non-trivial) minima:
A2

Vv 0 —
(px) > — m? >4)\

Well-known constraints
|Agl? < 3y7 (mi, + |ul?
|Apl? < 3y (miy, + |ul? + @3 + i)

for the limiting cases |tL| = |tr| = |h2| and |bL| = |br| = |h4]!
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A? =
4 m?

.G. H



A? > 4 m?




A? < 4 m?
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Problem already known for a while
@ problem noticed [Frere, Jones, Raby '83]
@ “A-parameter bounds” [Gunion, Haber, Sher '87]
@ classification of all dangerous directions [Casas, Lleyda, Mufioz '96]

@ including flavor violation [Casas and Dimopuolos '96]

Stability = no Instability = Metastability

Vacuum tunneling [Kusenko, Langacker '96; Blinov, Morissey '13]

VeVacious [Camargo-Molina, O'Leary, Porod, Staub '13]

o finds all (?) tree-level minima
@ minimizes scalar potential in the vicinity at one loop

o calculates bounce action / tunneling times ~ [CosmoTransitions]
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@ We have discovered the Higgs!
@ No sign of SUSY so far. ..

Q@ mp = 125 GeV
(all SUSY literature during LEP era expected it to be < 100 GeV)

@ Consequently: large radiative corrections!

O large stop mixing needed? heavy SUSY spectrum?
(or hidden in some hardly accessible valley)
@ approach today:

less focused on unified models

still certain scenarios

tan 8 resummation for bottom quark mass (large tan j3)

low tan § favored (for M4 < 800 GeV, direct search A — 77)



@ We have discovered the Higgs!
@ No sign of SUSY so far. ..

Q@ mp = 125 GeV
(all SUSY literature during LEP era expected it to be < 100 GeV)

@ Consequently: large radiative corrections!

O large stop mixing needed? heavy SUSY spectrum?
(or hidden in some hardly accessible valley)
@ approach today:

less focused on unified models

still certain scenarios

tan 8 resummation for bottom quark mass (large tan j3)

low tan § favored (for M4 < 800 GeV, direct search A — 77)

Semi-analytical bounds/exclusions important for fast processing! |
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© The practical (phenomenoloaical) viewpoint

My “pMSSM”

@ no unification (more than mq, m; /9, Ao, tan 8 and sign y)

o free parameters: (although similar choice as in CMSSM)
o i =mi = mj = Mgysy
o L, tanﬁ
o A;, Ay (not necessarily equal)

° m,%l , determined from ew breaking, B, related to M4

@ no RG running needed = parameters taken at the SUSY scale

Why no RG-improvement?

@ SUSY scale parameters; limits on this parameters

@ destabilization of ew vacuum around SUSY scale

no Planck scale vevs! (maybe there are...in addition)

°
@ in the spirit of the pMSSM as phenomenologically as possible
°

only small RG modifications, qualitative features unchanged

v
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Less constraints, more parameters, more fields, more vevs. ..

Restriction to certain directions too restrictive!

o give up |G| = |tr| = |h2l
@ allow for hy #0 and b # 0
o “break’ §;, — t1, + by,

@ back to full scalar potential!

| A\

Simplify your life

® hg=¢

o [tr| = [trl = |f] = alg]

° hy =n¢

o [br| = [br| = [b] = Bl9]

o all fields and parameters real, o, 5 > 0, n € R
e SU(3).-flatness: i, =g and by, = bg

W. G. H.



ho=¢,  [fl=algl,  hi=ne  [B] =Ble|
Vo = (mh2 + 1’ mh1 +(1+ 7}2)u2 — 2B,
+ (o + By, + o + B*mg ) ¢
— 2 (o (g — Ap) + B2 (g — 14p)) ¢ + (o2y} + Blyd) o

2 . 2
n (91 ‘ggz(l 4B —a?)? 4207 2B2y§) B
= Mz("]: a75)¢2 - A(U: O‘vﬁ)¢3 + )‘(T]a a75)¢47

with A
M? = miQ + zyzmil + (1 + ) - 2B,
+ (0% + B2y, + o’inf + g,
A= 207y — 20° Ay + 282y, — 2082 Ay,

2., 2
A= %(1—7}2+ﬂ2—a2)2

+ (24 a)a’y; + (27 + B%)BPy;
w.e . PSS



 Optimized Charae and Color Breakina

[Gunion, Haber, Sher '88; Casas, Lleyda, Mufioz '96]

The same but different (“ A-parameter bounds”)

A% < ANM?
1
4 min A(n,a, B)M?(n, e, B) > max (A(n,a, B))?
{n,,B} {n,,B} )
2 2 ~ 2 ~ 2 (M.%)Q
mi + p° 4+ mg + my >
M TN T 2+ (2 +g2)/2

A\

|hal? = |hul® 4%, b = ahy,

= ~ 4
mi; (14 a?) +m3y £ 2miV1+a? + a2(m%) +m3) > ) j— 302

. B —




field directions

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1/ GeV




500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1/ GeV




500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1/ GeV




500 1000 1500 2000 2500 3000 3500 4000 4500 5000
1/ GeV




Higgs mass bounded by My

mpo < M2 cos?(20)

o large loop contribution in the MSSM needed

30?2 M2 X? X?
AmZO — _y4 |:10g ( SUSY) + t (1 - t ):|
Y i m; Mgysy 12M& sy

e dominant contribution with v, X; = (A/y: — pcot 5)

o large A; and/or Msysy needed



© Closing in on the parameter space Ap = 0GeV
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© Closing in on the parameter space Ap = 1000 GeV
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© Closing in on the parameter space Ap = 1500 GeV
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_‘tr‘s space increasing MSUSY

Ab)/GeV

(At =

6000

4000

2000

-2000

-4000

-6000

1000

2000

W.

G.
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3000 4000 5000 6000
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* Open up parametrs space increasing MSUSY Ay

A,/GeV
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-4000
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0 1000 2000 3000 4000 5000 6000
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X, [Mgysy

EEEESiEqe0lee orucial p = 350 GeV

T T T T T T T T T
° |I -
[ 3
[ ]
I|Ill'

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
MsusylGeV
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X, [Mgysy

BEEESiEgeolee crucial n = Myisusy

T T T T T T T T T
“m"""mh
.illl I _
&

ITLE

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
MsusylGeV
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X, [Mgysy

MEEEtenicholcs crucial p = 500 GeV

=

1000 2000 3000 4000 5000 6000
M, SUSY / GeV
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X, [Mgysy

- Parameter choice crucial p = —500GeV

=

1000 2000 3000 4000 5000 6000
M, SUSY / GeV
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Why next?
@ Why not?
@ Add a SM singlet superfield.

@ Richer phenomenology (Higgs and neutralino sector)

The NMSSM solves the “p-problem”

| A

Wwmssm = i Hy - Hg + Yukawa

only dimensionful parameter i has to be ~ electroweak scale
K
WhamMssm D A SH,y, - Hg + 533

dynamical p-term: A(S) = piefr

Z3 symmetry forbids dimensionful couplings (bilinear, tadpole terms)

<

w. . +. | —




Trilinear terms in the Higgs sector

Veoft = miy, [hul? + mip, |hal® + m|s|®

1
+ <AA)\ Shy - hg + §A,ili s3+h.c )

VHiggs is @ multivariate polynomial to order 4

2 ;2 2 2 2 2;2 2,2 1212 14 14 4
Vhiges C {hi, hy, 5%, shuha, 5%, s hyha, s°hy,, s°hg, hiyhy, by, hg, s}

Not only one minimum! Vg, not necessarily the global minimum!

Minimisation conditions are in general misleading!

gTVu ey = Qm%{uvu 4. Iinear. equations for soft SUSY
o g2 breaking masses m%, , m¥; , m3,
Ohq lvev Hg"d can be solved uniquely; determine
gTV; oy = 2MgUs + ... numerical values for those




Simplification: h3, hY, s only (three fields, many vacua),
real fields and parameters

VHiggs = m%[u hi + qud hfl + mg 52
+ 2KA, $° + 2)A) shyhg
+ (5 8% = A huhg)® + A2 2 (B2 + h3)
2 2
+ 019 (2 _ p2)?

However

Solutions for minimization equations with (h,) # vy, (hg) # vq and
(s) # efr/ A possible, viable, existing and leading to a true vacuum.

| A\

Potential value at the minimum to be compared with

d gi+g2 4 2 2 4 . 2 2 4
Vaes =— 829204 cos?(28) — 2-v sin®(28) — Sr g

2R KA 2 .
_ Uzﬂsz (1 — % Sln(QB)) — %)\—;ugﬁ + % A plefr sin(203)

W. G. H.
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JiBrSElen partially known (and solved)

Constraint on A,

2 2
Afi > 9m5

A? < Sm%: no (s) # 0. [Derendinger, Savoy '84; Ellwanger et al. '97]

‘Tachyonic” Higgs masses

@ “problem” of tachyonic masses well known

@ one mass eigenvalue of M2, M% or charged Higgs mass m%{i

negative
@ tachyonic mass = negative curvature = alternative vev (!)

V.
However

Careful analysis shows that tachyonic masses are not enough!
[see e.g. Kanehata, Kobayashi, Konishi, Seto, Shimomura '11]
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=0.1 kK =0.2, my= = 300 GeV
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=0.1 kK =0.3, mg+ = 800GeV
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The SUSY paradigm and a 125 GeV Higgs. ..

@ leads to severe constraints in MSSM parameterspace

@ theoretical consistency: Higgs vacuum is true vacuum

@ vacuum tunneling neglected/ignored

Extending the MSSM

@ Next-to-Minimal: add gauge singlet

@ changes phenomenology dramatically

@ tachyonic Higgses and/or alternative Higgs vevs

v

The Cosmic Higgs connection

@ possibility of incproporating Higgs inflation in the (N)MSSM

@ Singlet stabilizes inflationary trajectory

e NMSSM + u Hy - Hy, changes phenomenology drastically

y
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ISR SIS Superconforial ereaking
local U(1) R symmetry

@ part of the superconformal SU(2,2|1)

@ x term breaks continous R and discrete Z3 symmetry
@ breaking at dimension 6: ~ X/\]\Zg
Corrected Superpotential

Wegt — WeX @Mz —yy 4 O;\V/[—h;‘OX(@)
P

4

The INMSSM

K 3
West = A SH,y, - Hg + = S3 + §Xm3/2Hu - Hy

Cosmo pheno requires x ~ 105\
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| Phenomencloey of the inflationary term

like the NMSSM with an extended effective 1 term

3
fiesr = A(S) + S XTM3/2 = fleff + 1t

Additional soft SUSY breaking term

1
Veoft =AA\ SH,, - Hy + §/€A,.; 53

S
aF §B;1Xm3/2 (Hu : Hd +h.c. )

Higgs potential of the INMSSM

V = [m, + (ut AS)?| |Hal? + [mi, + (u+ AS)| |HoJ? + m3 52
+2kA, 8%+ [kS?+ AH, - Hy)> +2(Bu i+ A Ay S) H, - Hy
+ G (|H? — |H ) + L\ H) 2

v
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u=1000GeV, tanf§ =7/2, A =3/10, A, = 0GeV

1 T T T T T
[ ]
[ ]
L ]
0.8 + $
o ¢
[ ]
[
0.6 + PO
<
~
<
0.4 | :
0.2t ;
L]
O L L P Il L
-400 -200 0 200 400

(1 + Hegr)/ GV
w. G H. [INacicscensranca e



u=1000GeV, tan§ =7/2, A =3/10, A, = 100 GeV

K/A

O I I I I PP I I I
-1000-800 -600 -400 -200 0 200 400 600
(U Hegr)/ GeV
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u=1000GeV, tanff =5/2, A =3/5, A, = 100 GeV

0.6

0.5

0.4 4

K/A
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u=0GeV, tanff =5/2, A =1/2,A, = 0GeV
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o (heavy) Higgs decays depending on p and 11 + fieff
@ Neutralino sector:

o Higgsinos ~ (i + pefr)
o Singlino ~ % fiefr

@ However, p can also be small
[Ferrara, Kallosh, Linde, Marrani, Van Proeyen 2010]

@ Work in progress ...
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Yukawa coupling not directly proportional to mass (same for y;)
Yo Ud(l -+ Ab)

[Hall, Rattazzi, Sarid '94; Carena, Garcia, Nierste, Wagner '99]
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