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THEORY SPACE BEYOND THE MSSM

Why should we care about SUSY beyond the MSSM?
e Neutrino masses

e Higgs mass measurements
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MOTIVATION

THEORY SPACE BEYOND THE MSSM

Why should we care about SUSY beyond the MSSM?
e Neutrino masses
e Higgs mass measurements
Appealing features that we’d really like to keep:
e Gauge coupling unification
e Dark Matter

What are the most convincing avenues one should explore?

SO(10) GUTS

Typical breaking chain

SO(10) — SU(5) x U(1) — Gsnms

e SM field content fits perfectly in a spinorial 16-plet

@ Spinorial 16-plet contains a singlet = Neutrino masses!
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MOTIVATION

ALTERNATE SO(10) BREAKING CHAINS
Classic SUSY alternative

SO(10) 2e¥Ty SU3)e x SU2), x SU2)r x U(1) -1~ Ganr
If left-right symmetry broken by SU(2)g triplets = Mp > 10° GeV

[S. K. Majee, M. K. Parida, A. Raychaudhuri & U. Sarkar (hep-ph/0701109)]
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MOTIVATION

ALTERNATE SO(10) BREAKING CHAINS

Classic SUSY alternative
SO(10) 2e¥Ty SU3)e x SU2), x SU2)r x U(1) -1~ Ganr
If left-right symmetry broken by SU(2)g triplets = Mp > 10° GeV

[S. K. Majee, M. K. Parida, A. Raychaudhuri & U. Sarkar (hep-ph/0701109)]
Models with “sliding” Mg scale can be constructed

o Field content varied to enforce MSSM-like GCU
@ Mp can be in TeV range

[C. Arbeldez, R. Fonesca, M. Hirsch & J. Romao (1301.6085)]
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ALTERNATE SO(10) BREAKING CHAINS

Classic SUSY alternative
SO(10) 2<¥Ty SU3)e x SU2) 1 x SU2)r x U(1) -1~ Ganr
If left-right symmetry broken by SU(2)g triplets = Mp > 10° GeV

[S. K. Majee, M. K. Parida, A. Raychaudhuri & U. Sarkar (hep-ph/0701109)]
Models with “sliding” Mg scale can be constructed

o Field content varied to enforce MSSM-like GCU
@ Mp can be in TeV range

[C. Arbeldez, R. Fonesca, M. Hirsch & J. Romaéao (1301.6085)]
Three variants possible:

VARIANT I: LOwW SCALE U(1)g

SO(10) 2<UT, SU(3)e x SU(2)L, x SU2)r x U(1)p_1

~MguT

ZHGYE, §U(3)e x SU2)2 x UL x U()p-r —% Gsur

[M. Hirsch, W. Porod, L. Reichert & F. Staub (1206.3516)]
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ALTERNATE SO(10) BREAKING CHAINS

Classic SUSY alternative

SO(10) XUy SU3)e x SU2)L x SU2)r x U(1) -1~ Ganr
If left-right symmetry broken by SU(2)g triplets = Mp > 10° GeV

[S. K. Majee, M. K. Parida, A. Raychaudhuri & U. Sarkar (hep-ph/0701109)]
Models with “sliding” Mg scale can be constructed

o Field content varied to enforce MSSM-like GCU
@ Mp can be in TeV range

[C. Arbeldez, R. Fonesca, M. Hirsch & J. Romao (1301.6085)]
Three variants possible:

VARIANT II: LOW SCALE PATI-SALAM

SO(10) 22U, SU(4) x SU(2)1, x SU(2)r
2ry SU(3)e x SU2)r, x SU(2)r x U(L)p_r, — Gsur
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ALTERNATE SO(10) BREAKING CHAINS

Classic SUSY alternative
SO(10) STy SU(3)e x SU2)z x SU2)r x U(L)5_1 2 Geur
If left-right symmetry broken by SU(2)p triplets = Mp > 10° GeV

[S. K. Majee, M. K. Parida, A. Raychaudhuri & U. Sarkar (hep-ph/0701109)]
Models with “sliding” Mg scale can be constructed

e Field content varied to enforce MSSM-like GCU
@ Mp can be in TeV range

[C. Arbeldez, R. Fonesca, M. Hirsch & J. Romao (1301.6085)]
Three variants possible:

VARIANT III: Low SCALE SU(2)r

50(10) Y%, SU(3)e x SU(2)z x SU@)r x UL)5-1 225 s

[M. Hirsch, M. E. Krauss, TO, W. Porod & F. Staub (1512.00472)]

LEFT-RIGHT SUSY AT THE TEV SCALE

ToBY OPFERKUCH



MOTIVATION

SO, WHAT’S THE PLAN?

© Construct a complete, concrete
GUT-compatible model

@ Consider implications of the complete
model with the aid of the computer
tools SARAH & SPheno
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THE MODEL



FIELD CONTENT, SUPERPOTENTIAL
AND ALL THAT JAZZ!

Minimal particle content consistent with sliding left-right scale and low energy
observations

W=YyQ>Q.+ Yy, LOL.+ /‘L%b@(I@b Field  Gen. GLr
—_———
Yukawa terms p-terms Q 3 (37 2.1, +%>
QC 3 (371a27 %)
L 3 (1,2,1,-1)
LC 3 (1,1723+]—)
o 2 (1,2,2,0)
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FIELD CONTENT, SUPERPOTENTIAL
AND ALL THAT JAZZ!

Minimal particle content consistent with sliding left-right scale and low energy
observations

W =Yy, Q®Qe+ Yy, LO L, + pP®,d,  Field  Gen. Gin
—_———

Yukawa terms p-terms Q 3 (§7 2.1, +%>

+ :uXcXCXC +M56dgd +M\II\I’\IJC QC 3 (37]-’27_%)
—— . L 3 (1,2,1,-1)

SU(2)g p-term vector-like masses

Vi 0.9.5 VoI ©0 L. 3 (1,1,2,+1)

PENIL S S 1 3113
uark mixin, It n mixin, S 2 2

ta?ipollg—consis%eizcy epg GCU & 6‘1 1 (37 1,1,+ 3)
s U, U, 2 (1,1,1,42)
FlstoeSt S S 3 (1,1,1,0
inverse see-saw s 2 (17 2’ 27 O)

Xe> XC 1 (171727q:1)
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THE MODEL

BREAKING THE LEFT-RIGHT PHASE
After minimisation of potential SU(2)g x U(1)p_1 breaking requires
1 1
|‘LI,XC|2 ~ q (mict%R — mic> — §M%/ > 0
R

Condition requires Y, > 0 and either large mg and or Aj assuming one-loop
running of soft-masses

mg [GeV]

.0 200
0.80 0.85 0.90 0.95 0.80 0.85 0.90 0.95

tan Bp tan B

Consistency prefers tg, < 1 (also non-tachyonic sfermion masses tg, < 1)
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(GAUGE COUPLING UNIFICATION

Large unification scale

2—loop __ 17 1—loop
Mgy - =10""GeV > Moy

Behaviour arises from large threshold &
corrections:

IS]
o Large logarithms arising from
heavy right-sector particles L
e Large beta coefficient §,,, = 29/2 L T RTIF—-
Q [Gev]

@ Dashed: one-loop RGEs

@ Solid: two-loop RGEs & one-loop
thresholds
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(GAUGE COUPLING UNIFICATION

Large unification scale
2—loop __ 17 1—loop
Meyr D =10 GeV > Mgy

Behaviour arises from large threshold &
corrections:

o Large logarithms arising from
heavy right-sector particles

e Large beta coefficient §,,, = 29/2 T T TS
Q [GeV]
CONSEQUENCE e Dashed: one-loop RGEs

|

Requiring GCU predicts Mg S 10 TeV @ Solid: two-loop RGEs & one-loop
thresholds
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THE UPSHOT?

@ Constructed a complete, consistent high-scale
model with GCU & mSUGRA-like boundary
conditions

@ Extra matter required for GCU essential for
successful symmetry breaking pattern

@ Distinctive phenomenology in comparison to the
MSSM (stay tuned though, more to come!)
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BACKUP SLIDES



(QUARK MASSES AND MIXING

To fit all masses and mixings more than one bi-doublet is required!

Ld Yy, X vy, -
My = <ﬂ ¢ vz ‘*d) with  VE&y = UF(U1)!

m M5d

Choose basis where U} is diagonal = Y, is also diagonal
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(QUARK MASSES AND MIXING

To fit all masses and mixings more than one bi-doublet is required!

Ld Yy, X vy, -
My = <¢5 ¢ vz ‘*d) with Vg = UF (U7
m M5d

Choose basis where U} is diagonal = Y, is also diagonal

SEE-SAW APPROXIMATION: Ms, > my

02 Y5, YS
M= et gt (1)

M = Vegudiag(mg, m3, mi) Vg
—1/203YQY]
UuYQﬁ”LT =+ M;dvxcytsd
2(jml* — M)

g:
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(QUARK MASSES AND MIXING

To fit all masses and mixings more than one bi-doublet is required!

vd Y, Uxe Yy, _
Q 4 : u
Mg = <\/?7~1 ﬁé;) with  Vigy = UE(UL)'

Choose basis where U} is diagonal = Y, is also diagonal

SEE-SAW APPROXIMATION: Ms, > my

2
U)ZC Y;;d Yéd

M:T—yy (1)

LINEAR ALGEBRA TO THE RESCUE!

det(A +uv?) = (1 +vT A7 u)det(A)

N . Applied to RHS of (1): det(A) =0
M = Vexdiag(ma, mg, mi) Vi Applied to LHS of ((1)): “
—1/203YQY] ,
g _ UuYQThT + Mz;kdv)zc Y5d %Yé = VSKMdla’g(mza mi? ml%)VgKM
2(|jml? - M3,) ’
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THE HIGGS SECTOR

SU(2)r x U(1) g—r, through doublets

0 o+
(X o (X
Xe (x) Xe (>‘<2>
with VEVs
0 1 :
Xe = ﬁ (Oye +ipy. +0y.)
1

Xo = 7 (0x. +ipx. +vg.)

and definitions

2 _ .2 2
VR = vXc + U)z(,
v
tg, = tan fp = <
Uxe

EW-breaking through bi-doublets

or_ (HE® HI
HY™  H

with VEVs
HaO _ i <0a _’_Z'@a +Uda)
d \/i d d <]

1
HY® = — (0% 4 i@ + vie
ﬁ ( ® [} )
and definitions
v? = (032 4 (v2)? 4 (v5)? + (vi2)?
vg' = v sin fsin By, vgl = v cos Bsin By

vg? = v, sin f cos By, vfff = v, cos B cos By

LEFT-RIGHT SUSY AT THE TEV SCALE

ToBY OPFERKUCH



PHENOMENOLOGY



HiGGS PHENOMENOLOGY

D-term contributions raise absolute

upper bound After level-crossing
2 qtep—l 1 2 tep—0 1 gBLgR 2
M, tree < 1 ~(97 +9%) v M} treo Z n V3
931 QR
[K. Huitu, P. Pandita & K. Puolamaki (hep-ph/9708486)] = %

[K. Babu & A. Patra (1412.8714)]

mp, [GeV]

Mixing with right-doublet Higgs

0 . Lo
090 092 094 096 0.98 1.00 090 092 094 096 0.98 1.00
tan fr tan Sr
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SQUARK MASS SPECTRUM

1000
800 :
Splitting between squark soft-masses — _ >
: Z 600 [
proportional to Mj /o g
5? 400 f--
3,3 3,3
Amé = (m(Q ))2 — (m(QC ))2 20| :
~ =272 i i i
~ 8.2 x 10 M1/2 % 500 1000 1500 2000

M, [GeV]

LEFT-RIGHT




SQUARK MASS SPECTRUM

1000 T T
o Ms;=0.5TeV
800 :
Splitting between squark soft-masses - >
. = 600 |-
proportional to My /5 g
§ 400
2 — () (3,3)\2 (3,:3)\2
AmQ = (mQ ) - (mQC ) 200 |- S
~8.2x 1072 M7, 0 ; ; i
0 500 1000 1500 2000
M, [GeV]
2000 T T
o M; = 05TeV
o
% 1500 °
Arises as: S 0
@ by is large mixture of by and dy g 1000
|
o Large mixing due to parameters £ 50
Ys,, vr and Ag for fixed Mjs
0

0 200 400 600 800 1000 1200
Tv;, | [GeV]




SOFT-MASS SPECTRUM

1000 , ‘
Splitting between squark soft-masses TR :
proportional to M /5 002

= 600
3,3 3,3

Améz(m( ))2_(m(c ))2 %

9 g 400
~82x 10" M1/2 <

200 |-

0
0 500 1000 1500 2000
MSSM: M, 5 [GeV]

mg(Msusy) = mg +5.2M1 2 SU(2) g Model:

mZ(MSUsy) ~ m% + 48M1/2 m%(MSUsy) m + 3.6M1/2

mi(MSUSY) ~ m% + 4.8M1/2 me (MSUSY) m + 3.5M1/2

le(MSUsy) o~ m(2) + 0.50M1/2 m (MSUSY) ~ m + 0.44M1/2
mg(MSUsy) m + 0. 15M1/2 m C(MSUSY) ~ m + 036M1/2




THE MODEL

SQUARK SPECTRUM

Generically my < mg,
Arises as:

e by is large mixture of br and 44

e Large mixing due to parameters Ys,, vg and Ay for fixed M;s

1.0

Mixing with vector-like quarks

(mg1 — "LJ‘) [GeV]

2000

1500 H

1000

500

Ms
M;
Ms

o o0 o o

Ms = 3TeV

T
0.5 TeV
1TeV
2TeV

200

400 600 800 1000 1200

[Ty;, | [GeV]




PARAMETER VALUES FROM FIGURES

Higgs mass figures Squark mass figures
Parameter  Value Parameter Value
mg 1.2 TeV mg [0.2,2]TeV
M o 1.2 TeV M s [0.2,2]TeV
AO 1TeV AO [0, 3] TeV
pd?  —2Tev uZ? [—3,3]TeV
VR 7TeV UR [6.5,9]TeV
tan 3 15 tan Sg [0.8,1]
tan 3, 10 tan 3 1, 30]
tan 34 0 tan 3, [1,30]
Ms 1TeV tan By 0

i, 0.09 Yy [—0.15,0.15]
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