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Concepts
o
What is SUSY?

SUSY is a space-time (ST) symmetry

Q|Fermion) = |Boson)

Q|Boson) = |Fermion) } Qs generate a ST symmetry

{Q,Q'} = P [0Q,01Q" = 06TP
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Irreducible representations of AV = 1 SUSY

An Introduction to Superspace

X — (x,0,07)
s(x) — S(x,6,6")

O =¢p+0p+0°F+ ...
V =00tA + 0120\ + 020%°D + . ..
W,=X\y+0,D+...
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Quick Higgs revision

Standard Model Higgs potential
V(H) ~ u?|H? + AH|*

Higgs vacuum expectation value (VEV)

(H) = \/—p2/2\ ~ 174 GeV

Implies a Higgs mass

m2, = —p? ~ 100 GeV
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

—L C Xs|S[2|H|? + \¢HFf s = scalars
S f = fermions
/7 A
\ 2
— - ~ =AMzl -
A \\_,/r H e <ms>
s
s
7N
Lo ~ AN
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Motivating SUSY

Solving the Higgs Hierarchy Problem

UV cut-off at one-loop

At one-loop

me, — m?, + A2 <Z As — Z A?) - Z /\smgln<r;\s>

scalars fermions scalars

Natural Higgs mass

N~ Mp = My ~ Mp|
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

—L D \off
f
¢---Q--¢ — L,0)
f
d*k 1 2m?
_ 2 f
mo0(0) = —2N(DAT | {5y [kz m " (k2 — m2)?
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

—L D Ao T 4 Apg? <|?L|2 + |?H|2> + VAo <|?L|2 + |?H|2>
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

d*k 1 2m?
7T<Q>¢>(0) = _2N(f))‘?/ (2n)* [kz —m2 + (k2 — rfn2)2]

2 —_— d*k 1
x,(0) = —)\fN(f)/ o {/@ ot (L R)]

+ (S\fv)z N(?)/ (‘21;’)‘4 <k2 _1m?)2 + (L R)

- [ d*k
ARO[ o o) (o
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

- NeN(f m? 2
x4 (0) = it ()[—2m?< |ong>+4m?|ogmzf
2 m?

’) 4mf log —~

e

+2mE < —log

m2
— |Aff? log Mgf]
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Motivating SUSY

Solving the Higgs Hierarchy Problem

Higgs self-energy at one-loop

A=\, N(fy=N(f), mi=m; Ar=0
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Motivating SUSY

Solving the Higgs Hierarchy Problem

You saved us... thanks supersymmetry!

/¢ pairings
+ S\f = *)\?
+ Af =0

Unavoidable with
supersymmetry
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Motivating SUSY

Gauge Coupling Unification

. . . . . .
2 4 6 8 10 12 14 16 18
Log,,(Q/1 GeV)

Figure: RGE of o; ' in SM (dashed) and MSSM (solid)
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The Sad Truth

Evidence

@ Degeneracy in (s)particle mass spectrum not observed

Standard Particles SUSY Particles

u c t ‘

P2 d S b Hoss ?é P2

Higgsino

Squarks @) Sleptons @ susY Force
Particles )

Quarks @ Leptons @ Force Particles

o If SUSY is realized, it is broken at low energies
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Generic Features

Properties

@ Theory is SUSY but scalar potential V admits SUSY vacua

Q|vacuum) # 0 <= V(vacuum) > 0

V(o) V(¢)
EE;L4ZZ¢ BLL}>¥Z¢
GAUGE SUSY GAUGE SUSY

V(¢) V(¢)

NP V)

GAUGE SuUSY GAUGE SUSY
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Generic Features

Recipe

@ U(1) VSF spurion (W,,) =6,D
@ Gauge-singlet xSF spurion (X) = §2F

How does this work?
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Generic Features

The Standard Model Higgs Mechanism

A > Agwss

V(9)

\\ézvzy//
> i —L 5 yaQuodr d
¢

GAUGE !
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Generic Features

The Standard Model Higgs Mechanism

A > Agwss

\&;d?/
> i —L 5 yaQuodr d
¢

A < Newss
¢ — (0,v+ H)

—L D yqv a[_d,q aL :,dF?
\ / §Z¢ \m:/ Mgy
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Generic Features

SUSY Breaking in Wess-Zumino Model

A > Nsusy

£ / d%0 MI0) + Y00k +he. + / a?od?0t oo,
~——
W(¢),-) K(¢,*i’¢,l,)

> =M (¢iFj + i) — Y¥¢id;Fic + he. + FHF;

V(9)

AN ¢i QS] Pl
t i oj Fi ;i Py \\ /)ﬂ
‘ M MY A F

SUSY :
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Generic Features

SUSY Breaking in Wess-Zumino Model

A > Nsusy

£ / d%0 MI0) + Y00k +he. + / a?od?0t oo,
——
W(®) K(041,0))

i MH G 6 — M),

V(9)

¢*I . /l]Z) w
>>5J4£{i MﬁMW Mii

SUSY
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Generic Features

SUSY Breaking in Wess-Zumino Model

N > Asusy

L= / o0 (M¢>2+ Y¢2x) ¥ he. + / 2020 d*
D —M (¢pFy + b)) — YobFx + hc. + |Fy|? + |Fx|?

V(¢)
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Generic Features

SUSY Breaking in Wess-Zumino Model

A < Asusy  (X) = 60?F

r— / 20 (M<D2 + Y¢2x) 4 he 4+ / AR0d20t " b
o —Myp — (IMJ? £ | YFx|)|p+|?
V(o)

-<-><-<- —M—

IM|? £ | YFx| o
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Dirac vs. Majorana Fermions

Dirac and Majorana particles
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Dirac vs. Majorana Fermions

Dirac and Majorana particles
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Dirac vs. Majorana Fermions

Mass terms

Majorana mass
~Latjorans > MWWy = M6 +€76h) - Wiy = (55* )
Dirac mass

~Lpirae D MpWpWp = Mp(&x + £Tx1) Vp = (f)

—,Cls\g?tSM D Msgg + Mo WW + M, BB
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Parameter space limitations

Approximate SQCD /5 Functions
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Parameter space limitations

The Forbidden Zone

2500F

1500

Msquark

5001

0 500 1000 1500 2000 2500
Mgluino 1

1Jaecke|, J., Khoze, V. V., Plehn, T., & Richardson, P. (2011). Travels on the squark-gluino mass plane.
http://arxiv.org/abs/1109.2072
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R—symmetry

What is R—symmetry?

{Q,.Q"' =P

Invariant under
Q- eflq, Qf - Qle ™ PP
Choose Rq = —1

[Q, R =Q [0,R] = —6
[Qf,R] = —Qf [0t, R] = o'
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R—symmetry

R-charge of Gauginos

V=Vl — Ry=0

V o 029

R@Z—Rm:‘l — R)\:1
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R—symmetry

Majorana Gaugino Masses

—cgueno 5 p O + AT

Majorana

an Za, g2i0 ) \

Majorana gaugino masses violate U(1)g symmetry
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R—symmetry

Dirac Gaugino Masses

_EDirac D) MD()‘X + AJ[XT)

Ay Ue (14RO )\

Dirac gaugino masses can preserve U(1)g symmetry
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R—symmetry

The idea

U(1)r
MM—>0 MMNMD
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R—symmetry

The Forbidden Zone

2500F

1500

Msquark

5001

0 500 1000 1500 2000 2500
Mgluino 2

2Jaecke|, J., Khoze, V. V., Plehn, T., & Richardson, P. (2011). Travels on the squark-gluino mass plane.
http://arxiv.org/abs/1109.2072



Dirac *.inos
O00000e

R—symmetry

Minimal Dirac Gauginos

Ry, =—1, OgDoOxg, (W,)=0,D

Names Superfield | SU(3)¢ | U(1)r
RHGs Oy Ad 0
GFs W3a Ad 1

Dlrac 2
glumo / eld

N = 2 vector multiplet (Og, V3)



Higgs Sector

MSSM Higgs

Wussm = yuUQ - Hy + y4dQ -Hy + pHy, - Hg + - -

A < Newss
V(o)
5 / HY — wy+ -
P HY — vg + -
GAYGE

LD /d29W(q>,-) > —uH, - Hy



Higgs Sector

Dirac Higgsinos

Superfield [ SU(2), U(1)y [ U(1)r
Hy O 3 0
Ry O 3 2
Hqg O -1 0
R, O -3 2

Whtges = (s + A$8) Hy - Ry + ATHy - TR + (1 &> )

N = 2 Hypermultiplet (H,, Ry)




Higgs Sector

Is R—symmetry useful?

@ Dangerous AL = AB = 1 operators forbidden
@ Proton decay through Q, Q, Q,L;, UrUrDRrERg forbidden

@ Majorana Neutrino mass HyH,L,L; allowed®

3Kribs, G., Poppitz, E., & Weiner, N. (2008). Flavor in supersymmetry with
an extended R symmetry. Physical Review D, 78(5) 055010



Higgs Sector

Summary of MRSSM

@ All *.inos are Dirac
@ Higgs and Gauge sector form A/ = 2 representations

@ Gauginos much heavier than squarks possible



Higgs Sector

Outlook

@ High-scale completion? Gauge mediation?*
@ Create a consistent effective theory at the high scale

@ |dentify important phenomenology using simplified models

“Benakli, K., & Goodsell, M. D. (2008). Dirac Gauginos in GGM.
arXiv:0811.4409
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Work in progress

Messenger completion

Dirac gaugino D-terms

D
1 D 2
Q: Q ~ g \QY [ +O< ﬂ
,° X\\\ 1672 Muess Mle/[ess
A/ VX
ated——oa—
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Work in progress

Messenger completion

Adjoint scalar D-terms

D D
o Q Q
RO RN
_-4>—\—*0-’-—>-_ y /v \\ Y*
S 3 * -->—‘—>—0-->—
1 1 D2
~ D )\2 2/\2
TR IRy S
D
: 1 D2
Q*. Q ~ QZ)\Z
/’X\\ 1671'2 Mlgfless ‘ ‘
y /Y N\ X



Work in progress

Messenger completion

Dirac gaugino F-terms

l ! o 1 |FPP
Q>:<- -- ->:<o )\‘ | 1672 MT\?/Iess
PO IR

UV Completion
[e]e] lelele)
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Work in progress

Messenger completion

Adjoint scalar F-terms

N >*
I ! 1 |FP
Q. ' Q + (more diagrams) ~ |\|?|x[2
! k 16 2 MI%IQSS
v a \
F F
~ Y > -
G
\l '/ 1 |F)?
Q. ' Q + (more diagrams) ~ —|\?|k[>
V k 16 2 MI%[CSS
. AT N

E =



UV Completion
[e]e]e]e] o)

Work in progress

Messenger completion
Aim

ldentify minimal set of parameters to describe theory at high
scale, e.g.

mp(M), m&(M), ma(M) = f (o), Ay, M)
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Work in progress

Thanks

Thanks for listening!
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