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Introduction

Motivation: bottom up

If gauginos are found at the LHC, we will have to determine
whether they are Majorana or Dirac in nature

This is very difficult to do directly: maybe only possible at
ILC

There may be clear signals from accompanying adjoint
scalars if light

Otherwise: challenge is to study the possible spectra from
different models

Can they look like e.g. minimal gauge mediation? Will the
gauginos be heavier than the sfermions? Can the (N)LSP
be a (pseudo-)Dirac gaugino?...



Introduction

Motivation: top down

Some attractive theoretical motivations:

Nelson-Seiberg Theorem: existence of R symmetry (chiral symmetry
under which bosons are also charged: ® — ei*Re @, 0 — ei*g,
W — e?'**W) required for F-term SUSY breaking

Many SUS¥ models preserve R symmetry (e.g. original O’Raifertaigh
model)

Dirac gaugino mass may preserve R, Majorana does not:

suggested this as the original way to obtain gaugino masses!
Alternatively Majorana gaugino mass may be too small (e.g. from many
O’Raifeartaigh models

)

May also have non-flavour blind mediation
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Introduction

Chiral Adjoint Fields

MSSM chiral superfields are in singlet, fundamental and antifundametal reps;
vector superfields are in adjoint reps.

To allow Dirac masses for the gauginos, must add chiral adjoint field:
=3 +v20%x)a + (00)Fs +... = L D —mpxA

— Adjoint superfields will contain fermions to partner gauginos, but scalars too.
N > 2 supersymmetry - chiral adjoint is superpartner of vectors
Higher dimensional models:
4 A4 4 4
ot A% — (AL, A%

v

65 AS _ A5 A5 —
A AL AT = G AL (A% A

—Current in warped models
Seiberg dualities (e.g. ISS):

QiQj = uXyj = puditrXii + w(Xyj — dijtrXi)
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MSSM with Adjoints

Names Spin 0 Spin 1/2 Spin 1 SU(3), SU(2), U(1)y
Quarks Q Q= (i, dy) (ug,dp) (3,2, 1/6)
u af uf 3,1, -213)
(x3 families) de a§ uf (3,1,1/3)
Leptons L (Ver,er) (VerL.eL) (1,2,-1/2)
(x 3 families) e éi ei 1,1,1)
Higgs Hy (Hi HY) (AL D) 1,2,172)
Hy (HY Hy) (RO Ay) (1,2,-1/2)
Gluons Wiy A3 g (8,1,0)
[=§a]
w Wou Ao wE, wo (1,3,0)
= WE, WO
B Wi Mo B (1,1,0)
[=B]
DG-octet Og Og Xg (8,1,0)
(=14l =g’
DG-triplet T {10, T+} x%.xE) (13,0)
=W, 250 | = 0WE Wy
DG-singlet S S Xs (1,1,0)
=xg] [=B']




Introduction

Building Models of Dirac Gauginos

Want to extend MSSM by adding Dirac gaugino masses but minimal number of
new fields and parameters inspired by problem of small Majorana masses

If we want to exclude a Majorana mass altogether, need a symmetry forbidding
7%7\“7\0{ in effective Lagrangian.

Since A« is lowest component of chiral superfield W, this transforms in the
same way.

To allow the kinetic term [ d203 W*W,, so must d26 — an R-symmetry.

Then £ must have R-charge zero, since 6% — e'€0% : A* — e'*A* and thus
for A*x « to exist, xo«o — e ' x«. Then X must transform like 6*x  since
=3+ V20%(x + ...

BUT exist no continous global symmetries — discrete or broken?
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Introduction

Dirac vs Majorana masses

R-symmetry is extension of chiral symmetry (LH and RH fermions transform
oppositely, but the superpartner scalars also transform), so no surprise that the
MSSM Higgs sector breaks R

Must either extend Higgs sector ( ) or
allow small Majorana masses

These will be generated anyway if we include gravity and cancel cosmological
constant:

0=V =[FP+ V4 —3m] M} — ms,, =|FI/V3Mp (1)
Leads to o o
mi = oclb‘m _a'bt |F
V27 T4 2T 4n BAMy

B also violates R; could come from Higgs sector superpotential or gravity etc.
Our (minimal) approach: add p, B as required.

Can also avoid B
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Supersymmetric Couplings

Here are the most general renormalisable superpotential couplings:

e SUSY couplings contained in superpotential:
W = Wyukawa + WHiggs + WAdjoint

e No new Yukawas:
Wyikawa = Y Qi - Hyuf + Y5 Q; - Had§ + YPL; - Hyef
e Two new Higgs couplings (c.f. NMSSM):

Whiiggs = WHy-Hg + AsSHq-Hy, + 2ArHq-TH,

e Several new Adjoint couplings, but violate R so shall set to zero:

Wadjoint =LS + —sz 5 =583 4 Mrtr(TT) + As7Str(TT)

+ Motr(00) + ?\soStr(OO) n %%(000)_

m

SY

\Pee



Introduction

“Standard” Soft Terms

“Standard” soft terms take the form:

i 1 4 1 4 1
—L3itakng = (M)} s + (2T did;di + 50U didj + SMaraka + hoc)

So we have the MSSM terms plus new m? and B-type terms:

soft

_Adioi 1
—ALPCG-Adjoint m§\5\2+535(52+h.c.)+2m%u(TTT)+BT(tr(TT)+h.c.)

+2m3ur(0T0) + B (r(00) + h.c.)

The adjoint scalar A-terms (including the possible scalar tadpole) are given by

1
—ALA . =AsAsSHg - Hy + 2ATATHg - THy +t5S + gKSAKSS3

sof

1
+AsTAsTStr(TT) +As0AsoStr(O0) + gKoAKotr(OOO)

+ h.c.
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Non-standard Soft Terms
® There are additional non-standard terms that may also be soft:
) 1 o s .
—Liaing =t o b b b+ miSxiAa + hue.

® Quadratic divergences may only appear in scalar tadpoles

® Gauge invariance ensures such terms only appear for singlets - a L(1) adjoint!
o |f SUSY is spontaneously broken then quadratic divergences cancel
® Note that there is a supersymmetric term that mimics r’ik:

1 .. 1 ..
w Jiu”cpicpj + gy“kcpicqu)k
15k i 13 1
—>LD*§U pird ¢j¢k*§H XiXj ~ gY diXjXk

.0
. . o
® In that case fermion loop cancels the divergence: e
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Introduction

Non-standard soft terms |l

The possible non-standard soft terms are

_ f,Non—standard
=mipXsAy + 2m2Dtr( T7\2) + 2maptr(xoAs)
+Qlr Q)SQJ 1‘~ JSL +u)r,)3u +dr~_15df ")rfe’Se
+ HuTrSJ*HSHu +H, TSHdSH

T
(Q1 Q:
+(Qlrg Q]oaQ) (ﬁlr(?.ﬂ 1041) + (4

a
+rsssTs2 8 T ST (TOTR) 30 Ser(TO)IT) + v ar(TOTO (T )
) +

Q’TQ) + (T JTL) (Ha rTH“TH) + (Hq rTHdTH)

10 dT)

+7800%tr((09)10%0°) + 190" STtr(0°0°) + 132 Str((0?)T0%)
+ h.c.
Each of these should have a new RGE!!!! BE‘si
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Non-standard terms llI

o For spontaneously broken SUSY, all of the non-standard
terms actually come from one holomorphic coupling:

Jd2ezxf2mDe“tr(w“>:) S —mpAaXa) + V2mpZaDy

e This translates into
LD —mppV2grZad RED

o Sori¥e = mypv2guRE(1)
o This is preserved by the RGEs!
« Also no RE> terms because

Dq O —ifePe5P (1) - £ 5 —impv2gZoZp(E1) f2PC =0

» So all of these terms are determined by the Dirac gaugino @
mass! e
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Electroweak Symmetry Breaking

New couplings may affect EWSB
In particular, depending on W(S) singlet may behave like n/NMSSM or variants

Our main assumption is W(S) = 0 but we can easily set W(S) #0,n =0
without significantly changing conclusions

Parametrise SHSY- by spurions M; =1 +200 M, Myip = O Mip:

Lgauge = Jd4xd29 [ %leixwm + %Mztr(Wg‘Wza) + %M3tr(W‘3"W3(x)
+V2mME W1aS + 2v2mS5 tr(Wae T) + 2v2mS tr(W340g) |

and

~ALgore = my [Hul>+m} [Hal> + By (Hy - Ha + hec.)

1
+m2|S|? + 5135(52 +h.c.) +2m2u(TIT) + By («(TT) + h.c.)
+AsAs(SHg - Hy + h.c.) + 2A7AT(Hgq - THy + hec.)
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Electroweak Symmetry Breaking |l

Neutral scalar potential:

2 2
+
Vew = (miy, i) HAR+ (mdy o w?)HY P B (HOHY + hee) + S0 (MY P — [H2)?

+(A% + %) HY HY 2

1 1

+§(M§+m§+4m§D+Bs)s§+§(M§+m§—Bs)5%
1 1
+5 (MY +mi +amdp + BT)TR + 5 (MF +m% —B)TE
Ao g2y M2, T2
+| 52 (SR +81) + SH(TF + TR) — V2u(As Sg = At Tr) —AsAt(S1 T + SrTR)

x [\H?LFHH%\?}
+9'mip Sr(HL2 = HY 1) + gmop TR (HY 12 — HY 2)
+7\7%(M5 +As)Sr(HY R HO o —HY HO ) + %(Ms —As)St(HYgHY +HY HO %)
M M+ AT TR (MG MO g — HO HG ) = L (M = AT Tr (RO g R + H HO )

! 2




Introduction

Find

1R

Vs

® EW precision experiments tell us that Ap =

Electroweak Symmetry Breaking Il

2

v / ?\S
MipCap + V2uAs — —= (Mg + Ag)s
2(M2 + m2 + 4mZy, + Bs) {9 1D C2p pAs ﬁ( s s) 2[3}
v2 {m cap — V2uA +)\ (Mt + ATt)s ]
2(M2 + m% +4m3, + By) gmapc2p VR T752p

2
0.0008
miez —1=0 000455004

Here Ap ~ 4(v¢/v)?, restricts vi <3 GeV
Satisfied for large mt 2> 1 TeV
Shall assume large soft masses for mg, m - c.f. gauge mediation scenario
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Effective Higgs Potential

® Inlimit of large mg, m, can integrate out S, T. Higgs potential simplifies:

Verr = (miy, + 1) Hul> + (miy, + 1) Hal> — [mHHy - Hg + heel
1.1 1.1
5507+ 9%) + M](IHal?)? + 5[5 (0% + 9) + A] (IHu[?)?

1
(9% = 9") + As]IHaPIHu® + [ = 59 + A] (Ha - Hu) (Hg - HY)

where
A3 =223, A =A3-A%, A=A =0

® Allows increased Higgs mass, MSSM without p term

® Also the origin of the potential may be a maximum rather than saddlepoint as in
MSSM

® Furthermore, leading logarithmic corrections to A1, Az, Az o<

2
mS,T
V2

4
AST
1672

log




Part |: Gauge Mediation

Dirac Gauginos in Gauge Mediation

Dirac masses in gauge mediation:

Can have F or D term breaking (c.f. Majorana case)

® Lowest order operators are

JdZG%tr(W“Z)ﬁ2D“(XTX) + %tr(W"‘E)WfX

ab~ ( T ™MD ~ &’T‘[)gz . (Z\;ﬁ)gz £ in gauge mediation

Clearly if F/M?2, D/M? < 1 then F-terms lead to very small masses (c.f.

9°F )
(471)2M
For high messenger scale must allow D term breaking (c.f. [Dumitrescu,
Komargodski and Sudano, 10])

sfermion masses m; ~



Part |: Gauge Mediation

General Gauge Mediation |
Meade, Seiberg and Shih [08]:

® Hidden sector only interacts with the visible one through gauge couplings at
lowest order
Lint =29 | €09V = g(JD — Aj — K] ~ *V,.
® Gauge current superfield:
s sET = 1. = . 1o - 1, =
J=J+1i0j —i6j —000j, + ieeea“au; — 59990‘”5“] - ZOOGGDI

® e.g. for fundamentals with standard Kahler potential:

Lo Jd“eQTeZgVQ = 2ng4e(QTQ)v

] = QfQ

jo = _i\ﬁQqux

je = 1v2QUgy

ju = 1(Q0,Q"—Q8,Q)+ qo.q



Part I: Gauge Mediation

General Gauge Mediation |l

» Quantities determined by correlators:

< (—p)) = Co(p?/M? M/A)
(ol (—p)) :—0 puC1/2( 2/M?% M/A)
<iu Piv(—p)) = —(p*Npv — Pupv) C1(p?/M? M/A)
(a(P)ip(—p)) = eapMBy 5(p?/M?)

« Prefactors are determined by Lorentz invariance and
dimensional analysis

o In SUSY limit, Co = C; o = C1, By » = 0.



Part I: Gauge Mediation

General Gauge Mediation Il

» Quantities we want to compute are the gaugino and
sfermion masses in the effective action (GGM says little
about Higgs sector)

¢ i.e. must calculate 2-point amputated diagrams
« Find everything determined by current correlators:

P*(M)
AVAVavE YT~ ?p2 (AN A ([GA)

- 2 .o
a a°(jj)

Explicitly given by:
mm = 92M}~31/2(0)

m
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Part |: Gauge Mediation

General Gauge Mediation IV

Similarly for sfermion masses

B R et T ok 3

3
m% = g2YE + Z gt Ca(f; M)A, where
r=1
a*p 1 (L) 202 A1) (2 A 02 2(1) 2 ap2
Ar == | oz (3617 02/M2) — 4l (p2/M) + €77 (p2/ M)

Leads to two sum rules (since the masses are proportional to C» (f; r) and mixed
anomaly cancellation):

tr[Ym?] = tr[(B — L)m?] = 0.



Part I: Gauge Mediation

General Gauge Mediation With Adjoints |

Can we treat adjoints as part of the hidden sector and use the
formulae above? For adjoint (= L + 1/20x + 00Fx + ...), gauge
current is

Js = =, 2]

Maybe: we cannot write any renormalisable superpotential
coupling of adjoints to visible fields because of gauge invariance

W D AAYB — W D uAB

Except for the Higgs sector (see earlier)

No! How do we treat Dirac gaugino masses? Do not have to
have any majorana component!

Further problem: C, ,, can develop a singularity in infra-red!
Solution: define more currents

Will the sum rules still be obeyed?

(eFe



Part I: Gauge Mediation

General Gauge Mediation With Adjoints |

« To define currents, must consider how adjoints couple to
messenger sector:

W D AsXEds — L D Ax|Xj2 + X + ZF2 + £F,

o Ja(=T2 + v/26j5 + 60F, + ...) is chiral superfield (usually
composite)

» Can use this to calculate Dirac gaugino, sfermion and
adjoint scalar masses



Part |: Gauge Mediation

Dirac Gaugino Masses

® Define correlators

(Ga(P)izp (—P)) = eap My 2 (p?/M?)
(G2a(P)izp(—P)) = eapMIin(p?2/M3?)

© Now have terms in effective Lagrangian
SLetr = — gAr MHy2(0)xA — AAxMTy 2(0)xx
1 -
— 5(_;QI\ABI/Q(O))\A +c.c.

® Read off gaugino masses

m4i = M{M%+7\§(il/2(o) +g2]§1/2(0)

2
+ \/(Mg)( +A%1;,,(0) — 92131/2(0)> +4g2A%H

2
1/2

(0)]

.0
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Part I: Gauge Mediation

Sfermion Masses |

Can use same correlators as before, but
Due to tree level massless field, C, /, develops pole

= 1 _ 1 DX/ . = _\r
Cip(p?)D— ?cg“pmx\g J d*xe™P*(ju(x) (J d4znzx) <J d422J2X>)(5 (0))
1 .
O~ S IAxPIH(p)
P
C,/, essentially is correction to - need to resum

4C) (p?/M2)
1+ 3¢, (p2/M?)

d'p 1 2(1) (2 /a2 2(T) (2 a2
AT:_JW?GCI (p2/M?)— +Co (p°/M7)
With this correction, see that the sfermion masses must be finite and the sum
rules are preserved
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Adjoint Scalar Masses
Adjoint scalar masses generated at one loop:
—L > m22%tr(ZX) + %Bz2étr(22 +(£H)?)

The propagating degrees of freedom are the real and
imaginary components:

1 1
—LD 25tr<2(m2 +B)I2 + 5(m2 — B)z’ﬁA)
Physical masses are m§ ,m3 = m3 + By
Tachyon unless m3 > By !!!

Minimal gauge mediation has m3 = 0!

Size of one loop mass my ~AD/M,AF/M > mp, m; (c.f.

earlier assumptions for mg, mr)

(a0
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Part |: Gauge Mediation

Adjoint Scalar Masses in GGM

Can use same formalism to parametrise adjoint masses: new correlators!
(Fa(p)FE(—p)) = M?Fo(p?/M?)
(F2(p)F2(—p)) = M?Fg(p?/M?)

These generate effective Lagrangian terms

- _ M2 . _
8Lerr D — AZM2F(0)ZT — ?\f\—_TFg(O)(ZQ +3%

)

Giving masses
2 2 M2 T T/
mi :?\XT Fo(0) &+ [Fg(0)]

In all models found previously, \?(’)(0)| > |Fo(0)] and there was a tachyon: see
later!

.0
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Part I: Gauge Mediation

Sfermion Masses Il

In many models of gauge mediated D-term SUSY breaking,
sfermion mass squareds O(D*/M?9) - too small

With Dirac gauginos and Ay not too small, generate 9(D?/M?)
mass squared at three loops

Can use current correlator formalism to derive three loop
(supersoft) sfermion masses at this order:

3 (b)\ 2
cb (Mpp )2 My,
—Z : Zlo
— MvD

Would lead to selectron (N)LSP

(0@
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Part I: Gauge Mediation

F-terms vs D-terms

¢ Recall that for F-terms the gaugino mass is mp ~ g?\z,\%,
so have the hierarchies
F2 F F

W<<mfwg2—<mzw)\z—

F—terms: mp ~ gAs M M

« If we want a “natural” spectrum for EWSB etc then should
include both F and D terms with F ~ D

o Find messenger couplings constrained by hypercharge
tadpoles, singlet tadpoles, and adjoint scalar masses

D

[ on

SY
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Part I: Gauge Mediation

Tadpoles

Recall hypercharge tadpole induced by kinetic mixing:

A

1
2 3 '™/ PAS
Amz = —gyY¢g'D = ET 2tr(eY) logM" /A

Very dangerous for large D’
Require tr(QQ’log[M[?) =0
This constrains acceptable messenger couplings

m

SY
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Part |: Gauge Mediation

Messenger Couplings

Restricted to degenerate sets of messengers Qj, Q,f in fundamental,
antifundamental pairs (similar to Extraordinary Gauge Mediation [Cheung,
Fitzpatrick and Shih, 2008])

gMess :J 20 [Minesstr(QiaQy,) 855 + A er(QuTpQy,) + 1 tr(Quay, ) X,

(X) = (80)F
D-term couplings

L%/less — D[Zi,u egu)tr(QiaQia - Qiaéiaﬂ

Define matrix é5= eié.ﬁ



Part I: Gauge Mediation

Singlet Tadpoles

« Tadpoles induced at one loop for singlet:

[F|2
32712 M mess

D2
1672 M hess

Vo Ttr(Mk, k') + ZTtr(AT{k, k7))

+ tr(ZAe% + ZTATe?).

e This imposes



Part I: Gauge Mediation

Adjoint Scalar Masses: F Term Models

s 1 F'F 1
m% =27°? T2 M2, 6tr<2[?\, Ak, kT4 A, ] (A, K])T>
1 F'F 1
_ —d 2 2
By =—2x2 1&ﬁMh$X6U<ﬂWA+AM+AKO

For specific choice

(10) (83

we find no tachyons, and

y? XX
96712 M2

mess

1 -, 3 -
tr(Z|Z+ 2P+ 2|2 — £P)|.
P5|+ \+£ Iﬂ

NB in this model the F term preserves R symmetry
For two pairs of messengers, essentially only choice!



Part I: Gauge Mediation

Adjoint Scalar Masses: D Term Models

® Dirac gaugino mass given by myp = %gbtr(ﬂ‘lb’ ela)y (4i)2 M

® Adjoint masses given by

1 D? 3D
3 =2 &, Al(le, ADT o tr(e[A AT
ms =2 962 Mrznesstr<[e,7\}([e,?\]) ) +2 6472 r(é[A, A"])
1 D2
By =—2x2° PINT S N-IN
5 X 9672 M?nesstr( A“é” + Aéreé

® To avoid tachyons need [é, A] # 0 - i.e. the couplings do not respect the U (1)’
Two important choices of couplings:

1 1+ix el®/3(x2-1)
Va2 \ e 10,/3(x2 —1) —1+1ix

Find Bs =0, m2 > 0for x2 > 1.

1. V(x,0) =

1 ix
— _ 1
2 Ulx) = m( Cix -1 )
Find
2 yI’D? 1 4 o [y2D2 23+ x2
ms = = , — z
ST 16mM2__31+x2' 1672M2, 31+ x2 o

L\
DESY
o
i.e. need 2x2 > (x2 + 3). U



Part I: Gauge Mediation

Renormalisation |

Soft terms generated at the messenger scale must be run
down to low energies

Several new parameters and couplings, including the
non-standard soft terms

Equations for sgluon mass:

d 1

am%) 1672 [— 249%“1%13]
d 1

—Bo =— | —12¢3B
at © 167t2[ 9 O]

If running from a high scale, strong coupling causes Bo to
run much more strongly than mo and may regenerate a
tachyon at low energies!

Hence for SU(3) adjoints we choose messenger couplings 5~

DESY

of form V(x, 0), where Bo = 0 at one loop at high scale ‘\xg



Part I: Gauge Mediation

Renormalisation I

« If we have a GUT model, then we must run messenger
couplings from the GUT scale:

dAU —2g2\U
T 162 [2C2(R) + C2(G)]
+ LQCQ(R)MTA + I(R)Atr(AAT)].
1672

« i.e. generic choices of A will change their structure on RG

running
« This could generate tadpoles for the singlet

o Clearly if we A is proportional to a unitary matrix then we
avoid this problem

(0@
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Part I: Gauge Mediation

Renormalisation Ill: Higgs

The soft terms for the Higgs run as

167[2%1112Hu :6\yt\2[m2Q3 + mﬂS + mQHu]
+ 223 [mfy, +mE + mfy 1+ 6AF (mPy +mi + mPy ]
+ g3 Tr(Ym?)
—4Aim}y; —12A3m3),

d
167° —mj,, =

at 6\yb|2[mé3+m%3+m${d]

+2ly<P[mi, + m§, + mfy, ]

+2?\§[m%{u +m2 + mQHd] + 67\%[1112Hu +m2 + m2Hd]
— g3 Tr(Ym?)

—423m?); —12A3m?2),

d
16m? =By =Bu[3lut/* + 3upl? + [y« — 303 — u?)]

+ 2B A% + 6B, A2

.0
The new couplings can have a strong effect on driving electroweak symmetry breaking. @



Part I: Gauge Mediation

Unification

MSSM one-loop beta-function coefficients are
(b3, by, by = (5/3)by) = (3, —1, —11), lead to unification of couplings at 1016
GeV with perturbative couplings ocgut ~ 1/24.

1 1 by
= + o log u/Msusy
92(n)  ¢?(Msusy) 87

Triumph of the MSSM (modulo two-loop discrepancy...) that we would like to
preservel!

Adding complete GUT multiplets (as in gauge mediation) does not alter this
(beta-function coefficients decreased by (1,1, 1) per pair of SU(5)
messengers).

Adding adjoint fields does (except for S, a singlet): T decreases bs by 2, 04
decreases bz by 3

Three alternatives

. Abandon matter and gauge unification

2. Add extra “bachelor” states to make up complete GUT adjoint multiplets

, allows matter and gauge unification
3. Add minimal extra states to restore gauge unification DEST
Y }



Part I: Gauge Mediation

Messengers to the Rescue

Gauge mediation requires messenger fields - these could also restore gauge
unification!

Require at least 2 pairs of messengers in (anti) fundamental of SU(2) and
SU(3) for adjoint scalar masses (see later)

Easy to find sets of messengers that satisfy this, e.g.

4x [(1,1)1 +(1,1) 4] at  my =3102%GeV
4% [(1,2)1)0 + (1,2)_1 0] at Mo =1.3103GeV
2x (3, D)3+ (3,1) 13 at M3 =103GeV
My ~ 9.9 - 107 GeV ot ~ 477

High messenger scale required to allow perturbativity up to GUT scale



Part I: Gauge Mediation

Sample Models

I Model-T I Model-IT I Model-Ill
Parameter Input
F(GeV?) 7.5 x 107 5.5 x 1017 1.3 x 1018
D(GeV?) 7.5 x 107 5.5 x 1017 1.1 x 108
xu 2 1.9 2
Xy 1.5 1.1 1
Ysi1 0 0 0
Ysa 0.317 0.709 0.224
ys3 0.211 0.473 0.149
uT 0.819 1.83 0.549
yo 0.819 1.83 0.142
input output input output input output
Ut 0.32 0.993 0.315 0.991 0.33 0.991
Yb 0.16 0.691 0.158 0.688 0.165 0.693
yr 0.2 0.295 0.193 0.288 0.206 0.297
As 0.0868 | 0.0767 0.0993 | 0.0769 0.123 0.106
AT 0.112 0.152 0.128 0.113 0.129 0.223
1(GeV) 310 296 101 98 330 301
B (GeV?) -4490 -4320 -2209 -2180 -18200 | -16400
Output
tan B 28.7 28.6 28.8
Ap 218 x 100 7.67 x 10~° 0.000525
oy 0.0105
%) 0.0332
o3 0.092

Table: Model parameters.
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Part I: Gauge Mediation

Sample Spectra

[ Field [ Model —T | Model —II_ | Model — Il ]
D1 127 134 161
mpa 217 308 472
mps3 1190 1710 828

Sp 1350 1100 1720
Sm 5320 5370 6770
Tp 3590 2190 1190
Tm 5890 4910 6500
Op 5870 4020 1090
Om 5870 4020 1090
Q3 523 508 442
Q12 617 554 791
Us 656 583 810
U 786 657 1160
D3 477 469 369
D1 535 504 587
L3 623 459 1070
Lio 652 480 1130
E3 956 703 1650
Eio 995 730 1720
Hy 308 i 1271 3111
Hy 198 237 621
A 352 250 689
h 117 115 17
H 351 248 692

Table: Low energy soft masses in GeV, with the exception that A, h
and H are the physical Pseudoscalar, lightest scalar and heavy scalar (5;

Higgs masses respectively.
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Part I: Gauge Mediation

Conclusions to Part |

Dirac gauginos can solve problem of R-symmetry breaking
vs SUSY breaking

Can also lead to increased Higgs mass

Have assembled all the ingredients for constructing a class
of models involving Dirac gaugino masses through gauge
mediation

It is straightforward to find models that unify gauge
couplings

Strong constraints are placed on messenger couplings
through adjoint scalar masses

RGE effects can be very important, particularly for adjoint
scalars (and Higgs)



Part 2: Gaugino Mediation

Gaugino Mediation

In minimal gauge mediation there is a relationship between
gaugino, sfermion masses and the (effective) number of
messengers:

2
Neff = /\72 where My\ XX /\(3, Mq 0.8 /\5
Thus have Ag > Ag, gauginos typically heavier than

sfermions
Can we reverse this? (with F-term SUSY breaking)

Need a way to suppress scalar masses - if the suppression
is large enough, then can have sfermion masses only
through gaugino loops — gaugino mediation
(5%
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Part 2: Gaugino Mediation

Deconstructed Gaugino Mediation
[Cheng, Kaplan, Schmalz and Skiba, 01]

MSSM SUSSY

w :WMSSM + Whiggsing + Wmess + ij

1 -
Whiggsing =K(gLL — uf) + LEL @)

® Gaugino masses M, at one loop for G,;4, scalar masses at three loops

® Then L gets avev (L) = (1) = py — one combination of gauginos Ayis + Ania
gets mass pg, one remains light with mass M,

® Now have scalar masses at two loops but suppressed by i,/ M!

F F
Ma~Ng?o Mg~ \/N%QZM
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easyDiracGauginos

Can now do the same but with Dirac gauginos:

MSSM

by
w :WMSSM + Whiggsing + Wmess + WM

1 T —T —_
Whiggsing :K(gu— —u3) +LEL + m=x

Whness :Sflfz + M(flfl + f21’52) + hlfl}:ﬂ + hgng{Ez

® Now can overcome the F/M? suppression of gaugino masses by screening!
2

B wF_F
Y ER A VI VIR Vi

1o
mp ~ gAs 2



Part 2: Gaugino Mediation

Dynamical completion

Can now add explicit SUSY breaking sector that preserves R - such as ISS!
In fact, the whole model (with a few changes) can come from strongly coupled
theory in UV
Adapt idea of : start with UV theory and
gauge singlets
W(elec) — m{QIQ] 4 S{QIQ]

In IR, the dual theory has mesons, but due to the singlets some are integrated
out:

wmas) — —yml@f + uSj@] + q@4§
Some magnetic quarks become the link fields while others become messengers!

To get Dirac gauginos, we need to add a fundamental adjoint to the UV node and
aterm Wel 5 h; Q=Q, gives

WImas) — q1 91181+ 0XE+MEX+pZp+0Yp+pV—pi e —udX—p3z
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Prototype example
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An ISS-type model - UV

Conclusions
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An ISS-type model - IR

[1]
)

q1, (jl
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Part 2: Gaugino Mediation

Conclusions

Models of Dirac gauginos can be useful to solve problems
of gauge mediation and SUSY breaking, and can arise
naturally in many different contexts (strong dynamics,
higher dimensions, string theory, ...)

They are more constrained than their Majorana
counterparts

Now possible to build a variety of realistic models

—the parameter space of gaugino/gauge mediation may
be large - much work remains to be done exploring this!



Conclusions

Future Possibilities

Many possible avenues for future work:

Warped models

Gauge messengers

Modifications of Higgs sector (current choice is “MSSM in
disguise”...) e.g. MSSM without u-term, NMSSM-type
models, SOHDM, ...

Calculation of two-loop effects

Implementation in “Dirac Gaugino Soft Susy”

Models to realise messenger mass patterns

Explicit D-term SUSY¥ sectors (e.g. 4 — 1 model)

Gravity mediation, embedding in string models, Dirac
gravitinos,....
(5%
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Extras

Collider Signatures

e May be difficult to distinguish directly Dirac and Majorana
gauginos except at e~ e~ collider

¢ Indirectly we do obtain spectacular signals from the adjoint
scalars

q X N -
g .
\\‘\ fmmzw‘~>f~ m\
q Xt ; AN
e Decay as (tree level):
X —§3 — qqdd — qqqq + XX
X =44 — aq+ XX

and (one loop): Yy
X —tt e
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