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Hall-Randall (1990)
Proposed U(1)R-symmetric supersymmetric model -- no SUSY 
breaking for EW gauginos; gluino acquires Dirac mass.
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L. J. Hal l , L. Randal l / U( 1) Rsymmet r i c super symmet r y

Fi g. 1 . Wi t h gl uons at t ached i n al l ways, t hi s di agr ami s t he l eadi ng sour ce f or t he el ect r i c di pol e of
t he neut r on.

The r enor mal i zat i on f act or q =( gs( 11) / gs( m( ) ) ) - 39/ 23 f or a f i ve- f l avor r egi on wi t h-
out squar ks, and hence q i s a suppr essi on f act or of about 10. Hence we est i mat e
t hat d  =2 x 10- 24( 100 GeV/ mo) 2Oe - cm, whi ch i s one t o t wo or der s of magni -
t ude l ess t han t he mi ni mal super gr avi t y model , and i s det er mi ned by mo whi ch can
be somewhat l ar ger t han t he el ect r oweak scal e. Even wi t h smal l mo , t he neut r on
el ect r i c di pol e moment i n our model i s nat ur al l y smal l . For exampl e, i f mo = 300
GeV, t he phase 0 can be of or der uni t y .

wher e

3. Spect r umof t he mi ni mal model
Because of t he absence of t he A- par amet er and Maj or ana gaugi no masses, t he

gaugi no mass mat r i x t akes a ver y si mpl e f or m( ot her model s wi t h l i ght gaugi nos
wer e consi der ed i n t he past [ 13] ; however , her e our si mpl e f or mf ol l ows f r om t he
U( 1) R symmet r y) . The onl y mass t er ms ar e t he Di r ac masses coupl i ng t he par t ner s
of t he el ect r oweak gauge bosons t o t he f er mi oni c par t ner s of t he Hi ggs, whi ch get
mass vi a t he el ect r oweak symmet r y br eaki ng of t he Hi ggs f i el ds, Hl and Hz .
Def i ni ng was t he f er mi oni c par t ner of t he W, b as t he f er mi oni c par t ner of t he B
one obt ai ns t he mass t er ms

- i v- - ù+- m+w+H- - MZ, f û, , ( 3 . 1)

m__ ~2 mwsi n ß, ( 3 . 2)

m+ = ~2_mwcos ß, ( 3 . 3)

z = - si n Bwb + cos eww3 , ( 3 . 4)

Hz =cosOH°- si nßH2' , ( 3. 5)

Recognized CP properties superior to MSSM -- leading 
contribution to neutron EDM from two-loop contribution to
Weinberg operator:
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2. The mi ni mal R- i nvar i ant model
The model of super symmet r y whi ch we st udy i s based on f our assumpt i ons about

t he weak scal e ef f ect i ve t heor y . We wr i t e t he most gener al super symmer i c model
t hat has
( i ) no quadr at i c di ver gences :
( ü) f l avor vi ol at i on descr i bed j ust by t he Yukawa mat r i ces AU, AD and AE;
( i i i ) SUMx SUMx SUMgauge symmet r y and a cont i nuous U( 1)R gl obal sym-
met r y ;
( i v) t he mi ni mal f i el d cont ent consi st ent wi t h t hese assumpt i ons and wi t h exper i -
ment .

The f i r st t wo assumpt i ons ar e qui t e mi l d and have t he advant age over t he
mi ni mal l ow- ener gy super gr avi t y model of not i nvol vi ng assumpt i ons about
Pl anck- scal e physi cs. These f our assumpt i ons ar e si mi l ar t o t hose t hat we used t o
i nt r oduce a cl ass of model s t hat we cal l ed weak scal e ef f ect i ve super symmet r y [ 1] .
The onl y di f f er ence i s t hat R- par i t y has been ext ended t o become a gl obal U( 1)
symmet r y . We def i ne t he cont i nuous R- symmet r y by gi vi ng t he coor di nat e of
super space, 0, char ge + 1, al l mat t er super f i el ds char ge + 1, and al l Hi ggs
super f i el ds char ge 0. Expansi ons of t he super f i el ds i n t er ms of t he component
f i el ds t hen show t hat al l or di nar y par t i cl es ar e R- neut r al whi l e al l super par t ner s
car r y non- zer o R- char ge. For exampl e Q( +1) =4( +1) + 0q( 0) + . . . , wher e Qi s
t he quar k doubl et super f i el d wi t h 4 t he cor r espondi ng squar ks and q t he quar ks,
and wi t h R- char ges i n par ent heses. One consequence of i mposi ng U( 1) R i s t hat
t her e ar e no Maj or ana gaugi no masses . Thi s i s not a pr obl em f or el ect r oweak
gaugi nos, whi ch can acqui r e masses at SUMx U( 1) br eaki ng, but i s a pr obl emf or
t he gl ui nos .

The model possesses an anomal y f r ee U( 1) symmet r y whi ch i s a l i near combi na-
t i on of U( 1) R and U( 1) A. Thi s symmet r y i s expl i ci t l y br oken by t he up and down
quar k masses . I t i s spont aneousl y br oken by quar k, and possi bl y gl ui no, conden-
sat es gi vi ng an ext r a l i ght st r ongl y i nt er act i ng pseudo- Gol dst one boson, whi ch i s
excl uded. Even i f t hi s symmet r y coul d somehow escape bei ng spont aneousl y
br oken, i t woul d l ead t o near l y massl ess st r ongl y i nt er act i ng st at es, and woul d st i l l
be excl uded [ 4] . We r esol ve t hi s pot ent i al pr obl emby addi ng a col or oct et chi r al
super f i el d 0( 8, 1, 0) t o t he usual set of mi ni mal super symmet r i c f i el ds . Because of
our i gnor ance of t he par t i cl e cont ent and i nt er act i ons t hat gi ve r i se t o t he sof t
super symmet r y br eaki ng l agr angi an, i t i s wor t hwhi l e t o consi der such al t er nat i ve
possi bi l i t i es. The necessi t y of addi ng t hi s f i el d i s t he l east at t r act i ve f eat ur e of t hi s
model , but we f eel t hat i t i s easi l y out wei ghed by t he advant ages .

The most gener al l agr angi an consi st ent wi t h t he above assumpt i ons i s one
descr i bed by t he super pot ent i al

f =UCAUQH2 +DCADQHI + ECAELHI

 

( 2 . 1)

“
”

[fermionic partner to gluino]



Since 2002, substantial literature
on Dirac gauginos has been developed

by many groups worldwide



Dirac gaugino model building

“Supersoft” [Fox, Nelson, Weiner; 0206096]
“Localized Supersoft” [Chacko, Fox, Murayama; 0406142]
“AMSB with Dirac Bino” [Carpenter, Fox, Kaplan; 0503093]
“Splitting Extended Supersymmetry” 
    [Antoniadis, Delgado, Benakli, Quiros, Tuckmantel; 0507192]
“R-symmetric SUSY & Flavor” [Kribs, Poppitz, Weiner; 0712.2039]
“R-symmetric GM” [Amigo, Blechman, Fox, Poppitz; 0809.1112]
“Dirac Gauginos in GGM” [Benakli, Goodsell; 0811.4409; 0909.0017;
                                       1003.4957; 1106.1649;]
“Dirac Gauginos & GM” [Carpenter; 1007.0017]
“Viable Gravity Mediation w/ Dirac Gauginos” [Kribs, Okui, Roy; 1008.1798]
“Easy Dirac Gauginos” [Abel, Goodsell; 1102.0014]
“SUSY 1HDM” [Davies, March-Russell, McCullough; 1103.1647]



“µ and Bµ w/ Dirac” [Benakli, Goodsell, Maier; 1104.2695]
“U(1)R Lepton Number” [Frugieuele, Gregoire; 1107.4634]
“D-terms, DSB, Mixed Gauginos” [Itoyama, Maru; 1109.2276]
“Dirac gauginos and unification in F-theory” [Davies; 1205.1942]
“Holographic Correlators in GGM” [Argurio et al.; 1205.4709]
“U(1)R as Origin of Leptonic RPV & at LHC” 
    [Frugiuele, Gregoire, Kumar, Ponton; 1210.0541, 1210.5257]
“R-symmetric High Scale SUSY” [Unwin; 1210.4936]
“Mapping Dirac gaugino masses” [Abel, Busbridge; 1306.6323]
“Dirac Gluinos in the Pyramid Scheme” [Banks; 1311.4410]
“mh=126, D-term triggered DSB” [Itoyama, Maru; 1312.4157]
“Split Dirac Supersymmetry” [Fox, Kribs, Martin; 1405.3692]

Dirac gaugino model building...



Dirac gaugino phenomenology

“Supersoft” [Fox, Nelson, Weiner; 0206096]
“Chargino NLSP” [Kribs, Martin, Roy; 0807.4936]
“Collider topics” [Choi et al.; 0808.2410; 0812.3586; 0911.1951;
                                         1005.0818; 1012.2688]
“Sgluons” [Plehn, Tait; 0810.3919]
“Squark FV at Colliders” [Kribs, Martin, Roy; 0901.4105]
“Light squarks and N=2” [Heikinheimo, Kellerstein, Sanz; 1111.4322]
“Feynrules (for Dirac)” [Fuks; 1202.4769]
“Supersoft SUSY is Supersafe” [Kribs, Martin; 1203.4821]
“Sgluons @ NLO” [Goncalves Netto et al.; 1203.6358]
“Sarah package (for Dirac!)” [Staub; 1207.0906]
“Dirac Gauginos and mh=125” [Benakli, Goodsell, Staub; 1211.0552]
“Mixing stops at LHC” [Agrawal, Frugiuele; 1304.3068]



“Is SUSY Natural?” [Hardy; 1306.1534]
“Mixed Gauginos at LHC” [Kribs, Raj; 1307.7197]
“Natural Higgs Mass from Non-decoupling” 
   [Lu, Murayama, Ruderman, Tobioka; 1308.0792]
“Vestiges” [Arvanitaki et al.; 1309.3568]
“Higgs, νmass, keV DM w/ U(1)R” [Chakraborty, Roy; 1309.6538]
“mD - bM versus Dirac” [Csaki, Goodman, Pavesi, Shirman; 1310.4504]
“Fine-tuning in DiracNMSSM” 
   [Kaminska, Ross, Schmidt-Hoberg, Staub; 1401.1816]
“EW precision vis-a-vis U(1)R” [Beauchesne, Gregoire; 1402.5403]
“Dirac gauginos, R-symm & mh=125” 
   [Bertuzzo, Frugiuele, Gregoire, Ponton; 1402.5432]
“Constrained Minimal Dirac” [Benakli, Goodsell, Porod, Staub; 1403.5122]

Dirac gaugino phenomenology...



Dirac gaugino / flavor / neutrino phenomenology
“R-symmetric SUSY & Flavor” [Kribs, Poppitz, Weiner; 0712.2039]
“QCD corrections K0-K0bar” [Blechman, Ng; 0812.3811]
“ν mass, sν DM, & LFV” [Kumar, Tucker-Smith, Weiner; 0910.2475] 
“µ -> e in R-symm SUSY” [Fok, Kribs; 1004.0556]
“Small ν mass / R-symm / Λ” [Davies, McCullough; 1111.2361] 
“µ -> e @ Project X” [Fok; 1208.6558]
“νmass & p-decay w/ R-symm” [Morita, Nakano, Shimomura; 1212.4304]
“Flavor models with Dirac & Fake Gluinos” 
   [Dudas, Goodsell, Heurtier, Tziveloglou; 1312.2011]



Dirac / Pseudo-Dirac gaugino dark matter
“Pseudo-Dirac bino DM” [Hsieh; 0708.3970]
“EFT of Dirac DM” [Harnik, Kribs; 0810.5557]
“DM w/ Dirac” [Belanger, Benakli, Goodsell, Moura, Pukhov; 0905.1043]
“Dirac gaugino as leptophillic DM” [Chun, Park, Scopel; 0911.5273]
“Pseudo-Dirac DM leaves a trace” [DeSimone, Sanz, Sato; 1004.1567]
“Leptogenesis origin of Dirac DM” [Chun; 1009.0983]
“Pheno of Dirac Neutralino DM” [Buckley, Hooper, Kumar; 1307.3561]

Dirac / R-symmetric baryo/leptogenesis
“Leptogenesis origin of Dirac DM” [Chun; 1009.0983]
“EW Baryogenesis w/ approx R symm” [Kumar, Ponton; 1107.1719]
“EW Baryogenesis in R-symm model” [Fok, Kribs, Martin, Tsai; 1208.2784]



Dirac Gauginos in Supersymmetry

Given a D-term SUSY breaking spurion

giving

Dirac gaugino masses arise from:

gaugino for jth group
fermion in adjoint rep

messenger scale

Fayet (1978)
Polchinski, Susskind (1982)

W 0
↵ = ✓↵D

0

chiral superfields in adjoint rep
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In this talk, focus mostly of the consequences of the Dirac 
gaugino mass operator in the low energy effective theory.

Other operators involving D-term spurions (and possibly F-term 
spurions) can have important consequences, but their existence, 
and relative size, is UV-dependent.

Plenty of examples in literature of good (and bad) consequences 
of more (less) interesting UV models. 



Dirac Gauginos in MSSM

[SU(3), SU(2), U(1)]

color octet
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 a
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weak triplet

pure singlet
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 j
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✓
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◆

Require additional superfields:

(8,1,0)

(1,3,0)

(1,1,0)

Gauge couplings perturbative but do not unify*

(*when Dirac gauginos at the weak scale and without unifons)



Figure 2: Loop contributions to scalar masses. The new contribution from the purely scalar loop
cancels the logarithmic divergence resulting from a gaugino mass alone.

for the masses involving this spurion. The only possible such counterterm is proportional to

(2.3), and gives
∫

d4θ
θ2θ

2
m4

D

Λ2
Q†Q. (2.10)

Since we have four powers of mD, we have to introduce another scale to make this dimen-

sionfully consistent. Since the only other scale is the cutoff Λ, this operator is suppressed

by Λ2, and, in the limit that Λ → ∞, must vanish. Consequently, we conclude all radiative

corrections to the scalar soft masses are finite.

While a gaugino mass (including a Dirac mass) would ordinarily result in a logarith-

mic divergence, here this is cancelled by the new contribution from the scalar loop. The

contribution to the scalar soft mass squared is given by

4g2
i Ci(φ)

∫

d4k

(2π)4
1

k2
−

1

k2 − m2
i

+
m2

i

k2(k2 − δ2
i )

, (2.11)

where mi is the mass of the gaugino of the gauge group i, and δ2 is the SUSY breaking mass

squared of the real component of ai. If the term in (2.9) is absent, then δ = 2mi. As expected,

this integral is finite, yielding the result

m2 =
Ci(r)αim2

i

π
log

(

δ2

m2
i

)

. (2.12)

Note that as δ approaches mi from above, these one loop contributions will vanish! If A has

a Majorana mass of M , then this formula generalizes

m2 =
Ci(r)αim2

i

π

[

log

(

M2 + δ2

m2
i

)

−
M

2∆
log

(

2∆ + M

2∆ − M

)

]

, (2.13)

where ∆2 = M2/4 + m2
i .

These contributions, arising from gauge interactions, are positive and flavor blind as in

gauge and gaugino mediation, but there are two other remarkable features of this result.

6

One-loop contributions:

Giving

Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]

M2
f̃
=

⇧

i

Ci(f)�iM2
i

⌅
log

m̃2
i

M2
i

. (1)

The sum runs over the three SM gauge groups where
Ci(f) is quadratic Casimir of the fermion f under the
gauge group i. The m̃i are the soft masses for the real

scalar components of the adjoint superfields. The Mi

are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,

M2
q̃ ⇤ (700 GeV)2

�
M3

5 TeV

⇥2 log r̃3
log 1.5

(2)

where r̃i ⇥ m̃2
i /M

2
i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving

⇥m2
Hu

= �3⇤2
t

8⌅2
M2

t̃ log
M2

3

M2
t̃

. (3)

Using Eq. (1), and approximating log[M2
3 /M

2
t̃
] ⇤

log[3⌅/(4�s)], we obtain

⇥m2
Hu

|SSSM ⇤ �
�
M3

22

⇥2 log r̃3
log 1.5

. (4)

Contrast this expression with the analogous one from the
MSSM [7]

⇥m2
Hu

|MSSM ⇤ �
⇤
M̃3

4

⌅2 ⇤
log�/M̃3

3

⌅2

. (5)

where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is

3

Dirac gauginos induce “supersoft” scalar masses

Fox, Nelson, Weiner (2002)



Figure 2: Loop contributions to scalar masses. The new contribution from the purely scalar loop
cancels the logarithmic divergence resulting from a gaugino mass alone.

for the masses involving this spurion. The only possible such counterterm is proportional to

(2.3), and gives
∫

d4θ
θ2θ

2
m4

D

Λ2
Q†Q. (2.10)

Since we have four powers of mD, we have to introduce another scale to make this dimen-

sionfully consistent. Since the only other scale is the cutoff Λ, this operator is suppressed

by Λ2, and, in the limit that Λ → ∞, must vanish. Consequently, we conclude all radiative

corrections to the scalar soft masses are finite.

While a gaugino mass (including a Dirac mass) would ordinarily result in a logarith-

mic divergence, here this is cancelled by the new contribution from the scalar loop. The

contribution to the scalar soft mass squared is given by

4g2
i Ci(φ)

∫

d4k

(2π)4
1

k2
−

1

k2 − m2
i

+
m2

i

k2(k2 − δ2
i )

, (2.11)

where mi is the mass of the gaugino of the gauge group i, and δ2 is the SUSY breaking mass

squared of the real component of ai. If the term in (2.9) is absent, then δ = 2mi. As expected,

this integral is finite, yielding the result

m2 =
Ci(r)αim2

i

π
log

(

δ2

m2
i

)

. (2.12)

Note that as δ approaches mi from above, these one loop contributions will vanish! If A has

a Majorana mass of M , then this formula generalizes

m2 =
Ci(r)αim2

i

π
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(
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m2
i

)

−
M

2∆
log

(

2∆ + M
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]

, (2.13)

where ∆2 = M2/4 + m2
i .

These contributions, arising from gauge interactions, are positive and flavor blind as in

gauge and gaugino mediation, but there are two other remarkable features of this result.

6

One-loop contributions:

Giving Would-be log divergence 
is cutoff by adjoint scalar
contribution.

Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]

M2
f̃
=

⇧

i

Ci(f)�iM2
i

⌅
log

m̃2
i

M2
i

. (1)

The sum runs over the three SM gauge groups where
Ci(f) is quadratic Casimir of the fermion f under the
gauge group i. The m̃i are the soft masses for the real

scalar components of the adjoint superfields. The Mi

are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,

M2
q̃ ⇤ (700 GeV)2

�
M3

5 TeV

⇥2 log r̃3
log 1.5

(2)

where r̃i ⇥ m̃2
i /M

2
i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving

⇥m2
Hu

= �3⇤2
t

8⌅2
M2

t̃ log
M2

3

M2
t̃

. (3)

Using Eq. (1), and approximating log[M2
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Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is

3
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1.  Naturalness with a Dirac gluino



Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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Ci(f) is quadratic Casimir of the fermion f under the
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scalar components of the adjoint superfields. The Mi

are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,
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where r̃i ⇥ m̃2
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i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is

3

Finite Squark Masses from Dirac Gluino

Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Contrast this expression with the analogous one from the
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is
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Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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The sum runs over the three SM gauge groups where
Ci(f) is quadratic Casimir of the fermion f under the
gauge group i. The m̃i are the soft masses for the real
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are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,
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where r̃i ⇥ m̃2
i /M

2
i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is

3
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Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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Ci(f) is quadratic Casimir of the fermion f under the
gauge group i. The m̃i are the soft masses for the real

scalar components of the adjoint superfields. The Mi

are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,
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where r̃i ⇥ m̃2
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i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Using Eq. (1), and approximating log[M2
3 /M

2
t̃
] ⇤

log[3⌅/(4�s)], we obtain

⇥m2
Hu

|SSSM ⇤ �
�
M3

22

⇥2 log r̃3
log 1.5

. (4)

Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is
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Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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Dirac gluino,

M2
q̃ ⇤ (700 GeV)2

�
M3

5 TeV

⇥2 log r̃3
log 1.5

(2)

where r̃i ⇥ m̃2
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i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.

C. Colored Sparticle Production

For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is

3

evaluate using mstop and: 
Several phenomenological implications of Dirac gauginos
as well as fully R-symmetric supersymmetry have been
explored in [39–60].

In this study we do not consider bounds on the third
generation squarks. Third generation squarks receive
modifications to their masses through their interactions
with the Higgs supermultiplets. Given that supersoft su-
persymmetry has a suppressed D-term for the Higgs po-
tential, typically this requires heavier stop masses as well
as separating the scalar masses of the adjoint superfields
from the corresponding Dirac gaugino masses. This could
be accomplished through additional R-symmetric F -term
contributions to their masses. In any case, third genera-
tion squarks have distinct signals involving heavy flavor
(with or without leptons), and thus require incorporating
a much larger class of LHC search strategies. We believe
there are interesting di⇥erences between the third gen-
eration phenomenology of a supersoft model versus the
MSSM, but we leave this for future work.

We also do not consider potentially large flavor-
violation in the squark-gaugino (or squark-gravitino) in-
teractions, as could occur in an R-symmetric model [30].
This would add to the heavy flavor component of signals
while subtracting from the nj + /ET signals that concern
us in this paper. In the interests of demonstrating the
di⇥erences between the SSSM and the simplified models
of the MSSM, the latter of which cannot have large fla-
vor violation, we do not consider flavor-violation in the
squark interactions of the SSSM.

III. ASPECTS OF DIRAC GAUGINO MASSES

A. Supersoftness

A supersoft supersymmetric model contains chiral su-
perfields in the adjoint representation of each gauge
group of the SM in addition to the superfields of
the MSSM. Supersymmetry breaking communicated
through a D-term spurion leads to Dirac gaugino masses
that pair up the fermionic component from each field
strength with the fermionic component of the corre-
sponding adjoint superfield. The adjoint superfields also
contain a complex scalar, whose real and imaginary com-
ponent masses are not uniquely determined in terms of
the Dirac gaugino mass. The Lagrangian for this setup,
in terms of four component spinors, is given in Ap-
pendix A.

The scalar components of chiral superfields receive one-
loop finite contributions to their soft masses from gaug-
inos and adjoint scalars, as was shown clearly by [21]
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Ci(f) is quadratic Casimir of the fermion f under the
gauge group i. The m̃i are the soft masses for the real

scalar components of the adjoint superfields. The Mi

are the Dirac masses for the gauginos. Assuming the
contribution to the squark masses is dominated by the
Dirac gluino,
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i . Somewhat smaller or larger soft

masses can be achieved by adjusting the ratio r̃3, since
we hold the Dirac gluino mass M3 = 5 TeV fixed in the
SSSM.

B. Naturalness

The up-type Higgs mass-squared m2
Hu

receives positive
one-loop finite contributions from the Dirac electroweak
gauginos as well as negative one-loop contributions from
the stops. As was emphasized in Ref. [21], the latter
contribution can easily overwhelm the former, leading to
a negative Higgs mass-squared and thus radiative elec-
troweak symmetry breaking. Unlike the MSSM, however,
the usual logarithmic divergence from the stop contribu-
tions to the Higgs mass is cuto⇥ by the Dirac gluino mass,
giving
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Contrast this expression with the analogous one from the
MSSM [7]
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where M̃3 corresponds to the Majorana gluino mass.
This makes it clear that a Dirac gluino can be several
times larger than a Majorana gluino in an MSSM-type
model and yet be just as natural, even when compar-
ing against an MSSM model with a mediation scale that
is as low as conceivable, � ⇤ 20M̃3. Our choice of
Dirac gluino mass M3 = 5 TeV with r̃3 ⇤ 1.5 is thus
roughly equivalent, in the degree of naturalness, to a low-
scale mediation MSSM model with Majorana gluino mass
M̃3 ⇤ 900 GeV.
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For LHC phenomenology, there are several impli-
cations of a heavy Dirac gluino. First, gluino pair
production and associated gluino/squark production is
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2.  Squark production through t-channel gluino
     exchange suppressed.
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neutralinos, such as same-sign lepton final states, may
not yield strong bounds if the model is approximately R-
symmetric, and so again we are left to model-dependent
investigations to make quantitative statements.

IV. RECASTING LHC LIMITS

To recast LHC limits on colored superparticle produc-
tion into the SSSM, we follow the analyses searching for
supersymmetry through nj + /ET signals performed by
ATLAS [61] and CMS [62–64]. Of the existing supersym-
metry searches, jets plus missing energy is the simplest,
and involves the fewest assumptions about the spectrum.

To simulate the supersymmetric signal, we use
PYTHIA6.4 [65]; the first and second generation squarks
are set to have equal mass, the gravitino is chosen to be
the LSP, and all other superpartners are decoupled (set
to 5 TeV). We use CTEQ6L1 parton distribution func-
tions, generating a su�cient number of events such that
statistical fluctuations have negligible e�ect on our re-
sults. To incorporate detector e�ects into our signal sim-
ulations, all events are passed through the Delphes [66]
program using ATLAS or CMS detector options and
adopting the corresponding experiment’s jet definitions:
anti-kT , R = 0.4 for the ATLAS search [61], and anti-
kT , R = 0.5 for the CMS searches [62–64]. We repeat the
same steps for the three simplified models of the MSSM
(c.f. Fig. 1) allowing all combinations of q̃q̃, q̃�q̃�, q̃q̃� as
well as gluino pair production and associated squark plus
gluino production. Note that our “heavy MSSM” simpli-
fied model is an existing CMS simplified model, “T2”
[67].

Colored superpartner production cross sections receive
sizable next-to-leading order (NLO) corrections. To in-
corporate these corrections, we feed the spectra into
PROSPINO [68], restricting the processes appropriately
for each simplified model (i.e., just pp ⇤ q̃q̃� for the
SSSM). The cross sections are shown in Fig. 3 for each of
the simplified models as a function of squark mass. De-
pending on the scale choice and the squark mass, we find
the K-factor ranges from 1.7-2.1. This takes into account
the increased rate at NLO, through not the kinematic
distribution of events.

The analyses we are interested in [61–64], are broken
up into several channels. For some analyses the channels
are orthogonal, while in other analyses one event can
fall into multiple channels. To set limits we begin by
counting the number of supersymmetry events in each
analysis channel for several squark masses. The number
of supersymmetric events passing cuts is translated into
a mass-dependent acceptance for each channel. We then
form the 95% CL limit, using the likelihood ratio test
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FIG. 3. Cross sections at the 7 TeV LHC for colored super-
partner production. The four lines correspond to the four
simplified models shown in Fig. 1, where the first and second
generation squarks are degenerate with mass Mq̃. The solid
line shows the cross section for the SSSM where the cross
section is dominated by q̃q̃� final states, while the dashed
lines show cross sections for the three simplified models of the
MSSM. All cross sections are calculated to next-to-leading or-
der using PROSPINOv2.1 [68], CTEQ6L1 parton distribution
functions, and default scale choices. For event generation, we
use PYTHIA6.4 [65] and rescale the cross section to match
those shown here.

statistic [69]:

0.05 =

⇥⇤
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�Ni,obs

0
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Ni,obse�(µi,b+µi,s)
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0 db⇥

�Ni,obs

0
µ
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b e�µb

(Ni,obs)!
G(µb, b⇥)

.

(6)

Here µi,b ⇥ Ni,exp is the number of expected SM back-
ground events and µi,s ⇥ Ni,SUSY is the number of signal
events. To estimate the e�ects of systematic errors, the
number of SM events is modulated by a Gaussian weight-
ing factor [70]. Specifically, we shift µb ⇤ µb(1 + fb),
where fb is drawn from a Gaussian distribution centered
at zero and with standard deviation ⇤f = ⇤i,SM/Ni,exp,
where ⇤i,SM is the quoted systematic uncertainty (taken
directly from [61–64]). Whenever the systematic error is
asymmetric, we use the larger (in absolute value) num-
ber. To combine channels (when appropriate), we simply
replace the right-hand side of Eq. (6) with the product
over all channels.
The number of supersymmetry events in a particular

channel is the product of the cross section, luminosity,
acceptance and e�ciency,

Ni,SUSY = L ·K(Mq̃)⇤(Mq̃) ·A(Mq̃) · �, (7)

where K(Mq̃) is the mass-dependent K-factor to account
for the larger rate at NLO. Within our simplified setup,
the only parameter the cross section and acceptance de-
pend upon is the mass of the squark – thus Eq. (6) is
simply a limit on the squark mass.
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Suppressed Cross Sections Persist with Mixed Gluinos

(“mixed”: Majorana masses for gaugino and adjoint)
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FIG. 14: Constraints set by the multi-jet plus missing
energy search on the parameter space of our model.
Since we find in Fig. 13 that that the bound is set at

Mq̃ ⇡ 800 GeV at an exclusion cross section ⇡ 0.02 pb
(at leading order), we have included the contour of that
value for that squark mass. All three scenarios we have
considered are shown, using the appropriate contours
from Figs. 3d, 5d and 7d, and the space to the left of

each contour is excluded for the corresponding scenario.
Depending on the contour, the y-axis is interpreted as

x = Mm/Md or x = 2Mm/Md = 2M

0
m/Md or

x

0 = M

0
m/Md.

tion [1] obtaining similar bounds. We omit this from our
discussion since the CMS results provided rate bounds
throughout the Mq̃-MLSP plane.

The various cross sections obtained in our model are
compared against the exclusion cross sections of CMS
searches that were based on the search for new physics
in multijets and missing momentum final state at

p
s =

8 TeV and L = 19.5 fb�1 [2]. In all these analyses the
LSP is taken to be massless.

The limits obtained are Mq̃ � 800 GeV for a Dirac-
gluino-only scenario and Mq̃ � 925 GeV when both the
electroweakinos are at their MEI values. We get these
limits by checking where the CMS exclusion cross sec-
tions intersect the cross sections predicted by our mod-
els, as plotted in Fig. 13. It deserves to be mentioned
that the bound for a pure Dirac gluino case di↵ers from
that found by the CMS collaboration (Mq̃ � 840 GeV)
by a small margin. As a general comment we would like
to mention that such numerical di↵erences in the bounds
of simplified models, particularly when a comparison is
made in a plot spanning four orders of magnitude (like

Fig. 13), are an inevitable consequence of the nature of
the CMS exclusion plots. The method of reading o↵ cross
sections from color gradients makes it necessarily di�cult
to pinpoint the values with great accuracy.

The pure Dirac gluino bound also enables us to set con-
straints on the parameter space of mixed gluinos. Since
the exclusion cross section at Mq̃ = 800 GeV is ⇠ 0.02 pb
(at leading order), we can overlay the contours of di↵er-
ent mixed gluino scenarios corresponding to that cross
section. Fig. 14 shows this superimposition, and for each
scenario the parameter space to the left of the corre-
sponding contour is excluded.

VI. DISCUSSION

We found that a mixed gluino that acquires both a
Dirac mass and a Majorana mass solely for its gaug-
ino component (Mm 6= 0, M

0
m = 0), is less constrained

from LHC searches than a pure Dirac gluino. This is be-
cause the lightest gluino eigenstate contains more of the
adjoint fermion partner that does not couple to quarks
and squarks, and thus further suppresses squark produc-
tion through t-channel exchange. This was shown in de-
tail by examining the individual squark production sub-
processes as a function of the Majorana mass.

A mixed gluino that acquires both a Dirac mass and
a Majorana mass for its adjoint fermion component
(Mm = 0, M

0
m 6= 0), or for both of its components

(Mm 6= 0, M

0
m 6= 0), is slightly more constrained from

LHC searches than a pure Dirac gluino. This is be-
cause the lightest gluino eigenstate contains more of the
gaugino that does couple to quarks and squarks. How-
ever, the e↵ect is not significant when the Majorana
masses are small compared with the Dirac mass, roughly
Mm, M

0
m . O(0.1)Md. Again, this was shown in de-

tail by examining the individual squark production sub-
processes as a function of the Majorana mass(es).

A model with a Dirac gluino and Majorana electroweak
gauginos that both contribute to squark production can
have modifications from the gluino-only cross section
by a factor of a few. The largest e↵ect occurs at the
“maximal electroweakino interference” mass values of
M1, M2 ' Mq̃. As the electroweak gauginos become
larger or smaller than this value, their e↵ect on squark
production becomes suppressed.

New candidates for the LSP are one of the conse-
quences of finding that light Majorana electroweak gaug-
inos not significantly a↵ecting cross sections. In addition
to a gravitino LSP, we showed that a Majorana bino is
also perfectly viable since it does not significantly in-
crease squark production cross sections. One could also
contemplate a light Majorana wino, however this would
introduce new branching fractions of left-handed squarks
to winos.

We conclude by considering several new simplified
models could be studied and constrained (by the experi-
mental collaborations) that would capture the essentials
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Kribs, Raj (2013)

Bound on “Majorananess”
versus

lightest gluino mass 

Example:
msquark = 800 GeV;

LSP massless.



2.  Flavor Physics with Dirac gauginos



Supersymmetric Flavor Problem

For example, K0-K0 mixing

Has contributions from superpartner loops

_

u,c,t u,c,t



Supersymmetric Flavor/CP Problems

Serious constraints on, e.g., 
•  ΔMK, εΚ   [Im(ΔMK)]
•  charged lepton flavor violation (µ -> eγ, etc.)
•  B mixing; b -> sγ; other rare b decays
•  EDMs
•  flavor at large tan β
•  proton decay through dim-5
•  ...



R-symmetric Supersymetry
Kribs, Poppitz, Weiner (2007)

We realized the vast majority of the supersymmetric flavor
and CP problems arise from R violating interactions, i.e.:

Majorana masses  ,  A-terms  ,  µ-term

Effective dim-5 operators 
suppressed by 1/M or 1/µ:

Chirality flip on gauginos 
or Higgsinos: 



R-symmetric Supersymetric Model

•  MSSM  +  Dirac gauginos  +   R-symmetric µ-terms

W � µuHuRu + µdHdRd

+ �1uHuA1Ru + �1dHdA1Rd

+ �3uHuA
↵
3 t

↵Ru + �3dHdA
↵
3 t

↵Rd

•  Flavor-violating squark/slepton masses not forbidden
    by R-symmetry.  [D-term & F-term contributions.] 

(Could arise from gravity mediation with no singlets in 
hidden sector, e.g., 4-1 model.)

Kribs, Okui, Roy (2010)

Kribs, Poppitz, Weiner (2007)



bound; however, the contribution to ✏K is restricted by the SM calculation [53]. Our

analysis takes into account NLO corrections to the e↵ective Hamiltonian [62]; as for

the parameter inputs, they are given in appendix D8.

3.1 Majorana gluino

In tables 1 and 2, we update the bounds on flavour violation parameters for the MSSM

with a Majorana gluino, for an average gluino mass of 1.5TeV and 2TeV. The results

are identical for Re(�2) and c2Im(�2), with9 c ' 25. As seen in the tables, the K �K

system sets powerful constraints in the size of flavour violation. For example, for

mq̃ = 2Mg̃ = 3TeV the best case is
p
Re �2 . 8%, while

p
Im �2 is around 25 times

smaller.

mq̃ [GeV] �LL 6= 0 �LL = �RR 6= 0 �LR = �RL 6= 0

750 0.211 0.002 0.004

1500 0.180 0.002 0.014

2000 0.157 0.003 0.008

Table 1: Majorana gluino bounds for Mg̃ = 1500GeV. By �

AB we denote
q
|Re (�AB

12

)2| and

c

q
|Im (�AB

12

)2|.

mq̃ [GeV] �LL 6= 0 �LL = �RR 6= 0 �LR = �RL 6= 0

750 0.192 0.002 0.005

1500 0.374 0.003 0.011

2000 0.240 0.003 0.019

Table 2: Majorana gluino bounds for Mg̃ = 2000GeV. By �

AB we denote
q
|Re (�AB

12

)2| and

c

q
|Im (�AB

12

)2|.

8Higher order terms in B4 and B5 of (2.12) have been dropped [63].
9Saturating the 2� deviation in ✏

SM
K .
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Updated K0-K0 mixing with Majorana Gluino-
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Figure 1: Contour plots in parameter space mq̃ - mD for purely Dirac gluino (M = M� =
0). Left: �

LL = �

RR = �, �

LR = �

RL = 0. Right: �

LL = �

RR = �

LR = �

RL = �.

Along the contours �mK = �m

exp

K (for �

AB =
q
|Re (�AB

12

)2|) and ✏K = ✏

exp

K (for �

AB =

c

q
|Im (�AB

12

) 2|).

given in tables 3 and 4.

mq̃ [GeV] �LL = �RR 6= 0 �LR = �RL 6= 0

750 0.013 0.028

1500 0.014 0.029

2000 0.014 0.030

Table 3: “Fake” gluino bounds for Mg̃ = 1500GeV. By �AB we denote
p
|Re (�AB

12

)2|
and c

p
|Im (�AB

12

)2|.

In this case, the quark/squark coupling of the fake gluino is suppressed with respect

to the standard one by R
12

⇠ mD
M

= 0.1 as can be seen in eq. (2.3). So if the

contribution to the box diagram is dominated by the lightest eigenstate, we should

expect the box diagram to be suppressed by R4

12

for the same lightest gluino mass,

leading to bounds reduced by R2

12

⇠ 0.01. However, we observe from the bounds in

tables 3 and 4 that the suppression is much less dramatic, of the order 0.1. The reason

15
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µ -> eγ

Recently bounds were extracted for several 
interesting regions of MSSM parameter space
(Majorana masses for electroweak gauginos):

|�LL
12 | . (1 ! 6)⇥ 10�5

|�LR
12 | . (1 ! 10)⇥ 10�6

|�RR
12 | . (1 ! 10)⇥ 10�3

Arana-Catania, Heinemeyer, Herrero; 1303.2783

(under certain assumptions of parameter space;
see reference for details)



µ -> eγ  ;   µ -> e conversion
Fok, Kribs; 1004.0556
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Figure 2: Regions in parameter space (shaded) that satisfy the µ ! e� bound for right-handed
slepton mixing. The mass of the heavier slepton is set to 1.5m

˜l1
. From light to dark, the shaded

areas denote mixing with sin 2✓
˜l = 0.1, 0.5 and 1, respectively. The funnel regions in the plots with

µd = 100, 200 GeV is caused by the cancellation between the amplitudes involving the bino-like
and the H̃0

d -like neutralinos.
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Figure 11: Allowable regions for µ ! e conversion in a gold nucleus with right-handed slepton
mixing. From light to dark, the shaded areas denote mixing with sin 2✓

˜l = 0.1, 0.5 respectively.
The squark masses are set to be degenerate at 1 TeV. Note that this completely rules out maximal
mixing for right-handed sleptons in the sub-TeV range.
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µ -> eγ µ -> e  conversion

RH slepton mass [GeV]

sin 2✓(˜̀) = 0.1

sin 2✓(˜̀) = 0.5

(under certain assumptions for spectrum)
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Figure 3: Same as Fig. 2 but for left-handed slepton mixing. We have restricted M
1

< 500 GeV
since contributions from wino-like charginos not been included (see Sec. 2 for a discussion).
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Figure 12: Same for Fig. 11 but with left-handed slepton mixing instead.
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µ -> eγ  ;   µ -> e conversion
Fok, Kribs; 1004.0556
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Many Other Consequences

• EDMs suppressed

• Negligible same-sign signals

• large tanβ-induced ΔF=1 processes absent

• ...



3.  Higgs Mass



Quartic Coupling with Dirac EW Gauginos

Dirac electroweak gauginos cause D-term to vanish

from Dirac gaugino operator

from usual kinetic term

L � Da

 
Re(Aa) + g2a

X

i

�⇤
i t

a�i

!
+

1

2
(Da)

2

from scalar kinetic terms

Solve for Da, substitute back into Lagrangian,
integrate out masive Re(Aa), then

 usual tree-level quartic vanishes

(pure Dirac gauginos; usual µ-term; not R-symmetric)
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Figure 3. Higgs boson mass mh = 125 GeV (thick lines) and fine-tuning parameter (thin

lines), as a function of MD = M
˜W = M

˜B and madj = mT = mS = mRd , and BT = BS =

�1

3

(m2

Adj + M2

D). We fix �T = 1 = ��S , µ = 300 GeV and the common stop mass to

mstop = 300 GeV for the upper (black) curve and mstop = madj for the lower (green) curve.

Red region: allowed at 95% C.L. by EWPM (T < 0.2.)

to a situation with a very light stop 6 in which the main boost to the Higgs quartic

comes from the adjoint and inert fields. However, since the fine-tuning is dominated

by mRd
, a heavier stop is most welcome, since it gives a larger loop contribution to the

Higgs quartic without worsening the fine-tuning (again, from Eq. 4.2 we see that the

stops give a fine-tuning on the same order as madj). This can be clearly seen from the

green (lower) curve, where we choose m
˜t = madj. We see that for m

˜t ⇠ 700 GeV, which

is around the present direct searches exclusion limits [19, 20], there is an acceptable

point with roughly � ⇠ 30. For comparison, in the MSSM the minimal tuning needed

to accommodate a 125 GeV Higgs is � & 100 in the case of maximal stop mixing, or

� & 300 in the case of vanishing stop mixing [21].

6 A detailed study of the LHC phenomenology of the model is outside the scope of the present
work, therefore we assume mt̃ ⇠ 300 GeV to be still allowed by the LHC either because the spectrum
is very compressed, or because there are baryonic R-Parity violating couplings in the superpotential.

– 12 –

allowed (T<0.2)

m(stop)=300 GeV

m(stop)=m(adj)

Can use λ couplings to get m(h)=125 GeV

Quartic Coupling in R-Symmetric

Fok, Kribs, Martin, Tsai; 1208.2784

Bertuzzo, Frugiuele, Gregoire, Ponton; 1402.5432

Recent analysis taking
into account tree-level
and loop effects

(as well as constraints
from EW precision)
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)
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Vanishing Quartic Coupling could be a Feature

Quartic coupling passes
through zero near 
λ(1011 GeV) ≈ 0
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Vanishing Quartic Coupling could be a Feature

“Split” Supersoft Supersymmetry
at an intermediate scale?

Quartic coupling passes
through zero near 
λ(1011 GeV) ≈ 0



Split SUSY

High scale SUSY

gauginos

the rest

all spartners

Unlike Split/Mini/High Scale - Sharp (Post)diction

Giudice, Strumia; 1108.6077
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Observables?
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FIG. 1. Sketch of the mass spectrum of the two split Dirac supersymmetry models considered in

this paper: Pure Dirac (all gauginos acquire Dirac masses) and Hypercharge Impure (the gluino

and wino acquire Dirac masses, the bino acquires a Majorana mass).

this model, the Higgs quartic coupling vanishes at the intermediate scale, and thus
predicts the largest scale for the Dirac gauginos. The Higgsino mass is small, arising
from a dimension-7 operator as well as a suppressed radiative contribution. The neutral
Higgsinos are highly degenerate, �m� ⌧ keV, forming a nearly pure Dirac fermion
with an unsuppressed Z coupling, and are ruled out as a dark matter candidate. R-
parity violation is introduced, and we demonstrate the various decay modes that are
possible for the lightest Higgsino.

• “Hypercharge Impure” model (Sec. V): The gluino and wino acquire Dirac masses,
while the bino acquires a Majorana mass from anomaly-mediation, making it lighter
than the other gauginos. In this scenario, a small quartic coupling may be regenerated,
depending on tan � (which in turn depends on the relative hierarchy between Bµ and
m2

Hu
,m2

Hd
). Generally, a slightly lower scale for MD ⇠ 108 ! 109 GeV results, causing

M
1

⇠ 106 ! 107 GeV. This large bino mass has the feature of generating the scale of
µ and the mass splitting m�̃2 �m�̃1 ' M2

Z sin2 ✓W/M
1

to make the lightest Higgsino a
perfect WIMP candidate for dark matter.

The mass spectra associated with each of these models is shown in Fig. 1. Finally, we
conclude with a discussion in Sec. VI.

II. TOOLKIT FOR SPLIT DIRAC SUPERSYMMETRIC MODELS

Split Dirac supersymmetry is a general framework for considering a new class of split
supersymmetry models. In this section, we provide an overview of the operators leading
to contributions to the supersymmetry breaking and preserving parameters in the (Dirac
extended) MSSM. This serves as a “toolkit” with which split Dirac supersymmetry model
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Higgsino Dark Matter

•  Higgsino mass generated radiatively from bino mass
    [U(1)R breaking] and Bµ term [U(1)PQ breaking]

Compared to the pure Dirac model, the spectrum of the squarks, sleptons and Higgs
scalars remains relatively unchanged. However, while the pure Dirac model was viable
even in the limit of zero F -term scalar masses, the hypercharge impure model is not. If
the only source of supersymmetry breaking is the supersoft operator, Eq. (1), removing
the U(1) adjoint not only leaves both the bino massless, but the the right-handed sleptons
as well; they are only charged under U(1)Y and would normally receive a mass when the
Dirac bino is integrated out. The bino mass is lifted from zero by the anomaly-mediated
contribution, however the anomaly-mediated contribution to the right-handed slepton masses
is (infamously) tachyonic [58]. Therefore, there must be positive F -term contributions to
the right-handed slepton masses through Eq. (16). To simply the presentation, we assume
these contributions are comparable to the one-loop finite contributions to the other scalars
from the Dirac gluino and wino.

Since the bino mass in this model is purely Majorana, R-symmetry is broken and µ will
be generated radiatively as soon as supersymmetry is broken. The one-loop RG equation
for µ given in Eq.(14) must be integrated from Bµ all the way down to M

1

, a much larger
interval than in the pure Dirac case. The larger running interval leads to substantially larger
radiative µ. Assuming the primordial |µ| ⌧ |M

1

|, we obtain

µ ' g̃0ug̃
0
d

16⇡2

M⇤
1

ln
|Bµ|1/2
|M

1

| ' (1 TeV) sin (2�)
M⇤

1

106 GeV
ln

|Bµ|1/2
|M

1

| (32)

Depending on M
1

and tan �, the generated µ can easily exceed 1TeV.
One additional significant consequence follows from the presence of a pure Majorana bino.

As shown in Eq. (11),

�h(MD) =
g02

4
cos2 2� (33)

and thus a partial quartic coupling is re-generated. This tends to lower the scale of the Dirac
gauginos (and the other derived scales), as we show in more detail in the next subsection.

A. Gauge coupling unification

We now study gauge coupling unification in this model, again using the weak scale cou-
pling inputs given in Eq. (A2). The RG evolution is done similarly to the Pure Dirac model.
Choosing a Higgsino mass m

˜H ' |µ|, we evolve the RG equations from the weak scale up
to m

˜H , and then continue to evolve until the running Higgs quartic coupling �h satisfies the
boundary condition8

�h,SM+

˜H(MD) =
g02
SM+

˜H
(MD)

4
cos2 2� . (34)

This sets the Dirac wino mass scale, MD, which we take to be the same value for the Dirac
gluino. The subscript in the above equation indicates that the �h and g0 RGEs contain the
e↵ects of all SM fields plus the Higgsinos. This change in the �h boundary condition is the

8 Like the analysis for the Pure Dirac model, we assume the contribution from Eq. (6) is negligible.
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•  Neutral Higgsinos split in mass by bino

gauge coupling unification nontrivially obtained through accelerated running above the in-
termediate scale. The downside is that the LSP is not a viable dark matter candidate, due
to the unsuppressed Z-exchange with a nearly pure neutral Dirac fermion made up from the
two neutral (Majorana) Higgsinos.

We now consider a di↵erent model, which we dub the Hypercharge Impure model, in which
the bino does not acquire a Dirac mass, and instead obtains the standard one-loop suppressed
Majorana contribution from anomaly-mediation, Eq. (8). The Majorana bino causes a slight
splitting of the pseudo-Dirac neutral Higgsino into two Majorana states. Consequently, the
lightest neutral (Majorana) Higgsino can only scatter inelastically through Z-exchange [75–
77], and thus the spin-independent scattering direct detection rate is suppressed. If the mass
splitting & 200 keV, there is negligible scattering through Z-exchange due to insu�cient
kinetic energy to upscatter into the heavier neutral Higgsino state.

The absence of a Dirac mass for the bino is automatic if there is no massless singlet for
the bino to marry through Eq. (1)6. By itself this does not directly a↵ect gauge coupling
unification. It does, however, have repercussions on the predicted Higgs quartic coupling,
and consequently, on the mass scales in the model.

In this model, the the wino mass is large (⇠ MD), and so the neutralino mixing matrix
has the form,

M̃N =

0

@
M

1

�MZ c� sW MZ s� sW
�MZ c� sW 0 �µ
MZ s� sW �µ 0

1

A , (29)

with s� = sin �, sW = sin ✓W etc. At leading order the lightest two (Majorana) eigenvalues
are,

M̃N1

= µ� M2

Z s2W
2M

1

(sin 2� + 1), M̃N2

= µ� M2

Z s2W
2M

1

(sin 2� � 1) . (30)

The mass di↵erence is independent of µ and tan � and is

�M̃N =
M2

Z sin2 ✓W
M

1

' (200 keV)
107 GeV

M
1

. (31)

For spin-independent scattering, and for an inelastic splitting exceeding & 250 keV, the
minimum velocity to scatter with recoil energy ER < 50 keVnr in xenon is beyond the
maximum velocity any WIMP is expected to have (in the Earth’s frame) assuming a galactic
escape velocity of 550 km/s. There is a loop induced spin-independent elastic scattering but
again, for these large splittings, the rate is much too low to be observed [78, 79]7. At
tree level, the lightest chargino, the charged component of the Higgsino, also has mass µ.
However, there is a loop contribution that splits the charged from the neutral component by
⇠ 340 MeV [80]. There is also an elastic spin-dependent process, for which the bounds are
considerably weaker, but the rate is suppressed since the coupling scales as ⇠ �M̃N/µ.

6 If the Dirac partners form part of a GUT multiplet, such as a 24, we imagine that the singlet receives a

large mass at the scale where the GUT breaks and is therefore decoupled from physics at MD ⌧ MGUT .
7 There is also large destructive interference between the W -box diagram and Higgs exchange at the curiously

enigmatic value of mh ' 125 GeV [78].
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Heavy Bino induces both mass
and (inelastic) splitting.
Natural viable DM candidate
(µ = 1.1 TeV for thermal
abundance)

•  Charged Higgsinos split in mass ≈ 340 MeV
    (electromagnetic correction -- Cirelli, Fornengo, Strumia; 0512090)



Higgsino Dark Matter

•  Unlike winos, does not 
   suffer from galactic center 
   γ-ray constraints
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FIG. 1: The dashed red line shows �
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0
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0 ! W
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v in cm3/s. The solid blue line shows
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0
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0 ! � �

�
v + 1

2
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0
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0 ! � Z

0

�
v in cm3/s. All three cross sections are computed in the

tree-level-SE approximation. One-loop e↵ects have been shown to reduce the cross section to line
photons by as much as a factor of 4 (see Sec. III B). The exclusion from Fermi (relevant for the
W

+

W

� channel) is the shaded red region, which is bordered by the dashed line. The exclusion
from H.E.S.S. (relevant for the � � + 1

2

� Z

0 channel) is the shaded blue region, which is bordered
by the solid line. These exclusion contours assume that the wino abundance is set by thermal
freeze-out. The H.E.S.S. limit is appropriate for an NFW profile, see Sec. III A. The shaded yellow
region between the dotted lines corresponds to ⌦ h

2 = 0.12 ± 0.006. In the black shaded region, a
thermal wino exceeds the observed relic density.

which the LHC and direct detection experiments are not sensitive. In particular, if the wino

makes up a non-trivial fraction of the DM, it can lead to observable rates for experiments that

search for photons from DM annihilation. Even in this case, the perturbative annihilation

cross section for winos is not always large enough to be observable. However, as the wino

mass becomes large with respect to the W±-boson mass, non-perturbative SE e↵ects due

to the presence of a relatively long-range potential become important, especially at low

velocities. The impact of the SE on wino annihilation has been studied in detail [1–8]

and must be properly accounted for when computing the wino relic density, as well as its

present-day annihilation cross section. Following [1–4], we take the mass dependence for

most cross sections to be proportional to 1/M2

2

. However, we include the appropriate phase-

space and propagator factors for wino annihilations to W+W� and � Z0 today as they are

numerically relevant at low mass. This implies that our relic density is a slight overestimate

at O(100 GeV) masses. Appendix A reviews the procedure we follow to compute these

non-perturbative e↵ects, and we refer the reader there for an overview of the computation,

Cohen, Lisanti, Pierce, Slatyer; 1307.4082
also Fan, Reece; 1307.4400

How to discover?  Work in progress...
Fox, Kribs, Martin



Summary

Dirac gauginos
    • reduced naturalness constraints from gluino
    • LHC constraints on squarks weakened
    • FCNC constraints significantly weakened
       (can contemplate partly flavor-anarchic 
        squark/slepton mass matrices)
    • EDM constraints significantly weakened
    • new contributions to Higgs mass (R-symmetric)
    • new models of split supersymmetry
       (one with Higgsino DM that avoids γ-ray constraints)

Many other Dirac gaugino topics (models, phenomenology)
found in references.

We “just” have to find it!


