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Oh SUSY Where Art Thou?
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The Mini-Split SUSY
Framework
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Soft SUSY Breaking

Introduce soft SUSY breaking terms to get a
phenomenologically viable spectrum

Standard particles

1
scalar masses: M—g/d“f)(x‘x)(wd’)

. 1
gaugino masses: M—/dZBY(W“Wa)

1
M.

trilinear couplings:

/dzeY(HuQUC)

X, Y hidden sector chiral super-fields with F-term vev's
no requirements on quantum numbers of X

Y has to be a singlet (not generically present)

I v vy

gaugino masses and trilinears generically smaller than
scalar masses sans @ sopors @ uviocs

(Arkani-Hamed et al. '12)
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A “Simply Unnatural” SUSY Spectrum

|v1|2 /d“o(xTX)(qﬂcb + HuHqg)

10 + ajby M3 /2 ms /2
— / )\)\ _ /
Ar 2 ' 2

mass [TeV] Lsg D

éé+/d49(Hqu)

6.0 HO* A » scalar masses of the order
Fx /M. Z Fx/Mpi ~ Mg

~

10% +

e » gaugino masses from anomaly mediation,
1-loop factor below the gravitino mass

» small A terms (1-loop suppressed
contributions from anomaly mediation)

gvma o

» Higgsino mass model dependent:
could be order gravitino mass
Hall, Nomura "11 or additionally suppressed

Arvanitaki et al. '12 (breaks Peccei-Quinn symmetry)
Arkani-Hamed et al. '12 ...
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The Higgs Mass and the Squark Scale
ma ~ M2 cos?(25)
3 mi x? | X2
TTemve m? |7 1o

+ 3 m—?Io m_g
6r2vz Y m?

» Xi = A — p/tan g typically small

] ] L ; ] » for moderate tan 8 and scalars at
T e 7" 0O(100 TeV) — O(1000 TeV)
a 125 GeV Higgs is “effortless”

Arkani-Hamed et al. "12;
Giudice, Strumia '11; Hall, Nomura '11;
Ibe, Yanagida '11; Kane et al. '11;

» upper bound on the squark scale
from the Higgs mass
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New Sources of Flavor and CP Violation

» mini-split SUSY philosophy:
no model building effort

— generic flavor structure for squarks and 5
S|ept0ns ~-|"">- ......... > ...:J
N . ) a qc
» parametrization in terms of mass insertions
2 2 c
M3 _ma(1+oq) o~
72 2 SN aeeas D SRRV A S
Mz = m3 (L + ;) i P

» going to sfermion mass eigenstates
leads to flavor and CP violating

fermion-sfermion-gaugino interactions . . o
» mass insertion approximation:

» for TeV scale sfermions: treat §'s as perturbations and
SUSY flavor problem expand to leading order

» for 1000 TeV sfermions:
generic flavor violation possible (in the plots of the talk: |;| = 0.3)
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Low Energy Probes of PeV Scale Sfermions

a large host of low energy observables can probe
the 0.1 - 1 PeV scale in the near future
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Meson Mixing
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meson mixing observables probe

generic New Physics at very high scales

c.
Herr = Hay' + > 220
i

Bounds on A [TeV] (C =1)

Bounds on C' (A =1TeV)

Operator Observables
Re Im Re Im

(5y"dr)? 9.8 x 102 1.6 x 10? 9.0x1077  34x107° Amp; ex
(5rdr)(5rdr) | 1.8 x 10* 3.2 x 10° 6.9x 1079 2.6 x 107! Amp; ex

(e ur)? 1.2 x 10° 2.9 x 10° 56 x 1077 1.0x 1077 | Amp; |q/p|,¢p
(Crur)(CrLur) | 6.2 x 10° 1.5 x 10* 57x107%  1.1x107% | Amp;|q/p|, oD

(bpy*dy)? 5.1 x 102 9.3 x 102 3.3x107%  1.0x10°¢ Amp,; Syks
(brdr)(brdr) | 1.9 x 103 3.6 x 10° 56 x1077  1.7x 1077 Amp,; Suks

(bry*sp)? 1.1 x 10? 2.2 x 10? 76x107° 1.7x107° Amp,; Sy
(brsp)(brsgr) | 3.7 x 102 7.4 x 10? 1.3x 107  3.0x 1076 Amp,; Sy

Isidori, Nir, Perez '10
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K Mixing
.§L ‘

Y \
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» contributions depend to an
excellent approximation only on the ‘
squark masses (not on higgsino or il ‘ ]
gaugino masses) 3x10? 10° 3x10°

» scales of several 100 - 1000 TeV/ Mg (TEV)

can be probed if relevant phases WA, Harnik, Zupan '13
are not suppressed
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Charm Mixing

Cr g L D Mixing
&y vé
X X
UR? * Gy o~
: _ : )
Ur il u )
@
o
2 I
D s oL (R x 3
M1, - (5cu5cu )
mz I
q 3
_“IQU
» scales of O(50 TeV) can be probed
for O(1) phases
» experimental bounds on CPV in 10 30 102 3%102

charm mixing can still improve

: mg (TeV)
substantially (LHCb and Belle II)

WA, Harnik, Zupan '13
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B4 and Bg Mixin

By Mixing

0362

L _ R
6bs—‘5bs

30 102 3 10 30
mg (TeV) mg (TeV)

» scales of 20 - 30 TeV can be probed for O(1) phases
with improved experimental results on CP violation (LHCb + Belle II)
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Charged Lepton
Flavor Violation
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Charged Lepton Flavor Violation

de Gouvea, Vogel '13

Al(lev)

» strongest constraints come from
1 — e transitions

BR(u —+ey) < 57x10"" ©90%C.L.
BR(z —3e) < 1.0x107% @90% C.L.

BR(x —einAu) < 7.0x107" ©90%CL.

10 %k i e

B(u — e convin 7A)=10"%

» current limits probe
generic NP at 1000 TeV

» bounds can be improved
significantly (Mu2e, Mu3e)

"\ B(u—ep=10"" |
B(iL - ey)=10"° "
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SUSY Contributions to u — ey
B
MR €L
“‘flR LéL,A'

4
N Vooe
0 o
Ha
Ay 777771
~
B o1 My HmB LR LR i ar 1 my
AP tan 3 (6576 AW ___w
LR X 4 m/l 4 ( 14 T ) L Ar m-'
» Bino loops are enhanced
by the tau mass

m2
tan B (dye) 100

W
» grow linearly with Higgsino mass

Wolfgang Altmannshofer (PI)

SN

» Wino loops are log enhanced
» become dominant for

small Higgsino masses
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(see also Moroi, Nagai '13; McKeen, Pospelov, Ritz '13)

WA, Harnik, Zupan '13;
BR(u—ey) BR(u—ey)
g . R A
IS _
() > i -
() i
5 e / 1
I - ! '-ﬁ
Q = 'z !
c =z . H
© i i ]
2 1 E -
1 t = ]+
1 = o ,"::
£ E
i i I i—
3 10 30 102 3x10?
m; = |ul (TeV)

mi = |l (TeV)

» scales of 10 TeV - 100 TeV » BR bound can be improved by one order
can be probed of magnitude with a MEG upgrade
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WA, Harnik, Zupan '13;

BR(u—ey)

10

Imgl =Imygl = lul (TeV)

» scales of 10 TeV - 100 TeV

can be probed

Wolfgang Altmannshofer (PI)

10 30 10

(see also Moroi, Nagai '13; McKeen, Pospelov, Ritz '13)

BR(u—ey)

Speifdn 93N

-

m; (TeV)

tang =5

3x10?

» BR bound can be improved by one order
of magnitude with a MEG upgrade
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i — 3e
'13)

aints f
WA, Harnik, Zupan '13; (see also Moroi, Nagai '13; McKeen, Pospelov, Ritz
BR(u—3e) BR(u—3e)
Y i ]
I > o
2 = S|
S = =1 01 Q
< B 2 ]
- 1 E §," ] %
1 2 1+
— 2
1= =
E i 7
I Aok —— R I
10 30 102 3x10? 30 102 3x10?
m; = |ul (TeV)

—
m; = |ul (TeV)
» ultimate sensitivity of Mu3e

» dipole dominance:
BR(n = 3¢) _ cem <|og (4; _ == would be stronger than the
Me 4 bounds from a MEG upgrade

20/36

2
~ M) Lex107®
BR(p — ev) 37
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aints f w— 3e

WA, Harnik, Zupan '13;

(see also Moroi, Nagai '13; McKeen, Pospelov, Ritz '13)
BR(u—3e)

BR(u—3e)
e

R

s = |
(] > \
1 o) y
,,,,,,, L e =.
= Il _ | i
| = = = )
Q. - Ml c ]
% ] l T %‘\ 1 %
= 13 E £ 113
1E = 2 1+
i T 1] <
- e
@ =0 !
= E |
T’ i ot i = . i Ll “l‘
3 10 30 102 3x10? 3 10 30 102 3x10?
m; (TeV)

m; (TeV)
» dipole dominance:

) » ultimate sensitivity of Mu3e
BR(1 — 3€) _ cem (Iog (mu> 141) ~ 63103

~ —n would be stronger than the
BR(n —ey)  8m me bounds from a MEG upgrade
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SUSY Contributions to . — e Conversion

contributions from dipoles, boxes, Z penguins, and photon penguins

dipoles are dominant for large tan g

H
i u; X :L - m W W e iz 7 e
jie & ; + o s & +
W W o+ S fx
M L e
..... qmmnnn q q q q
q q q
box O‘g L z 0‘% L NZ ~ QemQ2 |, | m\2ﬂ/
A & max(m%’mé) (6#e) A% o mié wue) loQ <m*%> + .. AT o m; (6ue) lOQ <m7%
» usually negligible in » log enhanced » log enhanced for light
mini-split SUSY for light Higgsinos Winos; typically dominant
for low tan 8

21/36
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Constraints from p — e Conversion

WA, Harnik, Zupan '13;  (see also Moroi, Nagai '13; McKeen, Pospelov, Ritz '13)

BR(u—ein Al)

BR(u—ein Al)

excluded by
pu—ein Au v
3 ':
= H -
- i 0
) i 1
E ! 2
I iz s
—_— II j=1
2 i
E 1
12
excluded by 1<l
p—ein Au ",‘2
1 nH 1
3 10 30 10% 3x10% 10°
mp =|ul (TeV) m; = |ul (TeV)

» current constraints are still weak, » Mu2e can improve limits down to
of order 10's of TeV BR <107 —107%
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Constraints from p — e Conversion

WA, Harnik, Zupan '13;  (see also Moroi, Nagai '13; McKeen, Pospelov, Ritz '13)

BR(u—ein Al) BR(u—ein Al)
‘ 10 i
excluded by 1
p—ein Au ]

1> <
O >

1 (]
L e
Il _
= =3 To)
T Il 1 Q

1 — @

R g

i |E_| o1
= é;

1 g - excluded by

u—ein Au
i i L i
3 10 30 10% 3x10% 10° ’ 10 10% 3x102
m; (TeV) m; (TeV)
» current constraints are still weak, » Mu2e can improve limits down to
of order 10's of TeV BR <107 —107%
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Electric Dipole Moments
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Flavored EDMs

in the flavor blind case, EDMs
are proportional to 1st gen. fermion masses

@1 Me pm
de o 4——: 2 tan 8
™ mz m;
as My pmg 1
dy - s My §

Ar m2
™My

i o my pmg 1 mg
o MG - -9
! A mg mg tan 8 9 2
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Flavored EDMs

in the flavor blind case, EDMs flavor effects strongly enhance EDMs
are proportional to 1st gen. fermion masses (see e.g. Hisano, Nagai, Paradisi '08)

g
Ur uL
! Ur G, ¢
< R
Yl i
Ny
mo %—L% m 91%1
79 79
a1 Me pMg a1 My pMg R <L
d x —— tan d x tan B (4,6
N 4 m2 m2 A ¢ 47 m2 m2 B (%erdre)
i i
my pmg 1 as My pmg 1
dy o =TS dy o = DLET_Z(RsL)

A mg mg tan 8

2 2
~ as My pMg 1 mg ~ as m; pmg 1 R L m@
d ——— ——log | = d S92 (5R6h) o

v o mg mg tan 3 g mg = mg mg tan 3 (04t0) log m

4 mg mg tan 8

2
a

in the presence of O(1) sfermion mixing,
1st generation EDMs are proprotional to 3rd generation masses
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Parenthesis: Log Resummation

» two step matching: (Hd)

integrate out squarks at mg, Ur Ok e ! choan w
run down to mg with RGEs, P RP AR
integrate out gluinos at mg

» integrating out squarks
induces the dipole operators Cug(mg) = == — = — (30 Sin by
and CP violating a a P

4 fermion operators ) ) )
» the 4 fermion operator mixes into the chromo

dipole operator under renormalization

Ur up

2
e.g. Ogg r?w_sg {(ﬁaﬁa)(@b’vs%)

+(80156) (B65) | fave T2 5
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Parenthesis: Log Resummation

CEDM "“Kfactor"

107 4 v
» log is resummed in the jzﬂ W AL6]]
renormalization group running / /
from the squark scale S/
down to the gluino scale = //
= [/ S/ )
» large “K factor” o
g / /
up to ~ 100% correction , L
due to the log resummation / / ja
/| //
LT LA
WA, Harnik, Zupan '13 1 / / d
Fuyuto, Hisano, Nagata, Tsumura '13 30 10° 3x10? 10°
mg (TCV)
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EDM Co ints

WA, Harnik, Zupan '13; (see also McKeen, Pospelov, Ritz '13)

d, (ecm)
—_ >
3 ~ |5
- ] Q. S
~ 4 c —
= ] % 8 1
E {* 1>
il 1 E
| | H ~ N R |
30 102 3x10? 10 3x10° 102 3x10? 108
Mg = lul (TeV) Mg = lul (TeV)
» assuming O(1) phases: » EDM bounds can be improved by

several orders of magnitude!
electron EDM probes scales of O(50 TeV)
hadronic EDMs probe scales of O(100 TeV) electron EDM: de < 10—3%ecm
neutron EDM: dn < 10~28ecm

~

Wolfgang Altmannshofer (PI) Low Energy Probes of PeV Scale Sfermions December 10, 2013 27136



EDM Constraints

WA, Harnik, Zupan '13; (see also McKeen, Pospelov, Ritz '13)

de (ecm) de (ecm)

< 1 1>
> = ©
I}'i I 5
p— 1 ] I
z 5 | =

10 30 102 3x10? 10 30 102 3x10?

m; = |u| (TeV) m; = |u| (TeV)

» assuming O(1) phases: » EDM bounds can be improved by

several orders of magnitude!
electron EDM probes scales of O(50 TeV)

hadronic EDMs probe scales of O(100 TeV) electron EDM: de < 10—3%ecm
neutron EDM: dn < 10~28ecm

~
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2-loop Contributions from Light Higgsinos

» 2-loop Barr-Zee diagrams can give
sizable contributions to EDMs if both
Winos and Higgsinos are light

Giudice, Romanino '05 A
10777 m;=50TeV o

[mgl=|my|=2TeV

fi

2

100 TeV

tanf =

200 TeV

i § i
1 10 100 1000

lul (TeV)

» improved measurements of EDMs _
probe the mini-split SUSY framework WA, Harnik, Zupan '13
over a broad range of Higgsino masses
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2-loop Contributions from Light Higgsinos

» 2-loop Barr-Zee diagrams can give

5= m | =m gl/5 =2 TeV
sizable contributions to EDMs if both ln‘iBl ln?Wl l@gl/ ‘ © ‘

Winos and Higgsinos are light .
Giudice, Romanino '05 10
mg=500TeV
=27
. _ 10 A
- £ 1000 Tev |
S 10728 Q
- /5
= 2000 TeV -
10—29 J
10-30
1 10 100 1000  10*

lul (TeV)
» improved measurements of EDMs
probe the mini-split SUSY framework WA, Harnik, Zupan '13
over a broad range of Higgsino masses
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Summary of Current Constraints

Imgl=|mz|=3TeV, |mg|=10TeV

301 : neutron Kaon || -
EDM mixing
]
10 \j” e
S .
] AR | ST—
\}/,e -----------
3,
A
< | I ¢
X 5 Cha_rm ....................................
1k B mixing | | |
10 10° 10° 10 10°

mg =m; = lul (TeV)

assumptions for the plot:
» only low energy process that currently

probes O(1000 TeV) squarks is CP violation

» all relevant mass insertions

in Kaon mixing 16 = 0.3
» CP violation in charm mixing and the » all relevant phases sin ¢; = 1
neutron EDM reach up to O(100 TeV) » no large cancelations between the

various contributions

Wolfgang Altmannshofer (PI) Low Energy Probes of PeV Scale Sfermions December 10, 20! 29/36



neutron
EDM
101 =
Kaon
=
< mixing
L R . Sy
R e o
1t | I

102
mg=mj=|ul (TeV)

» neutron EDM (and in general EDMs of
hadronic systems) probe squarks at

0(1000 TeV)

» electron EDM and . — e conversion probe

sleptons above 100 TeV

Wolfgang Altmannshofer (PI)

Low Energy Probes of PeV Scale Sfermions

104

assumptions for the plot:

» all relevant mass insertions
|6j] = 0.3

» all relevant phases sin¢; = 1

» no large cancelations between the
various contributions

December 10, 20
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Implications for
Models of Fermion Masses
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» generic squark flavor violation can
lead to large radiative contributions
to light quark masses

» most important effect in the
up-quark mass, due to the large
top Yukawa Y; = O(1)

Wolfgang Altmannshofer (PI)
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Radiative Fermion Masses

as 8 Mgp
Amy = ——
“Tar9 mé

1
mt o (5l|]t 551)
B

in mini-split SUSY, gluino mass is
~ 1-loop below the squark masses

correction is effectively 2-loop
and can be just of the right size
to generate the up quark mass
from SUSY loops

radiative fermion masses imply
lower bounds on the
amount of flavor violation
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EDMs and Radiative Fermion Masses

» radiatively generated up-quark mass
and the up-quark (C)EDM are
strongly related
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EDMs and Radiative Fermion Masses

» radiatively generated up-quark mass d, (ecm)
and the up-quark (C)EDM are
strongly related

I I |
up quark mass generated radiatively

tanf =1

» assuming that the up quark mass 3% 3x10°
comes fully from SUSY loops

m?2
oo U jog [ 2 ik 13
m2 mg WA, Harnik, Zupan 'L

Wolfgang Altmannshofer (PI)
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Froggatt-Nielsen Models: Fermion Textures

ferm./gen.|1 2 3

(Froggatt-Nielsen '79; Leurer, Nir, Seiberg '93, '94) Q 3 2 0

» SM fermions are charged under a 3 1 0

U (1) flavor symmetry D 5 2 9

» symmetry is broken by a spurion with charge —1 L 3 3 3
and size of the Cabbibo angle A ~ 0.23

E 5 2 0

induced Yukawa textures of the shown example charges

)\6 )\4 )\3 )\6 )\5 )\5 )\8 5 )\3
Yo~ [ X5 X3 N |, Yo~ | X5 A 2], Yen | A8 A% )8
X1 PP LD LD

— good description of the observed hierarchies

>
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Froggatt-Nielson Models: Sfermion Textures

the U(1) charges dictate also the flavor structure of the sfermion masses

1 X A 1 A2 A8 1 X A
mi~ (A 1 N, mSN(,\Z 1 A, m§~(>\ 11
Mo 1 AN¥oA 1 Al 1

11 1 1 A2 S

m~ |1 1 1|, mi~ | 1 X

11 1 XA 1

— excessive FCNCs for a TeV spectrum

viable Froggatt-Nielsen type models with TeV spectrum require
more elaborate flavor symmetries. e.g. U(1)1 x U(1),

for a PeV spectrum, simple U(1) models are viable and might lead to
visible effects in Kaon mixing and LFV processes
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Conclusions I

avoiding model building efforts leads to a mini-split SUSY spectrum:

— gauginos at 1 - 10 TeV
— squarks and sleptons at 100 - 1000 TeV

a 125 GeV Higgs can be easily accommodated

PeV scale sfermions open up possibilities of
explaining the hierachical SM fermion masses

low energy observables can test this framework:

— CP Violation in Kaon mixing probes already the PeV scale
— several other observables (charm mixing, EDMs, u — e in Al)
will reach sensitivity to scales of 100 - 1000 TeV in the future
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