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A “Simply Unnatural” SUSY Spectrum

1
M2
106 + aibi M3 /2 ms/»
— / )\)\ _ /

4r 2 T 2

mass [TeV] Lsg D /d“o(x*X)(chcb + HuHq)

éé+/d49(Hqu)

6.0 HO* A » scalar masses of the order
Fx /M. 2 Fx/Mp| ~ M3/,

10% +

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

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

» Higgsino mass model dependent:
could be order gravitino mass
or additionally suppressed
(breaks Peccei-Quinn symmetry)

Hall, Nomura '11
Arvanitaki et al. 12
Arkani-Hamed et al. '12 ...
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The Higgs Mass and the Squark Scale

10° 108 107 10° 10° 10° 10
Mso(GeV)

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

mi ~ M2 cos®(24)
+im_€ X_tz 1— S
1672 v2 mt? 12mf2

162 vz 9\ m2

» Xi = A — p/tan g typically small
» for moderate tan 8 and scalars at

O(100 TeV) — O(1000 TeV)
a 125 GeV Higgs is “effortless”
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Low Energy Probes of PeV Scale Sfermions

» mini-split SUSY philosophy: no model building effort
— generic flavor structure for squarks and sleptons

mé:mﬁ(1+5Q)a m%:mg(n"réd)a mEJ:rﬁg(n+6U)
m = M3 +0,) , mE = Mmi(1 + )

» all mass insertions ¢ are order 1
(in the plots of this talk: |d;| = 0.3)

» alarge host of low energy observables can probe
the 0.1 - 1 PeV scale in the near future

Wolfgang Altmannshofer (Fermilab) Low Energy Probes of PeV Scale Sfermions KITP, July 11, 2013 5/26



Electric Dipole Moments
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Flavored EDMs

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

my 771’71
79

a1 Me pMg
de o ——: ZB tan 8
47 m< ms
£ £
as My pmg 1
dy < — : 297
47 mg mg tan 8

. as My pmg 1 mg
d < T ans 9 m
47 mq mq tan 8 mEI

1-loop EDMs and chromo EDMs grow linearly with the x term
quark chromo EDMs are enhanced by a large log
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Flavored EDM

in the flavor blind case, EDMs

are proportional to 1st gen. fermion masses

a1 Me pMg
x ——-—Etanp
47T m= m<
i
as my pmg 1
X 22
47 mZ2 m: tan g
q q
asmu,umg 1
o

4 mg mg tan 8

o(

2
_9
m2

)

de

du

flavor effects strongly enhance EDMs
(see e.g. Hisano, Nagai, Paradisi '08)

g
Ur up
¢ U G ¥
<\ X
b b
Aoy
me
7,9
Qi My pMg R <L
Grme me @A (Gerdne)
£ £
as mp pmg 1 (R ,_)
A2 2 tan g \CutOuw

4 mg mg tan 8

2
as mp pmg 1 R oL mg

— — — —— (6,9, log

2 2 (ut tu

47"mq mg tan 8 m

2
a

1-loop EDMs and chromo EDMs grow linearly with the x term
quark chromo EDMs are enhanced by a large log
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Parenthesis: Log Resummation

» two step matching: <Hd>
ug  Or tR ! o u
integrate out squarks at mg, >H K>
run down to mg with RGEs, ? g
integrate out gluinos at mg
» integrating out squarks ooy 1me [pmg| 1
induces the dipole operators Cua(Ma) = =3 mZ mZ tg (853) sin do

and a CP violating

4 fermion operator » the 4 fermion operator mixes into the chromo
dipole operator under renormalization

Ur up

2
Ous = o [(@82)Gons02)

+(E|a’YSQa)(§qu )] fabcng
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Parenthesis: Log Resummation

CEDM K factor"'
10 7 7 | 4

» resummed result for the CEDM 7@ 4] H
/S 16
. .- / //
dq(mg) = 1 dq(mg) y
18/ 2 _m >
Bl Fom i

teg 3 / / Y T
N
as(mg)
= /
O‘S(mﬁ) A
2
» large “K factor” 130 102 X107 : ‘103
up to ~ 100% correction due to the mg (TeV)

log resummation
WA, Harnik, Zupan '13
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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 G|
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(30 TeV)
hadronic EDMs probe scales of O(100 TeV) electron EDM: de < 10—3%ecm
neutron EDM: dn < 10~28ecm

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

de (ecm) de (ecm)
—~ 1 1>
3 a e
= I T}
— 1 Q 11
& 8 | =
= - al g

i  —" il i =

3 10 30 102 3x10?
m; = [u| (TeV) m; = |u| (TeV)

» assuming O(1) phases:

electron EDM probes scales of O(30 TeV)

» EDM bounds can be improved by
several orders of magnitude!

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

Wolfgang Altmannshofer (Fermilab)

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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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 \
X
v

68 = 0.3/

K ol L (R
S

Mzz o¢ — (Jsadsa
mg

04

» 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

Wolfgang Altmannshofer (Fermilab)
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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

8 ILL4,-><~\{9L
KR e MR / Y eL
v iR 8 ¢ W +
« N L ~
N (P Ha
ARy S
m, Lglﬁ Fi 777771
5 v
2
B Q1 My Mg LR sL,R A ax 1 my m
APR o tan 8 (0,7 0re AWoc———Wtan She)log [ 2 )+
4 m/l mZ ( pr TTe ) L A7 mZ IB( E) 9 m(@
» Bino loops are enhanced » Wino loops are log enhanced
by the tau mass .
) ) o » become dominant for
» grow linearly with Higgsino mass small Higgsino masses
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(see also Moroi, Nagai '13)

WA, Harnik, Zupan '13;

BR(u—ey) BR(u—ey)
" I }—7
s = i
O > H =
5 e i 1
@ I - ! '-ﬁ
e '_; = ,’: ~
B £ E 2 15
1 N = ]+
1 =& o [Es
e E g
i Fin R i L
3 10 30 102 3x102
mp = |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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(see also Moroi, Nagai '13)

BR(u—ey) BR(u—ey)
10
3 ‘\.
= b
= | w
I f I
E ': i
£ 1 | 8
I 1S
— m
o 0. {G;’
£ 15
H
i
3 10 30 102 3x10°
m; (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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i — 3e

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

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

would be stronger than the
bounds from a MEG upgrade

21/26

» dipole dominance:
2
) 11) ~ 6x107°
4

Qem
(o () -
me
KITP, July 11, 2013

BR(n — 3e)
BR(px —evy) ~ 3w
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aints f w— 3e

WA, Harnik, Zupan '13;

(see also Moroi, Nagai '13)
BR(u—3e)

BR(u—3e)

10

5TeV

3 '-.
,,,,,, Z |
o Il _ | i
| = = = )
Q. - Ml c ]
% ] l T %‘\ 1 %
= 13 E £ 113
1E = 2 1+
i T 1] <
_ 2
@ =0 !
= E |
" 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(u = 3e) _ aem (100 (M) 1) g 4073 would be stronger than the
BR(p — ev) 37 m2 4

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

22126
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Constraints from p — e Conversion

WA, Harnik, Zupan '13; (see also Moroi, Nagai '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
= 15
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)

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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rent Constraints

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

neutron Kaon
EDM mixing

10¢

tang

charm
mixing

10 102 10° 104 10°
Mg =my;=|u| (TeV)

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

probes O(1000 TeV) squarks is CP violation

in Kaon mixing > ?zlil Tela\gagt mass insertions
ijl — Y.
» 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
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Kaon
mixing
101
=
o]
-
I
.......................................... Mh = 1255.1 Gy
1t I

|
10 102 10°
mg=mj=|ul (TeV)

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

assumptions for the plot:

0(1000 TeV) > ?(;!-Tef\i)agt mass insertions
ij| — Y-
» electron EDM and . — e conversion probe » all relevant phases sin ¢ = 1

sleptons above 100 TeV

» no large cancelations between the

various contributions
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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

generic squark flavor violation opens up the possibility of
radiatively induced quark 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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Radiative Fermion Masses

» 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)

¢]

UR Ur
v Ur G,
"R
*.R 7|£

Wolfgang Altmannshofer (Fermilab)
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as 8 Mght
47 9 mé

1
am, = m 5(5&55.)

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

strong correlation with
“flavored EDMs”
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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
and the up-quark (C)EDM are

T T
strongly related
30[-
g
UR u. % 10~ |~
. . 2 1
v Ur u. s ~ Y
<« R _ ]
% i A o 18
Aoyg-v H 13
m; HLLLL 5L
79
H 1\ 1 I I
> assuml?g”thfat theSllJJpSc\](ulark mass 20 102 3x10t 105 3x10°
comes fully from oops
y ) P m; (TeV)
o m mz . ,
du o _; x log _g WA, Harnik, Zupan '13
ma ma
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