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» Science explains correlation

Naturalness: correlation between weak scale and A

Theory does not explain correlation, counter terms

Symmetries like (SUSY) explain correlation
Dynamics relaxion field explain correlation
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» Science explains correlation

» Many correlations unknown

0]
<
Ros 10
o

Q&

0
Quantum Gravity !
W
0% 09\

/
o,/;

O;
Acc

;\o
Os

Grand Umﬁﬁseﬁ%

40
&

&

X

it
v

DA



» Science explains correlation

» Many correlations unknown

» Good BSM explains more than one observable
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» SUSY enforces relationships among parameters

mf = m2
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» SUSY enforces relationships among parameters
» Experiment tells us SUSY must be broken
— If breaking too large — unnatural
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» SUSY enforces relationships among parameters

» Experiment tells us SUSY must be broken
» Not perfect but not so bad?

2 >
— Apg ~ Mgysy /M7

CMS Preliminary
Is =13TeV
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» SUSY has many dark matter candidates
— Some are ruled out

Red: LUX(SI), Green: LUX(SD), Orange: (XENON1T), Yellow: (LZ)

Badziak, Olechowski,

Szczerbiak
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» SUSY has many dark matter candidates
— Some are ruled out

» Stop/Gluino coannihilation still viable

Ag/my = 275, tan = 20,
M;, = 10° GeV s
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Three Triumphs of SUSY: Dark Matter

SUSY has many dark matter candidates
— Some are ruled out
Stop/Gluino coannihilation still viable

tan f =3,y,2=0.15 tan B =3,y,2=0.15 o
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» Gauge couplings unify well in SUSY
» Quality of unification depends on p, m;

_ 1
g, 2(mz) = g5 *(Mgur) + 8.2 (ﬂSM, In (

mz ) 1
+ —
Meur 3

Maur )
Nz + 3N In (7
( 2 10 ) Msusy
M, M,
+ By In (ﬂ) + By In (ﬂ))
© mj
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» Gauge couplings unify well in SUSY
» Quality of unification depends on p, m;

_ 1
g, 2(mz) = g5 *(Mgur) + 8.2 (ﬂSM, In (

M’Z;) + % (INg8NRg) ) 1n (M>
+ Burn (M8 ) 4 B In (X

Msusy
GuT ) )
mj
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» Gauge couplings unify well in SUSY

— Quality of unification depends on pu, m;
CMSSM with my = 20 TeV

Gauge Coupling Unification
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» Gauge couplings unify well in SUSY
» Quality of unification depends on p, m;

— CMSSM with my = 20 TeV vs my = 200 TeV

Gauge Coupling Unification

Gauge Coupling Unification
3
- Susy ar
~ 922
95"

S

10% 10° 10° 10%° 102 104 10¢ 10?2 10% 106
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» Minimal Supersymmetric SU(5)
V=10>Q, ,U,E ®=5>5LD (andlD>N)

1
= MzTrzz +

6)\’Tr23 + pyHH + N\HZH

«a 6 «a v
+ (h10)/'j €aprocV 6“’7 H + (h§)ijwi Bq)/aHﬁ ’
— 1

+(m)iH" ®iaN; + 5 MNiN;
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» Minimal Supersymmetric SU(5)

» Threshold corrections — unification of couplings

3 _ P B 1 _ 3 In (MGUT)
G (Maur)  G5(Maur) g5 (Maur) 1072 "\ M,
) _ 3 _ 2 _ _i In( Mgur )
92(Maur)  g5(Meur)  93(Maur) 272 T\ (MB M) 3
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» Minimal Supersymmetric SU(5)
» Threshold corrections — unification of couplings

3

— SUSY breaking determines/constraints My, Mx, Ms
2
92(Mgur)

’
95(Maur)  g%(Maur)

— _ 3 n( Meur
1072 MHC
5 3

2
EMaur)  E(Meur)  92(Maur)
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» Minimal Supersymmetric SU(5)
» Threshold corrections — unification of couplings

— SUSY breaking determines/constraints My, Mx, Ms

2 1
3 _ _ — __8_ Mgur
Blkgur) O 95(Maur)  g2(Maur) 1or2 ln( Mt )
5 3 2
9i(Maur)  g5(Maur) 95 (Meur)

_ _ .9 Maur
- 272 In((
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» Minimal Supersymmetric SU(5)
» Threshold corrections — unification of couplings
— SUSY breaking determines/constraints My, Mx, Ms
» Color Higgs — B, L violating interactions
— This leads to nucleon decay
Llg

cl / o0 H(QQA)(QuL) + C / o6 U;E;UxD, + h.c.
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» Minimal Supersymmetric SU(5)
» Threshold corrections — unification of couplings

— SUSY breaking determines/constraints My, Mx, Ms
» Color Higgs — B, L violating interactions

— This leads to nucleon decay
£[8B=1 — i / o0 H(QQA)(QuL) + C / o260 U,E;UyD) + hec.

» Proton decay determined My, and so constrains SUSY
- 1 o0, sii \ys 5l ikl iy
Ci = "M, fi'e'?ist Vg Clp = _M%,cfiu Vj Vigtfe™ "o

C
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» Murayama and Pierce claim minimal SU(5) excluded
— Non-minimal models neededpierce Murayama)

Proton Partial Lifetime in units of 10 2 years

a
it
v

a
it

DA



» Murayama and Pierce claim minimal SU(5) excluded
— Non-minimal models needed rierce Murayama)
m; = 1TeV m; = 10TeV

f3 2,3

u € (100,1000)GeV

M. € (100,400)GeV

Proton Partial Lifetime in units of 10 2 years
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» Amplitudes for proton decay

A(p — K*;) = Cru(usdvi)(K*|(us)ad.|p)

+Chru(udsv;) (K™ |(ud)ast|p) \O/
I' \\
) (

Q1 (Lr)

+Cui(usdv)(K*|(us).aLlp)

+CLL(UdSV«')<K+\(Ud)LSL|P>

mgVigVis

s, (dr)

2 . .
Cpp ~ 205 mgmpMp Vi, Vig Vise'®3 (1 1 l(9a—03) Me Ved VCS)
X > 2 ul
/ —— \ sin23 mWMHcMSUSY

2
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» Amplitudes for proton decay

A(p — K+I7,') = CHL(USdl//)<K+|(US)HdL|p> Qu Qu (L)

Gl

JrC,qL(U(IJ'SI/,')</‘(+|(UC/),1:;SL‘,O>
—|—CLL(usdz/;)(K+|(us)LdL|p> QL N Lt (Qr)
I’/ \\\

+Cu(udsvi) (K™ |(ud)st|p) /eﬁe.*ﬂe\
W 1%
“ QL L

» Respective 7(p — Kv) for ¢p3 =0
— 7(p— Kv) > 6.6 x 1033 yr

2 2
My ~33x10% yr Mg (Msusv>4 3.5 TeV
v 7 x 1016 Gev 11 TeV M,

2
M ~2.8x10% yr Mg QMSUSY)“ (12“\/}2
h = 7 x 1016GeV |« M TeE, L) E 9DaC

L (Qr)




» Large soft masses will help

» PGM/mini-split models give sufficient suppression
— Strong Moduli Stabilization

(£) Fz
Mp <1

Mp ms 2
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» Large soft masses will help

» PGM/mini-split models give sufficient suppression
— Strong Moduli Stabilization

— Z not a singlet suppressed in gauge kinetic function

<Z> n—1
= MF, — My~ VP M3 o < M3/
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» Large soft masses will help

» PGM/mini-split models give sufficient suppression
— Strong Moduli Stabilization

— Z not a singlet suppressed in gauge kinetic function
— Gauginos are generated by anomalies

by = (—33/5,-1,3)
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» Large soft masses will help
» PGM/mini-split models give sufficient suppression
— Strong Moduli Stabilization

— Z not a singlet suppressed in gauge kinetic function
— Gauginos are generated by anomalies
— A-terms are also suppressed
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» Large soft masses will help

» PGM/mini-split models give sufficient suppression
— Strong Moduli Stabilization
— Z not a singlet suppressed in gauge kinetic function
Gauginos are generated by anomalies
A-terms are also suppressed
— Scalar masses the same as mMSUGRA

Moy = M3
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» Large soft masses will help

» PGM/mini-split models give sufficient suppression
m;=mgp M= p3imy,  Ay=0

My, =60 TeV
My, = 200 TeV

(p ~ )
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» Large soft masses will help

» PGM/mini-split models give sufficient suppression
— mg» < 400 TeV, DM not viable

300
my; (TeV)
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» What about CMSSM like models?

— MSUSY is low

My
31
Ty ~ 10 yr< ¢

2 (Msusy>4 3.5 Tev
7 x 1016 GeV

2

31
1 Tev My ) f ~ 10 yr(
» Contributions can add destructively

MHC

2 (MSUSV>4 (12T5V
7 x 1016 GeV

2
11 TeVv w )
A(p — K" ;) = Cry(usdv;)(K"|(us)pdL|p) + Cru(udsv;)(K™|(ud)gsL|p)

+Cy (usdv;)(K*|(us),dL|p) + Cpi(udsv;) (K™ |(ud).s.|p)
20[% mtmng

Cr~ — 56 T2 M
sin 23 my, My,

- Vi,V Vjse'®3 (1 + el(®2—93)
Msysy

2
CpL ~ —

Mme Vg Vcs)
mtVig Vis
v
a mmgmep i
: 22 . t T2 Vis Vg Vise i(p2+3)
sin© 203 mWMHCMSUSY
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» Significant suppression afforded by phases
— Misalignment of decay to different generations limits suppression

Higgsino =-=---=
wino

7(p — K*v) [years]
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» Significant suppression afforded by phases

— Misalignment of decay to different generations limits suppression
» Suppression not so tuned in phase

» Other nucleon lifetimes also enhanced
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CMSSM with Phase Suppressed Proton Decay

Phase Suppression sulfficient for viable dark matter

tanfp =5,A0=0,u<0 tan =6,A9=-4.2my, u<0

z
S
g

E 10
my, (TeV)

my, (TeV)
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» SUSY breaking mediated at some scale M, > Mgyt
— Parameters at M;, for CMSSM
mo m; o tan 3 Ao sgn(mu)

«O0>» €«F P> « > «

DA



» SUSY breaking mediated at some scale M, > Mgyt

— Some matching conditions have consequences
3A\VA  6A
B=By+—"——+_~
o A

[(AN — By)(2By — Ay + A) — mg] —  Avzem
3 2 1 3 Q
_ _ =_ n-—— - My ~ 10"%GeV
Q) KQ g¢(Q 1072 <MHC> c
5. 3 2 3
gQ) Q) g

2

03
=—02 3 In 5
2(Q) 2 M2 Ms

1
2\,
& MHC:)\</\/Q§> (MXMZ)
Ao N &

N~

[XTEN

—

Proton Decays too Quickly
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» SUSY breaking mediated at some scale M, > Mgyt

— Some matching conditions have consequences
» Add higher dimensional operators

Ag _ C
Wi = Vi Tr [EWW]

— Alters matching condition — My, Free
3 2 1 3
%(Q) g(Q) g

@ 96¢cV
2@~ 10m2 " () -

Mp
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Super-GUT Models

SUSY breaking mediated at some scale M, > Mgyr

— Some matching conditions have consequences
Add higher dimensional operators

Super-GUT CMSSM versus CMSSM (A = 0.6, ) = 10~%)

tan § =6,A9=-4.2mg, x <0

m, (TeV)

my;, (TeV)




» Neutrino seemingly benign interactions
— Leptongenesis is viable

o 1
W5 = (h1 )’!H q)/al\/j' + EMUNIIV/
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» Neutrino seemingly benign interactions

o 1
= (h1 )’!H (D,'al\lj + EMIJN,N/
» Physical degrees of freedom in the Yukawa'’s
— We will assume Mg = §;Mg,
fi =feiey =1V

v _ gV oleg [ *
fi = eralj

(Mg); = €' Wi (MB)xe®®vx Wy e'#"i
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» Neutrino seemingly benign interactions

e 1
= (h1),]H (D,'al\/j +

EM,-,-N,-N/-
» Physical degrees of freedom in the Yukawa’s

— We will assume Mg = ;Mg
fi =flevus; £ =1V}

=y
(Mg)j = €°"i Wi (MR)x€* %k Wye'#i

» PMNS has large CP violation and large flavor mixing

sin® 012 = 0.297, sin®fo3 = 0.425, sin®03 = 0.0214, &cp = 1.387
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» Beta function of ®;, H affected by hy (N; GUT Yukawa)

~_ 1

872

— Leading-log approximation for affected soft masses
(m3);

[ 115(3m8 + A)In i (i )
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» Beta function of ®;, H affected by hy

» Mixing in down-squark soft masses — kaon mixing

) )
(3mg + Aj) In

Hadron matrix elements:

SM op.: [FLAG average '16]
BSM ops.: [SWME collaboration *15]

Kuwamura Planck Talk
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» Beta function of ®;, H affected by hy

» Mixing in down-squark soft masses — kaon mixing

» Irreducible contributions to Kaon mixing (g = ¢g, — ¢4,)

10

15

20
mg [TeV]

25
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» Right-handed neutrino Yukawa'’s also affect leptons

— Super-GUT RG running enhances FV+CP violation
— Effect maximized for Y, ~ 1 — My, ~ 10'°
(MR~ — g S TP 1)@ + A In e (i)

)i — 872 k ik ki 0 0 (M,g)k )
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» Right-handed neutrino Yukawa'’s also affect leptons
» Generated FV+CP violation lead to eEDM’s
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» Right-handed neutrino Yukawa'’s also affect leptons
» Generated FV+CP violation lead to eEDM’s

d, 92 m: M L R
-~ 322 m 2 MO A1) 1a(AF )] (x)
2 .. 2
L (m=); R (mg);
(=57, (@f)="5%
/ /



» Right-handed neutrino Yukawa'’s also affect leptons
» Generated FV+CP violation lead to eEDM’s
» Irreducible contribution to eéEDM (84 = ¢¢, — ¢q;)
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» Super-GUT CMSSM with right-handed neutrinos

me myp Ao

tanfB sgn(u) Mn Mg X XN ¢,

@q;
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» Super-GUT CMSSM with right-handed neutrinos
— yellow: © — ey Cyan: eEDM(9.3 x 1072%) Red: ek

o
o

MEGH '

3
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]
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» Super-GUT CMSSM with right-handed neutrinos
— vyellow: © — ey Cyan: eEDM(1.1 x 10729)

Red: ek

2 4 6 8 10

12 14 16 18 20
m [TeV]

2 4 6 8 10 12

14 16 18 20
my [TeV]
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» Super-GUT CMSSM with right-handed neutrinos
» Constraints depend on (4

— Cyan: eEDM(9.3 x 10-29)

Red: ex

10 12 14 16 18 20
mg [TeV]

10 12 14 16 18
mg [TeV]
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» Super-GUT CMSSM with right-handed neutrinos
» Constraints depend on (4

— Cyan: eEDM(1.1 x 10-29)

Red: ex

6 8 10

12 14 16 18 20
mq [TeV]

6 8 10 12 14 16 18 20
mg [TeV]
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» CMSSM required Planck suppressed operators
— My, was required to be too small

3. 2 :_3In<Q>_M
95(Q) 95(Q) gi(Q 1072\ My, e
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» CMSSM required Planck suppressed operators
» PGM proton decay is suppressed by soft masses
— My, is relatively unconstrained

— No Planck Suppressed operators needed
ry ~ 107 yr( Mg

2 (Msusy>4 3.5 Tev
7 x 1016 GeV

11 TeV

2
31
M ~ 10 yr
’V’z) h y(

M 2 (’V’susv>4 <12TeV)2
7 x 1016 Gev 11 TeV m
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» CMSSM required Planck suppressed operators
» PGM proton decay is suppressed by soft masses
» PGM restricts tan 3

— soft masses larger guagino small

— Stop masses driven lighter

— More difficult to drive Higgs mass negative

«O0>» €«F P> « > «

DA



» CMSSM required Planck suppressed operators

» PGM proton decay is suppressed by soft masses
» PGM restricts tan 8

» Super-GUT RG running allows for larger tan

_ NE
Ws D AHXH — Aﬁmz = E|3 |2 (mZ +mH+mH+ |Ay] )
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» CMSSM required Planck suppressed operators
» PGM proton decay is suppressed by soft masses
» PGM restricts tan 8
» Super-GUT RG running allows for larger tan

— Wino dark matter with acceptable density

Ag=0, sgn(u)<0, xG=0.3, M;,=10'8 GeV, m3;;=1 PeV
0.2

Ao=0, sgn(p)<0, xG=0.3, M;,=10'8 GeV, m3/;=1 PeV
129

0.18
0.16
0.14

0.12

01
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» CMSSM required Planck suppressed operators

» PGM proton decay is suppressed by soft masses
» PGM restricts tan 8

» Super-GUT RG running allows for larger tan
— Wino dark matter with acceptable density
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» Supersymmetric Non-Renormalizable operators

c
wad = —

W = g TE

)\ Free Parameter
» Heavy gauge bosons can be suppressed

5 3 2 9 < M ) 5/
- - = 9, in( Meur My = S\'V
9Z(Meur)  G5(Maur)  92(Mgur) 2r *

T
(M Ms)3

» Large sfermion masses allow for large \’
— Dim-6 proton decay enhanced
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» Heavy gauge bosons violate B,L

Lo = \9/55 [ “dgxt; + e oy 1 [ h.c.]

» Amplitudes for P — me

2
Al(p — e™) = —,;“;,—} - Ay - (%|(ud)pulp)
«O0>» «Fr «E» «E>» = HaAr



» Heavy gauge bosons violate B,L
cu= & [ gx + oy + (-]

» Amplitudes for PH

2
Al(p — e™) = —,;“;,—} - Ay - (%|(ud)pulp)
«O0>» «Fr «E» «E>» = HaAr



» Heavy gauge bosons violate B,L

Ling = \9/55 [ —dEXL; + e PiQiXug, +h.c.]
» Amplitudes for PH
Al(p — e™) = —,3,—% - Ay - (n°|(ud)puLlp)
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» For lager \' Dim-6 Proton decay most important
— Dim-5 suppressed by larger sfermion masses.

Ap=0, sgn(u)>0, xG=0.3, M;,=10'8 GeV, tanp=2.1, m3; ;=1 PeV
1042 &

104 [0
10‘0

1039
°

11038
:

1037
1036
1035

1036
103
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» Planck Suppressed operators and SUSY breaking field
V4 V4
AW =
NITR nov + \/§MP¢WX

Z 2 Z
AK = k; di° + (0l
\/EMP| | V3Mp
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» Planck Suppressed operators and SUSY breaking field

Z Z
NS OV + dYUX N
VA" aMe

Z
Z a2
ki Zuap | Pl +\/§MP¢W

» Shift symmetry on Z restricts allowed operators
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» Planck Suppressed operators and SUSY breaking field
» Shift symmetry on Z restricts allowed operators

» A-terms and B-terms get corrections of order ms >
AA= (k1 + K2+ K3)Mg2 AB= (k1 + r2)Mg)2

W = po162 + yp102¢3
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» Planck Suppressed operators and SUSY breaking field
» Shift symmetry on Z restricts allowed operators
» A-terms and B-terms get corrections of order mz >

AA= (K1 + Ko+ /<¢3)m3/2 AB = (k1 + Kg)m3/2

» A and B-terms give large corrections to gaugino masses

4cg?V(Ax — Br)

9z 2

— , — — ] —_

M= G f6vz | 10Ms —10(Ay — Br) — £ By s
_g % B 12¢gi V(Ax — Br)

M, = & Ms — 162 [6Ms — 6Ay + 4Bs] — My
93 B g . B 8cgs V(Ax — Bx)
M; = & > Ms 6.2 [4Ms — 4A,/ + Bs — By] + —

«O0>» «F» «Z» « > = Q>



» Guaginos change so much that LSP changes
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» Guaginos change so much that LSP changes

» Gluino and Wino Coannihilation with Bino arises
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Science is about interrelating parameters
Supersymmetric models are still true to goals of science
Gauge couplings unify in SUSY

— Important guided for BSM
Min-SUSY SU(5) models have low-scale consequences

— Proton decay requires large soft masses
— Matching conditions prefer large A-terms

Right-handed neutrinos lead to additional constraints
— Generated mixing in mg can lead to large ek

Right-handed neutrinos also leads to additional signals
— lIrreducible FV+CPV lead to future detectable eEDM’s

Higher Dim Operators can have important Consequences
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