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SUPERSYMMETRY:

complete theoretical framework for Beyond the Standard Model

e Stabilizes Planck/weak scale hierarchy
* Origin of electroweak symmetry breaking

* Dark matter
* Gauge coupling unification
* | ow-energy limit of string theory

BUT where are the superpartners?!?

LHC: gluino: (mg > 1970 GeV)

stop: (mg > 1120 GeV)
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Predicted range for the Higgs mass
[Giudice, Strumia |108.6077]
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Minimal SUSY requireme
* Higgs mass

[Pardo Vega,Villadoro 1504.05200]

nts:

Requires ~10 TeV stops
or large A-terms
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e Supersymmetric flavor problem
_ S EF/M)3
e.g. K — K mixing : Mds < 1072 (F/M)
(10 TeV)? (10 TeV)3

Requires heavy sfermions
ﬁzm Z 100 TeV
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A possible minimal SUSY scenario:

A —T Apv~DMp

4
— m(G12) > TeV A

1 I

Big” hierarchy “Little” hierarchy (> 10)

(“split” families)
[Dimopoulos, Guidice 95;

Pomarol, Tommasini 95;
Cohen, Kaplan, Nelson 96]

m(qs), m(g) Z TeV v

 / my, ~ 125 GeV

1,2
ms

< 105) ! Yes! %‘i}

Me,p

Can sfermion mass hierarchy (ﬁL 210) be related
to fermion mass hierarchy(
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e.g- MSUGRA

150—————7—71 71T T T
Pre-LHC \
small squark
hierarchy
>
©
S
=
light sleptons
. — Universal boundary condition
0 :I | L 1 1 1 L 1 L 1 1 | L 1 1 1 )
2 4 6 8 10 12 14 16 18
Log10(QI1 GeV)
Post LHC| -
eavy sleptons L 1,2

4| Q2

large squark L3
hi h
o \ Flavor-dependent
~ boundary conditions!
v |Qs _
\ —p | Determined by
fermion masses!

' [Related ideas: Dudas, Grojean, Pokorski, Savoy *96;
1016 Nelson, Strassler '00;

4
10
Gev Badziak, Dudas, Olechowski, Pokorski ’12]
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Partial Compositeness [Kaplan 91]

SM gauge field, Higgs strongly-coupled
andmatter | o e o m - - == sector

Ay H, W, Lmiz = ArVOy + gv A" J),

O;

relative admixture controlled by dimO; \

D [1) ~iaclelementary) +iac

couples to elementary Higgs couples to supersymmetry breaking
from strong dynamics

Comlciosite>

Cases: a.>a., —¥» dim(VOyg) >4  “rrelevant’ mixing

e < a. — dim(POy) <4  “relevant’ mixing

[Similar to v — p mixing which explains p — e*e™ in QCD!]
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Example: Fermion mixing

; _ ]_ . a'n‘omalous dimension
L:d) = u,bfa#c‘?uzb ~ a1 (1/)(,)1,(, -+ hc) (dim Ofb _ § +:53
Ay 2 T

|:> ‘Cﬁf’ — iiﬁf&“aﬂw + il[}f(l)ﬁuﬁuw(l) 4 Z'wfc(l)ﬁua“wc(l)

Arr < Apv _&f_j}m (wwc(l) +he) - m,(;,l) (w(l)wc(l) +he) «— [
Depends on 9 W__J (1) 5
= Gy IR

- -
= s

B> ) =Ny {|w> —.;"%w“)};}

~~~~~
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Explains the fermion mass hierarchy:

myg ~ )\L)\RU

dimOL,R—é
AR ) 2

where \p p ~ (A
UV

* Light fermions are mostly composite!

3
|::> g < dim Op g < g (or 0<épr<1) (dimOpp= 5 T OL.R)

* Top quark is elementary

E> dim 0L.R>g (OI' 5L,R> 1)
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Supersymmetry breaking

Assume strong sector breaks supersymmetry: X = 00Fx

GAUGINO:

linear supermultiplet D2J = D27 =0

L

1 ‘ Y
Ly = (1 [I.ﬂ[/’a{f{/’a]p + h,c.) + 2y [V'lj]b

-

1
|:> |/\0> ~ Ny |/\> - ) - ) |)\(1)> <4— partially composite gaugino
g1 /2 log (3)

(1)2

SUSY breaking mass: %% ([XWeDWN]  + h.c.)
F
B> M, ~ g%~
— AIR

4D gauge coupling
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SFERMION:

Ly = [DT0] + | + h.c.) (dim O° =1+ §)
Uuv
» |do) ~ Ng { |d) — |(,‘b(1)) «4—— partially composite
)\/ zj\\:z; 2(1 6) sfermion
98 a 2|Fx|
SUSY breaking: 54 [(XTxeWieW] | = ¢gy) as(‘”qb“)
IR
— 5— 2
(6C ). (X\IR )2( l)f Ii"" 0>1 Hierarchical
» m? ~ v , tH sfermion
(1- 5)5 IFxl 0<s<1 masses!
g2
However for sufficiently large 9 om? ~ 16;2 Mfz i.e. radiative corrections dominate

log (4—’_Tlog Auy )
Critical value (6m* ~ m?) 5t~ 1+ 9i (Am)
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GRAVITINO:
1 W

— T2 ¢p [(7”, 5'0] d)u + h.c. W = constant superpotential

112

Fyx
» m3/22§3\/§M
p

HIGGSINO: [Kim, Nilles 84]

_ _fu e
Wiy = y-S"HHe - >

12

2 N . oW
where |FX| 672 — 3m—

K f?
~ S) ~
H 2Mp where ( ) f
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Sfermion mass hierarchy:

Me KV I:> “relevant” mixing (0 < Jd. < 1) =  “composite” electron

m¢ ~ U I:> ‘irelevant” mixing (6 > 1) = “elementary” top quark

- 1—6, [ A 2" - -
Yukawa couplings at IR scale: Ye o e ( IR ) Partial compositeness
Yt 6t —1 AW conIing hierarchy!
2(1-6¢)
1-6. [ A *
m2 |5t (e ) % <Of
2 p—
: " | (1-5,) log? (Aﬁ) 5y > &
Partial compositeness predicts ;21‘;2;2;“ |
inverted sfermion mass hierarchy! G5 T electron
¥ -
-
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Anomalous dimension contours

[Buyukdag, TG, Miller: 1812.12388]
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Partially Composite Spectrum

[Buyukdag, TG, Miller: 1811.12388]

6 _ _ 6
10 i E ] 10
u
10° - . d 110°
L -0 b,T
10* - XX H,T 110*
10° i i 103
= 2 ¢ h 2
< 10°[ w,Z 110
)
S d
u
107°0 . 11073
1074 | 11077
1072 - 1107°
107° - G 110-¢
Fermions Bosons

15 Gherghetta_Warsaw - 12 October 2019



To model strong dynamics use AdS/CFT:
Partial D Localization in
Compca)lstit?aness 0 ’ a s(ljig(aal ofa;\gs

5D MOdEl - ds® = 6_2k|y|77m, dz" dx¥ + dy2 = gMN dz™ dz¥  (k=AdS curvature)

UV Brane IR Brane

~(0)
N w3, b

Hu:Hd X

A;(JO) , A(O)

. . . . . . . . . . . . . . . . . . -
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Fermion mass hierarchy: o

UV brane localized Higgs
=

fg:/fmJ_Y”[zm#y)ﬂmﬂw+hc](#w@)E/dx[% D (@) v () Ha") + he+ -]

1 1
_y® FO gy FO ) = v 3 — GL 2 TGR ~ bulk
» Yij = }/" f ( )f ( ) o Yij k\/e2(%—ciL)7fkR _ 1\/82(%+01R)7fk3 1 o p:rameatseis

Yukawa coupling contours

AIR =2 X 1016 GeV
tanf =3
Yk =1

CL
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Supersymmetry breaking

IR brane spurion superfield: X = 00 F'y |:> SUSY breaking scale:

Gaugino masses:

X = singlet / &z /=g / 20 [ Wealye 4+ h.c.] 5(y — 7R)
2 Auvk

4D gauge coupling

¢k F " ,F
» M)‘ ~ =
2k R A[R AIR

S

X = non singlet

1 XtX
/d"m/_/d“O[Q T @ L He|d(y—R)

2L F2 FZ
» M, ~ <4— Extra suppression A_%R

—

18

F = FX6—27T/<:R

F
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Gravitino mass:

[ 277 | 1t otV + he |00

» m F here |F|* ~ 3|W|2 f ishi logical constant
3/9 ~ where =~ or vanisning cosmological constan
/ V3Mp Mp

Sfermion masses:

/dsx \/—g/d4 (y —7mR)
1\1/2 F' izomkr 1
(fc—35)"* —e'zT Tc> 5
tree Ar Flavor-dependent
My, r = . F ) masses
(§:FC)1/2E :tC<§
S —  —

L 1
Matches partial composite result using AdS/CFT dictionary: 6; = |c; £ 5]
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One-loop sfermion radiative corrections

[Buyukdag, TG, Miller: 1811.12388]

mf;fe

100 TeV & (bmg)gs 1 Ap = 2 X 10 GeV.,
- (Am?t)gz i ]

- VF = 4.75%10%° GeV

(Bme,),, /(V(®))? _
10Te - (8me,)o,/¥(9)Y(9) — | tanf=3

1TeV ¢ .
100 Gev 1 1 1 1 1 " 1 1 1 1 1 1 1 1\1 ]
—2 —1 1 2 3
<€— IR localized UV localized —p

cL(—cgr)

I:> UV localized sfermions dominated by radiative corrections
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nggs Sector: Soft terms generated at one-loop (since Higgs is UV localized)

16m°my; = GnggMg

5 g [ ug i Qi 5
167°mi;, = 61 g M3 + 6 M? —6Tr [TH 2 (m% + mz)]
Hy — 92 5 glgl ydiydi Q; d;
3
—2Tr [riiygi (m%i + m%—i)] + gngs,

6
16m°b = —p (6 2,93 Ma + g’"ggngl) ;

EWSB:  mi, +[ul* —beot f — (g2 + g2 cos 26 =0

1
my, + |pu[> —btan B + g(gf + g5)v? cos 28 =0
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One-loop Higgs soft mass radiative corrections

[Buyukdag, TG, Miller: 1811.12388]

100Tevf © 7 T T T T T T
: (Amy)g, :
(Bmp)g, -

10Tev - oY) S // AR = 2x 10 GeV,

: VF = 4.75x10'° GeV

tan g = 3.

1TeV | E
100 GeV & ! : N
-2 1 2 3

<4— IR localized UV localized —p
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Charge and Color breaking minima

Sfermions can receive negative mass-squared corrections from:

e Weak hypercharge D-term

SR (6) Te [Y (d)m3, ] =

5 Q%Y(QI%)S

2
167%(B3 J1o0p

Tl o

2 2 2 2 2 2 2
where S =mpy —my, +Tr [ma2 —my —2mg +m3y + 1115]

® Bulk D-term (and Yukawa couplings)
13
sr25Y
2 D

where AS—ZY r¢,m¢,—T1[rg é 2r m -I-r md—er + 7z m2]

(Amg,i)p i gng(éi) Z Y(9;) (H%)ij = - 2Y((b"z) As

® 2-loop gauge boson (Arkani-Hamed, Murayama '97]
(167%)?(Bm2 )2100p D 4 _ ga Ca(R
]‘ y ’ y 2 2 2 2 2
where o, = E (3771%1u + 3mf,d +Tr [mi + 3m; + 8mg + 2mj3 + 6mg ]) ,
oy =my +my, +Tr [3m~ + mi] :

o3 ="Tr [2111"(3 +m2 + ma] :
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Phenomenological constraints

e Higgs mass myp, ~ 125 GeV

e Supersymmetric flavor problem my.2 2, 100 TeV

e Gauge coupling unification | ~ My < 100 TeV

e Gravitino Dark Matter mgs 2 O(1) keV

mJ

e Charge and color breaking minima m= > 0

N

> constrains \/f7 Ar

24
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]0]2

Parameter space constraints (singlet X spurion)

[Buyukdag, TG, Miller: 1811.12388]

10" |

]010 B

VF [GeV]

1|

1]

10°

AR [GeV]

25

Gherghetta_Warsaw - 12 October 2019



Parameter space constraints (non-singlet X spurion)

[Buyukdag, TG, Miller: 1811.12388]
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Two benchmark scenarios

A B

A 2 x 10! GeV 6.5 x 10° GeV
VF 475 x 1019 GeV 2 x 10° GeV

tan 3 ~3 ~5

sign [ —1 —1

YOk 1 1
Spurion singlet non-singlet
M (ARr) 52.9 TeV 14.60 TeV
M;(AR) 50.7 TeV 22.9 TeV
Ms5(Ar) 49.85 TeV 38.94 TeV

ms /o 535 GeV 1 keV

27
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Superpal”tnel‘ SPGCtI'U.m [Buyukdag, TG, Miller: 1811.12388

hatched: singlet X
solid: nonsinglet X

H® HE A°

o

N

%X

70
60

\

50
40

30

20

10

|

T

T T T TTTrTTrTTTT

-0
X2

I I R B N

1

Mg /mgl ~ 3 (18) Mg /m;l ~ 13 (35) for singlet (non-singlet)
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Charged Lepton Flavor Violation

50,000
A (TeV) |

10,000

5,000 |

1,000 |

Mu2e

experiment

500 |

| excluded
MEG

0 0.1

(,U — 6’)/) dipole

term

-13
" CR(uN—eN onAu) <6x10"

CR(puN—eN on Al) <6xlO-l8 |

.........
-
-

all 90% CL |

1 10 100

Y

contact
term (,LL — 6)

29

»Csoft D) m?g ¢j§b3
—~—
not (flavor) diagonal » CLFV!

Current limits:
BR(p" —ety) <5.7x 107" [MEG 2013]
BR(/.L Au—e Au) <7x10"13 [SINDRUM-II 2006]

[compared to capture rate ;=N — v, N']

BR(p Al = e Al) ~ 10717

~ 10* improvement! %Gi)

e Mu2e will probe values:
2000 TeV < A < 10000 TeV
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IIR/ X é-\R | 1 392 9
/ ::> 2 271/2 ep
[P =iP PN
vvvvv Am?
where 0., ~ 2—6“
MSUSY

| Am? m ’
Mu2e | A ~ 2000 TeV :> = 3 (100 TeV)

Partially-Composite Supersymmetry:

~ 2 : : -
Can relate Ameﬂ to fermion mass hierarchy — much more predictive!

IR
M2~ A1 )2 [in preparation]
i
AN 1
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100

30

excluded by
p-e in An

Wy AW
AP WA S
BR(u—¢ in Al)

Altmannshofér et al 1308.3653]

im gl = |m | = |u| =5TeV

1 1L & 1111 11 I L1 LRI

10 30 10% 3x102
mj (TeV)

103

31

Anarchic sfermion mass matrix:

1 1 1

1 1 1

1 1 1

Mu2e can probe
O(300 TeV) sleptons!

Partially Composite

Supersymmetry: [in preparation]
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Summary

® Partial compositeness relates fermion and
sfermion mass spectrum

--- Higgs/top quark = elementary
--- First two generations = partly composite
--- Hierarchies arise from order one anomalous dimensions

® Predicts inverted sfermion spectrum

--- 20(65) TeV < mz, <27(80) TeV  or 150(250) TeV < mg, < 180(330) TeV
--- gravitino = dark matter
--- long-lived (stau or neutralino) NLSP decay

® Sfermion flavor structure leads to specific flavor-

violation processes (e.g Mu2e) or EDM
--- work in progress
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