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Ovtline

" The early years
[°re- [980
Salam € Strathdee
Wess £ Zumino
Fayet £ Ferrara Phys Rept. 32, 249 (1977)
Fayet € Farrar Phys.Lett. 76B, 575 (1978)
R-hadrons - A\ . ~5 GeV

| . giuim‘)
freedman, van Nievwenhvizen £ Ferrara 1976
Cremmer, Julia, Scherk, van Nievwenhvizen,

Ferrara € Girardello  SuperHiggs 1978
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" [Post- 980
wWitten; Dine, Fischler £ Srednicki 1AS
Dimopovlos & Raby Stanford

Gavge-Mediated SUSY BreakKing
Fischler, Nilles, PolchinsKi, Raby & SusskKind
UMD D-term Exact at one loop
Dimopovlos, Raby & Wilczek SUSY GUTs

banez £ Ross  Radiative EWSB
Nilles £ Raby SUSY PQ symmetry
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= Solving the gavge hierarchy problem
" Lenny returns from Princeton
Witten (SUSY unbroKen at tree level: then
unbroKen to any finite order in perturbation theory)
Step one - learn supersymmetry
Fayet & Ferrara Physics Reports
. There was NO MSSM in this report
D UM £ breaking - anomalovs UMD
b  ORaifeartaigh breaking— >'(-1)" m? =0
2. Dywnamical symmetry breaking ~ LOOPs
Scalar § gavgino masses radiatively
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Witten
W UMD is embedded in 4 GUT, then D-term
Vanishes to all finite orders
Al:oui' the same time :
Dimopovlos & Raby SuperColor
SUMD . x SV x VD50 x SUIND
Safe UlDs
G4vugino condensate breaks SUSY
= Dine, Fischler £ Srednicki
§Uf33c X gDCBLX UIDY ) 4 gl)m)gmfwmmm
Quote Witten on UlDs
G4vgino condensate breaks SUSY
= witten ~ index theorem SUSY unbroKen in SUIND ¢
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wWitten
If UMD is embedded in 4 GUT, then D-term
Vanishes to all finite orders
Svugqgests high —low scale collvsion

U problem was 4 Killer for SUSY naturalness

é.

(D)ocg > e A’ atone loop D

Fischler, Nilles, Polchinski, Raby & SusskKind
U D-term exact at one loop
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Dimopovlos, Raby £ Wilczek SUSY GUTs

Dim()POﬂlOS $ Geargi Introdvce soft SUSY
breaking masses into low energy theory -AASSAA
(Girardello £ Grisarv)

banez £ Ross
2 loops

Marciano & Senjanovic

Einhorn £ Jones

b = %CZ(G)—ET(Rf)Nf (Ry)-
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Dimopovlos, Raby & Wilczek SUSY GUTs

DiMOpOﬂlOS $ Geargi Introdvce soft SUSY
breaking masses into low energy theory -AASSAA
(Girardello £ Grisarv)

banez £ Ross
2 loops

Marciano & Senjanovic

Einhorn £ Jones

b = %Cz (G)—%T(Rf)Nf (Rf )_ET(Rs)Ns(RS)

bsusy =3C,(G)-T(R,IN,(R,)
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Phys. Rev. D 198l

Supersymmetry and the scale of unification

S. Dimopoulos

Institute for Theoretical Physics, Stanford University, Stanford, California 94305,
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106,
and University of Michigan, Ann Arbor, Michigan 48109

S. Raby

~ Institute for Theoretical Physics, Stanford University, Stanford, California 94305
and Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

Frank Wilczek
Institute for Theoretical Physics, University of California, Santa Barbara, California 93106
(Received 20 April 1981)

Unified theories which are supersymmetric down to energies ~ 10°-10° GeV have been proposed as possible
solutions to the gauge-hierarchy problem. The additional particles then required have significant effects on
renormalization of coupling constants. The previous successful calculation of the weak mixing angle is only slightly
changed, but the scale of unification is moved significantly higher, into the range of the Planck mass. This may be
suggestive of an eventual unification including gravity, and markedly reduces the predicted rate of nucleon decay.



Radiative Electroweak Symmetry BreaKing

SU(2); X U(1) SYMMETRY BREAKING AS A RADIATIVE EFFECT
OF SUPERSYMMETRY BREAKING IN GUTs

Luis IBANEZ ! and Graham G. ROSS 2
Department of Theoretical Physics, Oxford OX1 INP, UK

Received 7 January 1982 Phys. Lett. B 1982

N =1 SUPERGRAVITY, THE BREAKING OF SU(2) X U(1) AND THE TOP-QUARK MASS

L.E. IBANEZ and C. LOPEZ
Departamento de Fisica Teorica, C-XI, Universidad Auténoma de Madrid, Cantoblanco, Madrid-34, Spain

Received 28 February 1983 Phys. Lett. B 1983

Spontaneously broken N=1 supergrawty mupled to grand umﬁed theones generates scrl" t terms which break explicitly the

residual global supersymmet (he Dara h : a.massscale induce radiatively the breaking of
the SU(2) X U(1) symmetry, [his is achleved fm top-quark masses 50 GeV "C mt bt 19{] GeV. For negligible (susy-breaking)

gaugino masses we give an analyuicar 10 SOUTId ON ity as 4 tu O C STgn ur the riinear scalar couplings (A4).
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Geometric Hierarchy

Witten Inverted Hierarchy i.e. generate GUT scale
from weakK scale
Dimopovlos € Raby, BanKs and K'aplunovsk
Inverted Hierarchy i.e. generate GUT scale and
wedK scale from intermediate scale
Polchinski € Susskind, Dimopovlos € Raby
SUSY bredKing decovpling theorem

2
ASUSY

soft="&¢ M

messenger



Supergravity era
Chammsedine, Arnowitt € Nath [982
Barbieri, Ferrara £ Savoy
Hall, LyKKen & Weinberg 1983
Nilles, Srednicki € Wyler

AéUSY

msoft = M Z(_l)ZJ m§ :4m§/2
PI

N

Ferrara, Girardello € Nilles 1983
gaugino condensates in SUGRA break SUSY
M e ~ <AL> /(M
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| Dynamical SUSY BreaKing

Vi4 non-perturbative contributions to
the suvperpotential

AfflecK, Dine & Seiberg 1984

Dine, Nelson & Shirman [994
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Cosmology
Dark Aatter
Pagels € Primack, Weinberg; Goldberg ~1983
Cosmological Moduli problem
Covghlan, Fischler, Kolb, Raby £ Ross 1983
Gravitino problem

NAASSAA
Nilles, Srednicki & Wyler, Frere, Jones £ Raby
1983



~ Particle Physics : A Los Alamos Primer 1984
republished in 1988 by Cambridge [Press

. ..\,I.d—\.lﬁ-

“An encouraging Teature of the theory is that low
enerqy supersymmetry can be verified in the next
ten years, possibly as early as next year with
experiments now in progress at the CERN proton-
antiproton collider. ... Hopefully, it will not be too
long before we learn whether or not the underlying
structure of the universe possesses this elegant,
highly uvnifying symmetry.”
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LEP? CERN
1991

16



N =1 SUPERGRAVITY, THE BREAKING OF SU(2) X U(1) AND THE TOP-QUARK MASS

L.E. IBANEZ and C. LOPEZ
Departamento de Fisica Teorica, C-XI, Universidad Auténoma de Madrid, Cantoblanco, Madrid-34, Spain

Received 28 February 1983

Spontaneously broken N =1 supergravity coupled to grand unified theories generates soft terms which break explicitly the
residual global supersymmetry. These soft terms characterized by the gravitino mass scale induce radiatively the breaking of
the SU(2) X U(1) symmetry. This is achieved for top-quark masses 50 GeV < m, < 190 GeV. For negligible (susy-breaking)
gaugino masses we give an analytical lower bound on my as a function of the strength of the trilinear scalar couplings (4).

Top quarK discovered 1995  fermilab

SUSY on 2 ROLL
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S Park for CDF 1995

Ft=53 GeV

FIG. 10. A zoo event (run 68739 / event 257646) with 2 electrons, 2 photons and large .

Low Energy GANSB

Dimopovlos, Dine, Raby, Thomas 1996
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Higgs physics at LEPP-2
Higgs working group
A Carena and PN Zerwas, convenors (996
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Figure 17: Upper limit on the mass of the lightest neutral Higgs boson mass my as a function
of tan 3 for zero miring (dashed line) and for the mazrimal vmpact of mixing in the stop sector

(solid line); Mg =1 TeV.
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Naturalness of supersymmetric models

Moriond 1999
Alessandro Strumia

Dipartimento di Fisica, Universita di Pisa

ed INFN, sezione di Pisa, I-56126 Pisa, [talia

After presenting a simple procedure for testing naturalness (similar to
Bayesian inference and not more subjective than it) we show that LEP2
experiments pose a naturalness problem for ‘conventional’ supersymmet-
ric models. About 95% of the parameter space of minimal supergravity
MSSM is excluded by LEP2 experiments. Moreover in this model elec-

m,, ‘AO‘ ‘I\/Il,z‘, ‘,uo‘, ‘Bo‘z(random#o- 1) Mgy

Density of points proportional to I/FT
and tan (O
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Haggling over the Fine-Tuning Price of LEPP
ChankowsKi, Ellis, Olechowski & Pokorski 1999

For now, however, let us summarize our discussion of naturalness constraints with the
following quote from (Chankowski et al 1999), “We re-emphasize that naturalness is [a]
subjective criterion, based on physical intuition rather than mathematical rigour. Nevertheless,
it may serve as an important guideline that offers some discrimination between different
theoretical models and assumptions. As such. it may indicate which domains of parameter
space are to be preferred. However, one should be very careful in using it to set any absolute
upper bounds on the spectrum. We think it safer to use relative naturalness to compare different
scenarios, as we have done in this paper.” As these authors discuss in their paper, in some cases

the amount of fine-tuning can be decreased dramatically if one assumes some linear relations
between GUT scale parameters. These relations may be due to some, yet unknown, theoretical
relations coming from the fundamental physics of SUSY breaking, such as string theory.
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Despera'!'e y seeking SUSY 0P 2004

“Assuming SUSY particles are observed at the LHC, then the fun has
just bequn. M will take many years to prove that it is really
supersymmtry. Assuming SUSY is established, a2 SUSY desert from
fM_Z to M_G (or AA_N) becomes highly likely. Thus precision
measvrements at the LHC or a Linear Collider will probe the boundary
conditions at the very largest and fundamental scales of nature.
With the additional observation of proton decay and/or precise GUT
relations for sparticle masses, GUTs can be confirmed. Hence with
experiments at TeV scale accelerators or in underground detectors
for proton decay, nevtrino oscillations or dark matter, the
Ffundamental superstring physics can be probed. [Perhaps then we may
finally understand who ordered three Tamilies. It is thus no wonder
why the elementary particle physics community is desperately seeking
SUSY”
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Higgs

at the LHC

Counsistent with SUSY bounds

Measured from yy and ZZ*(41) mass spectra: needed to predict oxBR
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ATLAS SUSY Searches” - 95% CL Lower Limits ATLAS Internal
Status: March 2017 V5=7,8,13TeV
Mode! GmTY Jets EY™ [Lann) Y i=iaTev Reference
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Gluino mass M3 in GeV
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Is SUSY well?

No
Giving up naturalness maybe better than giving up the rest




What can the Higgs tell us?

Dimopovlos - Strings 2012
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Waiting since 1981 = Unification 22

MZ ( MGUT “Natoral”
Explains Charge Quantization and family stroctore
Predicts Gavge Couvpling Unification

Predicts YuKawa Coupling Unification

+ Family Symmetry = Hierarchy of Fermion Alasses
Nevtrino Masses via See - Saw scale ~ 0721072/,
LS = Dark Matter Candidate

Baryogenesis via Leptogenesis

SUSY Desert > LHC experiments probe physics A

planck

10 SUSY GUT s are natural extension of the S

.

SUSY GUTs = AASSAM in Strings
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Simple Theory maKes many predictions

" Pati-Salam 3 family model

with D, family symmetry £ Z; symmetry
= YuKawa Unification = 3™ family only
= Global 2 fits € predictions
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YuKawa Unification

A 16_10 16,

~ Universal Gauvgino

Viasses
Fit t.b,tav requires

Ay = —=2M My, = \/§m16

m,. > few TeV  u, M, << m,

tan /= 50

R . ——




Summary
First order resvlts
Third Tamily only

Universal scalar masses ? 10 TeV
Third family scalars much lighter
Light Higgs is SM-like
Glvinos want to be light



Wps =AQa H Q5+ Q, H FC+ F, H Q°

7 E"T‘I}CL {E;r:n (::)ﬂ
+FS | Mp FS+15 — Q5415 — Q + A Q. +0 9+ — QF
(F A M )

- ba Fo 8,
+F,\Mr F,4+15 = Q3+15 — Q,+A Q@,+6' @, — = Q,
(F “ar T Qut &L ﬂ[g)

{Q,, Q. F.}=(4211), {Q¢ Q, F3=(4,211)
6., 0., B,, {éa, 9'} flavon fields

a=12 D, family index
M. ocl+aX+pBY, (15)cB-L

~)

0, 0’ terms added (real), «, f now complex
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Global y* analysis

Sector Input Parameters No.
Gauge ac, Mo, e 3
SUSY (GUT scale) mig, Mo, Ao, mu,, mu, a
Yukawa Textures XeEe falB i ri Der, Oy Oy O | 13
Neutrino Mp,, Mgp,, Mg, 3
SUSY (EW Scale) tan 3, u 2
Total 26

26 parameters at GUT scale

51 Observables in y? function
Poh, Raby and Wang arXiv:{703.09309 *



mig/ LeV 20) 25
M;/TeV | 1.90 | 1.90
gx" 0.000 | 0.000
axs 0.002 | 0.001
axs 0.005 | 0.007
axy 0.002 | 0.004
thy 0.234 | 0.186
thy 0.274 | 0.322
ty" 0.019 | 0.023
ttyo 0.054 | 0.039
tixo 0.113 | 0.105
ttx 0.007 | 0.106
% 0.010 | 0.011
b5 0.064 | 0.054
by S 0.082 | 0.082
Bby 0.044 | 0.05¢

NOT simplified model

Compare to ATLAS £
CAS data
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ATLAS - CONF - 2016 - 52

Nk — 0, N*¥ > 8, N,_,,, 23, p* >30GeV, E™ >400GeV,

b—je
Agnd >0.4rad, my k* >80GeV, my >2000 GeV, M7 > 200 GeV
R __ SR-Gtt-0L-A |
— Ny
S

I\/Ié >1.9 TeV

=]

[ |

I
s

Ll

Number of Events Passing All Cuts
[t

TiE—



M/ TeV

1.20

1.28

15

20
M1 r-'r'-[b"lr"-

1.36

L1

1.52

x*/dof

160

1.68
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Benchmark pomt with mg = 20.0 TeV, M; = 2.00 TeV

Sector Input Param. Best Fit Sector Input Param. | Best Fit

l/aq 26.0 A 0.617

Gauge Mg /10" GeV 2.25 Ae 0.0326

€z/% -1.68 AE 0.0100

myg/ leV 20.0 A€ -0.00300

my 1o/ GeV G660 AE 0.00201

SUSY (GUT scale) | Ag/TeV -40.6 0 0.138
(Mg, /Mg 32 1.95 Yukawa Textures | 3 0.0277

(mu, /mig)® 1.61 @' /10— 5.03

Mg, /10° GeV 4.62 r’;*..,-“'lﬂ"'_’ 2.02

Neutrino Mg, /101 GeV 8.32 @ frad 0.277
Mg, /1013 GeV 4.71 @ /Tad 3.41

. o tan 3 50.4 @n/Tad 0.963
RUBY AW E0e) | oy 630 da/rad -1.26
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Benchmark point with mg = 20.0TeV, M = 2.00 TeV

Observable Fit Exp. Pull i

Mz /GeV 01.1876 DLI876 | (LODOO 0.4514
My /GeV 80.4734 80.3850 | 0.2238 0.3949
1/ctem 1373435 | 137.0360 | 04478 0.G86T
G /1075 GeV 2 1.1761 11664 | 08264 0.0118
g (M z) 0.1177 01181 | 0470 0.0005
M, /GeV 174.0078 | 173.2100 | 0.4161 21338
gy ) [ GeV 4.3264 4.1850 1.0388 0.1362
m, /Mev 17T76.0100 | 1776.8600 [ 00428 | 19.8568
(Mp — M.}/ GeV 3.3028 34500 | 04008 0.3592
m.{m.}/GeV 1.2685 12700 | 0.0442 0.0332
mg(2 GeV) /Mev T.T602 QR.0000 | 0.0393 6.0087
m,/my(2GeV) 185602 19.5000 | 0.3843 2.0519
Q 21.5785 23.0000 | 0.6256 22725
my, (2 GeV}/MeV 2 GRE0 23000 | 0.7758 0.5002
my(2 GeV) /MeV 5.2646 4.7500) 1.1417 0.4508
My /MeV 105.2131 105.6584 | 0.2053 2.1690
M. /MeV 0.5108 0.5110 | 0.027F 0.0057
|Vaal (.9745 0.9742 | 0.0622 0.0045
| Vs | 0.2245 0.2248 | 0.2615 0.0013
|Vos | f10—2 3.0004 41300 | 0.2305 0.6056
| Ve 0.2244 0.2200 | 0.8509 0.0051
|Ves | (.9735 0.9950 1.2853 0.0167
[Ves|/1073 44.1574 40,7500 1.4038 24272
|Vea] /1073 T.OR08 B.2000 | 03378 0.G222
[Vl /1072 43.6115 40,0000 1.2691 2 B458
|Vis| IRGLEE 10090 | 03179 0.0314
sin 23 (.6922 0.6010 | 0.0672 0.0173
e /1023 2.0225 2.2330 1.0379 0.2028
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AMp, [AMg, 13.7260 | 348470 [ 10037 | 8.8463
AM g, /10-1° MeV 2.0005 33540 | 07802 [ 0.5812
mZ, /1075 eV 7.3484 73750 | 0.0638 | 0.4044
m2, /103 eV 2 5006 95000 | 00726 [ 01323
sin? f1 0.2060 0.2075 | 00915  0.0166
sin? flaa 0.4410 0.4435 | 00599 [ 0.0266
sin? 0.0217 0.0215 | 01403 [ 0.0010
My /GeV 19927075 | 125.0000 | 04854 | 4.7225
BR(b — =1)/10-® 2000500 | 332.0000 | 0.2243 | 142.0017
BR(B, — utu~)/10~° 5.1836 2.0500 | 1.6808 [ 1.3280
BR(By — ptpu—)/10-9 0.1293 0.4000 | 1.8934 [  0.1593
BR(B — 71)/107° 06.4050 | 106.0000 | 0.1822 [ 52.1761
BR(B — K" gt hicpcagas [1077 0.5456 0.3400 | 0.3567 5765
BR(B — K*u* )14 8¢ 0210 geve/ 1077 0.7904 0.5600 | 01531 |  1.5085
@ (Apg(B — K*ut u))/GeV? 3.8400 40000 | 07921 [ 1.3265
Fr(B = K*ptp ) cpcagen 0.7522 0.6500 | 02017 [ 0.3503
By (s Kt d inmctn s 0.3514 0.3300 | 00725 [ 02052
Py(B - K0t i) cpcagevs 0.0670 0.3300 | 1.4536 [ 0.1803
Po(B = K*ptp )1 15cq2<18 Geve 04333 |  -0.5000 | 03381 01973
PR Kt Jcacnain 0.5788 0.5800 | 0.0000 [ 04007
Pi(B - K*ptp )14 1ncsicio gy 12177 |  -0.1800 | 17055 | 0.8195
BB o K )y ot 0.3291 0.2100 | 20721 [ 0.2568
PUB - K0t i~ )yg 1525 18 cev® 07119 | 07000 | 01545 | 0.5053
Total 2 30.0061
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myg/ TeV 20 25 20 25
Mg/ TeV 200 2.00]| 2.60| 2.60
v2/dof 1.14 | 1.16 || 1.18 | 1.17
m;, [ TeV 3.68 | 470 | 3.70| 4.65
m;, [ TeV 438 | 552 | 4.43| 5.49
mg, [ TeV 417 | 532 || 417 | 523
mg, [ TeV 432 | 547 | 4.36| 5.43
ms, [TeV 7AT| 930 7.52| 9.27
Mz, TeV 1221 152 122 | 152
mgo [GeV 352 | 352 474 | 474
myo [ GeV h86 | 636 650 | 665
M 1- [GeV h85 | 636 646 | 661
mg+ [GeV 710 | 751 911 | 914
(Mg~ Mpo =~ My+)/TeV | 518 | 639 | 539 | 6.67
edm, /107* e cm 346 | -I.77 || -4.47 | -2.28
BR(p — ev) /10717 2.08 (0922 | 1.84 | 0.869
sind 0.759 | 0.935 || 0.644 | 0.993
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| '§es:réhing for the standard model in the string
| landscape : SUSY GUTs 10P 201

Heterotic orbifold models

K'obayashi, Raby € Zhang; Buchmuller, Hamaguchi, Lebedev
€ Ratz; tebedev, Nilles, Raby, Ramos-Sanchez, Ratz,
Vavdrevange € Wingerter; Choi, Kim & Kyae; Farragi
Heterotic CY3 models

Anderson, Bravn, Donagi, Gray, He, LuKas, Ovrot, Palti

£ theory models

Beasley, Heckman € Vafa; Donagi £ Wijnholt; Aharsano,
Schafer-Nameki € Savling; Blumenhagen, Cvetic, Grimm,
Weigand
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I takes SUSY GUTs to Tind the
WWSSAN in the
String Landscape !




(1) They incorporate local GUTs with two complete families
localized at orbifold fixed points;

(11) They incorporate a 3D SU (6) orbifold GUT with gauge—
Higgs unification and the third family in the bulk:

(111) As a consequence, they have gauge-Yukawa unification
for the top quark (thus explaining why the top quark is
heavy):

(iv) They incorporate doublet—triplet splitting with a p term
which is naturally small;

(v) They have an exact R parity. (Moreover, recently
it was discovered that similar models can incorporate
a Zf symmetry which allows all Yukawa interactions
and neutrino masses while forbidding the u term and
dimension 3 baryon and lepton number violating operators
at the perturbative level [136]. The Ef symmetry 1s
possible due to the final Z, orbifold.);

(vi) As a consequence of the Z, orbifold, the model has a
D4 family symmetry which can ameliorate problems with
Aavor changing neutral currents while at the same time
accommodating a hierarchy of quark and lepton masses:

vil) Approximate R symmetries naturally generate a small
constant contribution to the superpotential, setting the
scale for the gravitino mass once supersymmetry breaking
1s generated.

Heterotic
Orbitold
Wodels
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TS i
| Summary

Sl waiting after all these years
I took ~50 years to find the Higgs

Beavtiful extension of the SAA and Poincare
invariance

Anthropics may explain the cosmological constant
BUT expect SUSY GUTs to explain the rest !
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NOT “Natural” SOUSY

BUT SUSY does not completely decouple

NOT “Split” SUSY

BUT gravitino & moduli sufficiently heavy
so NO cosmological problems

Poh &€ Raby 2016

51



“SUSY on the Edge”

painting by Hans Werner Sahm
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