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Before We Met

1967 — Coleman & Mandula: cannot combine Lorentz and
internal symmetries

1970 — Berezin & Kac: anticommuting group parameters

1971 - Likhtman: supermultiplets, zero vacuum energy

1971 — Ramond, Neveu & Schwarz: 2-D supersymmetry
(string theory)

1972 - Gol’fand & Likhtman: super-Poincaré, massive
super-QED

1972 - Volkov & Akulov: neutrino as Goldstone particle
(conjectured by Heisenberg in 1966)




First Stirrings

* 1973/4 — Wess & Zumino: 4-D supersymmetry

* 1974 — Ferrara, Iliopoulos & Zumino: no-renormalization
theorems

* 1974 — Ferrara, Zumino & Wess: superfields
* 1974 - Salam & Strathdee: superspace
* 1974 - Volkov & Soroka: super-Higgs mechanism

e 1976 — Freedman, van Nieuwenhuizen & Ferrara, Deser &
Zumino: supergravity

* 1977 — Polony1: local supersymmetry breaking
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POSSIBLE UNIVERSAL NEUTRINO INTERACTION
D.V. Volkov and V.P. Akulov PHYSICS LETTERS A Septembier1=iia

Physico-technical Institute, Ukralnian Academy of Sciences
Submitted 13 October 1972
ZhETF Pis. Red. 16, No. 11, 621 - 624 (5 December 1972)

IS THE NEUTRINO A GOLDSTONE PARTICLE?

D.V. VOLKOV and V.P. AKULOV
Physico-Technical Institute, Academy of Sciences of the Ukrainian SSR, Kharkov 108, USSR

Received 5 March 1973
GAUGE FIELDS FOR SYMMETRY GROUGP
WITH SPINOR PARAMETERS

D. V. Volkov and V. A. Soroksa

The inclusion of gauge fields for a symmetry group containing anticommuting parameters
is considered. The Higgs effect is discussed for Goldstone fields with spin 1 /2.



First attraction

Supersymmetry & Hierarchy Problem

Volume 1058, number 4 PHYSICS LETTERS 8 October 1981 GAUGE HIERARCHY IN A SUPERSYMMETRIC MODEL

Romesh K. KAUL

Centre for Theoretical Studies }, Indian Institute of Science, Bangalore 560012, India
and Tata Institute of Fundamental Research, Bombay 400005, India

MASS HIERARCHIES IN SUPERSYMMETRIC THEORIES
Received 13 August 1981

Edward WITTEN! Revised manuscript received 31 August 1981

International Centre for Theoretical Physics, Trieste, Italy

Received 27 July 1981 In a globally supersymmetric gauge theory with two distinct mass scales, the possible limitation on the gauge hieratchy
due to the structure of the loop-corrected Higgs potential is shown to be absent. Also it has been demonstrated that the super-
symmetry forces the large corrections to the two-point Greens functions of the light fields from the quadratic divergences

It is argued that large gauge hierarchies occur naturally in some theories with supersymmetry spontaneously broken at and the logarithmic divergences with large coefficients to be zero separately. This would, therefore, allow a gauge hierarchy
the three level. Such theories may also lead to time-dependent values of the natural ‘“‘constants”. as large as desired.

No quadratic divergences, fewer logarithms
* 1979 — Maiani: Lectures at Gif-sur-Yvette School

* 1981 — Witten: “Mass hierarchies in supersymmetric
theories™

* 1981 — Kaul: “Gauge hierarchy in a superysmmetric
model”




Theoretical worries about the Higgs boson

Elementary Higgs or Composite?

* Higgs field: * Fermion-antifermion
<O[H|0>#0 condensate
+ Quantum loop problems | | * Just like = n QCD, BCS
superconductivity

(ree loops

Cutoff
. A =10 TeV

md - - Heavy scalar resonance?

e New ‘technicolour’ force?

top| gauge higgs

, - Pseudo-Nambu-Goldstone
Cut-off A ~ 1 TeV with e




Naturalness of hierarchy of mass scales

Loop Corrections to Higgs Mass?

* Consider generic fermion and boson loops:
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* Leading divergence cancelled 1f

As =y x 2 Supersymmetry!

Am?, = - [2 A“ bm In(A/my) + ..

A2 = [A? — 2m%In(A/mg) + ...




Our first dates

My Early Personal Efforts

* 1979 — Barbiellini, JE et al: Search for
supersymmetric particles at LEP

* 1980 — JE, Gaillard & Zumino: A GUT from N=8
supergravity

* 1981 — JE, Campbell: Search for gluinos

* 1981 — JE, Nanopoulos & Rudaz: GUTs vs
superGUTs

* 1982 — JE & Nanopoulos: Flavour-changing neutral
interactions in broken supersymmetric theories

* 1982/3 — Electroweak symmetry breaking




Minimal Supersymmetric Extension of
the Standard Model (MSSM)

* Double up the known particles:

1 ( (lepton) q (quark)
- - A (T - for| <)
0 - ( (slepton) q (squark)
| ~ (photon ) g (gluon)
1 €.4., i . or B ) :
- - v (photino) g (gluino)

* Two Higgs doublets
- 5 physical Higgs bosons:
- 3 neutral, 2 charged

 Lightest neutral supersymmetric Higgs looks like the
single Higgs 1n the Standard Model




lﬁl We ' Supersymmetry

Volume 110B, number 1 PHYSICS LETTERS 18 March 1982

FLAVOUR-CHANGING NEUTRAL INTERACTIONS IN BROKEN SUPERSYMMETRIC THEORIES

John ELLIS and D.V. NANOPOULOS

CERN, Geneva, Switzerland
Super-GIM

Received 16 December 1981

We point out that in order to ensure an efficient “super-GIM”™ suppression of flavour-changing neutral interactions, the
supersymmetric partners of conventional fermions (squarks and sleptons) must be almost degenerate in mass. The strongest
constraints on squark mass differences of am? /m2 < O(1073) come from the K; —K, mass matrix, while the non-observa-
tion of u = ey imposes Asz/m e <000~ 3) 1? tlu, supersymmetric partners of the SU(2) and SU(1) bosons have masses
0O(100) GeV. These results hclp motivate a susy gauge theory with an extra U(l) symmetry spontaneously broken at low
energy, perhaps of a non-minimal type.



'g”—Zin

Supersymmetry

* One-loop contribution
from smuon/neutralino
loop

A(g — 2)u —ab(cos a sin a/41r2)(m /m )
X {1/(1 —n;) +2m,/(1 -,
+[2n,/(1 —n, )] IOénl ~ @y #n,)},

* and (m /mN)

L=g\2 suﬁiLﬁ + b2 tpﬁR'Gv +h.c.

Volume 116B, number 4

PHYSICS LETTERS

(1982) 982

SPIN-ZERO LEPTONS AND THE ANOMALOUS MAGNETIC MOMENT OF THE MUON

John ELLIS, John HAGELIN and D.V. NANOPOULOS

CERN, Geneva, Switzerland

Received 14 June 1982

The anomalous magnetic moment of the muon (g — 2),, imposes constraints on the masses and mixing of spin-zero lep-
tons (sleptons). We develop the predictions of models of spontaneous supersymmetry breaking for the slepton mass matrix,
and show that they are comfortably consistent with the (g — 2),, constraints.

During the present resurgence of interest in super-
symmetry broken at low energies [1] new significance
is attached to the classical phenomenological play-
grounds of gauge theories such as the anomalous mag-
netic moments of the electron and muon [2], flavour-
changing neutral interactions [3;-5] parity [6] and
CP violation [7,8] in the strong interactions. The three
latter phenomena make life rather difficult [3,7] for
the most general form of soft supersymmetry breaking,
whereas simple models [9—11] of spontaneously bro-
ken supersymmetry naturally [3,4 7] respect the AF
#0, P and CP violation constraints. As for the anoma-
lous magnetic moments of the leptons, it has long been
known that they vanish in an exactly supersymmetric
theory [12], and Fayet [2] showed that in his model
of supersymmetry breaking (g — 2),, would be compat-
ible with experiment if the spin-zero muon (smuon)
masses were heavier than 15 GeV. Direct experimental
searches [13] now exclude the existence of lighter
smuons. Fayet’s analysis [2] was in the context of a
model with a very light photino 7 (see fig. 1a), and
Grifols and Méndez [14] have recently made the inter-
esting observation that his analysis is significantly al-
tered for massive gauginos (see figs. 1b, 1¢). They
show that there are potentially nontrivial constraints
on the smuon masses in models of broken supersym-
metry.

(c)

Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless photmo (,y) exchange, (b) W and sneutrino (sv)
exchange, and (c) BorZe exchange.

right transition operator there is a GIM [15] -like can-
cellation between the smuon mass eigenstates in fig. 1c
which provides a potential suppression mechanism. We
analyze recent models [10,11] of spontaneous super-
symmetry breaking originating in the D and F sectors,
respectively. We show that in the former case (g - 2),
is suppressed by near degeneracy between the smuon
mass eigenstates, while in the latter case (g — 2), is
suppressed by small mixing angles between the left-
and right-handed smuons. We close with some remarks
about (g — 2), and about parity violation in the strong
interactions.

When they examined figs. 1a, 1b and 1c¢, Grifols
and Méndez [14] realized that there was a fundamen-
tal difference between the (almost ?) massless ¥ dia-
gram of fig. 1a and the W diagram of fig. 1b as com-
pared to the massive BorZ diagram of fig. 1c. The



q ‘
B Decay in Supersymmetric SU(5) | .

* B-violating operators of dimension 5 with squarks,
sleptons: qqql

 Dressed with Higgsino, Wino exchange = operators of
dimension 6 with quarks, sleptons
L(p = K*7;) = Crr(usdv;) [€ue(uhsh) (d5 ;)] + Crr(udsy;) |€am(ukdy) (s5 ;)]
+ Crp(usdy;) [€ape(ui s7)(d5v;)] + Cro(udsy;) [€ape(uidy)(siv;)]

i A g? 1 .
e Coefficient ¢x » 0O ( 16”2) g Bl mx =22 X 10'° GeV

* Antisymmetry in colour indices =»u,d,s quarks

* Preferred decay modes: p —+ 7K~ , n— vK",

JE, Nanopoulos & Rudaz




Inflation Cries out for Supersymmetry

Volume 118B, number 4, 5,6 PHYSICS LETTERS 9 December 1982

COSMOLOGICAL INFLATION CRIES OUT FOR SUPERSYMMETRY

John ELLIS, D.V. NANOPOULOS, Keith A. OLIVE and K. TAMVAKIS
CERN, Geneva, Switzerland

Received 4 August 1982

We re-examine the inflationary scenario in the standard SU(5) model with Coleman—Weinberg symmetry breaking and
point out difficulties which may be resolved in a broken supersymmetric model. Because of a partial cancellation at the one-
loop level, the effective potential in a broken supersymmetric theory may be much flatter than in standard SU(5), thus per-
mitting a greater amount of inflation.

One of our best-ever paper titles!




Inflation Cries out for Supersymmetry

* Want “elementary’ scalar field
(at least looks elementary at energies << Mp)
 To get right magnitude of perturbations
prefer mass << Mp
(~ 1013 GeV in simple ¢? models)
* And/or prefer small self-coupling A <<'1
* Both technically natural with supersymmetry

JE, Nanopoulos, Olive & Tamvakis 1982



lectroweak Symmetry Breaking

* Could be triggered by renormalization effects:

omg, 1 < 21 12
ot S 1672 [)‘ (mO 2e A)\) — Ya A[a]
* Driven by large Yukawa coupling of top quark:
__()l /\‘_ él'l'l'lllllrl
myy = exp( ( )) oy = — | 0GR
mp a ¥ 37 \
N

 Higgs mass® — negative
* Electroweak scale
naturally ~ 100 GeV

for m; ~ 60 to 200 GeV 200 B0 G o G T oo o]

Running Mass {GeV)

2 4 6 8 10 12 14 16
Log,oQ (GeV)

JE, Hagelin, Nanopoulos, & Tamvakis;

Alvarez-Gaumé, Polchinski & Wise, 1983




Volume 127B, number 3,4 PHYSICS LETTERS 28 July 1983

SEARCH FOR SUPERSYMMETRY AT THE pp COLLIDER®

John ELLIS, John S. HAGELIN

Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94305, USA
and

D.V.NANOPOULOS and M. SREDNICKI

Theory Division, CERN, CH-1211 Geneva 23, Switzerland

Received 25 April 1983

Many models of broken supersymmetry predict the existence of supersymmetric fermions x*:© with masses less than
the W* and Z°. Often there are two light neutral fermions x°, even in models with large gaugino masses. The W* have large
branching ratios for decays into x* + x?, with the x* subsequently decaying into x° plus hadrons or leptons. We propose
looking at the CERN Pp collider for W* production and decay into supersymmetric fermions, a likely signature being “zen”
events with one broadened hadronic jet system recoiling against invisible missing transverse energy.

(One of) the first calculation(s) of
Electroweak SUSY production at hadron collider




Lightest Supersymmetric Particle

* Stable 1n many models because of conservation of R
parity:

R =(-1) 2S-L+3B
where S = spin, LL = lepton #, B = baryon #
* Particles have R = +1, sparticles R = -1:
Sparticles produced 1n pairs
Heavier sparticles = lighter sparticles
* Lightest supersymmetric particle (LSP) stable




Weakly-Interacting Massive Particles (WIMPs)

* Numerous in primordial hot soup 1n primordial
Universe when 1t was a fraction of a second old

 Would have cooled down as the Universe
expanded :
 Interactions would .
have weakened
 WIMPs decoupled
from visible matter
* “Freeze-out”
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Nuclear Physics B238 (1984) 453-476
¢ North-Holland Publishing Company

We €9 Supersymmetric WIMPs

SUPERSYMMETRIC RELICS FROM THE BIG BANG*

John ELLIS and J. S. HAGELIN

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305, USA

D. V. NANOPOULOS, K. OLIVE', and M. SREDNICKI*
CERN, CH-1211 Geneva 23, Switzerland

Received 16 September 1983
(Revised 15 December 1983)

We consider the cosmological constraints on supersymmetric theories with a new, stable
particle. Circumstantial evidence points to a neutral gauge /Higgs fermion as the best candidate for
this particle, and we derive bounds on the parameters in the lagrangian which govern its mass and
couplings. One favored possibility is that the lightest neutral supersymmetric particle is predomi-
nantly a photino ¥ with mass above } GeV, while another is that the lightest neutral supersymmet-
ric particle is a Higgs fermion with mass above 5 GeV or less than O(100) ¢V, We also point out
that a gravitino mass of 10 to 100 GeV implies that the temperature after completion of an
inflationary phase cannot be above 10'* GeV, and probably not above 3 X 10'? GeV, This imposes
constraints on mechanisms for generating the baryon number of the universe,



Volume 133B, number 1,2 PHYSICS LETTERS 8 December 1983

NATURALLY VANISHING COSMOLOGICAL CONSTANT IN N = 1 SUPERGRAVITY

E. CREMMER

Ecole Normale Supérieure, Paris, France
and

S. FERRARA, C. KOUNNAS and D.V. NANOPOULOS
CERN, Geneva, Switzerland

Received § September 1983

For N = 1 supergravity theories we show that the choice of a particular class of Einstein spaces for the Kiahler manifold
of the hidden sector leads to a vanishing cosmological constant without unnatural fine tuning. The total scalar potential
from the hidden and physical sector is positive definite. The resulting low energy softly broken global supersymmetry for
the matter fields is thus the same as in the case of factorized superpotential models with a flat Kihler metric.

Discovery of no-scale supergravity




Volume 134B, number 6 PHYSICS LETTERS 26 January 1984

NO-SCALE SUPERSYMMETRIC STANDARD MODEL

—————— - ek - -
M,
Renormalization scale

massZin units of m%,;)

John ELLIS, A.B. LAHANAS, D.V. NANOPOULOS f
CERN, Geneva, Switzerland
and f i

K. TAMVAKIS ‘

CERN, Geneva, Switzerland
and University of loannina, loannina, Greece
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Received 7 November 1983
l
We propose a class of supergravity models coupled to matter in which the scales of supersymmetry breaking and of
weak gauge symmetry breaking are both fixed by dimensional transmutation, not put in by hand. The models have a
flat potential with zero cosmological constant before the evaluation of weak radiative corrections which determine

msy.q, My = exp[—O(1)/a, ]| mp : ay = O(a). These models are consistent with all particle physics and cosmological con-
straints for top quark masses in the range 30 GeV <m, < 100 GeV.

Application of no-scale supergravity:
SUSY-breaking scale also fixed dynamically




Elﬂation cries out for Supergravity

* Stabilize ‘elementary’ scalar inflaton
(needs mass << mp and/or small coupling)

* Supersymmetry

* The only good symmetry 1s a local symmetry
(cf, gauge symmetry in Standard Model)

* Local supersymmetry = supergravity

* Early Universe cosmology needs gravity

* Supersymmetry + gravity = supergravity




Volume 152B, number 3,4 PHYSICS LETTERS 7 March 1985

1984 No-Scale Inflation

SU(N, 1) INFLATION

John ELLIS, K. ENQVIST, D.V. NANOPOULOS
CERN. Geneva, Switzerland

K.A.OLIVE
Astrophysics Theory Group, Fermilab, Batavia, IL 60510, USA

and

M. SREDNICKI
Department of Physics, University of California, Santa Barbara, CA 93106, USA

Received 7 December 1984

We present a simple model for primordial inflation in the context of SU(N, 1) no-scale n = 1 supergravity. Because the
model at zero temperature very closely resembles global supersymmetry, minima with negative cosmological constants do
not exist, and it is easy to have a long inflationary epoch while keeping density perturbations of the right magnitude and
satisfying other cosmological constraints. We pay specific attention to satisfying the thermal constraint for inflation, i.e.
the existence of a high temperature minimum at the origin.

A love to which we returned recently




A Preview of Supersymmetry (@ LHC
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Modern Physics Letters A | Vol. 01, No. 01, pp. 57-69 (1986)

OBSERVABLES IN LOW-ENERGY SUPERSTRING MODELS

JOHN ELLIS, K. ENQVIST, D.V. NANOPOULOS and F. ZWIRNER

1986 |

https://doi.org/10.1142/50217732386000105 | Cited by: 325

IFirst Formulation of Naturalness

¥ View Article A Tools < Share

Abstract

We compile phenomenological constraints on the minimal low-energy effective theory which can be obtained from the superstring by Calabi-Yau
compactification. Mixing with the single additional neutral gauge boson in this model reduces the mass of the conventional Z°, Field vacuum
expectation values are constrained by the experimental upper bound on this shift. Then, requiring the sneutrino mass squared to be positive
constrains the scale of supersymmetry breaking more than do lower bounds on the masses of new charged particles and of sparticles. More model-
dependent constraints follow from the “naturalness™ requirement that observables do not depend sensitively on input parameters. We find a
preference for the second neutral gauge boson to weigh =320 GeV, ™3 % 250 Gev and ™4 % 300 Gey, Dynamical generation of the gauge

hierarchy is possible if m,;s70 GeV, with lower values of m, being favoured.

This requirement of “"naturalness” is rather imprecise, and largely a matter
of taste. Nevertheless, we have tried to quantify the concept as follows. We

should worry that in a model with m, << mg’ a small variation in the input

parameters would produce a large change in the ratio 'klmw' We can replace this
ratio by the alternative and essentially equivalent sensitivity indicator x/v.

As input parameters which largely determine x/vwe have & and a - Therefore, we

choose Sk A = |08n(x/v)/0%n k,A S as our measure of sensitivity, and require
: £
X,
' 20k,

as our criterion of “naturalness".




Volume 194, number 2 PHYSICS LETTERS B 6 August 1987

SUPERSYMMETRIC FLIPPED SU(5) REVITALIZED

I. ANTONIADIS ', J. ELLIS
CERN, CH-1211 Geneva 23, Switzerland

J.S. HAGELIN
Department of Physics, Maharishi International University, Fairfield, 1A 52556, USA

and

D.V. NANOPOULOS
Physics Department, University of Wisconsin, Madison, WI 53706, USA

GUT derivable from string

We describe a simple N= 1 supersymmetric GUT based on the group SU(5) xU(1) which has the following virtues: the gauge
group is broken down to the SU(3)xSU(2), xU(1)y of the standard model using just 10, 10 Higgs representations, and the
doublet-triplet mass splitting problem is solved naturally by a very simple missing-partner mechanism. The successful supersym-
metric GUT prediction for sin’f,, can be maintained, whilst there are no fermion mass relations. The gauge group and represen-
tation structure of the model may be obtainable from the superstring.

Received 16 May 1987




Volume 208, number 2 PHYSICS LETTERS B 14 July 1988

AN IMPROVED FLIPPED SU(5) X U(1) MODEL
FROM THE FOUR-DIMENSIONAL STRING

I. ANTONIADIS, John ELLIS
CERN, CH-1211 Geneva 23, Switzerland

J. HAGELIN
Maharishi International University, Fairfield, IA 52556, USA

and

D.V. NANOPOULOS
University of Wisconsin, Madison, W1 53706, USA

GUT derived from string

We discuss a four-dimensional string model whose cffective field theory is a supersymmetric flipped SU(5) XU (1) GUT with
the following properties.
- The quark and lepton mass matrices have a hierarchical structure and all Cabibbo-Kobayashi-Maskawa mixing angles can be
non-zero.
- There is a natural splitting of Higgs doublets and triplets. - A novel seesaw mechanism gives light left-handed neutrinos.
- The gauge group is reduced to the standard model SU(3)XSU(2), XU(1),at a large mass scale close to M,..
Extensive use is made of non-renormalizable superpotential couplings which may arise from couplings to identifiable massive
modes, and are restricted by an R symmetry and the requirements of flatness is some field directions.

Received 19 April 1988




Flipped SU(5) GUT

* Extend GUT SU(5) with additional [motivated by string

theorY] Antoniadis, JE, Hagelin & Nanopoulos, 1987

e “Flipped” fermion assignments to representaticns.
ﬁ(g _3) — {UzCLz} ) Fi(lov 1) — {QzDzC Nz'c} ) @ 1= 17 273

* Break GUT symmetry with 10-dimensional Higgses,
electroweak symmetry with 5-dimensional Higgses:

H(10,1) = {Qp, DS, N5}, H(10,-1) = {Qu, D§,, N;

Lightest neutralino

h(5,—2) = {Tu,, Ha} , h(5,2) = {THC’Hu} & lighter smuon

* Superpotential: can have small masses
W = N F,Fyh + A E fih + N flsh + \yHHh + \sHHH
+ A FH ¢ + ANhIa + A" Gatpde + G bads
* Scan free parameters of model:

Ms, @ mio, m5@ﬂa Ma, Ag, tan g



° |
B Decay 1n Flipped SU(5) ><

q

» Flip quark and lepton assignments in 5, 10
ut€E>dcu€E>dv

* Dimension-5 operators suppressed

 Back to dimension-6, larger my ~ 2 x 10'® GeV

* No prediction for my, could change multiplet
assignments

* Dominant decay could be

( + U

poarenlor poputr® o p— uTK°




Hyper-Kamiokande Experiment

Water Cerenkov n n
A t |
detector ccess tunne Tank

: : and cavern (Liner and Support structure
Being built to measure for photo-detection system)
violation in e

neutrino oscillations

Water purification - Photo-detection system
and circulation &k = e for ID and OD

Inner
~ Detector
(ID)

68m(D)x71m(F t
Total Mass 260Kkten Oute

oD

Fiducial Mass 190 kton



Higgs Bosons 1n Supersymmetry

* Need 2 complex Higgs doublets

(cancel anomalies, form of SUSY couplings)
* 8 — 3 =5 physical Higgs bosons
Scalars h, H; pseudoscalar A; charged H*

* Lightest Higgs < M, at tree level:

M2, = [A[g + M2+ \/ (M2 + M2)2 — AM2M?2 cos? 28

i

—

* Important radiative corrections to mass:

‘ m; MT;
R e
CT/,L”}# 111( 12 2) AMH‘THNIS GGV
mg JE, Ridolfi & Zwirner,
Haber & Hempfling

Okada, Yamaguchi & Yanagida



SM Higgs Masses & Couplings

Lightest Higgs mass
up to ~ 130 GeV
Heavy Higgs masses

quite close

Consistent

With LHC

FeynHiggs2.2 ]

i ‘lllllllllllllllllllllllll_l
50 100 150 200 250 300 350 400 450 500

M, [GeV]




1990-2011 Where are the top and Higgs?

Estimating Masses with Electroweak Data

* High-precision electroweak measurements are
sensitive to quantum corrections

9 S Lo 9 9 9 T g , .
My sin” By, = m7, cos” Oy, sin” Oy, = e (1+ Ar)
YPACH

* Sensitivity to top mass 1s quadratic: 3Gy
——=m;
Sm4\/2

* Sensitivity to Higgs mass 1s logarithmic:

v2Gr . 11 ;\[';),
——— My (— In —
1674 3 msy

* Measurements at LEP et al. gave indications first on
top mass, then on Higgs mass ., _ ;026 _ .00151m ()

2
z W

+...), My >> my




Combining Information from

Previous Direct Searches and Indirect Data

o 0 o%2
5 »-
18 | v
16 R O~~~ -C [Vl -~~~ -~~~ — 4o
14 | >
12 —
10 =
"""""""""""""""""""""""""""""""""""""""""" 130
S o
6 r
 POYs | e | Theory uncertainty Jog
—— Fit including theory errors
o [ ---- Fit excluding theory errors  —
------------------------------------------------------- -1 1o
0 ! ! ! | | ! | ! ! | )
100 150 200 250 300
M, [GeV]

my = 125 = 10 GeV

Gfitter collaboration



Grand Unification

* At one-loop order without/with supersymmetry:

N ANREE
bi:(_%)‘i'Ng % + N % b;=|—-6]|+N,|2|+Ng| fracl2
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Dimopoulos, Raby & Wilczek,
Ibanez & Ross, 1982



%lectroweak Mixing Angle

e Related to ratio of SU(2) U(1) couphngs

g” gi (mz)

9( y = — —3
sin’ my) = — = =
g.% S 9’2 3 gﬁ(mz) 5 591 ('m-Z)

* At one loop:
X, ¥ 1 = aem("n'Z) 5 s l b‘Z _b3
SOz = 1+ 8x [3“ 4 asz(myz) ] B (b1 —bg)

* One-loop coefficients w’out/with supersymmetry:
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* Data: |* = 5535007
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@Is “Empty Space” Unstable?

Politzer & Wolfram,

Hung,
Cabibbo, Maiani, Parisi & Petronzio;

Depends on
masses of Higgs
boson and top
quark, strong
coupling

Instability scale
~ 102 GeV

Buttazzo et al, arXiv:1307.3536;

Franceschini et al, 2203.17197
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Will the Universe Collapse?
Should it have Collapsed already?

Fluctuate over barrier

in the early Universe? infinite barrier:

We are here

Supersymmetry?

N

Tunnel through

. barrier now?
Quantum fluctuations

EEEEEEEEEEEEEEEEEEEEE

The Big Crunch



How to Stabilize a Light Higgs Boson?

* Top quark destabilizes potential: introc
stop-like scalar:

‘ i .A_[() 0 i
L. ﬂ[‘)‘|(;‘>|2 - - ’H’“) ‘<;‘)|2

V2
1)<

* Can delay collapse of potential: e ———
e But new coupling must be 1

fine-tuned to avoid blow-up:

e Stabilize with new fermions:

* just like Higgsinos 1
* Very like Supersymmetry!

0 1 1 L 1 L 1 1 1
102 10* 105 10% 10 10t 10 10 108
JE & D. Ross, 2000 1 (CeV)




E821 experiment, 2001 - 2006

BNL g, — 2 Experiment




Possible Discrepancy with Theory?
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Supersymmetry v2:

the CM SSM
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Abstract

‘We combine the constraint suggested by the recent BNL E821 measurement of the anomalous magnetic moment of the muon
on the parameter space of the constrained MSSM (CMSSM) with those provided previously by LEP, the measured rate of
b — sy decay and the cosmological relic density £y h?. Our treatment of .Qxhz includes carefully the direct-channel Higgs
poles in annihilation of pairs of neutralinos x and a complete analysis of x — £ coannihilation. We find excellent consistency
between all the constraints for tan 8 2 10 and p > 0, for restricted ranges of the CMSSM parameters mq and my 3. All the
preferred CMSSM parameter space is within reach of the LHC, but may not be accessible to the Tevatron collider, or to a
first-generation et e~ linear collider with centre-of-mass energy below 1.2 TeV. © 2001 Published by Elsevier Science B.V.
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No-Scale Supergravity Realization of the Starobinsky Model of Inflation

John Ellis,"* Dimitri V. Nanopoulos,”" and Keith A. Olive®*

'Department of Physics, Theoretical Particle Physics and Cosmology Group, King’s College London,
London WC2R 2LS, United Kingdom and Theory Division, CERN, CH-1211 Geneva 23, Switzerland
2George P. and Cynthia W. Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University,
College Station, Texas 77843, USA, Astroparticle Physics Group, Houston Advanced Research Center (HARC),
Mitchell Campus, Woodlands, Texas 77381, USA, and Division of Natural Sciences, Academy of Athens,
28 Panepistimiou Avenue, Athens 10679, Greece

*William I. Fine Theoretical Physics Institute, School of Physics and Astronomy, University of Minnesota,

Minneapolis, Minnesota 55455, USA
(Received 8 May 2013; published 9 September 2013; corrected 12 September 2013)

We present a model for cosmological inflation based on a no-scale supergravity sector with an
SU(2, 1)/SU(2) X U(1) Kihler potential, a single modulus 7, and an inflaton superfield ® described
by a Wess-Zumino model with superpotential parameters (u, A). When T is fixed, this model yields
a scalar spectral index n, and a tensor-to-scalar ratio r that are compatible with the Planck measurements
for values of A = u/3Mp. For the specific choice A = u/3Mp, the model is a no-scale supergravity
realization of the R + R? Starobinsky model.

DOI: 10.1103/PhysRevLett.111.111301 PACS numbers: 04.65.+e, 04.50.Kd, 12.60.Jv, 98.80.Cq

No-Scale supergravity + Wess-Zumino
model =» Starobinsky-like inflation
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Flipped Almost

A Model of Everything

Below the Planck Scal

* Simple GUT models (SU(5), SO(10)) not obtained
from weakly-coupled string

* They need adjoint Higgs, ...
* Flipped SU(5)xU(1) derived, has advantages

* Small (5-, 10-dimensional) Higgs representations
* Long-lived proton, neutrino masses, leptogenesis, ...

* Construct model of Starobinsky-like inflation within
flipped SU(5)*xU(1) framework

JE, Garcia, Nagata, Nanopoulos & Olive, arXiv:1704.07331



3 JE, Garcia, Nagata, Nanopoulos & Olive,
{ Sup erStrlng ] arXiv:1704.07331

Inspiration

The Big
Picture
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ment

Does the magnet look familiar?

mﬂ Fermilab g, — 2 Exper




— 2 Theory
Initiative

U

* Review of calculations of
the Standard Model
contributions to g, — 2

* Including discussion of the
uncertainties

* Particularly in calculation
of leading-order vacuum
polarisation

Aoyama et al, arXiv:2006.04822
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m’Fermilab g, — 2 Measurement

FNAL result: a,(FNAL) = 116592 040(54) x 10~'*  (0.46 ppm)

Combined result: a,(Exp) = 116 592 061 (4
Difference from Standard Modé

—11

Ta,(Exp) —a,(SM) = (251 +59) x 101

|

<

Standard Model

BNL g-2 -
FNAL g-2 + &
4.20 >
&
Experiment
Average

17.5

18.0

18.5

19.0 195 20.0
a,x10° = 1165900

205 21.0 215

Abi et al, arXiv:2104.03281



Nothing (yet) at

the LHC

No supersymmetry
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More of same?

Unexplored nooks?
Novel signatures?
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LHC vs Supersymmetry

* LHC does not exclude (relatively) light electroweakly-
interacting particles, e.g., sleptons
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 LHC favours squarks & gluinos > 2 TeV (but loopholes)




g, — 2 m Phenomenological
Supersymmetry (pMSSM11)

No relation between squark/gluino masses
and slepton/neutralino masses
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Supersymmetry & g,, — 2

- g, — 2-friendly scenario with light neutralino, chargino, slepton

1000—— : , - 1000 e e
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* Red star points include all relevant LHC and direct scattering
constraints

Chakraborti, Heinemeyer & Saha, arXiv:2104.03287




*9, — 2 in CMSSM & Flipped SU(5)

vs Lattice, Data-Driven Calculation

Data-driven
|

T
I I | H—QI-H | Tlllis work m

BMW H—— ETMC 21
| —— BMW 20
—— RBC/UKQCD 18
9= Colangelo et al. 22 (R-ratio)
Flipped SU(5) 230 235 240
b ; e % 100

New lattice calculation
Similar to BMW

CMSSM

Cé et al, arXiv:2206.06582
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Aa, (x10'1'): GUT models vs Standard Model calculations

JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025
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E%DF Measurement of the W Mass

Compared with Previous Measurements
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Tension: 7-0 discrepancy with Standard Model?




%DF Measurement of the W Mass
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Biggest uncertainties: lepton energy, pt model, parton distributions, backgrounds

CDF Collaboration, Science 376 (2022) p170
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W Mass in Supersymmetry?
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ahat lies beyond the Standard Model?

Supersymmetry

> New motivations
Stabilize electroweak vacuum [ gy S

» Successtul prediction for Higgs mass
— Should be < 130 GeV 1n simple models

» Successtul predictions for couplings
— Should be within few % of SM values

» Naturalness, GUTs, string, ..., dark matter




