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What lies beyond the Standard Model?

Supersymmetry

New motivations
e Stabilize electroweak vacuum from LHC

e Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

e Successful predictions for couplings

— Should be within few % of SM values

e Naturalness, GUTs, string, inflation, dark matter, ..



Everything about Higgs is Puzzling

L = yHYy + p’|H)? = MNH|* =V,

Pattern of Yukawa couplings v:

— Flavour problem

Magnitude of mass term p:

— Naturalness/hierarchy problem

Magnitude of quartic coupling A:

— Stability of electroweak vacuum
Cosmological constant term V,:

— Dark energy



Supersymmetry &

8, — 2
go back a long way

® One-loop contribution from
smuon/neutralino loop

A(g — 2)“ = —ab(cos « sin a/41r2)(mu/m(~;)
X {1/(1 —n,) +2n,/(1 — n, )2
+[2n,/(1 —1,)°] IOénl — (@ 1y

® where

® and £= a\/i suﬁLG + bx/f tuﬁRG
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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 ¥ (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, 1c). They
show that there are potentially nontrivial constraints
on the smuon masses in models of broken supersym-
metry.

pd \\ SB'/ \\s\u
¥ \ BorZ
KL " W b
(a) (©)

Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless pholino (7{) exchange, (b) ¥ and sneutrino (sv)
exchange, and (c) B or A 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 B or Z diagram of fig. 1c. The

Before idea of supersymmetric dark matter
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Even before BNL Experiment




Did BNL Discover Supersymmetry?
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tan B 50 l‘l' >0 Abstract

.'“- . ‘We combine the constraint sug gested by the recent BNL E821 measurement of the anomalous magnetic moment of the muon
¥ my, = 117 GeV
!

1500

on the parameter spagas® v ) with those prov1ded previously by LEP, the measured rate of

e

¥4

my, = U3GeV

poles in annihilation o1 p& amUliplete analysis of x — £ coannihilation. We find excellent consistency
between all the constraints for tanﬂ > 10 and u > 0, for restricted ranges of the CMSSM parameters mg and my /5. 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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Modelling LHC Constraints
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MasterCode, E. Bagnaschi, ..., JE et al, arXiv:2111.xxxxx




Modelling LHC Constraints

Squark and stop decays:

Reproduce LHC constraints using FastLim (does what it says on the tin)
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MasterCode, E. Bagnaschi, ..., JE et al, arXiv:2111.xxxxx




1D Profiled Likelihoods in CMSSM
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Impact of LHC

g, — 2in CMSSM
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Scenario relates squark & gluino masses
to sleptons and neutralino
Cannot accommodate BNL/FNAL result

Smuon masses 2> 4 TeV

MasterCode, E. Bagnaschi, ..., JE et al, arXiv:2111.xxxxx
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__ LHCI3,w/(9—2), - LHCI3, who(q—2),
. . PMSSM11  ___. rHCS w/(g-2), ---- LHCS, wo (g — ),
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MasterCode, E. Bagnaschi, ..., JE et al, arXiv:1710.11091



Phenomenological MSSM (pMSSM11)
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® Possibilities for the LHC?

Particle Spectrum with g, — 2 Constraint
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Phenomenological MSSM (pMSSM11)

Particle Decays with g, — 2 Constraint
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Phenomenological MSSM (pMSSM11)
LHC Constraints on Squarks & Gluinos

® Squarks and gluinos with and without g, — 2 constraint
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® Colour coded for dominant dark matter mechanism
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® Possibilities for the LHC? MasterCode, E. Bagnaschi, ..., JE et al, arXiv:1710.11091




Phenomenological MSSM (pMSSM11)
LHC Constraints on Squarks & Gluinos

® Squarks and gluinos with and without 8, — 2 constraint
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Phenomenological MSSM (pMSSM11)
LHC Constraints on Stop & Neutralino

® Stop and neutrino with and without g, — 2 constraint
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® Possibilities for the LHC? MasterCode, E. Bagnaschi, ..., JE et al, arXiv:1710.11091




Phenomenological MSSM (pMSSM11)

LHC Constraints on Stop & Bottom

® Stop and bottom with and without g, — 2 constraint
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Phenomenological MSSM (pMSSM11)
LHC Constraints on Smuon & Neutralino

® Smuon and neutralino with and without g, — 2 constraint
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Phenomenological MSSM (pMSSM11)

Long-Lived NLSP?
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Does the magnet look familiar?



Fermilab Measurement

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

Combined result: a,(Exp) = 116592 061(41) x 10" (0.35 ppm)
Difference from Standard Model_a,.(Exp) — a,(SM) = (251 +59) x 10~

BNL g-2 " -
FNAL g-2 +4 @
< 4.20 >
& t @
Standard Model Experiment
Average

175 180 185 19.0 195 20.0 205 21.0 215

2, 10°~ 1165900
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g, — 2 in Supersymmetry

® Muon i, 4 neutralinos y;, 2 smuons o (fp R)

- 1+
— Line = ) Vs(Ki 275 + Ly, 275 Yidr + H.c.
ik

® One-loop contributions from smuon/neutralino loops:

2 o
m m m
° e - . 11 _ f R K’L L] / k
Left-right mixing:  a} Eik:87r2mi e(KirLy,) 1(m22, mf)
2 2 2
: 12 my 2 oy Ty My
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LHC vs Sleptons

® LHC does not exclude (relatively) light electroweakly-interacting

particles, e.g., sleptons
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Light Supersymmetry & g, — 2

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

1000 - ‘ : ' 1000 psmms .
800+
S ‘ S A
600+
S <]
g 3
400+
o (9'2)11 ® (9—2),_,
A (g-2),+Qh? A (g-2),+0n?
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® Red star points include a@k matter density, direct scatter@ LHC
constraints

® Prospects for the LHC? Chakraborti, Heinemeyer & Saha, arXiv:2104.03287



8, 2 in Flipped SU(5) GUT

® Extend GUT SU(5) with additional U(1) FREIIEEEREErECMNE T MR EEEok

® “Flipped” fermion assignments to representations:

fi(5,-3) ={Uf, L;} , F;(10,1)={Q;, D, N’} , 1;(1,5)=Ef, i=1,2,3

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

H(10,1) ={Qu, Dy, Ny} . H(10,-1) = {Qm, Dy, Ny }
h(5,—2) = {Ty,, Hy} , n5,2) ={Ty, H,}
® Superpotential:
W = XY F;F;h + XJ F, fih + X5 filsh + \yHHh + A\sHHh
+ NG FiH ¢q + Nshhda + N bapbe + 1 Py
® Scan free parameters of model:

M5, MXl, mip, ™Ms5, M1, W, MA, 14()7 tanﬁ



g, — 2 in Flipped SU(5)

450 . .
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JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025




Comparison of Calculations
<o, of Hadronic Vacuum Polarization
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8, 2 in CMSSM & Flipped SU(5)
vs Lattice, Data-Driven Calculation

Data-driven

Reduce discrepancy between

experiment and data-driven
o estimateto < 2o

Remove residual discrepancy
CMSSM between experiment and BMW

0 50 100 150 200 250 300 350

Aa, (x10''): GUT models vs Standard Model calculations

JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025



g, — 2 in Flipped SU(5)

Parameters & predictions at best-fit point

Input GUT parameters (masses in units of 1016 GeV)

Normal-ordered v masses: 7'1,_H3+,ro|NO =11x10% yrs

Inverse-ordered v masses:

Meaur = 1.00 My =0.79 V=113
A =0.1 As = 0.3 A6 = 0.001
g5 = 0.70 gx = 0.70 my, = 0.05 eV
Input supersymmetry parameters (masses in GeV units)

Ms = 2460 M,y = 240 = 4770

mio = 930 mz = 450 mp =10

M, = 2100 Ao/Ms = 0.67 tan 8 = 35

MSSM particle masses (in GeV units)

m, = 84 my, = 4030 mg = 5090
Mz = 2100 xs = D080 Opportunities to search for
m, = 101 mp, = 1600 . .

light smuon, neutralino at LHC
M = 447 My = 120 | Other sparticles too heavy?
mg, = 4410 my = 4170 _
my+ = 2160 mp A = 2100 my+ = 2100
ables
Aay, =150 x 1071 Qh? =0.13 my, = 122

ot |vo = 1.1
Lo = 3.2 x 10%7 o = 2.3 x 1036
Tp—etnOlio . yrs Tp—pta0lio . VIS

JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025



Flipped Supersymmetry, g, — 2 & Dark Matter

® Exploration of 8, — 2, dark matter and proton decay possibilities

1006 Aymy=18,tan B =35,u>0 1000-reeem Ag/my=18,tan f =35,u>0
I T T T B BN S S S e B — 1 v I Ll T T T T T T
Vi = 10965 GeV 720105 Maziesscey [
S / . Proton decay :
< / . accessible to Higgs mass
— Hyper- also OK
g = N
Kamiokande
' ‘Quadrifecta’

S oD [egion

100 1000 2000 2400 0 0.1 0.2 03 04 05 0.6
My,(GeV) hy=hs
Soft supersymmetry-breaking Sensitivity to superpotential
parameters specific parameters of flipped SU(5):
to flipped SU(5) effectonp — et decay rate

JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2110.06833




Supersymmetry: Nil carborundum

“Don’t let the bastards grind you down”

® Supersymmetry is (for me) still the best-motivated BSM
scenario

® The BNL/FNAL measurements of 8, — 2 may have taken us
(finally) beyond the Standard Model

® Supersymmetry could resolve the tension between experiment
and the data-driven SM theory estimate of g, — 2

® And simultaneously provide the cold dark matter

® |nteresting possible LHC signatures (light sleptons, ...)
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Hadronic Vacuum Polarization

504 o N:A7, TOF, ACO DM1 ) p
. . . . 40 'Sk
® Most important contribution is from oo 38
. . = 30 5 f
low energies < 1 GeV, dominated by p & ;oo
. ~ 20- Fd 1 By
and w peaks, taking account of o A
. 101 555 ' o “’o% N
interference effects [ e e G e
= L(;O 500 600 700 800 900 1000
E (MeV)

® Uncertainties dominated by p and w
region, and by region between 1 and 2 00 Gev, o
GeV (¢, etc.)

1.0 GeV
contribution error?
® High energies under good control from G Me¥m, | TeTs.,

e'e” -> hadrons

perturbative QCD

a VPO = 693.1(2.8)exp(2-8)sys(0.7)pv+qep X 10710 =
= 693.1(4.0) x 1071,

u

o A N W oS~ U1 O
1 1 1 1 1 1

excl data 4 DASPII, CLEO, CUSB, MAC, CELLO,MARK J [

-1___1_‘4_1_"44_ ___________ R - s +___'__°___+___'__°__-_

Aoyama et al, arXiv:2006.04822 T T T e T T




RBC/UKQCD Hybrid Method

Replace lattice data at very short and long distances
by experimental e+e- scattering data

» Convert R-ratio data to Euclidean correlation function (via the dispersive
integral) and compare with lattice results for windows in Euclidean time
* intermediate window:
expect reduced FV effects and discretization errors

450 T T
I I | C(t)w
1 400 | C(t) w, (t,1.5fm,0.15fm) |
C(t) w, [1-6(t,0.4fm,0.15fm)]
350 |- i
0.8 4
300
0.6 — Ogin A = &0
— (-_)LD x 200 |-
0.4 150 |- | i
i 1 100 |- :
0.2 - N\
50 | |
0 ) ) | ) | ) h | ) ) 0 | 1 | 1 1 1] -
0 05 1 15 > 0 05 1 15 2 25 3 B35 4 45

t [fm t/fm
Blum et al, arXiv:1801.07224




Calculation

Isospin-symmetric

O

Connected light
633.7(2.1)g1a4(4-2) g 5t

Connected strange
53.393(89),,,,(68)

OO

Disconnected

O O

Connected charm

syst 14.6(0)gy01( syt -13.36(1.18)4,,(1-36) ¢

glight

QED isospin breaking: valence

Connected -1.23(40),

stat(31 )syst

Disconnected —0.55(15)y5(10)5

Strong-isospin breaking

O OO

Connected Disconnected
6.60(63)11(53)5yst —4.67(54)15(69)5¢

OO
® O

QED isospin breaking: sea

O OO
O e

Connected  0.37(21)15(24)

Other

O 000
OO0

Disconnected -0.040(33),(21),

Bottom; higher-order;
perturbative

0.11(4),

'syst

QED isospin breaking: mixed

s

Connected  -0.0093(86),,,,(95),

syst

Finite-size effects

Isospin-symmetric
18.7(2.5)t

o0 O

Disconnected 0.011(24) (1 4)syst

Isospin-breaking
0.0(0.1),

High statistics, accurate continuum extrapolation
—ag™" =107(70) x 107"

a EXP

aLOHYP (x1010) = 707.5(2.3),4,,(5.0)q (5. 5)

light
(a ;?,win)iso

BMW Collaboration, Borsanyi et al, arXiv:2002.12347

BNIW Lattice
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How to Accommodate BMW?
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Analyticity and unitarity constrain increase in 77z~ cross section < 1 GeV

Maximum allowed conflicts with data, does not change greatly prediction for a

H

Increase in cross section at higher energies affects electroweak observables

Colangelo, Hoferichter & Stoffer, arXiv:2010.07943




