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® One-loop contribution from
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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-

® and L=qa 2su£ILG +b\/§tuﬁRG

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.
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Fig. 1. One-loop diagrams contributing to (g — 2)y: (a) essen-
tially massless photmo ('y) exchange, (b) ¥ 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 U diagram of fig. 1b as com-
pared to the massive BorZ diagram of fig. 1c. The
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Abstract
t B _ 5 0 > 0 ‘We combine the constraint suggested by the recent BNL E821 measurement of the anomalous magnetic moment of the muon
an - ? l'l on the parameter space of the constrained MSSM (CMSSM) with those provided previously by LEP, the measured rate of
1500 T T v T T T b — sy decay and the cosmological relic density QXhZ. Our treatment of £2 12 includes carefully the direct-channel Higgs
I mh = 117 GeV poles in annihilation of pairs of neutralinos x and a complete analysis of y — £ coannihilation. We find excellent consistency
! 7 between all the constraints for tan 8 2 10 and u > 0, for restricted ranges of the CMSSM parameters mq 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
’ /
i 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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Hadronic Vacuum Polarization
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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 (fpR)

1 — 1+
znt — wa 75 + sz 275 )¢z¢k + H.c.
_— . Most
® One-loop contributions from smuon/neutralino loops: .
Important
: . 11 m?” mj
® Left-right mixing: a; _ZSWQmZRe(KikL““)II(mZ? mf) —
12 m; 2 mi m;
® Unmixed: af = Zle? (IszI + | Lix|? )Iz( m? mf)

Ibrahim & Nath, hep-ph/9910553



g, — 2in CMSSM

Assume universality between squark & slepton, %
and between gluino and electroweakino masses

H N W S U1 OO 4 0

BMW

at GUT scale o
9 ‘ ‘ Very small contribution
8f m to g,u — 2
7t ‘ ‘ I
o % 1 2 3 i 5
W Al)
o~ 57
547
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3t J S 8t i
| ! f
1t 6l
T W i
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Scenario relates squark/gluino masses 3t
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Cannot accommodate BNL/FNAL result 1l
Smuon masses 2 4 TeV 0 ‘ ‘
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MasterCode, E. Bagnaschi, ..., JE et al, arXiv:2108.xxxxx
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LHC vs Supersymmetry

® |LHC favours squarks & gluinos > 2 TeV (but loopholes)

® Does not exclude lighter electroweakly-interacting particles, e.g., sleptons

pp = [}, p A7 p @ — pX3, bino LSP March 2022 @ ey’ 1
< 600 o T s 80— ATLAS Preliminary
& | ATLASPreliminary = 2w S — omeveatme’,  (5=13 TeV, 139 fb", Alllimits at 95% CL
O, - 8-13TeV,20.3-139 fp~! == Observed & — " osemeatmig,
—~ 500~ arXiv:1403.5294, Run 1 2¢ g 250{— - - - ExpeciedLimit,
?>; [ arXiv:1911.12606, Run 2 soft 2¢ it

arXiv:1908.08215, Run 2 2£0J 4
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pMSSM11 _
2in pMSSM11 |
H ol
()]
. . X
No relation between squark/gluino masses <y
and slepton/neutralino masses
— LHC13,w/(g—2), —— LHCI13,wlo(g—2), 21
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Supersymmetry

® g, — 2-friendly scenarios with light neutralino/chargino or neutralino/slepton

1000 1000 g
800+ .
E 600 ' E
? IEN
400+
® (9-2), ® (g-2),
A (g-2),+Qn? A (g-2),+Qn?
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* (g-2),+Qh?+DD+LHC * (g-2),+Qh?+DD+LHC
200 400 600 800 1000 200 400 600 800 1000
1

m)}? (GeV)
Red star points include all relevant LHC and direct scattering constraints

Chakraborti, Heinemeyer & Saha, arXiv:2104.03287



Comparison with Lattice Calculations
of Hadronic Vacuum Polarization
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Isospin-symmetric

O

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

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

BMW Collaboration, Borsanyi et al, arXiv:2002.12347

BMW Lattice
Calculation
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O O
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syst 14.6(0)gy01( syt -13.36(1.18)4,,(1-36) ¢

glight
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stat(31 )syst

Disconnected —0.55(15)y5(10)5

Strong-isospin breaking
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'syst
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Isospin-symmetric
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Flipped SU(5) GUT

® Extend GUT SU(5) with addiﬁonal@motivated by string theory]

Antoniadis, JE, Hagelin & Nanopoulos, 1987
® “Flipped” fermion assignments to representations:

ﬁ(gv _3) — {Uzc7Lz} ) Fz(]-O? 1) — {szchszc} ) @7 5) :B L= 17273

® Break GUT symmetry with 10-dimensional Higgses, electroweak
symmetry with 5-dimensional Higgses:
H(10,1) = {Qg, D$;, N5}, H(10,-1) = {Qu, D§, N;
Lightest neutralino

h(57 _2) - {THc7 Hd} J B(g’ 2) - {TEC’HU} & ||ghter smuon

can have small masses
W = M F,F;h+ N F,fih + N5 filsh + \y\HHh + A\s HHh
+ AéaFinsa + Aghﬁ¢a + Agbc(fba(/ﬁbqﬁc + ﬂ;b¢a¢b )

® Scan free parameters of model:

M57 @ mio, m5@ M, MA7 A07 tanﬁ

® Superpotential:



g, — 2in FIipped SU(5)

| a <15 +
15<au<30 X
30<4M<50 X
50<a < 100

350 a, > 100

300

250

m GeV

200

LEP lower limit
on slepton mass

x = best-fit point| 5,

0O 200 400 600 800 1000 1200 1400 1600
my GeV

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




8, 2 in CMSSM & Flipped SU(5)
vs Lattice, Data-Driven Calculation

Data-driven

BMW ' " —~e~ This work
, |- ETMC 21
| —@— BMW 20
—e— RBC/UKQCD 18
Flipped SU(5) 9~ Colangelo et al. 22 (R-ratio)
I ; 230 235 240
a¥in x 10710

New lattice calculation

Similar to BMW
Cé et al, arXiv:2206.06582

CMSSM

€L

50 100 150 200 250 300 350
Aa, (x10'!): GUT models vs Standard Model calculations
JE, Evans, Nagata, Nanopoulos & Olive, arXiv:2107.03025




Update on Lattice Calculations

ETMC22 | =
Mainz’22 | ——
ABGP’22 | ——
XQCD’22 (ovipbw) | = =
XQCD’22 (ovHISQ) | ——
FHM'20 | = =
LM’20 | —
Aubin etal’19 (2a) | ——
Aubin etal '19 (3a) | ——
BMWc’20 | —
RBC’18 (2a) | —
R-ratio’20 | —6—

200 203 206 209 212
1 ligh
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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



CDF Measurement of mw

compared with previous measurements

e Stat.uncertainty B P [
—— Total uncertainty
LEP2 80376 £ 33 [ —
DO Il 80375 £ 23 [T —
ATLAS 80370 =19 ———i
LHCb 80354 + 32 | o-
CDF 1l 80434 +9 o=
World Avg. (w/o CDF) 80370 12 —e—
World Avg. (w/ CDF) 80411 +8 -
SM 80361 =7 FoH Indirect w/o my,
SM electroweak fit 80354 +7 -
SM + S,T fit 80378 =24
80100 80200 80300 80400 80500
my [MeV]

Tension: 7-o discrepancy with Standard Model?



M,, [GeV]

80.50

80.45

80.40

80.35

171

CDF Measurement of
the Mass of the W Boson

- Experimental unc. 68% CL
- = === LEP2/Tevatron

= This measurement

IIIIIIIIIllllllllllllll]llllllll

Light supersymmetry

A

ainty (MeV)

Source

-----------------------------------------------------------------------------------------

Heinemeyer, Hollik, Weiglein, Zeune '20 ™|
IIllIlIllllIllIlIlIIIIIlIlllIIllll
172 173 174 175 176 177
m, [GeV]

Biggest uncertainties: lepton energy, pr model, parton distributions, backgrounds

CDF Collaboration, Science 376 (2022) p170



CDF Collaboration, Science 376 (2022) p170

Accuracy of | 4 dhy-o
1.2 —*- Youu
—— Z-up
M U O n o | + -§- combined
- |
Momentum &% “ | ATOWEOE
Measurement? :
1 02 o4
<GeV/p >
:
. . -1.1E _ M
e Momentum calibration e Ty 0.1904
. P Findl 1032115
using Z, ]/lP, Y sk 50 ~1.288 + 0.026
3 = p1 -0.4484 +0.1015
e Larger uncertainty at S
smaller p4. ? S

<GeV/p:>



Status of Perturbative Calculations
of W and Z Production

@ B Accuracy used by CDF

o B Current accuracy available in ResBos code

o B All terms known to this accuracy

Anomalous Dimension

Order Boundary Condition | 7; (non-cusp) TI'cysp,8 | Fixed Order Matching
LL 1 - 1-loop -
NLL 1 1-loop 2-loop -
NLL' (+ NLO) Qs 1-loop 2-loop Ol
NNLL (4+ NLO) Qg 2-loop 3-loop Qg
NNLL' (+ NNLO) as 2-loop 3-loop as
N°LL (+ NNLO) o’ 3-loop 4-loop o
N°LL’ (+ N°LO) o’ 3-loop 4-loop o’
N4LL’ (+ N3LO! a3§ 4-loop 5-loop 0‘35

Isaacson, LPC Physics Forum, Fermilab, 14 April




CDF Run Il {M7) at NLO
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Sensitivity to Parton Distributions
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Theoretical
Interpretations
of W Mass

taking CDF
measurement
at face value

90 papers and counting!

Supersymmetry?

3667 DM

3693 Inert H

3797 EWPO

3996 Relation to g-2
4183 Axion, chameleon
4191 EWPO

4202 SUSY

4204 EWPO

4286 SUSY GMSB
4356 SUSY NMSSM
4514 non-standard H
4559 RH neutrinos
4710 SUSY NMSSM

5031 Seesaw triplet
5085 2HDM

5260 SMEFT

5267 Custodial symm
5269 2HDM

5283 S&T

5284 Higgs physics
5285 FlexibleSUSY
5296 S&T, SMEFT
5302 D3-Brane
5303 2HDM

5728 2HDM

5760 Georgi-Machacek
5942 Leptoguark

5962 VL quarks

5965 Single-field

5975 2HDM + singlet
5992 SMEFT

6327 Non-local SM
6485 2HDM

6505 2HDM

6541 RPV MSSM

7022 Lepton portal DM
7144 Triplet H

Zhu

Fan

Lu
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Yuan
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Yang

de Blas
Du

Tang
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Cao

Cheng
Song
Bagnaschi
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Endo
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Han
Zheng

kawamura
Fileviez

7970 GUT, finite group Wilson

8067 Extra U(1)
8266 Seesaw
8390 Zee model
8406 2HDM
8440 Beta decay

8546 Oblique
8568 Seesaw
9001 2HDM

9029 Stueckelberg
9031 Leptogquarks

9376 Triplet

9477 vLQ

9487 Extra U(1)
9585 Extra U(1)
9671 DM fermions

10130 SMEFT

10156 Dark photon
10274 Triplet seesaw
10375 FOPT triplet

10338 2HDM

11570 Extra U(1)
11755 2HDM

11871 nu-lepton collider

11945 Scotogenic DM
11991 Atomic PV
12018 2HDM

12453 Colour-octet

12898 Georgi-Machacek

13027 Extra U(1)

13690 RG running

15.00758 Flipped SU(5)

783 DM

Zhang
Borah
Chowdhury
Arcadi
Cirigliano

Carpenter
Popov
Ghorbani
Du
Bhaskar

Batra
Cao
Zeng
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da Silva
Cheng
Heeck
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Lee
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Yang
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Chen
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Wang

1115 2HDM
1437 2HDM

1699 Braneworld
1701 2HDM

1911 Dark photon
2088 Leptoguark+VLQ
2205 bs anomalies
2217 DM + g-2

2788 ResBos2
3877 GUT triplet
3917 vLQ

3942 PDFs

4016 Lepton portal
4473 LLP

4824 SO(10) axion
5022 SU(5)

5041 Triplet

5610 Coloured scalars
8215 SESM

9109 SUSY 331
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Standard Model Effective Field Theory

a more powerful way to analyze the data

e Assume the Standard Model Lagrangian is correct
i (quantum numbers of particles) but incomplete

I- Look for additional interactions between SM particles
. due to exchanges of heavier particles

- Analyze Higgs data together with electroweak
~ precision data and top data

f- Most efficient way to extract largest amount of
. information from LHC and other experiments

. Model-independent way to look for physics beyond

! th‘e_StarV\da__r_deodeI (B§M) - apd id_ent_i_fy_ it?




Dimension-6 SMEFT Operators

. X3 H% and H*D? V2 H3
e Including 2- and 4- | @ 7 arae | o iy’ O, [ (B Ge )
o PTG GrrGor |04 (H'H)O(H'H) | Oun (H'H)(gyu, H)
b TIK Yy IvynsJ Kpu t 5 t i
fermion operators | (@ =7wrwnw ) (Lo, [ Gmprm (o, m)| (Qu | (i)
W L v P
. X2H? V2 XH V2H?D
e Different colours for (o ma o) ICRRE T
. Oua H'H G4,GAw o) (H*zD' H)(I,r14"1,)
different data (00 HYH W, W O (Hsz H) (@ er)
Ouw HYH W], W o4, | (H'iD, H)(@" )
sectors [Ous H'H B,,B"" Oa | (H'iDy H)(@pr'v"qy)

OHI} HfH B/“IB#U

e Grey cells violate (Ouws | HATHWLE™

Onis HirTHW] B

Ou. | (H'iDy H)(uyy"u,)

\OQus | (H'iD, H)(dy"d,)/
Otua i(HfDI-‘H) (ﬁp'yydr)

5 LL)(LL) , LD (R
S U ( 3 ) Sy m m et ry [ O, (l—,,'y,,l )(LsyH1y) ] O.. (epyuer)(esyter) O,. __
O;;,) (Qp'YuQI)(qs! ‘qt) 0.. (ﬂ;p'Yuur)(Tfs"/“Ut) 0. p by ) (UsY™a
e Important when . o | (mtiar @)
. . 0{(’1‘) . ’
including top 0 | (g T A

0,(,:,) ((1])'7;1(17 )(d ’7“ df)
(@7 T4 ) (ds

observables

JE, Madigan, Mimasu, Sanz & You,

arXiv:2012.02779




Global SMEFT Fit
to Top, Higgs, Diboson, Electroweak Data

e Global fit to dimension-6 operators using precision
electroweak data, W+W- g op, Higgs and diboson
data from LHC Runs 1, 2 Bl

top EW
e Search for BSM contributions g u B
e Constraints on BSM o CQ\ g
e At tree level c o |G| Co
e At loop level 5 N = )
c p

Q ¢
-
S &3
Q g?
:I..Q f%
;;3

Q
ECB

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779 _ Higgs J




SMEFT Fits with the Mass of the W Boson

SU(3)>: EWPO + Diboson + Higgs

0.05
2
0.04- 95%CL individual; C; “T\ezw _
0.03-
0.02]
0.00 : ‘| n by L %H
—0.01-
—0.02:
—-0.03"
_0.04 : W 2020 fit, No My, W 2022 fit, CDF My, update | |
My, EWPO EWPO I 2020 fit
005 2 Q S 5 o% 2 o ag S 3
G Q O O Q O 0 Q Q
o o ICD
— — —
102.
2
& 10
<||§ 10°
1071
[aa] oo e S
3 ei S 3

Non-zero coefficients for any of four operators can fit W mass

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Single-Field Extensions of the Standard Model

SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1)
1 0 Ay 5 1 2 —3
1 1 As 5 1 2 —3
Spin zero ¥ 5 D 5 1 3 0
3 0 % 5 1 3 -1
3 1 U 5 3 1 2
1 0 D 5 3 1 —3
1 1 Q1 3 3 2 .
3 0 Qs : 3 2 —3
1 3 1 Q7 : 3 2 I
5 1 1 0 Ty 2 3 3 —3
E s 1 1 -1 Ty 5 3 3 2
T 5 3 1 g TB | 3 3 2 .

JE, Madigan, Mimasu, Sanz & You, arXiv:2012.02779




Single-Field Models that can
Contribute to W Mass

1
Model w Cyl | Che | Cuo | Conr | Corr | Con
Sh
3 T
» 1—% v
2 \ 16 y8l
: o
1 e
E /i i
B, 1 [ _yr | _uw | _w
—Yr —Yi —Yp
= 5 ooy | owe | w
1 s
W1 - _§ —% —% _%
774 ) -3 | =y | =y | —w

Operators
contributing to my

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260




Models Fitting the W Mass

Spins Mass limits (in TeV)
V Wi =
S =i fe
V B- o
F N —.—
FE; o
3 3 5 6 7 8 9 10

68 and 95% CL ranges of masses assuming unit couplings
Masses & couplings

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



Models Fitting the W Mass

W: Isotriplet vector boson, mass ~ 3 TeV x coupling, electroweak production,

accessible at LHC?

B: Singlet vector boson, mass ~ 8 TeV x coupling, phenomenology depends
on fermion couplings, too heavy for LHC?

= Isotriplet scalar boson, mass ~ 3 TeV x coupling, detectable in LHC

searches for heavy Higgs bosons?

N: Isosinglet neutral fermion, mass ~ 4 TeV x coupling, similar to (right-

handed) singlet neutrino

E: Isosinglet charged fermion, mass ~ 6 TeV x coupling, similar to (right-

handed) singlet electron

Bagnaschi, JE, Madigan, Mimasu, Sanz & You, arXiv:2204.05260



W Mass in Supersymmetry?

Electroweak particles reach old world

average, but not CDF or new world average

80.44
CBF 80.60
80.43 |— N
80-42:1' . L e B L B L LA [N B B BB 8055—_
F e [ coann. case-L Y Aa, » New World ~
80.415‘ e [ coann. case-R T Average = :
g v (B-W) < 80.50|—
: i = 80.50¢
: e N
: = g0.451-
80.40—
; lll|IIlIIIIIIIlllIll-l..llilIII.'I.I.Illllllll
0.0

80.35

Bagnaschi, Chakraborti, Heinemeyer, Saha & Weiglein, arXiv:2203.15710

Contribution from stops?

200 400 600 800 1009 1200 1400 1600 1800 2000
m. (GeV)

Heinemeyer, Weiglein & Zeune, 2013



What lies beyond the Standard Model?

Supersymmetry

New motivations
e Stabilize electroweak vacuum from LHC Runs 1 & 2

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, dark matter, 8, — 2, my?



