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Our civilization established the Standard Model of Particle Physics, a state-of-the-art theory.

m Standard Model = quantum field theory with

» quarks and leptons,

> "gauge symmetry" SU(3)xSU(2)xU(1),
L -
> and nggs boson H spontaneous symmetry bga(k;]nz
induced by Higgs boson

ESU(3)C°|OFSU(2)weak u(1)y

é QL 3 2 1/6 = (UL, dL)
, @ Uy 3 2/3 = ug
fs.u. Charm top % -D- """""" '3 """"""""""""" _ -1-/-3- _ d
2 . LY N Y (1 (1 _R _______________________________________________ - R
7 “v\@ ‘%@‘ g L, | 2 -1/2 = (v, e)
own strange ottom e

<b <4, <4, ER -1 = €er
" ‘ ‘ 4@’ § B v _
S electron muon R - (W"', W-, Z)
g D 1 ®) W o tY

declion o maan, i 9. Y
H 2 1/2

discovered in 2012 at the LHC
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Our civilization established the Standard Model of Particle Physics, a state-of-the-art theory.

B Standard Model = quantum field theory with

» quarks and leptons, @ 4
> "gauge symmetry" SU(3)xSU(2)xU(1),

etic

gn

top

quarks

strong electroma

@ - (
|—> U (‘I ) “down strange bottom

> and nggs boson H spontaneous symmetry breaking ‘\‘» ‘ ( ),

induced by Higgs boson

weak

electron muon

muon tau
neutrino

-~ &
electron
neutrino

w
=
o)
=
Q
9

B The SM explains...

v ingredients of ... the Universe,

- Example: Tritium

v mechanism of three forces,
[strong, weak, and electromagnetic forces]

v mechanism of {q, e, u, T, W, Z, H} mass,

and...

v/ many many more! - next page!
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Two notable examples of the success of the Standard Model.

v Lepton magnetic moment
2.00231930436408(144) (Rb)
2.00231930436324(046) (Cs)

2.00231930436146(056)

g.(SM)

g.(meas)

g,(SM)
g,(meas)

2.00233183620(86)
2.00233184122(82)

[using agy, from Rb/Cs interferometry]

e) Keshavarzi, Marciano, Passera, Sirlin [2006.12666] and refs. therein.
1) The White paper [2006.04822] for SM prediction,
hep-ex/0602035 (BNL) and 2104.03281 (FNAL) for measurements.

V4 Tremendous number of Results from

the LHC

CMS September 2019
Dilepton o
JHEP 07 (2011) 049, 36 pb' 0 GoV

Dilepton

EPJC 72 (2012) 2202, 5.0 16
Alljets

EPJC 74 (2014) 2758, 35 b

Lepton+jets
JHEP 12 (2012) 105,5.0fb™"

Diley

eptol
PRD 93 (zms) 072004, 19.7 f"

Alljets
PRD 93 (2016) 072004, 18.2 o'

Leptol

PRD S| (2016) 072004, 19.7 "

CMS Run 1 legacy

PRD 93 (2016) 072004

Dilepton

EPJC 79 (2019) 368, 359 b

Lepton+jets

EPJC 78 (2018) 891,359 b
Iljets

EPJC 79 (2019) 313,359 16"

Lepton+jets, all-jets
EPJC 79 (2019) 313, 35.9 b

Single jet, py > 400 GeV
‘TOP-19-005 (2019), 35.9 fb"

Tevatron combination
arXiv:1608.01881 (2016)

World combination
ATLAS, CDF, CMS, DO
arXiv:1403.4427 (2014)

IllJlII\IlIIlIlI\IJlII

@~ 17232:0.25:059GeV
@ 172.35:0.16+048 GeV
@ 1724450135047 GeV
—@~ 17233024086 Gev
@~ 172.2540.08+062GeV
@~  172.34£020£070GeV
@+ 172.2640.07+061GeV
————

175.50 £ 4.60 £ 4.

—e@— 17250+ 0.43 + 1.43 GeV.

173.49 £ 0.69 £ 1.21 GeV.

—e@—173.49 % 0.43 + 0.98 GeV

—@— 172.82£0.19 1.22GeV

17256  0.41% 244 GeV.

174.30 + 0.35 + 0.54 GeV/

~@— 173.34£0.27 £ 0.71 GeV

165

dard Model Pr Cross Secti ATLAS P
reliminary ..
- June 2021 CMS Preliminar
Status: July 2021 =5,7,8 12 Ta/ — F
- -8_ & 7 TeV CMS measurement (L<5.0 fb")
Model Ecw [TeV] Jul[{h 1 Measurement Yuors! [T R:Ll; ——T ——r —— ———— & 8 TeV CMS measurement (L < 19.6 fb”)
% s cpgauny SRRLR R i T I T o { ¢ 13TV OMS mezsurement (< 167 1)
B 773015 060 m v Py erSoarang | 2njet(s) eory prediction
1% SR 52 B ‘Szmmé\si“m‘c.s/lsmym W |ATLAS FedTotal [ - & 2 2.~ OMS 95%CL lmits at 7, 8 and 13 TeV
FE RO 0 s Nl o e Vs=13TeV,24.5-79.8 0" o
3 pe R s o7 134 o LGl o jﬂEF 5
o ; ol ip-0d 5 4 ok RIS e o m, =125.00GeV, y | <25 3] J
g gogestaae  oogn Model Pi o H 3
Teey | S e ¢4 Standard Mode roduct Py, = 93% »
i g rIpush s » d
Psd B: Doy TR e sy 2021 2 h
iy S e ¥ %2 BT Goifh  Status:July Ggg,: == o i = b
E of  pgntmadme  ftdn g f
Wi 1 F o vIirHoRIHEE Model Ecw [TeV] [Ldib™] M == o1 5
ghes sitabin ww W Over/ Oggr H 0 -
Wit 4 SRR e 23 ox / g
In oA EL0Te) b= 1 “
LN i g5 | OO 5 1 s
o ol ameites Z e v 5 & . e
Wi £ PR R b w1 [ = 3 Fr.2 ¥ CMS Preliminary,Ns=7 TeV Sp
Wi 3 d 208000l Yo i B z 2oz | B0 i 4 [
Whas R RS . EA h 3 ! e
wiiss iRt e ,mgﬂ 3% > 04 B SR = <] (uminosiy)
i S ot § o101 G)aR), > 04 49 e i o
g el Pt A B,/B -2 i3
FEsE B roiiiellfhe L S—— 6o ! Bzze ¢ 10 i pp— A, X—> Jhp AX 11.6=0
| oo foronhodhm oo I B. B __ ¥ Pr>10 GeV, lyl<2.0 (x10000) (1900 pb
K Lz é:mlnr{s’in'mm ] 03 o ww! Bzz+ ATLAS+CMS Prelimin: 1078
1 goamsntaole, ., et J LHC 0~ ¢
| e ey Y24 " B/ Bz § o, =089 cae) < 001(POF) b ¢
= 01352 0/006 = .27 po ;r;“‘ gr-‘ 22 o4l 28 o tw = .mA Lt
i il el y 8o BBy g 10 Sy e T T e e p— B’ X 28122
7 1 2 000624 0.001456 & 0. Vel oo wwe 139 7= bE ©2Z° NLO(OCD+EW)¢NNLL H d o W ol Pr>5 GeV, lyl<2.4 (6pb™)
PR VBN <o ¥ oo . . Al results at: hitp:/icern.chigo/pNj7 vz sk
o 66ia5E16 VBFH = 7. i< 25 139 e Opmeas. T (Stat.)+ (syst.)
Fo3R e %1 [
éggg"gw w <33 L — 0 0.5 0.87+0.13+ 0.14 pb A . .
| o TRV A ftw n pp—>B’ X 333::
woa7s “ 4 +012 4013 R
ame pet & o) kS 077 531 “oi2P0 o ERSiGev iz 2 (40pb”)
§ fas Wyt &0
i H i Bormmaee A
EawE i g 5 < 0.99+ 0.05+ 0.08 pb
hid %5 GimiBiGlun
i % o £ — - .9+ 0.
i EE iz A o P L €050
Hor ) 2 roiziodiediion o 0.95+ 0.05:+ 0.06 pb 8<p,<50 GeV, lyl<2.4 (x1000) (40 pb™)
N
hid 23
Wi EWK (m, > 500 Gev) 2%
HER R EY 22 Wy 008050001 *25 20 M Theory: MC@NLO / POWHEG
Zjrew B9 y+tWy +0.001 “ooz " CTEQ6M PDF, u=(nf+p2)"?, m,=4.75 GeV
v,"',(m» %3 |
Hizry s i) 23 - c
i) 2 ty 080 0.01£0.05 pb 50
g 7 ) £ o B Hadron Production Cross Section [ub]
e 210233 PRI SRS BT P S S S|
T £ 0.2 0.4 [p%]s 12 14
W o
Wi Bwi 23 v
w{.wé‘iz"‘" ki) 7~ 0612003 [Shorpi222) 0200410617 rop'ox
oM(WZjj) EWK 361 o =0.32+0.03 fb (Sherpa 2.22) Ptemgzmsi
o™(WZjj) EWK 203 @ =013+0.01(\ ILO) D 93, 092004 (2016)

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021

Figs. from ATLAS and CMS summary pages
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But Standard Model is not perfect. (1)
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But Standard Model is not perfect. (2) | known matter

m Standard Model = quantum field theo

» quarks and leptons,

> "gauge symmetry" SU(3)xSU(2)xU(1), 26%
|—>U( "dark energy”

spontaneous symmetry breaki 69%

» and Higgs boson H.

induced by Higgs b«
: %1?
H The SM eXp|a|rjrS...h/ QOI‘I'Y 2% e.q., Planck 2018 Result [1807.06209]
v ingredients of ...4the Universe,
v mechanism of three forces, @ gravity?
[strong, weak, and electromagnetic forces]

v mechanism of {q, e, u, T, W, Z, H} mass,
and mass of neutrinos (v)?

v/ many many more!
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My previous works| have covered some of these topics.
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| will focus on (DM, g-2) + SUSY in this talk (and briefly on extra U(1) models).
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= Any mechanism behind SM parameters? -\ »

-3 resonant leptogenesis?
“\flavor symmetry? /

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021 9 /57




An anomaly has been known in the muon anomalous magnetic moment (g-2).

. . g,—2
m Pre-2021 situation a, =2
I I I I
SM Predictions Experiment
BDJ19 p ~3.50 p | BNLg-2(-2004)
DHMZ19 H ® H
KNT19
combine
white paper (2020)
| ® |
| |
| | | |
170 180 190 200 210
a, x 10" = 11659000
expm:Brookhaven Natl. Lab. [hep-ex/0602035]
Fermilab (Run1) [2104.03247 old SM: BDJ19[1903.11034]
SM: White paper [2006.04822 DHMZ19 [1908.00921
HVP(lattice) by BMW [2002.12347v3] KNT19 [1911.00367]
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The muon g-2 anomaly was confirmed in the latest measurement at Fermilab.

° g - 2
m 7 April 2021 a, =2
SM Predictions Experiment
BDJ19 p ~3.50 b BNAY-24<5p04)
DHMZ19 N

KNT19
FNAL g-2 (2021
1]

o— =

hit 202 A
W !e pap.er( OI 0) 4.2 : ve:age |
M
7180 190 200 210

a1 01011650000

- 32 arXiv preprints within 150 minutes

including:
Endo, Hamaguchi, lIwamoto, Kitahara [2104.03217],
Iwamoto, Yanagida, Yokozaki [2104.03223].

Fermilab (Run1) [2104.03247 old SM: BDJ19 [1903.11034
SM: White paper [2006.04822 DHMZ19 [1908.00921
HVP(lattice) by BMW [2002.12347v3] KNT19 [1911.00367]
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However, two "SM predictions" are reported. Which is correct? Discussions ongoing.

m 7 April 2021
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However, two "SM predictions" are reported. Which is correct? Discussions ongoing.

m 7 April 2021 a, ===

SM Predictions Experimen
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& & l ¢ l (no anomaly = SM consistent)

[ | |
=

Hadronic Vacuum Polarization =~ Hadronic Light-by-Light
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The difference comes from the evaluation of HVP diagrams, in which all hadrons contributes.

'Y T

(hadronic o Bhg S
m Two methods for ”L_% vacuum polarization)% E:ﬂz{;g
@©
» White paper: data-driven approach 5 L
| BMW-17 |
Optical theorem says: o ‘ . | |PACS-19 |
CCDJ | FHIM-19 .
HVP = sum of all S . e
“« — n . ° ‘ W-
ete” — hadrons” cross sections- P
. . Eg | 6é0 B 760 B 750 B 740 B 760
< Attack:Did you include ALL processes? alIVRLO ¢ 1010
Are all cross-section data TR e =
valid and consistent? W= g | 5K %ere—pacrons(s)

/e

o(s) :cross section with collision energy s
K(s) :known analytic function

» BMW collaboration: lattice QCD
< Attack:Are the extrapolations safe? (especially: lattice spacing a — 0)

Y

m Two methods for f@:ﬂ (hadronic.
i, i light-by-light)

- consistent results.

—
Glasgow-09
N-09

J-17
WP (pheno)
| % |

I
RBC/UK.QCD—19 |
| WP | ‘

f L |
Mainz-21

A

4 6 8 10 12 14 16

aHLbL, LO, uds X 1010 1 4
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The muon g-2 anomaly will be one of the hottest J topics in 2020s.

white paper (2020) Average |
| ® |
I |

HVP by BMW (2020)

A very hot topic in 2020s!
m The battle of HVP:

» data-driven?

< Attack:Did you include ALL processes?
Are all cross-section data
valid and consistent?

> lattice QCD? -
& Attack:Are the extrapolations safe? (especially: lattice spacmg a—0)

B More supporting data .
4 [An important note:
e.g.Bellell (e*e™ — w* 7~y etc.), MUONE (u*e™ — u*e ) | like very hot dishes.]
Electroweak precision tests.

B More precise measurement at Fermilab:

In this talk, | will assume "BSM solves 4.2¢ anomaly."

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021



This is the situation of the Standard Model as of 2021.

Il Dark matter

D

dark QCD?

I Dark energy ..

............................ )
e )

Il Mechanism for
neutrino mass

quintessence?

—>

sterile neutrino?—> extra U(1)?

superstring theory?

see-saw mechanism?

aert
........

A

......................................................

axion-like particles?

A A

17| Muon g-2 anomaly [ IePtoquark?
12 Flavor anomalies (b—suy, RO), RO, )" Ieptjvg anesis?
1?|0rigin of baryon asymmetry|.. |
) baryo)%]en esis?
= Why is the Universe so "isotropic"? - inflat|on?: ........... v
= Why are U(1)-charges [integer] / 6?-..,; A[SU(5) grand unif?cation? ___________ ’ SUPG?Ymmetry?
= Why many fermions but 1 SCalar?-— oo ................
= Why 8acp SO SMall?- . > axion?

Sho lwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021

Any mechanism behind SM parameters? -

> resonant leptogenesis?

4‘flavor symmetry?

16,57



| am interested in experimental verifications of the BSM scenarios.

> dark QCD?
Il Dark matter e — —> sterile neutrino? —> extra U(1)?
, i ? A
Il Dark energy .. » quintessence”
. m—— > Superstring theory? ....................................... ............................
{1 Gravrty .............................................................. AN S
7| see-saw mechanism? |-
1 ‘em far |
MeChamsm for axion-like particles?
neutrino mass AA
j ........ ?
!? Muon g_2 anomaly et e |€p;0qual’k
‘‘‘‘ : V

1? Flavor anomalies (b—sup, RD), RO, .. leptogenesis?

A

!?I My primary question; ...................... discover or reject

;
How to test BSM models at experiments?

v

> supersymmetry?

This talk: |supersymmetry —[[ || L
as the solution to DM & muon g-2 the LHC

on which | have been working since 2011. 9

Iwamoto + others (incl. Endo, Hamaguchi, Kitahara, Yanagida, Yokozaki, ...) ant Ieptogenesis?
[1108.3071,1112.5653, 1112.6412, 1212.3935, 1303.4256,
1407.4226, 1704.05287, 2001.11025, 2104.03217, 2104.03223] met ry’)
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[2] Particle physics experiments: my best partner in the exploration.

"How to test BSM models at experiments?”

1. Standard Model

v’ Success
v' Issues: Dark matter, muon g-2 anomaly, ...

2. Frontiers of experiments
3. Supersymmetry (as the solution to DM & muon g-2) at the LHC

4. A few other topics

1857
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BSM scenarios = SM + new particle(s). Why are they "new?" Because Heavy or Elusive.

y

> (g-2), = new particle(s) to give extra contribution of ‘ "

> DM 9 a new part|C|e for DM lrihmeisgrigictions=calculate (and sum) all of " .: :R diagrams.

| | . (We will assume
search targets at exPerlments these problems are solved by BSM.)

B 'new’ = not discovered. But Why?

particle mass [Note: E = mc?, 1GeV = 1.8 x10~%*g ~ proton mass]
A1 eV 1 MeV 1GeV 100GeV 10TeV >
- ud s cb t
VIZ/ heavy?
e M T

- We need more energy!
"energy frontier"

i V/‘ (Also:

neutrino frontier,
precision frontier,
cosmic frontier,
weak and elusive? > We need more intensity! theory frontier, ...)

"intensity frontier"
Sho lwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021

strength of interaction (to protons)
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BSM scenarios = SM + new particle(s). Why are they "new?" Because Heavy or Elusive.

m Particle physics experiments:

collider experiments,

fixed-target experiments [NA64, NA42, KOTO, ..],
DM direct detection [XENON, LUX, ..],
neutrino [DayaBay, Super-, ..],

astro-particle observations [Fermi, AMS-02, ..],

ceey

ceey

A

particle mass

1 GeV

collider
energy E,;

Vs =2

(" cf. fixed-target )
E, E target m
E].EZ L \/E = \/ME

(center-of-mass energy = /s/2)

[Note: E = mc?, 1GeV = 1.8 x10~%*g ~ proton mass]

10TeV

leV 1 MeV

e

strength of interaction (to protons)

intensity frontier

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021

; ud s cb

100 GeV

i

LHC

pp collider,
(2x6500)GeV

Wét
—

>

HL-LHC 20277)

pp collider,
(2x7000)GeV

energy frontier

HE-LHC(?) (30000GeV)
FCC-hh(?) (100000GeV)

(& more plans:
CEPC-SppC, CLIC, FCC-ee, FCC-he, ...)

 Large Hadron Collider
 High-Luminosity LHC
» High-Energy LHC

 Future Circular Collider: hadron-hadron
20/ 57



BSM scenarios = SM + new particle(s). Why are they "new?" Because Heavy or Elusive.

. . . . e . N
m Particle physics experiments: collider cf. fixec-target
energy E; E, E target m
collider experiments, —> I
fixed-target experiments [NA64, NA42, KOTO, ..],
g p [ ] \/E = 2 E1E2 \/E = \/ZI’YI—E

DM direct detection [XENON, LUK, ..], \_
neutrino [DayaBay, Super-k, ..,

astro-particle observations [Fermi, AMS-02, ..],

(center-of-mass energy = /s/2)

ceey

ceey

particle mass [Note: E = mc?, 1GeV = 1.8 x10~%*g ~ proton mass]

A

10TeV

leV I1MeV  1GeV 100GeV

. >
; ud s cb

)

c

o

o

g t energy frontier

c e LHC I/IZ/ ......................................................... » | HE-LHC(?) (30000GeV)

[

.% I pp collider, P> FCC-hh(?) (100000GeV)

o (2x6500)GeV (& more plans:

.,2 HL-LHC(2027?) CEPC-SppC, CLIC, FCC-ee, FCC-he, ...)
o | h pp collider,

o (2x7000)GeV

-'lg _] Be"e " (super B factory)

5 e"e* collider,

= 2V7 x4GeV

(7))
MR T - ILC(?)
lntenSIty frontier e-e* collider + Large Hadron Collider

' + High-Luminosity LHC
, (2x125)GeV o
» High-Energy LHC
t FASER' SHIP’ NA62' R * Future Circular Collider: hadron-hadron 21
Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021 * International Linear Collider /57



The LHC is a proton-proton collider with several experiments.

B Large Hadron Collider
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%

collider
energy E, E,
| > < l

two proton beams with E = O(1) TeV
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We will focus on ATLAS and CMS experiments.

B Large Hadron Collider

_Parc naturel Lausg
régional "1 ]
Jura vaudois
£ | £62 |
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s BAF
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collider
energy E, E,
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two proton beams with E = O(1) TeV
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+ a few more experiments
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The LHC completed Run 1&2. More data will be expected, but with similar beam energy.

m Large Hadron Collider

[2x(beam energy)]

V'S

[integrated luminosity]

fL (approx.)

Run 1 (2009-2013) v/ /-8 TeV

5+ 20 fb1

collider
energy E, E,
| > < |

135 fb™ <. L1076 pp collisions (excl. pile-up)

Run 2 (2015-2018) v/ 13 TeV
Run 3 (2022-2024?) 13.6 TeV? 160 fb=1?

[High Luminosity LHC]

[Note: 1yr ~ 107s]

leV 1MeV 1GeV 100GeV 10TeV

>

ud s cb t
e - %

LHC —»

Note for experts:

HL-LHC

©CERN

We here refer only to proton—proton collisions; the LHC also operates as a proton—Pb and Pb—Pb collider (and more).
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[3] I like SUSY =,

"How to test BSM models at experiments?”

1. Standard Model

v’ Success
v' Issues: Dark matter, muon g-2 anomaly, ...

2. Frontiers of experiments

v Energy frontier, Intensity frontier
v' (HL-)LHC

3. Supersymmetry (as the solution to DM & muon g-2) at the LHC

4. Two other topics at intensity (+ cosmic & neutrino) frontier
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Supersymmetry (SUSY) is a hypothetical symmetry of fermion <> boson.

= fermion < boson

=)

»quark <& squark
= [epton & slepton
= higgsino < higgs

26



Supersymmetry (SUSY) is a hypothetical symmetry of fermion <> boson.

(minimal) Supersymmetric Standard Model [MSSM] \
Standard Model particles SUSY partners (hypothetical particles)
A~ A~ T~ G@
@ | Er A | o
g charm top % -:és Sup Scharm S top .
- R S|l o AN N S A
R & ¢ ‘S o 3
I “down strange bottom [’ |Sdown Sstrange Shbottom
A~
‘*‘t GR 4@. G O Ok e
g electron muon i g Selectron S muon S tau Zino Wino Wino
v *é ~ ~ ~ ~
- Hiss S 2o S
gLeucttrrlgg on, .. nggs boson G neutrino § neutrino Gneutrino

Higgs InO /

If the Universe were supersymmetric: on
Mgtepton = Miepton » Msquark = Mauark» --- = contradiction!

k
> We assume: remember: n
SUSY is spontaneously-broken so that try" SU(3)xSU(2)xU(1),
SUSY particles have 100-1000 GeV mass. bnyy, ———U(1)
27
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https://higgstan.com/

There are several reasons why | like SUSY.

A

1eV lMeV lGeV IOOGeV lOTeV >

ud s Cb WZ/ Scbf Assume: SUSY particles at 100GeV-10TeV.
e u eutT

[1TeV =1000GeV]

™
<1
N
Iyt

m\Why SUSY at 100GeV-10 TeV?

% 'superstring theory" ...? (but it requires only "below 107 GeV", not TeV-scale.)

* Lightest SUSY Particle can be DM.

« ~100GeV LSP with "freeze-out" can
% grand unification, — appendix naturally explain why DM is 26%.

*

% dark matter, — appendix —»

*

*

muon g-2. ——— next page

L)

28 /57
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Motivation for TeV-scale SUSY (3) We can explain the muon g—2 anomaly.

Aa

d # |-
white paper (2020) Average
—e— | |
170 180 190 200 210

a, x 10" - 11659000

remember 7
®m Theory Predictions = calculate (and sum) all of ‘ diagrams.
_ (g _ 2),u _ = .
a,u = T =
new particl lin
L> Aay = ~ “Z(e particle coup %) — 25 %1010
167 (new particle mass)

(new partlcle mass)

. . ~ 200 GeV
(new particle coupling)

ML HR

Aa, may come from, e.g.,
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An example of the motivated parameter space (from my old work).

Endo, Hamaguchi, Iwamoto, Yoshinaga [1303.4256]

> 800 - . :
3 Note: This plot was drawn in 2013.
21 Obsolete values are used.
700 5
N\ //.
1 ~/. .
AN
\g 600 DM density is explained.
(bino—smuon coannihilation)
& s00
~~ ] v dark matter,
— I\/\/ coupling unification,
(S, 400 fi v’ muon g-2.
N’ 1 ¢ g-
S >
o)
©
R 300 B&
-
©
>
200 £ sneutrino LSP:
disfavored by DM
100
~ M2 [GeV]
~ m(W) ~ m(H) S me
theory detail ,«-IJ
u =DM, tanf =40,
mg > 1TeV, m(stau) > 1TeV,
M, = My < My, msquark) > 1Tev, Aa, may come from,e.g, H§ ¢ . IR
my > 1TeV, A; =0, -
SUSY-parameters set at 500 GeV I//'L
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To compare with experiment, theory equations should be converted to "real" numbers.

J¢ SOFTSUSY3.3.1 SLHA compliant output
J¢ B.C. Allanach, Comput. Phys. Commun. 14:
Block SPINFO

1 SOFTSUSY  # spectrum calculatd

2.---3.3.1 # version number

Block MODSEL # Select model
10 # nonUniversal
Block SMINPUTS

1 1.2792500e+02  # alpha_em(-
2 1.16637080e-05  # G_Fermi

3 1.18300000e-01 ~ # alpha_s(MZ)M:
4 9.11876080e+01  # MZ(pole)
5
6
7

800 ™ ™ ™ File::Basename;

A N A e File::Temp;
. — H
{Q4, Qsp} = 20" P .
? 1.73100000e+02  # Mtop(pole)
k1 29Vt 7 raW SimpleCalculator{ return File: 1.77682000e+00 - # Mtau(pole)
L= |P; [e g ‘I’]LJQ

+ {[WQWG]QZ + [W(@i)]gz + H.C.} + D 600 /_/ 1 i‘:;:;::‘:ic;m ime Ba'sw';ualock MINPAR # SUSY breaking

3 3.00000000e+01 # tanb
g Block EXTPAR # non-universa
generate_simple{ 3.42345040e+02  # M_1(MX)

- c c c . 1 1 i 2 # W]
w RPC = #Hqu = Yuij U1 HUQJ + Ydij Dl H(IC2j + Z/m;E1 HdL_]A 500 ($filename, $args, $run_sus 2 6.28166490e+02 # M_2(MX)

1.73051347+03  # M_3(MX)

Mt [GeV]

4.19000000e+00  # mb(mb)

1 1 iy

- _ ) e ’ e " ¢ Ve e $command = SimpleCalculator(j 0.00000000+00 # At(MX)

W RPV = 7"1L1Hu + 5/\1_71\'L1L‘1Ek v )\,‘JA-LzQ_yDA- + 5/\1‘,‘]\-U, DJ Dk~ 400 $data = ['$command’1; 0.00000000e+80 # Ab(MX)
n () if @$data < 6.00000800e+00 # Atau(MX)

1 . . ~~ if($run_susyhit){ $data = susyhi 9.37550696e+02 # mu(MX)

Lsysy = — = (]\[;;_(/U_(/U + Myww + M;bb + HC) — Vsusys 300 n Q) if esdata < 2; 9.73623692e402 4 mA(pole)

2 2.91313795e+01 # tan beta(MX)

RPC kD~ %27 % 2 ~ % 2 3 %2 = 2 2 2 $slha = new_from_list SLHA @s 6.04264108e+02 # meL(MX)
Vsusy = (‘IL’”Q(IL +limily, + agmiur + dgmpedr + ERmp.e + mi, | hal ) - S e
ok N e N - ~ - - . @is0 = run_SuperISO($slha); 5.88099712e+62 # mtaul (MX)

+ (—'uRhuaqu + dihaayqr + g haaely, + bH, Hy + HACA) 100 200300400 500 600 700 4.18754079¢+62 & meR(MK)

M: [GeV] set{ $(s_[0T} = ($(s_[0T} != 4.18609345e+02 # mmuR(MX)
3.68838681e+02 # mtauR(MX)

$bs2munu, $bd2mumu, Sbsgamma, 1.58958592e+03  # mqL1(MX)

oreach(@iso)( 1.58956672e+03  # mqL2(MX)

1.44124883e403 # maL3(MX)

L] \I\s 1.52832942e+63 # muR(MX)

; 1.52832523¢403 % mcR(MX)

expan Interpre ; i,
) 1.52075676e+03 # mdR(MX)

$slha->set_paran_and_comment( A e
Loomions + Lsv $slha->set_paran_and_comment (*FB1ock EXTPARUSER
$slha->set_param_and_c: nt( maa -1.75368644e+03  # Au(MX)

b = . Ay Id 4 1 _¢ ("FL
' ‘ L7 mag) s+ 0z (vt - i 2] 1 2 -1.75366582e403 & Ac(MX)
Af[(,,u,,,\ WH)M“M(R \u*+n“\ Vi g nlialf :lr,\r,“‘,iﬂ\," T 3 -1.35059950e+03 & At(MX)

within(18, 1a-18, $pe2 -2.04929282e403 ¥ Ad(MX)

51 = i + gurg -2.04924586e403 £ As

,|,, Sy ST 2.04924586e403 & As(MX)
: ~1.85047995¢+03 & ABQHX)

+d "/’ i+ gi7" g~ -3.93156592e402 & Ae(MX)

twithin(2.16e-4, Sbsgamma, 4.9

(i 132 -3.93085540e+02  # Amu(MX)
s2mumu > 6. de- bs 2numu’

: 133 -3.69902237e+02  # Atau(MX)
2 Vo R FRe s T BVANS + VaN?) B BN U . o \n";
" ’,\\,‘ [m VaatPud + " Ree + X0 7 (( VBVANG + ViaN2) Pt ( VNG — Nl )1 )\] # Low energy data in SOFTSUSY: MIXIN
oo w; (@ # mgut=1.35154665e+03 GeV

w7 (74 L2n)n+a [,,u et = el —W,z(

VdaPLu+ & R+ T ((~VEN2VE + M) B+ (VEUN + UN3) B) 55

mkdirpreopen(sfilenane);

M M 7 Block MASS # Mass sp
choose meaningful scenarios e B
i . print OUT foreach $slha->write()

+VE[FS R~ gyt )+

+dr’ T (—u + 1530 A° + 1758306 24 8.03868854e+01  # MW
2

(pade P — p3dLPR)G" + T (phdh P ,:.d;‘!(]r”r/J +
v

close(OUT);

© Oy s Ve © @) 25 1.18473856e402 % ho
u+ oA’ ~sea) di+ Gutinssa0A° — ivsemG) e 35 9.73668321e402 8
DN, + SN, +1A"Npo +iG N (&Co, + GuCa, +iAoCan + iG a ra l I l e e r S a‘ :e 36 9.73623692e+02  #
o)V » . 2 CRE 37 9.77119726e402
167534 ) (Cu- g XGRS = (H cas —1G 500)(C )5 X PR < <
(05 55~ Uen-liis 2 . eturn $.[0] < $.[11 8% $.011 < 1999921 - 1.77873576e+03 ~ #
F1G a1 ) (Cpe ) Xd RXG + E R ' o
3 1000022 3.36523647e+02 %
. - - fixed: M,/M, = 0.5, o ot sas
ey 3G s Vo + (11 /M =1 n rand(s_[11-3_[01)+$_[01; 109524  6.36692090e+02 = #
( L \"“ 39N . N o d A~ N %) r 2 1 1000025 -9.42826023e+02 %
) Vv i LSy ({ lis %) tanﬁ =40 1000035 9.523543850402 1
( N3 s — yus Ny )u,m,\‘ S R =, 4 run_SuperIS0{ 1000037  9.52423217e+02  #
%) A0t Z
(NN wa) €| Sup Scharm Stop phot L slep-R mass= 3TeV, (ss1ha) = shift; 1000001 1.643797526003 8
vai N, E (U ($fh, $filename) = File::Temp 1008002 1.64201042e+03  #
( s — vasN s )d‘m =1 ~ ~ 5 print $fh $_ fo $slha->writ 1000003 1.64377867e+03  #
- e & 5
v \”M N ieh . - Vil T $command = SuperISO(Sfilename = 1000004  1.64199154e+03  #
( b~ pelN e N) 5 m s > L 4 @result = "Scommand’; 1000005 1.47113184e403  #
(Vo N - v ) TR | Sdown Sstrange Shbottom | eturn () -f t.flha 1000006  1.27810940e+03  #
b il i e | 1 unlink("output. flha
+ 2l N g g + 2 R I~ ~~ Q. o ink (4t 1lenane);
va v i = r 1 n @result;
(U3 ), ~UhoadiVie) u (g\’% = (LLL ()
+ VA Vooud ), EAXT + (U (Vo g Selectron S muon S tau [7p)
+ (Vi Vo), + Vi (EfVeon)s 45 get_lsp(
UbeViin ) LA + (~Vaga( % ~ ~ ~~ $slha = shift;
+ (~Uhgatt + Ubesth) XT A + (-1 o A%
= (—v2ast . each($slha->key_list('nass')){
£ X; (~Vigabl B+ Usnyes ot Pe) o5 + electron muon tau Higgs it
| @neutrino S neutrino Sneutrino no F 4
L L L

wino mass 31
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Understanding the experiment (and its detectors) is necessary as well for my goal.

¥ SOFTSUSY3.3.1 SLHA compliant output
¢ B.C. Allanach, Comput. Phys. Commun. 14
Block SPINFO
1 SOFTSUSY
2...-3.3.1 # version nunber
Block MODSEL # Select model
10

# Program informati

# nonUniversal

# spectrum calculatd

Monte Carlo
simulation

Block SMINPUTS

1.27925000e+02
1.16637000e-05
1.18300000e-01
9.11876000e+01
4.19000000e+00
1.73100000e+02
1.77682000e+00

Block MINPAR

3

3.00000000e+01

Block EXTPAR

1
2
3
1
i
i
2

3.42345040e+02
6.28166490e+02
1.73051347e+03
0.60000000e+00
0.60000000e+00
0.60000000e+00
9.37550696e+02
9.73623692e+
2.91313795e+81
6.04264108e+02
6.04214853e+02
5.88099712e+62
4.18754079e+02

1.58958592e+03
1.58956672+03

1.44124883+03
1.52832942e+03
1.52832523+03

1.26170475+03
1.52075676e+83
1.52072035e+03
1.46312196e+03

Block EXTPARUSER

1

3
1
2
3
1
p)
3

37
1000021

1000022
1000023
1000024
1000025
1000035
1000037
1000061

1000802
1000003
1000004
1000005
1000006

-1.75368644e+03
-1.75366582+03
-1.35059950e+03
-2.04929282¢+03
-2.04924586+03
-1.85047995e+03
-3.93156592+62
-3.93085540e+02
-3.69902237e+62

# Standard Mods
# alpha_em*(-1
# G_Ferni

# alpha_s(MZ)M:
# MZ(pole)

# mb(nb)

# Mtop(pole)

# Mtau(pole)

2 M_2M0
# M_3(M0
# AL(MX)

# Ab(MX)

2 Atau(MK)
# mu(Mx)

# mA(pole)
# tan beta(MX)
# meL (M0

£ mmul (MX)
# mtaul (M)
# meR(MX)

# mmuR(MK)
# mtauR(HX)
# maL1(MK)
# maL2(MK)
2 maL3(MK)
# muR(HX)

# mcR(MN)

# meR(MO)

# mdRQMX.

# msR(MO)

# mbR(MO)

# Au(Mx)
# Ac(MX)
# At(MX)
# Ad(MX)
# As(MX)
# Ab(MX)
# Ae(MX)
# Amu(MX)
# Atau(Mx)

y data in SOFTSUSY: MIXING=1 Td

[ on Cu

100

Bethe Radiative

>

2

2
g
2
g

Epc

3w Options Tools

Help

Canvas_1 [X] | Editor 1
Muon.PT

n: [+

st/muons.root k-

metSR1a

_size Command |
pn .| Command (local): P

detector performance

&
)
2 Nuclear
3
=

lh»“\

\
Minimum »
lonization / .

Without &

physics behind détectors
[MeV/c
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Muon momentum

¢
5}
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£ 098 3
u ¢ e E
.e ——
096 47145 proiminary E
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: Medium muons —e— Data
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S EU :
g 1.01- I Stat only = Sys @ Stat |
R ,
© [00gq0s0s0e oo o
9O 099 —— |
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n._. .=

detector design....»..,
( i‘ *k;b“// A

|
A Y

8.03868854e+01
1.18473856e+02

9.73623692e+02
9.77119726e+02
1.77873570e+03
6.36538284e+02
6.36692090e+02

-9.42826
9.52354385e+02
9.5!
1.64379752e+03

1.64377867e+03
1.64199154e+03
1.47113184e+03
1.27810940e+03
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400

—— SUSY Ref. Point 1

—— SUSY Ref. Point 2

statistical
analysis

next page

background cross section [fb] Nuw
di-boson|tri-boson| top |total [300fb~1[1000 fb—![3000 fb—*
N >3 222 5.1 134 | 249
Wz(j)~ | 0071 | 0013 [ 0.082 [0.166] 25.1 70.4 200
WZ()% | 0643 | 0071 | 0.183 [0.898| 111 359 1060
wz(e)~ | 0014 | 0025 | 0.017 [0.056] 11.9 711
WZz(£)? |<0.001| 0005 |0.003 |0.008] 5.1 14.5
zZ(j)° | 0194 | 0016 | 0.058 [0.268] 37.2 321
zZ(j)’ | 0.064 | 0007 | 0.022 |0.093| 16.4 114
ZZ@j)* | 0182 | 0012 | 0.024 |0.218) 312 263
ZZ(j)% | 0020 | 0004 | 0.019 |0.043] 10.2 ;
ZZ(j)"* | 0.060 | 0.005 | 0.009 |0.075| 14.2 94.3
ZZ(j)’# | 0.008 | 0001 | 0.008 |0.017| 6.7 25.6
ZZ(j)%% | 0.020 | 0.004 | 0.019 |0.043] 10.2 55.9
ZZ(j)"%| 0.008 | 0.001 | 0.008 |0.017| 6.7 25.5
ZzZ(€) |<0.001] 0.005 |[<0.001]0.005 4.7 115
ZZ(6)<? |<0.001| 0.003 [<0.001/0.004| 4.2 9.2
ZZ(0)<' |<0.001| 0001 |<0.001/0.001| 3.6 6.3
glsq simp model

nosleph_gls

Entries 10000

Mean x 206.1

Mean y .




We calculated the LHC constraints on this parameter space ("WHL scenario").

Endo, Hamaguchi, Iwamoto, Yoshinaga [1303.4256]

=800 . :
3 Note: This plot was drawn in 2013.
21 Obsolete values are used.
700
~~
z;r"
22 500
~
=
400
" -
S >
o)
©
R 300 RS
=)
O
>< .
200 & sneutrino LSP:
‘ disfavored by DM
100 400 500 600 700
-~ -~ M2 [GeV]
~ m(W) ~ m(H) y
W H*
theory detail Expm/MC detail ,-fJ
u=DM,, tanf =40, Based on ATLAS-CONF-2012-154 (8TeV, 13/fb)
mg > 1TeV, m(stau) > 1TeV, Pythia: ATLAS MCO09 tune + CTEQ6L1

Delphes: default ATLAS card + FASTJET (anti-Kt, 0.4)
Lepton-eff. from ATLAS performance 2010

SR: mpT75+3L10 with SFOS(>12 but Z-unlike)
SYSY-parameters set at 500 GeV NLO K-factor 1.2 (sys unc 30% = blue shaded)
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2M, = M, < M5, m(squark) > 1TeV,
my > 1TeV, A; =0,



https://arxiv.org/abs/1303.4256
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-154/

What does this mean? A message to theory community, and another to experiment community.

Endo, Hamaguchi, Iwamoto, Yoshinaga [1303.4256]

Note: This plot was drawn in 2013.
Obsolete values are used.

600
We found that...

Some of "g-2 SUSY"

was already excluded

at LHC Run 1 (2012)!
[ theory]

22 500

ZZ 300

(pp - WOW+ - 3¢ +pT>

500 sneutrino LSP: 3¢ + pp signalis
‘ disfavored by DM the best in this case.
100 [> expm]
-~ M2 [GeV]
~ m(W) ~ m(H)

theory detail Expm/MC detail

u=DM,, tanf =40, Based on ATLAS-CONF-2012-154 (8TeV, 13/fb)

mg > 1TeV, m(stau) > 1TeV, Pythia: ATLAS MCO9 tune + CTEQ6L1

Delphes: default ATLAS card + FASTJET (anti-Kt, 0.4)
Lepton-eff. from ATLAS performance 2010

SR: mpT75+3L10 with SFOS(>12 but Z-unlike)
SYSY-parameters set at 500 GeV NLO K-factor 1.2 (sys unc 30% = blue shaded)
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my > 1TeV, A;=0,



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-154/
https://arxiv.org/abs/1303.4256

We proposed that they should search for HW + missing-energy signature (and a few more channels).

Endo, Hamaguchi, lwamoto, Yoshinaga [1303.4256]

This region will soon be
explored by 3¢ + pr.

We found that...
This region is not explored. ] Some of "g—2 SUSY"
\, 2 was already excluded
ke SUSY modee et et [ g4~ e Run' G010}
P P P B tﬁeory] §~ NS % [ theory]
‘ <
*Why not explored? (= appendix) & (pp S O+ o 3¢ +pT)
«How to explore? no LSP: "3¢ + pr ' signal is
~> Please search for HW + pr . [EEVCIISIY the best in this case.
(pp > W'W+ > HW +pT) D0 600 700 [ expm]
~_ M:[GeV]
[ expm] (H)
theory detail Expm/MC detail
u=M,, tanp =40, Based on ATLAS-CONF-2012-154 (8TeV, 13/fb)
mg > 1TeV, m(stau) > 1TeV, Pythia: ATLAS MCO9 tune + CTEQG6L1

Delphes: default ATLAS card + FASTJET (anti-Kt, 0.4)
Lepton-eff. from ATLAS performance 2010

SR: mpT75+3L10 with SFOS(>12 but Z-unlike)
SYSY-parameters set at 500 GeV NLO K-factor 1.2 (sys unc 30% = blue shaded)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-154/
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We proposed that they should search for HW + missing-energy signature (and a few more channels).

Endo, Hamaguchi, lwamoto, Yoshinaga [1303.4256]

This region will soon be
explored by 3¢ + pr.

We found that...

This region is not explored. Some of "g—2 SUSY"

was already excluded

provide such parameter points! '

[ theory]

[ theory]
%% = WnZ%,, W = v, h - bb
. ;500:"I""|'"'I""I""I""I""I""I""I"':
*Why not explored? (= appendix) S 450F ATLAS 1 bs )
= 400 {s=13 TeV, 139 fo!, All limits at 95% CL 3 T
° HOW 'to explore? C%S 3505 _ _ _ Expected Limit (+1o,,) g
- Please search for HW + pr . E T \ E
(pp - W'W+ - HW+pT) §_ / _g
- : 3 | §
- They did! > expm] . ‘. 5
theory detail Expm/MC detail 3 E
u=M,, tanf =40, Based on ATLAS-CONF-2012-154 (8TeV, E_ | _E
mpg > 1TeV, m(stau) > 1TeV, Pythia: ATLAS MCO09 tune + CTEQ6L1 = : I’\ =
_ ) Delphes: default ATLAS card + FASTJUET (a - . \ 3
2M, = M, < M5, m(squark) > 1TeV, L off f ATLAS perf 2010 |- SAFII AP WAFATITS TIPS PRI W N W S W .
> 1TeV, A =0, A S 200 300 400 500 600 700 800 900 1000
SYSY-parameters set at 500 GeV NLO K-factor 1.2 (sys unc 30% = blue shad ATLAS [‘I 909.09226] m(’%i/')zo) [GeV]
12
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LHC Run 2 excludes the lower-right region as expected. How to proceed to the upper-left?

Endo, Hamaguchi, lwamoto, Kitahara [2001.11025] [2104.03217]

7/ 7

2021 Sprin,
1000 v e A
| lu= . M =212 LHC Run 2/
7 \\\ // |
800 N\ I x=095

e
// <
/2 e
/2 '

§ ‘ |
Y 1 0.5 1
600 \ : ~
M\ 30 R — 0.05//// |
N\ X v 0;

%
<)
Z-_,SI: 2 ,/,' p v’ //////
S § \,' ;. | //T/
40()?’ ) '/ G o : : i
7 - é A
//f/ @’ ‘
;I’ ‘. ”““ C
. i | i 1

200 400 600 800 1000
m(¥7) [GeV]

m() > m(W) is
still alive after
LHC Run 2. Why!?

theory detail Expm detail
p=M,, tanf =40, NC/3L: 1709.05406 (CMS, 36/fb), 1803.02762 (ATLAS, 36/fb)
mg > 1TeVv (flavor universal),

SLSL: 1908.08215 (ATLAS, 139/fb), 2012.08600 (CMS, 139/fb)
CC/WW & NC/HW: 1909.09226 (ATLAS, 139/fb)

(+15 papers are analyzed but we found they give no constraints.

2M, = M, < M5, m(squark) > 1TeV,
my > 1TeV, A; =0,
Tree-level SUSY masses are used
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m() ~ m(W) is
covered by 2¢ + pr .

(pp — 0Y0— = 2¢ +pT>

3¢ + pr" excludes

most of m() < m(W).

(pp - WOW+ - 3¢ +pT>



https://arxiv.org/abs/1709.05406
https://arxiv.org/abs/1803.02762
https://arxiv.org/abs/1908.08215
https://arxiv.org/abs/2012.08600
https://arxiv.org/abs/1909.09226
https://arxiv.org/abs/2001.11025
https://arxiv.org/abs/2104.03217

We proposed that they should combine "HW + missing" with "ZW + missing" for upper-left.

Endo, Hamaguchi, lwamoto, Kitahara [2001.11025] [2104.03217]

1000 7021 Sprin 1000 = e 2021 Spring
7 ‘,u My, My = M2/2‘ LHC Run 2 N1 =2Mo, mgn = 100GeV‘ S
% E T 1 g .
‘N 4 , 3 i : Am(@) ~ m(W) is
S 4 x =0. e = [ e S
800; 1 0?/5/ | SN 8, <& covered by 2¢ + pr .
s s N\ AR >0t~ 520+
% 600 - % 600t Lo SLSL/A (pp pT)
= ? 27 0.05 —gf = i ; #0.5
3 2 s 2 P o
= |5 N\ \LAC
4007 ) "6 G = 4 4001 v Y AW TN -
;,. 6“ d 7;\ “ 3€ + pr" excludes
A e\ | mostof m(@) < m(W).
R W PO L O A —r— i v \__—— . . . . (pp — WOW+ — 3€ +pT>
200 400 600 800 1000 200 400 600 800 1000
m(¥7) [GeV] m(yTNGeV]
m(@) > m(W) is In a similar parameter plane, B
still alive after HW + pt works to exclude m(u) > m(W) .
LHC Run 2. Why!? .
Why not in the left panel?
- Need to combine two allowed decay channels:
170117 + ;
theory detail Expm detail pp — w=w HW + pT
t=M,, tanp =40, . -
fng >>_1 TeV }Zﬂavort,lmversal), NG/l 170905400 \ ZW + pT

2M, = M, < M;, m(squark) > 1TeV,
my > 1TeV, A; =0,
Tree-level SUSY masses are used

SLSL: 1908.08215
CC/WW & NC/HW;|

(+15 papers are anl
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ATLAS acknowledges our work as one among three representative works on this topic.

Endo, Hamaguchi, lwamoto, Kitahara [2001.11025] [2104.03217]

1000pr—~———"7"——"—~—7 7
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m( m > m(W) iS as the Z boson mass by naturalness arguments [14—-17]; (3) the MSSM parameter space explaining the
_t- ” I f t discrepancy between the measured muon anomalous magnetic moment [18] and its SM predictions [19]
stil allve arter tends to include electroweakinos with masses from 200 GeV to 1 TeV [20-22].
LH C RU n 2 WhY!? [22] M. Endo, K. Hamaguchi, S. Iwamoto, and T. Kitahara, Muon g-2 vs LHC Run 2 in supersymmetric
models, JHEP 4 (2020) 165, arXiv: 2001.11025 [hep-ph].
= c =
- Need to combine two allowed decay channels:
70T+ ;
theory detail Expm detail pp — w-w HW + pT
p=M,, tanf =40, NC/3L: 1709.05404
mg > 1TeVv (flavor universal), s 1M \ ZW + pT
2M, = M, < M;, m(squark) > 1TeV, . .
; CC/WW & NC/HW; °
my>1TeV, A; =0, 9 I i
Tree-level SUSY masses are used (+15 papers are anl They d Id ° (and Clted our Work ©)
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Particle-physics phenomenology as a bridge between theorists and experiment collaborations.

THEORY
= [q);k[e%‘”?b]ij@j]ﬁ +{WV W2 + [W(D)],2 + He} + D

{Qéa QBB} = 2025Pu5§

EXPERIMENT
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Particle-physics phenomenology as a bridge between theorists and experiment collaborations.
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numerical

evaluation

1.27925000e+02 - # alpha_em*(-1
1.16637000e-05  # G_Fermi
1.18300000e-01  # alpha_s(MZ)M
9.11876860e+01 - # MZ(pole)
4.19000000e+00  # mb(mb)
1.73100080e+02 ~ # Mtop(pole)
1.77682000e+00 - # Mtau(pole)

Wy &t Monte Carlo

Block EXTPAR # non-uni

3.42345040e+02 # M_1(MX) H H
o amesimes2 s w2000 simuiation

T T T T T
Ldt-35pb" ATLAS ® Data 2010 N5 = 7 TeV)
— Standard Model

W Zy+iets, WW, WZ, 2Z
Ot

Ooijets

Same Sign

T T e T Ty
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100 150 2

ower [MeV em

0!

300 400 500 600 700 800 900 100C
m

‘ l\hii\‘fl!

-3.93156592e+02  # Ae(MX) 0001 001 01

-3.93085540e+02  # Amu(MX)

-3.69902237e+82  # Atau(MX) 0.1 1 10

¢ Low energy data in SOFTSUSY:

J# mgut=1.35154665e+03 GeV
Block MAsS
j# PDG code mass
8.03868854+01
1.18473856e+02
9.73668321e+02
9.73623692e+02
9.77119726e+02
1000021 1.77873570e+03
1000022 3.36523647e+02
1000023 6.36538284+02
1000024 6.36692090e+02
1000025  -9.42826023e+62
1008035 9.523543850+02
1000037 9.52423217e+02
1000081 1.64379752e+03
1000062 1.64201042¢+03
1000003 1.64377867e+03
1000004 1.64199154e+03
1000005 1.47113184e+03
1000086 1.27810940e+03
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A translator, or a "bilingual” in theory and experiment.

Suggest new methods / next targets.

Evaluate LHC results and tell their implications.

A few simple examples
Researchers in ATLAS experiment

> Asai, Azuma, Endo, Hamaguchi, Iwamoto [1103.1881]
"Kinked tracks" were useful (in LHC Run 1) to search for gauge-mediation SUSY.

> Feng, lwamoto, Shadmi, Tarem [1505.02996]
FCC-hh (planned 100TeV collider) is capable to explore SuperWIMP scenario,
where the radiative energy loss of muons will be utilized for background rejection.

- Accepted in a physics report for FCC-hh planning [1606.00947].

> lwamoto, Lee, Shadmi, Weiss [1703.05748]
LHC c-quark tagging will be useful in discrimination of SUSY models.

42 /57
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https://arxiv.org/abs/1606.00947
https://arxiv.org/abs/1703.05748

[3-2] That was a simple story, but it is not that simple.

"How to test BSM models at experiments?”

1. Standard Model

v Success

v' Issues: Dark matter, muon g-2 anomaly, ...

2. Frontiers of experiments

v Energy frontier, Intensity frontier
v' (HL-)LHC

3. Supersymmetry (as the solution to DM & muon g-2) at the LHC
v" WHL-scenario and LHC

> (extra) Four simplified scenarios for DM + g-2

4. A few other topics at intensity (+ cosmic & neutrino) frontier
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In fact, MSSM has four simplified scenarios to explain muon g—2 anomaly.

WHL
Wﬂ:_Hj: rJJ’Y
S UR
Uy
Bino-DM (coannhilation): €< We have discussed. Wino / Higgsino-DM:
Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025] [2104.03217] Iwamoto, Yanagida, Yokozaki [2104.03223]

700

u=M, M= M2
N Q

Wino DM: — =
constrained by LHC & “°

(disappearing track, 2¢ + pr) 300

m(fiL) [GeV]
S
S

200

A ]
R 0V O O R O SO O 100
200 400 600 800 1000 20 300 400 500 600 700
m(iy) [GeV] M, (GeV)

v" coupling unification, Hi ino DM:
v Bino DM, ggsino )

v muong-2. -.- but nearly excluded! disfavored by DM direct detection
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| have analyzed all the simplified scenarios.

WHL

’Wi_ ot Y
e

Bino-DM (coannhilation):

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025] [2104.03217]

200 400 600 800

m(t) [GeV]

Wino / Higgsino-DM:

Iwamoto, Yanagida, Yokozaki

[2104.03223]

200 300 400 500 600 700
M, (GeV)

BLR

HL—HR ,J';y
/, \‘\
1
ML o VMR
_.; Jo, - >_
B

1000 \

Bino-DM (coannhilation)

tan 8 =10, upm

y |
I/ |
PO
S5

/ il
/' SLSL-8Tev

200 250 300
m(fi) [GeV)

° 3€+pT

* (H|Z)W + pr

<
+ disappearing track

1
HL
—p [ ANA

B-H°

Bino-DM (coannhilation)

MR HJ_;Y
,/

s
PL L

H B

Bino-DM (coannhilation)

Endo, Hamaguchi, lwamoto, Yanagi [1704.05287]

with old values;

1lo
| i i i 24
1000 i i ': ! ! -—- I, mass
I === HL-LHC

o
100 120 140 160 180 200 220 240 260
My [GeV]

dark matter
direct detection

(XENON1T, LUX, ...)

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021

1
needs update

T

7

sooll £ A L K/ L7 X 7w ]
1 1 1 i i 20

7004 0 --=. g mass
=)

---"_ HL-LHC

ovt
-----091-
8
00T

|
. 6001}
> 1
()

i
O 5001 i
= |

3 -
T 40017

200
100 -+
100 120 140 160 180 200 220 240
M, [GeV]
|
|
~
~ |
NSNS
N N

ILC-500

45 57


https://arxiv.org/abs/1704.05287
https://arxiv.org/abs/2104.03223
https://arxiv.org/abs/2001.11025
https://arxiv.org/abs/2104.03217

Outlook (as a partial summary)

Supersymmetry (as the solution to DM and/or muon g-2)

m Simplified models: all done.

"

» LHC will go on: Continue theory experiment iteration.

> Future colliders: Contribute to their planning.

B Analyze "not-simplified” models

» There are various models (WHL+BHL, Gravitino-LSP, R-parity violation, ...)

THEORY

model
int .

but usually less motivated.

- Explore with prioritization.
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[4] Let me talk about another frontier, if time allows.

"How to test BSM models at experiments?”

1. Standard Model

v Success

v' Issues: Dark matter, muon g-2 anomaly, ...

2. Frontiers of experiments

v Energy frontier, Intensity frontier
v' (HL-)LHC

3. Supersymmetry (as the solution to DM & muon g-2) at the LHC
v" WHL-scenario and LHC

v (extra) Four simplified scenarios for DM + g-2

4. A few other topics at intensity (+ cosmic & neutrino) frontier
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| have started working around the intensity frontier.

Hm Previous section: SUSY at the LHC
BSM energy frontier

B Recent works of mine (2017-): BSM at intensity frontier

(incl. neutrino frontier).

» Experiments
Ao v 16V 100GeV 10Tev - example) vector boson of U(1) L, - L,
' wds chb o ~ 2 Gninenko, Krasnikov [1801.10448]
energy o 10
e p T i > | '
frontier £ :
_ HL-LHC s |
=) (2027-20407?) 10}
v elle =
- » |...LHCb
ILC(?) .
+ FASER, NA62, NA64, ... :
» Theory .
. 10°
e extra neutrinos, 102, m,., MeV ¢—
- axion-like particles,
. 10 ; (B'o'm) . gé?:gﬂ
extra U(1) symmetry, | Belelsbe) AL | g [2109,08506]
eay oen g (GeVIcH " letem = uuZ (uw]
48 57
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My recent work 1) Extra neutrino DM with extra U(1) charge [cosmology x intensity frontier]

Model: SM+ extra U(1)

+ 3 right-handed neutrinos—> DM candidate
+ 1 extra Higgs boson

SU@3). SU@), U(1), UQ).
Q. 3 2 1/6  1/6
Upn 3 1 2/3  7/6
Dp 3 1 -1/3 —5/6
IL 1 2 —1/2 -1/2
Ng 1 1 0 1/2
er 1 1 -1 -3/2
b 1 2 1/2 1
X 1 1 0 — 1l
freeze out freezein
coupling  ~107° ~ 1071

- explains why DM is 26%.

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec.

107!

10—2 4

1072 4

10*1 4

10*11 4

2021

Iwamoto, Se*ler, Trocsanyi [2104.11248]

His first paper!

[eZ — eZA'(inv)]

Freeze-out DM
(with Z-funnel)

—— M;=10 MeV
—— M; =20 MeV

M, =30 MeV
—— M; =40 MeV
—— M;=50 MeV

20 40 60 80 100 120
Mz [MeV]

140 160 180 200

Freeze-in DM

— M; =10 keV

— M;=20keV
M; =50 keV

— M;=100keV

20 40 60 80 100 120 140 160 180 200

Mz [MeV]
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My recent work 2) Beam dump experiments at the ILC [experiment proposal in intensity frontier]

Asai, Iwamoto, Sakaki, Ueda [2105.13768]

950/ 57
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My recent work 2) Beam dump experiments at the ILC [experiment proposal in intensity frontier]

Asai, Iwamoto, Sakaki, Ueda [2105.13768]

- utilize as a fixed-target expm!

original idea in Kanemura, Moroi, Tanabe [1507.02809]
and Sakaki, Ueda [2009.13790]

beam dump muon shield
(water) (concrete + lead)

et beam

St | ——
\- /

Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021 Image courtesy of ILC News Line
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My recent work 2) Beam dump experiments at the ILC [experiment proposal in intensity frontier]

Asai, Iwamoto, Sakaki, Ueda [2105.13768]

- utilize as a fixed-target expm!

original idea in Kanemura, Moroi, Tanabe [1507.02809]
and Sakaki, Ueda [2009.13790]

ete™ — elusive particle

(ore®p,e*n) (= targets of intensity fr.) N
beam dump muon shield decay volume detector
(water) (concrete + lead) (empty)
e* beam

(used) e it~ _?& 1
\_ ' decay to SM par’ticles‘> )

92 /57
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My recent work 2) Beam dump experiments at the ILC [experiment proposal in intensity frontier]

benchmark model: \ beam dump

Asai, Iwamoto, Sakaki, Ueda [2105.13768]

et beam dump

10_25‘ l~l~.lll I~J.1IIIII T T IIIIIII § E I*j~i||||| T IIIIIII :?
extra singlet S S - E
1073t a, favored (=2 +4 1073 Eay favored (272.0) w3 .
1 1 & o EeaddssiRe . E I E
L==(9,5)?—-m3%5* ‘ ] ]
2 a 2_ 10_4E __________ = 10 4E __________ -;
- > gsSet T 1T 5
—e. T 3 -5 _ 5L NA64u | .-t 4
4 s, 10 -E- ----------------------- 3 E 10 E _____________________ E
SF, F* L. B187 1 Fe. E187 o )
gSvyy iz 10-6 a - ‘;\ . 10—6 e ~:;.\ 2
<7i_2 N T.IQ/L_IL 751/_1) 10_7 ?Bremsstrahlung 1yr lLC':Z'S.(; 20 yr ;:‘:-::—l:; _:;:‘ E 10_7 ?BFEmsstrahlung ]Lé:z’s‘o—ﬁ {:‘;;}l:}‘ :;3 E
10_8 _Pauira?niuhnuatuiounu -u L1 |-|-|-|-| 1 T-u vl | -8 _Pa:rarnilhillatlk:rl -l 11 l-l-l-l-| vl ]
1072 107" 10° 1072 107" 10°
+ T : : ms [Ge ms [GeV]
e*et — elusive particle s [GeV] s
X
+ + . .
(or e*p, e*n) (= targets of intensity fr.) \
beam dump muon shield decay volume
detector
(water) (concrete + lead) (empty)
e* beam
(Used) agaﬁgﬁﬁﬁﬁﬁﬁfﬁﬁﬁﬁﬁﬁ —— P —

elusive-particle S

-l
\_

decay to SM particles

J
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My recent work 3) Two-neutrino resonant leptogenesis [intensity frontier neutrinos + cosmology]

Brdar, Helmboldt, Iwamoto, Schmitz [1905.12634]

m Higgs potential v =2|H|* — u?|H|?
u ~ 100GeV so that m; = 125GeV

v

Any mechanism behind this value?

B Right-handed neutrinos N can solve

a) Neutrino mass & mixings 0,15, —
[see-saw mechanism] 0.10_; Q)T
b) Baryon asymmetry of Universe A
[leptogenesis] if Mass >» TeV, 0.05 threshold correction
- generated by N
c) Dark matter :
[sterile neutrino] if Mass ~ keV, 000
—0.05:,.....,..,..,..
108 108 10° 10" 10" 108
1A MS renormalization scale () [GeV]
d) The origin of y ~ 100 GeV Q
. o )
[neutrino option] if Mass ~ PeV. (AMz N Ti(yyz )va)
Brivio, Trott [1703.10924] o
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My recent work 3) Two-neutrino resonant leptogenesis [intensity frontier neutrinos + cosmology]

Brdar, Helmboldt, Iwamoto, Schmitz [1905.12634]

m |
Question: Can we do a) b) c¢) d) together? - Yes!
* N, ~ keV - sterile neutrino DM v'c
% N, &N; ~108 GeV with AM ~ 104 GeV
- resonant leptogenesis v'b & d
| hgrrmm-m under the conditions for v a.
a) Neutrino mass & mixings B
[See_saw mechanism] o 61\1;?;\[/311 o . 51\11 E}PEV]7 <
T (T mm—
b) Baryon asymmetry Of Universe 2 Normal hierarchy - Normal hierarchy
[leptogenesis] if Mass > TeV,
c) Dark matter
[sterile neutrino] if Mass ~ keV,

d) The origin of y ~ 100 GeV
[neutrino option] if Mass ~ PeV.
Brivio, Trott [1703.10924]
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Physics summary

Il Dark matter

Il Dark energy

Il Gravity

Il Mechanism for neutringfmass
1? Muon g-2 anomaly

1? Flavor anomalies (b—sup, R(D), R(DY), ...)
1? Origin of baryon asymmetry

= Why is the Universe so "isotropic"?

= Why are U(1)-charges [integer] / 6?

= Why many fermions but 1 scalar?

= Why 6Qcb so small?

= Any mechanism behind SM parameters?

extra U(1) + v-DM

»TeV-scale SUSY: simplified scenarios

v' dark matter,
v" coupling unification,

v/ muon g-2.
WHL BLR BHL BHR
wEir Y ﬂL—,UR J i Y MR Y
=i 0 . i B ; % HR pL S \ R pr | R
L B B 8

Bino-DM (coannhilation):

Endo, Hamaguchi,

Wino / Higgsino-DM:

Iwamoto, Yanagida, Yokozaki
2104.03223

el

Bino-DM (coannhilation):

Iwamoto, Kitahara [2001.11025]

2104.03217

300 g —
wan i = 10, ppm

LHC \

* 30+ Pr
- HZW + o

\_+ disappearing track/

Mz [MeV]

L e e e e e e £ £ il
—+ 3 elusive particle S A

decay to SM particles

=" ILC as fixed-target expm :

Bino-DM (coannhilation):

Bino-DM (coannhilation):

Endo, Hamaguchi, lwamoto, Yanagi [1704.05287]
I

with old values; needs update

u[GeV]

—u [GeV]

wFTFTTTFTF Zo 10
-

%0 180 200 230
M, [GeV]

dark matter

| direct detection |
(XENON1T LUX, ...) |

N
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oM = A M/M;
104 4

M, [PeV]
5 6 7 8 9

Orlgln 1 of: nggs mass
éeptogenems
-DM™

1/4

1/2

/T

3/4 1
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"Big Picture” and Outlook

. . endgy
astrophysica| ostoparticle @ ’S‘wvxﬂrzr
doservatond ’pk\ysuzs .. ATLAS, CMS, FCC-hh
ST \m{QJI\ 1 {‘7
cosmo}ég E—T‘-T
& = Srentier

4/ ... Belle ll, ILC, fixed-target
particle physics [ % neuctino

modern S ‘YVOWF? R~

programming

Sormdl HQy [atice. B Cosmic

Syontier

Energy frontier: Continue my job "theory”~ ™ expm" for LHC & future plans.
Other frontiers:

» BSM searches at the intensity frontier
» Neutrinos and its cosmology (see-saw, leptogenesis, DM)

» Open-source tools for particle physics
(calculator, data handling, statistics, tutorials, ...) https://github.com/misho164
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Extra 0) Magnetic moment Basic
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Derivation of lepton anomalous magnetic moment (Q = -1 for electron/muon)

_ Quantug|1 |Mechanics g=2 D, = 8, +i0Qle|A, sothat
e _
Sl L 128), H=—p B E 5 Qlelé ~ Qle[ir° A%
i inedin —L.
m Quantum Field Theory: Tree-level g =2 's contained in
Lqep = Y —m)y —iQle|A* — — Qle] —
5 —Q‘B‘@A?ﬁ | " IMm (?ﬁ@ﬂb - <8M¢)¢) - %A;ﬁu(lw W
equations of motion (Gordon decomposition) B —Q‘e‘ 7 Eg“yw
A= (0, 4), S = (S%,5,.8%), 5 = 0] e
— F,o" =2F,S" =—-4B- S
Qlel,o g
Qle] 2m
— Hwm=-LnwDOD—|=—"2S| B
2m

. :
Quantum corrections . o (—d,A,) oM E,, 258 - B

<¢<p +4) | Jen ‘ w(P)> = P(p+ QT (@)Y (p), 2m 4m 2m
' « (X — Q‘GD
3 AUV y g— uv a a 5
0(0) & R + Falg) 2t~ 4 Ba(0) T )
g—2

[ 10,1 ~ —i0, NPVJ > 9=2+2(0) < F(0) = S
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Extra 1) SUSY-DM and freeze-out
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Motivation for TeV-scale SUSY (2) We can easily explain why DM = 26%.

m In MSSM, we usuaIIy impose "R-parity" (to avoid proton-decay

problem)
R(=2) 4 susv )

SM particles even SUSY<
SUSY particles  odd SM

v/ odd — odd + even

> Particles can decay to lighter particle.
: : SUSY
- The lightest SUSY particle (LSP) cannot decay. oM
= DM candidate. odd — even + eve/
> If LSP ~ 100 GeV, we can explain why DM is "26%". _—

dark matter|

26%
"dark energy"
69%
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" > m

creation equilibrium annihilation

with kinetic energy ~ T
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" < m.

creation eqilibium annihilation
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" < 1 /20

creation

®
O 6

9 o
e
0
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Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" < 1 /20

creation annihilation

O 6

@ far apart due to

@ « pair annihilation
O % T TTTTI T T TTITI T TTTT @ @ ° Universe's eXpanSion
10-2
%0
%8:; increasing "4
-8 ° '
- 107 o “thermal relic” -
{
108 & ==V __ - ~ pffd\\f
JLoce | B
10 N ... too much for ~100GeV bino-like DM.
10—13 e
10—14 | IIIIIII| | IIIIIII| LIl 1 1><109 —926 3
> : xg oo 15 23 X107 em?/s B
1 101 1%2me$)3 Qpuh’ ~ @MpKUU) Gov 0.1 g 30 o) with z¢ = mpm/Tto-

m /T
Sh@mtar)%g%g%%w NTU Interview Talk, 20 Dec. 2021 65 /57


http://arxiv.org/abs/1009.3690

Freeze-out of Bino DM = overabundance in standard thermal history.

m Early Universe with 7" < /. with stau-coannihilation

creation eqilibium annihilation

close in mass .
= more help T
= more annihilation l
= heavier bino allowed -
'Y — » /\/\/\/‘Y

annihilation helper!

cf. Edsjo, Schelke, Ullio, Gondolo, hep-ph/0301106
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https://arxiv.org/abs/hep-ph/0301106v2

MSSM: DM & g-2 ... possible?

B g—-2 motivates SUSY mass of 100—-1000 GeV.

» bino-like DM with ~100 GeV = overabundance.
* non-standard thermal hiStOWN too heavy = too small annihilation

« with helpers for annihilation?

-> co-annihilation: Binetruy, Girardi, Salati (1984), Griest, Seckel (1991)
vectorlike leptons: Abdullah, Feng [1510.06089], Abdullah, Feng, lwamoto, Lillard [1608.00283]

» wino- or higgsino-like DM with ~100 GeV = underabundance.

» non-standard thermal history? Ltoo light = too much annihilation
« extra particles for DM?

> bino-higgsino mixture = strong constraints from DM direct detections.

"well-tempered scenario” ... not talking today

Jfreeze-out mechanism
under "standard” thermal history of Universe:

> bino-like DM - My sp < 100 GeV

> higgsino-“ke DM~-> mysp ~ 1 TeV Cf. Hisano, Matsumoto, et al. [ph/0610249]
Farina, Pappadopulo, Strumia [1303.7244]
» wino-like DM 2> mgp ~ 3 TeV
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Extra 2) Coupling Unification
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Motivation for TeV-scale SUSY (2) It helps the grand unification.

m Strengths of 3 forces depend on energy scale:
107 “'\“g3 "strong" | o -
T SM Unify at high energy!?
k=
=y
g 0.8-
&)
S . g2'weak”
S L gweskh e
< 0.6 TR
OD ~eaa
R LS
04—

0> 106 109
energy scale [GeV]

*» dark matter,

» grand unification,

\/

% muon g-2.
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Motivation for TeV-scale SUSY (2) It helps the grand unification.

W Strengt

ns of 3 forces depend on energy scale:
“'\gg "strong" | o o
1.0~ i
%0 .......... SM
=y
5 0.8 *
&)
S . g2'weak”
= e T
s 0.6 Tl Tl e
b T iitmaees T
T
04 S S S
103 106 10° 1012 1015

energy scale [GeV]

\/
0‘0

\/
0‘0

» grand unification,

dark matter,

muon g—2.
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Motivation for TeV-scale SUSY (2) It helps the grand unification.

m SUSY particles can modify the lines.

if all SUSY particle masses are ~10% GeV...

10 ™ /
= T SM ]
a ’ — "grand unification"!?
508
@)
Q
Q
o)
= 0.6
o)

103 106 10° 1012 1013
energy scale [GeV]

*» dark matter,

» grand unification,

\/

% muon g-2.
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Extra 3) SUSY naturalness
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Motivation for MSSM (0) "Naturalness" was the primary motivation for SUSY.

| HiggS mass is unnatural. quantum correction
2 2 27
mi ~m Am
h bare —|_ h A (cutoff) ~ Planck or GUT scale
physical SM: Am2 ~ _3_yt2A2 4.
mass 5 472
104 GeV?2
h=-=-- ---h "naturalness problem"”
"hierarchy problem"”
before 2012

> No Higgs? (e.g., technicolor, extra dim., gauge-Higgs unif., ...)

> 3y? 3y?
. 2 t 2 t 2

"scalar top ¢ " contribution

"Quadratic divergence" is cancelled out: Power of symmetry!
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Motivation for MSSM (0) "Naturalness" was the primary motivation for SUSY.

H HiggS mass is unnatural. quantum correction
2 2 27
mi ~m Am
h bare —|_ h A (cutoff) ~ Planck or GUT scale
- 3 2
physical SM: Am2 ~ _LI;AQ 4.
mass 47
104 GeV?2
h=-=-- ---h "naturalness problem"”
"hierarchy problem"”

4 July 2012: Higgs discovery

> NEiigtls”

2 2
> SUSYII MSSM: Am2 ~ — 5% g2 | SVt g2
A2 472

"scalar top ¢ " contribution

"Quadratic divergence" is cancelled out: Power of symmetry!
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Motivation for MSSM (0) "Naturalness" was the primary motivation for SUSY.

Kitano, Nomura [hep-ph/0602096]

B However....

> if scalar-top massis 300GeV : 10° + (—10°) ~ 10* [10%] € natural
1000 GeV : 10° 4 (—10°) ~ 10* [1%] @
3000GeV : 107 + (=107) ~» 10* [0.1%] W unnatural

(my subjective opinion)

- We expected scalar quark at 0(0.1-1) TeV. (motivation for 14 TeV LHC!)

After 2018 (LHC Run 2)
> No SUSY yet. Strong constraints on ~300 GeV squarks. [~ later]
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Motivation for MSSM (0) "Naturalness" was the primary motivation for SUSY.

Kitano, Nomura [hep-ph/0602096]

mH

BN

MSSM condition for EWSB:
m2 9 m%{d — m%{u tan® 3 (little hierarchy problem
5 - H + tan2 B — 1 on Higgsino mass )
Requirements for "natural SUSY" Papucci, Ruderman, Weiler [1110.6926]
Higgsino mass A1 ~1/2 I
<
» |,LL|N2OOGeV(2O%) |
scalar-top mass B B Ira
5 sin 3 log(A/TeV) Y2 A-1\ T2 pinion)
\/m~ +m2 < 600GeV
V1 + a2 3 20 %
gluino mass lo —1/2 —1\ —1/2
_ g(A/TeV) A
s < .
k < 900GeV -sin g ( 3 0%
After 2018 (LHC Run 2)
> No SUSY yet. Strong constraints on ~300 GeV squarks. [~ later]
> SUSY fails to solve the hierarchy problem?????
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ATLAS scalar-top search summary ATLAS, SUSY March 2021 Summary Plot

{s=8,13 TeV, 20.3-139 fb March 2021
| I I | 1 | 1 I I | I I I I 1 I I T T T T T
ATLAS Preliminary

TL production

T = Observed limits

< 900
)
G, 800

= = Expected limits

Data 15-18, ¥s = 13 TeV, 139 fb '

N - . Q N ga™ , ~0
© Limits at 95% CL o7 S 30 == monojet, t, > bff %,
P 700 Al 80 [2102.10874]
~— N N ~ 0~ 0~ =0
E ‘\7@/' 7 /,?\*;\a\ = 0L t, >ty /t, > bWy /t —>bff x
i [2004.14060]
’ X ” L&~ ~ ~0  ~ ~0 ~ ~0
1Lt —>tx1/ t,— bW;(1 /t1—>bff'x1
[2012.03799]
500 — 2L 1,17,/ 1§ bWX, /T, > bif 7,
[2102.01444]

400
300
200
100}

Data 15-16,¥s = 13 TeV, 36.1 fb ™'
=, >t /T, bWy /1, > bif 7
[1709.04183, 1711.11520,
1708.03247, 1711.03301]
~~0
R
[1903.07570]

Data 12,¥s = 8 TeV, 20.3fb ™
B o 0% /T, bW /1, > bif 7
[1506.08616]

800 1000 1200
m( t,) [GeV]

200 400 600
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Extra 4) dark photon & Lmu-Ltau
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Muon g-2 anomaly : Other possibilities

a,(expm)=(11659208.9 +6.3 )x107'°

. 2
aNP m;, (new coupling) o Mass 150 eV @, (SM) = (11659181.0 +43 )x107
i .
g 1672 (new mass) coupling Aa,=( 279 +7.6 )x107'°
> MSSM: (coupling, mass) ~ (1, 200GeV

> light Z' models: (coupling, mass) ~ (tiny, tiny)

U(1)y "dark photon" 1072
Q 1/6  (1/6)e -

___________________________________________________________

BABAR 2017

___________________________________________________________

Er . 1 (-1)e ete” — ~yA', A’ — invisible
B Vv BaBar [1702.03327]
N T eSS S S
5 107 102 10" mA'(Gev)w
H 1/2 (1/2)e

—> excluded (as a Aa, solution)
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Muon g-2 anomaly : Other possibilities

a,(expm)=(11659208.9 +6.3 )x107'°

ANP mi (new coupling)’ o mass 150 GeV a,(SM) = (11659181.0 +4.3 ) x1071°
g 1672 (new mass)’ coupling Aa,=( 279 +7.6 )x10'°
> MSSM: (coupling, mass) ~ (1, 200GeV
> light Z' models: (coupling, mass) ~ (tiny, tiny)
2 Gninenko, Krasnikov
e o 10 e [1801.10448]
- u(1)y  L,-L 2
Q  1/6 0 8 f — /
Un @ 2/3 0 12 e
Dx  -1/3 0 7
L. -1/2 0 & -¢ 10
Er i -1 0 i e  -¢
B 0°)
‘ ; 10 10 10
H @ 1/2 0 i

> another valid solution

I [—-_V i S — v == v
Ly = GMZV[,U,’}/ P—TY T+ VY Vy— VY VT]
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Extra 5) LHC Non-colored SUSY
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Non-colored particles have smaller production cross section.

m Non-colored SUSY production vs. Colored SUSY production

q W+

13 TeV cross section [fb]

0.1

200 400 600 800 1000
mass [GeV]

» Non-colored XS is smaller because

« Smaller couplings
 s-channel only

* Needs anti-quark from p

q

102
10!
10°

10
102
10-3
1074 | g9
10—5 —/ @‘T‘
10—6 q:q
—
1077 | o 411 g
10_8 1 1 1 1
500 1000 1500 2000 2500 3000

ONNLL—fast (Pb)
LHC, v/S =13 TeV 1

mg/z, = mg (GeV)

Beenakker, Borschensky, et al. [1607.07741]

o~ ~ —~——
~ ~

Sl g g>tb>W>H> L > IR

if similar mass
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ATLAS neutralino-chargino search summary

ATLAS, SUSY March 2021 Summary Plot

July 2019

Vs=8,13 TeV, 20.3-139 fb™!

700[—

) [GeV]

600

0
1

m(X

500

400

300

200

'l,.III|IIIIIIIII|IIII|IIII|III

100

ATLAS Preliminary

m(i/ %/ ¥) =F[m(Z0) + m(%;,

1

PO
400

A
600

PR, | I P |
1000 1200
m(%,, %0) [GeV]

All' limits at 95% CL

= =« Expected limits

= Observed limits

L/ 23
arXiv:1509.07152

arXiv:1803.02762

XXy via
s 2
arXiv:1509.07152

arXiv:1908.0821

%/ 2
arXiv:1407.0350

arXiv:1708.07875

~i~_~tT~0
X X%, %, via
CJz/9. 2

arXiv:1708.07875

(slepton-mediated: NC/3L)

Br(Z — e, u,7) ~10.10%

Br

Br(Z — had) = 69.911(56)%
Br(Z — bb) = 15.12(5)%

(
Br(Z — inv) = 20.000(55)%
(W — had) = 67.41(27)%

400 May 2020 ATLAS Preliminary ¥s=8,13 TeV, 20.3-139 fb’ All limits at 95% CL
% C \/\i: @\’\/\g = =« Expected limits
S 350 S \%.:‘; * = Observed limits
& SN
l?é_ 300 C @\ //&//@ 'v ~5 —t_g .
- QA <& ]
C §7¢7 < , wz 2,3l
250 __ o ; “ arXiv:1806.02293
— .
: LY arXiv:1911.12606
200 __ “ ATLAS-CONF-2020-015
- 5 [ wh ibb, yy, 3l
150 — : arXiv:2004.10894
: ] arxiv:1909.09226
100 :— : ATLAS-CONF-2020-015
= 1
- . V| % via
I 1
50— ' ] 144
E . ' Cww 2l
o L o Mt Lo oo Lo o ) o S p gt SIXiV.140.5284
900 200 300 400 500 600 700 800 arXiv:1908.08215

m(%;. %) [GeV]

(direct-to-LSP: NC/ZW, NC/HW, CC/WW

13 TeV cross section [fb]
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LHC scalar-lepton search

summary ATLAS, SUSY March 2021 Summary Plot & CMS [2012.08600]

May 2020
; 600 B | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T ]
[0} . ATLAS Preliminary 8TeV,20.3fo ' [ €[&,/i] arXiv:1403.5294
) L Soft 2¢ 7e (8,1 arXiv:1911.12606 -
_ -1 -
=~ 500 Vs=13TeV,139fb 20 7 [8,/i] arXiv:1908.08215 ]
—~ L v - 7 =0 27 hadronic I=7 Xiv:1911.06660 -
- — 0ol 0 — L 7 hal T ar
? - PP LACLA N LEP jin excluded )
= 400 Animisat95%CL ]
E 3 —— Observed limits b
[ --- Expected limits ]
200 B ]
100 |- -
i |III 1 1 1 I 1 1 1 1 | 1 1 1 ‘I 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 ]

100 200 300 400

500 600 700 800
m(/.r) [GeV]
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Extra 6) SUSY and 2104.03223

lwamoto, Yanagida, Yokozaki [2104.03223]
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Constrained MSSM: an old "consensus" for benchmark parameter set

m CMSSM (MSUGRA)

» an assumption that SY8Y is controlled by only 5 parameters: & &« o

(mo, My /2, Ao, tan B,sgn ) @ "GUT scale" ~ 10'° GeV

v\\ common gaugino mass

common sfermion mass

» cannot explain muon g-2 anomaly. Ghilencea, Lee, Park [1203.0569]

B Non-Universal Gaugino Mass scenario
> (m07 M17 M27 M37 A07 tanﬁ? Sgi lu)

h'd

bino/wino/gluino mass taken different

» can explain muon g-2 anomaly. Ghilencea, Lee, Park [1203.0569]

B NUGM + NUHiggsM scenario
> (m07 mmp,, MHy, M17 M27 M37 A07 tanﬂ) SgN :UJ)

- We provide a benchmark plane.
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Benchmark parameter p|ane Iwamoto, Yanagida, Yokozaki [2104.03223]

700 mo =0
m 4 = 2000 GeV
o0 i = 100-700 GeV
500 aijp % 109 -Allzz 3800 GeV
= My = 150-700 GeV
§ 400 M; = 2500 GeV
3
A, = —1000 GeV
300 ‘\excluded by Ay =0
o XENON1T tan § = 40
sgn = +
100

200 300 400 500 600 700
M2 (GeV)

(a) Qusp/Qcpm [%)]

« g-2 + Wino/Higgsino DM only explains ~1% of DM.
 Higgsino DM is disfavored by DM direct detection.
* (Wino DM is disfavored by LHC searches.)
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Extra 7) WHL in details
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We need to think the decay patterns....

m Wino > sleptons
A —_—

W.
' Ve

1
l \ZZF’ 7
|

B

, UV

WHW? — (1tvB)(I" 1T B) = 30 + Er

I* = (I"B)(ItB) = 20 + Er

» Search targets:

« Wino pair 2> 2-3 lepton + mET
* slepton pair 2 2 lepton + mET

® Wino < sleptons

4
l\li,y
(1%
l\

B

W* h Z

WHW° — (W+tB)([Z or h|B)

[no need to rely on slepton production]

> Search targets:

* Wino pair > WZ + mET
» Wino pair > Wh + mET
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[A] LSP = 100GeV bino, Higgsino is heavier. Large wino XS helps LHC searches.

WoW+ = AW + Fr
—
H WHW- = WW + E'r
1000 A 207 sprin

I| T TNy T T T T T T LI |

Nk =2Ms, m = 100Ge

X1

\“ 800 ;\ig ......... § \

1
=
=
2

m(fir) [GeV]
A, A
St

—

200 %=

200 400 600 800 1000 v

~~

m( ;) [GeV] B
1 Wino

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025][2104.03217]
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[B] LSP = (M2/2) bino, Higgsino is heavier. Wino has large XS but is quasi-degenerate with Bino.

m2
~=
&

1000 vy g x
~ \ M =2Mp, My = M,/2 ,/5 _ @0 7‘% ~
v | 2N 2]
=l v ‘ /=005
U <10 0 ) S N N N T (A ol
800 <$ﬁ / .
—~— 1 : /// . |
] —/ }( /// |
l 'l' % 600 /Kfj\,\ 2 SLSL/A - &\ SR _ - W
~" — QJ\) % Ty, ( -7
B —~ )7 _ E 0.05.
l:i , % 4 \ Pras
S 4 4 - : <
400 30\ AN -
“SLSLIC lL, v
‘ |
y B
200 400 600 800 1000
m(x7) [GeV]
1 Wino

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025][2104.03217]
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[C] LSP = 100GeV bino, with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

WHW- = WW + E'r

1000 TR T — ~ T I ; . . ! . : 2021/§prin
1 =M, mgp =100GeV
=) lL7 v i'; . E : //
800
SWAE AHET oy WH
\‘ > .................
|= 8 600k N -
Ill S ’ ~
4007» = le =
vy
B [
200 o e
> AN\ 0 N s
200 400 600 800 1000 M
m(x7) [GeV] B

1 Wino/Higgsino mixed

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025][2104.03217]
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Sho Iwamoto / Explore beyond the SM — NTU Interview Talk, 20 Dec. 2021


https://arxiv.org/abs/2001.11025
https://arxiv.org/abs/2104.03217

[D] LSP = (M2/2) bino, with Higgsino/Wino mixing. Smaller neutralino-chargino production XS.

1000
=) lL, vV ] ){@LX
\ 800 G
=»W:H ~ 7
| / = = TV
¥ S
B 2 l
\S/ ~
-0
B

1000

800

600
m(x7) [GeV]
1 Wino/Higgsino mixed

Endo, Hamaguchi, Iwamoto, Kitahara [2001.11025][2104.03217]
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Extra 8) Big figures
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| have analyzed all the simplified scenarios.

WHL Endo, Hamaguchi, lwamoto, Kitahara [2001.11025] [2104.03217]

’in_f[i Y
e

2021 Sprin
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800 s00kE \b & 3\ ey /
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2 6004 N & 600
2 2
S S
S S !
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A\\\\
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| have analyzed all the simplified scenarios.

WHL
Iwamoto, Yanagida, Yokozaki [2104.03223]
:I:_H:t 0
Ly
po f MR 700
v, ‘4"'
600 5 7
v/
LK
500 i'/
N |
$ 400 |
3 <
300 \
1.0
200 \
100

200 300 400 500 600 700
Mz (GeV)
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| have analyzed all the simplified scenarios.

BLR Endo, Hamaguchi, lwamoto, Kitahara [2001.11025] [2104.03217]
IEL;:ER ,—Fﬁ/
300
pr \\ MR
B

250

100 150 200 250 300 350
m(f;) [GeV]
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| have analyzed all the simplified scenarios.

Endo, Hamaguchi, Iwamoto, Yanagi [1704.05287]

with old values; needs update

/jL Jfl’;y ﬁR Jfl’;y
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