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Motivation

Many BSM scenarios can explain the (g-2), anomaly

Leptoquarks, Z’, 2HDM, axion, ...

Supersymmetry is particularly motivated, because it offers:

Coupling Unification, Radiative EWSB, Baryogenesis, DM, ...

However, simple SUSY scenarios are heavily constrained by existing
experimental results...

Which SUSY scenarios are phenomenologically viable?
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Can phenomenologically
viable SUSY explain (g-2)u7
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MSSM stable 7
Can phenomenologically

viable SUSY explain (g-2)u7

DM constraints

R. Masetek Corfu Summer Institute 2022/09/05




MSSM unstable 7! stgable )?(1)
Can phenomenologically

viable SUSY explain (g-2)u7

Py DM constraints gMmsR
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MSSM unstable 7! stgable )?(1)
Can phenomenologically
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(g-2). viable parameters

Muon g-2 ATLAS/CMS
MSSM unstable 7! stgable )?(1)

Can phenomenologically
viable SUSY explain (g-2)u7

rpy DM constraints ¢msg
XENON1T/PANDA/LZ/ARGO ...

2D parameter planes
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WHL BHL BHR BLR

&),: Bino mass @m; . right-handed slepton mass
&M,: Wino mass @1, : left-nanded slepton mass
@u: Higgsino mass stanf = (H,)/(H,)
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Large gaugino-Higgsino
mixing leads to a large
cross-section for

DM Direct Detection
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A aSUSY

¢

Bino has very small annihilation cross-section

. C o tension
@overproduction of Bino-like neutralinos in
the early Universe: Q;, < Qpy
@slepton-coannihilation needed: m; ~ m; £
Large off diagonal term in stau mass matrix: 7 y <H >
@#charge breaking vacuum: m~ > () 0 m%R M u
&LEP bound: m; > 81.9 GeV M% ~ )
sstau LSP: m. > M, Yﬂu <Hu> ms;

#vacuum (meta -)stability
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(g-2)u iIn MSSM has a tension with:

& DM Direct Detection

# (Bino-like) DM overproduction consequence of stable neutralino
#&Blepton + large ETmiss @ LHC

¢8Vacuum stability (for BLR) What changes if neutralino is unstable?
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R-parity violation scenario

Wrpy = /li’]kaiCDjCD,f + A LiLE, + /Ii’jkLl-QjD,f + x.L.H,

B )4 )4 ¥

#BSimultaneous violation of both B and L leads to a rapid proton decay

_|_
. o d 5 €
#@We introduce only UDD operator with 4/, # 0 _ R
P u A2 A1 u’
u

#8(g-2), doesn’t change wrt. MSSM

#BNeutralino LSP decays to 3 (anti)quarks

neutralino
LSP




GMSB scenario

In GMSB, light gravitino LSP is motivated by naturallness ..........

, A=0, i, =M;=10Te 3%”0
WHL, |

#@BWe assume almost massless gravitino LSP (mz < 1 GeV) ~

#8(g-2), doesn’t change much wrt. MSSM S oy

M2 [GeV] Ml [GEV]
. =mi My =mz, —20GeV, U=Umax, tanf=50, A=0, M, =10TeV
76,6 m|n(M},|u|)+20GeV B m 12001 . . . 2

BLR;)

#BIf neutralino is NLSP then totally excluded -> slepton/
sneutrino/stau NLSP
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Analysis
Ml’ Mz, H, mZ'L, mZ'R, tanﬂ

1. Select one of the 4 loop diagrams (WHL, BHL, BHR, BLR)
2. Take 3 relevant masses to be O(700GeV) and other 2 very large

3. Then the diagram dominates AaﬁUSY

4. Vary 2 masses and relate/fix the third -> 2D plane scan

MC
simulations

GMZ2Calc, CheckMATEZ, MicrOmegas ...

constraints

~() :
DM abundance a’sq . HC constraints



List of all recasted LHC analyses

Name E/TeV | L/b~! Description Name E/TeV | L/b~! Description
atlas_1604_.01306 13 3.2 ___ Monophoton atlas_1308_1841 8 20.3 0 lepton + > 7 jets + MET
ik A s L bl atlas_1308_2631 8 20.1 0 leptons + 2 b-jets + MET
atlas_ 10 AMonopnoton Y . .
TR T T 36 Monophoton at.laa_140?-7029 | 8 | 20.3 | 3 leptons + MET (charglflo-i-neutralmo)
atlas_conf_2015_082 13 3.2 2 l@ptOllS (Z) + jets + MET atlas_1403_4853 | N | 20.3 | 2 leptOIlS + MET (dll'eCt Stop)
atlas_conf 2016_013 13 3.2 1 lepton + jets (4 tops. VVL quarks) atlas_1403.5222 8 20.3 stop production with Z boson and b-jets
atlas_conf 2016_050 13 13.3 1 lepton + (b) jets + MET atlas_1404_2500 Y 20.3 Same sign dilepton or 3 lepton
atlas_conf 2016054 | 13 13.3 1 lepton + (b) jets + MET atlas_1405_7875 8 20.3 0 lepton + 2-6 jets + MET
atlas.conf 2016.076 | 13 13.3 2 lepton + jets + MET atlas_1407.0583 | 8 | 203 | ATLAS, 1 lepton + (b-)jets + MET (stop)
atlas_conf_2016_096 13 13.3 Multi-lepton + MET las 1407 0GOS ' 3 ' 503 ' \i - 1 -
atlas_conf 2017_060 13 36 Monojet atias. - : | — Monojet or charm jet (stop)
atlas_conf_2016_066 13 13.3 Photons, jets and MET atlas_1411_.1559 | 8 | 20.3 | lllOllOl)llO(Oll ])lllS MET
atlas_1712_08119 13 36 soft leptons (compressed EWKinos) atlas_1501_07110 | 8 | 20.3 | 1 lepton + 125GeV Higgs + MET
atlas_1712.02332 13 36 squarks and gluinos, 0 lepton, 2-6 jets atlas_1502_ 01518 N 20.3 Monojet + MET
atlas_1709.04183 | 13 36 Jets + MET (stops) atlas_1503.03200 | 8 | 203 | 2 leptons + jets + MET
at1as.1802.03153 = 50 Seamh = GMS,B Wit phokons atlas_ 150608616 8 20.3 di-lepton and 2b-jets + lepton
atlas_1708_07875 13 36 EWKino search with taus and MET tlas 1507 05493 t 3 t 503 1 hotonic si : ol _ liated SUSY
atlas 170603731 13 36 | Multilepton + Jets — MET (RPC and RPV) st ol bt B | U2 | PIOTONIC Senatures o sauge-mocalec o
atlas_1908 08215 13 36 2 leptons + MET (EWKinos) atlas_conf 2012_104 | 8 | 20.3 | 1 lepton + > 4 jets + MET
atlas_1909_08457 13 139 SS lepton + MET (squark, gluino) atlas_conf.2013.024 8 20.3 0 leptons + 6 (2 b-)jets + MET
atlas_conf 2019040 | 13 139 Jets + MET (squark, gluino) atlas_conf.2013.049 ) 20.3 2 leptons + MET
atlas.conf 2019020 | 13 139 3 leptons (EWKino) atlas_conf 2013061 | 8 | 203 | 0-1 leptons + > 3 b-jets + MET
at1as.1803.02762 = 30 . o 3_ leptons (EWKino) atlas_conf 2013 089 8 20.3 2 leptons (razor)
atlas_conf 2018_041 13 S0 Multi-b-jets (stops. sbottoms) | ( = wm— + S visible Hi lecav in VBF
tlas 210101629 3 139 T lepton + jets + MET atlas_conf 2015004 | 8 | 20.3 | invisible Higgs decay in
atlas_conf_2020_048 13 139 Monojet atlas_1403.5294 | 8 | 20.3 | 2 loptons + MET, (SUSY olmt.rowoak)
atlas_2004_14060 13 139 tt + MET atlas_higg 2013_03 8 20.3 2 leptons 4+ MET, (invisible Higgs)
atlas_1908.03122 13 139 Higgs bosons + b-jets + MET atlas_1502_05686 8 20.3 | search for massive sparticles decaying to many jets
atlas_2103_11684 13 139 4 or more leptons (RPV, GMSB)
atlas_2106_09609 13 139 l\lultijets. + leptons (RPV) Name E/TeV | C /fb—l Description
atlas_1911_06660 13 139 Search for Direct Stau Production — T - .
cms_1303_2985 N 11.7 ar + b-jets
—1 - 2o + * +
— kit ——r cms_1408_3583 S 19.7 monojet + MET
cmopermeloll) 9 2.2 2 leptons 1 jets + MET cms- 150206031 N 19.4 2 leptons, jets, MET (only on-Z)
cms_sus_16_039 13 359 electrowekinos in multilepton final state ' . . . l S S 1 bo MET (DM
cms_sus_16_025 13 12.9 | electroweakino and stop compressed spectra | ¢ms.1504.03198 | 8 ] 19.7 ] 1 lepton, = 3 jets, = 1 b-jet, ] (DM + 2 top)
cms_sus_16_048 13 35.9 two soft opposite sign leptons cms_sus_13.016 8 19.5 OS lepton 3+ b-tags
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| 7 WHI—H

M= min(Ms, [u]) + 20GeV; tanp =50, A=0,{r, =

~ s e
-

= 10Tev )

Ace B Lo B ae B gy 10 ol A il .

compressed )
mass spectrum WHL

dominates
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Mz [GEV]
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MSSM, WHL,,

m;, = min(M,, |u|) + 20GeV, tanf =50, A=0, m,=M;=10TeV

|

//t Il/t Mz [GEV]
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MSSM, WHL,,

m;, = min(M,, |u|) + 20GeV, tanB =50, A=0, m,=M;=10TeV

103

Mz [GEV]
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DM

overabundance




ATLAS DT

12201.02472]
~ (0(100 MeV)

My = Mo

1 1 = ) | T XsEft
Wino-like LSP excluded
up to M, ~ 760 GeV

B (i)
5 - l / 17
/

ATLAS Soft |
[1911.12606)

MSSM, WHL,,

m;, = min(M,, |[u|) + 20GeV, tanf =50, A=0, m,

=M, =10TeV

WHL,,

103
Mz [GEV]
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slepton decays to
higgsino LSP
are very soft (20 GeV)

CMS I+
12012.08600]




MSSM, WHL,,

m;, = min(M,, |u|) + 20GeV, tanf =50, A=0, m,=M;=10TeV

- Large gaugino-Higgsino mixing leads to a
large cross-section for DM Direct Detection:

i q

H,/H,

XENONTT
[1805.12562]
103
Mz [GEV]
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MSSM, WHL,,

m;, = min(M,, |u|) + 20GeV, tanf =50, A=0, m,=M; =10TeV

Whole (g-2). relevant
region will be probed in

the near future!

M2 [GeV]
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MSSM, BLR

compressed vacuum stability condition
mass spectrum |m§ < [1.01 x 10° GeV , /mj, mz, + 1.01 x 10> GeV (my, + 1.03m;, ) —2.27x10* GeV? + 2'9;? fiievg — 1.14 x 10° GeV* <le + Oj§3> ]
(Stau Coan n I h ||at|0n) [Kitahara, Yoshinaga 13]; [Endo, Hamaguchi, Kitahara, Yoshinaga 13]
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MSSM with stable neutralino

m;, = min(My, |u|) + 20GeV, tanf =50, A=0, m;,, =M; =10TeV m;, = min(My, |u|) + 20 GeV, tanf =50, A=0, m,=M,=10TeV my, =min(My, |u|) + 20GeV, tanf =50, A=0, m, =M, =10T M1 =mz —20GeV, U=Umax, tanf =50, A=0, M, =10TeV
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u [GeV]

MSSM with stable neutralino

m;, = min(My, |u|) + 20GeV, tanf =50, A=0, m,=M; =10TeV

\ g

’ 7/

WHL, -*
7

103
M2 [GeV]

UDD RPV

m;, = min(My, |u|) + 20GeV, tanB =50, A=0, m;,, =M; =10TeV
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rg,o= min(My, |u|) + 20 GeV, tanf =50, A=0, m;,, =M, =10TeV
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GMSB with slepton/sneutrino/stau NLPS

m;, =min(My, |u|) — 20GeV, tanB =50, A=0, m, =M; =10TeV
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103
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UDD RPV

m;, = min(My, |u|) + 20GeV, tanB =50, A=0, m;,, =M; =10TeV
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Summary

#There is a 4.20 discrepancy for (g-2). between experiment and SM prediction
#BSUSY can explain (g-2),, but:

@87, is LSP and stable = constraint from large E™

| 1| ~M,; M,) => constraint from DM-DD experiments

#Bslepton and Bino are light = DM overproduction

@If 7V is not stable LSP, DM constraints go away, and LHC signature changes:
#BRPV with UDD = LHC constraints from multijet + lepton
@BGravitino LSP with 7Y NLSP = (g-2). region excluded by y + Ef channel

#BGravitino LSP with [/2/# NLSP = LHC constraints from soft lepton/tau
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Thank you for attention!

r.maselek@uw.edu.pl
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Backup slides
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Tension between experiment and white paper SM
calculations

a,”’ — a/fM = (25x6)x 1079~ 0 (AaﬁM’Ew)

We need very light BSM particles OR enhancement from coupling

Iz H 2

2
m
W .
Aa>M ~ Ag>MEW. - coupling
Mzsm

R. Masetek Corfu Summer Institute 2022/09/05




[ L1202 n4o) ‘leanyes ]

ACZSUSY — Aa;VHL_I_AaBHL_I_AaBHR_l_AaBLR

K M K K
- L~ v WHL o, aw Ty
ﬁ—(o) W—(O) oty m/f
’ Aa My, pmy) = 2o otan f - foga ()
~ [~ 1
KR Y, vu(pL) HL ,
BHR ay "y,
_ Y HYI
H g B ’ff 7 q
Hy B N
Large gaugino-Higgsino mixing leads to a
large cross-section for DM Direct detection | _
HR Y, Qg HL A,

ML MR R. I&ta{ge’rek Corfu Summer Institute 2022/09/05 #? q z




[ L1202 n4o) ‘leanyes ]

ACZSUSY — ACZZVHL-I-ACZBHL-I-ACZBHR-FACZBLR

H H H H
Ay uM,
dr " m= m=
,ff e AL iR

large 1 needed

: Stau mass squared becomes too small or even negative!
-

MR

m; Y (H,)

'ZZR MYM ’EL KL M.Z, ~
7 2
Y i <Hu> ms;

Constraints on staus:

¢gcharge breaking vacuum: m: > 0
@LEP bound: m; > 81.9 GeV

#vacuum (meta-)stability

[Kitahara, Yoshinga 13] R. Masetek Corfu Summer Institute 2022/09/05



Parameter planes definition

name axes range |TeV] other parameters tan 3
WHL, (Ma, 1) (10.2, 4], [0.2, 4]) my, = min(Ma, u) +20GeV, M; = my, =10TeV | 50
WHLL (Mg,ThlL) (:0.2, 4:, :0.2, 2) n = min(Mg,ﬁzlL) — 20 GeV, M1 — ﬁ?,lR = 10TeV o0

BHL, | (M,p) | ([0.12, 0.6], [0.12, 0.35]) | my, = min(M;, p) + 20GeV, M, = my, = 10TeV | 50
BHL, | (M, my,) | ([0.12, 0.8], [0.14, 0.22]) | @ = min(My,my, ) — 20GeV, My = 1y, — 10TeV | 50
BHR, | (M, |g)) | ((0.12, 0.7], [0.12, 0.7]) | e, = min(My, [u|) + 20GeV, M, =y, = 10TeV | 50
BHR, | (My,7,) | ((0.12, 0.8], [0.14, 0.25]) | —p = min(My, my,) — 20GeV, My =y, = 10TeV | 50
BLRso | (7w, ,70.) | ([0.15, 0.6], [0.12, 1.2]) | M; = ms, — 20GeV, 1= tmax, Mz = 10 TeV 50
BLRo | (my.,myg) | ([0.15, 0.6], [0.12, 1.2]) My, =mz —20GeV, g = pmax, My =10TeV 10

Table 1: The parameter planes and choices of the other parameters. fi,., is defined as the maximum value
allowed by the vacuum stability constraint.

For GMSB we modify the planes to ensure that slepton/stau/sneutrino is the NLSP.

R. Masetek Corfu Summer Institute 2022/09/05 >



ATLAS DT [2201.02472] ATLAS jets +Eymiss CMS soft I+I-

ATLAS soft-| [1911.12606] [ATLAS-CONF-2019-040] [1801.01846]
CMS |+|- [2004.05153] CMS multilepton [1709.05406] CMS multilepton
XENON1T [1805.12562] ATLAS multijet+| [2106.09609] [1709.05406]
= min(My, |u) + 20GeV, tanp=50, A=0, m), =M, =10TeV

m;, = min(My, |u]|) + 20GeV, tanf=50, A=0, m,=M; =10TeV ,4

m;, = min(M,, |u|) — 20GeV, tanf=50, A=0, m,=M; =10TeV
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/
/
4
/
/7 -
4
/
4
4

10°
M2 [GeV] M, [GeV]

RPV GMSB
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ATLAS soft-| [1911.12606]
CMS [+]- [2004.05153]

~

3n51,o= min(My, |u|) + 20 GeV, tanf=50, A=0, m,=M,=10TeV
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/ \\\\\\ Y 4
75~
7/ T
200 300 400 500 600
Ml [GeV]

CMS multilepton [1703.05406]
ATLAS multijet+| [2106.09603]

m;

=min(My, |u|) + 20 GeV, tanf=50, A=0, m, =M, =10TeV
350 1 | - | |
BHL,
300
>
O 250
O,
3
200
150
500 600

R. Masetek Corfu Summer Institute 2022/09/05

ATLAS soft-| [1712.08119]
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CMS |+|- [2004.05153]

My =mz —20GeV, U=lmax, tanB=50, A=0, M,=10TeV
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LEP stau mass bond
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ATLAS soft-] [1911.12606]

CMS [#]-[2004.05153] CMS multilepton [1709.05406]
XENONTT [1805.12562] ATLAS multijet+| [2106.09609]
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ATLAS soft-| [1311.12606]
CMS [+]- [2004.05153]

XENON1T [1805.12562]

¢ =min(M;, m)—20GeV, tanf=50, A=0, m,=M,=10TeV ¢ =min(M;, m)—20GeV, tanf=50, A=0, m,=M,=10TeV
220 ; ' ' ; 220 ': ' '
! BHL, / BHL,
! :'
I
’ AN l'
200 I' - 200 1 .
| Il r— (
> ! >
() I ()
O 180 )/ O 180
= H =
zE c’E,’ zE
I
\\\ '
160 . / - 160 -
\’1 .
1 S
I oy
I N
140 . — ! 140 . >
200 400 600 800 200 400 600 800
M, [GeV] M, [GeV]

MSSM RPV

* BHLL R. Masetek Corfu Summer Institute 2022/09/05




CMS |+|- [2004.05153]

XENONTT [1805.125621  CMS multilepton [1709.05406]
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Gravitino LSP

We assume a massless gravitino (m < 1GeV) and prompt neutralino decay.

Wino, Higgsino NLSP

Bino NLSP

47

CMS [2012.08600] 137 fb' (13 TeV)

3‘ 103 EI T | T T | T 17T | T T | T 17T | T T | T 17T | T T | I i_:
- 0, 07 ~0 ~ ~ ~ ~ E
c\IJEI- - PP X %, ex?x?+Xsoﬂ,X?—>ZGOrx?—>HG N
Q ol BE —ZG)=B@F — HG)=50% a
o 10 = 1 1 3
. Mo=m.=m, o ]
B oo KA — Observed limit (95% CL) ]
mg =1 GeV
10g --- Median expected limit E
i - 68% expected f
1E 95% expected E
- pp— %" 7(10 =
B Otheory, NLO+NLL ]
107 E
10—3 1 11 | I | | 1111 | I | | 1111 | I | | 1111 | I | | 1 |
2000 300 400 500 600 700 800 90?/
M_o [Ge ]
X1
1711.
CMS [ 08008] 35.9 fb™ (13 TeV)
“ I | I I I | I I I | I I I |

------- Cross section
—— Theory uncert. A
—— Observed limit
------- Expected limit
68% expected
95% expected

107

107°F =
- pp =X,
L XY= v /WEG
12 3

95% CL upper limit / cross section (pb)

| | | | -I-
800 1000
My.sp (GEV)

| | |
400 600



BR

1.0

0.8 1

0.6 -

0.4 1

0.2 1

0.0

Bino-like

B
— BozC

BR

400 500 600 700

mp |GeV]

200 300 800

1.0

0.8 1

0.6 -

0.4 -

0.2 1

0.0

Wino-like

— WY —vG o
—_ W= ZG -
200 300 400 500 600 700 800
myi [GeV]
CMS [1 [ah '08008] 35.9 fb™ (13 TeV)
A~ “ T | T T T | T T T | T T T |
'8_ N e Cross section
Z —— Theory uncert.
o —— Observed limit
g o= - Expected limit
n 68% expected E
£ 95% expected
e ]
(@]
E 10
o)
S
o N,
_ - PP XX,
O XO/ — Y/W G
X 107" o 7
3 400 00 800 1000
MyLsp (GeV)

e Higgsino, Wino direct production excluded up to ~ 700GeV
e SUSY g-2 requires Higgsino or Wino with m < 600 GeV
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u [GeV]

Gravitino LSP

~
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[(massless) gravitino LSP + neutralino NLSP] cannot explain muon g-2

Unlike MSSM, in gravitino LSP, one cannot hide high pT decay products and Etmiss by
making mass spectrum compressed.




Gravitino LSP with slepton NLSP

%1/5 NLSP: XSOft T/I/

WHL plane:
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BHL plane:
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BHR plane:
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