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Drawbacks of the Standard Model

+The Higgs mass instability problem in the Electroweak (EW)

sector
’ Supersymmetry (SUSY)

+The Strong CP Problem

’ U(1)rq symmetry (Axion)

4+ Existence of Dark Matter

’ Lightest SUSY Particle (LSP) from R-Parity
Conserving (RPC) SUSY+ Axion

M. Bauer et. al., Lect.Notes Phys. (2019)
A. Hook, PoS TASI2018
S.P. Martin, Adv.Ser.Direct.High Energy Phys. (2010)

V. D. Barger et.al., Collider Physics (1996)



A BSM Scenario: Supersymmetry (SUSY)

SUSY = SM + Superpartner with spin = spin(SM) + 1/2

MINIMAL SUPERSYMMETRIC
STANDARD MODEL (MSSM)

Copyright: STFC/Ben Gilliland

Superpartner

H. Baer et. al., Cambridge University Press, 2006.
S.P. Martin, Adv.Ser.Direct.High Energy Phys. (2010)



SUSY and its advantages

Main Motivation: Cancellation of Quadratic Divergence in Higgs Mass

Quadratic divergences
must be canceled to

stabilize the Higgs mass
In the ultraviolet
complete theory

H. Baer et. al., Cambridge University Press, 2006.
S.P. Martin, Adv.Ser.Direct.High Energy Phys. (2010)
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SUSY and its advantages

Main Motivation: Cancellation of Quadratic Divergence in Higgs Mass
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Where are the sparticles?

none seen so far at LHC
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Naturalness in SUSY

No SPARTICLES yet!

(mspa'rticles = mSMpa/r'ticles)

H. Baer et. al., Cambridge University Press, 2006.
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Naturalness in SUSY

No SPARTICLES yet! Is SUSY UNNATURAL?
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Naturalness in SUSY

No SPARTICLES yet! Is SUSY UNNATURAL?

(mspa'rticles = mS’Mpa’r’ticles)

[ LHC Limits : 15 >2.25 TeV, 117, >1.3 TeV]

Notion of Practical Naturalness :

An Observable O is natural if all independent
contributions to ¢ are comparable to or less than .
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H. Baer et. al., Cambridge University Press, 2006.
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Naturalness in SUSY

No SPARTICLES yet!

(mspa'rticles = mSMpa,'r'ticles)

Is SUSY UNNATURAL?

[ LHC Limits : 15 >2.25 TeV, 117, >1.3 TeV]

p=150 Gev '

U=250 GevV

y=350 GeV

=450 GeV |

o Hy
IBE

D?1

i,

mp

Df1

ng

s Gen 1,2
O Wz

o Hy

Notion of Practical Naturalness :

An Observable O is natural if all independent
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NAew < 30 ?

A < 30 == Anthropic requirements needed to
sustain life
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A < 30 == Anthropic requirements needed to
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NAew < 30 ?

A < 30 == Anthropic requirements needed to
sustain life

Our Domain

p, A" stable oU PU U
N 05xmy” <my, <dxmy
VgV T T — —
10\13 oo
> F CIEE
s -10E  A™ stable = ?%\ R
0 20 F EE
T a0f 2| e’
40 RTINS e T I [ L |
-8 -1 -12 9 6 -3 0 3 6 9 12 15 18

2,172

sgn(i’) Log(1+/£.")

Agw =30 —=p 4 xmQY

Agrawal, Barr, Donoghue, Seckel, Phys. Rev. D 57, 5480



Supersymmetry Breaking

S
Msparticles > M S Mparticles # SOPER ?A §0/14G7~Q),

BROKEN IN HIDDEN SECTOR

H. Baer et. al., Cambridge University Press, 2006.



Supersymmetry Breaking
P
Msparticles > M S Mparticles # S\)PERS;KgMGTQy

BROKEN IN HIDDEN SECTOR

SUSY BREAKING EFFECTS MEDIATED TO VISIBLE SECTOR VIA:

Gravity-Mediation

Anomaly-Mediation

Mirage-Mediation = Anomaly + Gravity Mediation

Gauge-Mediation

} = UNNATURAL

H. Baer et. al., Cambridge University Press, 2006.

Gaugino-Mediation




Typical Mass Spectra of Natural SUSY Models

m (GeV)
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Dark Matter in SUSY

Apw < 30 & 122 < my < 128 GeV

E +'NGMM, §'=1 3
] *nAMSB, £=1
1 _39/ ANUHM2, £ =1 |
10—1 R R L LR EEEE R 10 Em‘ v 31* x * ;
= — *i«-* o u

: -40 e T
. w,’a‘,ﬂﬁfﬂ + ] g 10 = o : : —y -
N _ e - L e e . ICECUBE ]
27 LR | 2o g% R % U R e i
'Q 10 5 o 3 =) 'y *F 1l +_'gni e R ‘L_ i
S PR e : 2, 10741 T e 1
B ] w) * 3
. +PICO=500 ___]
r § Yoo B ]
1073 -, . +nGMM | 10420 T i
= * nAMSB B 3
x nNUHMZ| ]
- l -43 |

107 10

1 | | | | | . | 1 | ! | 1 | ! | ! | . |
1 (l)O 1 éo 260 25|0 360 35.%0 460 100 150 200 250 300 350 400
m ~(1) [GeV] m)"('(l) [G’eV]

X

10742,

T T T T
10_23: : : . . ‘ : ‘ | = E + NGMM, & =1
B - +NGMM, £ =1 7 —43[ . ) * NAMSB, § = 1
i *nAMSB, £ =1 10 E * ” * x NNUHM2, & =1
—24 * ; E

10" LT +|xnNUHM2, £= 1 5 r co Bt g g

E * w, " desg e - K FEaNEe 5T S Fx
! F e . W 5 — *age e d A Tl

*
e * * &
P *

* g‘** * *

g ' i R T 4 10_44 L, s Foxomer
. o . E = * X .
(7)) _25[ # a . EFn b AR B e T TEN L b e g B
o E TP M- FE -+ Tt B e L S S S e e
E S C Sk "‘k+\\‘ﬁ9‘*\* “f‘* el 27 £ 1 o Ay et A i PandaX-Il 2016

F R X% + *
g 10—263 ___Eermi—tat+MAGIC Segue (W* W") _‘-’O 10_455 r”f1++$'-.\.+¢+‘j+“f.’i' e, el —
E W%&x o _46 KENONAT (1t = vyr)
x X‘W M ¥ .. i o w10 T e————
2 2 “::{ S *?‘* E L 1 0 ___________

A g
8 1077},

NV E . R = 10—47__ _______ -
Wr 1028 3 ) ) M ﬁfﬁ“é“a’,%iﬁ -
E x nNUHM2, £ <1 10—48 | L 1 . 1 L | L | L | L | L
1072° 100 150 200 250 300 350 400

| I | . | 1 | 1 | I | . | .
100 150 200 250 300 350 400 m

o [GeV] z¢ [GeV]

mi

Dark matter = LSP from RPC SUSY+Axion

Baer, Barger, DS, Tata, Eur. Phys. J. C 78 (2018) 10, 838



Sparticles Production at LHC

For a typical natural SUSY model line at /s = 14 TeV
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HL-LHC best bet: Higgsino pair production

q EEO
X1
X9
z‘t

~0

7 g X1
; T rrrrrrrrrr Tt 1
50 === Expecied limit (+104g) _

=2 Observed imit (£10may)
LEP i/ exchuded

ATLAS
vE=13TeV 130!

ooy, my shape fit
Al limits at 95% CL

L2910 -
i) = [l 2 + miyD]2

ATLAS 13 eV 35 i " exchudad

pp — 131 815 Lil Higgsine) 4

a1 5 ¢ 5 o 1 ¢ ¢ g 3 0 5 g 5 5 1 5 5 3 3 0 34 3 1 3

250 300

350

m(x3) [GeV]

Events /4 GeV

Data / SM

ATLAS

fi=1Tev 'm0’

P awhino—ore-ET T o - =
- Targmize
-— et £) « (120, 00) Gav

- &-1::,1:1 = (VAR ") W

l dadpasaand, e dddd
aaaaaaaaaaaaaaa
CLT L B e e e EEEEEma
a adaad a AddadAdNd AAAAAddddddd
] FET ~Frr T Y] |
dddaadadd. [ R T r d2adadariiadadaasdsds
B i i .h‘ -
o el e & 4
o 10 2 b ] &0 50 &0

Baer, Barger, Huang, JHEP 11 (2011) 031;

Z. Han, Kribs, Martin, Menon, Phys.Rev.D 89 (2014) 7, 075007,
Baer, Mustafayev, Tata, Phys.Rev.D 90 (2014) 11, 115007;

C. Han, Kim, Munir, Park, JHEP 04 (2015) 132;

Baer, Barger, Savoy, Tata, Phys.Rev.D 94 (2016) 3, 035025;
Baer, Barger, Salam, DS, Tata, Phys.Lett.B 810 (2020) 135777,
Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017

signal in this channel should emerge slowly as more integrated luminosity accrues;
both CMS and ATLAS have ~2-sigma excess in this channel: keep watch!



Higgsino Pair-Production at HI-LHC

i " [ SM Backgrounds: 774, tt, WW 3§, Wilj, Zilj ]
X
X5
Z* / BENCHMARK POINTS
e BM1 (NUHM2): m o = 157.6 GeV, mo = 145.4 GeV,
2 1
< : )2(1) Am = Moy — Mo = 12.2 GeV, Agpw = 13.9

e BM2 (NUHMQ):me~0 = 310.1 GeV, m s = 293.7 GeV,
2 1
Am = Mmooy —moy = 16.4 GeV, Agpw = 21.7
2 1

e BM3 (GMM’): m o= = 207.0 GeV, Mo = 202.7 GeV,

K Am = Moy =My = 4.3 GeV, Agw = 26.0 j

Despite |large cross-section of pair production of higgsinos, the signal is
swamped by backgrounds because the decay products are soft. Hence the
focus is on monojet + soft dilepton + #Z, signal, triggered by monojet.

Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017



-

pr(j) > 80 GeV, pr(¢)>1GeV, AR({¢) >0.01,

m(é@) > 1 GeV for the backgrounds v ZF = 17

.

Cuts

BASIC CUTS

~

J

C1-Cuts
/o (£) > 5 GeV, \

require two OS/SF isolated leptons with pr
n(6)] < 2.5,

® n(jets) > 1 with pp(j1) > 100 GeV for identified calorimeter
Jets,

o AR(f) > 0.05 (for £ = e or p),
® Fpr > 100 GeV and

tn(b — jet) = 0. /

Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017




Cuts

m2_ = (1+&)(1 + &)m3, - Zﬁrp(j) = (1 + &)pr(6) + (1 + &)pr(l2)
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Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017



Angle Cuts

After C1 cuts, s = 14 TeV, 17j
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Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017



Cuts

2 Angle Cuts

M
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After C1 cuts, s =14 TeV,
T T :

BM1 signal
T T

=Y 9r(j) = U+ &)pr() + (1 + &)pr(ls)

jets

~150000

-5 L1
1—’500000

E I [ I I 3
= C1cuts, s =14 TeV —_ W 3
= — W WA q
L —_— 1t 7 t |
102 e o - i 6 -5 -4 -3 - .
E o = 1
= e 2l 3 Alter C1 cuts, s = 14 TeV, 17j AfterC1 culs, s = 14 TeV, U
L B ] e e L
- ——— mu=150 ] et
55
% L L
Q 45
?‘10‘3,— - 35
£ E = 25
T C — L
S r b 15
o R b L
L B 05—
¢
-05
4l [
10 E 15
ﬁ’ 25—

mg? [GeV?]
cuts/process BAM1| BM?2| BM3| v75 tt WW 4| WEeG| Zee4
AL AL
BC 83.1 0.3 31.3 43800.0 | 41400 0860.0 1150.0 311
1 1.2 0.19 0.07 g4.2 179 35.9 14.7 5.9
Cl+m2_ <0 0.13 0.043 @ 75.6 12.8 7.7 3.2
C'1 4+ angle 0.68 0.12 0.04 1.8 130 22 11.0 4.9

Table: Cross sections (in fb) for signal benchmark points and the various SM
backgrounds listed in the text after warious cuts.

Baer, Barger, DS, Tata, Phys. Rev. D

105 (2022) 9, 095017



Cuts
N

- C3-Cuts -

® C1 plus angle cuts

* p]"(fg) : 5 — 15 GeV

o Er/Hr(40) > 4 A¢(j1, Er) > 2.0

mer (00, E1) < 100 GeV
pr(J1)/Er <15

lpr(51) — Ep| < 100 GeV
/

\\- m(£f) < 50 GeV /

® n(jets) =1

® Hyp(4f) < 60 GeV

Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017
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Cuts
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Mass Reach
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o (fb)

Mass Reach (hnAMSB model)

Model Line: mq (3) = mg/2/35.mo (1,2) = 2mq (3), Ay = 1.2mq (3) , tanB = 10,ms = 2TeV
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Higgsino Pair-Production at LHC
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Natural SUSY: Higgsinos almost fully covered by HL-LHC

Baer, Barger, DS, Tata, Phys. Rev. D 105 (2022) 9, 095017



Wino Pair-Production at HL-LHC

Distinctive new same-signh diboson (SSdB)
for natural SUSY models with light higgsinos
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Wino Pair-Production at HL-LHC

Distinctive new same-signh diboson (SSdB)
for natural SUSY models with light higgsinos

\/E =14 TeV Integrated Luminosity = 3 ab™
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HL-LHC can see m(wino) followed by decay to light higgsinos
~0.8-1.1 TeV @5sigmal 95% CL

Baer, Barger, Gainer, Savoy, DS, Tata, Phys.Rev.D 97 (2018) 3, 035012
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Top squark searches
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Gluino pair cascade decay sighatures

V/5=14Tev

Events with >2 b-tagged Jets

= Signal
Events after C1 cuts, - 50 (150 fo™!)
A¢ >30 cut, and |
Ermiss > 900 GeV cut = 5¢ (300 fb™!)

- 50 (1ab™!)

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

—

l 1 | | 1 l 1 |
2200 2300 2400 2500 2600 2700 2800 2900 3000

Gluino Mass [GeV]

3100

HL-LHC to probe m(gl)~2.8 TeV
FCC-hh(100) to probe m(gl)~10 TeV

Baer, Barger, Gainer, Huang, Savoy, DS, Tata, Eur.Phys.J.C 77 (2017) 7, 499



LHC Confronts SUSY
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Smoking gun signature: Light higgsinos at ILC

ILClimg = 7025 GeV, my 5 = 568.3 GeV, Ap = —11426.6 GeV, tan 3 = 10, u = 115 GeV, my = 1000 GeV
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Has LHC excluded Light new Physics?

Overview of CMS EXO results

CMS preliminary March 2024
String resonance L 7:91911.03947 (2j) 137 b1
Zy resonance u 11712.03143 (2 + 1v; 2e + 1y; 2 + 1y} 36 fb~!
Wy resonance m 2106.10509 (1) + 1y) 137 fb?
Higgs y resonance " 36 fb!
Color Octect Scalar, k2 = 112 M 137 b1
Scalar Diquark " 51911.03947 (2j) 137 fb~?
tf+¢, pseudoscalar (scalar), gZ,, x BR(¢—28) > =0.03(0.004} L 911.04968 (3¢, = 41) 137 b1
ti+ ¢, pseudoscalar (scalar), gi,, x BR($—21) > =0.03(0.04) M 1911.04968 (31, = 41) 137 fb~1
Po+ZIV+X " 37 fb~1
X—+$¢. My = 0.02My, $-+(yy) merged diphoton pair My 137 fb~2
Wy Resonance leptonic " 138 fb~!
'SUEP Offline, Tp = 3 GeV, my = 3 GeV, Br(A'-mn) = 100% M 138 fb~*
Split SUSY, HSCP gluino with infinite lifetime, fzo = 0.1 ™, JCMS-PAS-EXO-18-002 (dE/dx) 101 fb*
stau pair production, HSCP with infinite lifetime o | .0-0. 45-E XO-18-002 (dE/dx) 101 fb?
Doubly-charged tau’, HSCP infinite lifetime, DY production g MS-PAS-EXO-18-002 (dE/dx) 101 fb—*
quark compositeness (£1), Mums =1 Minn 12103.02708 (2£) 140 fb*
quark compositeness (1), Mums = — 1 5 2103.02708 (20) | 140 fb~*
Excited Lepton Contact Interaction ™ 2001.04521 (2e + 2j) 77 fb~!
Excited Lepton Contact Interaction " 2001.04521 (21 + 2J) 77 fo!
vector mediator (qq), gq = 025, gou =1, m, =1 GeV' " 18 fb?
vector mediator (1), gq = 0.1, gou =1, g, = 0.01, my > 1 TeV ] 140 fb*
025, gom=1,m, =1 GeV. M 137 fbt
(axial-)vector mediator (XX). Gq = 0.25, gon = 1,m, =1 GeV " 101 fb~*
(axial)-vector mediator (£), gq = 0.1, gow = 1, g = 0.1, My > Mpeal2 " 6 140 fb~t
scalar mediator (+¢/tf), gq = 1.gom = 1.m, =1 GeV' L 91901.01553 (0, 1¢ + = 2j + pif™ 36 fb~1
scalar mediator (+tf), gq .M, =1GeV " 2107.10892 (0, 1¢ +f 137 fb?
scalar mediator (fermion portal), A, =1, m, = 1 GeV. " .0-1.5 101 fb~*
pseudoscalar mediator (+j/V), g =1, gom = 1,m, =1 GeV M 12107.13021 (= 101 fb~*
pseudoscalar mediator (+1/tf). g " 31901.01553 (0, 1£ + = 2j + 36 fbo~t
pseudoscalar mediator (+tf), gq M 2107.10892 (0, 1¢ 137 b1
complex sc. med. (dark QCD), my,, = 5 GeV, cTx,, = 25 mm m 16 fb~1
Baryonic Z', go=0.25,gou=1.m, =1 GeV ] PFE) 36 fb~?
2" mediator (dark QCD), Mgan: = 20 GeV, rigy = 0.3, @garc = afonc L 2112.11125 (2j + pF**) 138 fb~
2'—2HDM, gz = 0.8, gomu = 1, tanB = 1, m, = 100 GeV' ] 1908.01713 (h + p§*) 36 fb~1
Leptoquark mediator, f=1, B=0.1, Ax,ou = 0.1, B0O < Mo < 1500 GeV' " b1 (1p + 15+ pp) 77 fb~?!
axion-like particle, ! =1.2 Tev—* " 10.5:2.0CMS-PAS-EX0-21-007 (PP + vY) 103 fb~1
inelastic dark matter model, y = 1076, a5 = 0.1 " CMS-PAS-EXO-20-010 (2 displaced p + p§™*) 137 fb—?
inelastic dark matter model, y =107, ap = 0.1 M CMS-PAS-EXO-20-010 (2 displaced p + py™*) 137 fb~?
ig9gs, gq =025, gpu = 1,6 = 0.01, m, =200 GeV, my ] [0 0116:0:352CMS-PAS-EXO-21-012 (T + 2 + PP, 21 + pPis) 137 fb~1
RPV stop to 4 quarks " 010801521 808.03124 [p); 4)) 36 fb!
RPV squark to 4 quarks Ld I on=072 1.508.01058 (2)) 38 fb~!
RPV gluino to 4 quarks L 1806.01058 (2j) 38 fb~!
RPV stop scouting boosted ™ |CMS-PAS-EXO-21-004 (scouting booste: 128 fb*
RPV mass degenerated higgsinos to trijet boosted scouting M 5-0.1105 CMS-PAS-EX0-21-004 (scouting boosted trijet) 128 fb—t
ADD (jj) HLZ. nep = 3 m 1803.08030 (2)) 36 fb~!
ADD (v, 1) HLZ, nep =3 " 1812.10443 (2y, 26) 36 fb!
ADD Gyx emission, ngp =2 M 2107.13021 ( = 1j + p7=) 101 fb~*
ADD QBH (jj), neo = M 1803.08030 (2)) 36 fb!
ADD QBH (ep), nep = 4 M 2205.06709 (em) 137 fb?
ADD QBH (eT). neo M 2205.06709 (eT) 137 fb?
ADD QBH (UT), nep = " 2205.06709 () 137 fb~?
ADD QBH (i), neo = 6 M JCMS-PAS-EXO-20-012 (v + ) 137 fb1
RS Gre(L8), ks = 0.1 " 2103.02708 (20) 140 fb—*
RS Gx(qd, gg), kiMp = 0.1 L] 1911.03947 (2]) 137 fb~?
RS QBH (jj), nep =1 " 1803.08030 (2j) 36 fb~?
RS QBH (i), nep =1 ™ [ 205512CMS-PAS-EXO-20-012 (v +§) 137 fb~?
‘non-rotating BH, Mo = 4 TeV. nep = 6 L 1805.06013 (= 7j(Z, y)) 36 fb~!
3-brane WED gkx(¢ + 9 = 999). grav = .5, m(@Nmigre) = 0.1 mige) N21054532201.02140 (2)) 137 fb~1
split-UED, p2= 2 TeW IR 12202.06075 (£ + p§s) 137 fb~2
ADD (yy) HLZ neo =4 M MS-PAS-EXO-22-024 (yy) 138 fb—?
RS Grx(yy), ki = 0.1 o | . MS-PAS-EXO-22-024 (yy) 138 fb?
excited light quark (gg), A=m; " 1911.03947 (2§) 137 fb~!
excited light quark (ay), fs=f=f=1,A=m; " O EEI0CMS-PAS-EX0-20-012 (v + ) 137 fb~!
excited b quark, fs=f=f=1,A=m; " [ 022 CMS-PAS-EX0-20-012 (y + ) 137 fb?
excited electron, fs : " 1811.03052 (y + 2e) 36 fb~*
excited muon, f5 " 1811.03052 (y + 2m) 36 fb?
UMSM, Venl? = 1.0, |Viwl? = 1.0 " .001-1.241802.02965; 1806.10905 (3p; = 1j + 2p) 36 fb?
- UMSM, Vel? = 1.0, [Vywf? = 1.0 " ; 0.001-1.431802.02965; 1806.10905 (3€; = 1j + 2e) 36 fb~?
UMSM, VeV 2/ (IVen]? + [Vl M ; | 0.02-1.61806.10905 (= 1j +p+e) 36 fb!
EE Type-lll seesaw heavy fermions, Flavor-democratic M 0.149.982202.08676 (3£, = 4L, 1T+ 31, 27 + 21, 37+ 1, 1T+ 2, 27 + 11) 137 fbt
Vector like taus. Doublet M 0.1 0452202.08676 (3¢, =42, 1T+ 31, 27+ 20, 37+ 1, 1T+ 20, 27+ 1) 137 fb1
Vector like taus, Singlet L 0.125-0.152202.08676 (31, = 42, 1T + 32, 27 + 20, 37 + 117 + 26, 27 + 10) 137 fb~t
Zo. narrow resonance, €2 = 8 x 1076 (90% C.L.} " 00115201075 912.04776 (21) 137 b1
Zo. narrow resonance, €2 =4 x 105 (90% C.L.} m OIIE0121912.04776 (24) 137 fb-!
Zp, narrow resonance, €2 =7 x 1077 (90% C.L.) m| | 0.0011-0.0026 CMS-PAS-EXO-21-005 (2p) 97 fb~!
Zp. narrow resonance, & x107€ (90% C.L.) L [110/0042:010079 CMS-PAS-EXO-21-005 (2} 97 fb~1
SSM Z'(18) m 2103.02708 (2e, 21) 140 fb~1
SSM Z'(qd) m 1911.03947 (2j) 137 b1
Z1(q@ ! 000125 1905.10331 (3, 1) 36 fb~t
Superstring Z;, ] 2103.02708 (2e, 2p) 140 fb~
LFV Z/, BR(ey) = 10% " 2205.06709 (ep) 137 fb~?
LFV 2, BR(eT) = 10% “ 2205.06709 (eT) 137 fb~?
LFV 2/, BR(uT) = 10% m 2205.06709 (uT) 137 fb~?
SSM W'(tv) M 2202.06075 (2 + PP) 137 fb~1
Leptophobic 2' " 1909.04114 (2)) 78 fb~?
SSM W'(qd) m 1911.03947 (2j) 137 fb~!
LRSM Wi(uNa), My, = 0.5My;, ] 112.03949 (24 + 2j) 36 fb~*
ssu win S S 221212608 (4 ) 137
LRSM Wi(eNg). My, = 0.5Muy, L] 2112.03949 (2e + 2j) 36 fb~?
60 S v =100 138 2
LRSM Wa(TNg), My, = 0.5Muy,, ™ 1811.00806 (27 + 2j) 36 fb~*
ituon,Coron cotg =1 W | e ia11.03907 2 13711
Z', HSCP tau’ 600 GeV mass with infinite lifetime "z \ | ] AR \ / MS-PAS-EXO-18-002 (dE/dx) 101 fb~*

01 o010 L ACY LIEET LEWT: 3 J._ \' 16.000

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are r(\)decluded). Mass Scale [TeV]
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023 Vs=13TeV
Model Signature  [Ldt[b™"] Mass limit Reference
G, G—agts Oe 2-6jets  Emis
L G— M jets 140 1.85 m(¥])<400 GeV 2010.14293
% g, G—gX1 mono-jet 13 jets Ei.m 140 § [8 Degen) 0.9 m(g)- m'()ﬁ] -5 GeV 2102.10874
s = Eqat) Oep 26jets EP'* 140 | g 2.3 _miPh=0Gev 2010.14293
@ £ Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
B iz EogaWE Tepn 2-6 jets ) 140 | & 2.2 m(¥})<600 GeV 2101.01629
S 3z, BoqaOF] ee, it 2jets  EF™ 140 | E 53 m(E})<700 GeV 2204.13072
8 é—'quZ‘?'% SOSe, “ 7-;] jets EFe 140 |z 1.97 m{E}) <600 GeV 2008.06032
= ep jets 140 4 .15 m(g)-m(¥} )=200 GeV 2307.01094
E 2z, g1k 0-1epu 3b EXs o140 | ® 2.45 m(¥?)<500 GeV 2211.08028
SSe.pu 6 jets 140 4 1.25 m(z) ma/‘:’;ﬂaoaev 1909.08457
biby Oe,p 2bh Emiss 140 | B 1.255 m(E})<400 GeV 2101.12527
’ by 0.68 10 GeV<Am(b, ¥))<20 GeV 2101.12527
© = bibi, bioht3 — bhF) Oe,pu 6b EE‘“ 140 | &, Forbidden q23-1.35 Am(FS.71)=130 GeV, m(F})=100 GeV 1908.03122
E -% 27 2b EPS 140 | B, 0.13-0.85 Am(E2, 2)=130 GeV, m(¥})=0 GeV 2103.08189
§-.§ i, fore 0-1e,u >1jet Ems 140 | & 1.25 m(xl) -1 GeV 2004.14080, 2012.03799
<8 Ah, Wbt 1ep Sjets/1 b Em‘“ 140 i Forbidden 1.0§ 2012.03799, ATLAS-CONF-2023-043
= § i, h—tiby, 116 127 2jets/1 b EF™ 140 1 Forbidden 1.4 2108.07665
T 2 Of, 0 et [ &8, Eoch) Oe,u 2¢c EE‘“ 36.1 g 0.85 m(F})=0 1805.01649
s ] Oepu mono-jet s 140 f1 0.55 m#,&)-m(¥))=5 GeV 2102.10874
iy, -3, X9—Z/hT} 12epn  1-4b  EPY 140 | 0.067}.18 m(E)=500 GeV 2006.05880
b, h—h +Z 3epu 1b ED® 140 i Forbidden 0.86 m(¥})=360 GeV, m(f,)-m{¥})= 40 GeV 2006.05880
TR viawz Multiple ¢/jets ) EE‘“ 140 | ¥5/E 0.96 m(x") =0, wino-bino 2106.01676, 2108.07586
ee, it > ljet EP™ 140 xf/x‘;‘ 0.205 m(¥;)-m(¥})=5 GeV, wino-bino 1911.12606
XK via ww 2epu Epis 140 | &y 0.42 m(E})=0, wino-bino 1908.08215
ik via Wh Multiple ¢/jets Eps 140 | ¥ /¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, 2108.07586
L. XX viaZ/v 2e.p EPS 140 | E 1.0 m(Z.#)=0.5(m(ET )+m(E))) 1908.08215
= @ 7, Tk 27 ERis 140 |[ENERERDIoEs 0.48 M) )= ATLAS-CONF-2023-029
W= friig, o8] 2ep 0 jets EE‘“ 140 |7 0.7 m)=0 1908.08215
ee, it zljet EMS 140 7 0.26 m(#)-m(E})=10 GeV 1911.12606
ana, A—hGIZG Oe,u >3b EE‘“ 140 H 0.94 BR(Y] — hG)=1 To appear
depu 0jets EE‘“ 140 i 0.55 Bnpvd - ZG)=1 2103.11684
Oeu =>2large jets EP™ 140 H 0.45-0.93 BR(Y] — ZG)=1 2108.07586
2ep =2jets Em‘“ 140 | & 0.77 BR(¥] > z(;)=an(iﬁ' - hG)=0.5 2204.13072
Direct ¥1#7 prod., long-lived ¥ Disapp. trk ~ 1jet  EXis 140 |7 0.66 Pure Wino 2201.02472
- o X% 0.21 Pure higgsino 2201.02472
g % Stable g R-hadron pixel dE/dx E';“‘S 140 4 2.05 2205.06013
= p .
é, i+ Metastable g R-hadron, F—oqqt] pixel dE/dx 7 140 g [r(2)=10ns] 2.2 m(¥])=100 GeV 2205.06013
S 8 fi~tG Displ. lep EPS 140 | &R 0.7 (8 =0.1ns 2011.07812
~ . T 0.34 T(f)=0.1ns 2011.07812
pixel dE/dx ET™ 140 7 0.36 (%) =10ns 2205.06013
)21)?1 [ ozttt 3epu 140 Pure Wino 2011.10543
X1 )(1 1 — ww,fzggggw 4e,u 0 jets ERs 140 1.55 m(F})=200 GeV 2103.11684
72, 5—oqtt, XY = qqq =8 jets 140 2.25 Large {;, To appear
= T, oy, X — ths Multiple 36.1 m(¥])=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i—bYT,XT — bbs > 4b 140 Forbidden m¥E)=500 GeV 2010.01015
fify, h—bs 2jets+2 b 36.7 0.61 1710.07171
ff1, h—gf 2e,u 2b 36.1 0.4-1.45 BR(f, —be/bu)>20% 1710.05544
1u DV 136 1.6 BR(# —gu)=100%, cost,=1 2003.11956
RS XY y—>tbs, K{ —bbs 12eu  >Bjets 140 Pure higgsino 2106.09609

*Only a selection of the available mass limits on

new states or

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

Mass scale [TeV]



New Physics: Light or Heavy?

SM Current energy BSM Particles
Higgs of LHC (Theory)
| | L /]{\A
I I I I I
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No New Not in plan
Discovery of Physics? anymore
SM patrticles

Energy line of SM and BSM particles

Searches for new physics =) Future colliders
Our proposal: Study well-known observables to reveal New Physics

This work: Precise measurement of top quark observables



Light New Physics from ¢t

The LHC, being a “top quark factory”, helps in precise measurement of various
properties of the top quark

SM Process Invariant mass of the b -jet and the lepton (my, )

“Light” new physics
(Goal of this work)

mmsdp Top quark pair production
(Standard Model)

“Hard” new physics
(Current Usual trend)

dO‘/dmbg

Mpy
Pair-production of top quarks with each

top t decayingto b and W=

which further decays leptonically

Bagnaschi, Corcella, Franceschini, DS, Phys.Rev.Lett. 133 (2024) 6, 06180



Targeted New Physics Scenario

Any BSM scenario with final state: opposite sign dileptons + 2 b -jets + &7

Example: Minimal supersymmetric standard model (MSSM)

MSSM Process Several parameter space points generated

P using SPheno - 4.0.3 interfaced with
s SARAH -4.15.1

mg, = 180, 200, 220 GeV
My :5 GeV —1 TeV
p 2 100 GeV — my,

mg ~ m; = 3.5 TeV # mg,
mg ~ 3.6 TeV
122 GeV < my, < 128 GeV

N

Pair-production of the lightest stop t~1, with each {1 Lightest SUSY Particle (LSP) : X%
decaying to the lightest chargino XT and b, and Next-to-Lightest SUSY Particle (NLSP) : x5

each Xf decaying to the lightest SUSY particle
(LSP) %V leptonically via a real or a virtual W=
boson

Bagnaschi, Corcella, Franceschini, DS, Phys.Rev.Lett. 133 (2024) 6, 06180



Bounds from Experiments

A new physics scenario should not be excluded by

—P experimental searches SPECIFICALLY designed for this scenario, AS WELL AS

—pp experimental searches NOT designed for this scenario

e
‘
(SLH}AISW%GE file) .S T S

arXiv:1312.4175 (v1.0) 7 arXiv:2306. 17676 (v2.3) @ @ ____________ -

/

vy

Excluded

V3
\
\
‘
‘
‘
. .
s \
\
\
‘
w “
‘v

r <1
Not Excluded ‘
Compare

Decompose with Experimental Limits
full Model C b T | .
. . ompine [opologies
https://smodels.qgithub.io/ Poiog

https://smodels.readthedocs.io/en/stable/
https://indico.cern.ch/event/1375202/ - April 25th 2024 - Roberto Franceschini - LHC top WG

E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180



https://smodels.github.io/
https://smodels.readthedocs.io/en/stable/

Simulation

All the parameter space points are simulated with Pythia — 8.3 with PDF=NNPDF2.3 QCD+QED LO.

Cuts imposed (motivated by experimental papers)

pr(€) > 25 GeV, [n(f)| < 2.5, R(j) = 0.4, pr(j) > 25 GeV, |n(j)| < 2.5,
AR(%5) > 0.2, AR(¢0) > 0.1, AR(jj) > 0.4

Jet cIustering:EAnti—ijet algorithmj

From m,, distribution : |Significance = \/Z Si/ (Bi x up,)]” at £L=139 fb=!

S; = No. of signal events in the " bin
B; = No. of background events in the i*" bin

up, = Relative uncertainty in the background in the it® bin
(extracted from ATLAS and CMS)

E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180

Tech. Rep. ATLAS-CONF-2019-038
M. Aaboud et. al. (ATLAS), Eur. Phys. J. C 78, 129 (2018)

A. M. Sirunyan et. al. (CMS), Eur. Phys. J. C 79, 368 (2019)



Benchmark Points (m; = 200 GeV)

200 -

100

{Significance ATLAS-CONF-2019-038-PreFit}
T T T T T T T T T T T T

120 140 160 180 200
m ~+
X1

- W1l
- E2
| H3.
m4.
|5

Significance with up from ATLAS

my = 200GeV, m_+ = 136.2GeV, myo = 49.9GeV,r = 0.83 m; = 200GeV,m_ .+ = 156.42GeV,m o = 123.3GeV,r = 0.72
t1 X1 X1 t1 XY X1 )
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SM -

0

Significance with 4 gfrom ATLAS ~ 10.8
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0. W16
0.2 m18
W04 m2.
mO0.6

 mos

ml.
W12
m1l4
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Significance with U g from ATLAS~ 2.6
E. Bagnaschi, G. Corcella, R. Franceschini, D.S. Phys.Rev.Lett. 133 (2024) 6, 06180

Significance > 5

DISCOVERY!!



Conclusion
Natural SUSY at HL-LHC :

Light Higgsinos ——» Parameter space almost fully covered

Winos decaying to light Higgsinos —» 0.8-1.1 TeV @ 5sigma | 95% CL

Lightest stop quark —» 1.7-2 TeV @ 5sigma | 95% CL

Gluinos ——» 2.8 TeV @ 5sigma

Parameter space for winos, lightest stop and gluino to be fully covered by FCC-hh

However, before moving on to future colliders we must ensure there is no new
physics hidden in already measured observables. Here we show that a thorough
study of well-known kinematic observables may hint towards the existence of
Light New Physics.
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