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PHYSICS BEYOND THE SM

UNDER THE HIGGS LAMPPOST

3. A Weakly-coupled Extension



The BIG Hierarchy Problem

Why the weak scale My; 1s so much smaller than My,?

e Dynamical generation: dimensional transmutation

2. Controlled by symmetry:
* Shift symmetry (Nambu-Goldstone boson)

* Super-symmetry (elementary particles)

* Discrete symmetries



Supersymmetry: an elecant formalism
Julius Wess & Bruno Zumino (in 1974)

* Generalized extension of Poincare group of
spacetime symmetry

* Critical ingredients for string theory:
World sheet/Spacetime SUSY

* Low energy effective field theory from
compactification

* Eliminate the cosmological constant upto
symmetry breaking

e Stabilizes weak scale at all orders

* Potential Grand Unification of EW & QCD
* Natural WIMP dark matter candidate

4



Supersymmetry: fermion <-> boson

The SUSY generators @ transform fermions into bosons and vice-versa

Q|Fermion) >= |Boson) , Q|Boson) = |Fermion)
Standard particles SUSY particles

U C (s

5 3
© [ IJ

Quarks ‘ Leptons . Force particles Squarks Q Sleptons o SUr%Y';orce
particles

Higgsino

Under SUSY, the two partners must
* Have the same mass, the same coupling

* Spin different by %

Since we have not seen a partner of same mass,

SUSY must be broken, at a higher scale.
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Minimal Supersymmetric Standard-Model (MSSM)

Extended symmetry between opposite spin & statistics

particles symbol sSpin | Mass param.
gluino g e/ 2 M3
charginos G 192 M>
FellfRalifoss i L2 M%, w, 23
my , My
sleptons el o 0] mjy
s s, 0
el 0 ng
squarks i, di, Ug,dr 0 m2
s S o 0
t1, o, 51,52 0 ng
Higgs R L R T RS BT G baled

t versus t; W versus W; H versus H; H, versus Hy,

2
Ay ~ Bysy ~ M35y (o).
167 MSUSLY

only if the "soft-SUSY breaking”: Mgygy ~ O(Mgps).
= “Weak scale” supersymmetry!
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What about Mgqg;rgy (in @ hidden sector)?

X Supersymmetry breaking mechanism is unknown.

Fermionic masses:

M17M27M37,UJ_>M2|27M0 :
X192 R

Scalar masses:

MCYL,R’ MTLR;
Mixings:
EamBeasiroricas o
CP Phases:
¢1>2>3/~L ......

Parameter count in the SM and MSSM (no m/,s yet)

masses and | CP-viol.
model mixing ang. phases | TOTAL
SM 17 2 19
MSSM 79 45 124
(MSSM)gyv 97 62 159
(MSSM) v 157 122 279
(MSSM)gLv 175 140 315




Based on observation:
* Proton stability:
— R-parity conservation; or B, L not broken
simultaneously (in 15t, 24 generations).
* No excessively large CP-violation/FCNC:
= no (or small) phases; sfermion mass degenerate (or heavy).

General parameter selection:

Phenomenological MSSM (pMSSM)

The 20 dimensional pMSSM parameter space then includes

My, M, Ms,
ranﬁ Tn‘Ulﬂ Tn'Dl.v Tn‘Lla Tn‘El:

MQs, MUy, Mpq, MLy, TNE,,
A, Ay, A,

2 2
my , My, p, B.

scan over parameters



SUSY s still relevan!

Hitoshi Murayama (Berkeley, Kavli IPMU)
SUSY 2025, Santa Cruz, Aug 23, 2025




“Natural SUSY”: Radiative EWSB

\/ radiative EWSB by the large top Yukawa coupling:

R GLeD) 2
my mHutan G 5

tan< 5—1 e
Assume higher scales correlated ,  cohen, Kaplan, Nelson, 1996

Hall, Pinner, Ruderman, 2012
Baer, Barger, Huang, Tata, 2012

Wi

only insist on light Higgsinos:

A Natural SUSY Spectrum

A
>10-100TeV + strong dynamics
3000 + J
t1,2,l~7L
|500 = ==o--oo:s
H,H*
500 +  -ereeeee- s i
s 4 R

mass (GeV)
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Higgs mass corrections & Heavy Higgs bosons
my” = M,? cos?2P + Am?g gy
Tree-level <(80 GeV)? + loop-level: >(45 GeV)?
= Need large tan3;
m,, & mixing X, >> m,
sensitive to W, the Higgsino parameter

MSSM Higgs Mass

b 140 -
S0 _ B
> B0 ey
G (more parameter I e
< MSSM bl 2 120
space here!) < 110
N X;=0

100+ Suspect 1
ﬁ] SM E FeynHiggs |

90! ‘ o o :
P m, (GeV) 200 300 500 700 1000 15002000 3000

200 400 600 800 m; [GeV]

“Lattle hierarchy problem”
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SUSY Grand Unification

Resolution [m]

1

1.0-17 . 1.021 . 1.0-25 . 1.0—29 . 1_633

Resolution [m]
1.0-17 . 1.0-21 ) 1.0-25 . 1.0-29 . 1.0-33

Strength

1001

1004

13N

With Super-Symimelry

Unification

10} 10-/
ol—i . e ; . e
0 10 10° 10" _1d* 1d® O 10> 10®° 1d° 1d* 1d°
f Energy [GeV] f Energy [GeV]
LEP LEP
@ Disproved theories Still possible
Proton decay bounds
Hocs |
SUSY helps!
Latest lower bound on proton lifetime->
! L1l ! ] (it ! o111l 1 L1l
103! 1032 1033 1.6x103%  10%

7

Proton lifetime (years) —>




(*) “Minimal Super-gravity” (mMSUGRA) scenario:
Gravity mediates the SUSY breaking from Mgy to Mgy .

At the high scale:  mg, mq/o, A, tang, and stgn ()

mass (GeV)

800

700

SUSY breaking/mediation scenarios:

Evolution of sparticle masses

600 >

500 -

400 b

300 [
200

100

All masses at the EW scale

predicted.
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However,

Currently, A5(mSUGRA) > 1000

my;p[TeV]

mSUGRA,AQ=0,tanﬁ=10

/
/
/
/
r M5 ~2.25Tey /
/

my[TeV]

MSUGRA/CMSSM highly unnatural

under all measures:
ruled out by LHC!



(*) “Gauge mediation” scenario: *
parameters: A, M,,, N, tang3, sign(u)

Eohoafamessenders; N=1, 4>0, tanf = 25, M/A = 2

My (10 — 100 TeV) : MR L T T
messenger mass scale,

A= /My (10 =100 TeV): B
SUSY breaking scale. :

200

Mass [GeV]

Spin—% Goldstino LSP:

2 |
it F > N 100 .
LG T B (100 TeV) eV :

leading to missing energy. 60 80 100 120 140 160
Sparticle masses:
¥R Qq

Mg ~ kN 72N\,

Mm% ~ &' N 3; CigiA°.
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cross section [pb]

104

102 A

100 3

10—2 -

10—4 -

106

(*) “Anomaly mediation” scenario: |

Scalar and gaugino masses generated by one-loop Super-Weyl anomaly

(Gravity as bluk messengers).

(*) “Gaugino mediation” scenario: |

Gauginos as bulk messengers.

(*) “Mixed Modulus-Anomaly mediation” scenario: *

Only experiments can tell: A real challengel

pp, VS =13 TeV, NLO+NLL - NNLOapprox+NNLL

\ —_ g —— XX (higgsino)

N\ - o
% — 44 — X1 X1 (wino)
— §g” X X3 (wino)

ZL,RZL,R

750 1000 1250 1500 1750

particle mass [GeV]

250 500

J 369

200

Image Credit: ATLAS

Muon

Muon Neutrino
Spectrometer ’
Neutron
N //
/
Hadronic ;
Calorimeter

: Electron Dashed lines are
! o invisible to the detector
Electromagnetic
Calorimeter
Solenoid magnet
Transition radiation tracker ;
Tracking : 7=
Pixel/SCT detector ¢

Image Cr¢



Events/GeV

Smoking gun signal for SUSY ---

[Large missing transverse momentum:
CMS searches

—

CMS JME-17-001 35.9 fo' (13 TeV) % 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 : (D 103 _'g %
.. CMS $ D ] ~ B Hosg
10 % dijet ¢ Data with no cleaning § 38_1 02 IR o e i E o
B I:I Top quark 7 = = E., 0 6('_(5
103 = = E B 1 : .2
g |:| W(lv)+jets E < 10t : c
s ] 2 S O T >
102 Lk [ ] ztwsiets . : : s 0.49
' [ ] aco muttiet : 1 SRR <
= : B 0.2
3 -1 L
OOOOQOOO - . 1 O E =" i
009000, ] T L LN :
O, — K " 24 B e} 0
0000000 . ] 0 0.5 1 : } 'SV]
m. [Te
%] 5
E Wino z; %, — Wh z? 7? ATLAS Ys=13 TeV, 139 fb"
5 7 %‘ SRR AT A e Al limits at 95% CL
10 E _§' g 500 Combination
1 | 1 1 1 1 | 1 1 1 1 1 1 1 | | 1 1 | | 1 1 | 1 | | 1 ] C{g— (oﬁs: EE?I -
500 1000 1500 2000 2500 3000 £ 400 o

Individual Analyses
— Observed Limit
= = Expected Limit

prTn s [GeV] 300

3L on-ghatl
arXiv:2106.0167
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1 00 ‘l . E S ;:x:}:acs 3932;
0 (B 5 : 1'. A " 1 e i :1. A —— iv:xy. 2402.00603
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m, [GeV]

Top-partner 1s the most likely suspect

~~

pp =1t T=tX°

SUSY

Monond 2021

—

T
C MS Preliminary

- SUS-20-002, 0-, 1- and 2-lep combination

1711.00752, 0-, 1- and 2-lep (stop), 36 o™
-2103.01290, O-lep (stop)
- 1912.08887, 1-lep (stop)
—2008.05936, 2-lep (stop)

. |
137fb‘(13 TeV) |

-«:Expected
=—Qbserved -

-4

Fessssnnnanns

b — byl —

on Trnal:

CMS (preliminary)

May 2019

-t

t = bii = bWH?

(tX3/bXi = bWRY)
t — bff'

t = bii — bff'{?

t—ci?

biF — bul — bl
t2 — Hty — Ht{Q
- Z/Hty — Z/Ht{S
te = Zt; — ZtQ

b — by?

b — bi? — bH{?

b — t{F = tW=()
(bl — blz?)/(bZK9)

G- g}

Overview of SUSY results: squark pair production
36/137 fb~' (13 TeV)

pp — tt
0¢: SUS-19-005;SUS-19-006,arXiv:1802.02110,1707.03316,1710.11188
14: SUS-19-009

2( opposite-sign: arXiv:1711.00752
2( opposite-sign: arXiv:1807.07799
0f: arXiv:1705.04650;1707.03316

1¢: SUS-19-009

2/ opposite-sign: arXiv:1711.00752

=05
=05
r=05
2/( opposite-sign: arXiv:1807.07799
0¢: arXiv:1705.04650;1707.03316
1¢: SUS-19-009
04: arXiv:1707.03316
14 soft: arXiv:1805.05784
04: arXiv:1707.03316
1¢ soft: arXiv:1805.05784
2( opposite-sign: arXiv:1801.01846
0¢: arXiv:1705.04650;1707.07274,1802.02110,1707.03316

z =05

AMi‘t =5 GeV, BF=50%

AM <80 GeV (max. exclusion)
AM <80 GeV (max. exclusion)
AM < 80 GeV (max. exclusion), z = 0.5
AM <80 GeV (max. exclusion), z = 0.5
AM < 80 GeV (max. exclusion), z = 0.5

AM < 80 GeV (max. exclusion)

2¢: arXiv:1711.00752 =05

2( same-sign,> 3¢: SUS-19-008 AM;, = My, My, =200 GeV/

2( same-sign,> 3¢: SUS-19-008 AM;, = M,, BF = 50%, M;, =200 GeV
2( same-sign, > 3(: SUS-19-008 AM;, = M, My, =200 GeV
pp — bb

04: arXiv:1707.07274;SUS-19-006,SUS-19-005,arXiv:1802.02110
h — y7: arXiv:1709.00384

> 3/, 2( same-sign: SUS-19-008
2( opposite-sign: arXiv:1709.08908

AMygy =130 GeV
My = 50 GeV

max. exclusion, Mgy =100 GeV, 27 = 0.5, BF = 50%

PP — aq
0¢: SUS-19-005;SUS-19-006,arXiv:1802.02110

0f: SUS-19-005;SUS-19-006,arXiv: 1802.02110 (0 Tt s (0 € 6 5

ar+qr(a,d,&,3)

250 500 750 1000 1250 1500

mass scale [GeV]

Selection of observed limits at 95% C.L. (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated otherwise.

nce between the primary sparticle and the LSP, and the difference between the intermediate

Tes
sparticle and the LSP relative to AM, respectively, unless indicated otherwise.
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Gluinos are the next candidate!

Rt T Vs=13TeV, 36.1-140 fo ' March 2023
pp_’gg, g_’ttx1 Oct 2023 [T ro [ T T & T T 0o T &4 T T FE ¥ T ¢ T 1
;‘ 2000 T 7 T 7 | 1 T T 1 T T T REENEE % 3500_ —§—>q‘t—ﬁz oL [2010.14293] ATLAS Pre“mlnary -
L) B -1 7 [~ == § — bbY, >3 bijets [2211.08028) -
(¢ 18001 CMS 137 b (13 TeV) . (2‘ - g - g, >3bijets/22LSS  [2211.08028, 1706.03731] .
e - 1908.04722, 0-lep (HF'™) Ex 5 C =3 —agWi’®  ouiL [2010.14293, 2101.01629) ]
o - 2 s pected ] g—q X4
¥ 1600} = ecnzaam, i o] | a000E TR Yoo .
- 1911 :07558: 1-lez (MJ)D 1 = o —g qi‘iWZi? >7-12jets/IL/2L SS  [2008.06032, 1708.08232, 2307.01094] -
1400|— —2001.10086,=2-lep (same-sign) ] L —d- qu(u/vv)i? via v 2L OSSF/>2LSS  [2204.13072, 2307.01094] =]
1710.11188, 0-lep (stop), 36 fb’ 1 2500 — g- qq(r-c/w/vv)i? viatv =t [1808.06358) —
1200 2211.08476, 1-lep (A9) C 3 — qf(y/2)G via i? >ty [2206.06012) oL = 7
] _Limits at 95% CL et s .
1 ) — T —
oL ] 2000: — Observed .
800 . - .
: 1500 " N\
600 — - a
400 { 1000 \\ _:
200} = 7
- : : 1 500 =
0 ' I A 1 I L | i 1 1 L I o L l L N \\ :
800 1000 1200 1400 1600 1800 2000 2200 2400 PN I SR BRI B A )\ 1L
My [GeV] 1000 1200 1400 1600 1800 2000 2200 2400
g

m(g) [GeV]
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Long-lived particles (LLP)

18 August 2025 ATLAS Searches for SUSY

Image Credit: Heather Russell (Talk at LLP Workshop, April 2016) ’ 7 d|Séppe an ng Qr

displaced kmked tracks
multitrack vertices

q

ég non-pomtlng
--"(converted) photons

displaced vertices +
leptons or jets
(JHEP 11 (2024) 036)

-
o®
-
-
-

dispIaC‘ leptons,

v es > 3 ns,
50.2-3 TeV)
:2502.06694v1

¢ trackless,
. low-EMF jets

quai stable

: e charged particles
_ . multitrack vertices in the
See dedicated talk on LLPs and other challenging

signatures (lan Dyckes) — Thu @ 15:40 muon SDeCtrOm eter
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Missing siblings:

Two Higgs-Doublet Model

5 Higgs bosons: r°, H°, A%, H* ™ Collider constraints:

LEP+Tevatron+LHC

Tree-level mass given by: 5

)
O
My, tan 300
General 2HDM with Z, symm 2
- 2001
Types @ @ wug dr fr Qr,Lp &1 P £
Typel + - — - - + u, d, £ 100}
TypellI + - - 4+ 4+ + d, ? u .
Type-L + - — — + + 14 u, d, 100
Type-F + —-— — 4+ - + d u, £
CMS pPreliminary 12.9fo' (13 TeV)
. 60 e e N
+ _ + S [t - H'b, H — v, 1 7
H n — cﬂ S'B i < 50 MSSM mjros+ _
L 7, +ets final state ]
G 8'3 C’B ¢1 | = Observed ]
401 [ ] Excluded .
E B Expected median = 1o E
GO T sg ¢g 30 - Expected median = 20 y

H Sa Co

AO . C,B —Sﬁ (Gg

2
N— N N

| IR |

11 ‘ L1 11 ‘ 111 | ‘ 111
130 140 150 160
m.. (GeV)

90 100 110 120

200 300 400 500

m, (GeV)
(b)
CMS Preliminary 12.9 o' (13 TeV)
60T

pp — Hb)H, H" — t*v,
T, +jets final state

—&— Observed
[ ]Excluded 1
MSSM m[% ¥ Expected median = 107

------ Expected median = 20 |

ZZ mSSM . 125:3 GeV |

/////

2

00 250 300 350 400 450 500
m_. (GeV)



“Naturally speaking”:

H" should not be a lonely particle; has an
“Interactive friend circle”: ¢, W*, 7

S parctners & Wz, H2
“Little hierarchy problem”

WHERE 15
EVERYBODY?

The J ury 1s stlll out (again) ..



Search Method

Future prospects:
pushing the “Naturalness” limit

The searches for top quark partners & gluinos, gauginos ...

| Snowmass 2021: Energy Frontier Collider Sensitivities

HULHC 15
Bt producion LSS S S S
high mass splitting 1 , E-30
stop 2-body [[f [ ff} CLIC3TeV —— LHC Limits , =
|Dooo()oc'oI’ooocoooooc.o‘)ooooocooo ov| muC 10 TeV """"""" Range of estimates % 10 14
“““ e e Secsssen Ll = 10 TeV
| HL-LHC . 5
weak production aucinos =
small mass splitting P // FCC-hh gaugl | 5

Higgsino CLIC 3 TeV
AM=5 GeV 2 |
‘ )OOoOoO°Oooooooooooooooooooooooo muC 10 TeV |
0 2 4 6 8 10 12 14 0. : ]

Mass Reach [TeV] T ot x5 T q

- Higgs mass fine-tune: dmy/my; ~ 1% (1 TeV/A)?
Thus, m_... > 8 TeV = 10~ fine-tune!

stop
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SUSY WIMP DM

The lightest neutralino could be a natural

WIMP dark matter candidate!

10_40 CoGeNt:(a013) G o 5 S S S oo Dd SN 10'4
jDAMAn MSSMp19 Z
cmssm 1
CRESST-Il (2012) 10-6
Do
2
N o
100
102
-50 L1l £ > L1l | I | | | L 1 111 -14
10 I I | | | L1 1 10
1 10 102 10° 10*
GeV 1.0W mass: m,, (GeV) 100 GeV or higher mass:
DD difficult; DD + ID + HE Collider

Collider complementary
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Utilizing the missing-mass technique for DM search,

covering the thermal target

Higgsino 2 o Reach

92
ndirect MDM < 1.8 TeV ( EH>

SPPC 125 TeV O ’ 3

e SPPC 75 TeV

FCChh 100 TeV ~ 1 . 1 TeV

FCCeh B X+MET inclusive
3> HL-LHC

& mgﬂg jlg Ex Disappearing track

MuonC 3 TeV

CLIC 3 TeV Kinematic limit, 0.5 X Eqy
CLIC 15 TeV

CLIC 038 TeV ]

ILC 1 TeV
ILC 0.5 TeV

FCC—ee
CEPC

Precision measurement

Thermal target
1 " i 1 " " " L L1

01 02 05 1 2
m,(TeV)
wino 2 o Reach

Direct
Indirect

SPPC 125 TeV
SPPC 75 TeV

FCChh 100 TeV
FCCeh
HL-LHC

MuonC 14 TeV
MuonC 10 TeV
MuonC 3 TeV
CLIC 3 TeV
CLIC 15 TeV
CLIC 0.38 TeV
ILC 1 TeV

ILC 05 TeV
FCC—ee

CEPC

~2.8 TeV

B X+MET inclusive

Disappearing track

Kinematic limit, 0.5 X Ecy

(] Precision measurement

Thermal target

01 ‘ 05 1 ’ 5 10
m,(TeV)

TH, Z. Liu, L.T. Wang, X. Wang: arXiv:2009.11287; arXiv:2203.07351
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Alternative to “Naturalness”: SUSY “splitted”?

Mind of SUSY theorists Nima Arkani-Hamed,
Giudice, Delgado, ...

Light Supersymmetry Heavy Supersymmery
Higgs mass Split Supersymmetry: Philosophy
‘ < and MSSM
muonig=28 11ggs br

- SUSY is irrelevant to the hierarchy problem

- Cosmological constant problem suggests fine-tuning
I —_ I mechanism — may also apply to the gauge hierarchy

- Break SUSY at the GUT scale
A - Scalars become ultra-heavy (except 1 light Higgs):
e mg ~ 109-12 GeV
A matter - Fermions protected by chiral symmetry
SUSY - Phenomenological Successes:
- Retain gauge coupling unification
- Higgs mass predicted to be “heavier’: my ~ 120-150 GeV
- Flavor & CP problems are automatically solved

f - Proton decay is delayed (occurs via dimension-6 operator)
: ) PLIT Us Y . Collider signatures & Dark Matter implications
4\ substantially different!

little hierarchy problem

Lot’s of Model building here..

R parity
violation

) Séa\ws Unif'md"'\on/
Rean 00> T Deck Nlr

K g - 1000; ¢
ComionsS —_— )
i«s/kaMw‘ZL ) C‘?, W'D‘!“-\') -
sealars doa't T\ s .Fc(m'mns vw\o\ems
e




Alternatives to “Naturalness”?

* Anthropic Landscape— not a dynamical explanation

String theory predicts: there are at least 10?72 vacau!
And we just so happen to live here ...(Don’t ask why!)

* Cosmological Relaxation (Graham, Kaplan, Rajendran 2015)

LD gN¢— (M? — gAg) |h|?

A is the EFT cutoff scale; “bare” Higgs
mass is M~A

Technically natural-- shift symmetry

\\ ’V ,' ,ﬁ.l
/(D)

(h), V(h) increases

for ¢ broken only by small coupling g

¢ must vary over a range A¢p~A/g to
scan the Higgs mass by O(1)

26

Higgs mass goes
negative, (h) # 0



" ...settling the ultimate fate of naturalness Is perhaps
the most profound theoretical question
of our time”

-- Nima Arkani-Hamed
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