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Short Review From Lecture II



This expressions are true even if particles
are non relativistic today
Today To 2.7 K 1K 8 6 10 504

To 2.3.10 Sev This is smaller than the

heavier neutrino masses

Considering Pyo Nyo my No f
Pc 0.5 104 No 15.6 10 8

9

Neutrinos decoupled at Tn 1MeV

Gr 2 1.5

gas T 1MeV 2 2 2 EE t
10.75eie

Rw Mw 2K my 1 MeV

45 eV Decoupled while being
relativistic

Since experimentally my 40.1 eV each

neutrino species contributes with less than

2 per mille of the Universe 8 Neutrinos

are not the observed Dark Matter

These relic neutrinos must be there and

have never been observed
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Cold Relies

The case of cold relies is a little bit

more complicated since the equilibrium density

depends exponentially on T

ni gu II expt.me t

If the particle would suffer no interactions

the number density would be such that

ma constant as If 3Ende
dn
at

3 H n 0 He

But the particle before decoupling is

interacting with other particles in the

plasma
4 x

Xp Number of particles
affected by annihilation

x ̅ and inverse annihilation

processes

The number density may be obtained by
solving the so called Boltzmann equation



Let me mention that a more

precise treatment of the Boltzmann

equation leads to the replacement
of the factor 5 in Y Tf by 3.79 ntl

and hence
i

Ry 1.07 109 net xp GeV
9 5
9

MPL.TO

Also the subleading coefficient in the

determination of xp changes from n

to n The overall behaviour

is unchanged
As we said before these cold relies ma

be a candidate for the observed DARK

MATTER A simple exercise is to

ask what would be the Go that
would lead to My_ 0.25 for neo

and Xf 25 One obtains Go 10 Gell

implying that a weak scale mass particle
with weak scale cross sections leads to

the proper DARK MATTER DENSITY
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End of Review



Hints of sizable CP-violation

✓12 ⇠ 34o

✓23 ⇠ 45o

✓13 ⇠ 9o

C.W. rule
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and far detector data. We perform several analyses using
both Bayesian and frequentist statistical paradigms. Ex-
clusive measurements of (anti)neutrino candidates in the
near detector, one of which is shown in Figure 4, strongly
constrain the neutrino production and interaction mod-
els, reducing the uncertainty on the predicted number of
events in the four single-lepton SK samples from 13-17%
to 4-9%, depending on the sample. The electron-like with
additional charged pion sample’s uncertainty is reduced
from 22% to 19%.
A neutrino’s oscillation probability depends on its en-
ergy, as shown in Eqs. 2 and 3. While the energy dis-
tribution of the T2K neutrino beam is well understood,
we cannot directly measure the energy of each incoming
neutrino. Instead the neutrino’s energy must be inferred
from the momentum and direction of the charged lepton
that results from the interaction. This inference relies on
the correct modeling of the nuclear physics of neutrino-
nucleus interactions. Modeling the strong nuclear force
in multi-body problems at these energies is not computa-
tionally tractable, so approximate theories are used [26–
29]. The potential biases introduced by approximations
in these theories constitute the largest sources of sys-
tematic uncertainties in this measurement. Furthermore,
as well as CCQE interactions, there are non-negligible
contributions from interactions where additional parti-
cles are present in the final state but were not detected
by T2K’s detectors. To check for bias from incorrect
modeling of neutrino-nucleus interactions, we performed
fits to simulated data sets generated assuming a range
of di↵erent models of neutrino interactions [27, 28]. We
compared the measurements of the oscillation parame-
ters obtained from these fits with the measurement from
a fit to simulated data generated assuming our default
model. We observed no significant biases in the obtained
�CP best-fit values or changes in the interval sizes from
any model tested. Any biases seen in the other oscilla-
tion parameters are incorporated as additional sources of
error in the analysis.
The observed number of events at SK can be seen in
Figure 1. The probability to observe an excess over pre-
diction in one of our five samples at least as large as
that seen in the electron-like charged pion sample is 6.9%
for the best-fit value of the oscillation parameters. We
find the data shows a preference for the normal mass
ordering with a posterior probability of 89%, giving a
Bayes factor of 8. We find sin2(✓23) = 0.53+0.03

�0.04 for
both mass orderings. Assuming the normal (inverted)
mass ordering we find �m2

32 = (2.45 ± 0.07) ⇥ 10�3

(�m2
13 = (2.43±0.07)⇥10�3) eV2/c4. For �CP our best-

fit value and 68% (1�) uncertainties assuming the nor-
mal (inverted) mass ordering are �1.89+0.70

�0.58(�1.38+0.48
�0.54),

with statistical uncertainty dominating. Our data show
a preference for values of �CP which are near maximal
CP violation (see Figure 3), while both CP conserv-
ing points, �CP = 0 and �CP = ⇡, are ruled out at
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FIG. 3. The upper panel shows 2D confidence intervals at
the 68.27% confidence level for �CP vs sin2 ✓13 in the normal
ordering. The intervals labelled T2K only indicate the mea-
surement obtained without using the external constraint on
sin2 ✓13, while the T2K + Reactor intervals do use the exter-
nal constraint. The star shows the best-fit point of the T2K +
Reactors fit in the preferred normal mass ordering. The mid-
dle panel shows 2D confidence intervals at the 68.27% and
99.73% confidence level for �CP vs sin2 ✓23 from the T2K +
Reactors fit in the normal ordering, with the colour scale rep-
resenting the value of the likelihood for each parameter value.
The lower panel shows 1D confidence intervals on �CP from
the T2K + Reactors fit in both the normal (NO) and inverted
(IO) orderings. The vertical line in the shaded box shows the
best-fit value of �CP , the shaded box itself shows the 68.27%
confidence interval, and the error bar shows the 99.73% con-
fidence interval. It is notable that there are no values in the
inverted ordering inside the 68.27% interval.

the 95% confidence level, consistent with the previous
T2K measurement [8]. Here, we also produce 99.73%
(3�) confidence and credible intervals on �CP . In the
normal ordering the interval contains [�3.41,�0.03] (ex-
cluding 46% of the range of parameter space), while in
the inverted ordering the interval contains [-2.54,-0.32]
(excluding 65% of the parameter space). The 99.73%
credible interval marginalized across both mass order-
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FIG. 2. The 90% confidence level region for �m2
32 and

sin2 ✓23, with best-fit point shown as a black marker [61], over-
laid on contours from other experiments [19, 20, 62, 63].

with a significance of 1.9� (p = 0.057, CLs = 0.091 [67])
and the upper ✓23 octant with a significance of 1.6� (p =
0.11), profiling over all other parameter choices.

We are grateful to Stephen Parke (FNAL) for useful
discussions. This document was prepared by the NOvA
collaboration using the resources of the Fermi National
Accelerator Laboratory (Fermilab), a U.S. Department
of Energy, O�ce of Science, HEP User Facility. Fermi-
lab is managed by Fermi Research Alliance, LLC (FRA),
acting under Contract No. DE-AC02-07CH11359. This
work was supported by the U.S. Department of Energy;
the U.S. National Science Foundation; the Department
of Science and Technology, India; the European Research
Council; the MSMT CR, GA UK, Czech Republic; the
RAS, RFBR, RMES, RSF, and BASIS Foundation, Rus-
sia; CNPq and FAPEG, Brazil; STFC, and the Royal
Society, United Kingdom; and the state and University
of Minnesota. This work used resources of the National
Energy Research Scientific Computing Center (NERSC),
a U.S. Department of Energy O�ce of Science User Facil-
ity operated under Contract No. DE-AC02-05CH11231.
We are grateful for the contributions of the sta↵s of the
University of Minnesota at the Ash River Laboratory and
of Fermilab.
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Open Question VI
Is CP violated in the neutrino sector ?

Best test : ⌫µ ! ⌫e oscillations.
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C. Applying the Matter E↵ect Approximation

Now that the e↵ective parameters have been found, one may go about accounting for

matter e↵ects by simply substituting the e↵ective parameters into the probability equations.

This requires expressions for Pµe in terms of the mixing angles and masses, not the PMNS

matrix entries. The e↵ective parameters can then be plugged in, and this final equation

represents an extremely good approximation compared to direct numerical calculations. The

only di↵erence between the cases of oscillations in vacuum or in matter is the replacement

of the mixing parameters by the e↵ective mixing parameters.

IV. SM 3-NEUTRINO CASE

A. Pµe Formula

In the Standard Model case, we have the probability formula from above given by the

expression, Eq. (9). Simplifying some of the matrix elements for the SM case, and keeping

only the dominant first terms in Uµ2 and Uµ3 in Eq. (22), we get
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where as emphasized before, we have set �12 = 0 and hence

�3 = arg(U⇤
µ3Ue3Uµ2U

⇤
e2) = ��13, (39)

since the only complex part comes from Ue3 in this approximation.

The full probability equation becomes
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Let us emphasize that for weakly
interacting particles with

GNI 1Gt small masses

imply smaller cross sections and

if one computes 1 as before one

obtains a value of 1 1 what is

of course unacceptable Therefore

this particles must be heavier than

about 1 Gev to be good DM candidates

This bound applies to heavy neutrinos

or Higgsinos in supersymmetry

Just from cosmology Nv

Relativistic Non relativistic
Rule out

45ev.fm 1GeV
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Existence of Dark Matter Supported by 
overwhelming indirect evidence

 What is the Dark Matter ?

2
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What do we know about Dark Matter ?
• Couples gravitationally
• It is the most abundant form of matter
• It can be part of a larger invisible/dark sector with new dark forces
• It must be made of something different that all the particles we know, it can be made 

of particles or compact objects, or better described as wavelike disturbances
• Its mass can be anything from as light as 10−22 eV to as heavy as primordial black 

holes of tens of solar masses

- very little -

From 
MACHOs 
searches

Too small 
mass
⇒ won’t “fit” 
in a galaxy!

Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?

7

Folding in assumptions about early  
Universe cosmology can provide some guidance

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

Hidden Sector

Marcela Carena | HEP Overview11



Dark Matter as a Big Bang Relic

Weak scale size masses and couplings roughly consistent with  ΩDM

19 May 14 Feng 4

• The relation between ΩX and 
annihilation strength is 
wonderfully simple:

• mX ~ 100 GeV, gX ~ 0.6 Æ ΩX ~ 0.1

• Remarkable coincidence: particle physics independently 
predicts particles with the right density to be dark matter

X

X

q

q
_

THE WIMP MIRACLE
Kolb and Turner

The Early Universe

WIMPS
4
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0
1!

~

0
1!

~

Supersymmetry at colliders

! Lightest supersymmetric particle = Excellent          
Cold dark matter candidate.

Gluino production and decay: Missing Energy Signature

Supersymmetric
Particles tend to 
be heavier if they
carry color charges.

Particles with large 
Yukawas tend to be 
lighter.

Charge-less particles
tend to be the 
lightest ones.

28

Preservation of R-Parity:

<latexit sha1_base64="F08DbyrwmJy8k32ZMss7Cpei3u8="></latexit>

SUSY Particles RP = �1

SM Particles RP = 1
<latexit sha1_base64="sn1JW6JpCKGyLrCIXW00w33bppc="></latexit>

SUSY Particles produced in Pairs

Lightest SUSY Particle is Stable



WIMP searches at colliders

46 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 2.33 Left: The mass reach in the gluino coannihilation scenario in the monojet channel with L = 3000 fb
�1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb

�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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2.5 Outlook1355

We have given a broad survey of some of the central physics motivations of the CEPC-SppC project. In1356

the rest of this report, a number of these subjects will be discussed at greater length. In section 2, we1357

will outline a preliminary design of the CEPC detectors, and discuss the CEPC capabilities for Higgs1358

coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 1011
1361

B�hadrons, as well as charm quarks and ⌧ particles. This will allow myriad studies both of low-energy1362

hadronic physics, as well as rare ⌧ decays.1363
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coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360
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MWIMP  1.8 TeV

✓
g2

0.3

◆

Need 100 TeV collider to cover most of the parameter space.

Future Colliders : Direct Production Limits

100 TeV collider will probe most promising regions

Low, Wang’14

Dark Matter in SUSY Theories is a neutral partner
of either the Higgs or Gauge Bosons

6



heat. 
charge

Underground detector

Dark Matter Search in Direct Detection Experiments 
It can collide with a single nucleus in your detector (which you observe)

COUPP

CDMS

XENON, LUX
also GoGeNT 
        DAMIC 
        DarkSide

Direct DM experiments: CDMS, ZEPLIN, EDELWEISS, CRESST,WARP,…

sensitive mainly to spin-independent elastic scattering cross section (                    )

==> dominated by virtual exchange of H and h

•  tan!  enhanced couplings of H to strange,

             and to gluons via bottom loops  

� 

! SI "10
#8
pb

                       Direct Detection Dark Matter Experiments

••  Collider experiments can find evidence of DM through       signature

but no conclusive proof of the stability of a WIMP

••        Direct Detection Experiments can establish the existence of Dark Matter particles

E
T

WIMPs elastically scatter off nuclei in targets,

 producing nuclear recoils

R = N
i

i

!  "# $
i#

where in the last line we have neglected the differences between the proton and the neutron
mass and the fT factors are relatively similar. Assuming that the mass of the neutralino is
much larger than the nucleus we have mr ∼ mN ∼ Amp.

σSI ≈
4A2m2

p

π
A2f 2

p (8)

⇒
σSI

A4
≈

0.1g2
1g

2
2N

2
11N

2
13m

4
p tan2 β

4πm2
WM4

A

(9)

where σSI/A4 is the neutralino nucleon spin-independent cross-section.

2.2 B-physics Constraints and the scale of supersymmetry break-

ing

The FCNCs induced by loops of squarks depend on the flavor structure of the soft squark
mass parameters which is closely tied to the scale of supersymmetry breaking. Assuming
the squark masses are flavor independent at high energies, the only one-loop corrections that
violate flavor are due to the up and down Yukawa matrices because the gauge interactions
are flavor blind. The corrections to left-handed soft SUSY breaking mass parameter are
given by [14]

∆M2
Q̃
$ −

1

8π2

[

(

2m2
0 + M2

Hu
(0) + A2

0

)

Y †
u Yu +

(

2m2
0 + M2

Hd
(0) + A2

0

)

Y †
d Yd

]

log

(

M

MSUSY

)

,

(10)
where Q̃ denote the left-handed squarks, m0 is the common squark mass at the scale of
the messenger mass M at which supersymmetry breaking is transmitted to the observable
sector, M2

Hu,d
(0) and A0 are the Higgs soft supersymmetry breaking masses and squark-Higgs

trilinear mass parameters at that scale, and MSUSY is the characteristic low energy squark
mass scale. Similarly, the right-handed up and down squark mass matrices, receive one-loop
Yukawa-induced corrections proportional to

∆M2
ũR

= −
2

8π2

(

2m2
0 + M2

Hu
(0) + A2

0

)

YuY
†
u log

(

M

MSUSY

)

, (11)

and

∆M2
d̃R

= −
2

8π2

(

2m2
0 + M2

Hd
(0) + A2

0

)

YdY
†
d log

(

M

MSUSY

)

, (12)

respectively. Hence the corrections to the right-handed soft mass parameters are diagonal
in the quark basis, but the left-handed soft mass parameters of the down squarks pick up
off-diagonal contributions proportional to the CKM matrix elements. The size of these
corrections depend on the scale M at which SUSY breaking is communicated to the visible
sector. If M is on the order of MSUSY then these corrections are small and if M $ MGUT

then these corrections can be substantial. In this section we consider the effect of these two
scenarios on three B-physics processes b → sγ, Bu → τν and Bs → µ+µ−.

3

7



Current Bounds from Direct Dark Matter Detection

1 pb = 10�36 cm2, 1 zb = 10�45 cm2

Current Limits

Spin Independent Interactions Spin Dependent Interactions

8

Scott Haselschwardt 25

LZ Preliminary

WS2024+WS2022 Combined Spin Independent Limit 

● Frequentist, 2-sided profile likelihood 
ratio test statistic

● Upper limit is power constrained @ 
-1𝜎 sensitivity band per DM 
conventions: EPJC 81 907 (2021)

● Additional under fluctuation from 
combination with WS2022 

● Combined min cross section:       
𝜎SI= 2.2 x 10-48 cm2 @ 43 GeV/c2
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],

Dependence of the cross section on the heavy Higgs mass 

Sensitivity
(Xenon1T,
  LZ) 

Blind 
Spot 
Region

�(pb)

Current Bound

Blue : µ = �2M1

Red : µ = 2M1

m�± = |µ|, m0
� = M1, M1 = 200 GeV

MH(GeV)

2
�
m�0 + µ sin 2�

� 1

m2
h

= �µ tan�
1

M2
H

Blind Spots : 

P. Huang, C.W.’14
P. Huang, R. Roglans, D. Spiegel, Y. Sun, C.W.’17
C. Cheung, D. Sanford, M. Papucci, N.R. Shah, K. Zurek ’14
S. Baum, M. Carena, N.R. Shah, C.W. ’18 
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There may be surprises, like in collider searches

● The 2/3l soft and ≥3l analyses complement each other in the compressed region
○ Orthogonal lepton pT ranges but different selections (e.g. MET for 2/3l soft)

                            → Challenging to be fully optimal in the  crossover regime

                          The combination closes the gap between the analyses around Δm~40 GeV
                 We observe a mild excess (~2σ) at Δm~30-40 GeV - due to both 2/3l soft and ≥3l analyses

21

Production chargino and neutralinos: WZ compressed
Wino-like chargino and neutralino (Bino-like LSP, χ1̃

0) with small mass-splittings

SUSY	&	BSM	Searches	in	ATLAS	-	Analyses	&	Anomalies	|	Judita	Mamužić	|	SUSY	2023	-	Southampton,	UK	|	17th	July	2023

SUSY:	 	Wino/higgsino	2lOS/3l χ̃0
2, χ̃±

1

8

•Target:	
•Motivated	by	extending	sensitivity	to	the	wino/
higgsino	production	of	 	with	decays	into	
WZ(*)	and	Wh	

•Final	state:	
• 	+	jet	+	 	(compressed)																										
ATLAS	SUSY-2018-16,	PRD	(2020)	
• 	+	 	ATLAS	SUSY-2019-09,	EPJC	
(2021)	

•Background:	
•Fake	leptons	from	W+jets	

•Strategy:	
•Multi-bin	fit,	cut	and	count	

•Highest	significance:	
• :	~2 	for	wino	WZ	 	=	20	GeV	
• :	~2 	for	wino	Wh	DFOS	
• 	+	 :	<2 	for	higgsino	 	=	25	GeV	
•CMS:	~2 	for	higgsino	 	~	20	GeV		CMS	
SUS-18-004,	JHEP	(2022)

χ̃0
2, χ̃±

1

2lOS Emiss
T

3l Emiss
T

2l σ Δm
3l σ
2l 3l σ Δm

σ Δm

Wino

WinoHiggsino

Excesses in regions consistent
with co-annihilating Dark Matter
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Figure 1: Illustration of a representative process giving rise to the mono-photon+/ET +jets final

state arising at the LHC via radiative decays of Wino-like �̃
0
2. decays mediated both

by W
±
and a;lso by slepton-lepton loops, those can work just as well for the search.

see, e.g., Refs. [62–68].2. With the analyses of the LHC Run2 data, the ATLAS and CMS

collaborations have also started providing interesting bounds on new color-neutral particles

such as Binos, Winos, and sleptons in the few-hundred GeV mass range. The progress

in searches using soft multi-lepton + missing transverse energy (/ET ) final states has been

particularly impressive [69–77]. Such searches are well motivated: In a DM-motivated sce-

nario where Binos and Winos are relatively light and |M1| < |M2|, Wino pair production

cross sections at the LHC are sizeable, especially in the pp ! �̃0
2�̃

±
1 channel where �̃0

2

and �̃±
1 are the Wino-like neutralino and chargino, respectively, and the branching ratio of

�̃0
2 ! �̃0

1 +
�
Z(⇤)

! `+`�
�
is typically quite large. However, there is an interesting inter-

play between the sign of (M1 ⇥ µ) and the decay modes of the Wino-like neutralinos: For

(M1 ⇥ µ) > 0, radiative decays (�̃0
2 ! �̃0

1 + �) mediated by loops involving charginos or

sleptons have relatively small branching ratios and
⇥
�̃0
2 ! �̃0

1 +
�
Z(⇤)

! ff̄
�⇤

decays domi-

nate, except in the very compressed regime where m�̃0
2
' m�̃0

1
. For (M1 ⇥ µ) < 0, on the

other hand, the di↵erent diagrams mediating (�̃0
2 ! �̃0

1 + �) decays interfere constructively,

enhancing the associated branching ratio and suppressing
⇥
�̃0
2 ! �̃0

1 +
�
Z(⇤)

! ff̄
�⇤

decays.

As we will see, in the region of parameter space motivated by DM and the (gµ � 2)

anomaly, we find quite generally values of BR(�̃0
2 ! �̃0

1 ! �) ⇠ 0.2� 0.4. On the one hand,

this means that the existing multi-lepton+ /ET searches are less sensitive in this region. On the

2
We note that this mass region is also preferred by the observed 125GeV mass of the SM-like Higgs boson.

Radiative corrections dominated by stops are required to lift the mass of an SM-like Higgs to such values in

the MSSM; reproducing mh ⇠ 125GeV requires stops with at least few-TeV masses.

6

Figure 6: Sample of m(�̃
0
2) � �m(�̃

0
1, �̃

0
2) parameter space, with radiative branching ratio as

a contour plot, and exclusions due to direct detection and collider constraints. For

M1 > 0, there is a region of large M2 where the mass splitting has a nonzero minimum

because of the o↵-diagonal entries of the mass matrix. In this particular case, most of

the M1 > 0 plane is excluded, while the M1 < 0 bounds are much weaker. This leaves

a region for M1 < 0 that is optimal for both (gµ � 2) and relic density which also has a

significant radiative decay branching ratio.

region, it could present an interesting new detection channel that could be used in future

searches.

6 LHC Outlook

The high likelihood of radiative decays of the second neutralino in the compressed region

begs the question, can radiative decay be used to expand SUSY bounds? Certainly in this

attractive region of parameter space, one would like to make use of a common and relatively

unique signal. Furthermore, the production of a low-energy photon means that previous

analyses involving production of a single photon are not suited for this particular signal.

CMS has several analyses which search for a single hard photon and missing transverse

energy ( /ET ) [96–98], as does ATLAS [99, 100]. Additionally, diphoton searches have also

been able to place bounds on SUSY parameter space [63,101–104]. Soft lepton searches are

also able to cover part of this parameter space, and these are the strongest bounds that we

present in our plots CITE. However, many of these studies bounds do not reach far beyond

M2 ⇠ 225 GeV at most, and do not consider radiative decay at all. For example, our

19

S. Baum, M. Carena, N. Shah, C. Wagner’21
D. Rocha, T. Ou, 2305.02354,  
S. Roy, C.W., 2401.08917

Large regions
of parameter space
that can be probed
at the LHC for
negative M1

Enhanced radiative
decays into photons
provide a novel signature

Same region of Parameters
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Figure 5: Projected exclusion (Z = 2, dashed contour lines) and discovery reach (Z = 5, solid contour lines) in

the [m�̃0
2
, m�̃0

2
�m�̃0

1
] plane applying the optimized sequential cut-based strategy (SCB, green), the Binned-

Likelihood approach (BL, orange), and the Machine-Learned Likelihood method (MLL, violet). All points

in this parameter space lead to values of �aµ close to 2 ⇥ 10�9
(see Table 1). Direct detection constraints

are shown as a light-blue region, including the recent LUX-ZEPLIN results [119]. LHC bounds [114] are

shown as a gray-shaded region. The red band indicates where the model parameters explain the observed

DM relic density.

Z = 2 level is within the parameter space of interest and in the same region as the Z = 5 reach
provided by ML methods.

As can be seen in Table 1, the entire parameter space reproduces the value of the muon gµ � 2

within 2�. The models where the neutralinos reproduce the observed DM abundance is shown as a
red band, while points below (above) produce DM under (over) abundance, but may be viable by
additional SM modifications without affecting the collider signatures. LHC exclusion bounds taken
from Ref. [114] are shown in gray and covers almost all the region with Z � 5, but a small space
with 275  m

�̃
0
2
 305 GeV and 10  m

�̃
0
2
�m

�̃
0
1
 15 GeV. Direct detection limits including the

recently announced LUX-ZEPLIN results [119] are shown in light-blue, and are complementary to
the LHC bounds excluding important regions with high neutralino masses and mass differences. We
would like to highlight that the new direct detection results are almost an impressive one order of
magnitude stronger than previous constraints that only excluded the region above m

�̃
0
2
�m

�̃
0
1
' 40

GeV. In Appendix C we show the results considering a more stringent selection criteria consistent
with current LHC triggers, specifically, a cut on the missing transverse energy of E

miss
T

> 200
GeV. It can be seen that both results are compatible, but the latter suffer from larger statistical
uncertainties due to a lower number of events.

Remarkably, almost all the allowed parameter space in Figure 5 can be probed with Z � 2 by
the machine-learning methods described in this article, and can be divide in three regions:

• A region with 275  m
�̃
0
2
 365 GeV and m

�̃
0
2
� m

�̃
0
1
 20 GeV, where an additional DM

component besides the lightest neutralino would be needed.

• A small region where the lightest neutralino can reproduce the right amount of dark matter

16

Only a narrow band of allowed values if one takes the
standard relic density prediction. To be tested at next LHC run

Arganda, Carena, de los Rios, Perez, Rocha, Sanda Seoane and C.W. arXiv:2410.13799



Axion a Coherent 0 fillations

Let's take a field_with 1

s A E mis
where I assumed that the field
is homogeneous with no x ̅ depo

Taking the action in an

expanding Universe to be

5 Sdk a t 1

The equation of motion

if 3H I m I 0

At high T the friction
term H dominates and the

solution Y Y constant

But as the Universe cools
down H Ma



3H 9 my 4 3H

g
méI

The field starts to oscillate

Pa A mi

I n average I m 47

Py A I A'mi 9

Multiplying the Eg of
motion

by

41 34421111 0

12 3H iii as

Admits my T

In average then

Py const 1yd
Behaves like cold DM once my t et

P m N m a3
Axions are an example where the mass

varies with T but settles at a constant

value at TG Aacp 300 MeV



For the particular case of axions

the amplitude An FPQ with

FPQ ma Mt FIT

me FEEL
and equating me H Tf

na MA F
mar 2

Here everything is of order 100 Mell

E É
11 1 1 1

1
4 3009cm

0.5 ws x2

1.669 IE me ire g4 ioex39
To get the proper relic density Root

If 10 GeV ma 10 Gev 10 sell
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Axions : Solve the strong CP Problem
They are also a good CDM candidate

Axions
produced in
solar core 

(conversion to 
X Rays) :
J. Collar QCD 

Axion

Hallo Axions : Resonant
Magnetic Cavity Searches 

Standard Solution :  Promote θ  to be a field,  a (axion),                   
whose v.e.v is zero

14



Baryons
An important relic of the Big Bang

may be baryons However we don't

see any anti baryons
Moreover if we take the cross

section mediated by pions
T IV cm ma 135 Mell

KF 42 Tf 22 Mex

11 7 10
20

0

This value is nine orders of magnitude
lower than the value we estimated

from observations

A possible explanation is that a

different baryon number and CP

violating process must exist to

generate a very small asymmetry of
order 10

10 between Baryons and anti B
The remaining anti B annihilated against

the Baryons As said above the

process is called Baryogenesis



Big Bang Nucleosynthesis
I will only present a simplified analysis
Let's start by presenting some light
nuclei properties
BA 2 mp A 2 mn MA

Atom BA BA A

1H 13.6 eV
2H D 2.2 MeV 1.1 MeV

3H 6 9Mell 2 3 MeV

3H 7.7 Mell 2.6 MeV

He 28.3 Mell 7.1 MeV
Li 37.9 Mell 5.4 MeV

He maximizes the binding energy
per baryon and beyond H is

the preferred nuclei to form

at T MeV



Again since MB 4 1 the effective
my

Nucleosynthesis T is much smaller

than BA of order 70 Kev

One peculiarity here is that the

neutron when it is outside a nucleus

is unstable with En 8905

Observe that this is of the order

of the lifetime of the Universe

tBBN 70 KeV In

3

We should start by knowing how many
neutrons per protons are there

For that we should notice that the

reaction pte new is in

chemical equilibrium until u decouple
which happens at 0.8 MeV

Nm

up
eeP MEM exp

Q Mn Mp 1.3 MeV

Tip exp 137 51 at 0.8 Mell



If the proton would be stable

essentially all neutrons will form He

and the He mass fraction

3

But there is a reduction in the

number of neutrons

mm okev
exp ft

Nn 0.8 Mell

Implying that nm
mp

70kV 3
20

Y
6 20 6 0025

231 30
So approximately one fourth of the

baryons form He while the rest

remain as free protons 1H
The 0.8 MeV and more importantly

At 70 Key value depend on the expansion
of the Universe and hence on gx
Hence BBN allows to constrain go



Quantitative requirements for inflation

Let's take for simplicity a Universe

which was dominated by a CC from

a time Zi until tf and then it

was radiation dominated until today
so

8
PrOffey

D

Princip I
1

a If
Here we assume that at the beginning

the curvature energy density is

similar to
Pn

Hai E 8,16 Pre f
H a 1 8 profits
ai o of

e

p PE
of cacao



Also ai exp Zf ti
Of

where we assumed
p
dominates

after some short period of time

what is ok since Pk at and a is

growing exponentially
Now what we want to require is

that once we go to R.D the

curvature remains small

5 E a E
If gr P

5 E I
To C.TT 5 const

If

Now To 2 10 eV Taking Tf 0 1016601

10 29
2 10

29

f ti 70S eventy e folds

Inclusion of_MD leads to similarbound



Apart from the flatness problem
inflation addresses the so called

horizon problem namely CMB coming
from opposite directions look the

same and these points were not in

causal correlation with each other
The way to solve this is to assume

that all points in the observable

Universe proceed from a small highly
correlated region that was blown

away by inflation

dHo Hot Hit ao

ai

E i

Hi HI b
ai of 90

no Hi E Ktf E of
Same condition as for flatness


