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Paper with Tao

• Marcela Carena,  Tao Han, Gui-Yu Huang, Carlos E.M. Wagner, 0712.2466 

• Standard search analysis these days, but this was back in 2007 

• We considered the possibility of a decaying into bottoms or taus

Higgs Signals in H ->aa at Hadron colliders

In a generic model, the Wh/Zh production rate differs from that in the SM. The

change can be characterized by a prefactor κ2
hWW (κ2

hZZ), where κhV V is the coupling
strength of Higgs to vector boson V relative to that in the SM. The production cross

section can thus be written in terms of the SM result with an overall factor to account
for the modification of the coupling

σ(V h) = κ2
hV V σ

SM(V h). (2.3)

We are interested in the range of κ2 → 0.5 − 1.0, so that this Higgs contributes to

the electroweak symmetry breaking and consequently the associated productions are
still sizable.

In order for the h → aa decay to be dominant and thus escape the LEP bound,

BR(h → aa) is required to be close to unity. For instance, in the NMSSM, BR(h →
aa) > 0.9 turns out to be very general in terms of the naturalness of c in the trilinear

coupling term (cv/2)haa [22]. Moreover, if the down quark and lepton coupling to
the Higgs is proportional to their masses, then BR(a → bb̄) and BR(a → τ+τ−)
are set to be 0.92 and 0.08, respectively. In general, however, the relations between

the coupling and the masses may be modified by radiative corrections, which can
lead to a large increase of the BR(h → ττ) [23]. The representative values and the

ranges of the parameters are summarized in Table 1, all allowed by constraints from
LEP [12, 13], except for the region near mh → 90 GeV when both a’s are assumed to

decay into two bottom quarks. Parametric consistency with the LEP results is also
discussed in detail [24] within the NMSSM framework.

representative considered

parameters value range

mh 120 90−130
masses

ma 30 20−60

coupling κ2
hV V 0.7 0.5−1.0

BR(h → aa) 0.85 0.8−1.0
branching

BR(a → bb̄) 0.92 0.95−0.50
fractions

BR(a → τ+τ−) 0.08 0.05−0.50

2b2τ channel C2
2b2τ 0.088 0.038−0.50

4b channel C2
4b 0.50 0.10−0.90

Table 1: Parameter choices for h → aa decays. The C2 factor is defined in the next

section.

3. h → aa at the Tevatron

3.1 The 2b2τ Channel

Including the decay branching fractions for aa → bb̄τ+τ−, we obtain the cross section

– 4 –



Tevatron and LHC were analyzed
• We found, of course good prospects at the Tevatron, but with large statistical 

limitations. 

• At the LHC, those limitations were lifted and prospect for discovery in the bbbb and bb 
TauTau channels were excellent, provided the luminosity was larger than         10 inverse 
fb.  

• Today, we have significant larger luminosities and this decay channel is therefore 
heavily constrained. 

• One thing I noticed is that we did not discussed the possibility of 4 Tau production 

• There were good reasons for that, in part the small rates and in part the danger of 
producing 4 Taos.  Imagine you are invited for dinner and when you sit down at the 
table you find this  :



4 Tao Production



4 Tao Production

2 of them must be Anti-Taos !



LHC and Scalars at the Time of Tao

My own perspective 



Consequences of SUSY

Unification
SUSY Algebra

Quantum Gravity ?

Electroweak Symmetry Breaking

{Q↵, Q̄↵̇} = 2�µ
↵↵̇Pµ

[Q↵, Pµ] = [Q̄↵̇, Pµ] = 0

If R-Parity is Conserved the Lightest SUSY
particle is a good Dark Matter candidate



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and  
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96

MSSM Guidance ?
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Stop Searches :



MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3
LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

G. Lee, C.W.  arXiv:1508.00576

P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro ’14, Bahl et al’17

P. Slavich, S. Heinemeyer et al, arXiv:2012.15629

LHC



Stop Searches

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints of 700 GeV for sbottoms and 600 GeV for stops.
Islands in one search are covered by other searches. 

We are starting to explore the mass region suggested by the Higgs mass determination !

28
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Figure 8: The 95% CL upper limit on the production cross section of the T2tt (upper left),
T2bW (upper right), and T2tb (lower) simplified models as a function of the top squark and
LSP masses. The solid black curves represent the observed exclusion contour with respect
to approximate NNLO+NNLL signal cross sections and the change in this contour due to
variation of these cross sections within their theoretical uncertainties (stheory) [64–74]. The
dashed red curves indicate the mean expected exclusion contour and the region containing
68 and 95% (±1 and 2 sexperiment) of the distribution of expected exclusion limits under the
background-only hypothesis. For T2tt, no interpretation is provided for signal models for
which |met � mec0

1
� mt | < 25 GeV and met < 275 GeV as described in the text.
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Figure 9: The 95% CL upper limit on the production cross section of the T2ttC (upper left),
T2bWC (upper right), and T2cc (lower) simplified models as a function of the top squark mass
and the difference between the top squark and LSP masses. The solid black curves represent the
observed exclusion contour with respect to approximate NNLO+NNLL signal cross sections
and the change in this contour due to variation of these cross sections within their theoretical
uncertainties (stheory) [64–74]. The dashed red curves indicate the mean expected exclusion
contour and the region containing 68% (±1 sexperiment) of the distribution of expected exclusion
limits under the background-only hypothesis.



Heavy Squarks and 4-jet events at CMS

2 events with Total 4-jet Invariant Mass : 8 TeV . Very large, considering the parton pdfs
Di-jet invariant Mass : 2 TeV.

Consistent with Production of a heavy 8 TeV resonance decaying to pairs of lighter 2 TeV resonances, 
decaying to di-jets

CMS Collaboration, arXiv:2206.09997, 2507.17885



u

d

d̃
→
k

Aijkω
→→
11k

ũi
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Figure 1: Representative diagrams for squark production and decay at the LHC. Left:

the 8 TeV d̃
→
k decays via the soft Aijk into two → 2 TeV first-generation squarks, yielding

a fully hadronic four-jet signal with (jj)(jj) substructure. Right: leading constraint from

resonant production of the light first-generation squarks, yielding dijet final states.

Table 1: Benchmark and implied 4j yields for (d̃ →
k ↑ ũi d̃j ↑ 4j). Inputs: md̃k

= 8 TeV,

mũi,d̃j
=2 TeV, ω↑↑

11k =0.3, A11k =5 TeV, LO↓K with K = 1.3, A = 0.30, and BR ↔ 0.81.

O!-shell production contributes ↗50% of the total.

Quantity Value

Parent mass md̃k
= 8 TeV

Daughter masses mũi , md̃j
↔ 2 TeV

Couplings ω
↑↑
11k = 0.3, A11k = 4 TeV

Branching ratio BR(d̃ →
k ↑ ũid̃j) ↔ 0.7

Total width ”d̃k
↔ 97.6 GeV (→ 4.9%)

Signal cross section ε(pp↑ d̃
→
k ↑4j) ↔ 6.0 ↓ 10↓2 fb

Acceptance (4j) A ↔ 0.30

N4j @ 139 fb↓1
↗ 2.51 events

On/o!-shell split @ 139 fb↓1
→ 1.19 on-shell + → 1.32 o!-shell

where scaling assumes A11k is adjusted to keep the decay branching ratio, Eq. (2.5), fixed.

The subsequent ũi, d̃j ↑ jj decays yield the desired four-jet signal. For our masses, the

o!-shell contribution from the heavy squark is O(1/2) of the total rate. With a constant

acceptance A ↔ 0.30 and BR ↔ 0.81, Eq. (2.6) implies about 2.5 four-jet events for ω
↑↑
11k =

0.3, i.e., roughly 1.2 on-shell events plus 1.3 o!-shell event per experiment, to be compared

with two on-shell and one o!-shell candidate in CMS and one apparent o!-shell candidate in

ATLAS [10, 11, 32]. A compact summary of the benchmark inputs, widths, cross sections,

acceptance, and implied 4j yields is given in Table 1.

Dijet searches.— Further constraints arise from resonant production of the light right-

handed up- and down-type squarks via ud ↑ d̃
→
, ũ

→
↑ qq (Fig. 1, right). Our calculation
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May be also explained by Supersymmetry with R-Parity Violation
Consistent with Wagner’s Conjecture

Pedro Bittar, Subhojit Roy and C.W. , arXiv:2509.09062
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Figure 2: Four-jet invariant-mass distribution m4j comparing our signal prediction (blue

histogram) with the CMS measurements (black markers) and the SM background estimate

obtained from interpolation (red dashed) [10, 11]. This distribution corresponds to the CMS

inclusive analysis, where all ω = m2j/m4j bins have been combined. At m4j = 8 TeV, the

CMS data bin contains two overlapping data points.

needed to fit the data. The decay of the second generation squarks could be associated with

a very small ε
→→
ij2 coupling, which should be su!ciently large to ensure prompt sbottom

decays. The four jet signatures would be similar to in the previous scenario, although the

presence of bottom-quarks in the final state is not ensured. Assuming that ε
→→
113 is the only

relevant dimensionless R-Parity violating coupling, the resonant 2 TeV second generation

squark production cross section will be highly suppressed. In particular, the couplings ε
→→
212,

ε
→→
132, and most importantly ε

→→
112, which would allow the resonant light squark production

via the collision of at least one valence quark, should be small, acquiring values of order

0.1 or smaller for this to happen.

2.4 Four-jet mass distribution and discussion

We overlay our simulated signal on the CMS four-jet invariant-mass spectrum, m4j , adopt-

ing the same binning and kinematic selections as the CMS four-jet searches [10, 11]. In

Fig. 2, the blue histogram shows our signal prediction; black markers denote the CMS data;

and the red dashed line is the SM background estimate obtained from the interpolation

procedure used by CMS. At m4j = 8 TeV, the CMS bin contains two overlapping data

points.

A central ingredient of the CMS strategy is the kinematic ratio ω → m2j/m4j , con-

structed from the average dijet mass m2j and the four-jet mass m4j . Binning the data in

ω yields a smoothly and steeply falling one-dimensional m4j spectra in each bin (mitigat-

ing sculpting from phase space), which suppresses the multijet background while leaving

a genuine resonance localized in a small set of ω bins (See Fig. 7 of Ref. [10] and Fig. 5
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About 1.2 events expected from on-shell and off-shell squark production
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Figure 1: Representative diagrams for squark production and decay at the LHC. Left:

the 8 TeV d̃
→
k decays via the soft Aijk into two → 2 TeV first-generation squarks, yielding

a fully hadronic four-jet signal with (jj)(jj) substructure. Right: leading constraint from

resonant production of the light first-generation squarks, yielding dijet final states.

Table 1: Benchmark and implied 4j yields for (d̃ →
k ↑ ũi d̃j ↑ 4j). Inputs: md̃k

= 8 TeV,

mũi,d̃j
=2 TeV, ω↑↑

11k =0.3, A11k =5 TeV, LO↓K with K = 1.3, A = 0.30, and BR ↔ 0.81.

O!-shell production contributes ↗50% of the total.

Quantity Value

Parent mass md̃k
= 8 TeV

Daughter masses mũi , md̃j
↔ 2 TeV

Couplings ω
↑↑
11k = 0.3, A11k = 4 TeV

Branching ratio BR(d̃ →
k ↑ ũid̃j) ↔ 0.7

Total width ”d̃k
↔ 97.6 GeV (→ 4.9%)

Signal cross section ε(pp↑ d̃
→
k ↑4j) ↔ 6.0 ↓ 10↓2 fb

Acceptance (4j) A ↔ 0.30

N4j @ 139 fb↓1
↗ 2.51 events

On/o!-shell split @ 139 fb↓1
→ 1.19 on-shell + → 1.32 o!-shell

where scaling assumes A11k is adjusted to keep the decay branching ratio, Eq. (2.5), fixed.

The subsequent ũi, d̃j ↑ jj decays yield the desired four-jet signal. For our masses, the

o!-shell contribution from the heavy squark is O(1/2) of the total rate. With a constant

acceptance A ↔ 0.30 and BR ↔ 0.81, Eq. (2.6) implies about 2.5 four-jet events for ω
↑↑
11k =

0.3, i.e., roughly 1.2 on-shell events plus 1.3 o!-shell event per experiment, to be compared

with two on-shell and one o!-shell candidate in CMS and one apparent o!-shell candidate in

ATLAS [10, 11, 32]. A compact summary of the benchmark inputs, widths, cross sections,

acceptance, and implied 4j yields is given in Table 1.

Dijet searches.— Further constraints arise from resonant production of the light right-

handed up- and down-type squarks via ud ↑ d̃
→
, ũ

→
↑ qq (Fig. 1, right). Our calculation
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k = 3 (bottoms) due to bounds from di-jet production as well as di-nucleon decays.
Third generation 8 TeV squarks consistent with 125 Higgs mass generation via 
loop effects.

Possible Interpretation in terms of Di-quarks, necessary to generate such large energy particles : 
Bogdan Dobrescu, arXiv:2411.04121, Ioana Duminica et al. arXiv:2503.17031



Chargino-Neutralino Production

• For values of the wino and Higgsino masses larger than the weak scale, 
the mixing between them is small.

• Winos, in the adjoint representation of SU(2), are produced at a 
stronger rate than Higgsinos. 

• The cross section for Wino production is about a factor 4 larger than the 
one for Higgsino production. 

• Mixing increases for smaller mass differences, leading to a reduction of 
the wino cross section, and to the addition of new channels, some of 
them mixed “Wino-Higgsino”.
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There may be surprises at the LHC in the compressed region

● 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)
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New Search Channel

Figure 1: Illustration of a representative process giving rise to the mono-photon + /ET + jets/leptons

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

|M2| is not much larger than |M1|. As we will see, a mass splitting between the Bino-like lightest
neutralino (�̃0

1
) and a Wino-like second lightest neutralino (�̃0

2
) of (m�̃

0
2
� m�̃

0
1
) ⇠ 10 � 30 GeV

leads to our DM candidate �̃
0

1
explaining the observed relic density of our Universe. In the

remainder of this article, we will refer to the region of parameter space where the Bino-Wino
mass splitting is in this range as the compressed region.

The Large Hadron Collider (LHC) is the premier tool to directly search for new particles. To
date, searches for new particles at the LHC have yielded null results, setting relevant constraints
on the MSSM parameter space, in particular, requiring new color-charged particles such as
gluinos (eg) and squarks (eq) to have masses meg & 2 TeV and meq & 1 TeV, respectively, see, e.g.,
Refs. [76–82].2 With the analyses of the LHC Run 2 data, the ATLAS and CMS collaborations
have also started to provide 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 aimed at the compressed region
has been particularly impressive [83–91]. Such searches are well motivated: in a DM-motivated
scenario 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 ratios of (�̃0

2
! �̃

0

1
+ff̄)

processes are typically quite large. However, as we discuss in this work, there is an interesting
interplay between the sign of (M1 ⇥ M2) and the decay modes of the Wino-like neutralinos:
for (M1 ⇥ M2) > 0, radiative decays (�̃0

2
! �̃

0

1
+ �) mediated by loops involving charginos or

sleptons have relatively small branching ratios and the (�̃0

2
! �̃

0

1
+ff̄) decays dominate (except

in the very compressed regime where m�̃
0
2

' m�̃
0
1
). Instead for (M1 ⇥ M2) < 0, the di↵erent

diagrams mediating (�̃0

2
! �̃

0

1
+ �) decays interfere constructively, enhancing the associated

branching ratio and suppressing the (�̃0

2
! �̃

0

1
+ ff̄) decays.

Recall that realizing a DM candidate in the MSSM compatible with direction detection
constraints for moderate values of |µ| prefers (M1 ⇥ µ) < 0, and providing a correction to the
muon’s anomalous magnetic moment that explains the discrepancy between the SM prediction
and the measured value requires (M2 ⇥ µ) > 0. Hence, (M1 ⇥ M2) < 0, which leads to
large radiative branching ratios of the second-lightest neutralino (�̃0

2
! �̃

0

1
+ �); we quite

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

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

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

4

One can trigger in events with sufficient Missing ET and a somewhat 
hard photon in the final state

Baum, Carena, Ou, Rocha, Shah, C.W. ’23 

We propose to search for electroweakinos in this new search channel

S. Roy, C.W. arXiv:2401.08917



Results of the ML Analysis

Results are optimistic, ignoring probable systematic errors. 
One can probe currently allowed parameter space, although discovery
will demand higher luminosities.   

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

.

.

Arganda, Carena, De Los Rios, Perez, Rocha, Sanda Seoane, C.W., 2410.13799



Reach of ML Analysis in the NMSSM

Higgsino Cross section is smaller than in the Wino case.
Photon signatures enhanced in this region of parameters
Multilepton limits degraded due to the increase in radiative decays 
Blind Spot region degrades also the power of direct detection

Arganda, De Los Rios, Perez, Roy, Sanda Seoane, C.W., 2509.15121



24

�30 �20 �10 0 10 20 30
1010 ⇥ (aSM

µ � a
exp
µ )

WP25

Avg. 4

Avg. 3

Avg. 2B

Avg. 2A

Avg. 1

BMW-20

Mainz/CLS-24

RBC/UKQCD-24+18

BMW/DMZ-24

�

CMD-3

SND20

BESIII

KLOE

BaBar

CMD-2

SND06

Figure 40: Final summary of various determinations of aHVP, LO
µ discussed in Secs. 2 and 3, propagated to aSM

µ . The first two panels refer to
data-driven determinations, where the three points for each e+e� experiment reflect the “CHKLS,” “DHMZ,” and “KNTW” methods, see Figs. 26
and 27 for more details. The gray band indicates the WP20 result, based on the e+e� experiments above the first dashed line. The ⌧ point
corresponds to Eq. (2.23). The last panel summarizes lattice-QCD determinations, including the hybrid evaluation [24], the three individual lattice-
QCD calculations shown in Fig. 36, and the five lattice HVP averages from Fig. 37. The blue band refers to the final WP25 result, which coincides
with “Avg. 1.” In all cases, except for the gray WP20 band, the remaining contributions to aSM

µ beyond aHVP, LO
µ are taken from WP25, as given in

Table 1. The red band denotes the experimental world average, which has been updated including the final results from the Fermilab experiment.

Sec. 3 (adding errors in quadrature, as suggested therein), using the fact that charm-disconnected contributions are
very small, and can thus be neglected. The three lattice points shown in the lower-right panel of Fig. 39 average to a
value larger than the band shown because the band includes more strange-connected results from Tables 7 and 8. For
the single lattice point in the lower-right panel, see Ref. [362]. For the ud and s+disc HVP lattice averages, the line
“Avg. B” in Table 13 has been used.

Figures 38 and 39 show that for the LD and intermediate light-quark connected RBC/UKQCD window quantities,
there are significant discrepancies between the KNT-compilation-based data-driven and the lattice-based estimates,
which lead to a significant discrepancy in the total aHVP, LO

µ (ud) when comparing with the most precise lattice de-
terminations. In contrast, for aSD

µ (ud) and for all the s+disc window quantities, there are no discrepancies (though
the data-driven errors for the latter are relatively large). Moreover, the exploratory exercise of replacing the ⇡+⇡�
KNT-compilation data in the interval between 0.33 and 1.2 GeV with the CMD-3 ⇡+⇡� data suggests that these
discrepancies could be due to discrepancies in the experimental data for the ⇡+⇡� component of Rhad(s) in the re-
gion around the ⇢ peak. With this replacement, the discrepancies in the light-quark connected results are eliminated
without disturbing the good agreement for the s+disc and the light-quark connected SD parts. The ⇡+⇡� channel is
responsible for 72% of the data-driven aW

µ (ud) result and for 88% of the data-driven aLD
µ (ud), but only 32% of the

aSD
µ (ud) value and only very small fractions of the s+disc results. These conclusions for the quark-flavor-specific
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Tension of the lattice results with the data driven ones may be resolved by some 
unaccounted systematic error in the lattice evaluations.  However, it should be 
shared by many different lattice collaborations, which agree in a value that leads to 
consistency with experiment.  In this case, the tension between experiment and 
theory is at the level of 5 sigma, implying new physics. 

Tension of experiment with data driven and lattice results could be resolved by a 
large systematic error in the cross sections evaluation.  Again, it should be shared by 
many different experiments, besides perhaps CMD3.  

Lattice result should be considered a SM result. Data driven determination could be 
affected by new physics in the hadronic cross sections. 

 HPV effects would have an impact on the variation of the fine structure constant, 
affecting precision measurements at Mz, and any correction from the current values 
should be limited to energies below 0.9 GeV.

25

Resolving the tensions.

Crivellin et al, 2003.04886;  Kezhavarzi, Marciano, Passera, Sirlin, arXiv: 2006.12666 
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Figure 1: Relevant Feynman diagram for �- and Z 0-mediated e+e� ! ⇡+⇡� scattering.

similar to the photon, the modification from an off-shell Z 0 to the SM cross section for
electron-positron annihilation to pions may be written as [24]

�SM+Z0
⇡⇡

�SM
⇡⇡

(s) =

����1 �
geV (g

u
V � gdV )

e2
s

s � m2

Z0 + imZ0�Z0

����
2

. (10)

We show the relevant diagram in Fig 1; the mixing with the ⇢, which couples to the
⇡+⇡� final state, is included in the effective vertex defining the pion form factor and
will be discussed in more detail in later sections.

The width �Z0 has three main contributing decays: to ⇡+⇡�, e+e�, and µ+µ�. While
we have not included a direct coupling to muons in Eq. (9), we assume a small coupling
of order geV , which will be discussed further in Section 4. The decay widths for the
leptonic decays and the pion decay are given by

�(Z 0
! l+l�) =

1

3

(glV )
2

4⇡
mZ0

s

1 � 4
m2

l

m2

Z0

✓
1 + 2

m2

l

m2

Z0

◆
(11a)

�(Z 0
! ⇡+⇡�

) =
1

3

(gudV )
2

4⇡
mZ0

s

1 � 4
m2

µ

m2

Z0

✓
1 + 2

m2

µ

m2

Z0

◆
R(m2

Z0), (11b)

where for convenience we have defined gudV ⌘ guV � gdV , and R(s) is defined as

R(s) =
�SM

e+e�!had

�SM

e+e�!µ+µ�
(s), (12)

where �SM

e+e�!had
is the SM cross section to hadrons; because the cross section to hadrons

is dominated by the e+e� ! ⇡+⇡� process within the range of energies we are inter-
ested in, we will refer to this quantity as �SM

⇡⇡ . We emphasize that in the absence of any
additional decay channels, the width �Z0 must be calculated from the couplings using
Eq. (11) and depends on the specific choices for geV and gudV .

6

New Contributions to the Hadronic Cross Section



Extra Width Contributions
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(VMD) framework 1, as an enhancement in the ⇢ peak such as the one shown in Fig. 2
would require a greater ! interference to produce the sharp kink in the SM cross section.
As the primary data employed in these fits of the mixing is the �(e+e� ! hadrons) data
itself, it is not unreasonable to adjust the strength of the ⇢ resonance and the ⇢ � !
mixing. On the other hand, the shape shown in the right panel of Fig. ?? extends the !
feature beyond the ! mass region of 780 MeV and contains an additional sharp feature
at about 820 MeV, and thus presents a less likely scenario. We conclude that either the
experimental resolution is not precise enough to distinguish such a feature, or without
adding any additional decays for the Z 0 beyond those that are necessary to modify �obs

had
,

one requires the Z 0 mass to be near a mass of 770-800 MeV. As can be seen from Fig 2, in
the case where one takes lower values of gudV ' 0.1 the inferred feature becomes sharper,
and the allowed mass region is therefore more constrained.

0.4 0.5 0.6 0.7 0.8 0.9
p

s [GeV]

�0.002

�0.001

0.000

0.001

0.002

0.003

0.004

0.005

�
[G

eV
�

2 ]

�CMD�2
��

��NP
��

�SM
��

mZ0 = 0.90 GeV

ge
V = �0.0072

gud
V = 0.1

�Z0 = 5 ⇥ 10�2

Figure 3: The observed cross section for e+e� ! ⇡+⇡� from CMD-2 (black), compared
to the change in cross section induced by a Z 0 (red) with mZ0 = 0.90 GeV,
gudV = 0.1, geV = �7.2 ⇥ 10

�3, and � = 5 ⇥ 10
�2. We also show the resulting

SM cross section (blue).

An alternative approach to the Z 0-induced feature is to increase the width of the Z 0,
thus suppressing the strength of the peak. For the choice of parameters presented above,
the value of �Z0 ⌘ �Z0/mZ0 is of order (1 � 2) ⇥ 10

�2 for gudV = 0.3 and (1 � 2) ⇥ 10
�3

for gudV = 0.1; a strong suppression of the Z 0-induced feature may be obtained for �Z0 on
the order of 5⇥ 10

�2, requiring at least a factor of 2 enhancement relative to the width
arising only from pion, electron, and muon decays. The enhancement of the width
is phenomenologically challenging and would demand, for instance, a new fermion or
scalar charged under Z 0 and with a mass below mZ0/2. In addition, such a new particle
should not predominantly decay purely leptonically or to invisible final states in order

1For an overview of VMD and ⇢ � ! mixing, see for example Ref. [37].

9

With an additional contribution to the width 
the feature disappears.  Dark sector challenge.
A possible model was presented in the quoted article.

N. Coyle, C. W.  arXiv:2305.02354

<latexit sha1_base64="Uh+1Gru1jtY5tXqUk+20ViLZmp0="></latexit>

�Z0 = �Z0/mZ0
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N. Coyle, C. W.  arXiv:2305.02354 (JHEP)

mZ0 (GeV) gudV
geV ⇥ 103

Benchmark CMD-2 KLOE SND BaBar
1 0.60 0.08 7.5 8.3 8.5 8.1
2 0.60 0.07 8.6 9.4 9.7 9.2
3 0.65 0.08 7.6 7.8 7.1 7.7
4 0.65 0.07 8.6 8.9 8.1 8.7
5 0.65 0.06 10.0 10.4 9.4 10.2
6 0.90 0.09 �8.0 �8.3 �7.9 �8.2
7 0.90 0.08 �9.0 �9.4 �8.9 �9.2

Table 1: Example benchmark points with an enhanced width of �Z0 = 5 ⇥ 10�2 that
satisfy �aHVP

µ = 1.44 ⇥ 10�9 for the respective listed experiment.

a few example benchmarks with �aHVP

µ = 1.44 ⇥ 10�9; note that because the increased
width suppresses the strength of the peak near the Z 0 mass, one requires larger values
for |geV |. We present masses both above and below the ⇢ resonance; note that due to
electroweak precision considerations, the lower masses of mZ0 . 0.7 GeV are preferred
over those above the resonance [30]. Masses lighter than around 0.6 GeV start to come
into tension with BaBar leptonic decay and pion mass bounds, which will be discussed
in more detail in the next section. In Fig. 4, we show the cross sections for a choice of
�Z0 = 5 ⇥ 10�2, with mZ0 = 0.60 and gudV = 0.08.

As an illustration, we also calculate example benchmark values for resolving the ten-
sion at 1�, solving for �aHVP

µ ' 0.76 ⇥ 10�9. For mZ0 = 0.6 GeV and gudV = 0.08,

geV =

8
>>><

>>>:

4.0 ⇥ 10�3 (CMD � 2)

4.5 ⇥ 10�3 (KLOE)

4.4 ⇥ 10�3 (SND)

4.6 ⇥ 10�3 (BaBar)

(21)

We show the resulting curves for these benchmarks in Fig. 5.
Let us add in closing that although in this scenario there will be a Z 0 resonant con-

tribution to the two pion final states associated with its decays into �2 states, such a
contribution is suppressed by (geV )

2 and becomes small with respect to the one induced
by the mixing of the photon and Z 0 with the QCD meson states, considered above.

3. Constraints
There are a number of experimental bounds that constrain this scenario, arising from
flavor physics, collider physics, and precision measurements. We provide a summary and
discussion of these constraints below.
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mZ0 (GeV) gudV
geV ⇥ 103

Benchmark CMD-2 KLOE SND BaBar
1 0.60 0.08 7.5 8.3 8.5 8.1
2 0.60 0.07 8.6 9.4 9.7 9.2
3 0.65 0.08 7.6 7.8 7.1 7.7
4 0.65 0.07 8.6 8.9 8.1 8.7
5 0.65 0.06 10.0 10.4 9.4 10.2
6 0.90 0.09 �8.0 �8.3 �7.9 �8.2
7 0.90 0.08 �9.0 �9.4 �8.9 �9.2

Table 1: Example benchmark points with an enhanced width of �Z0 = 5 ⇥ 10�2 that
satisfy �aHVP

µ = 1.44 ⇥ 10�9 for the respective listed experiment.

a few example benchmarks with �aHVP

µ = 1.44 ⇥ 10�9; note that because the increased
width suppresses the strength of the peak near the Z 0 mass, one requires larger values
for |geV |. We present masses both above and below the ⇢ resonance; note that due to
electroweak precision considerations, the lower masses of mZ0 . 0.7 GeV are preferred
over those above the resonance [30]. Masses lighter than around 0.6 GeV start to come
into tension with BaBar leptonic decay and pion mass bounds, which will be discussed
in more detail in the next section. In Fig. 4, we show the cross sections for a choice of
�Z0 = 5 ⇥ 10�2, with mZ0 = 0.60 and gudV = 0.08.

As an illustration, we also calculate example benchmark values for resolving the ten-
sion at 1�, solving for �aHVP

µ ' 0.76 ⇥ 10�9. For mZ0 = 0.6 GeV and gudV = 0.08,

geV =

8
>>><

>>>:

4.0 ⇥ 10�3 (CMD � 2)

4.5 ⇥ 10�3 (KLOE)

4.4 ⇥ 10�3 (SND)

4.6 ⇥ 10�3 (BaBar)

(21)

We show the resulting curves for these benchmarks in Fig. 5.
Let us add in closing that although in this scenario there will be a Z 0 resonant con-

tribution to the two pion final states associated with its decays into �2 states, such a
contribution is suppressed by (geV )

2 and becomes small with respect to the one induced
by the mixing of the photon and Z 0 with the QCD meson states, considered above.

3. Constraints
There are a number of experimental bounds that constrain this scenario, arising from
flavor physics, collider physics, and precision measurements. We provide a summary and
discussion of these constraints below.
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A few days ago, I read an interview to a famous Argentine actor, who is now 84. 

They were asking what was the best time of one’s life. 
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A few days ago, I read an interview to a famous Argentine actor, who is now 84. 

They were asking what was the best time of one’s life. 

He answered with total certainty, that it was between 65 and 75 years old ! 

Tao, you are in the Middle of it !   Enjoy it. 
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Tao, you are in the Middle of it !   Enjoy it. 

I wish you many years more of a happy and scientifically productive life !
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