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High Scale SUSY at 100TeV - PeV

Model building is very simple and consistent with 125GeV Higgs !
Consistent with cosmology (good DM candidate, no Gravitino/Polonyi problem)

MSSM sector

R sector

Pure Gravity Mediation model

Fine-tuning problem between O(10-1000)TeV and vEW = 174 GeV…

SUSY sector

They are connected by generic 
Planck suppressed operators  
with each other.
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~ m3/2 = O(100)TeV

Gaugino Masses are One-Loop Suppressed !

[’04 Wells, 06’MI,Moroi,Yanagida,12 MI,Yanagida, 
’12 Arkani-hamed, Gupta, Kaplan, Weiner, 
Zorawski…]

Anomaly Mediation 
 = R-symmetry suppressed

Gaugino Masses  = Anomaly Mediation + Higgsino Mediation
[‘99 Giudice, Luty, Murayama, Rattazzi, ’99 Gherghetta, Giudice, Wells]   

Mini-Split Spectrum

Neutral Wino (superpartner of W/Z boson) is the candidate for dark matter !
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Figure 5: The wino mass splitting δm as a function of mχ̃0 . The dark green

band shows δm at the one-loop level which is evaluated by Eq. (10) with uncertainty

induced by Q dependence, and the red band shows δm at two-loop which is evaluated

by Eq. (5) in MS scheme. The light green band shows the uncertainty for one-loop

result evaluated by Eq. (16). The uncertainties for the two-loop result induced by

the SM input parameters and the non-logarithmic corrections are negligible (see

Tab. 1). An arrow shows the result of Ref. [29], which is given by δm = 164.4 MeV

for mh = 125 GeV and mt = 163.3 GeV.
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Neutralino 
missing Et

Chargino 
track

slow 
pion

Main decay mode :  χ± → χ0 + π±

↔   τWino = 𝒪(10−10) s

High Scale SUSY at 100TeV - PeV

A unique feature : degenerate mass spectrum 
of charged Wino and neutral Wino 

Δm = mχ± − mχ0 ≃ 164 MeV

The charged Wino has a rather long lifetime

The Feynman diagram for the pion-Wino system:
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We take the directions of the pion momentum are the same with the charge flow directions.

The Feynman diagrams for the virtual radiative corrections to the Wino decay:

⇡�(r)
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`
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Here, p, q, r are the four momentum of the corresponding particles. The label of the particle

denotes the particle states for given momenta.

The Feynman diagrams of the real photon emission:

⇡�(r)

 ̄0(q)

�(k)

 �(p)

⇡�(r)

 ̄0(q)

 �(p)

�(k)

The labels again show the particle states for given momenta.
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Figure 1: The Feynman rules of the Wino–pion interactions. The arrow on the fermion propagator
denotes the flow of the fermion number. We do not show the flow of the QED charge. In the figure,
we show the names of the fields.

As a result, the tree-level charged Wino decay rate is given by,
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By taking the ratio of the above expression and the tree-level pion decay rate, we obtain
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where �tree(⇡�
! µ� + ⌫̄µ) is given by,
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As a result, from the pion lifetime in Tab. 1, the Wino decay length, c⌧�, turns out to be 5 cm for

�m ⇠ 160 MeV. In what follows, we denote �� = �tree(��
! �0+⇡�) and �⇡ = �tree(⇡�

! µ�+⌫̄µ),

respectively.

The charged Wino also decays into the neutral Wino, a charged lepton ` and a neutrino ⌫̄`. The

decay rate is given by
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in the large m� limit where m` is the mass of the lepton ` [34]. For the electron and muon, the

function Flep(x) are Flep(me/�m) ' 1 and Flep(mµ/�m) ' 0.1 for �m ' 160 MeV. Accordingly, the

branching ratios of the electron mode and the muon mode are about 2% and 0.1% for �m ' 160 MeV,

respectively. We denote �` = �tree(��
! `� + ⌫̄` + �0) in the following.
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Leptonic modes :    (2%)χ± → χ0 + e± + νe

     (0.5%)χ± → χ0 + μ± + νμ

The charged Wino leaves a disappearing charged track ! [06’MI,Moroi,Yanagida]

One of the most important channel to test the Wino scenario !

@ 2-loop [12’ MI, Matsumoto,Sato]



So far main decay mode is calculated only up to the leading order, 
although the mass difference @NLO( = 2-loop) is used.
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Figure 7: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure-wino scenario.
The limits are shown as a function of the chargino lifetime and mass. The black dashed line shows the median
expected value, and the yellow band shows the 1f uncertainty band around the expected limits. The red line shows
the observed limits and the red dotted lines show the 1f uncertainty from the signal cross-section. The blue and
violet broken lines show the observed limits from the ATLAS results in Refs. [16] and [18] respectively. The dashed
gray line shows the predicted chargino lifetime in the almost pure wino-LSP scenario at the two-loop level [7].
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NLO calculation of the main Wino decay

Current Constraint from disappearing track search 

The Feynman diagram for the pion-Wino system:
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We take the directions of the pion momentum are the same with the charge flow directions.

The Feynman diagrams for the virtual radiative corrections to the Wino decay:
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Here, p, q, r are the four momentum of the corresponding particles. The label of the particle

denotes the particle states for given momenta.

The Feynman diagrams of the real photon emission:

⇡�(r)

 ̄0(q)

�(k)

 �(p)

⇡�(r)

 ̄0(q)

 �(p)

�(k)

The labels again show the particle states for given momenta.
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Figure 1: The Feynman rules of the Wino–pion interactions. The arrow on the fermion propagator
denotes the flow of the fermion number. We do not show the flow of the QED charge. In the figure,
we show the names of the fields.

As a result, the tree-level charged Wino decay rate is given by,
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By taking the ratio of the above expression and the tree-level pion decay rate, we obtain
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As a result, from the pion lifetime in Tab. 1, the Wino decay length, c⌧�, turns out to be 5 cm for

�m ⇠ 160 MeV. In what follows, we denote �� = �tree(��
! �0+⇡�) and �⇡ = �tree(⇡�

! µ�+⌫̄µ),

respectively.

The charged Wino also decays into the neutral Wino, a charged lepton ` and a neutrino ⌫̄`. The

decay rate is given by
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in the large m� limit where m` is the mass of the lepton ` [34]. For the electron and muon, the

function Flep(x) are Flep(me/�m) ' 1 and Flep(mµ/�m) ' 0.1 for �m ' 160 MeV. Accordingly, the

branching ratios of the electron mode and the muon mode are about 2% and 0.1% for �m ' 160 MeV,

respectively. We denote �` = �tree(��
! `� + ⌫̄` + �0) in the following.
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95%CL limit on the Wino mass by ATLAS

[Eur. Phys. J. C 82 (2022) 606]

mχ > 660 GeV

2-loop

QED NLO analysis of the decay width is important to know the uncertainty!



NLO calculation of the main Wino decay

The Feynman diagram for the pion-Wino system:
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We take the directions of the pion momentum are the same with the charge flow directions.

The Feynman diagrams for the virtual radiative corrections to the Wino decay:
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Here, p, q, r are the four momentum of the corresponding particles. The label of the particle

denotes the particle states for given momenta.

The Feynman diagrams of the real photon emission:
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The labels again show the particle states for given momenta.
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Figure 14: The virtual QED correction to the Wino decay.

6.2 Vertex Corrections

The vertex corrections to the Wino decay process are given in Fig. 14. To estimate these corrections,

we take the limits of �m ⌧ m�, m⇡ ⌧ m� and m� ! 0. We also use �mū0(q)u�(p) = ū0(q)/ru�(p).

The first contribution is,
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where z = m⇡/�m.

The second contribution in Fig. 14 is given by,
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Note that this contribution is enhanced by a factor of m�/�m and can even exceed the tree-level

contribution for a large limit of m�. As we will see, however, the m�/�m enhanced contribution

is completely cancelled by the constants Y ’s which are obtained by matching from the electroweak

theory.

Finally, the third contribution in Fig. 14 is given by,
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7We obtain this expression by combining Eqs. (91) and (102) in Ref. [33]. Here, we take account of the di↵erence
between the Pauli-Villars regularization in Ref. [33] and the MS scheme in our analysis.
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Simple Photon Loops … Look easy ?

Not really…

Pion theory is NOT renormalizable

Non-perturbative effects exist…

Weak interaction via the four-fermi interaction  
is non-renormalizable

IR divergence of QED (which should be canceled by 
the IR divergences of real emissions).

The one-loop contributions are:

 �(p)  ̄0(q)

⇡3(r)

q2⇤

W (x)

q1

V (x)

 �

⇡2�

 �(p)  ̄0(q)

⇡3(r)

q1

R(x)q2⇤

W (x)

 �

�

The Feynman diagrams for FV W in QCD. The tree-level contributions:

 �(p)
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V (x)q2⇤

W (x)

The squared dot, �, and the circle, �, denote the insertions of q̃1

V (r) and q1⇤

W (0), respectively,

where q̃V (r) is the Fourier transformation of qV (x).

At the one-loop level:

 �(p)  ̄0(q)

⇡3(r)

q2⇤

W (x)

q1

V (x)

 �

�

Here, the double line denotes the QCD current correlator �µ⌫
V A(`, r).

The Feynman diagrams for DV W in the ChPT. The tree-level contributions:

 �(p)

 ̄0(q)

⇡1(r)

q1

V (x)q8⇤

W (x)

3

Figure 10: The one-loop contribution to FV W in the Four-Fermi theory. The double line denotes the
current correlator �µ⌫

V A. The points ⌅ and � are the separated vertices proportional to q1

V (x) and
q2⇤

W (x), respectively.

At the one-loop level, FV W is given by,

F (loop,FF)
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Here, following D&M, we have defined,
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where Ja
A (a = 1–8) are the axial currents in Eq. (2.13) extended to the three flavor quarks, while

Ja
V are the corresponding vector currents.

The evaluation of �µ⌫
V A involves the strong dynamics of QCD which requires non-perturvative

calculation. Instead, we rely on the MRM in Ref. [36] as in D&M analysis. As emphasized earlier,

the MRM satisfies the Weinberg sum rule and the leading QCD asymptotic constraints. In this

model, �µ⌫
V A, is given by
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where q = p � k with
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Here, MV and MA =
p

2MV are the mass parameters with MV being around the ⇢ meson mass.
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π−(r)
qurak currents

u d

ψ− ψ0W

The Feynman diagram for the pion-Wino system:
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We take the directions of the pion momentum are the same with the charge flow directions.

The Feynman diagrams for the virtual radiative corrections to the Wino decay:
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Here, p, q, r are the four momentum of the corresponding particles. The label of the particle

denotes the particle states for given momenta.

The Feynman diagrams of the real photon emission:
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The labels again show the particle states for given momenta.
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Figure 15: The real photon emission associated to the Wino decay.

By combining all the vertex corrections, M
Vertex,1, M

Vertex,2, M
Vertex,3, and M

WF, we obtain
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6.3 Real Photon Emission in Wino Decay

To cancel the IR singularity in the virtual correction, we need to take into account the real photon

emission. In this subsection, we show the Wino decay rate with real photon emission. The details

are given in Appendix E. The relevant diagrams are given in Fig. 15. We calculate the real emission

rate by dividing the energy range of the photon E� < Esoft (soft part) and Esoft < E� (hard part)

where Esoft is taken in between

m� ⌧ Esoft ⌧
m2

� + m2

� � (m0 + m⇡)2

2m�
' �m � m⇡ . (6.9)

The resultant soft part is given by,
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Figure 2: Flowchart of the matching procedure.

3 Procedure and Summary

3.1 NLO Matching from EW Theory to ChPT

In this subsection, we summarize the procedure for the calculation of the NLO corrections to the

charged Wino decay rate. The electroweak theory with the Wino is renormalizable and has only one

new parameter in addition to those in the electroweak theory, i.e., the Wino mass m�. Accordingly,

we can predict the charged Wino decay rate for a given Wino mass.

For the charged Wino decay, however, we use the Wino-pion interactions, which are not renor-

malizable. Moreover, the radiative corrections to the Wino-pion interactions require counterterms

which are not obtained by the multiplicative renormalization to the tree-level Lagrangian. The

same problem has also arised in the analysis of the radiative corrections to the charged pion decay.

The counterterms necessary for the pion decay have been introduced in Ref. [35] by extending the

ChPT to include QED and the weak interactions. Following Ref. [35], we will introduce counterterms

necessary for the charged Wino decay (Sec. 5).

Within the extended ChPT including the Wino-pion interactions, the divergent parts of the

counterterms are set to cancel the ultraviolet (UV) divergences. On the other hand, the finite parts

of the counterterms are not determined. To ensure the predictability, we therefore need to determine

the finite parts of the counterterms in the extended ChPT from the electroweak theory.

The finite part of the counterterms for the pion decay has been determined by Descotes-Genon

and Moussallam by matching the extended ChPT with the electroweak theory [33]. In our analysis,

we follow the matching procedure taken by Descotes-Genon and Moussallam (D&M). The matching

procedure is as follows (see Fig. 2);

1. We determine the counterterms in the e↵ective Four-Fermi theory of the Wino and quarks,

L
FF

CT
, by matching the charged Wino decay amplitude into the free quarks in the electroweak

theory and in the Four-Fermi theory. The pure QCD corrections do not a↵ect the matching

condition because the they are common in both theories. Therefore, we do not need to include

the pure QCD loop diagrams.

7

Flow Chart of Matching

(Theory of pion)

(We rely on the hadron model)

e.g. QED NLO analysis of  π− → μ + νμ + (γ)

1959 Kinoshita, 1986 Marciano&Sirline (No hadronic effects),  
                              → 2006 Descotes-Genon&Moussallam (hadron effects) 
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Figure 3: The Wino decay length as a function of the Wino mass m�. We show the central value
of our estimation in black solid lines. We also show the tree-level decay length in a black dashed
line. The blue bands show the uncertainty of our one-loop estimation from the QCD dynamics.
The red bands show the uncertainty from the three-loop correction to the Wino mass di↵erence,
��m = ±0.3 MeV in Ref. [12]. Here we define �⌧�|NLO ⌘ ⌧�|NLO � ⌧�|LO.

4 Matching Between EW and Four-Fermi Theories

Let us begin with the matching between the Four-Fermi theory and the electroweak theory. As we

explained in the previous section, we match these two theories through the decay amplitudes of the

charged Wino into the free quarks,

��
! �0 + dL + ūL , (4.1)

by assuming that there is no QCD strong dynamics. Here, we assume that the quark masses are

zero. We adopt the on-shell renormalization scheme in the electroweak theory in Refs. [30, 31], while

we use the MS scheme in the Four-Fermi theory.

At the tree-level, the Four-Fermi theory between the Wino and the quarks is given in Eq. (2.12)

L
FF

(Wino)
= � 4G0

⇡(ū�µPLd)( ̄��
µ 0) + h.c. (4.2)

At the tree-level, the decay amplitude of the process ��(p) ! �0(q) + d(r1) + ū(r2) is given by,

iMquark

tree = �4iG0

⇡ū0(q)�µu�(p)ūd(r1)�
µPLvu(r2) . (4.3)

Here p, q, r1,2 are the four momenta of the Winos and the quarks, respectively, and ud and vū are

the wave functions of the quarks. Since the mass di↵erence �m is tiny, the decay amplitude into
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Figure 17: The LHC constraint on the charged Wino mass and lifetime based on the disappearing
charged track search. The red solid line shows the 95% CL limit by the ATLAS with data ofR

Ldt = 136 fb�1 and
p

s = 13 TeV [27]. The red band shows ±1 � uncertainty of the production
cross section of the Wino. The black solid line is the prediction with the two-loop mass di↵erence
and the one-loop decay rate, whereas the dashed line shows the result of the tree-level calculation.

8 Conclusions and Discussions

In this paper, we have computed the NLO correction of the charged Wino decay and made the most

precise estimate of the lifetime of the charged Wino. In our analysis, we have constructed the ChPT

which includes the Winos and QED. By matching the ChPT to the electroweak theory, we have

derived the NLO decay rate free from the UV divergence. We have also taken into account the real

photon emission, so that the NLO rate is free from the IR divergence. As a result, we found the

NLO correction gives a minor impact on the lifetime of 2–4% increase. The e↵ect on search of the

Wino at the LHC is also minor, with only a 5–10 GeV increase in the pure Wino mass limit as

shown in Fig. 17.

We have also confirmed that a decoupling theorem similar to the Appelquist-Carazzone theorem

holds for the Wino decay at the one-loop level. The radiative corrections depend on the Wino

mass only through O
�
↵ms

�

�
with s  0 and there is no logarithmically enhanced dependences on

m�. The decay rate becomes constant in the limit of m� ! 1. This result is non-trivial since

the Appelquist–Carazzone decoupling theorem is not applicable to the decay of the Wino, where

the external lines of the diagrams include heavy particles. Besides, we have explicitly found that

the �m/m� enhanced NLO contributions appear in Eq. (6.8). Such enhanced e↵ects can only be

cancelled by preparing counterterms matched to the electroweak theory. It is not clear whether this

cancellation takes place or not at the higher-loop order. We will study this aspect in more general

setup in future.
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Now, we can make prediction of the wino lifetime at the O(1)% precision.

The lower limit on the wino mass gets slightly tightened.
[The uncertainty are dominated by the 3-loop  and production cross section]Δm

The NLO effect is around 2-6 % depending on the Wino mass 
[much larger than naive expectation ]𝒪(α /4π)

Results
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Wino dark matter and thermal Leptogenesis is consistent only for 
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Figure 3: The required reheating temperature of universe as a function of the wino mass for the

consistent dark matter density. We have used the thermal relic density given in Refs. [14, 15].

The color bands correspond to the 1� error of the observed dark matter density, ⌦h2 = 0.1126±
0.0036 [29]. For a detailed discussion see also Ref. [10].

the gravitino number density which is proportional to the reheating temperature TR after

inflation,

⌦(NT )h2(M2, TR) ' 0.16⇥

✓
M2

300GeV

◆✓
TR

1010 GeV

◆
. (12)

The total relic density is given by,

⌦h2 = ⌦(TH)(M2) + ⌦(NT )h2(M2, TR) . (13)

Therefore, the wino which is lighter than 2.7TeV can be the dominant component of the

dark matter for an appropriate reheating temperature.

Fig. 3 shows the required reheating temperature of universe as a function of the wino

mass for the consistent dark matter density. The color bands correspond to the 1� error

of the observed dark matter density, ⌦h2 = 0.1126± 0.0036 [29]. It is remarkable that the

required reheating temperature is consistent with the lower bound on TR for the successful

thermal leptogenesis, TR & 109.5GeV [12].

Now, let us interrelate the wino dark matter density and the lightest Higgs boson mass.

As we have discussed, the lightest Higgs boson mass is determined for given MSUSY =

O(m3/2) and tan �. The wino mass is, on the other hand, is given by,

M2 ' 3⇥ 10�3 m3/2 , (14)
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FIG. 2. 95% CL upper limits to �-ray spectral lines from
DM annihilation for the Einasto (red solid line) and cored
Zhao (yellow dashed line, [55]) profiles, in comparison to pre-
vious works by MAGIC (long gray dashed line, [70]), Fermi-
LAT (black and gray dash-dotted lines, [28]), H.E.S.S. (black
dotted line, [32]), HAWC (gray dash-dotted-dotted line, [69]),
and DAMPE (short gray dashed line, [72]). dSphs: dwarf
spheroidal galaxies.

on h�vi of annihilations into two �-rays for DM parti-
cle masses between 0.9 TeV and 100 TeV (black dots in
Fig. 1, for a cuspy Einasto density profile). We confirmed
the consistency of our results with the null hypothesis by
performing 300 simulations of the expected background
and computing for each tested DM mass the median, the
68%, and the 95% containment bands of the obtained
distribution of limits on h�vi (dotted black curve, green
and yellow bands in Fig. 1).

We tested the dependence of our limits on a system-
atic uncertainty on the energy resolution and a possible
bias: we mimicked a detector response with energy res-
olution of �E/E = 25%, and found our limits to worsen
by about 30%. Correspondingly, a misestimation of the
energy scale of 15% due to unaccounted miscalibration
of the telescopes affects our limits by 30%.

Fig. 2 compares our limits on h�vi with previous re-
sults by other instruments. The result by the H.E.S.S.
telescopes from 2018 [32] relies on the same Einasto DM
halo as in our analysis. Also, the results by Fermi -LAT
for 5.8 years of data [28] and recently by DAMPE for 5
years of data [72] are given for an almost identical Einasto
halo as in our work. Our result using the Einasto profile
is competitive with the current best limits in the mass
range of a few TeV and improve the best limits above
20 TeV by a factor of 1.5 to 2. This improvement in
sensitivity is due to increased statistics at TeV energies
by LZA observations. Fig. 2 also shows how the uncer-
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FIG. 3. Upper limits for the four DM density profiles consid-
ered in this work: the cuspy Einasto Galactic density profile
(red solid line), the NFW profile (cyan dashed line), a DM
core according to [55] (yellow dashed line) and the Burkert
fit from [52] (green dotted line), compared against the total
h�vi corresponding to annihilation of two SUSY winos (i.e.,
SU(2)L triplets) into a �� pair according to [11, 13–15] (gray
solid line, see text for details). The vertical blue hatched
region indicates wino masses from 2.7 to 3.0 TeV which are
consistent with the observed DM relic density [14].

tain knowledge about the DM distribution in the inner
Galaxy [52, 55] impacts our limits. In case of an ex-
tended DM core around the GC, our constraints on h�vi
worsen by about two orders of magnitude. This degra-
dation is caused by the shallower profile shape resulting
in a lower J-factor in the ROI. We emphasize that our
analysis allows to derive limits for such cored profiles,
which is challenging for spatial background subtraction
methods, as applied by e.g. [30, 32]. Our conservative
limits on h�vi, corresponding to the lowest DM density
in the inner Galaxy compatible with observational data,
are comparable to the current most stringent limits from
observation of dwarf galaxies, as shown for MAGIC [70]
by the gray dashed curve in Fig. 2.

Our upper limits are able to constrain heavy SUSY
models for both cuspy and cored profiles. In Fig. 3, we
show our limits for the two cuspy and two cored pro-
files introduced in Sec. II compared to the total cross
section of the two annihilation processes2 into �� and
Z� pairs for the wino model from [11, 13–15]. The res-

2
The factor 1/2 for the Z� channel expresses that in the calcula-

tion of our limits we have assumed the production of two �-rays

per annihilation process (Eq. 2), whereas for this channel only

one is produced.
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MAGIC collaboration
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