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Standard Model

QUARKS

I Quantum Field Theory: Electromagnetic + Weak +
Strong Forces

I Symmetry group: SU(3)c ® SU(2)r, ® U(1)y

B0 Self-consistent. Free of anomalies. Consistent
perturbative scheme for systems at very high
energies (LHC at 13 TeV)

I Higgs: last piece of the theory discovered in 2012,
My = 125 GeV.
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Dark matter: observational evidence
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Figura: Rotation curve for the galaxy NGC6503 (Doroshkevich et. al., 2012).
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Dark matter: observational evidence

The strongest argument for the existence of DM is the observation of the cosmic microwave background (CMB).
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Figura: Internal Linear Combination Map (ILC), which is a linear combination of the WMAP (Wilkinson Microwave Anisotropy
Probe) maps, at five different frequencies. This map shows the anisotropy of the CMB. (Bennett et. al., 2013).
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Dark matter: observational evidence

Photons: Q17 =2.473 x 107° — ~ 0%
Neutrinos: /% = (3 m,)/93.04¢V < 0.00132 — ~ 1%

Fixing Planck’s data: ACDM scheme + CMB

anisotropies + baryon acoustic oscilations (BAO)
distance measurements + Planck lensing (Plack 2018 26.0%
results). Dark matter
. = 0.02242 + 0.00014;
4.9% )
ptot/pc = Qtot = Z Qi + Q/\ Baryonic Matter
i

68.9%

= 0.9993 £ 0.0019. (1) Dark Energy
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Dark Matter Properties

[ Relic density observed: Q.h? = 0.1193 4 0.0009.

B Cold: non-relativistic before the matter dominated era to form the cosmological structures we see today. Hot
dark matter is not sufficient to account for the DM content of the Universe. Warm dark matter is a possibility.

[0 Effectively neutral: interact very weakly with electromagnetic radiation. Effectively a singlet of the
SU(3)c ® SU(2)L, ® U(1)y group.

[ Leave stellar evolution and Big Bang Nucleosynthesis predictions unchanged. The Tully-Fisher relation is
another strong cosmological constraint.

I Consistent with current experimental bounds.
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Dark Matter Searches

Deteccion Indirecta

DM M

DM search approaches:
B Model based (WIMPs, axion, ...)

[ signal based (fuzzy DM,
astrophysics...)

DM SM

e

Colisionadores

Deteccion directa
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Direct DM searches - 2018
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Direct DM searches - 2023
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Indirect searches
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Indirect searches

GC excess, all cases
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FermiLAT: gamma rays from the GC (PRD91,122002 (2015), APJ840,43 (2017)).
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DM Candidates

Not a particle: Modified Newtonian Dynamics (MOND).

A particle:

B Sterile neutrinos: similar to the SM neutrinos, but without weak interactions.
I Axions: introduced as an attempt to resolve the strong CP problem.

I Supersymmetry particles: neutralinos, sneutrinos, gravitinos, axinos.

B Weak Interactive Massive Particle (WIMP).
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WIMP Paradigm

B Typical weak-scale pair-annihilation cross sections (o ~ GZT?2) for typical freeze-out temperatures
(T ~ M/20) and electroweak-scale masses (M ~ 100GeV) produce a thermal relic density
({(ovy) ~ 10726cm3seg—1), consistent with Qch? = 0.1193.

[ Scheme that points to possible weak interactions of DM at electroweak scale (possible unified description of
SM and DM?).

W Recent studies conclude that experimental bounds leave little room for this mass-cross section range
(Arcadi et. al., The Waning of the WIMP?, 2018).
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Homogeneous Lorentz Group Irreps

The SM fields that describe matter and energy transform in the irreducible representations of the Homogeneous
Lorentz Group (HLG): Causality + Locality + Poincaré invariance of the S-matrix...

HLG ~ SU(2)a ® SU(2)p = irreps classified according to two SU(2) quantum numbers.

Parity invariance: Parity maps (a,b) <> (b, a). Invariance allows for irreps of the form: (a, a) or (a,b) & (b, a).

(0,0)
(3,00 (0.3)
L0 (33 (01
(30 L3z (G (0.3
20 (.3 @) (33 (02
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Homogeneous Lorentz Group Irreps

The SM fields that describe matter and energy transform in the irreducible representations of the Homogeneous
Lorentz Group (HLG): Causality + Locality + Poincaré invariance of the S-matrix...

HLG ~ SU(2)a ® SU(2)p = irreps classified according to two SU(2) quantum numbers.

Parity invariance: Parity maps (a,b) <> (b, a). Invariance allows for irreps of the form: (a, a) or (a,b) & (b, a).

Higgs  (0,0)
Quarks and Leptons (3,0) @ (0, 3)
Gauge bosons (1,0)  (3.3)  (0,1)
sraviine (3,0) (LD ® (1) (0.3
Gaion20) (L1 M1 (LY 0.2
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Homogeneous Lorentz Group Irreps

The SM fields that describe matter and energy transform in the irreducible representations of the Homogeneous
Lorentz Group (HLG): Causality + Locality + Poincaré invariance of the S-matrix...

HLG ~ SU(2)a ® SU(2)p = irreps classified according to two SU(2) quantum numbers.

Parity invariance: Parity maps (a,b) <> (b, a). Invariance allows for irreps of the form: (a, a) or (a,b) & (b, a).
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Tensor Dark Matter: (1,0) & (0,1)

In the HLG representations, the (1,0) & (0, 1) is associated with the antisymmetric rank-2 Lorentz tensor
that describes the electromagnetic field:

FH = 0,A, — 0L A,

We can take this approach: see Phys. Rev. D85 (2012) 116006 [arXiv:1204.5337].

...However, it becomes much easier to work instead with a field represented by a 2 x (2j 4+ 1) component spinor
and work in the same approach as the Dirac fields.
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Dirac Fermions: (3,0) & (0, 3)

Forthe j = 1/2 case:
The two SU(2) generators are:

1 1
A= S(J+iK), B=(J—iK),

T 0 iT 0
(G ke(r 2

where 7 = %o’, and o are the Pauli matrices. The matrix form of a rotation and a boost in this case are

where

. 0 0
D(O) =e 0 = cosy — i(o - n)sini,

Br/L(¢) = TP = COShg + (o n)sinhg.
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Dirac Fermions: (3,0) & (0, 3)

The parity operator M is such that the generators transform as
min-! =7, NKN—! = —K, (6)

0 1

which in this base is 1 = (1 0

m = =£1, satisfying

). In the rest-frame, W(0) is an eigenstate under parity with eigenvalues

1
5(1 + M)w(0) = w(0). (7)
Performing a boost on both sides of the equation, we have
- E+op
E—op " \U(pv A) = 07 (8)
E—op —r
which after some work becomes the well-known Dirac Equation
(V0 Fm)¥(x) =0, ©)

where v# are the Dirac (gamma) matrices.

T
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Covariant basis for (3,0) & (0, ) representation

The decomposition external product of states indicates the rep. of the operators of the basis:
((1/2,0) @ (0,1/2)] ® [(1/2,0) ® (0,1/2)] = (0,0)2 & (1,0) & (0,1) & (1/2,1/2)2.

We identify :

B Two Lorentz scalar operators — (0, 0): the identity 1 and the chirality operator 5.
B Six operators — (1,0) @ (0, 1): the group generators o, = %[’yu, Y-

[ Two traceless symmetric tensors — (1/2,1/2): v* and v5~#.

FOR MORE DETAILS AND EXPLICIT CALCULATION UP TO j=3/2 REFER TO: S. Gémez-Avila and M.
Napsuciale. Phys. Rev. D 88 (2013) 096012.

e
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The (1,0) & (0, 1) representation: TENSOR DARK MATTER

Decomposition of the external product of states:
[(17 0) 52 (0’ 1)] ® [(1’ 0) 52 (07 1)] = (070)2 D (1’ 1)2 S (1’ 0) S (07 1) 52 (2’ 0) S (07 2)

For (1,0) & (0, 1) the basis for operators is given by the following set of 6 x 6 covariant matrices:
I, identity matrix (1) ((0, 0)).

A x, chirality operator (1) ((0, 0)).

SHY | xSHY symmetric traceless tensors (9+9). ((1, 1))

M#¥, HLG generators (6) ((1,0) & (0, 1)).

B CHvB antisymmetric under o <+ 3 or u < v; symmetric under (a, 8) <+ (u, v). Satisfies Bianchi identity
(10) ((2,0) & (0,2)).

FOR MORE DETAILS AND FULL DISCUSSION SEE: M. Napsuciale, S. Rodriguez, R. Ferro-Hernandez and
S. Gémez Phys. Rev. D 93 (2016) 7, 076003.

T
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The (1,0) & (0, 1) representation: TENSOR DARK MATTER

I In a similar way, the rest-frame parity equation is:

PLu(0) = 2 (1 £ My(0) = ¥(0) (10)

I We can perform the boost and obtain
(S*" 89,0y 4+ m?)(x) = 0. (11)
I Multiplying on the left by S#¥9,,8,, — m? gives (8* — m*)w(x) = 0 — tachyonic solutions!
I8 To avoid this we use the correct parity projectors for the general off-shell case: P4 (p) = %(1 + %) and
take the projection over the desired Poincaré orbit:

P o)=L (24 (12)
el =5 (P)),

and performing a boost yields the following equation

B(gﬂ" + S*)8,8, + m2] V(x) =0

T
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Free Lagrangian
[ The free Lagrangian for tensor dark matter (TDM) fields is given by,
L =9, VIt 9,V — m2Uv

where Y+ = 1(gt¥ 4 S#¥) and the field W is a six component "spinor": W(x) = U(p, A)e™iPX;
¥ = wigoo,
I The field can be decomposed into its chiral components

R T %(1 TOv, Vg = %(1 .
I We can decompose the Lagrangian into chiral components but it is not chiral-invariant in the massless limit.
L= %(B#VRS“”&\UR + 0, VLSH 3, VL)
n %(a#\TRa#wL 40P, W) — m(WRW, + VL Wg)

I Chiral gauge interactions are not possible. Vector gauge interactions are permitted.
Full details: M. Napsuciale, S. Rodriguez, R. Ferro-Hernandez and S. Gémez-Avila, Phys. Rev. D93 (2016)
076003 [arXiv:1509.07938].

~ <ar«®»ezrez>» =
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Effective Field Theory

I We consider TDM fields as SM singlets (no SM charges) with their own (dark) gauge group (DG).
[ SM fields assumed as singlets of the Dark Group (no DG charges).
B The leading terms in the effective theory are

'Cint = \Tl(gs]l + lng)WﬁH + gt“_JMuu\UBMV + L‘»selﬁnt(w)-

B In the unitary SM gauge, after SSB we get
1 _
Lint :E\U(gs]l +igpX)¥(v + h)? + grcosOw WM, WFH

_gtSiHOWWM;,LU‘UZMV + Eselﬁnt(\u)
Further detail: H. Hernandez-Arellano, M. Napsuciale and S. Rodriguez, Phys. Rev. D98 (2018) 015001 [arXiv:1801.09853].

T
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TDM interactions with SM

int

1— — _
LM = ZY (g + igpx)V(v + h)? + grcosOyw WM, WFHY — gisinfyw WM, WZHY
2 P © ©

= i(gs +igpX)V

= i(gs + igpx)

D P D
h,”
. “h

- bt -

D N D
D D

k, k, p .
4 = th cos 6'WM‘“’k,, 2 = 72gt sin HWM/“’k,,

D D

26
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Dark matter relic density
B The measured dark matter relic density is
QPh? = 0.1193 + 0.0009
B The evolution of the dark matter comoving number density np (T) is given by the Boltzmann equation

dY(x) _M (ovr)(x) B N
o) M 2 - 2 o)

where M stands for the dark matter mass and

M2,/87Gng* (M)

_M _ oo _
x=, Y=g, HOM)= m
[ Dark matter relic density is related to Y (xo) by

pp(x0) _ Mnp(xo) _ MY(x0)T3
Pc Pc Pc

e

Qp =
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Annihilation of TDM into SM particles

28
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TDM relic density for M < My /2

I DD — 41.
0 DD — ff, for my < M < Mp/2.

(ovi) = (oVi)yy + Z(avr)f; =a+6b/x

f
with
oo 29C}‘\1Ngél N Z Nfggm?(M2 - m?)e'/2
187 M2 Fo12eM3(ME — aMm?)2
365C%, af > Ngy/M2 — m? [96M4gt2M%s%V((A? - 2B)m? + 2M?(A? + B})) . 1924 M2 Cyy Qe My My S, (m? + 2M?)
2167 M2 8647 M5 v2(MZ - 4M2)? v2(MZ - 4M?)

N 9603, QFe2 M3y 83y (mF + 2M?)  eMZmF(8sZ(aM? — MP)(M? — mf) + g (—smP(M? — M) — LIMPME + 20M*))
v2 (MF — am2)3

m%g§(4M2 - Sm%)}
(M3 — aM2)2

3 3 )
Ap = 2T(f ) _ 4Qss%;,  Be = 72T§ )| Gy =cosOy,  Sw = sinw-

e
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Dark matter relic density

We need to evaluate Y(xo = M/Ty), where T = 2.7255(6) K = 2.34865(52) x 10~13 GeV is the
temperature of the cosmic background at the present.

For x > x¢, we have that Y(x) >> Yeq(x) and we can find an approximate solution by neglecting Yeq(x) in the
right hand side of the Boltzmann equation:

1 UVr
Y(xo) xf) y e / o 14

We can neglect the term Y (x;) ! to obtain the relic density

—1
312 3 X4
Qparh? = 2Tgh® 873Gy 0 (ovy) dx (15)
Pec 90 xe  V/8x(x)x2

e
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Dark matter relic density: Complete Calculation

In the presence of resonances, the expansion can fail (K. Griest and D. Seckel, Phys. Rev. D43 (1991) 3191).

We also add SM one-loop level transitions:

D v, 2°

Left = H[GyyFH*Frp + Gz, F* 2], (16)

where G-, Gz, are the corresponding form factors, which after being normalized can be written as
87y

— 8yy
Gy = My G20 = My

31
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Dark matter relic density: Complete Calculation

107 \\\\\:\\\\\ 8
Se~s ~::\_\_‘\ _________________ M=62.545 GeV
TSl M=62.55 GeV__
107- M=62.53 GeV -
]
T o ]
w0 N =) M=50 GeV
107 1I 1600 10°

x=MIT

Figura: Thermal average cross-section (solid) and comparison with the non-relativistic expansion (dashed), for different values
of the TDM mass.

32
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Dark matter relic density: Complete Calculation

9gs

Relic Density —=- Relic Density (Expansion)

10724
5x107%

10734
5x1074

50

M (GeV)

Figura: Values of the coupling g« and TDM mass M consistent with the measured relic density near the Higgs resonance.

33
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Direct detection of Dark Matter

D D D\/D

H

- - - //.\ -

The rate of interactions of a DM particle of mass M with a nucleus of mass M in the detector is given by

dR Vese d
R _ / WIE(v) 97 (1, )3,
dT — MM, aT

Vmin

where viin (T) is the minimal velocity of the incoming DM particle to produce a nuclear recoil energy T, and
vesc = 557 km/s is the escape velocity in our galaxy.

34
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Nucleus-DM interactions: three layers of effective theory

The calculation occurs in three stages:

DM-Quarks — DM-Nucleons — DM-Nucleus

M = MoF(q?), (17)

where M is the invariant amplitude calculated with the effective theory at the nuclear level and F(q?) is the
nucleus form factor.
The differential cross section using this terminology yields

_ |Mo(s, t,u)|?

= F2(T). 18
32Mp M2v?2 (™) (18)

do
—(T
Z(r)

e
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Nucleus-DM cross-section

Scattering takes place at low momentum transfer (low T in the LAB frame) and the XENON1T experiment, the
detector is sensitive to T € [3, 50] KeV. So we can write the actual differential cross section to leading order in
T (in the dynamics) as
do
dT

(T,) (0s1F%(T) + o5 F3p (1)), (19)

- 2p% v2
where yupa = MaAM/(M + My ) is the DM-nucleus reduced mass.

In our case, we find that the Spin-Independent contributions are dominant. The corresponding cross-section is
A

_ 2 . 2
= WM/H (Tmin, v©)-

Os1

Assuming isospin conserving interactions, XENON1T report results in terms of the following observable
2
p
= ——5 0,
A2y,2A

0'p SI-

We calculate osr and normalize with the same factors to calculate XENON1T observable.

T
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Nucleus-DM cross-section: Expansion

|M|2(T,v?) = ag + (kr)r—o + co> v2 4+ O(T,v%).

4g2etn, uMA  28Dn 168<8DN , vEDN HM3
— A AY 2 2 S AY A A
ap = m%[ + 3M?2 (M 2MMa + SMA) + 3Mm2H ’
4g]23NA'yMA
bo= g
o 16AAZDN 5 ~8DN , zM3 n 88s8DN 4 +8DN, HMA _ Qg%NA—yMA (M — 4My)
0~ 3MZ 3MmZ 3M?2 A
where
8DNAH = —VBHNpNj>
DN,y = 2Zegt cosbw,
Myzgt sin Ow
EDNAZ = - v

e
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Nucleus-DM cross-section vs XENON1T data

B8 The observable o, reported by XENON is given by

1 bo

ag + V2 + O(Tminav4)

7P T6mAL(M + M,)2 Toin

M (GeV) M (GeV)

Figura: Observable o, as a function of the dark matter mass for the Higgs (g: = 0, left panel) and spin (gs = 0, right panel)
portals, compared with the XENON1T upper bounds. We consider A = 129, Z = 54 and Tyin = 3 KeV.

38
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Direct Detection: Final Results

9s

1.
5x107"

10—1.
5x1072

10-2.
5x1072

10734

5x1074 t t }
50 55 60  Myl2 65 70

M (GeV)

Figura: Full consistency for relic density and direct detection limits from XENON1T is obtained for M € [60.056, 62.554] GeV.




Constraints from Cosmic Rays to Tensor Dark Matter | Gamma-Ray
Excess from the Galactic Center Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

Gamma-Ray Excess in our Galactic Center

An excess in the gamma-ray flux from our Galactic Center has been claimed by several groups, centered
around 3 GeV.

GC excess, all cases
:

T
— Ajello et al (2016) (fitintensity) ¢ ¢ Gordon & Macias (2013)
— Ajello et al (2016) (fit index) ¢ ¢ Caloreetal (2015)

1070 4 4 Sample ]

107! 10° 10! 10° 10°
E (GeV)

FermilAT analysis: M. Ackermann et al., Astrophys. J. 840, 43 (2017).
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Gamma-ray Differential Intensity

The GRE can be explained by some little known astrophysical sources, but dark matter annihilation with
photons in the final state remains as an attractive possibility. Morphology of the emission consistent with this
hipotesis.

I DD — X, with X = H, 20
I DD — ~y
8 DD — Ry — ffy, with R = v, H, 2%, QQ[*511L;]
D(p1) =—=—r AN (ke

'3

f(ps)
B R
D(p2)=—> """<
f(ps)

The gamma-ray differential flux from annihilation of (not-self-conjugated) dark matter is

do 1 B; d{o
— = dldQ 20
dw Z 4 47M?2 dw /AQ -/lo s ) (20
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GRE from DM annihilation into fermions

== {0V
= (ov)s
e {oV)es
— (Vs
= {0V )ihermal

1072

Several mechanisms have been proposed to explain
the GRE.

B Delayed emission of secondary photons from
Bremsstrahlung or Inverse Compton Scattering
(ICS) of electrons from DM annihilation.

T. Lacroix, C. Boehm, and J. Silk, Phys. Rev. D90,
043508 (2014)..

I GRE can be explained through DD — Tf, for
M € [5,174] GeV,
Wlth <0—Vr> ~ 10*26cm3/seg = <O—Vr>thermal' 620 622 '."524 626 628 63.0
F. Calore, I. Cholis, C. McCabe, and C. Weniger, ' ' wew ' '
Phys. Rev. D91, 063003 (2015).

Figura: Cross-section of TDM annihilation into fermions for
gs =2 x 1073,

M ~ My /2
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GRE contributions from TDM

«— Initial state radiation.

«— Final state radiation.

<— Internal radiation.
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GRE contributions from TDM

D ===\ T D

N S O st i

D_)_Wiv Js /b +— Initial state radiation.
Seaverily constrained /

«— Final state radiation.

<— Internal radiation.

r€ontribution
of spectrum




Constraints from Cosmic Rays to Tensor Dark Matter | Gamma-Ray
Excess from the Galactic Center Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

Contributions to Prompt Photon Flux

Prompt photon production in FSR:
[ Direct emission

I Decay products (leptons)
B Particle jets from hadronization of quarks

The last two modify our results for all fermions except for e and p, which do not have hadronic decays and are
only affected by suppressed higher order EW radiative corrections.

We employ the packages of DarkSusy and PPC4DMID to calculate these fluxes, including radiative corrections.
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Comparison of the direct photon emission versus the spectrum from PPC4DMID for M=62.5 GeV.
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Prompt Photon Flux from TDM

The prompt photon flux contributions for gs = 10~3 and M=62.49 GeV. We use the gNFW profile with v = 1.25,
within a ROl with |1 < 10° and 2° < |b| < 10°, which yields a J-factor Jo = 7.12 x 10° GeV*/cm? seg.

—Ivn
5
> 10"
3
2 N
3
LE \
oy \
‘D-“ s @7@% s TTTY e ©F  w=e== Internal Radiati
HH* ——~ qF  —=- bb "“
[X] 05 1 5 10 50
w(GeV)

Figura: Differential flux for prompt photons and the internal radiation contribution.
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Delayed emission: Inverse Compton Scattering (ICS)

Delayed photon emission by ICS can be produced in at least three instances:

B Propagation of electrons produced in DD — ete™.
[ Propagation of electrons produced in decays of leptons or hadronization of quarks from DD — ff.

B Propagation of muons produced in DD — pt .

These contributions were calculated with the NFW density profile since the PPC4DMID tabulated spectrum is
designed for a number of profiles that don’t include the gNFW. However, the contributions are not sensitive to

the choice of density profile, so the results are compatible.
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Delayed emission: Inverse Compton Scattering (ICS)

Delayed photon emission by ICS can be produced in at least three instances:

[ Propagation of electrons produced in DD — ete~. — Negligible due to small couplings.

[ Propagation of electrons produced in decays of leptons or hadronization of quarks from DD — ff.

B Propagation of muons produced in DD — utu—. — Three orders of magnitude below thermal cross
section for this mass window.

These contributions were calculated with the NFW density profile since the PPC4DMID tabulated spectrum is
designed for a number of profiles that don’t include the gNFW. However, the contributions are not sensitive to

the choice of density profile, so the results are compatible.
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ICS Flux from TDM

10°®

107"

(GeV cm2 s7)

,d®,
dw

w

10—14

0.1

w(GeV)

Contributions to the differential photon flux from ICS.
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GRE Contributions: Final Results

Considering the uncertainty band for the GRE obtained by FermiLAT, the values of gs € [0.98,1.01] x 10~3 and
M € [62.470, 62.505] GeV are consistent with the excess data.

GRE contributions for M=62.49 GeV

1 10 100 1000
w (GeV)

Differential flux including all the contributions, for M=62.49 GeV and gs = 9.81 x 104,
JHEP 08, 106 (2020), doi:10.1007/JHEP08(2020)106 [arXiv:1911.01604 [hep-phl]].
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Other constraints: bb limits

Indirect detection: Obtained from a combined analysis of the energy flux from 45 dwarf spheroidal galaxies

5x1072%
FermiLAT-DES (2017) bb limit, 95% Containment
- FermiLAT-DES (2017) bb limit, Median Expected
— Xov), ; for SODM
107%
~ 5x107%
I'l‘
E
A
-
=
G
5410727

10

27
6247 62475 6248 62485 6249 62495 625 62505
M (GeV)

DES, Fermi-LAT collaboration, Astrophys. J. 809 L4 (2015). arXiv: 1503.02632.
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Other constraints: bb limits

Indirect detection: Obtained from a combined analysis of the energy flux from 45 dwarf spheroidal galaxies

(dSph). — Only 19 targets have a J-factor derived from experimental data on stellar dynamics (Astrophys. J.
801 (2015) 74. arXiv: 1408.0002.)

5x107%8
FermiLAT-DES (2017) bb limit, 95% Containment
- FermiLAT-DES (2017) bb limit, Median Expected
— o), ; for SODM
10°25
~ 5x10°%
'
E
L
@
=
G
5x107%

27
16247 62475 6248 62485 6249 62495 625 62505
M (GeV)
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Other constraints: Indirect detection in dSph galaxies

Bin-by-bin upper bound for the photon flux for the 19 targets, using the likelihood function data from Astrophys. J. 834 (2017) 110. arXiv: 1611.03184.
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The AMS-02 data: Cosmic Ray Antiproton spectrum excess

There has been a number of reports of an excess of 10-20 GeV antiprotons observed at Earth. Studies seem to
find that there is a consistency with DM annihilation when taking compatible values of M and (ov).

PRL118, 191101 (2027)

P AMS-02 e o

RL 118,'191102 (2017)’

T 0" 03 i [ T T T Ty R A T A
Ey (GeV RIGV) RIGV)
s o ot 1 R
j/"’wmd’ | "/—-««.mo‘ | //M.nt"
1 I,", v
,l’, ’l"
H M
/
/
. N S 5 % C 5 % %
£ | ]||{ | o 1“ | I ||‘
£ 4 S——— | SS—— | S————
I ) __|PR. D 99, 103026 (2019) ‘
o 5 % % o8 3 % E— O C w0
En Govn) £ GV i tcovi)
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I CR produced through hadronic interactions of high-energy protons and nuclei with interstellar gas

[ Injection and propagation of CR through the Galaxy modeled by solving the transport equation.

B0 There is also convection and diffusive reacceleration in the interstellar medium (ISM).
I CRs enter the Solar System and experience heliospheric forces — Solar Modulation.

\ r =51 :
N é@‘z \) !
““ W/ Interstellar
. q>larlSystem medium
My (ISm)
N }% L’
L
> /-1
Scee L)
/

Figura: HMF diagram from Owens & Forsyth (2013).
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Modeling the production of antiprotons using GALPROP

To model injection and propagation of CRs, we use the tool GALPROP, which takes care of solving the
transport equation to yield the local flux of primary and secondary cosmic ray species.

We adopt the models in Table | of Phys. Rev. D 99 103026 (Cholis et. al., 2019). We also find a combination
of these parameters that best fit the new 2021 AMS-02 data, to get our Best-Fit configuration.

Parameter Mod | Mod Il Mod llI Best Fit
) 0.40 0.50 0.40 0.40
zr, (kpc) 5.6 6.0 3.0 6
DM Core Radius (kpc) 0.0 20.0 0.0 20.0
DM local mass density (GeVem —3) 0.0 0.30 0.0 0.30
Dg (cm?s~T) 4.85 x 1028 | 3.10 x 10%® | 2.67 x 1028 | 4.85 x 1078
va (km/s) 24.0 23.0 22.0 24.0
dve/d|z| (km/s/kpc) 1.0 9.0 3.0 1.0
ai 1.88 1.88 1.87 1.87
Qs 2.38 2.45 2.41 2.38

Cuadro: Parameter configurations for the modeling of cosmic-ray propagation and injection in GALPROP.
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Production of antiprotons from Cosmic Rays

The cross section of the antiproton production is subject to uncertainties regarding its main sources:

B Inelastic collisions of high-energy nuclei. Studies focus on proton-proton collisions, and is well parametrized
in different forms.

I Decay of antineutrons in the interstellar medium (ISM).

B Production from helium and other nuclei (~ 40 % of the flux).

The 30 uncertainty on o,,_,x45 was studied in Phys. Rev. D 90, 085017 (2014).
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Accounting for the uncertainties in the antiproton production

We employ the energy-dependent scaling factor used in Phys. Rev. D 95, 123007 (2017), to renormalize the

flux:
ISM ER ERM 2
N Eq» =a+bl n 1 1n 21
cs(Byin ) =a n( GeV)+C[n( Gov )] (21)

The parameters a, b, c are bound so that the scaling factor resides within the uncertainty limit shown previously.

Applying solar modulation:
The differential flux at Earth, dN® /dEy;,, in terms of the kinetic energy of the particle in the ISM, kisy; is
dN® (kism — |Z]e®(R) + m)? —m?  dN'SM

(kism) = R X
dExin (kism +m)2 —m dkism

where dN'SM /dkq), is the differential flux prior to the effects of solar modulation, Eyiy,, |Z|e and m are the
kinetic energy, charge and mass of the cosmic ray, and ¢ is the modulation potential.

(krsm), (22)
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Modulation Potential

We employ the following modulation potential

ot ) =60 (Pt) ¢ -aao (Pt (L URR ) (a))e

B g is the velocity.

0 Ris the rigidity R = 1/kism (kism + 2mp), and Ro = 0.5 GV.

W By is the strength of the heliospheric magnetic field (HMF) at Earth, which has a polarity A(t).
I H is the heaviside function and « is tilt angle of the heliospheric current sheet.

B N’(q) # 1 when the HMF does not have a well-defined polarity.

Parameters according to the AMS-02 measurements (Phys. Rev. D 95, 123007 (2017).

e



e ——
Constraints from Cosmic Rays to Tensor Dark Matter | Cosmic-Ray
Antiproton Excess Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

Fitting the antiproton-to-proton ratio

To find the differential flux in terms of the kinetic energy measured on Earth (Ey;,), we obtain the corresponding
energy to a given value of kg by solving

Ekin = kism — |Z[e®(R) (24)

There is an additional parameter to adjust for the normalization of the ISM gas density, gn, that is
energy-independent. The flux ratio is defined as follows.

an®
5 dEkin

R‘]S/p = ¢7p = gn X 7ng9 (25)
dEkin

Thus, we have six (seven) parameters to fit to the p/p ratio presented by the AMS-02 collaboration:
{¢0,¢1,a,b,c,gn}.
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Best Fit to the Proton and Antiproton Fluxes (without DM)

Mod | without TDM

Best-Fit without TDM

104

0.000 £ 0.26
92 +0.160

1413 +0.041

0 061 40 00

P/P ratio

P/P ratio

1075 4

me Antiproton-Proton Ratio Fit (95% confidence) e Anti Proton Ratio Fit (95%
# AMS-02 Antiproton-Proton Ratio Data # AMS-02 Antiproton-Proton Ratio Data
10° 10! 102 100 10! 102
Exin (GeV)

Eiin (GeV)

Figura: Best fit to the AMS-02 antiproton-to-proton for the Mod | and our Best-Fit configurations.
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Antiproton-Proton Ratio Residual

P/ p Residual Ratio for Mod | without TDM

Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

P/ p Residual Ratio for Mod Il without TDM
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Figura: Antiproton-to-proton ratio residual from the AMS-02 data without TDM for the four parameter configurations.
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Antiproton flux from DM annihilation (prior Solar Modulation)

We use the PPC4DMID code (J. Cosmol. Astropart. Phys. 03 (2011) 051).
It obtains the flux produced from hadronization and propagation of DM annihilation products using Monte Carlo
simulations, and it includes electroweak corrections.

M=62.488, g,=1.001x107>

10711

500

We do not need to include p production from DM annihilation, since the contribution to the overall p flux is
negligible to the p/p ratio. Only the p production is large enough to be relevant.
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Best Fit including TDM

P/p Residual Ratio for BestFit+ TDM with M=62.4822 GeV

P/p Residual Ratio for ModI+TDM with M=62.484 GeV
6 6 . - - . . .
2, | 2
- x°/d.o.f.=0.54 e x%d.
af X al X
2} 2t
0 o}

|
N

'
&

| —— TDM full contribution
-6l "

Residual p/p ratio (x107%)
Residual p/p ratio (x107°)

| | — TDM full contribution
0.5 5 50 500 0.5 5 50 500
Ein (GeV) Eyin (GeV)

Figura: Antiproton-to-proton ratio pure residual (annihilation contributions not included) from the AMS-02 data for Mod | and our
Best-Fit configurations.
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Cosmic-Ray Antiproton Excess: Final Results

The fit improves for almost all values of M € [62.470, 62.505] GeV in all configurations.

Mod | Mod 1t
0.7 =
—— Fit with TDM a)
,,,,, Fit without TDM

x*1d.o.f.

0.6,
0.5 0.55
62.475  62.485  62.495  62.505 62.475  62.485  62.495  62.505
M (Gev)
Mod 11l Best Fit Configuration
0.7,

S s
° © 0.6

x 0.8 Y
\_/ -

0.75
07 05
62.475 62485  62.495 62505 62.475  62.485  62.495 62505
M (GeV) M (Gev)
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Antiproton-To-Proton Ratio Fit with TDM

Best-Fit + TDM with M=62.482 GeV Mod | + TDM with M=62.484 GeV
1074 10-¢
$0=0.320+0.010 $0=0.320 +£0.051
¢1=0.187:013
.638+0.102
317 £0.044
g €=0.057 0.0 g +0.008
[ 9,=0.802£0.374 © gn=0.802 + 0.292
Y Mipw = 62.4822 GeV Q. Mipw = 62.4822 GeV
- X¥INdor=0.550 a X2Ingor=0.56
10°° 105

s Antiproton-Proton Ratio Fit (95% confidence)
4 AMS.02 Antiproton-Proton Ratio Data (2022)

s Antiproton-Proton Ratio Fit (95% confidence)
4 AMS.02 Antiproton-Proton Ratio Data (2022)

10° 10! 102 10° 10! 102
Eyin (GeV) Ein (GeV)

Figura: Antiproton-to-proton ratio fits to the AMS-02 data including the best-fit contributions from TDM annihilation into fermion
pairs, for the Mod | and our Best-Fit parameter configurations. The shadowed region corresponds to the 95 % confidence-level.
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AMS-02 Antiproton excess?

I Low energy antiproton cosmic ray spectra affected significantly by uncertainties (production cross-section,
propagation, solar modulation, correlations...).

I8 Comprehensive analyses conclude that data is consistent with purely secondary origins, with a global
significance of the excess ~ 2. (See: Phys.Rev.Res. 2 (2020) 023022, Phys.Rev.Res. 2 (2020) 4, 043017)

I8 More data, better management of uncertainties might reduce this significance even further.

Model errors and the uncertainties mentioned need to be carefully assessed to reach a conclusion!

However, if handled properly, fits with DM contributions to the antiproton-to-proton ratio can be used to generate
bounds on the dark matter model.
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Figura: Upper limit on (ov);, derived from the AMS-02 Antiproton-to-Proton ratio study done by Calore et. al. (SciPost Phys.
12 (2022) 5, 163).
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Conclusions

B We proposed an unconventional (1,0) @ (0, 1) space-time structure for dark matter: Tensor dark matter.
[ The singlet-singlet principle for the effective field theory of SM fields interacting with TDM at leading order
yields:

EI A spin portal: coupling of ~, Z° to higher multipoles of DM.
A Higgs portal: g (scalar interactions) and g, (pseudoscalar, parity violating interaction).

I Consistency of invisible widths of Z°, HO and DM relic density constrain M > 43 GeV.

I We calculated the relic density for tensor dark matter and comparing with the CMB result, we arrived at a
relation between the TDM mass and the coupling constants of the model.

[ XENONT1T yield stronger constraints on the spin portal coupling gr(M = 200GeV) < 10~4, weaker
constraints for gs and no constraints for g,.

8 We showed that the gamma ray excess in the Galactic Center can be explained with TDM annihilation for
values of the scalar coupling to the Higgs of gs € [0.98,1.01] x 10~3 and M € [62.470, 62.505] GeV.

T



Constraints from Cosmic Rays to Tensor Dark Matter | Conclusions Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

Conclusions

For this mass and coupling window, other experimental observations are successfully explained, such as
annihilation into x™ =, 777~ and bb from the measurements of gamma flux of 19 dwarf spheroidal
satellite galaxies.

Such parameters are also consistent with dark matter annihilation into v~ from measurements of
monoenergetic spectral lines from self-annihilations of DM in the central region of the Milky Way halo.

We showed that the inclusion of tensor dark matter annihilating into fermions can improve the fit to the
Cosmic-Ray Antiproton Excess from the AMS-02 data, for the mass window consistent with the
aforementioned indirect detection limits. However, errors and uncertainties need to be properly assessed for
a more robust conclusion.

Two main challenges for future work: 1) assessing theoretical uncertainties in anti-proton production
cross-sections via laboratory measurements and 2) improvement of existing and opening up new
cosmic-ray antinuclei channels to further advances on DM constraints.
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THANK YOU!
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Quantization

Canonical quantization of the theory done in: M. Napsuciale, S. Rodriguez, R. Ferro-Hernandez and S.
Goémez-Avila, Phys. Rev. D93 (2016) 076003 [arXiv:1509.07938].

The particle (antiparticle) solutions U(p, \) (V(p, A)) satisfy,

SHpupy + M2 S(p) + M?
2M?2 T 2M2

D U, NU(p,A) =D V(P A V(p,A) =
A A

Propagator

S(p) — p2? + 2M?
2M2(p2 — M2 + ie)

A(p) =

(26)
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Properties of the operators of the basis in (1,0) @ (0, 1) Representation

{x,s*} =0, x* =1, [x,0] =0, {s*,x}=0
[8#,8%7] = —i(gh*M"? + g"*M"® 4 g"OMH 4+ ghIM¥),
{smv Saﬁ} — %(guagVﬁ 4 gvaguﬁ _ lguvgaﬁ) _ l(cuowﬁ 4 cuﬁva)

’ 3 2 6
crveB 4 graby  opbre — Tr[C’“’aB] =0

Tr (x) = Tr (S) = Tr (M) = Tr (xS) = Tr (C) = 0,

Tr (xM) = Tr (xC) = Tr (MS) = Tr (MxS)
= Tr (MC) = Tr (SxS) = Tr(SC) = Tr (xSC) = 0.

(27)
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The particle (antiparticle) solutions U(p, A) (V(p, \)) satisfy,

SHpupy + M2 S(p) + M?

U ) = =2 e
A

The free lagrangian for spin-one matter fields is given by,

L =0, ¥T* 9,V — m?[Ww

where T = 1(ghV + SHV),

(32)

(33)
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Traces

La ortogonalidad de los operadores indica de manera directa las siguientes relaciones.

Tr(x) = Tr (S) = Tr (M) = Tr (xS) = Tr (C) = 0,
Tr (xM) = Tr (xC) = Tr (MS) = Tr (MxS)
= Tr (MC) = Tr (SxS) = Tr (SC) = Tr (xSC) = 0.

Ademas, debido a que {x, S#*} = 0, se tiene que

Tr(cualquier término acompariado de un ndmero de S impar) = 0.

(34)
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Se tienen las siguientes relaciones de conmutacién,
[MHY, Maﬁ] = _i (g#aMVﬁ _ gvaMuﬁ _ g#ﬁMua + gVﬁM#a)
[MAY, 28] = —§ (guaSVB _ gvaghB 4 gnBgra _ gr/ﬂsua) ,
{MW, saﬁ} =eMTBxS™ | 4 etrTensP
[s*,8%F] = —i (gWM"ﬁ + 8" MHP 4 gvPMHe g“ﬂM"a) ,
4

{SMV7Saﬁ} — g (guaglfﬁ 4 gvaguﬁ _ %g‘“’ga5> _ é (CMOW6 + Cuﬁva) ,

[$4,8% ] = —6iMM*,
{SH7,8% .} = 6",
SHUSY, = 3 (gh — IMM).
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Definimos los siguientes objetos,

Tfllﬂuupo"yls — gll«aSV5P¢775 _ gVOtSMBPU’75 +guﬁsuap0’yé _ gVBSHD‘PU’Y‘S’ (35)
Tguaﬁpo"ﬂs _ gpaM;_Lugﬁwé + go'aM,u,l/pB'y(s + go'BM/_LVpa’wS _i_ngMy,uoa’yé’ (36)
Tgupo’aﬂ'y(s _ 8’\/67—6 (E/,Lun TTpo'a " + Euunano'Tn) (37)

4T (E;wn TTMB 0t EMVTIBTPUTW) ,

Tzﬁwpdﬁ — gpusaﬁawé _ gausaﬁpwé 4 gﬂVSaﬂUM’Y5 _ gwsaﬂpw&. (38)
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Las trazas de algunos productos de operadores se muestran a continuacion.
Tr (MwMaB) — ghaghB _ gnBgra _ yquraB

Ty (Sw S8 = gherghB | gkl gre _ ;guvgaﬁ ATHVOB

Tr (s‘“’ aﬁMpv — _Qi(guanﬁpa + guBGvapa + gvaGqua + gl/BGuapa)
Tr (Xs'yésaﬁMuu - _9 (suuo'ﬁT'yéoc . n EuuaaT'yéﬂ o_)
(SaBMuvspaM'y& _ T(;Buupa'y& + Tgl/aﬁpa'yé + T;Suzpaaﬁ'y(s

T(lxﬁuupa'yé i Tgl/aﬁpa’yé i Tgl/paaﬁ'y& I 2Tzcﬁp,upa'y5‘

)
)
Tr (MMVMQBMPU) _ _Qi(gMaGVBpU _ gvaGMBpU _ gMBGva;w + gVﬁGuaPU)
)
)
)=

(SaBSWMpaMw
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Como ejemplo, el caso més simple de célculo es el proceso H — DD.

1 1
Tr (SM8°9) =T ( [8",8°F] + {8,527} (39)
2 2
1
_4 (guagVB 4 ghBgra _ igtwgaﬁ) _ yrmwad,

De la misma forma, es posible realizar el célculo del proceso Z° — DD, donde se requiere realizar las
siguientes trazas,

Tr (MWM“B) =Tr (%[M“”, M*F] + %{M‘“’: Maﬁ}) (40)

= d(ghog? — ghlg) = aGHel,
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For low mass: Z° — DD and H — DD decays.

D
B The decay width for thes processes are
_ glsin?w (M3 — 4M?)?/2

Fz_pp = 24 M4

2 2 2
MV [ 2(MA — aMZM? 4+ 6M?) + g2 M2 (M2, — 4M2
o |8 (Mp — AMEM® 4 6M7) 4+ g, My (My; — )

Mg pp =
32rM4MZ

(M3 + 2M?)

I The measured invisible widths of Z° and H are
M= = 1441.5MeV. !

rav = 1.1440.04 MeV. 2

Particle Data Group’s Review of Particle Physics.
2Khachatryan et al., CMS Coll.; J. High Energy Phys. 02 (2017) 135.
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Upper limits from invisible widths

Upper limits for g, gs, gp

- \/ (1.4)247M4
gt =

sin260w (M2 — 4M2)3/2(M2 + 2M2)

o < (1.14)327 M4 M
=4

/MZ — AM2[MZ (M2 — 4M2) + 6M4]

(1.14)327M4

8 S| 3m  aaE
v2(M% — 4M2)3/2

T
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Invisible width constraints on the values of g, g; and g,,.

1 T T T T T T
0.100-
0.010¢
3
:2, 0.001¢
S
4 —
107 — g consistent with [(Z-DD)<I'7"
— g5 with g,=0 consistent with [(H->DD)<I’
1075} — gp with gs=0 consistent with (H-DD)<I" -
— gs=gp consistent with I (H-DD)<}"
10 i i i i i
0 10 20 30 40 50 60

M (GeV)
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Ecuacion de Boltzmann

La ecuacién de Boltzmann establece que la tasa de cambio en la abundancia de una particula es la diferencia
entre la tasa de produccion y la tasa de eliminacién de la especie.

df
pri CI[f] (41)

Podemos escribir esta ecuacién en términos de operadores que actian sobre la funcién de distribucién.

9 dR-  dp—
— 4+ —V —V,|f =C[f 42
R TRAT p] [f] (“42)

L = |
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Para la métrica FLRW, el operador de Liouville actuando sobre f(E, t), es,

e, 0] = B 210 - Rl Li(e ) 3)
Utilizando la definicién de la densidad numérica en términos de la funcién de distribucion,
d3p
n(t) = (44)
(2m)3

E integrando la Ec. (42) en el espacio fase, y dividiendo por la energia del sistema, E, luego de un poco de
desarrollo, se obtiene,

3n 3
d(zit ) :g/ Eziz:)S CIf(E, t)] (45)

R—3
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Operador de colisiones

Proceso de aniquilaciéon: 1 +2 +— 3 +4

|

ds
g/ B p)3 Clf(E, t)] = /d|'|1d|'|2d|'|3dl'l4(27r)454(P1 +Py—P3— Py)

X [IMIZ o afafa (14 £3)(1 = £2) — [MI3, 4y ofafa(1 & 1) (1 £ )] (46)

3
Donde el signo () corresponde a si la particula es un bosén o un fermién, respectivamente, y dln; = Tfi@%; .
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Considerese que el cuadrado del elemento de matriz es invariante ante inversién temporal, de forma que

|M|%+2~>3+4 = |M|§+4~>1+2 = |M|2 (47)

En ausencia de condensacion Bose-Einstein, o de degeneracién de Fermi, el término (1 + f;) ~ 1. De esta
forma, tenemos,

3
g dp C[f(E,t)] = — [ dM1dM2dM3dMy(27)46%(P1 + P2 — P3 — Py)
E(2m)3

X |1\/H2 [flfz — f3f4:| (48)
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Asumir equilibrio térmico para las especies 3 y 4 es una buena aproximacién.

f3fy = (el —E3)/Ty(elra— E4)/T)i>(e—(E1+E2)/T)(e(M3+M4)/T)

fifo — f3fy i) e_(

MONORINONO

E1+E2)/T[ n1ns N34 ]

La integral del factor de colisiones es, entonces,

d3p g182
g/ By Gl 0] = —W/dﬂldI‘IQdﬂgdlu(er)

x§4(P1 4 Py — Py — Py)e” (B1+E2)/T )2

(49)

(81)
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Direct detection of Dark Matter

The rate of interactions of a DM particle of mass M with a nucleus of mass M, in the detector is given by

R _ _» / “ WIE) 32 (1, v)adv, (52)
dT ~ MM, Jy,, dT

in

Where vp,in(T) is the minimal velocity of the incoming DM particle to produce a nuclear recoil energy T, and
vesc = 557 km/s is the escape velocity in our galaxy.
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Boltmzann Equation Solutions

We can solve the equation numerically for a limited range x < 103.

10" 10"
9=, =0 g, =0
1 1 19s=9% E
s
10° 4 { 104 1 —
1 3 3 $3e0e E
00 W
105 4 A::::A“W 10 5]
R AV ——
g I I e —
1074 + Y(.M=30Gev, g=10* 0000, 3 10 74+ Y0, M=30GeV, g=10* F
2 Y(x), M=40 GeV, g=10"* & Y(x), M=40 GeV, g =10
] () g : 1 1 (x) eV, g, 1
+ Y(x), M=30 GeV, g=10 . * Y(x), M=30 GeV, g.=10"
p % p
10°9 - Y(x), M=40 GeV, g=10° ] 10° 4 o Y(x), M=40 GeV, g,=10° 1
1+ Y0, M=30Gev, g=10* 1 1 * Y().M=30GeV, g =10" 1
] 7 Y, M=40GeV, g=10* ] % Y0 M=40Gev, g,=10"
10 T 10 T
10° 10’ 10°  10° 10' 10°
x=M/T x=M/T

Figura: Solution of the Boltzman equation for the spin portal (left) and Higgs portal (right). Similar results are obtained in the
later case when varying independently g5 and g;,. The solid line corresponds to Yeq(x).
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Dark matter relic density: Complete Calculation

From measured branching rations, we extract the value of the form factors,
I BR[H — v9] =2.27 x 1073 —  gyy=191x1073
PN BRH - Zy]=153%x10"3 —  gyy =3.30x 1073

These correspond to the form factors for on-shell momentum.
The DD — ~+, Z% process via the scalar Higgs portal produces the following cross-sections:

3 252(6M*% — 4M?2s + 52
(UVr)'y'y — i’Y’Yf v2s?( - - ) . (53)
288TMAM7; (s — 2M2)[(s — ) + Mg rs ]
2,2 2133 4 2 2
g2 g2vi(s—M 6M* — 4M“s + s
7,85V ( 2)°( ) (54)

(ovi)zy = 1447 MAME (s — 2M2)s[(s — M%)2 + M2 2]

e
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DM-Nucleon scattering

D(pl)NA(pz) — D(pg)NA(p4) in the LAB system where p1 = (El7 pl), p2 = (MA, 0), p3 = (E3,p3),
pa = (Ma + T, pa)

do M(s, t,u)|?
27 (0w = HABLOE
TMAPT
The Mandelstam variables in the LAB frame are given by

w
Il

(B1 + Ma)? = p2 = (M + Ma)? + MMav2 + O(vY),
T? — |pal|? = —2MAT,
u = (M—Ma)®+2MAT — MMav> + O(v?").

-+
Il

o o a
L N 2

92



S

Constraints from Cosmic Rays to Tensor Dark Matter | Auxilary slides Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024

For a given incoming momentum p1, the nuclear recoil energy is given by

2M A M?2v? cos? 6 _ 2MaM?2v2 cos? 0

= = o* 59
(E1 +Ma)2 — M2v2 cos? § (M + My)2 +O0). 9)

The minimal velocity viin (T) is obtained when 6 = 0.

(M+Ma  Ma
2M A M? 2p3

Vinin(T) = T, (60)
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Effective theory for nucleus DM interactions

M = MoFsi(q?), (61)
where M is calculated with the effective theory at the nuclear level and Fsy(q?) is the nucleus form factor.

[Mo(s, t, u)|?

) = o R0 = SeT Ry (T), 62)

Expanding for low T,

do
dT

—(T,v) ~ —go( 2)F?(0). (63)

%
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Integrating from 0 t0 Tmax = 2u%vZ/Ma We obtain

go(v?)  2uiv®  uZeo(0)
32rMAM2v2Z My 16mM3 M?

o(v) =

= os1, (64)

We can write the actual differential cross section in Eq. (62) to leading order in T as

do Ma 9

—(T,v) = —2—ogF2(T), 65

(&) 222 78! 51(T) (65)
The most recent data on direct dark matter detection are given by XENON1T, who assume isospin conserving
dark matter-nucleus interactions and report the following observable

2

p
= os1, (66)
A2p2

Ip

e
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In our formalism, the mediators are H, Z° and ~. The latter has a propagator with a pole at ¢ = 0.
We must modify the relations in order to calculate de XENON1T observable properly.
Experiments start detecting nuclear recoil at a given T = Tyn:

(T) = 7)
¢

V72 [g(Tmiru V2) + gl(Tmin7 V2)(T - Tmin)]

X [FZ(Tmin) + (F2)/(Tmin)(T - Tmin)]

3
= ng(Tmin: V2)F§I(Tmin) + O(T - Tmin)~
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2
HA 2
0381 = g(Tmim v ) (68)
16mM3 M2

The average squared amplitude has the following form

g(T,v?) = ag + (%0 + co) v2 4+ O(T,v4). (69)

The observable o}, reported by XENON is then given by

1

oo+ (2 + o) w2+ 0(r] (70)

7P T T6xAL(M + Mp)2
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Effective Lagrangian - Higgs Interaction

Quark
m, _
Lyqq = ——*Haa

Nucleon _
,Cqu = CHNNHNN

C _ _Mg £ 2 )

e RO R R OV
= N (N) _ 2 ymN
= . u%qu 27fTG . = (3),

(71)

(72)

(73)

(74)
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Using
N N
g =1- > £ (75)
u,d,s
We obtain
my Ny 2 Ny | mn
C = —— fr) —=[1-— f — 76
o v udqu 9 uds‘qu v ( )
= (73 +2) = (77
u,d,s v
Effective vertex
gy = i (7> iR 42 BN (78)
u,d,s v
Lunn = —iggnnHinun (79)

e
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Effective Lagrangian - Photon Interaction

Quark
Lyqg = —eQqAudr*q (80)

Nucleon

LyNN = —eQNA L INYHun (81)
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Effective Lagrangian - Z Interaction

Quark "
Lzqq = TZAMGWM (Aq+Bqrs5)a (82)

Nucleon

LzNN =

M _
2VZ ZMinYu (AN + Bns) N (83)
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Where
Ap =2A, + Ag =1 —4sin? by (84)
An=Ay 4244 =1 (85)
and
By = —A0 + a0 + 2, (86)
By = —AP 4 AP L AP (87)
B =-AP + AP 4 AP (88)

[M. Cirelli, E. Del Nobile and P. Panci, JCAP 1310, 019 (2013) [arXiv:1307.5955 [hep-ph]]]
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Nuclear Lagrangian

At the nuclear level, the effective Lagrangian has a similar form
A 7 T MZ o 5
Lg = gHNAN, HNANA — ZeNpAv#Np A, — ;NA’Y (AA +Bav°)NAZ,,
with

SHNANy = ZgHPP + (A - Z)gHmu
AA = ZAP + (A - Z)Anz
Ba = ZBy + (A — Z)By,

where Z stands for the atomic number and A denotes the total number of nucleons inside the nucleus.

(89)
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DM-Nuclei interaction

D(p1)Na(p2) = D(p3)Na(pa)
The corresponding contributions are given by

EDNAH — -
—imMy = i—22T(pg) (gsl +igpx) U(p1) N (Pa) N4 (P2)
tme
DNy — _
—iMy = *fA’YU(PE.)Mag(m*p3)ﬂU(p1)NA(p4)‘v°‘NA(p2)y
EDNAZ — -
—iMz " 1\1/\12 T (p3) Mag (P1 — p3)° U (1) NA (04) 7™ (A4 +Bav5) Na (P2),
- VA
where
8DNpH = —VEZHNpNyz»
EDNpy = 2Zegt cos by,
Myzgt sin Ow
gDNAZ = - v

()]

(92)

(93)

(94)
(95)

(96)
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Finding g(Tyuin, v?)

Expanding the average squared amplitude and keeping the leading terms in v2 and T we get

2.2 2 2 2
4e58DN HMA  28DN 16gs8DN 4 v8DNp HM
A2 A + AT (M2 — oMMy +3M3) + ATPPNATRT A
mﬁ 3M2 3Mm12_1

2 2 2
+(4gDNA'yMA _ 16AASDN, v8DN, ZMA . 8258DN 5 v8DN p HMA
3T 3MZ 3Mm%

(M = any) v

2
ZgDNA'yMA
3M?2

(97)
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T,v?) = bo 2+ o(T, v 98
B(T,v?) = a0+ (28 +co ) v2+O(T,v4), (98)
2,2 2 2 2
1858DN, HMA  28DN 168s8DN 5 vEDN 4 HMA
ag = A + AT (M2 — 2MMy + 3M?\) + AT A . (99)
mi 3M2 3Mm?2
H H
2
dgtn , o MA
by = —— AT — (100)
3
2
16AAEDN 4 vEDN 4 ZMA  BEsEDN 4~ EDN  HM3Z 28DN 4y MA
o = — AYEDNAZTA | AYEDNAHTA AY (M — aMp) . (101)

2 2 2
BMZ 3MmH 3M
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Bounds to DD — pfp—, 77~

® Upper limit for the x channel: (ovr) ,+,— < 8.96 x 10~26cm? /seg for M = 62.5 Gev.

L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper and C. Weniger, Phys. Rev. Lett. 111 171101 (2013). arXiv: 1306.3983
For TDM: Largest value in the GRE-consistent mass region: (ovy) +,— = 8.30 x 10~3%cm3 /seg for

M = 62.505 Gev and gs = 9.81 x 104,

nhp

® Upper limit for the 7~ channel: (ovr) ,+,~ < 1.2 x 1072%cm3 /seg for M 2 62.5 Gev.
DES, Fermi-LAT collaboration, Astrophys. J. 809 L4 (2015). arXiv: 1503.02632

For TDM: Largest value in the GRE-consistent mass region: (ov;)
M 22 62.505 Gev and gs = 9.81 x 10~%.

- =242 x 10~27¢cm3 /seg for
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Other constraints: v+ limits

1077
FermiLAT (2016) yy limit, 95% Contaiment
5x1072 ~- FermiLAT (2016) yy limit, Observed
- :-(av)w for SODM
1072
e
g g p——
’g 5x1072
L—
1072
5%10

-30
62.47  62.475 62.48 62.485 62.49 62.495 62.5 62.505
M (GeV)
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3o uncertainty on o, x5

| |
jwith antineutrons i
Convolution ;
Fiducial !
i

i

i

—-ﬂl“

UL L A B

Source ratio

0.5

=)
>
BN
=)
)
=)
%

T [GeV]

Figura: Estimate of uncertainties in the antiproton source term from inelastic proton-proton scattering. (Phys. Rev. D 90, 085017
(2014)).
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Modelling the antiproton and proton spectrum with GALPROP

GALPROP takes care of solving the transport equation to yield the local flux of the primary and secondary
cosmic ray species, which can be written as:

9Y(T, p, t)

O b t) LT (DS T+ 22
o = QR )Y (DT = V) + D w—gf[w—

- PG V)] - Lo Lo, (102)
p p? Tt Tr

3
0 (¥, p, t) is the cosmic ray density per unit of particle momentum p at position 7.

I Q(¥, p, t) is the source term which includes the source injection spectrum (assumed to be radially
distributed e.g. supernova remnants) and contribution from spallation.

I V is the convection velocity.

[ Last two terms involve momentum loss by fragmentation (with time scale 7¢) and from radioactive decay
(with time scale 7).
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Modelling the antiproton and proton spectrum with GALPROP

Acceleration due to injection in general can be parametrized to the cosmic-ray rigidity R by a power-law
spectrum
dN/dR ~ R™% (103)

where « is called nucleus injection index. Generally, such spectrum can have breaks at rigidity Ry,,., with
a = a1 below this value and o = a2 above it.

The spatial diffusion coefficient is defined by
Dix(R) = 8Do(R/4 GV)°, (104)

where § is the diffusion index and 8 = v/c. The momentum diffusion coefficient, Dy}, is inversely proportional
to Dxx and proportional to the squared Alfvén velocity v A .
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Six-month average values of the parameters of ¢(R,t, q)

PHYSICAL REVIEW D 95, 123007 (2017)

TABLE II.  The values of |B,| and « as averaged over each six-
month interval within the period of AMS-02 observations (May,
2011-May, 2015). We also list the values of N'(g) - H(—qA(1)), as
appearing in Eq. (3), for both protons and antiprotons.

Bl o« N(g>0)  N'(g<0)
Era (nT) (degrees) H(—qA(1)) H(—qA(1))
07-12/11 4.7 60.5 1 0
01-06/12 4.8 67.2 1 0
07-12/12 5.3 70.0 0.67 0.33
01-06/13 5.5 71.0 0.50 0.50
07-12/13 52 70.0 0.33 0.67
01-06/14 5.3 67.0 0 1
07-12/14 5.6 62.0 0 1
01-06/15 6.6 56.6 0 1
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The value of the Fermi constant is extracted from measurements of the muon life-time and its value is related to
the physical weak angle by the SM-inspired relation

iye;

Gr= ———, 105
S Ea (105)
which means the physical weak angle is given in terms of the primary parameters by
2 92 yiye?
EE 106
CwSw V2GeME (106)
Similarly, calculating muon decay in the extended theory we can write
A2 A2 T
EE N — 107
W= Viane (107)
Combining these relations we get
M7co sy, = M2E3,8%. (108)
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Effects beyond the SM

This relation allows us write
M2 2
— W Sw
0= =5
V)

Defining the p§SM parameter which measures the deviation of the SM value as

2

pBSM — Miy
= 2212 A0
;Mg p

where 82 = cos? 6,,(M2) and p = 1.01019 + 0.00009 is the conventional SM rho parameter.

The above value yields po = p5SMp = 1.010573 £ 0.000029 = 1 + § > 1.

(109)

(110)
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The implications of the global fit to EWPD

2 2.2
C. C.
T=po = PoCw
where

We can write the ratios = and o enterely in terms of physical quantities Myy, 6w, My and My,

%
o=o0

2
o _ 00pP0Cw
= 5 - =
PO — Sy Cw

2’
PO — Sw

(111)
M2
og = W

C?,VM%, '
Using these relations, we rewrite s2 in terms of physical quantities My, cw, My,

(112)
2 (1 —2s2, 4+ c2,6)o0d (113)
o (1—o00+8)(cd +6)
The condition s2 > 0 and the result § > 0 from the global fit to EWPD yields oo < po, i.e.

Mgz > Mz. (114)

115
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Dark Gauge Group

Hidden Tensor Dark Matter gauge structure.
Simplest case: an additional dark gauge group G4 = U(1)4.

L= Lsm + Lq + Lint, (115)

where the dark sector is given by

P _ 1
L4 = (D#)szz“VDuzp — M2y + (DHO)* D, d — pl2d*d — Ag(d*d)? — ZV””VW, (116)

With S0 = L (8w + Suv) and Dyt = (9 + iga WV, ).

116
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Kinetic Mixing

The interaction Lagrangian is given by
Lint = — ¥(gs + igpX) VT ¢ + gePMu B — (8 + igpx)p®™ ®
siny

TE“”VW —2kdT g + £¥

si?

where E;‘{ stands for the self-interaction Lagrangian of tensor dark matter.
From here we see an additional term to the kinetic Lagrangian for the gauge fields
1,4 X I SN NN
LK e = —Z(Wa’“’wa + BBy + VAV, + 2sinx VA B )

Normalizing the Lagrangian requires redefinition of the fields by the following GL(2, R) transformation to
recover the canonical form

lgm, = B;w — tan X\_/HV7 \A/';W = sec X\_/;w»

(117)

(118)

(119)

17
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Gauge bosons

The covariant derivative becomes
- Y - Y . -
DH = 0* + igT*W* + igy EBH + i(gq sec X% — gy tan X;)V“. (120)

Here, the field B* is the part of the SM hypercharge field B that mixes with W3+, such that we find the
physical photon field A and a massive boson Z:

B cosfy  —sinfy A
(Wg) - (sin 0w  cosby > (2) (121)

- Y - g o
ETsWs + By B = eQA + 2 (Ts - £2.Q)%, (122)
w

As a result, we get the relation

with e = 8y, = &y &w, and where 8, = sin Gy, & = cos fy,.

118
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Higgs sector

The Higgs sector of the Ggym ® U(1)g gauge theory has the following Lagrangian
Litiges = (D*$) Dpd + (DH)* Dy — V(g, @), (123)
where the Higgs potential is written as
V(g, @) = 20T ¢ + AT )% + 30 d + Aq (@7 )2 + 260* DT @, (124)
The conditions from SSB give the following relations
p? +Av? 4+ k92 =0, i + A2 4+ kv? =0, (125)

where (0]¢T$|0) = v2/2 and (0|®*®|0) = ¥2/2. The Higgs fields in the unitary gauge are

<5=<vgﬁ>, o= TS (126)

2 V2
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Neutral bosons

SSB gives the following gauge boson mass terms

mass

5252
[gauge _ gV V”V*“V”V*
4 I3

1 {‘7252~2 288y tan x g252tan? x

4

Z
3 +

VEZ, + + g2 sec? v2) \72},
42 Wy " ( Basec X

The neutral gauge boson mass terms can be diagonalized by the following rotation
7Z\ _ (cos 0 —sinfc Z
V) = \sinf; cos B¢ 7'

M2 = M%cg + M%sg + 2As¢ce,

M%, = M%s? + M%—,cg — 2As¢ce,
2A

M2 — M2~

in which we have the relations

tan 20, =

(127

(128)

(129)
(130)

(131)

120
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Kinetic mixing: full transformation

After these transformations, we can find the relation between the original gauge fields and the diagonal fields by

B Cw, —8wce —tanxs¢, Sws¢ —tanxce A
WB = §w EWCC —EWSC Z . (1 32)
\Y% 0 sec xs¢ sec xc¢ z

Finally, the covariant derivative in terms of the physical fields is

Dy =0u+1i (T+w++T W) +ieQA,

Y
T3—s Q) —sWtan0<tanX2) +gds<secx%} M

—
o
/‘\A

sw tany Y

—
or 011! nx
K
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Rewriting the parameters in terms of physical masses

B Custodial symmetry protects: Mz, = M &, at tree level.
I Write the parameters of the mixing matrix in terms of 8y, My, Mz and My, .

M2
M2, — ™ MZ= W 134
W= RGre(1 - Atw) 2= 52 (134)

I Atyy, p are related to the radiative corrections.
I Including all bosonic loops, we obtain 5 = 1 + p¢, + pg = 1.01019 & 0.00009.
I The global fit to the EWPD measures effects of new physics

M2
po = 52— = 1.00038 £ 0.00020. (135)
ez Mz p
I We define a new term ,
M=
00 = (136)
CZMZ’p
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The covariant derivative in terms of the physical measured parameters is

D, = 8, + T\TC(TW\# +T™W;,) + QA

a2 a2
R e po — 8§ P00l
4 [ 0 "z PPz

Qq
— ~ T3 — (1 — poé3)Q) + gad¢ sec X —- | Z
8787 c%pg(pofao) ( z ) < 2 s

|: \/(PO — 1) OC% - §%) ( _ (1 _ UOCz)Q) _ gng SeCXQ:| Z/
AT 2

&2ao(po — 00)
where

o polpo — 82 — poooel)

C
7 (po—82)(po — 00)
1
. 1 [(po—1)(po2Z —83)(po(poty — 1)(1 — 00e3) +87)7 2
Scsecx = ,
P08z po — 00
1
1 0 — 82 — pooots —1) (po(1 — 0)e2 — 82 2\ 32
Goseck = — P 7z — P z [ (po ) (po( A)2 7 z) +poS% 7
878z po = 0o a0 potsy,

(137)

(138)

(139)

(140)
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Zff interactions and oblique parameters

The oblique parameters S, T and U can be extracted by comparing the Zff interaction with its effective
Lagrangian read as

T _ e aT 7 3 2 3 5
£ = oo (1 + 7) Sy (TfL ~252Q T} v )fZM,
f

where sy = sin Oy, cwy = cos Oy with 8y being the Weinberg angle and
1 aS
2 2 2 2
sy =sw+ 55— (— - SWCWaT> .
C%V — S%V 4
For HTDM we have the following Zff Lagrangian

[¢]

Loie = 5 RS Eyr [T?L —2(1 - poe2)Q — T?L'y5] £ 7,
f

§z¢7

with

po — 8% — pooocd

DI P
cZ po(po — o0)

R =

(141)

(142)

(143)

(144)
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S and T parameters

Comparing both Lagrangians we can identify

oS = 423 [(1 — po) (e — $3) + 283 (R —~ 1)] (145)
aT =2(R —1). (146)

The parameters S and T are functions of the Z’ mass, but they are also related by the expression

T= L sy 2 % (147)
Taggez” W o’

valid for all values of My, .
The values extracted from the fit to EWPD for the oblique parameters are

S = —0.01 £ 0.10, T =0.03+£0.12, U =0.02+£0.11. (148)
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Figura: Oblique parameters S and T as functions of M. The solid blue lines are the predictions using the central value of po,
while the shadowed band comes from the 1o region for po . The red bands correspond to the 1o region for S and T from the
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Z’ production at hadron colliders

In the case that SM fermions do not carry the U(1)y charges, we have the following Z'ff interactions
Lyt =gz > 0" [T?L —2(1 - 0022)Q — T?Lﬂ 17,
f

where

e [(po—1)(poeZ —87)
872/ = i A ~2 .
2878y, &200(po — 00)

In general, the interacting Lagrangian is written as
Ly =87, " [gv —ga?’] 1,
f

This yields the coupling g’ = g5, and the following vector and axial factors

gV =T{ —2(1 - 00c3)Qr, i =T,

(149)

(150)

(151)

(152)

127



S

Constraints from Cosmic Rays to Tensor Dark Matter | Auxilary slides Haydee Hernandez Arellano (Universidad de Guanajuato) 07 junio 2024
We can calculate the total Z’ decay width into SM fermions
rf _ oMz (po —1)(pot} — 87)
2748282 2o0(po — 00)
VAYA 700\P0 0

1—2(1—00€Z)+§(1—006%)2 : (153)

In a first approximation we will assume that the total width of the Z’ is given by its decays to SM fermions only.

0.100

0.010

100 200 500 1000 2000 5000 10°
Mz(GeV)

Search of Z’ in the LHC assumes that it will be visible — 'z, /My < 1
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Charged lepton pair production

At leading order the cross section can be written as

o = 4185 [cawu(s, M2,) + cawa(s, M2,)] (154)

where wy 4(s, M%,) are related to the parton luminosities and the coefficients ¢, 4 depend on the Z’ couplings
to fermions as

[(8%)” + (24)?] BR(Z' = 1717), (155)

Cq =

g/2
2
g/2
2

()2 + (50)?] BR(Z' = 1117). (156)
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¢y and cq4 for large Z° mass

The branching ratio for the 171~ channel is obtained as

_ 11—4(1 —oocy) +8(1 — g0ci)?

BR(Z —1717) = . 157
( ) 83 —6(1—o0o0c2)+8(1 —ooc?)? (157)
For large Z' mass, the branching ratio reaches a saturation value BR(1717) = 1/8. In this limit the ¢, .q
couplings grow like M2,
1 2 _ 2 -1 M2
e %77 ma  (pocy, — sy) (o ) —1.67x10~6 g’ , (158)
8 365&,0%, PO C%V(J'() MW
2 .2 1 M2
g2 T (oo =sw) (o= 1) _ g 1077 =2 (159)
8 36s2,c2, P0 c2,00 Mz,
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Experimental data on the upper bounds for Z’ production at CMS has been translated into exclusion curves in
the cq — cu plane for given values of My, .

107

6600_GeV.

6200 GeV

1072

cull*rn)

4600 GeV

-3 [
17T 4400 cev

ca(I*I)

Figura: Exclusion curves for the c,,, cq couplings extracted from JHEP 07 (2021) 208 [2103.02708] and the corresponding
predictions for this work.

Mz’ < 5200 GeV is excluded by these bounds in this case.
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Inclusion of TDM field ) with U(1)4 charge Qf =2

We obtain the following decay width
adégsecz)A(M%,
96M4
where agq = g2 /4 is the U(1)4 fine structure constant.

(M2, —4M$p)3/2[1—6($—;)2+24(ﬂ)4], (160)

M7 — $v) =

1tE Tzia o/ Mz- with M, =625 GeV and ga=1.x10"2
EFzeaidd Mz
E Mot/ Mz

0.100
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