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Composition of the Universe.

Our Universe's composition is:
* Dark Energy (68%)
* Dark Matter (27%)

* Baryonic Matter (5%)
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Dark Matter searches.

* Colliders (missing energy signatures)
Collider Search

\/

Direct
electron scatteri ng) Detection

/I[ndl]pect Deh

* Direct Detection (scattering off nuclei/

* Indirect Detection (cosmic rays)
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Dark Matter Direct Detection.

* Experimental bounds direct detection: XENONNT, LZ and PandaX-4T are pushing down the

parameter space of the dark matter.
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Neutrino Floor/Fog.

* Neutrinos hitting direct detection detectors can mimic DM signals. Once the limit is crossed

(neutrino floor) the search for DM is no longer background free.
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Direct Detection Exclusion Bounds.
Let us assume a general U(1) Lagrangian,

_ ~ 1 B
LD Z)Y fy(gl + ghvs) f+ Z 30" (95 + g%vs)x + §m§szLZ’“ + My XX
!

We can obtain the effective interaction with the nucleons, 1011.3300]
1503.01780

_ X (29{?(1 + gg”u)
fo = o5 I

So the ration between proton and neutron interactions is

fn _ 298 + ¥
I 29y '*‘9?/
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Direct Detection Exclusion Bounds.

So in order to compute the exclusion bounds we have to study the event rate of a dark matter

particle interacting with a given detector (Z,A), ~

R:ngﬂh x Ia, " My W0

z
N
where 7. are the natural abundance of the isotope A. N /

The spin independent cross section at zero momentum (A) can be written as,
0 4%, 2
04, = ——|fpZ + fu(Ai— Z)] pa; =ma,my/(ma, +my)
! ™
The experimental limits are presented in terms of the DM-nucleon cross section 0% assuming

fo = fu making 0% = o, .
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Direct Detection Exclusion Bounds.

If we assume different DM couplings to protons and neutrons (isospin violation) then the DM-

nucleon cross section is written as

ot =& Zim”i@ [Z + (Ai — Z}fn/fplg
o > mink, A2

Now the bounds from the experimental results change depending on the amount of isospin
violation. We can quantify the shift in the experimental bounds with the ratio,

Fr=-L = Zim#i}l?
o =Sz T A DR

Victor Martin Lozano 07




Direct Detection Exclusion Bounds.
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Direct Detection Exclusion Bounds.

We can observe how the bounds change

]_(}_37 : T T T T TTTT T T T L
depending on the amount of isospin violation and E — Lf“{i?i?;
also the material of the detector. 10391 R e i
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Neutrino Fog.

If the dark sector is also connected to the leptonic sector of the SM, the neutrino interactions can
also change respect to the standard picture.

Neutrinos coming from the Sun can interact with the nuclei of the direct detection experiments
via Coherent Elastic Neutrino-Nucleus Scatering (CEvNS). The typical cross section for this

process can be written as

do G%4m 2 Erm
S _ SR (@8 (1- Z520) b

mNER<<mQZ
dEr  Arw 2E2 )

where Q%;M =N-—-Z(1- 4sin? .,) and the Helm nucleus form factor is

g(Er) = V2mnER Tn= A3 +0b,

q(ER)ry s ~ 0.9fm a, =1.14fm b, =0
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Neutrino Fog.

If the new physics modifies the neutral currents, then the differential cross section can be written

as y )
doy, _ G do'g
dEr ~ ~V dFEg [1604.01025, 1701.07443]
+ . A
v
k / — Gy =1 V2 Qv gv—g4 | ( 2 )2( Qv )2 (9%)* + (g4)?
T Gr) \QWM/ (2myEg+m3,)’

J N
=" e Qv = Z (29% + g¥) + (A - 2) (247 + g¥)

we can see that if we have Gy < 1 there is a reduction in the neutrino event rate and similarly if
Gy > 1 the event rate of neutrinos will be higher than that of the SM.
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Neutrino Fog.
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Neutrino Fog.

In order to compute the neutrino floor we have to compute the number of neutrino events hitting

the detector. The differential cross section is

d® do¥
dE, dER

dN,_
TN i/ dE, A(ER)
Ef}lin

dER m

and E™ = \/myER/2 is the minimum energy of the incoming neutrinos to produce a nuclear

recoil. The total number of events is then written as

and Ly, s the recoil energy threshold.
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Neutrino Fog.

We can see how the differential event rate

changes for different values of Gy .
As we predicted the differential event rate

is greater for values greater than one and

smaller for values smaller than one.
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N eutrino Fog [1307.5458, 1701.07443, 1809.06385, 2006.05981]
Our approach to compute the neutrino floor is the following. We will compute the exposure
required to have 1 neutrino event produced by CEvNS in the detector of a given nucleus and a

given energy threshold.
1

dNV
fELh dER dEgR

e(Ey,) =

This exposure has to be calculated for every E_ in order to obtain the background-free exclusion

limit, which at 90% C.L. corresponds to 2.3 DM events.
Now we have to compute the number of DM events to match the 2.3 events.

15

Victor Martin Lozano




Neutrino Fog.

The differential number of DM events per recoil energy can be written as

dN,—_nN POMOE o 3 f(v)
— Ep d>v—=
dEJ? = me nu‘n F ( ) /’Umul ’ v

4
with o9 = MA L[fpZ + fulA; — Z)]* . So the number of DM events is

dN,,_n
N. _N:f dER
X Eth dER

In order to compute the neutrino floor we solve the equation of number of events for different

=22 | dE
dEg ~ 1 Jg, dEg

values of Eth from 0.001 keV to 100 keV. f e dRX 923 ANV
R
En

Each E, will generate a curves in the mass-cross section space. To obtain the neutrino floor we

take the lowest cross section for each mass to obtain the limit at the 90%C.L.
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Neutrino Fog.

. 10—

In order to compute the neutrino floor we solve - — SM E

. . —43 L (-4 —

the equation of number of events for different 10 g‘f =20
— Gy =05

values of E from 0.001 keV to 100 keV. 107 Gy = 0.001 3

dRX 2.3 ANV
dE - 22 | dE
[Eth "dER — 1 ), "dEg

Each E, will generate a curves in the mass-

cross section space. To obtain the neutrino
floor we take the lowest cross section for each

mass to obtain the limit at the 90%C.L. L T ST, A —T
my [GeV]
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Results.

We will define the qualitative parameter A that represents the difference in the allowed parameter

space with respect to the standard case (isospin conserving).

Neutrino floor

® Type I (A < 0) Down Unchanged
The parameter space gets reduced. 2| 1a (A = 0)
e Type II (A =0): S| Ma (A > 0)
The parameter space remains the same é
e Type III (A > 0): fgﬂ
£l = I1lc
The parameter space gets larger gg
&
A
5 I11d
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Results.

We will define the qualitative parameter A that represents the difference in the allowed parameter

space with respect to the standard case (isospin conserving).

Neutrino floor

Down Unchanged
fallo  FZ° Gv  gv  gh  gv  my [GeV]

Scenario I | —2.4 0.99  1.23 055 —0.55 —0.5 750 2| Ia (A =0)
Scenario ITA 1.7 0.5 0.52 06 —-0.6 0.6 1000 Qo TS )
Scenario 11B 0.4 2.4 2.38 0.5 0.0 0.04 300 g
Scenario ITIA| 2.0 0.4 0.007 0.6 —0.6 067 550 ; _gﬂ
Scenario I1IB| —0.7  7640.0 123 05 00 0.1 10 £l2 Hle
Scenario IIIC| 0.95 1.06 0.12 0.25 —-0.25 0.3 400 ; 5
Scenario I11ID| —1.0 31.27 015 045 —0.45 04 150 5

5 I11d
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Results. e Type I (A < 0):

Scenario I (A < 0)
fn./fp = —24, gV =1.23

=== Isospin-conserving 3

Isospin-violating

fnlfo  FF° Gy gv  gh  gv  my [GeV]
Scenario T | —2.4 0.99 123 0.55 -0.55 —0.5 750
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e Type Il (A =0):

Scenario Ila (A = 0)

fn./fp: 1.7, gV = 0.52
T el u LR T

Scenario IIb (A = 0)

fn./fp = 041 gV - 238
T el u — T 1 rrrr T

107 107*¢ :
§ === Isospin-conserving § E === [sospin-conserving 1
0% E. Isospin-violating 3 10-% 3 — Isospin-violating
104 < 104k
& : _ & e i_
ERUN: ] Eu
z N 3 z r
L10 % £ L10%¢ 3
© 8 ] © F 3
10-47F 4 10-47E
107 L : 108 L
_49: 1 1 L1 IIIIJ 1 I‘--I--I--IFI-I: 1 | I '} _495 1 1 IIIIII 1 L1 \IIII 1 1 1 |||||E
0 10t 10° 10° 107 10 107 10°
my, [GeV] m, [GeV]
folfo  Fz° Gv gy g4 gv  my [GeV]
Scenario ITA | 1.7 0.5 052 0.6 —0.6 06 1000
Scenario TIB | 0.4 2.4 238 05 00 004 300
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ReSUItS. e Type III (A > 0):

Scenario I1la (A > 0) Scenario I1Ib (A > 0)
ol fr=2.0, Gy = 0.007 fulfp=—-07 Gy =123
T L ' T A '

10 % E 10" F
; === Isospin-conserving ;
10-43 k- —— Isospin-violating 1074 E
‘\\\ \
i -3 10~4 E

=== Isospin-conserving

Isospin-violating ‘_:

TR, ST ST S A AT A Wan

UL I R ALY S AL B RN

10717 3 10747 3
10~ ] 104 F
—40 1 1 1 L \IIIE —495 1 1 1 III\II I.-'-I-T-I.-I-I‘I-.I 1 1 Il IIIIIj
10 108 10 10" 10* 10? 103
my, [GeV] my [GeV]
folfe  EZ° Gv gy gi  gv  my [GeV]
Scenario IIIA‘ 2.0 0.4 0.007 0.6 —06  0.67 550
Scenario I1IB ‘ —0.7  7640.0 1.23 0.5 0.0 0.1 10
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ReSUItS' e Type III (A > 0):

Scenario Illc (A > 0) Scenario I1Id (A > 0)
fn/fp =0.95, gV =0.12 fn./fp = —1.0, Q’V =0.15

107422 T T T T TTTT] T T T T TTTT] T T II\IIIE 10742: T T TTTTT T T T T TTTT] T T I\I\IIE
E ——=- Isospin-conserving F ——=— Isospin-conserving
101 o Isospin-violating = 10~ E. Isospin-violating 3
1015
Ng 10—45;_
1]
1077E - 3
10-
1 —49 L ol I M
01 10* 10 10°
m, [GeV] my, [GeV]
f /f FXe g v v d [G V]
n/Jp z Vv gv ga gv m g €

Scenario IIIC‘ 0.95 1.06 0.12 0.256 —-0.25 0.3 400
Scenario IIID‘ —1.0 31.27 0.15 0.45 —-0.45 04 150

Victor Martin Lozano 23




UV origin of IVDM.

The isospin violating dark matter presents a richer phenomenology that could explain why there is

no hint of DM in the direct detection experiments.

One can argue that IVDM is not “natural”, however the SM is already isospin violating, for

example the Z boson interaction to neutrons and protons,

fn _2VatVu - ~ —99.18

o Va+2V, 1—4sin’Oy

It is fair to ask if there is any UV completion that can manifest IVDM at low energies.

24
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UV origin of IVDM.

In type IIA string theory one can construct sets of interacting D6-branes wrapped on an
orientifolded six-torus. A stack of N overlapping D-branes gives rise to a U(N) gauge factor. With
the correct amount of stacking branes one can get the SM or the dark sector. Closed strings such

as the graviton and RR axion fields couple to the gauge bosons, allowing the mixing between

[hep-th/0105155,1401.5890,1503.0178, ...]

them.

Compact

} é6d space

Minkowski
4d 4

Victor Martin Lozano
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UV origin of IVDM.

In type IIA string theory one can construct sets of interacting D6-branes wrapped on an
orientifolded six-torus. A stack of N overlapping D-branes gives rise to a U(N) gauge factor. With
the correct amount of stacking branes one can get the SM or the dark sector. Closed strings such

as the graviton and RR axion fields couple to the gauge bosons, allowing the mixing between

them.

U(3)axU(2)5xU1)exU(1)p

SU(3)exSU(2)LxU(1)axU(1)sxU(1)cx U(1)p

Stiickelberg mechanism
~

SU(3)xSU(2)L,xU(1)y + three massive vector bosons

Higgs mechanism
o

SU(3).xU(1)q + massive W= Z + three massive vector bosons

26
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UV origin of IVDM.

The charge assignment under these gauge groups is

Y = 2 (Q4 — 3Qc +3Q0)

And we can obtain the couplings to the lightest Z’

A
ur,
Z!

Z!
9t
Z!
by,

Z!
91,

zZ!
\gVL

9% = a(Qa)y +b(Qr), +¢(Qo), +d(@p)y + 3 hi (Q)

Z.i
g

——a+c
=—a—c
=—a+c
= —a—c
=—c+d
=c+d

Charges
Matter field SU(3)xSU(2) Qs Qp Qc Qp Y
qr 2(3,2) 1 1 0 0 1/6
Qr (3,2) 1 -1 0 0 1/6
Ur 3(3,1) -1 0 1 0 -2/3
Dpg 3(3,1) 10 -1 0 1/3
L 3(1,2) 0 -1 0 -1 -1/2
Ep 3(L1) 0o 0 -1 1 1
Ng 3(L,1) 0o 0 1 1 0
i=1 =
=b+c gt = —2a—b+c
=b—c, g&3=—2a—b—c
= _—b+c¢ g£4=—2(l—|—b—|—c
~b—c, g'=-2a+b—c
~b—c, gi=b—c+2d
=—btec, g'l=btc+2d,
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UV origin of IVDM.

With the couplings of the Z' to the SM particles one can then compute the effective interactions
to neutrons and protons

fo gy +29Y fuo _ 3b/c—1

e - = > —
Jp 20y, ‘|‘9';tv fo 3b/c+1

Here in general we will have f £ fp so IVDM appears naturally in intersection D6-branes.

28
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UV origin of IVDM.

With the couplings of the Z' to the SM particles one can then compute the effective interactions

to neutrons and protons

fa g +2gy fo 3bjc—1

fo 29Y +9g) fp 3bje+1

Here in general we will have f £ fp so IVDM appears naturally in intersection D6-branes.

However, if we have IVDM and affects to its detectability in direct detection experiments, how

can we detect it?

Victor Martin Lozano 29




I
UV origin of IVDM.

We can make use of the LHC in order to detect the Z' and the dark matter!!!

Let us assume the three scenarios: a) Xenon-phobic b) leptophilic and c) leptophobic

Mediator a b c d  gyL 9xr
Xe-phobic vector 0.07 0.00058 0.01 0.006 1 1
Xe-phobic axial-vector 0.07 0.00058 0.01 0.006 1 -1
Leptophilic vector -0.05  -0.005  0.005 0.06 1 1
Leptophilic axial-vector  -0.05  -0.005  0.005 0.06 1 -1
Leptophobic vector -0.25 -0.1 -0.1 0.1 1 1
Leptophobic axial-vector -0.25 -0.1 -0.1 0.1 1 -1

[2005.05194,2109.13194]
In order to test the IVDM Z' boson we make use of the public tool Z'-explorer that confronts Z’

models against the latest searches in ATLAS and CMS in the dijet, bb, tt, ee, uu, 77, WW and Zh
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UV origin of IVDM.

Xe-phobic vector mediator

IPreIiminaIy]

[

b

-1
I

my [TeV]

0.75 1 jj excluded

bb excluded
0.501 1 eTe™ excluded
0.95 | C pp excluded

1y excluded

1 2 3
M el [TC‘VI]

(a)
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Xe-phobic axial-vector mediator

2.00
IPreIimina yl
7
1.50 1
1.25 1
1.00
0.75 1 [ jj excluded
bb excluded
Hiathy [ eTe™ excluded
0.95 . [ p™p excluded
: 1 xY excluded

1 2 3 1
My [TeV]

(b)
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UV origin of IVDM.

Leptophilic vector mediator

jj excluded
bb excluded

e e excluded

7777 excluded

Y excluded

—
1]
)
C p™p excluded
—
—
2 3

My [TeV]

(a)
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2.00 1

Leptophilic axial-vector mediator

77 excluded
bh excluded
e e excluded

+

7717 excluded

YY excluded

&
— |
1
3 ptp excluded
—3
—
2 3

My [TeV]

(b)




I
UV origin of IVDM.

Leptophobic vector mediator

2.00

1.75

[Prelin

ninary|

[ jj excluded

bb excluded
[ # excluded
[ xY excluded
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2 3
M bl [T(‘\fr]

(a)

Leptophobic axial-vector mediator

[Prelir

hinary]

[ jj excluded
bb excluded

[ # excluded

[ xY excluded

2 3
My [TeV]

(b)
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Conclusions.

Isospin Violating Dark Matter is a natural and general assumption when dealing with DM
sectors, specially U(1).

The difference between the interaction to neutrons and protons can change both the DM and
neutrino interactions with nuclei.

This allow the parameter space of the dark matter, in some cases, to expand with respect to the
standard scenario. It also can explain the lack of DM events in direct detection experiments.
IVDM can arise naturally. It could also be understood as a phenomenological aspect of type lla
string theory with D6-branes.

In the construction of the SM with D6-branes several Z' appears with couplings to the SM that
generally break isospin.

LHC searches can help as a complementary approach to look for Dark Matter.
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