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Nuestra motivación principal: entender origen de la materia y su sabor
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Problema'de'la'jerarquía'?'
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CRUCIAL: ¡Entender vacío de la teoría!
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CKM�PMNS �
VCKM = �

  Puzle'del'sabor'

Por'qué'3'réplicas?Por'qué'ν'tan'ligeros'?'Qué'determina'estos'parámetros'?'''
Diferencias'entre'CKM'y'PMNS?'

Puzzle del sabor


Energía del vacío

¿Constante cosmológica o energía oscura?


Problema de la jerarquía: 

Física del Higgs

Origen Materia:

Bariogénesis/Leptogénesis


 

¿Materia oscura?


Origen estructuras: Inflación



Estrategias: maximizar sinergias!
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Estrategias: ¡maximizar sinergias!
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Estrategias: ¡maximizar sinergias!

𝜈’s materia oscura caliente
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¿QUÉ HACE             ?
Cosmología: Energía & Materia oscura e Inflación
Energía oscura: expansión acelerada del universo (SNIa, CMB, LSS). 


¿ Desviaciones de Relatividad General?

¿Si es una constante cosmológica, como se explica el enorme “fine-tuning”?


Cualquiera de ellas requiere NUEVA FÍSICA

Materia oscura: (Curvas rotación galaxias, LSS, Galaxy Clusters, CMB). 

¿WIMPS, SUSY, axiones, neutrinos, sterile neutrinos, dimensiones extra (LKPs, ….?)


Cualquiera de ellas también requiere NUEVA FÍSICA

Inflación: (Universo plano, Generación de perturbaciones primordiales). 

Slow-roll: nuevo campo escalar. 


“Axion-monodromy”, “multi-field”, “non standard gravity”, “non-canonical kinetic terms”

NUEVA FÍSICA3

http://som.ific.uv.e



¿QUÉ HACE             ?
Situación actual y  

logros científicos más relevantes:

SOCIEDAD

La masa de los neutrinos no excede de

0,26 electronvoltios, dos millones de

veces inferior a la masa del electrón,

según un grupo de investigadores del

Consejo Superior de Investigaciones

Científicas (CSIC). El equipo sostiene

que la suma de las masas de los tres

tipos de neutrinos que existen

(electrónicos, muónicos y tauónicos)

no representa más del 6 por mil del

total de la masa‐energía del cosmos,

según informó el organismo español.

El análisis se basa en datos obtenidos de una selección de 900.000 galaxias

luminosas, utilizadas para estudiar la distribución espacial de galaxias, y los

resultados se presentan en la reunión anual de la Sociedad Astronómica

Americana, que se celebra hasta el 12 de enero en Austin (Texas).

“Determinar con precisión la influencia de la masa de los neutrinos en el Universo

es fundamental para estudiar su evolución, ya que hasta hace poco se creía que

estas partículas carecían de masa y, por tanto, no aparecía en los modelos

cosmológicos”, explica la investigadora del CSIC Olga Mena, del Instituto de

Física Corpuscular (centro mixto del CSIC y la Universidad de Valencia).

Las galaxias utilizadas para los datos de este estudio están siendo analizadas por

el equipo del experimento BOSS, que forma parte del Sloan Digital Sky Survey

(SDSS)‐III. Desde sus comienzos en el año 2000 se ha examinado más de un

cuarto del cielo nocturno y producido el mapa en color del Universo en tres

dimensiones más grande que existe hasta el momento, informó el CSIC en un

comunicado.

Los neutrinos son partículas elementales muy ligeras que apenas interactúan

con la materia. Un neutrino puede atravesar 200 Tierras y permanecer

inalterado. Por eso, su detección es extremadamente difícil, según el CSIC.

Aceptar que los neutrinos tienen masa implica grandes cambios en los modelos

utilizados para considerar la evolución del Universo, ya que es una de las

partículas más abundantes del cosmos.

La masa del neutrino, ni una millonésima de electrón
El CSIC mide las partículas, que suponen menos del 0,6% de la masa-energía del cosmos

Madrid - 12 ENE 2012 - 07:05 EST

CIENCIA ›

EL PAÍS

Distribución de galaxias luminosas realizada por
SDSS-III. /DAVID KIRBY

Pioneros en el campo en el cálculo de cotas 

a neutrinos, axiones y otras partículas de 


materia oscura caliente (+1000 citas)

Sinergia cosmología-neutrinos:



¿QUÉ HACE             ?
Situación actual y  

logros científicos más relevantes:

OUTREACH

SOCIEDAD

La masa de los neutrinos no excede de

0,26 electronvoltios, dos millones de

veces inferior a la masa del electrón,

según un grupo de investigadores del

Consejo Superior de Investigaciones

Científicas (CSIC). El equipo sostiene

que la suma de las masas de los tres

tipos de neutrinos que existen

(electrónicos, muónicos y tauónicos)

no representa más del 6 por mil del

total de la masa‐energía del cosmos,

según informó el organismo español.

El análisis se basa en datos obtenidos de una selección de 900.000 galaxias

luminosas, utilizadas para estudiar la distribución espacial de galaxias, y los

resultados se presentan en la reunión anual de la Sociedad Astronómica

Americana, que se celebra hasta el 12 de enero en Austin (Texas).

“Determinar con precisión la influencia de la masa de los neutrinos en el Universo

es fundamental para estudiar su evolución, ya que hasta hace poco se creía que

estas partículas carecían de masa y, por tanto, no aparecía en los modelos

cosmológicos”, explica la investigadora del CSIC Olga Mena, del Instituto de

Física Corpuscular (centro mixto del CSIC y la Universidad de Valencia).

Las galaxias utilizadas para los datos de este estudio están siendo analizadas por

el equipo del experimento BOSS, que forma parte del Sloan Digital Sky Survey

(SDSS)‐III. Desde sus comienzos en el año 2000 se ha examinado más de un

cuarto del cielo nocturno y producido el mapa en color del Universo en tres

dimensiones más grande que existe hasta el momento, informó el CSIC en un

comunicado.

Los neutrinos son partículas elementales muy ligeras que apenas interactúan

con la materia. Un neutrino puede atravesar 200 Tierras y permanecer

inalterado. Por eso, su detección es extremadamente difícil, según el CSIC.

Aceptar que los neutrinos tienen masa implica grandes cambios en los modelos

utilizados para considerar la evolución del Universo, ya que es una de las

partículas más abundantes del cosmos.

La masa del neutrino, ni una millonésima de electrón
El CSIC mide las partículas, que suponen menos del 0,6% de la masa-energía del cosmos

Madrid - 12 ENE 2012 - 07:05 EST

CIENCIA ›

EL PAÍS

Distribución de galaxias luminosas realizada por
SDSS-III. /DAVID KIRBY

Pioneros en el campo en el cálculo de cotas 

a neutrinos, axiones y otras partículas de 


materia oscura caliente (+1000 citas)
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Dataset 3deg 1mass ��2

M⌫ CL M⌫ CL

basepol ⌘ PlanckTT+lowP+highP < 0.485 eV < 70% < 0.619 eV < 70% -2.4
basepol+P (k) < 0.275 eV < 70% < 0.300 eV < 70% -0.66

basepolPK⌘basepol+P (k)+BAO < 0.215 eV < 70% < 0.228 eV < 70% +1.3
basepolPK+⌧0p055 < 0.177 eV 76% < 0.198 eV < 70% -0.9
basepolPK+SZ < 0.208 eV < 70% < 0.227 eV < 70% -1.06

basepolPK+H073p02 < 0.132 eV 87% < 0.150 eV 82% +3.16
basepolPK+H070p6 < 0.196 eV < 70% < 0.214 eV < 70% +1.52

basepolPK+H073p02+⌧0p055 < 0.109 eV 93% < 0.123 eV 89% -0.66
basepolPK+H073p02+⌧0p055+SZ < 0.117 eV 91% < 0.128 eV 88% +0.02

TABLE V. As Tab. IV, but with the addition of highP, referring to the small-scale CMB polarization anisotropies data. The
highP dataset might still be contaminated by unknown systematics.

Dataset 3deg 1mass ��2

M⌫ CL M⌫ CL

baseBAO ⌘ PlanckTT+lowP+BAOFULL < 0.186 eV 72% < 0.203 eV 70% -1.1
baseBAO+⌧0p055 < 0.151 eV 82% < 0.162 eV 82% -1.1
baseBAO+H073p02 < 0.148 eV 83% < 0.154 eV 83% -0.44

baseBAO+H073p02+⌧0p055 < 0.115 eV 92% < 0.113 eV 92% -0.02
baseBAO+H073p02+⌧0p055+SZ < 0.114 eV 92% < 0.115 eV 92% +0.48

TABLE VI. As Tab. IV, but with the P (k) and the BAO datasets replaced by the BAOFULL dataset, which comprises
BAO measurements from the BOSS data release 11 (both CMASS and LOWZ samples), the 6dFGS survey, and the WiggleZ
survey (see Tab. III). The relative constraining power of the geometric technique versus the shape approach can be inferred
by comparing the results of the first, second, third, fourth and fifth row to those shown in the third, fourth, sixth, eighth and
ninth rows of Tab. IV, respectively. The result is that geometrical information is more powerful than the shape one, see also
the main text and Fig. 3.

Dataset 3deg 1mass ��2

M⌫ CL M⌫ CL

basepolBAO ⌘ PlanckTT+lowP+highP+BAOFULL < 0.153 eV 81% < 0.155 eV 82% -0.78
basepolBAO+⌧0p055 < 0.118 eV 91% < 0.122 eV 90% -0.56
basepolBAO+H073p02 < 0.113 eV 92% < 0.113 eV 92% -0.26

basepolBAO+H073p02+⌧0p055 < 0.094 eV 96% < 0.089 eV 96% -0.62
basepolBAO+H073p02+⌧0p055+SZ < 0.093 eV 96% < 0.088 eV 97% -0.14

TABLE VII. As Tab. VI, but with the addition of highP, referring to the small-scale CMB polarization anisotropies data. The
highP dataset might still be contaminated by unknown systematics. The relative constraining power of the geometric technique
versus the shape approach can be inferred by comparing the results of the first, second, third, fourth and fifth row to those
shown in the third, fourth, sixth, eighth and ninth rows of Tab. V, respectively. The result is that geometrical information is
more powerful than the shape one, see also the main text and Fig. 4.

Vagnozzi et al’17 

Mena Cosmicrelics, Part B1

m22

m12

m32

m12
m22

m32

Normal hierarchy

Inverted hierarchy

!m2atm

!m2sol

!m2sol

!m2atm

10-5 10-4 0.001 0.010 0.100
0.01

0.05

0.10

0.50

1

m light(eV)

�
m

�
(e
V
)

m22

m12

m32

m12
m22

m32

Normal hierarchy

Inverted hierarchy

!m2atm

!m2sol

!m2sol

!m2atm

10-5 10-4 0.001 0.010 0.100
0.01

0.05

0.10

0.50

1

m light(eV)

�
m

�
(e
V
)

10-5 10-4 0.001 0.01 0.10.001

0.005

0.010

0.050

0.100

0.500

1.000

m lightHeVL

⁄m
n
HeV
L

Euclid + 4MOST 95% CL bounds

4MOST 95% CL constraints

Present 95% CL limits

Figure 1: Left panels: Normal (bottom) versus inverted (top) neutrino mass hierarchies. Right panel:
values of

P
m⌫ allowed by current oscillation data in the normal and inverted hierarchies, as well as

the present and forecasted 95% Confidence Level (CL) limits from 4MOST and 4MOST plus Euclid.

Bright, Luminous Red and Emission Line galaxies (BGs, LRGs and ELGs, respectively) and high-
resolution quasars (QSOs). By exploiting the previous four di↵erent dark matter tracers, the 4MOST
Galaxy Redshift Survey, covering the z < 1.4 range, will importantly complement the galaxy
and lensing Euclid [27] survey on redshift coverage. In addition, unprecedented high-precision
constraints on cosmic relic properties can be placed focusing on the 0.7 million high-resolution spectra
from the 4MOST QSOs in the 2.15 � 3.5 redshift range, which are not in the program of the future
European Space Agency (ESA) Euclid mission. 4MOST will complement as well other large scale
structure surveys in the Northern sky. Such is the case of the US led Dark Energy Instrument DESI [28]
and the Japanese Prime Focus Spectrograph (PFS) [29]. Therefore, WP1 goes well beyond the
State-of-the-Art and will be unique in the redshift and the sky region covered.
Task 1.1: Future bounds on hot cosmic relics Optimizing the design of 4MOST to ensure the maximal
achievable sensitivity to

P
m⌫ and Ne↵, as well as to other cosmic relic masses (as axions or sterile

neutrinos) is the goal of this task. For that purpose, we shall perform a careful study of the sensitivity
dependence on the survey parameters as well as on other limiting factors, which may depend on not-
very-well understood physics. Such is the case of the maximum scale considered in the analyses (which
should be well-below the scale at which non-linear structure growth starts to be relevant) and/or the
galaxy bias (relating the galaxy power spectrum to the matter one), for which the combination of the
four di↵erent 4MOST tracers (BGs, LRGs, ELGs and QSOs) may help enormously.
Task 1.2: Axions as cold dark matter Axions and axion-like ultra-light particles non-thermally pro-
duced could represent the cold dark matter of our present Universe, inducing a non-trivial behavior
in the galaxy clustering power spectrum. It is therefore crucial to distinguish between this scenario
and the canonical dark matter one, exploiting galaxy and QSOs measurements from 4MOST, and this
will be the main target of this task.
Task 1.3: Sterile neutrinos as warm dark matter Sterile neutrinos with keV masses (warm dark mat-
ter) may solve the small-scale crisis in cold dark matter cosmologies [30]. Furthermore, the claim of
the detection of a monochromatic line in X-ray data has been interpreted as the radiative decay of
such neutrinos [31, 32]. 4MOST will o↵er a novel and unique opportunity to firmly establish or to
fully discard this possibility by means of the cross-correlation of the cosmic X-ray background and
galaxies. Simulating this observable and its potential concerning warm dark matter radiative decays
is the aim of this task.
Milestones, Deliverables and Methodology TheMilestones of WP1 are theOptimization of the 4MOST
Galaxy Redshift Survey for unraveling cosmic relic physics and to Lead the cosmic relic physics searches
in 4MOST. While reaching these Milestones, several deliverables will result: the publication of scien-
tific peer-reviewed publications including forecasted sensitivity calculations, the 4MOST Final Design
Review required by the ESO, the 4MOST survey strategy implementation, target selection and mock
catalog creation, the development of new software tools, to provide the ultimate analysis pipeline for
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FIG. 1. Top: Non-linear galaxy power spectrum computed using the Halofit method with the camb code [121] (red line) and
the Coyote emulator (blue line) [125–127] at z=0.57 for the ⇤CDM best-fit parameters from Planck TT 2015 data. Green
triangle data points are the clustering measurements from the BOSS DR12 CMASS sample. The error bars are computed from
the diagonal elements Cii of the covariance matrix. For comparison with previous work [21], purple circles represent clustering
measurements from the BOSS Data Release 9 (DR9) CMASS sample. A very slight suppression in power on small scales (large
k) of the DR12 sample compared to the DR9 sample is visible. Bottom: Residuals with respect to the non-linear model with
Halofit. The orange horizontal line indicates the k range used in our analysis. As it is visually clear, the k range we choose is
safe from large non-linear corrections.

Given the e↵ect of M⌫ on Dv(z), A(z) will increase as
M⌫ increases. Finally, the DR11 LOWZ data consists
of a measurement of Dv(z)/rs(zdrag) (which increases as
M⌫ is increased) at z = 0.32.

Since the BAO feature is measured from the galaxy
two-point correlation function, to avoid double counting
of information, when considering the base and basepol
datasets we do not include the DR11 CMASS BAO mea-
surements, as the DR11 CMASS and DR12 CMASS vol-
umes overlap. However, if we drop the DR12 CMASS
power spectrum from our datasets, we are allowed to add
DR11 CMASS BAO measurements without this leading
to double-counting of information. Therefore, for com-
pleteness, we consider this case as well. Namely, we drop
the DR12 CMASS power spectrum from our datasets,
replacing it with the DR11 CMASS BAO measurement.
This consists of a measurement of Dv(ze↵)/rs(zdrag) at
ze↵ = 0.57. We refer to the combination of the four BAO
measurements (6dFGS, WiggleZ, DR11 LOWZ, DR11
CMASS) as BAOFULL. We instead refer to the combi-
nation of the base CMB and the BAOFULL datasets as
baseBAO. When high�` polarization CMB data is added
to this baseBAO dataset, the combination is referred to
as basepolBAO, see Tab. II.

The comparison between basePK and baseBAO, as well
as between basepolPK and basepolBAO, gives insight into
the role played by large-scale structure datasets in con-
straining neutrino masses. In particular, it allows for an
assessment of the relative importance of shape informa-
tion in the form of the power spectrum against geometri-
cal information in the form of BAO measurements when
deriving the neutrino mass bounds.
All the BAO measurements used in this work are tab-

ulated in Tab. III. Note that we do not include BAO
measurements from the DR7 main galaxy sample [136]
or from the cross-correlation of DR11 quasars with the
Ly↵ forest absorption [137], and hence our results are
not directly comparable to other existing studies which
included these measurements.

4. Hubble parameter measurements

Direct measurements of H0 are very important when
considering bounds on M⌫ . The reason is that, with
CMB data only, there exists a strong degeneracy be-
tween M⌫ and H0 (see e.g. [138]). When M⌫ is varied,
the distance to last scattering changes as well. Defin-

Sinergia cosmología-neutrinos:



¿QUÉ HARE             ? (I)

Cosmología 21 cm (SKA):

Miembros de BOSS (SDSS III) & SKA
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21cm Line

Picture from C. Hirata

-- Hyperfine transition of neutral hydrogen
-- Hydrogen:  most abundant element, optically thin  
-- Line transition:  Probe 3D structure of the Universe                                
-- can be seen in absorption or emission against
   the CMB, depending on the spin temperature:
    Ts > Tcmb:  emission  (z < 10)
    Ts < Tcmb:  absorption ( 30 < z < 150)  
-- Brightness Temperature

300

Transición hiperfina hidrógeno neutro, el elemento más abundante del IGM
¡Permite acceso a las llamadas épocas oscuras, antes de reionización!

21cm Line

Picture from C. Hirata

-- Hyperfine transition of neutral hydrogen
-- Hydrogen:  most abundant element, optically thin  
-- Line transition:  Probe 3D structure of the Universe                                
-- can be seen in absorption or emission against
   the CMB, depending on the spin temperature:
    Ts > Tcmb:  emission  (z < 10)
    Ts < Tcmb:  absorption ( 30 < z < 150)  
-- Brightness Temperature
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FIG. 10: Future observational prospects: the DM case. Same as Fig. 9 but assuming the signal also include the contribution
from DM annihilations for the case with the strongest e↵ects, i.e., for mDM = 130 MeV, h�vi = 10�28 cm3/s, with the P12
concentration-mass relation and the W13 halo mass function, with Mmin = 10�12 M� and including substructure.

extreme astrophysical models [96, 97] even setting limits would be rather non trivial. In contrast to the conclusions
of Ref. [97], it is apparent from Fig. 9 that the identification of DM signatures for mDM = 10 GeV would be a very
challenging task.

Finally, in Fig. 10, we also show the errors for the same experimental configurations, but assuming the signal also
includes the contribution from DM annihilations for the case with the strongest e↵ects, i.e., for mDM = 130 MeV,
h�vi = 10�28 cm3/s, and using our default DM settings. Although the di↵erences of the 21 cm di↵erential brightness
temperature power spectrum with respect to the purely astrophysical case are significant (including uncertainties),
the expected errors for the assumed configurations are quite large due to the suppression of the signal. Nevertheless,
such a suppression, along with the fact that the signal is in emission for z . 20, might hint at the presence of DM
annihilations.

As can be seen from the green area and the errors in Figs. 9 and 10, it thus appears that a DM candidate with
mDM ⇠ 100 MeV, which annihilates into e+e� with h�vi = 10�28 cm3/s, represents the only case which could be
unambiguously distinguished from a purely astrophysical signal, even in the presence of uncertainties, as the X-ray
heating peak would be suppressed (even for the less optimistic values of the minimum halo mass, see Fig. 6) and
it would occur fully in emission. One should keep in mind, however, that these uncertainties are always present:
di↵erent astrophysical parameters could conspire to reduce the suppression predicted by this scenario. For lower and
higher masses, the detection or setting of constraints will be even more challenging, as the suppression of the second
peak with respect to the other two is much smaller and the transition of this peak from absorption to emission no
longer occurs.

V. CONCLUSIONS

Future 21 cm cosmology, based on the detection of the spin flip line of neutral hydrogen, o↵ers a unique window
to extract information about some fundamental parameters governing the EoR, to explore the formation of the first
stars and to study the dark ages. Di↵erent experimental set-ups focus on the detection of the global 21 cm signal (the
di↵erential brightness temperature) or its spatial fluctuations (the 21 cm di↵erential brightness temperature power
spectrum).

We have reviewed the well-known signatures of the 21 cm signal as it evolves through three relevant cosmic epochs

Lopez et al, JCAP’16 



¿QUÉ HACE             ?
Sinergia cosmología-neutrinos:

Neutrinos masivos: una nueva perspectiva en el puzzle del sabor


¡MAYOR EVIDENCIA NUEVA FÍSICA

EN FÍSICA DE PARTÍCULAS!

Dark energy CDM
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Λ ?	

GeV	MeV	keV	eV	meV	 TeV	

Hierarchy	problem		
Λ	

Cosmology	

Logro: hemos encontrado cotas muy fuertes de cosmología a modelos seesaw con 
 Λ < 100MeV 
 
				
	

P. Hernández, M. Kekic, J. López-Pavón  Physical Review  D89 (2014)  
                                                                                                          D90 (2014).  

Logros científicos más relevantes:

Hemos encontrado cotas muy fuertes de cosmología a modelos


de see-saw con Λ < 100 MeV P. Hernández et al, PRD89’14, PRD90’14 
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P. Hernández et al, JHEP’15, JHEP’16  

POSIBILIDAD DE EXPLORAR BARIOGÉNESIS

Baryogenesis testeable!  

TeV	GeV	MeV	keV	eV	meV	

Cosmology	 Hierarchy	problem		

P.Hernandez, Kekic, López-Pavón, Racker, Rius,		JHEP	1510	(2015)			
P.Hernandez, Kekic, López-Pavón, Racker, Salvado,		JHEP	1608	(2016)			
		

Logro: hemos estudiado la posibilidad de generar la asimetría bariónica 
en modelos seesaw con 0.1GeV <Λ < 100GeV 
 

Leptogenesis	

Se puede generar la asimetría barionica en modelos see-saw con 

0.1 GeV<Λ < 100 GeV
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Baryogenesis testeable en modelos seesaw 

YB  predice la existencia de  
neutral heavy leptons accesibles  
experimentalmente (ej. SHiP) !  
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YB(10�11)

0.001

0.01

0.1

|m
�
�
|(e

V
)

IH active ⌫’s

Obs. YB = 8.6 ⇥ 10�11

�|U |2 = 1% ,�M = 0.1%

�|U |2 = 1% ,�M = 0.1% ,�� = 17 rad

 ”the GeV-miracle”:  
Yb predecible combinando: 
 
   ββ0ν+HyperK/DUNE+SHIP ! 

En modelos de see-saw mínimos a la escala del GeV, medidas futuras en 
SHiP, de CP en Dune/HyperK y en decaimiento beta sin neutrinos pueden 
proveer información suficiente para reconstruir la asimetría materia-
antimateria observada en nuestro universo: ¡The GeV Miracle!

Extensión a modelos no-mínimos 
Futuro, ¿qué haremos? Sinergia cosmología-neutrinos-materia oscura?

Estudio detallado fenomenología modelos see-saw@GeV
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Futuro, ¿qué haremos?
Estudio detallado fenomenológico de esta sinergia:

Espectro de fotones: cotas de detección indirecta

¿Hay una relación entre la materia oscura tipo WIMP y 

los neutrinos estériles del modelo see-saw@GeV-TeV? 


¡Abundancia materia oscura determinada por la interacción con los neutrinos estériles!


SM

HL

U(1)B�L Dark

� N

SM

HL

DarkNR

� 

a) Materia oscura con número leptónico b) Simetría en el sector oscuro 

M. Escudero et al, JHEP’16 (a), JHEP’16 (b)  
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(dependencia angular y en energía) 
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FIG. 6. Left panel: Comparison of the 68% and 95% credible contours in the "µ⌧ � "0 plane for our default analysis (filled blue
regions) with those obtained when all nuisance parameters are fixed at their default values (red closed curves), see Tab. I. We
also show the result expected in the case of no NSI after 10 years of data taking (black closed curves), see Sec. IVC. Right panel:
Posterior probabilities of "µ⌧ , after marginalizing with respect to the rest of parameters, for the four combinations of primary
cosmic-ray spectrum and hadronic models: our default choice, HG-GH-H3a + QGSJET-II-4 (black solid curve); HG-GH-H3a
+ SIBYLL2.3 (red dashed curve); ZS + QGSJET-II-4 (blue dot-dashed curve) and ZS + SIBYLL2.3 (green dotted curve).

with the results of Ref. [41].
We also study the impact of using di↵erent primary cosmic-ray spectra and di↵erent hadronic interaction models

on our results. As discussed above, neutrino NSI in matter may produce a suppression in the high-energy upgoing
atmospheric muon data in IceCube, with a characteristic angular dependence (and little energy dependence). Di↵erent
combinations of primary cosmic-ray spectrum and hadronic models imply slightly di↵erent angular distributions for
the atmospheric neutrino flux and hence, potentially, they are an important source of systematic uncertainties on
the NSI sensitivity reach of neutrino telescopes. In the right panel of Fig. 6 we show the results for di↵erent choices
of cosmic-ray spectra and hadronic interaction models. We depict the posterior probabilities for "µ⌧ , marginalized
with respect to the rest of the nuisance parameters and "0, for each of the four possible combinations. Indeed, the
allowed range of "µ⌧ arising from our default combination of models (HG-GH-H3a + QGSJET-II-4) turns out to be
very similar to the resulting ones from all possible combinations, whose bounds on "µ⌧ are:

� 5.5 ⇥ 10�3 < "µ⌧ < 5.1 ⇥ 10�3 , 90% C.I. (HG-GH-H3a + SIBYLL2.3) , (26)

�6.0 ⇥ 10�3 < "µ⌧ < 5.1 ⇥ 10�3 , 90% C.I. (ZS + QGSJET-II-4) , (27)

�6.2 ⇥ 10�3 < "µ⌧ < 5.8 ⇥ 10�3 , 90% C.I. (ZS + SIBYLL2.3) . (28)

Finally, in Fig. 7, we show the event spectrum, integrated in the entire interval in reconstructed muon energy3, as
a function of cos ✓rec

z . We show the histogram of the detected through-going atmospheric muon events after one year
(black dots), together with their error bars and the expectation for the cases without NSI (red histogram) and when
NSI are included with "µ⌧ = 0.006 and "0 = 0 (blue histogram). We indicate the uncertainty due to the choice of
the primary cosmic-ray spectrum and hadronic models by the width of the histograms, although the variation is very
small. In all cases we consider the best fit values for the parameters. As discussed in previous sections, we see that
the presence of NSI implies a suppression of the atmospheric neutrino flux, and hence the observed through-going
muon spectra, for neutrinos crossing the core of the Earth, i.e., for cos ✓z & �0.8.

All our results are summarized in Tab. II.

3
As the e↵ect of NSI, at high energies, depends very mildly on the reconstructed muon energy, varying the energy range included in

Fig. 7 does not change the relevant features.
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FIG. 2. Isotropic single power-law model: flavor composition. Ternary plots of the profile likelihood exclusions of the
astrophysical neutrino flavor composition of the high-energy events detected at IceCube after 1347 days, setting the number of
prompt atmospheric neutrino events to zero (6P analysis). The black (cyan) lines represent the 68% (95%) C.L. allowed regions.
We also show the allowed space assuming averaged oscillations during propagation from the sources and taking into account
uncertainties at 95% C.L. of the neutrino mixing angles [203], for normal hierarchy (white contour) and inverted hierarchy
(blue contour). The canonical flavor composition at Earth, (1 : 1 : 1)� is also indicated (white star). Left panel : using the
53 events in the EM-equivalent deposited energy range [10 TeV � 10 PeV]. Best fit (white circle) at (0.03 : 0.37 : 0.60)�.
Right panel : using the 32 events in the EM-equivalent deposited energy range [60 TeV � 10 PeV]. Best fit (white circle) at
(0.00 : 0.40 : 0.60)�.

A. Isotropic power-law model

In order to compare with previous results obtained with the 3-year data sample and with the preliminary 4-year
analysis of the IceCube collaboration, we first consider the simplest case, i.e., an isotropic single power-law flux,
which is defined by its flavor composition, normalization and spectral index, and we assume the same properties for
neutrinos and antineutrinos. As described above, we perform a 7P fit with {↵e,�,↵µ,�, �, Na, Nµ, N⌫ , Np} as the set
of free parameters, and a 6P fit, which is identical to 7P but fixing Np = 0. The results of this section are summarized
in Tab. I, where we also show the results of the 4P (same as 6P, but fixing the flavor ratio to (1 : 1 : 1)�) and 5P
(same as 6P, but setting ↵µ,� = ↵⌧,�) fits.

In Fig. 1, we show our results of the 6P (left panel) and 7P (right panel) fits, considering the data in the two di↵erent
EM-equivalent deposited energy intervals, [10 TeV � 10 PeV] (filled orange contours) and [60 TeV � 10 PeV] (closed
purple curves). The 68% C.L. (dark colors) and 95% C.L. (light colors) contours in the � � � plane are depicted
and we also indicate the best fits (stars). For both 6P and 7P fits, the two C.L. regions are very similar, regardless
the energy interval, although they are slightly larger for [60 TeV � 10 PeV], due to the reduced statistics. For the
case where the number of events from prompt atmospheric neutrinos is set to zero, 6P fits (left panel), the best fits
(bf) agree with each other. For [10 TeV � 10 PeV], we get �

bf

= 2.84+0.25
�0.27 and �

bf

= 11.1+3.7
�4.8 and for [60 TeV �

10 PeV], we get �
bf

= 2.77+0.31
�0.42 and �

bf

= 10.3+7.1
�6.3, where �bf

is given in the usual units, 10�18 GeV�1 cm�2 s�1 sr�1.
However, when a prompt atmospheric neutrino contribution is also included (7P), the best fit for the spectral index
and the flux normalization is slightly larger for the [10 TeV � 10 PeV] data set, yet within the 68% C.L. regions. Note
that these results point to a softer astrophysical spectrum than the 2-year and 3-year best fits [2, 3, 7, 11, 16]. They
also point to a slightly softer spectrum than the preliminary results presented by the IceCube collaboration using the
4-year data, �

IC

= 2.58± 0.25 [4], although they are compatible within 1� C.L. However, notice that the preliminary
IceCube fit included all events in [60 TeV � 3 PeV], but not the information from the lack of events above 3 PeV. As
explained in Ref. [7], the absence of events near the Glashow resonance [205] (E⌫ ⇠ 6.3 PeV) has implications on the
best fit for the flavor composition and the spectral index, either pointing to a suppressed ⌫̄e flux or to a softening of

Interacciones no-estándar (neutrinos atmosféricos)

Salvado et al, JHEP’17

Vincent et al, PRD’16
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parameterized as

Hmat =
√

2GF ne

⎛

⎝

1+ ϵee ϵ∗eµ ϵ∗eτ
ϵeµ ϵµµ ϵ∗µτ
ϵeτ ϵµτ ϵττ

⎞

⎠ . (2)

Here GF is the Fermi constant, ne is the number density
of electrons in the medium.

The physical origin of the epsilon contributions in Hmat

can be the exchange of a new heavy vector or scalar [22]
particle. We parameterize the resulting NSI with the
effective low-energy four-fermion Lagrangian

LNSI = −2
√

2GF (ν̄αγρνβ)(ϵ
ff̃L
αβ f̄Lγ

ρf̃L + ϵff̃R
αβ f̄Rγ

ρf̃R)

+ h.c. (3)

Here ϵff̃L
αβ (ϵff̃R

αβ ) denotes the strength of the NSI be-
tween the neutrinos ν of flavors α and β and the left-
handed (right-handed) components of the fermions f and
f̃ . The epsilons in Eq. (2) are the sum of the contri-
butions from electrons (ϵe), up quarks (ϵu), and down
quarks (ϵd) in matter: ϵαβ ≡

∑

f=u,d,e ϵ
f
αβnf/ne. In

turn, ϵfαβ ≡ ϵfL
αβ + ϵfR

αβ and ϵfP
αβ ≡ ϵffP

αβ . Notice that
the matter effects are sensitive only to the interactions
that preserve the flavor of the background fermion f (re-
quired by coherence [10]) and, furthermore, only to the
vector part of that interaction.

Neutrino scattering tests, like those of NuTeV [11] and
CHARM [12], mainly constrain the NSI couplings of the
muon neutrino, e.g., | ϵeµ | ! 10−3, | ϵµµ | ! 10−3−10−2.
The limits they place on ϵee, ϵeτ , and ϵττ are rather loose,
e. g., |ϵuuR

ττ | < 3, −0.4 < ϵuuR
ee < 0.7, |ϵuu

τe | < 0.5,
|ϵdd
τe| < 0.5 [13]. Stronger constraints exist on the cor-

responding interactions involving the charged leptons.
Those, however, cannot, in general, be extended to the
neutrinos, for example when the underlying operators
contain the Higgs fields [14], and hence will not be con-
sidered here.

Given the above bounds we will set ϵeµ and ϵµµ to zero
in our analysis. Furthermore, for simplicity we will also
set ϵµτ to zero. The earlier analyses of the atmospheric
neutrino data [1] have indicated that this parameter is
quite constrained (ϵµτ< 10−2 − 10−1). Corrections due
to non-vanishing ϵµτ will be described in [7]. Here, we
have a three-dimensional NSI parameter space, spanned
by ϵee, ϵeτ , and ϵττ .

III. CONVERSION EFFECTS AND
SENSITIVITY TO THE NSI

The physics of the sensitivity of the atmospheric neu-
trino data to ϵee, ϵeτ , and ϵττ can be understood as fol-
lows. The data are known to be very well fit by large-
amplitude oscillations between the νµ and ντ states. This
holds both at high energy (Eν " 10 GeV), where only
the muon neutrino flux is measured, and at lower ener-
gies, where both the muon and electron neutrino data

are available. These oscillations are driven by the off-
diagonal νµ − ντ mixing in Eq. (1) and the introduction
of sufficiently large NSI for the tau neutrino will, in gen-
eral, suppress that mixing. Since the vacuum Hamilto-
nian scales as E−1

ν , this suppression should be especially
strong at high energy, in the through-going muon sample.

As a simple illustration, consider the case when only
ϵττ is nonzero. Clearly, ϵττ introduces a diagonal split-
ting between the νµ and ντ states, thereby decreasing
the effective mixing angle in matter. The correspond-
ing bound can be estimated by comparing the mat-
ter term

√
2 ϵττ GF ne to the vacuum oscillation term

∆m2/(2Eν). For neutrinos going through the center
of the Earth, the highest energy at which an oscilla-
tion minimum occurs in the standard case is around
E0 ∼ 20 − 30 GeV. If the matter term is sufficiently
large,

√
2 ϵττ GF ne " ∆m2/(2E0), the mixing in mat-

ter and hence the oscillation amplitude are expected to
be suppressed. Substituting numerical values, we find a
bound ϵττ! 0.2.

Next, we generalize this argument to the case of non-
vanishing ϵee, ϵeτ . The matter part of the Hamiltonian
Hmat can be diagonalized by rotating in the νe − ντ sub-
space. In the new basis (νe′ , νµ, ντ ′), Hmat has the form
diag(λe′ , 0,λτ ′), with λe′,τ ′ =

√
2GF ne(1+ ϵee + ϵττ

±
√

(1+ ϵee − ϵττ )2 + 4| ϵeτ |2)/2. It straightforwardly
follows that if |λe′,τ ′| ≪ ∆m2/(2E0), the oscillations of
the muon neutrinos proceed unimpeded, while in oppo-
site case, |λe′,τ ′| " ∆m2/(2E0), they are suppressed.

It is very important to consider the intermediate
regime, when the spectrum has the hierarchy (a) |λτ ′ | <
∆m2/(2E0) ≪ |λe′ | or (b) |λe′ | < ∆m2/(2E0) ≪ |λτ ′ |.
In both cases, the oscillations between νµ and the corre-
sponding light eigenstate are allowed to proceed while
those between νµ and the heavy eigenstates are sup-
pressed. Remarkably, the resulting oscillation pattern is
indistinguishable from the standard case at high energy,
where only muon neutrinos are detected.

From now on we specialize to hierarchy (a), which is
smoothly connected to the origin ϵee=ϵeτ=ϵττ= 0 ((b)
is realized only if ϵee + ϵττ is a large negative number).
When it is satisfied, muon neutrinos oscillate into the
state

ντ ′ = −sβe
2iψ νe +cβ ντ , (4)

where cβ = cosβ, sβ = sinβ, 2ψ = Arg(ϵeτ ), tan 2β =
2| ϵeτ |/(1+ ϵee − ϵττ).

The condition |λτ ′ | ! ∆m2/(2E0) implies

|1+ ϵee + ϵττ −
√

(1+ ϵee − ϵττ)2 + 4| ϵeτ |2| ! 0.4. (5)

This equation gives our analytical prediction for the
bound on ϵee, ϵeτ , ϵττ . When ϵee=ϵeτ= 0, it reduces to
the bound ϵττ! 0.2 given above.

The region Eq. (5) describes extends to large values of
ϵeτ , ϵττ . To see this, note that in the limit λτ ′ = 0, or

ϵττ= | ϵeτ |2/(1+ ϵee) , (6)

4

In the presence of NSI, the e↵ective Hamiltonian that controls neutrino propagation in matter can be written as

H(E⌫ , x) =
1

2E⌫
UM2U † + diag(Ve, 0, 0) +

X

f

Vf "fV , (5)

where U is the PMNS mixing matrix, M2 = diag(0, �m2

21

, �m2

31

), with �m2

ij ⌘ m2

i � m2

j the neutrino mass square

di↵erences and Ve(x) =
p

2 GF ne(x) corresponds to the standard neutrino flavor potential in matter, with ne(x)
the electron number density. The e↵ect of NSI is encoded in the last term of Eq. (5), where Vf (x) =

p
2 GF nf (x),

with nf (x) the number density of fermion f , and "fV is the matrix in lepton flavor space that contains the vector

combination of the NSI chiral parameters, "fV
↵� = "fR

↵� + "fL
↵� . As in the case of SM interactions, the matter term for

antineutrinos changes sign and one has to make the substitution Vf ! �Vf (and U ! U⇤). On the other hand,
it is convenient to define e↵ective NSI parameters for a given medium (from now on we omit for simplicity the x
dependence of the number densities) by normalizing the fermion number density, nf , to the density of d-quarks, nd,

"↵� ⌘
X

f

nf

nd
"fV

↵� , (6)

so that
P

f Vf"fV ⌘ Ve r " = Vd ", and r = nd/ne. For the Earth, nn ⇡ np and therefore, r ⇡ 3.
Given the current constraints on the electron neutrino NSI parameters "e↵, and, for energies above the resonance

in the 13-sector (E⌫ & 20 GeV), one of the mass eigenstates (mostly ⌫e or ⌫̄e) decouples from the other two states.
Therefore, the ⌫e ! ⌫µ transition does not a↵ect the IceCube events as it is strongly suppressed and moreover, the
initial atmospheric ⌫e and ⌫̄e fluxes are much smaller than the ⌫µ and ⌫̄µ fluxes. Thus, we can approximately describe
the evolution of the system as that of a two-neutrino system, focusing on the 23-block of the evolution Hamiltonian,
Eq. (5). Recall that neutrino oscillations are only sensitive to the di↵erence in the diagonal e↵ective parameters,
i.e., "0 = "⌧⌧ � "µµ, which modifies the oscillation probability due a change of the e↵ective matter density felt by
neutrinos, while the o↵-diagonal term, "µ⌧ , shifts the e↵ective mixing angle in the medium. The diagonal parameter
"0 characterizes the lack of universality of NC in the µ⌧ -sector, and the o↵-diagonal "µ⌧ quantifies the strength of
flavor changes in NC interactions.

Before discussing the main features of the transition probabilities at high energies, we would like to point out that
the e↵ects of NSI in high-energy atmospheric neutrinos in IceCube di↵er from the standard approach at lower energies
in two ways:

1) Usually, only NSI of neutrinos with quarks and leptons of the first generation can be bounded, via the Vf "fV

contributions to the matter Hamiltonian and via the "udV contributions to CC interactions with pions and
nucleons, in addition to the "eµV contributions at production via muon decay. However, very energetic neutrinos
(E⌫ & TeV) can see the strange quark contribution inside nucleons, since for such high energies the strange
quark parton distribution function is not negligible. As a consequence, there is an e↵ective energy dependence
of production and detection NSI terms (if NSI do not a↵ect all quark flavors with the same strength) through
the di↵erent contribution of the corresponding parton distribution at di↵erent energies. As mentioned above,
here we do not consider CC NSI and, as done in the literature, we assume the NC NSI parameters to be equal
for all quarks inside the nucleons. Relaxing these assumptions, IceCube data could also be used to bound
strange quark CC NSI with neutrinos, by properly taking into account the energy dependence of the s quark
contribution to the parton distribution functions.

2) Matter NSI could also modify the total inelastic scattering cross section, by altering the NC cross section, and
thus, the absorption term in Eq. (4). Attenuation is negligible at low energies, but it is relevant for the high-
energy IceCube neutrinos, so there could be some sensitivity to the presence of NSI. However, CC interactions
are ⇠ 2.4 times larger than the NC cross sections [82, 83], so the latter dominate the absorption term and the
e↵ect of NC NSI can be safely neglected. Moreover, CC NSI could also be present, but for the values of the
CC NSI parameters currently allowed, the NSI e↵ects on attenuation would be very small, implying corrections
to the results presented in this work below the percent level. On the other hand, by modifying the NC cross
section, NSI would also alter the degradation in energy of the neutrino flux while crossing the Earth. Given the
fact that for atmospheric neutrinos this e↵ect is subdominant, we also neglect the NSI correction on the last
term of Eq. (4).

In our calculations, we solve numerically the full three-neutrino evolution equation, using the values of the neutrino
mixing parameters from Ref. [3] assuming normal hierarchy and including the e↵ects mentioned above. To compute
the neutrino propagation through the Earth, we use the publicly available libraries SQuIDS and ⌫-SQuIDS [95, 96] in
the Trunk version found in the repositories [97, 98]. Nevertheless, in order to understand the e↵ects of the diagonal ("0)
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FIG. 5. Results from the IceCube search. (Top) The 90% (or-
ange solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 90% contours in sim-
ulated pseudo-experiments, respectively. (Bottom) The 99%
(red solid line) CL contour is shown with bands containing
68% (green) and 95% (yellow) of the 99% contours in sim-
ulated pseudo-experiments, respectively. The contours and
bands are overlaid on 90% CL exclusions from previous exper-
iments [7–10], and the 99% CL allowed region from global fits
to appearance experiments including MiniBooNE and LSND,
assuming |Ue4|2= 0.023 [12] and |Ue4|2= 0.027 [13] respec-
tively.

search Foundation, the Grid Laboratory Of Wisconsin
(GLOW) grid infrastructure at the University of Wis-
consin - Madison, the Open Science Grid (OSG) grid
infrastructure; U.S. Department of Energy, and Na-
tional Energy Research Scientific Computing Center,
the Louisiana Optical Network Initiative (LONI) grid
computing resources; Natural Sciences and Engineer-
ing Research Council of Canada, WestGrid and Com-
pute/Calcul Canada; Swedish Research Council, Swedish

Polar Research Secretariat, Swedish National Infrastruc-
ture for Computing (SNIC), and Knut and Alice Wal-
lenberg Foundation, Sweden; German Ministry for Ed-
ucation and Research (BMBF), Deutsche Forschungsge-
meinschaft (DFG), Helmholtz Alliance for Astroparticle
Physics (HAP), Research Department of Plasmas with
Complex Interactions (Bochum), Germany; Fund for
Scientific Research (FNRS-FWO), FWO Odysseus pro-
gramme, Flanders Institute to encourage scientific and
technological research in industry (IWT), Belgian Fed-
eral Science Policy O�ce (Belspo); University of Oxford,
United Kingdom; Marsden Fund, New Zealand; Aus-
tralian Research Council; Japan Society for Promotion of
Science (JSPS); the Swiss National Science Foundation
(SNSF), Switzerland; National Research Foundation of
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Sinergia astro-neutrinos:

Neutrinos solares
Modelo estándar solar “revisited”: 


¿compatibilidad Heliosismología vs. Metalicidad? JHEP’16,MNRAS’16
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Icy telescope throws cold water on sterile neutrino
theory
IceCube observatory reports null result in search for particle.

08 August 2016

An observatory buried deep in Antarctic ice has reported the results of its search for an hypothesized particle

called the ‘sterile neutrino’: a total blank.

The null result, reported on 8 August in Physical Review Letters 1, doesn’t spell the end of a decades-long

search to find the subatomic particle, which — if found — would upend the standard picture of particle physics.

But it is the strongest evidence so far that the sterile neutrino doesn’t exist at the mass range that physicists

had hoped, based on anomalies from several experiments over the past three decades. 

Davide Castelvecchi

Jim Haugen, IceCube/NSF

An optical sensor begins its 2,500-metre journey down a borehole to become part of the IceCube neutrino
detector in Antarctica.



¿QUÉ HACE             ?

Rayos cósmicos íntimamente relacionados con BÚSQUEDAS DE NUEVA FÍSICA:

Materia oscura podría ser una fuente de rayos cósmicos.

Sinergia astro-materia oscura-rayos cósmicos:

Futuro, ¿qué haremos?

Logros científicos más relevantes:

GalpBayes: estudiar modelos de rayos cósmicos empleando sofisticadas técnicas 
estadísticas, alcanzando la resolución mejor hasta la fecha.

Constituyen un ruido de fondo para búsquedas indirectas de materia oscura:

Fermi-LAT y AMS (!)

Sinergia astro-neutrinos: neutrino decay, Lorentz violation, materia oscura@PINGU/ORCA.

     


materia oscura-rayos cósmicos: materia oscura centro galáctico@Fermi-LAT.


BÚSQUEDAS DE NUEVA FÍSICA:
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BÚSQUEDAS DE NUEVA FÍSICA: 


Sinergia astro-colisionadores de partículas (LHC)

Futuro, ¿qué haremos?
Proyecto GAMBIT: Formado por más de 30 físicos experimentales (ATLAS, detección de materia 
oscura) y físicos teóricos para desarrollar herramientas robustas que permitan hacer ajustes 
globales a modelos de NUEVA FÍSICA.

Búsquedas de monopolos magnéticos y “long-living-particles” 

con el experimento MoEDAL.

Ajustes globales: Combinan datos en colisionadores y experimentos de detección 
directa que permiten inferir estadísticamente señales de NUEVA FÍSICA.

JORNADAS DE SEGUIMIENTO  
DE PROYECTOS DE INVESTIGACIÓN 

AREA TEMÁTICA DE DISEÑO Y PRODUCCIÓN INDUSTRIAL 

SUBDIRECCION  
GERERAL DE 
PROYECTOS DE  
INVESTIGACION 

Ref: DPI2011-29678 

6 

Sinergias'
Es'probable'que'las'respuestas'vengan'de'experimentos'con'diferentes'perspecTvas'

BOSS'

Planck'

T2K'
Double'Chooz'

ATLAS,CMS,LHCB'

COSMO 

ν"E FRONTIER �

ASTRO  

Gerda,'EXO,'KamLAND$ZEN,Next'

XENON,'XMASS,'FERMI,…'

New'
Physics'?'

Logros científicos más relevantes:
Pioneros en el desarrollo de herramientas de rastreo y aplicaciones para modelos de SUSY, 
dimensiones extra y EFT.

Ello ha dado lugar a una colaboración exitosa y fructífera con el grupo de SUSY en ATLAS.



¿QUÉ HACE             ?
QCD en el retículo

Logros científicos más relevantes:

Violación de CP en las desintegraciones no leptónicas de kaones

Donini, Hernández, Pena,Romero-López, PRD74 (2016)

Non-leptonic kaon decay in large Nc

La expansión 1/Nc de QCD ha sido y es una herramienta muy útil para el estudio fenomenológico 
de las interacciones cromodinámicas entre mesones con quarks ligeros.  

Sin embargo, otras aproximaciones de difícil control son necesarias.

La dependencia de estos observables en Nc se 
puede calcular de primeros principios en QCD 
con Nc colores usando la regularización en la 
lattice. En PRD74 hemos dado el primer paso en 
esa dirección. 

Dos ejemplos: 

(1)ε’/ε (CP-violation in kaon decays) 

(2) la así llamada regla ΔI = ½

NP?
Buras, Gerard, EPJC77 (2017)

(ε’/ε)SM < (8.6 ±3.2)×10-4

(ε’/ε)exp = (16.6 ±2.3)×10-4

Gell-Mann, Pais, PR 97 (1955)

not yet (fully) 
understood in QCD

Re A0 / Re A2 = 22.4

Dark energy
CDM
Baryons
Neutrinos

?

¿NU
EVA

 FÍ
SIC

A?


La “regla” ỎI =1/2

Donini, Hernández, Pena,Romero-López, PRD74 (2016)

Non-leptonic kaon decay in large Nc

La expansión 1/Nc de QCD ha sido y es una herramienta muy útil para el estudio fenomenológico 
de las interacciones cromodinámicas entre mesones con quarks ligeros.  

Sin embargo, otras aproximaciones de difícil control son necesarias.

La dependencia de estos observables en Nc se 
puede calcular de primeros principios en QCD 
con Nc colores usando la regularización en la 
lattice. En PRD74 hemos dado el primer paso en 
esa dirección. 

Dos ejemplos: 

(1)ε’/ε (CP-violation in kaon decays) 

(2) la así llamada regla ΔI = ½

NP?
Buras, Gerard, EPJC77 (2017)

(ε’/ε)SM < (8.6 ±3.2)×10-4

(ε’/ε)exp = (16.6 ±2.3)×10-4

Gell-Mann, Pais, PR 97 (1955)
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understood in QCD

Re A0 / Re A2 = 22.4
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Donini, Hernández, Pena,Romero-López, PRD74 (2016)

Non-leptonic kaon decay in large Nc

La expansión 1/Nc de QCD ha sido y es una herramienta muy útil para el estudio fenomenológico 
de las interacciones cromodinámicas entre mesones con quarks ligeros.  

Sin embargo, otras aproximaciones de difícil control son necesarias.

La dependencia de estos observables en Nc se 
puede calcular de primeros principios en QCD 
con Nc colores usando la regularización en la 
lattice. En PRD74 hemos dado el primer paso en 
esa dirección. 

Dos ejemplos: 

(1)ε’/ε (CP-violation in kaon decays) 

(2) la así llamada regla ΔI = ½

NP?
Buras, Gerard, EPJC77 (2017)

(ε’/ε)SM < (8.6 ±3.2)×10-4

(ε’/ε)exp = (16.6 ±2.3)×10-4

Gell-Mann, Pais, PR 97 (1955)

not yet (fully) 
understood in QCD

Re A0 / Re A2 = 22.4
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where µ is a convenient renormalisation scale for the non-perturbative computation of matrix elements of Q±, which
will be later set to the inverse lattice scale a�1. The factor U�(µ,M

W

) = ĉ�(µ)/ĉ�(M
W

), therefore, measures the
running of the renormalised operator between the scales µ and M

W

. Ideally one would like to evaluate this factor
non-perturbatively, as has been done for N

c

= 3 [21], but this is beyond the scope of this paper. We will instead
use the perturbative results at two loops in the RI scheme [22] to evaluate the ĉ�(µ) factors. This implies relying on
perturbation theory at scales above µ = a�1 ⇠ 2 GeV.

Our goal is to compute the K ! ⇡ amplitudes mediated by H�S=1
w . The hadronic contribution is encoded in the

ratios of three- and two-point functions

R̂± ⌘ h⇡|Q̂±|Ki
f
K

f
⇡

m
K

m
⇡

= ĉ±(µ)Z±
R

(µ)R± , (10)

where Z±
R

(µ) are the renormalisation factors for the ratios and R± is the ratio of matrix elements of bare operators.

In the SU(3) limit m
s

= m
d

= m
u

, from R+ we can determine B̂
K

as

B̂
K

=
3

4
R̂+. (11)

Concerning K ! ⇡⇡ decays, the two very di↵erent isospin amplitudes

iA
I

ei�I ⌘ h(⇡⇡)
I

|H
W

|K0i, I = 0, 2 (12)

can be related in chiral perturbation theory, and in the GIM limit, to the K ! ⇡ amplitudes A± ⌘ k̂±R̂± [14]:

A0

A2
=

1p
2

✓
1

2
+

3

2

A�

A+

◆
. (13)

The �I = 1/2 rule, i.e. the large enhancement of the ratio |A0/A2| ⇠ 22, is therefore related in this limit to the ratio
of the amplitudes A�/A+.

At this point, it is necessary to comment on the chiral corrections. The relation between the K � K̄ and K !
(⇡⇡)|

I=2 amplitudes is well known to break down away from the chiral limit for the physical case m
s

� m
u,d

, since
the chiral logarithmic corrections are much larger for the former amplitude [13]. On the other hand, this is not the
case in the SU(3) limit m

s

= m
u

= m
d

, where the chiral logs are the same for both amplitudes both in the full as in
the quenched case [23]. The following relation holds up to one loop in ChPT in the leading-log approximation:

h⇡+⇡0|H
W

|Ki
m2

K

�m2
⇡

����
ms=md

=
iFp
2
A+G

F

V
ud

V ⇤
us

, (14)

where F is the decay constant in the chiral limit and A+ contains one loop corrections. This shows that, in this
approximation, the 1/N

c

corrections in the physical amplitude are fixed[39] by those in A+. At the same order in
ChPT, we can relate the amplitudes for both choices of quark masses:

h⇡+⇡0|H
W

|K+i
m⇡!0 = m2

K

h⇡+⇡0|H
W

|K+i
m2

K

�m2
⇡

����
ms=md

✓
1 +

9

4

m2
K

(4⇡F )2
log

m2
K

(4⇡F )2

◆
. (15)

The chiral log term gives an additional negative 1/N
c

contribution to the amplitude at the physical point with respect
to that in the degenerate case. Another important point to note is that, in the GIM limit, the chiral logs have been
shown to be fully anticorrelated in A± [28] and therefore an extrapolation to the chiral limit using chiral perturbation
theory will not change the anticorrelation found at larger masses. Unfortunately the computation of chiral logs in
K ! (⇡⇡)

I=0 in the GIM limit is not available, although it is likely that the same anticorrelation holds also there.

III. RESULTS

We compute the ratios R̂± on the lattice from the ratio of correlation functions

R± = lim
z0�x0!1
y0�z0!1

P
x,y

hP du(y)Q±(z)Pus(x)i
P

x,y

hP du(y)Aud

0 (z)ihAsu

0 (z)Pus(x)i , (16)

A. Donini et al PRD’16

Desintegraciones débiles de kaones en las cuales se viola el sabor

han jugado un papel clave en la construcción del SM. 

¿Quizás puedan indicar necesidad de posibles extensiones al SM?:

Los análisis fenomenológicos hasta ahora han usado la 

aproximación de gran Nc. Incluso con esta simplificación 

una predicción de primeros principios requiere 

la regularización en el retículo.

Hemos llevado a cabo el primer estudio de la dependencia 

en Nc de estos observables en el retículo.
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Coordinación
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6 de abril de 2016
27 de abril de 2016
21 horas
35 (más de 70 inscripciones

realizadas)
Cefire 

Valencia (València)
M Jose Rodes Sala 

Inicio inscripción
Fin inscripción
Fin confirmación

Plazos De Inscripción

1 de febrero de 2016
20 de marzo de 2016
22 de marzo de 2016

Calendario / Horario

06/04/2016 - 17:30 a 20:30
11/04/2016 - 17:30 a 20:30
13/04/2016 - 17:30 a 20:30
18/04/2016 - 17:30 a 20:30
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Paula Tuzón Marco
Berta Rubio Barroso 
Jose Enrique Garcia Navarro
Sergio Pastor Carpi
Olga Mena Requejo
Carmen García García
Alberto Aparici Benages

Curso 16VA77IN017 - Actualización científica y didáctica de la física de partículas en
Educación Secundaria

Ofertado por CEFIRE de Valencia

Objetivos

Difundir los principios metodológicos que sustentan la mejora de las competencias científicas.
Proporcionar estrategias y recursos para trabajar las competencias científicas.
Sensibilizar y motivar al profesorado dentro de su equipo de trabajo.

LOS OBJETIVOS CONCRETOS PARA ESTA EDICIÓN SON:
El objetivo principal del curso es actualizar los contenidos y las estrategias metodológicas más
adecuadas para la enseñanza de la física corpuscular en la asignatura de Física y Química.
Actualizar en el profesorado la concepción de la física de partículas, que ha tenido un gran
desarrollo en el siglo XX, necesaria para entender aspectos como el átomo, la estructura del
Universo, o el papel de las principales interacciones que se producen, y para motivar y poner en
contacto al alumnado con la ciencia moderna.

Contenidos

Desarrollo y aplicación del pensamiento científico-técnico para interpretar la información que se
recibe y para predecir y tomar decisiones.
Conocimiento de la influencia de los ámbitos científico y tecnológico en la vida personal, la sociedad
y el mundo natural.
Diferenciación y valoración del conocimiento científico al lado de otras formas de conocimiento.
Utilización de valores y criterios éticos asociados a la ciencia y al desarrollo tecnológico.

LOS CONTENIDOS PARA ESTE CURSO SON:
1.- Del átomo al quark.
2.- Nuevas partículas e interacciones.
3.- Antimateria y Higgs, las piezas que cierran el puzle. ¿Cómo hacer que los estudiantes las
construyan?
4.- Más allá del modelo estándar: Neutrinos con masa, materia oscura, modelos más allá del
estándar, nuevas detecciones en el LHC.
5.- Implicaciones sociales.
6. Visita a las instalaciones de IFIC, Instituto de Física Corpuscular de la Universitat de València y el
CSIC.
Los laboratorios que se visitarán son:
Espectroscopía Gamma y Neutrones: estructura de núcleos exóticos y análisis de muestras
radiactivas.
ATLAS-TileCal: calorímetro hadrónico de ATLAS, encargado de medir la energía de los hadrones
producidos en el experimento. Electrónica de alta velocidad y análisis de datos por hardware en
ATLAS.
ATLAS-Silicio: visita a la sala blanca y explicación de cómo funciona un tracker, que permite ver las
trayectorias seguidas por las partículas tras producirse en las colisiones del LHC.
Antares-KM3NeT: Telescopios de neutrinos, astronomía de neutrinos.

Blog IFIC

Conferencia Día 

Internacional de la Mujer

Labor f  rmativa
Nordic Winter School PPC 2013

Trieste School on Particle Physics & Cosmology 2013

TASI Lectures 2013

Hellenic Summer School Corfu 2013

Scottish Universities St. Andrews 2014

CERN Latinoamerican School of HEP 2015

CERN Summer Student Lectures 2016

9 Tesis de Máster en 2012/2016

5 Tesis de doctorado en 2012/2016,

previstas 3 en 2017/2018, 


y 5 en 2019/2020.

Trobadas


Ific seminar
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News & Events

First direct observation of Gravitational Waves from a Binary Black Hole
Merger
On September 14, 2015 at 11:50 a.m. Central European Time the two detectors of the Laser Interferometer Gravitational-Wave
Observatory (LIGO) simultaneously observed a gravitational-wave signal, shown in Fig 1. This epic and historical discovery was
an-nounced last week, on Thursday 11, 2016.

 

 

 

 

 

 

Gravitational waves were first predicted to exist by Albert Einstein one century ago. These waves travel at the speed of light and they are generated by any
mass acceleration that is not spherically or cylindrically symmetric. For instance, they can be produced by the merger of two astrophysical objects like
black holes or neutron stars. In that very same year 1916, Schwarzschild found the solutions of the Einstein equations, describing a black hole. Further
studies and theories have enabled modeling of binary black hole mergers providing accurate predictions for the associated gravitational wave pattern. A
century after the theoretical predictions of Einstein and Schwarzschild, LIGO has reported the first direct detection of gravitational waves. From the
observed pattern, the LIGO collaboration has inferred it was produced by two black holes, with corresponding masses of approximately 36 and 29 solar
masses, releasing, just before their merging, the energy equivalent to three solar masses in the form of gravitational waves, which implies much more
energy than all stars and galaxies in the universe where releasing combined. The observation is depicted in Fig. 1. The top panels show the measured
signal in the Hanford (top left) and Livingston (top right) detectors. The central panels show the ex-pected signal produced by the merger of two black
holes, based on numerical simula-tions. The bottom panels show a time-frequency representation of the strain data, showing the signal frequency
increasing over time. Figure 3 shows the interpretation of the observed signal. During the first part of the signal, both black holes rotate around their
common center of mass and fall in a spiral towards each other. Their event horizons merge, forming a single black hole, and generating the higher
frequency gravitational waves. Eventually, these vibrations stop, and all that is left is a single rotating black hole.
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Icy telescope throws cold water on sterile neutrino
theory
IceCube observatory reports null result in search for particle.

08 August 2016

An observatory buried deep in Antarctic ice has reported the results of its search for an hypothesized particle

called the ‘sterile neutrino’: a total blank.

The null result, reported on 8 August in Physical Review Letters 1, doesn’t spell the end of a decades-long

search to find the subatomic particle, which — if found — would upend the standard picture of particle physics.

But it is the strongest evidence so far that the sterile neutrino doesn’t exist at the mass range that physicists

had hoped, based on anomalies from several experiments over the past three decades. 

Davide Castelvecchi

Jim Haugen, IceCube/NSF

An optical sensor begins its 2,500-metre journey down a borehole to become part of the IceCube neutrino
detector in Antarctica.

 

29/05/2015, pág. 4!
!

 

 

 
   

  Miradas cruzadas: Arte y Ciencia (22/06-27/09/2015) 

 
 

C) Fisiología de la visión 
 
 CROSS, Henri-Edmond (CTB.1998.73) 

 

 Playa, efecto de tarde,  1902 
 Óleo sobre lienzo. 54 x 65 cm (70,5 x 82,5 cm) 
 Galería M 

 
 SEVERINI, Gino 752 (1981.53) 

 

 Expansión de la luz (Centrífuga y centrípeta), c. 
1913-1914 
 Óleo sobre lienzo. 65 x 43,3 cm (75 x 53,5 cm) 
 Sala 41 

 
 DELAUNAY-TERK, Sonia 518 (1976.81) 

 

 Contrastes simultáneos,  1913 
 Óleo sobre lienzo. 46 x 55 cm (61,5 x 70,5 cm) 
 Sala 41 
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The Cosmic Neutrino Background (CNB) is a solid prediction of
the Standard Models of Particle Physics and Cosmology. In the
early universe, neutrinos were formed as part of the thermal
bath, a hot plasma filling the universe (thermal production). As
the universe expanded and cooled down to MeV temperatures,
the neutrinos decoupled from the thermal bath, traveling freely
through space ever since. Neutrinos are very weakly interacting
particles, which makes the detection of this neutrino background

very challenging and so far experimentally inaccessible. However, on the other hand,
this same property implies that once we succeed in measuring the cosmic neutrino
background, we can not only learn something about the properties of neutrinos but
also the CNB is a window to the very early universe, back to the times of the
formation of light elements in Big Bang Nucleosynthesis (BBN), when the neutrinos
decoupled from the thermal bath at about two minutes after the “Big Bang”. For
comparison, the cousin of the CNB, the better-known Cosmic Microwave Background
(CMB), consisting of background photons instead of neutrinos, had lead to major
breakthroughs in modern cosmology. This window however only leads back to
temperature around 1 eV, nearly 400,000 years later than the CNB window. This
paper discusses how physics beyond the standard model, in particular non-thermally
generated right-handed neutrinos, can modify the CNB predictions.

October 15, 2015 by tiinatimonen

Neutrinos have the unique property that they can be either Majorana or Dirac particles. Since neutrinos are
massive particles, if neutrinos are Dirac they should pair up with light right-handed neutrinos, which are
complete singlets under the Standard Model gauge group, i.e. as long as they are ultra-relativistic (only then
left- and right-handed particles are distinguishable), they do not interact with any other particle. Once they
become non-relativistic, the left -and right-handed neutrino population will be equalized. In the standard
picture of the CNB, only left-handed neutrinos are produced in the thermal bath. For the Dirac neutrino
scenario, which is the scenario we will focus on in the following, as the universe expands and the neutrino
temperature cools down, half of these are converted into invisible right-handed neutrinos, thus halving the
expected counting rate in any CNB detection experiment. In the Majorana case, there is only one type of
light neutrino (there could be additional species of heavy right-handed neutrinos, but these would decay
before the present time) and hence the counting rate in a CNB experiment would be twice that of the Dirac
case.
 
In this paper, the authors discuss the possibility that there is an additional source for neutrinos in the early
universe, namely that right-handed neutrinos are produced non-thermally, for example in the decay of the
inflaton particle. These neutrinos never thermalize, but travel freely through the universe. At late times, half
of this population is transformed into (detectable) left-handed particles, yielding an irreducible background in
any CNB detection experiment.
 
There are constraints on this scenario. In particular, the size of this additional contribution to the energy
density of the universe is bounded by observational constraints on BBN and the CMB. Nevertheless, the
contribution can be sizable: The number density of non-thermally sourced neutrinos today can be as large
as 217 neutrinos per cubic centimeter, which is 65 % of the number density predicted for the CNB and 53%
of the photon density of the CMB.1

 
This has several interesting consequences. Firstly, this is a potential irreducible background which any
experiment aiming at detecting the CNB (e.g. the proposed PTOLEMY experiment) will have to take into
account. While increasing the overall detection probability, it will be challenging to disentangle the two
components and hence the early universe physics associated with them. Moreover, taking this effect into
account diminishes the difference between Dirac and Majorana neutrinos in the CNB: For Dirac neutrinos
the rate was considered to be half as large as for Majorana neutrinos (since half of the energy density is
converted into invisible right-handed neutrinos), yielding a possibility to distinguish the two. If there is a

Links
arXiv
http://arxiv.org/abs/1509.00481
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PROMETEO 240.330 eur Enero 2014/Diciembre 2017 (N. Rius)      
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Neutrino masses: Weyl, Dirac, Majorana

A massless fermion is described by a two-component Weyl spinor field. It has a certain 

chirality, left or right. The chirality operators are:

For massless fermions, chirality and helicity are equivalent

Neutrino masses: Weyl, Dirac, Majorana

In general, a massless fermion is described by a two-component Weyl spinor field. It has a 

certain chirality, left or right. The chirality operators are:

For massless fermions, chirality and helicity, which is the projection of the 

spin of the particle on its momentum, are equivalent:

Weak interactions only produce left-handed chirality states:

Weak interactions involve only TWO of the FOUR components of the Dirac neutrino. 

Weak interactions only produce left-handed chirality states:

Weak interactions involve only TWO of the FOUR components of the Dirac neutrino. 

typical energies E <
∼ 30 MeV. Observation of the neutrino burst from the supernova 1987A

allowed us to obtain important constraints on neutrino properties.

3 Neutrino mass phenomenology: Weyl, Dirac and

Majorana neutrinos

A massless neutrino (or any other fermion) is described by a two-component Weyl spinor
field. It has a certain chirality, L or R. The chirality projector operators PL,R are defined
as

PL =
1 − γ5

2
, PR =

1 + γ5

2
, (12)

and have the following properties:

P 2
L = PL , P 2

R = PR , PLPR = PRPL = 0 , PL + PR = 1 . (13)

The terms “left handed” and “right handed” originate from the fact that for relativistic
particles chirality almost coincides with helicity defined as the projection of the spin of the
particle on its momentum. The corresponding projection operators are

P± =
1

2

(

1 ∓
σp

|p|

)

. (14)

They satisfy relations similar to (13). For a free fermion, helicity is conserved but chirality
in general is not; it is only conserved in the limit m = 0 when it coincides with helicity.
However, for relativistic particles chirality is nearly conserved and the description in terms
of chiral states is useful.

Problem 1. Using plane wave solutions of the Dirac equation show that for positive energy
solutions, in the limit m = 0, eigenstates of L (R) chirality coincide with the eigenstates of
negative (positive) helicity.

For our discussion we will need the particle - antiparticle conjugation operator Ĉ. Its
action on a fermion field ψ is defined through

Ĉ : ψ → ψc = Cψ̄T , C = iγ2γ0 . (15)

The matrix C has the properties

C† = CT = C−1 = −C , CγµC
−1 = −γT

µ . (16)

Some useful relations based on these properties are

(ψc)c = ψ , ψc = ψT C , ψ1ψ
c
2 = ψc

2ψ1 , ψ1Aψ2 = ψc
2(CAT C−1)ψc

1 , (17)
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A Dirac neutrino (or fermion) needs independent left and right chiral projections: four 

independent components



There are two possible mass terms for fermions: Dirac or Majorana. C is the particle-antiparticle operator 

(left-handed neutrino->right handed antineutrino), which should not be confused with the charged 

conjugation operator which will take the left-handed neutrino into a left- handed antineutrino which

DOES NOT exist!.   

Neutrino masses: Weyl, Dirac, Majorana

typical energies E <
∼ 30 MeV. Observation of the neutrino burst from the supernova 1987A

allowed us to obtain important constraints on neutrino properties.

3 Neutrino mass phenomenology: Weyl, Dirac and

Majorana neutrinos

A massless neutrino (or any other fermion) is described by a two-component Weyl spinor
field. It has a certain chirality, L or R. The chirality projector operators PL,R are defined
as

PL =
1 − γ5

2
, PR =

1 + γ5

2
, (12)

and have the following properties:

P 2
L = PL , P 2

R = PR , PLPR = PRPL = 0 , PL + PR = 1 . (13)

The terms “left handed” and “right handed” originate from the fact that for relativistic
particles chirality almost coincides with helicity defined as the projection of the spin of the
particle on its momentum. The corresponding projection operators are

P± =
1

2

(

1 ∓
σp

|p|

)

. (14)

They satisfy relations similar to (13). For a free fermion, helicity is conserved but chirality
in general is not; it is only conserved in the limit m = 0 when it coincides with helicity.
However, for relativistic particles chirality is nearly conserved and the description in terms
of chiral states is useful.

Problem 1. Using plane wave solutions of the Dirac equation show that for positive energy
solutions, in the limit m = 0, eigenstates of L (R) chirality coincide with the eigenstates of
negative (positive) helicity.

For our discussion we will need the particle - antiparticle conjugation operator Ĉ. Its
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 Or, it can be that the right handed component is the C-conjugate of the left handed part:

Majorana fermion

To construct a massive Dirac field, one needs two independent Weyl components

 together with their C conjugates: four degrees of freedom

To construct a Majorana mass term one needs only two degrees of freedom, since the

right-handed field is the C-conjugate of the left-handed one

where ψ, ψ1, ψ2 are 4-component fermion fields and A is an arbitrary 4 × 4 matrix. Using
the commutation properties of the Dirac γ matrices it is easy to see that, acting on a chiral
field, Ĉ flips its chirality:

Ĉ : ψL → (ψL)c = (ψc)R , ψR → (ψR)c = (ψc)L , (18)

i.e. the antiparticle of a left handed fermion is right handed.

Problem 2. Prove eqs. (17) and (18).

The particle - antiparticle conjugation operation Ĉ must not be confused with the charge
conjugation operation C which, by definition, flips all the charge-like quantum numbers of a
field (electric charge, baryon number, lepton number, etc.) but leaves all the other quantum
numbers (e.g., chirality) intact. In particular, charge conjugation would take a left handed
neutrino into a left handed antineutrino that does not exist, which is a consequence of the
C-noninvariance of weak interactions. At the same time, particle - antiparticle conjugation
converts a left handed neutrino into right handed antineutrino which does exist and is the
antiparticle of the left handed neutrino.

We are now ready to discuss the Dirac and Majorana mass terms. For a massive fermion,
the mass term in the Lagrangian has the form

− Lm = mψ̄ψ = (ψL + ψR)(ψL + ψR) = ψLψR + ψRψL , (19)

Thus, the mass terms couple the left handed and right handed components of the fermion
field, and therefore a massive field must have both components:

ψ = ψL + ψR . (20)

Now, there are essentially two possibilities. First, the right handed component of a massive
field can be completely independent of the left handed one; in this case we have a Dirac
field. Second, the right handed field can be just a Ĉ - conjugate of the left handed one:
ψR = (ψL)c = (ψc)R, or

ψ = ψL + η(ψc)R = ψL + η(ψL)c . (21)

where we have included the phase factor η = eiϕ with an arbitrary phase ϕ. In this case
we have a Majorana field; one can construct it with just one Weyl field. From (21) it
immediately follows that the Ĉ - conjugate field coincides with itself up to a phase factor:

ψc = η∗ψ . (22)

This means that particles described by Majorana fields are genuinely neutral, i.e. coincide
with their antiparticles. Thus, Majorana particles are fermionic analogs of photons and π0

mesons. To construct a massive Dirac field, one needs two independent 2-component Weyl
fields, ψL and ψR; together with their Ĉ-conjugates, (ψL)c = ψc

R and (ψR)c = ψc
L, this gives

four degrees of freedom. In contrast with this, a Majorana fermion has only two degrees of
freedom, ψL and (ψL)c = ψc

R.
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There are basically two options: right handed component of the neutrino field is 

totally independent of the left-handed one: Dirac mass term couples totally independent 

left handed and right handed fields!



Dirac mass term                                          Majorana mass term

Notice that the Dirac mass term is invariant under the U(1) transformations:

so it conserves the corresponding charges (electric charge, lepton or baryon number,...)

Majorana mass term break all the charges by two units, lepton number is BROKEN

Only neutral particles can be Majorana particles (electric charge must be conserved!). 

If neutrinos are Majorana particles, the total lepton number is NOT conserved. 

For massive fermions, particle - antiparticle conjugation Ĉ and charge conjugation C
coincide. For Dirac fermions we have

Ĉ : ψ = ψL + ψR → (ψ)c = (ψL)c + (ψR)c = (ψc)R + (ψc)L ,

C : ψ = ψL + ψR → ψ̃ = ψ̃L + ψ̃R ≡ (ψc)L + (ψc)R , (23)

where tilde means charge conjugation. For Majorana neutrinos, both particle - antiparticle
conjugation and charge conjugation leave the field unchanged because it does not have any
charges 2. As we have already pointed out, particle - antiparticle and charge conjugations
are not equivalent when acting on chiral fields.

For n fermion species (flavours), the Majorana mass term can be written as

−Lm =
1

2

[

(ψL)cMψL + ψLM †(ψL)c
]

=
1

2

[

ψT
LCMψL + ψLCM †ψL

T
]

=
1

2

[

ψT
LCMψL + h.c.

]

,

(24)
where ψ = (ψ1, ..., ψn)T is a vector in the flavour space and M is a n × n matrix. Using
the anticommutation property of the fermion fields and eq. (16), it is easy to show that the
matrix M must be symmetric: Mij = Mji. It is interesting to note that in classical field
theory it would be antisymmetric, Mij = −Mji. This, in particular, means that in the case
of just one neutrino species the Majorana mass vanishes identically in classical field theory.
It is, therefore, an essentially quantum quantity. Kinematically, Dirac and Majorana masses
are indistinguishable: they lead to the same relation between energy, momentum and mass
of the particle, E =

√
p2 + m2.

From eq. (24) a very important difference between the Dirac and Majorana mass terms
follows. The Dirac mass terms ψ̄ψ are invariant with respect to the U(1) transformations

ψ → eiαψ , ψ̄ → ψ̄e−iα , (25)

i.e. they conserve the corresponding charges (electric charge, lepton or baryon number, etc.).
It follows from (24) that the Majorana mass terms break all the charges that the field ψ has
by two units. This, in particular, means that, since the electric charge is exactly conserved,
no charged particle can have Majorana mass. Therefore, out of all known fermions, only
neutrinos can be Majorana particles. If neutrinos have Majorana masses, the total lepton
number is not conserved, while it is conserved if neutrinos are Dirac particles.

4 Neutrino masses in the standard model and slightly

beyond

In the standard model of electroweak interactions, all quarks and charged fermions get their
masses through the Yukawa couplings with the Higgs field H = (H+, H0)T :

− LY = hu
ijQLiuRjH̃ + hd

ijQLidRjH + f e
ijlLieRjH + h.c. (26)

2There may be, however, some differences in the phase factors, see [22].
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Why neutrinos are massless within the SM? :
1) We can not construct a Dirac mass term, 
                         since there is NOT right handed neutrino in the SM!
2) We can not construct a Majorana mass term, 
                         the left handed neutrino has weak isospin projection 1/2,
                         the Majorana mass will be a component of the isotriplet operator 
                         since there is NOT a Higgs triplet in the SM!
3) We can not add a Majorana mass term HHLL, 
                         since this operator has d=5 and the SM is renormalizable!
4) We can not add the effective operator HHLL/M at some higher loop level, 
                         since the total lepton number is conserved in the SM! 

where QLi and lLi are left handed quark and lepton doublets, uRi, dRi and eRi are SU(2)L -
singlet right-handed fields of up-type quarks, down-type quarks and charged leptons respec-
tively, H̃ ≡ iτ2H∗, τa being the isospin Pauli matrices, and i, j are the generation indices.
After the electroweak symmetry is broken by a nonzero vacuum expectation value (VEV) v
of the Higgs field, the Yukawa terms in (26) yield the mass matrices of quarks and charged
leptons

(mu)ij = hu
ijv , (md)ij = hd

ijv , (me)ij = f e
ijv . (27)

Neutrinos are massless in the minimal standard model. They cannot have Dirac masses
because there are no SU(2)L - singlet (“sterile”) right-handed neutrinos νR in the standard
model. Can neutrinos have Majorana masses? The answer is no. The reason for this is
rather subtle, and it is worth discussing it in some detail.

The Majorana mass term should be of the form νT
LCνL [see eq. (24)]. Since νL has

the weak isospin projection I3 = 1/2, the Majorana mass term has I3 = 1, i.e. it is a
component of the isotriplet operator lT C iτ2τ l ∼ (3, −2). Therefore, in order to introduce
the Majorana mass in a gauge invariant way so as not to spoil the renormalizability of the
standard model, one would need an isotriplet Higgs field ∆ ∼ (3, 2):

− L∆
Y uk = f∆(lT C iτ2τ l)∆ + h.c. (28)

Problem 3. Show that for any SU(2) spinor χ, χT iτ2 has the same transformation properties
as χ†, and in particular that both χ†

1χ2 and χT
1 iτ2χ2 are invariants while χ†

1τχ2 and χT
1 iτ2τχ2

transform as vectors. Hint: use the property τ2τ
T τ2 = −τ of the Pauli matrices.

When the electrically neutral component of ∆ develops a VEV, Majorana neutrino mass is
generated. However, such a Higgs does not exist in the standard model. Can one construct a
composite triplet Higgs operator out of two Higgs doublets? Yes, the operator HT iτ2τ H ∼
(3, 2), i.e. has the correct quantum numbers. However, the term (lT C iτ2τ l)(HT iτ2τ H)
has the dimension d = 5, i.e. it cannot enter in the Lagrangian of a renormalizable model
at the fundamental level. Can the operator

f

M
(lT C iτ2τ l)(HT iτ2τ H) (29)

be generated as an effective operator at some higher loop level? If so, it would produce the
Majorana mass term for neutrinos mL ≃ fv2/M when the Higgs field develops a nonva-
nishing VEV, with M being the characteristic mass scale of the particles in the loop. In
principle, this is possible. However, in the standard model this does not happen because
the total lepton number L (more precisely, the difference of the baryon and lepton numbers
B − L) is exactly conserved.

Let us discuss this point in more detail. In the standard model, lepton and baryon num-
bers are conserved at the perturbative level due to accidental symmetries of the Lagrangian.
These symmetries are called accidental because they are not imposed on the Lagrangian but
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If we diagonalize the mass matrix, and we assume that M >>>>> v (WHY?)
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CPT: eL ⇥ ēR and eR ⇥ ēL
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Adding a right-handed neutrino singlet under SU(2) x U(1): the complete model

• Coupling of �R to �̄L allowed and coe�cient is unprotected. (�M)

Also applies to sterile neutrinos.
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Can we construct a Higgs triplet 

made out of two Higgs doublets?

The SM could be regarded as 

an effective low energy theory...

effects caused by the New Physics

below the New Physics energy scale 

M  are represented by a tower of

operators of dimension > 4 and 

suppressed by powers of 1/M





Dolci!: Leptogenesis 
The SM of elementary particles can not explain the observed matter-antimatter 
asymmetry of the universe: 

The simplest explanation is baryogenesis: this asymmetry was produced at some point  
in the expansion history of the universe due to particle processes which violate B
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INTRODUCTION TO LEPTOGENESISa

YOSEF NIR
Department of Particle Physics, Weizmann Institute of Science,

Rehovot 76100, Israel

The discovery of neutrino masses makes leptogenesis a very attractive scenario for explaining
the puzzle of the baryon asymmetry of the Universe. We present the basic ingredients of
leptogenesis, explain the predictive power of this scenario (and its limitations), and describe
recent theoretical developments.

1 The puzzle of the baryon asymmetry

The baryon asymmetry, that is the difference between the number densities of baryons (nB)
and of antibaryons (nB) normalized to the entropy density (s), is extracted from observations
of light element abundances and of the cosmic microwave background radiation:

Y obs
B ≡

nB − nB

s
= (8.7 ± 0.3) × 10−11. (1)

There are three conditions that have to be met in order that a dynamical generation of the
baryon asymmetry (“baryogenesis”) becomes possible 1:

1. Baryon number violation;

2. C and CP violation;

3. Departure from thermal equilibrium.

In principle, the Standard Model (SM) of particle physics could satisfy all three conditions and
lead to successful baryogenesis:

1. Sphaleron interactions violate baryon-number (B) and lepton number (L), though they
conserve B−L. These interactions are related to quantum anomalies. They are faster than
the expansion rate of the Universe in the temperature range 102 GeV ∼< T ∼< 1012 GeV .

2. Weak interactions violate charge-conjugation (C) in a maximal way. For example, the
W± weak-force-carriers couple to the left-handed down and up quarks, but not to the
left-handed down and up antiquarks. They also violate CP via the Kobayashi-Maskawa
phase δKM.

3. The electroweak phase transition (EWPT), that occurred around T ∼ 100 GeV , could
be a first order phase transition and therefore depart from thermal equilibrium. (The
EWPT is the transition from an SU(2) × U(1) symmetric Universe, with massless weak
force carriers and fermions, to a Universe with a broken electroweak symmetry, massive
W and Z vector-bosons and massive quarks and leptons.)

In reality, however, only the first ingredient is fulfilled in a satisfactory way. As concerns CP
violation, the contribution from δKM to baryogenesis is suppressed by a tiny factor,

(m2
t − m2

c)(m
2
t − m2

u)(m2
c − m2

u)(m2
b − m2

s)(m
2
b − m2

d)(m
2
s − m2

d)

T 12
c

s12s13s23 sin δKM ∼ 10−18,

(2)

aInvited talk at the 6th Recontres du Vietnam, “Challenges in Particle Astrophysics,” Hanoi, Vietnam, August
6–12, 2006.

There are three conditions which have to be met in order that a dynamical generation 
of baryogenesis becomes possible (Sakharov conditions): 
1. Baryon number violating processes 
2.C and CP Violation 
3.Departure from thermal equilibrium

In principle, the SM could satisfy all these three conditions...but in reality, only 
the first one is fulfilled in a satisfactory way: the CP (CKM) violation is too small! 

New physics beyond the Standard Model is required...we need: 
1. New physics could violate L but not B 
2. There must be new sources of CP Violation 
3. New out-of-equilibrium situations (out-of-equilibrium decays heavy new particles)



Is an scenario in which new physics generates a lepton asymmetry in the universe which 
is partially converted into a baryon asymmetry via sphaleron interactions. 
If neutrinos are Majorana particles...the decays of the heavy Majorana neutrinos 
in the early universe provide the ideal leptogenesis scenario 

The heavy Majorana neutrinos can decay into            as well as into                : 
if the heavy Majorana fields have L=0, the first mode has L=+1 while the second 
has L=-1: Lepton number is violated in these decays! 

The quantum interference between the tree level diagram and the one loop diagram: 

that are neutral under the SM gauge group. Consequently, they have none of the SM gauge
interactions (strong, electromagnetic and weak). Still, there are two types of terms that are
added to the Lagrangian when we add Nα’s to the list of elementary particles:

LN = MαNαNα + λαiNαLiφ, (6)

where M is a Majorana mass matrix for the singlet neutrinos, and λ is a Yukawa matrix that
couples them to the light lepton doublets. At scales well below the masses Mα, the leading effect
of these new interactions is to generate the dimension five terms of Eq. (4), with Z

Λ = λT M−1λ.
The scale Λ acquires a concrete interpretation: It is the mass scale of the heavy singlet neutrinos.
The heavier these neutrinos are, the lighter the active (that is, the SM) neutrinos become, hence
the name “see-saw mechanism” for this way of generating light neutrino masses.

Beyond the generation of light neutrino masses, the Lagrangian terms of Eq. (6) have three
features that are important for our purposes:

1. It is impossible to assign a lepton number to the Nα’s in such a way that LN is L-conserving:
The M -terms require L(N) = 0 while the λ-terms require L(N) = −1. Thus, LN breaks
L and (since it does not break B) B − L.

2. We can choose the phases of the Nα fields in a way that makes M real, but then λ will
have physical, irremovable phases. Thus LN violates CP.

3. The Lagrangian LN allows for N decays via N → Lφ. If, however, the Yukawa couplings
are small enough, the N -decays occur out of equilibrium.

We learn that the singlet neutrinos, which were introduced to explain the light neutrino
masses via the see-saw mechanism, fulfill all three requirements that were specified in Section 1
in order that the baryon asymmetry might be explained.

3 Leptogenesis

Leptogenesis is a term for a scenario where new physics generates a lepton asymmetry in the
Universe which is partially converted to a baryon asymmetry via sphaleron interactions.2,3 In the
previous section we learned that the introduction of singlet neutrinos with Majorana masses and
Yukawa couplings to the doublet leptons fulfills Sakharov conditions. This means that, if the see-
saw mechanism is indeed the source of the light neutrino masses, then qualitatively leptogenesis
is unavoidable. The question of whether it solves the puzzle of the baryon asymmetry is a
quantitative one. To answer that, we must be more specific about the details of how leptogenesis
works.

The Majorana nature of the singlet neutrino masses implies that any single heavy mass
eigenstates can decay to both Lφ and Lφ†. If we assign the N mass eigenstates a lepton number
zero, the first mode is ∆L = +1 while the second is ∆L = −1. Thus, lepton number is violated
in these decays.

The decay is dominated by the single tree diagram of Fig. 1. There are, however, corrections
coming from the one loop diagrams. If there is more than a single Nα, then there is a relative
CP-violating phase between the tree and the loop diagram. For example, for N1 decay, the
relative phase between the tree diagram and the loop diagram with an intermediate N2 will be
the phase of (λλ†)12. Thus, CP is violated in these decays. Indeed, one can define the following
CP asymmetry:

ϵNα =
Γ(Nα → ℓφ) − Γ(Nα → ℓ̄φ†)

Γ(Nα → ℓφ) + Γ(Nα → ℓ̄φ†)
. (7)
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Figure 1: Tree and one-loop diagrams (with intermediate N2) for the N1 → ℓiφ decay.

In a model with two singlet neutrinos, we have (x12 ≡ M1/M2)

ϵNα = gα(x12)
Im[(λλ†)212]

(λλ†)αα
, (8)

where g1,2(x12) can be found in the literature.4

Finally, the decay is out of equilibrium if the decay rate is slower than the expansion rate of
the Universe when the temperature is of the order of the mass of the decaying singlet neutrino,
Γα ∼< H(T ∼ Mα). This can be translated into the following condition on the Lagrangian
parameters:

m̃α ≡
(λλ†)αα⟨φ⟩2

Mα
∼< m∗ ∼ 10−3 eV. (9)

For M1 ≪ 1014 GeV, the final baryon asymmetry is given, to a good approximation, by the
following expression:

YB = −1.4 × 10−3
∑

α,β

ϵNαηαβ, (10)

where ηαβ parametrizes the washout of the ϵNα asymmetry due to Nβ interactions.
In the case that (a) the lepton asymmetry is dominated by the contribution from ϵN1

, that is,
the contribution from the lightest singlet neutrino decays, (b) the masses of the singlet neutrinos
are strongly hierarchical, and (c) N1 decays at T ∼> 1012 GeV , this mechanism of leptogenesis

becomes very predictive (see e.g. 5). Among the interesting features of this scenario are the
following:

(i) For x12 ≪ 1, there is an upper bound on ϵN1
:6

|ϵN1
| ≤ ϵDI ≡

3

16π

M1(m3 − m2)

v2
. (11)

Given that m3 − m2 ≤ (∆m2
32)

1/2 ∼ 0.05 eV, Eqs. (10) and (11) provide a lower bound on M1

which, for initial zero abundance of N1, reads 7

M1 ≥ 2 × 109 GeV. (12)

This, in turn, implies a lower bound on the reheat temperature after inflation, TRH, that is in
possible conflict with an upper bound that applies in the supersymmetric framework (to avoid
the gravitino problem).

(ii) The washout parameter m̃1 cannot be too large, or else YB becomes too small. Roughly
speaking, m̃1 ∼< 0.1 − 0.2 eV is required. Since

m̃1 ≥ m1, (13)

this implies an upper bound on m1. Furthermore, requiring that ∆L = 2 washout effects are
also consistent with successful leptogenesis puts a bound of the same order, m̄ ∼< 0.1 − 0.2 eV ,
where

m̄ = (m2
1 + m2

2 + m2
3)

1/2. (14)
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saw mechanism is indeed the source of the light neutrino masses, then qualitatively leptogenesis
is unavoidable. The question of whether it solves the puzzle of the baryon asymmetry is a
quantitative one. To answer that, we must be more specific about the details of how leptogenesis
works.
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eigenstates can decay to both Lφ and Lφ†. If we assign the N mass eigenstates a lepton number
zero, the first mode is ∆L = +1 while the second is ∆L = −1. Thus, lepton number is violated
in these decays.

The decay is dominated by the single tree diagram of Fig. 1. There are, however, corrections
coming from the one loop diagrams. If there is more than a single Nα, then there is a relative
CP-violating phase between the tree and the loop diagram. For example, for N1 decay, the
relative phase between the tree diagram and the loop diagram with an intermediate N2 will be
the phase of (λλ†)12. Thus, CP is violated in these decays. Indeed, one can define the following
CP asymmetry:

ϵNα =
Γ(Nα → ℓφ) − Γ(Nα → ℓ̄φ†)

Γ(Nα → ℓφ) + Γ(Nα → ℓ̄φ†)
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If there is more than one  heavy Majorana field, there is a relative phase and CP 
can be violated in these decays. To get sufficient baryon asymmetry,~10^(-8) 

Dolci!: Leptogenesis 



Finally, the decay is out-of-equilibrium  if the decay rate is slower than the expansion 
rate of the universe when the temperature of the universe is of the order of the  
mass of the right handed decaying neutrino

Dolci!: Leptogenesis 
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Figure 1: Tree and one-loop diagrams (with intermediate N2) for the N1 → ℓiφ decay.

In a model with two singlet neutrinos, we have (x12 ≡ M1/M2)
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Im[(λλ†)212]

(λλ†)αα
, (8)

where g1,2(x12) can be found in the literature.4

Finally, the decay is out of equilibrium if the decay rate is slower than the expansion rate of
the Universe when the temperature is of the order of the mass of the decaying singlet neutrino,
Γα ∼< H(T ∼ Mα). This can be translated into the following condition on the Lagrangian
parameters:
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∼< m∗ ∼ 10−3 eV. (9)

For M1 ≪ 1014 GeV, the final baryon asymmetry is given, to a good approximation, by the
following expression:

YB = −1.4 × 10−3
∑
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where ηαβ parametrizes the washout of the ϵNα asymmetry due to Nβ interactions.
In the case that (a) the lepton asymmetry is dominated by the contribution from ϵN1

, that is,
the contribution from the lightest singlet neutrino decays, (b) the masses of the singlet neutrinos
are strongly hierarchical, and (c) N1 decays at T ∼> 1012 GeV , this mechanism of leptogenesis

becomes very predictive (see e.g. 5). Among the interesting features of this scenario are the
following:

(i) For x12 ≪ 1, there is an upper bound on ϵN1
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Given that m3 − m2 ≤ (∆m2
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1/2 ∼ 0.05 eV, Eqs. (10) and (11) provide a lower bound on M1

which, for initial zero abundance of N1, reads 7

M1 ≥ 2 × 109 GeV. (12)

This, in turn, implies a lower bound on the reheat temperature after inflation, TRH, that is in
possible conflict with an upper bound that applies in the supersymmetric framework (to avoid
the gravitino problem).

(ii) The washout parameter m̃1 cannot be too large, or else YB becomes too small. Roughly
speaking, m̃1 ∼< 0.1 − 0.2 eV is required. Since

m̃1 ≥ m1, (13)

this implies an upper bound on m1. Furthermore, requiring that ∆L = 2 washout effects are
also consistent with successful leptogenesis puts a bound of the same order, m̄ ∼< 0.1 − 0.2 eV ,
where

m̄ = (m2
1 + m2

2 + m2
3)

1/2. (14)

Coffee & Cigarettes, maybe???? 

Notice that the CP violating phase in the PMNS matrix is a combination of the CP  
violating phases relevant for leptogenesis ! 
However, the experimental discovery of leptonic CP violation plus  the Majorana neutrino 
character would point to baryogenesis via leptogenesis  (if accidental cancellations 
are not present...) 


