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Open problems in particle physics

Baryon
asymmetry
of the Universe

Hierarchy Flavor puzzle

problem

Call for new physics



What if the new physics is heavy?
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What if the new physics is heavy?

Log = Loy + 0L + 6L

d
st = 3 %08
~ Ad—4
k
Operators affecting neutrinos lo oL
oscillations
0L = NSI+ ...
f /!
v ‘Production Va Vs

v ‘Propagation

v ‘Detection



Origin of Dark Matter

ENERGY DISTRIBUTION
OF THE UNIVERSE

DARK
ENERGY

DARK
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Rotational

curves




Origin of Dark Matter

The WIMP window is closing

No Luck @ LHC !
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Maybe the WIMP is heavier
than anticipated

Other mechanisms, possible
lighter scale particles



Origin of Dark Matter

The WIMP window is closing No Luck @ LHC !
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Portals

Standa’ Hidden

Portal
Model Sector

Scalar (Dark Higgs) Pseudoscalar (Axions, ALPs)
. - d,a -
(11S + AS?) HTH T Eu F G G T iy
fo fo f
Vector (Dark Photon) Neutrino (HNLs)
B, F"" Yie N H L,
2 cos Oy

Holdom 1986; Batell, Pospelov, Ritz 2009;
Patt, Wilczek 2006; FIPs 2022 report.



Vector Portal: Dark Photon

GSM X U(l)Z/
1 5 MZ,
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v SMT T 2cos By " 2 K

Vector Portal

Dark current ‘ Millicharged particles

Eqz
cos Oy

> X X2, iX (70, + my) x = eexyux A"
X

Holdom 1986; Stueckelberg 1938;
Okun 1982;



Neutrino Portal

* Simplest extension of SM able to account for neutrino masses. Consists
in the addition of fermion singlets ( /V; ) to the SM field content:

Neutrino Portal

1 _ ~
L= Lspm+ Li = 5N MigNj — Yia N;H' L, + h.c.

Le pton Fukugita, Yanagida 1986
New Scale Number ‘e
- - genesis
Violation
Baryon
Asymmetry



How do we give mass to neutrinos?

AL conserved AL largely violated AL approximately conserved
Higgs High scale Low scale see-
mechanism See-saw saw

(Y 20)2 2
_ YU U
Y NG my 7 m,, MQ’M

Yy, < 6.5-107"° If y2 ~ O(1) = M ~ 10" GeV, p<1
Symmetry protected
Why so small? If y2 ~ O(y?) = M ~ 1GeV, .
scenarios
Schechter and Valle 1980; Mohapatra and Mohapatra, & Valle 1986 ; Akhmedov, Lindner,
Senjanovic 1979; Minkowski 1977; Gell-Mann, Schnapka, and Valle 1996; Gonzalez-Garcia and
Ramond and Slansky 1979; Yanagida 1980 Valle 1989; Gavela, Hambye, Hernandez 2009;

Bernabéu, Santamaria, Vidal, Mendez, and Valle
1987; Mohapatra 1986 8



How do we give mass to neutrinos?

New Physics scale M

Averaged-out Not directly testable
Non Unitarity

meV eV keV MeV GeV TeV
o HNL deca
Oscillations Y

Sterile
Neutrinos



Pseudoscalar Portal: ALPs

Appear in many Warm dark
new Physics matter
models

QCD Axion solution and Strong CP problem

Laocp + €uvapGly ag;

) 327
Neutron electric dipole moment

Solves dynamically the

Euap Gl GoP

d, = (5.2 x 10 0¢ . Cm) 6. Strong CP problem
Why so small? Peccei, Quinn 1977
O < 10~ 19 Weinberg 1978
Abel, C., & Others. (2020). Measurement of the Permanent 10

Electric Dipole Moment of the Neutron. Phys. Rev. Lett.



How do we search for ALPs?
Neutrino Detectors

1-100GeV
Accelerator-based experiments
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Similarly for other types of FI1Ps



How do we search for FIPs?

New particles produced in meson decays

M — UN -
SM particles ecay
— = N
Tareet O(10 — 1000m) scattering
ge
Detector
Long-lived Very long-lived (Stable)
(HNL, ALPs, dark photon,...) (Millicharged particles,...)

Decay in flight inside the detector Scattering signals



Searching for New Physics at
Neutrino detectors

Part | Neutrino
Experiments

Affecting the 3 neutrino e Accelerator-based
oscillation picture experiments

Non-unitarity
Sterile neutrinos
NSI

13



Searching for New Physics at
Neutrino detectors

Part |

Neutrino
Experiments
Affecting the 3 neutrino e Accelerator-based
oscillation picture experiments

e Reactor Neutrinos
o Solar Neutrinos

o Atmospheric Neutrinos
Sterile neutrinos « CEVNS

NSI

Non-unitarity

13



Searching for New Physics at
Neutrino detectors

Neutrino Part Il
Experiments

e Accelerator-based
experiments

Millicharged particles

ALPs Dark  HNLs
Photon
Light mediators

13
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Part I: New Physics in Neutrino
Oscillations



Non-unitarity and sterile neutrinos



3 flavour neutrinos y 3 light neutrinos v;
n — 3 sterile neutrinos | n — 3 heavy neutrinos V;

1/ < N3x3 O3 (n—3) )
Rin—3yx3  S(n—3)x(n—3)

15



Non-unitarity

m > EW

« Strong constraints from EW and flavour precision data

g -7 1 9 = Al T .
£5 =5 (Wi hamuNaws +he) = 0 (Zuin® (NTN), v, + b
Examples of observables constraining Non-unitarity
la
: m5 G2 GPDG
44 FM—Wueﬁe — LFZ‘NMZ'|2Z|N6¢7|2 Gr = F .
v N 1927% 4 ; V2 N 5 Nl
. Lepton flavour universality
(]
D(P = pw) _ T (P— )™ 30 [Nl
Vi = SM <=3 2 P=mK
J L(P—er) T(P—ev.)™ S0, |Nuil

Invisible decay width of Z  (NNT);; = 8;; + O(107%)

Blennow, Ferniandez-Martinez, Hernindez-Garcia, Lopez-Pavén,
Marcano, Naredo-Tuero 2023

Antusch, Biggio, Fernandez-Martinez, Gavela, Lopez-Pavén 2006

 Heavy neutrinos are not kinematically accessible in neutrino

experiments

16


https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451

Non-unitarity at near detector

Non-unitary mixing matrix

Pig = ‘(Nsﬂj\ﬁ)ﬁar .S’ = exp(—iHL)

Common parametrization of N

]. - aee O O
—Qre _aTu 1— Qrr

Xing 2007; Xing 20ll; Escrihuela, Forero, Miranda, Tértola, Valle 2015

L=0

Standard unitary case

PStandard )(UUT) l = 0.5

Non-unitarity appearance Non-unitarity disappearance

v # B v=2p

40435

2
—unitarit 2 -unitarit,
PNonuma“y_‘ (NN 7‘ = o] Pygmien® = ’(NN*)

Stronger constraints from EW data 17



Sterile Neutrinos
m < O(1KeV)

All massive neutrinos are now accessible at EW processes and the

strona bounds disappear ,

9 —7 9 t
LD NG (W, lnaylhaivii +hec.) — cos Oy ZpvLiy" (UU)ijvr; + hee.
1 1
m5G2 Ve % \ 7~ % Y m5G2
. u—F 12 2 _ pF
Puowene = 9903 Z;me ;'u‘”‘ 19273

Produced in beams like DUNE and bounds from oscillation experiments

Anomalies in short-baseline experiments like LSND and MiniBooNE
suggest the presence of an extra neutrino around 1 eV.

18



Sterile Neutrinos 3+1

4 X 4 unitary matrix

( Ua Un Us U 1\

U = Ui Uz Uz Uy _ 3x3  O3x1
Ui Ura U U

19



Sterile neutrino appearance Sterile neutrino disappearance

; . o . o [(Am3,L Amgy L
PSBL = 4| Upas|® | Upa|” sin’ <L> PSBL =ds UB4|2 (1 ~ | Usdl >Sm <%)

(PSBE) = 2| Uaal? [Upal?,  (PEBY) = 1—2|Upal? (1— | Upal?)

4.0
35 \Upal = |Uea| = 0.1
Am?, =10 eV?

5 Averaged-out
9.0 ag Q‘Uu4|2’Ue4|2
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Sterile neutrino 3+1 averaged-out limit vs non-

unitariﬁ
Mapping

ael 00 LU 0 0

2
el || 0 = | [Uua||Uel % | Ual 0 ,
are| [aru| |or| | Ura| | Uea| | Ura| | Upa] 5 | Urd

Non-unitarity m > EW
App 2
P P>

/\ )8
P;“ }3)}) . 2
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DUNE will test the robustness of the three-neutrino

picture

Sanford Underground
Research Facility

Fermilab

We will use the ND-LAr

Far detector vs near detector

@ Near detector measurements
reduce the far detector

Sources of systematics

@ Cross sections systematic uncertainties.

o v flux @ New physics at the near
detector (heavily affected by
systematics)

22



Why is the shape uncertainty very important for the
near detector?

Appearance channel v., nominal beam neutrino mode

Type of systematics

Background | |

= 100000} - @ Global normalization
Energy window Signal |UM4’:|U€4:’ = (0.025 . _ error. Marginal

10000} impact on the

sensitivity.
1000F A
' e Shape uncertainty:

100 a normalization error

in each energy beam.

Events/(0.125GeV-year)

bt
i=

High impact on the

12 14 16 18 4

Eops(GeV)

Coloma, P., Lopez-Pavén, J., Rosauro-Alcaraz, S., & Urrea, S. (2021). New physics from oscillations at the DUNE near
detector, and the role of systematic uncertainties. JHEP, 08, 065

See also: Miranda, Pasquini, Téortola, Valle 2018 2 3



Results at DUNE

Coloma, P, Lopez-Pavon, J., Rosauro-Alcaraz, S., &
Urrea, S. (2021). New physics from oscillations at the
DUNE near detector, and the role of systematic
uncertainties. JHEP, 08, 065



Sterile neutrinos analysis

P,ue—I_Pee_l_PHN

Am3, (eV2)

101}

102

90 % C.L. (2 dof)

»
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-

107

100

) 103 104, 5
sin®(20 ) = 4 [Uea|” |[Upua|

1073

P,e + Pee + P, no shape —
Pue + Pee + P,y 2% shape ===
Pue + Pee + P,y 5% shape  -----..
NOMAD 90% C.L. E—
KARMEN2 90 % C.L. pr—
MiniBooNE 99 % C.L.

LSND 99 % C.L. ——

MINOS/MINOS-+&Daya Bay/
Bugey-3 90% C.L.
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Appearance averaged-out results
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Non-standard neutrino interactions

(A1)



Charged current (CC) NSI

Lnstcc = —2V2Gk Z Eff ' (LavuPrvg) (f4"Pf') + hec.
5L a,p

* Affect detection and production.

* Strongly constrained by other

observables like meson and lepton
decays.

f/ * We do not include them.

Biggio, Blennow, Fernandez-Martinez 2019

26



Neutral current (NC) NSI

P =P, Pr
P ;
Lnsine = —2V2Gp Y el (Tay" Prug) (fruPf)
f7P7a7B
eé’ﬁv = 5£’BL + 5£’BR 5%4 = gi’BL — 5£’BR

‘Propagation ‘Detection
o Detection

* Much more difficult to probe, main
bounds from oscillation data.

* We do include them. Including for
the first time NSI with e as well

as quarks.

Simplifications

f.P = R, CP conserving

o g f
£ = £
Jé; aﬁf X af
° 27



Experiments included in the Global fit

/ NSI\

Propagation Detection cross sections
(only vector NSI) (Both vector and axial NSI)
Our analysis includes data from: * CEVNS(Vector)
* Solar: (Chlorine, Gallex/GNO, SAGE, : , the first two
phases of );

Atmospheric: (SK[1-4], Deepcore, lceCUBE)
Reactor: (KamLAND, Double-Chooz, Daya-Bay, RENO)
Accelerator: (Minos, T2K, NovA)

CEVNS: Dresden Il, both the Ar target and the Csl target
configurations of COHERENT.

28



Neutrino Propagation

H" = Hvac + Hmat

1+ Eee(x) Eeplz) Eer(x) Ni() 1y
Huat = V2G N () £ () Eup(@)  Eur(T) Eap(a) = ) N, (z) 24
Eor () 5;,7 () &Err(x) frend
e, , 7, . _ Np(z)
Sas(@) = (e + 0 ) + Ya(w)ey  with  Ya(x) = N
Solar Neutrinos and KamLand Atmospheric and LBL

. . @ S €,V p;v EB n,V
Am2, — o Effective 2 families fap T (%B T Eap ) T Y eas
approximation

NO .
® _ *'n (Average in
Y = NSG ~ 1.051 Earth)

€D = f(ﬁl?))1923766”766776“7766678uu787'7')7 We &riﬂe
EN = g(ﬁ137192375eu756775u775uu7577)- Eoufuif

2 &grees o‘f'ﬁ-ee@m Coloma, P., Gonzalez-Garcia, M. C., Maltoni, M., Pinheiro, J. P., & Urrea, S.

(2023). Global constraints on non-standard neutrino interactions with quarks
and electrons. JHEP, 08, 032. 2 9

ez ~ 0(0.01 —0.1)



Neutrino Propagation and LMA-Dark solution

HY = Hae + Hmat
Generalized mass-ordering degeneracy S

11:

2 2 5 2
Amz; — —Ams; + Ams; = —Am3,,

010 — T / 2 — (o Miranda,Tortola, Valle, 2006 B
10
Itoni,Salvado 2011
Sop — T — Ocp MCGG,Maltoni,

Coloma, Schwetz, 2016

0
1

Farzan, 2015 N%
|
N._C;\:I 8
Ny(@) S
H\];ac — = (ngac)* Eaplz) = Z Nf gc{éﬁv
f=e,u,d e(ﬂ?) 7
Eeel) = Eu(2)] = — [Eue(®) — Epu(2)] = 2,
Err (@) = Epp()] = — [Err(2) — Epp ()] 9 : ]
Eap(@) = —Eia(a) (a# B), sl gmn i dol
sin” 0,,
Esteban, Gonzalez-Garcia, Maltoni,
Martinez-Soler & Salvado 2018.
Hrl;lat — (HV

fnat)” Can the mass ordering determination be spoiled? 30



Results Global fit NST

Coloma, P., Gonzalez-Garcia, M. C., Maltoni, M., Pinheiro, Coloma, P. Gonzalez-Garcia, M. C., Maltoni, M.,Joao
J. P, & Urrea, S. (2023). Global constraints on non- P. Urrea, S. (2022). Constraining new physics with
standard neutrino interactions with quarks and Borexino Phase-II spectral data. JHEP, 07, 138
electrons. JHEP, 08, 032.



Vector NSI with electrons and LMA-D solution

GLOB-0SC w/o NSI in ES Ax? = 2.30 ==
GLOB-0SC w/o NSI in ES Ax? = 6.18 ==

NSI from mediators with M,,q < 500 keV

Without Scattering

0201 0 0102 3 2 -1

e,V e
Eer Eepu
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Vector NSI with electrons and LMA-D solution

14.0 o
130 <

12.0
11.0

0.0

Borex Ax? = 2.30

Borex Ay? = 6.18 ==
GLOB-OSC w NSI in ES Ay? = 2.30 ==
GLOB-OSC w NSI in ES Ay? = 6.18 ==

NSI induced by mediators M,;q

~Y

With Scattering

* Borexino+SNO+SK break the

> 10 MeV

LMA-D degeneracy through ES.

pha

36.0
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Err

00102 -0.02

0
€ )
WT

-0.2-0.1 0_0.1 0.2
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e)
et

0.10.2

o

1
(=}
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7190 ¢ The limits improve 4-200 times
over our results of Borexino
se |l data only
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Neutrino Propagation and LMA-Dark solution

Solar + KamLAND +
10 - — reactors w NSI in ES -
- 1 GLOB—OSCwNSIinES -

GLOB — OSC w NSIin ES + |

— f =3 crins

> I "
& i o]
? I LMA-D solution -
= gL _'
X L -
R -
< 7: :
6| -
90% and 30 C.L.
s b o+ 0 o b 3 3 o b v 3 s b & ¢ 1"

0.2 0.4 0.6 0.8

Sin2912



LMA-D solution general status

£¢ = V5 cosnsinC,

90

75

50

25

—50

—75
-90

&P = /5cosncosC, &7 =+/5sinn
e n
D u d
& g
. | — i | | |
—90 =75 —50 —25 0 25 50 7 90
n(°)

Remember

3

£

(0%

P
= 5046§fXP
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LMA-D solution general status

€€ =+5cosnsing, &P =+Vb5cosncosC, £ =+/5sinn

xtaia (1 Q) — XRo - nst

xtma - (M €) — XFo — Nst Xtaa - €) — Xtaa (1, €)

¢(°)

Propagation

Propagation+ES

Propagation+ES+CEvNS
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Part 11: Neutrino detectors
searching for FIPs



Types of FIPs searches in neutrino detectors

New particles produced in meson decays

SM particles M= TN [y  decay
— m % -
Target O(10 — 1000m) scattering
Detector

Very long-lived (Stable)

Long-lived

(Millicharged particles,...)

(HNL, ALPs, dark photon,...)

Scattering signals

Decay in flight inside the detector

See our paper New physics searches using ProtoDUNE
and the CERN SPS accelerator where we study these
searches in ProtoDUNE
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Neutrino experiments we used to look for FIPs

36



Neutrino experiments we used to look for FIPs
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Experimental set-up

ProtoDUNE



: Extracted beam lines
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HiRadMat AN
BN | s

AD  ELENA
3o t12 m) TREREET ISOLDE
300SHR 1992 |
S\ ;g X Ries mREleIE
n_TO¥F M | East Area |

7

m ‘ PS
A AR . EEXEm
UNAC 4

CLEAR T10 target
2020 N Em
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ProtoDUNE: ‘Extracted beam lines

CERN Neutrino Platform
(ProtoDUNE detectors)

TT20 transfer ling & A

Beam B

= &,

~




ProtoDUNE: 12 target

North area EHN1

~5-7x10?2 protons/spill with a spill duration of 4.8 s -3.5x10%8PoT/year

p T2 | 15m
—_—) Dump
400 GeV

Side view

50 cm thin Be target

Magnets Magnets
T2
I I I
p 7mrad ~p Dump
—_ — et
gt
DJ BJ nl T[DJ p!"'
— 1. [ 1

D; Br N, T[D.l Py

Top view

Soil

2 /r beamiines

Soil

We are only interested in mesons not affected

by the magnets: short-lived or neutral

400 GeV protons

.
L

magnets

-

Neutrino Platform

NPO2 NPO4

677 m 723 m
Distances from T2

EHN1

L__|

NPO4

Meson production yield Ywm
(normalised per PoT)

4.03

0.46

/

Ui
0.05

D
4.8-107%

D, T
1.4-10"%*|7.4-107¢

P
0.54

w

0.53

¢
0.019

J/
4.4-107°

B T
1.2-1077|2.3-10°8

Distributions obtained from Pythia

Less back ground from neutrinos due to the A working group has been formed
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HNL: Production

Lo —% (W TpavuUasN + hec.) — ﬁ (ZuNA U2 vpa + hoc.)

We consider the simplified phenomenological benchmarks of
one HNL mixing with one SM neutrino of a given flavour

U, U, U, 4

Parent 2-body decay 3-body decay Parent 2-body decay 3-body decay
T — e Ny Dt — et Ny et KON,
Ny 1t Ny pt KONy
K™ — eT Ny m et Ny 7T Ny
Ny mut Ny D} — et Ny —
T — 7 Ny e UNy 1Ny
p— Ny 17Ny 7T N,

We don’t have pions and kaons in ProtoDUNE




HNL: Detection

g
cos Oy

g —
LD -5 (Wi lpavuUaaN +hoc.) —

We consider the simplified phenomenological benchmarks of
one HNL mixing with one SM neutrino of a given flavour

(Z N+*UZvia +h.c.)

Ue4 U,u4 U7-4
la VL«
> UOé4 N > Ua4
114 Z
N — veu,lr, ... N = vt vr,

41



Results HNLs ProtoDUNE

Coloma, P, Lépez-Pavon, J., Molina-Bueno, L., & Urrea,
S. (2024). New physics searches using ProtoDUNE and
the CERN SPS accelerator. JHEP, Ol, 134.



|Lﬂu”2

HNL: Decays into visible channels (combination)

We consider the following channels N — vee,vuu, veu, e, um and v

0

10—3
1074
1075
10-6 ; N,
107
10°
1077

IO—HJ:

TT |Jr||||| TT llllll[ TT IIlIIlI l"l IlIlIII TT Illlll'l

T 1T llll‘

BBN

ﬁbﬁyﬁﬁshﬁ‘--._ -

E@Spg ]
S

my(MeV)

Sensitivity for 5
years

[
=
=]
[
=,

102

D Dy
4.8-107%|14-1074

7.4-107°

(normalised per PoT)

103
my(MeV)

Br(D; — 7 v;) =5.43%

42



Experimental set-up

DUNE-ND



Sanford Underground
Research Facility
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Electroweak ALPs
5£EW = C¢O¢ + CBOB + CWoW

A x f, =1TeV

where ¢; stand for the Wilson coefficients of each opera-

tor:
. a'u a < Hypercharge rotation a CL
Op =70 D Z‘I’FVM\PF
fa fa
a ~
OB = —f—B/J,]/B'uV . :
a |
a a Na K| I| ; ,ﬂ| at Kt :[\. o (\ |+
OW — _f_WLWWW/ 2
a

Georgi, Kaplan, Randall 1986
Gavela, Houtz, Quilez Del Rey, Sumensari 2019.



Electroweak ALPs: Production
Energy

TeV Our effective Lagrangian

RG equations

Coloma, P, Hernandez, P, & Urrea, S. (2022). New
bounds on axion-like particles from MicroBooNE.
JHEP, 08, 025.

1.6 GeV Chiral Lagrangian

Bauer, Neubert, Renner, Schnubel, Thamm 2020 K 7-‘- a
Bauer, Neubert, Renner, Schnubel, Thamm 2021 Comput ation 45



Production
(Kt — nta) o (coupling)?
cp dominated cyy dominated ce dominated
(KT —7nta) < T'(KT —»7ta) ~ T'(KT — nTa)

Detection
I'(a = XY) o (coupling)?

cyy dominated cy dominated
a — Yy a—ete”
a — ptp”
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Results ALPs DUNE-ND

Coloma, P, Martin-Albo, J., & Urrea, S. (2024).
Dlscoverlng long- llved partlcles at DUNE. Phys. Rev.
D, 109(3), 035013.
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Conclusions

* Light New Physics is interesting since it can provide
solutions to some of the SM open problems and
might be accessible in laboratory experiments.

* Neutrino detectors offer a magnificent
complementarity in the search of this light sectors.

* Future neutrino experiments are expected to push
the boundary further and constraint and hopefully
have hints of the existence of these new physics
scenarios.
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Motivation



N, S : fermion singlets

INVERSE SEESAW

_ _ 1
L=yLNH+ MNS + §,uSCS—|— h.c.

0 mp 0
M= mZ o0 M
0o MY pu

pw<Lmp <M

m, = mp (]\IT)_1 pM~tmh ~



Solar ALPs

(@) (b) (¢)
FIG. 1: Tree-level Feynman diagrams illustrating (a) the inverse Primakoff process and (b), (c)

the inverse Compton process.

1 L~
L = —Zga,ya,F“ F.

Bound coming from SNO
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Strong CP problem

* This term is a total derivative and
its presence does not affect
perturbation theory.

* Due the existence of instantons
related to the non-trivial nature of
the QCD vacuum, the term will
contribute to QCD non-
perturbative predictions.

| 993 pv oS
,CQCD | 327‘.26MV@BGCL G

The mass matrices M* are general complex matrices.

The general eigenvalues are m;e*®’

- 1

i ity i i —itay i
qr, —7 €2 °'qr, qr —7 € 2 '(gR,

Phases removed by chiral transformations



Strong CP problem

2
S — 5 — ZZ 0% / d*x 337872 GWQBGZWGO‘ﬂ + extra terms
i

H%H—Zaizé

Neutron electric dipole moment Why so small?

d,, = (5.2 x 107 %¢ . Cm) 0. 0 < 1010



Axion solution

Imagine a theory with a dynamical 6 term

Axion mmmp H(m)gg

3272 EWQBGZWG?;B

Vafa-Witten
theorem

When QCD confines it will generate a potential for 6(x)

which will have a minima around (6(x)) = 0 relaxing

the effective value of 8 to 0



Hierarchy Problem

5mfermion ~ Mfermion 10g (A/mfermion ) Chiral Symmetry
5mGauge ~ M Gauge 1Og (A/mGauge) Gauge Symmetry

0MScalar ~ A Like SM Higgs A = new Physics scale

Light New
Planck . Physics do not
Scale Fine worsen the HP
tuning
Beware

of new scalars
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High scale non-unitarity

0.081,1.4] - 103 0 0
<24-107° <14-107* 0

I —«af =
<1.8-1073 <36-100* <89-1074

Blennow, Fernindez-Martinez, Hernindez-Garcia, Lopez-Pavén,
Marcano, Naredo-Tuero 2023

Low scale non-unitarity

“flavor+-electroweak” “Averaged-out oscillations”
m > EW (20 limit) Am? = 0.1 eV? (90% CL)

e 1.3- 1073 [36] 8.4-107° [55]

Qs 2.2-107* [36] 5.0- 1072 [15]

trr 2.8-1073 [36] 6.5- 1072 [56]

|| | 6.8-107% (2.4-1077) [36] 9.2-1073

oy | 2.7-1072 [36] 1.4-1072

|| 1.2-1073 [36] 1.1-102

Snowmass 2021


https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451

Four determinations of the W-boson mass: M, IIiEP M .[{w M El,lrmb? M .[‘:j;l'l“j"s.

Two determinations of the effective weak angle: HEELIIC and sgﬂ:&“.

Five LEP observables measured at the Z-pole, plus a determination of the Z invisible
width from CMS: Tz, o 4, Re, R, R,, THIC.

Five weak decay ratios constraining lepton flavor universality: Rj_, RT Hf:‘E? L [

Ten weak decays constraining CKM unitarity.

cLFV observables.

Blennow, Ferniandez-Martinez, Hernindez-Garcia, Lopez-Pavén,
Marcano, Naredo-Tuero 2023


https://inspirehep.net/authors/2150451
https://inspirehep.net/authors/2150451
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Arbitrary units

Appearance channel v, nominal beam neutrino mode

Appearance channel v, nominal beam neutrino mode
fg 10° Background ’%\ 104[ Encrgy window Backgroundr——
o o [
= . = .
= 104, Energy window Signal [ay.| = 0.025 m o 1% Signal |ar,| = 0.012 ms
v f
S S
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= 107 =
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1 1
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Running mode Sample Contribution Event rates (x10°) E&%2* (GeV)
Intrinsic cont. 20.18
v.-like Flavor mis-1D 4.61 7.125
NC 6.77
v mode (nominal) il Uy, Uy CC' (Pup =1) 2,235.72 - 125
NC 1735
_ vri 5 CC (P =1) 39.33
vo-like NC 393 18
Intrinsic cont. 11.18
ve-like Flavor mis-1D 1.07 T.125
NC 3.89
7 mode (nominal) | _ Uy ¥y CC (P =1) 1,013.42 ;
vy,-like NC 9.76 T:125
S— s W G [Py =T} 2rT5
T—l k T -F=T P‘T 18
RS NC 1.80
Intrinsic cont. 38.10
ve-like Flavor mis-1D 12.98 18
NC 30.51
v mode (HE) ; vy, ¥y CC (Pyy =1) 5.784.30
vy-like NC 715 18
- i OO P =) 259.67
--lik " 1
= NC 9.42 8




] . Benchmark 1 Benchmark 2  Benchmark 3
Event sample Contribution
Onorm  Tshape | Onorm  Oshape | Tnorm  Tshape
Signal 5% —~ 5% - 5% -
L like Intrinsic cont. 10% - 10% 2% 10% 5%
e Flavor mis-1D 5% - 5% 2% 5% 5%
NC 10% - 10% 2% 10% 5%
i vy, 7, CC (signal) | 10% - 10% 2% 10% 5%
B NC 10% - 10% 2% 10% 5%
G g Signal 20% — 20% — 20% -
d NC 10% - 10% 2% | 10% 5%

7~ Decay Mode Branching Ratio

* 30% signal 0.5% NC

background

TR 17.4%
€ Delir 17.8%
T Uy 10.8%
*,rr_'.!r“y,,. 25.5%
r 2n'v, 9.3%
2w, 9.3%
o~ ntnlw, 4.6%
2
Xmln({@}) — mln Xstat ({@ € C} Z ( ) Z ( )
{&,¢} Onorm ,s b Onorm ,b
2
31g
+Z + Z
Jshape ,8ig ; Ushape ,bg
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N[~

AFE;

5. (8) ~
) — ~ e
FIE: E O'L/Ez- 2T

1 1 Am2 L 1 Amz o ) 2
<PozB (L/Ez)> = 5@,6’ - 4|Ua4‘2 (5015 — ’L[B4|2) [5 i 5 COS ( 41 ) exp {—5 ( 41 L/EZ> }]

2E¢



V. appearance v, disappearance

. . Am2 L .2 Am2 L
P/J,e = 4‘ (’)(134‘~| UH4‘2 Sln2 (4—;;) Pee =1- 4‘ (/"(:14‘ (l o ‘(/(4‘ ) sin (4—11;)

v

v, appearance v,, disappearance

Am?2,L i
B 2 2 . 92 14 Am L
P = 4|Ursa|” |Upsl” sin ( 4F ) Puu:1_4‘U“4|2( | Upa )Sm ( 411*74 )

v
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v, appearance

90% C.L. (2 dof)

102 I

No shape

— == 2% shape

Am3,(eV?)

----- 5% shape

1 CHORUS 90 % C.L.

1 NOMAD 90 % C.L.

=y

1
104

103

sin2(20,47) = 4 |Ura|® Uy



Ve appearance
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v,, disappearance
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v, disappearance
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Extra Results Part I NSI
Global fit



One of the most paradigmatic models that give rise to NSI are light
mediators.

To put a concrete example, let us consider models with a vector mediator
coupling to electrons and neutrinos.

_ VA~ — ]‘
Ly = ngZZ,, <QE/€7”€ + Zqz‘i‘ Va,LW’”LVa,L> + —M%Z/“Z/fu
84

2
Model q¢ q"¢ q"* q""
Universal /leptonic scalar (or pseudoscalar) 1 1 1 1
B — L vector -1 -1 -1 -1
L. — L, vector 1 1 -1 0
L., — L. vector 1 1 0 -1

The oscillation data can be used to constraint very light mediators but for

scattering the mass of the mediator must be larger than the momentum
transfer (q) of the neutrinos interacting M,.c.q = ¢

* Borexino scattering: ¢ ~ O(500 keV),
* SNO and SuperK: ¢~ O(5 —10 MeV)
* CEVNS: COHERENT ¢ ~ 30 — 50 MeV Dresden Il ¢~ 5 MeV
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1305 Borex Ay? = 6.18 ==
20 < GLOB-0SC w NSI in ES Ay = 2.30 ==
o GLOB-OSC w NSI in ES Ax? = 6.18 =
IIIIIII I\ | ] gg NSI induced by mediators Mp,.q 2 10 MeV
1+ 14.0
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ﬁ 1 20 <
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------- - )
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lllllll o o 26.0
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n,V
apf

€

e, p,V &
(%5 + €05 ) +Y
GLOB-OSC w NSI in ES+CEvNS Ay? = 2.30 ==

O  _
6045_

General NSI withe, p and n

GLOB-OSC w NSI in ES+CEvNS Ax? = 6.18 ==

NSI from mediators with M, .q = 50 MeV

* Includes both electron and
NSI
* Important bounds to be
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—15

GLOB — OSC w NSIin ES
GLOB — OSCw NSl in ES + COH — Csl

GLOB — OSCw NSIinES + COH —Csl+ COH — Ar
GLOB — OSCw NSIinES + COH —Csl + COH — Ar

+Dresden — Il (Ge)
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n (°)
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dEr " o Q ( )mA ( E?2 )

Qopg =4 (V(S + e )+N(X5a5—l—82’ﬂv>

where g! = 1/2 — 2sin*6,, and ¢! = —1/2

Qa5 = / [(g}‘)/ + Yn?oh ) 5 4+ ECOh} with Ecoﬁh — Eaﬁ + Ycoh ZBV

cap = €ap (€ +Y7€") (X" +x™) = V5 [cosneos ¢ + Y™ sinn] (X" +x7) eag.



£(2)- (i 259)(2)

71— -
dx %)

Oru() = 5 acton [HEf ()/HEE(@)] Aule) =\ [HE@)] + [HE @)

2

In most of the literature to simplify the computation the so-called adiabatic

approximation is assumed

<1

However in the presence of NSI, we can have the case in which A,,(x) — 0,

this is realized when:
Am?2., cos 20 c?
e PV, n L R . 12 12 13
€6+ + Y, ()" (x~ +x")ep — BV :
Am?, sin 26
e | ¢p n (L R B 12 12
€6+ &7 + Y, ()€™ (X" + X" ) en — 1B,V ()




Results: Adiabaticity

LMA, NSI with protons or electrons 5 LMA, NSI with neutrons

€D
* A good fit can be fake if we
use the adiabatic
approximation for non
adiabatic points.

* If we throw away the non
adiabatic points we recover
the correct sensitivity
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Longer term LHC schedule

In January 2022, the schedule was updated with long shutdown 3 (LS3) to start in 2026 and to last for 3 years. HL-LHC operations now foreseen out to end 2041.

2021 2022 2023 2024 2025 2026 2027 2028 2029

J[FMIAM ] |J|AS|O|NID{J|FIMAM|J[J|A|S|ON|D ] [FMIAM J|J|A|SIOINID{J | FIMAIM| ] [J]AISIO|NID I |FMAM I | J |A|S|O[N|DY ] [FIMIAIMI | J|A|S|O|NID{J |FIMAM|J [ |A|S|O[N|Dy ] [FMIAM ][] |A/S|ONID{ I |[FIMAM ] [J|A|S[O|N|DY

\' Run 3 \ Long Shutdown 3 (LS3)..
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FIMIAMJ|J|A|S|ON|D{] [FIMIAM 1| J|A[S|O|N|D T |FIMAIM| ]| |A|S|O|NIDy ] |[FIMIAIM| ] {1 |A|S|O[NIDY ] |FIMAM|J| J|A|S|O|N|DY ] [FIMIA(M| ]| ] |A|S|O|N[Dy | F|MIAIM| I | J|A|S|O|NIDY I | F[MIAIM| ]| J|A|S|ON|D{ ] [FIMIAM| ]| J|A|S|O|N|DY
Run4 LS4 RunS |
2039 2040 2041

| | Shutdown/Technical stop
’ 3 5 N Protons physics
LS5 ‘ Run 6 ‘ Ions (tbc after LS4)

\ / Commissioning with beam
| Hardware commissioning

Last update: June 24
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Wide HNL beam

Small changes in the
geometry will not
significantly change the
results

Any of the two ProtoDUNE
detectors can be used
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Neutrinos entering the detector

These neutrino fluxes are based on the meson simulation done with Geant4

Ve Yy Vr
Total Events: 5.34e+14 Total Events: 5.40e+15 Total Events: 2.83e+12

1015 ]

1013 |

—

()
—
—

Frequency

109 |

0 100 200 300 100 0 100 200 300 100 0 100 200 300 400

Energy (GeV) Energy (GeV) Energy (GeV)

y Newtring Cross Sections on Ard( Neutrinos interacting in the detector
107 Interaction Type|Number of neutrino events
T v, CC 86217 (55156)
= ve NC 27144 (17390)
£ 104 v, CC 305577 (28389)
§ — . CC v, NC 96151 (9020)

1094 : Zl‘: EE L (—:C ]--1-[)

NC V. NC 76

10 25 50 75 100 125 150 175 200 19 .

Evczy (G 1.75 x10*°PoT in 5 years

Salvador Urrea (IFIC) Simulated with GENIE



mEpF or pEpuF

Bkg
2.01 . Signal
>
We have 1278 background events with the following cuts: z
[a)
» We keep events with only two p-like (7=, ;) particles, above an en-
ergy threshold of 30 MeV.
* We reject events with other detectable particles in the final state.
We can reduce the events to 15 events with the following kinematical cuts: : : , , :
2 3 4 5 6
* pr < 0.35 GeV. pr of Pair (GeV)
* 0, < 0.18 rad. 6 Bke
" B s Signal
These 15 events of background are y" 7, for the channel 1™ 11—, we could y
reduce this background further by noting that pions are more likely to inter-
act in the TPC, producing noticeable differences in their tracks with respect A4
to the muons. Z
& 31
2_
1 4
0- , ' . ; :
0.0 0.5 1.0 15 2.0 2.5 3.0

Angle between final particles (Radians)

Simulated with GENIE



et T or

We have 1982 background events with the following cuts:
» We keep events with only one si-like (7=, ;) particle and one (e%),
above an energy threshold of 30 MeV.
* We reject events with other detectable particles in the final state.
We can reduce the events to 24 events with the following kinematical cuts:
* pr < 0.35 GeV.

* 0, < 0.180 rad.

These 24 events of background are e*7F, for the channel ¢ 1", we could
reduce this background further by noting that pions are more likely to inter-
act in the TPC, producing noticeable differences in their tracks with respect
to the muons.

+

Simulated with GENIE
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Number of Events

Neutrino Interaction Events Histogram
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New Physics: stable particles
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Millicharged particles

Detector(NPO02)
Liquid Argon TPC

Scattering
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Extra Results Part 11
DUNE-ND



DUNE Timeline and Phasing

DUNE phase-I:
« LBNF completed
- PIP-1I and neutrino beamline by 2031
- full near detector site and facilities by 2028
- far site with facilities and caverns for 2 modules — total of 70kt FD
complete by the end of 2024
. Two FD modules — 17kt LArTPC each of HD and VD
HD starts installation in 2026, complete and commissioned by 2028
VD starts installation in 2029
« LAr-ND w/ TMS and on-axis SAND by 2031

TMS: Three-Dimensional Muon Spectrometer, SAND: System for on-Axis Neutrino Detection

PIP: Proton impErovement Flan
DUNE phase-Il:

« Fermilab beamline: Booster and other upgrade allowing for 2.1MW
* ND - additional sub-detectors — ND-Gar, calorimeter
« FD-FD3 and FD4 — technology TBD.



Parameter Phase | Phase 11

FD mass 2 FD modules (20kt fidu- | 4 FD modules (40 kt fidu-
cial) cial LAr equivalent)
Beam power 1.2 MW Up to 2.3MW

ND configuration | ND-LAr+TMS, SAND ND-LAr, ND-GAr. SAND

What is SAND?

Non-Ar Target
+ Tracker Always on axis,

Monitors the beam,

Interactions with different

V nuclei.
(AI‘, CH2 ; C)
LAr Target
(a) SAND engineering model (b) Sketch of SAND vertical cross-section

Figure 1: Drawings of the current SAND design.



SAND primary goals

On-axis v-spectrum monitor to detect any potential changes in the beam over time on a weekly
basis that can affect the FD oscillation analysis

Provide an independent in-situ measurements of v,,, anti- v, v, anti- v, fluxes and energy spectra

Constrains systematics from nuclear effects by measuring the v and anti-v cross sections on nuclei
other than argon (carbon and hydrocarbons)

Exploit the unprecedented high statistics to perform a rich physics program besides the oscillation
program



Selection cut

Signal efficiency

Background rate

ND-LAr ND-GAr ND-LAr ND-GAr

Two p-like tracks only L.00 1.00 3545674 TOG5S6

';; PID g and opposite charge sign 0.40 1.00 6226 124

L™ Transverse momentum < 0.125 GeV/c 0.40 0.99 99 2

Angle between muons < (.7 rad 0.40 0.94 0 ]

" Two e-like tracks/showers 0.10 L.00 0432 145

y & Reconstructed ALP direction 0.10 0.99 180 15

g Two 4 showers only 0.05 (.79 36276 142322

- Reconstructed ALP direction 0.05 .79 HO3R 7923
Angle between -~ showers 0.05 1367

% Two p-like tracks, two + showers 0.04 0.581 2030490 40462

| PID == and charge sign 0.04 .81 431035 el talt)

b Transverse momentum < 0.2 GeV /e 0.04 0.79 17182 342

ks Angle between pions < 0.15 rad 0.04 (.69 946 19




UY completions
5£EW — C¢O¢ + CBOB + CWoW
A x f, =1TeV

where ¢; stand for the Wilson coefficients of each opera-
tor:

a'u a < Hypercharge rotation a CL
Op =i——¢' D Ty W
0 =170 Do ey Z P
a ~
Op=—-—B,,B,,

fa Bonnefoy, Q., Di Luzio, L., Grojean, C., Paul, A., &
Rossia, A. N. (202]). The anomalous case of axion
EFTs and massive chiral gauge fields. Journal of
f High Energy Physics, 2021(7).
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5£a,int CuR 5 CuR uRzVMuRj

3 2 2\ 2
P (D* o) = BECCeL (7 <m3)}2A”2 (1, i) (1 25

to

2 3¢ 3¢?
cgg = Je 1 €
3¢2 € €2

where off-diagonal entries are controlled by € = f, /A ~ m./m;.

10° ¢ B | | | e 2 | | 7
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= g | E - n .
Q 3 h = - \/ S
10 3 = 1020
T = o0 g
1074 & g -
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sl = :
=k 5 107 L
Sz107° ¢ ad
~— - 5T
1077 A 10 ?
108 i 10~ L \
’ 0 0.5
(Ge\/)
KR + K Kot - SR 0y — R
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Qs

87 fa

where Gi’w is the gluon field strength, GO = %e“”p"Gbm, with %123 = 1.
Also, oz = g?/(4n), and g, stands for the strong coupling constant.

b b
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Extra Results Part 11
MicroBooN‘E



Experimental set-up MicroBooNE

Decay at 1est 4. 3ron absorber
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MicroBooNE. Search for a Higgs Portal Scalar
Decaying to Electron-Positron Pairs in the
MicroBooNE Detector. Physical Review

Letters, 127(15).



ALPs Production

3 2 2 2
[ (K - nta) = m | lkq (hw)],q AL/ (1 B &)

2
o047 M.

Ara = A (L mg /mic, mz /mic)

A a,b,c) =a® +b* + c* — 2ab — 2ac — 2bc

Fq (b))l 4

~ 9.7 x 10 %ew (A) +8.2 x 10 3¢y (A) — 3.5 x 10~ °cp(A)
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Detection: ALPs decays

2 4m2
T (a — 007 = |eg? D J - T2
(CL ) ’CM’ 87.‘.]83

3o [ 3¢ dc a (470" m
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Electroweak ALPs: Detection
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Bound using MicroBoone data
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Extra Results Part 1 Borexino
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One of the most paradigmatic models that give rise to NSI are light
mediators.

To put a concrete example, let us consider models with a vector mediator
coupling to electrons and neutrinos.

_ VA~ — ]‘
Ly = ngZZ,, <QE/€7”€ + Zqz‘i‘ Va,LW’”LVa,L> + —M%Z/“Z/fu
84

2
Model q¢ q"¢ q"* q""
Universal /leptonic scalar (or pseudoscalar) 1 1 1 1
B — L vector -1 -1 -1 -1
L. — L, vector 1 1 -1 0
L., — L. vector 1 1 0 -1

The oscillation data can be used to constraint very light mediators but for

scattering the mass of the mediator must be larger than the momentum
transfer (q) of the neutrinos interacting M,.c.q = ¢

* Borexino scattering: ¢ ~ O(500 keV),
* SNO and SuperK: ¢~ O(5 —10 MeV)
* CEVNS: COHERENT ¢ ~ 30 — 50 MeV Dresden Il ¢~ 5 MeV



Scalar Universal model Pseudoscalar Universal model
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