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The SM is successtul and predicts a wide variety of phenomena

that has been tested experimentally to an incredible accuracy:.
However, there are some open problems

Represent our best window for New Physics



The SM is successtul and predicts a wide variety of phenomena

that has been tested experimentally to an incredible accuracy:.
However, there are some open problems = open oportunities

Represent our best window for New Physics
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The discovery of neutrino oscillations points that
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They could hold the key to understanding some other SM open problems

— Dark matter candidate

— Flavor puzzle

— Matter-antimatter asymmetry of the Universe

Baryogenesis through Leptogenesis




e The leptonic mixing matrix

If neutrinos are massive, it will be a misalignment between physical (mass)

and flavor eigenstates

— (UPMNS)ai—' mass neutrino
(propagation)

. 1 =1,2,3
flavor neutrino

(production /detection)
=€, [T



e The leptonic mixing matrix

If neutrinos are massive, it will be a misalignment between physical (mass)

and flavor eigenstates
Vo = (UpMNS),,; Vi

Pontecorvo-Maki—Nakagawa—Sakata (PMNS) mixing matrix

CC: (Upmns)aililaW ™ NC: §;,v,v;Z
l, v
W~ 4
N (UPMNS)O”; £ 523



e The leptonic mixing matrix

The Upyng an Unitary matrix, can be parametrized by
— 3 angles: (912, (923 & (913
— CPV phases: 9, (a1 & as for Majorana v)

1 0 0 C13 0 8136_% C19 S1o 0 1 0 0
UpMNs = 0 C93 S99 0 1 0 —S192 c19 0 0 G_ia_22 0
0 —S93 o3 —813€i5 0 C13 0 0 1 0 0 6_2'%
“atmospheric” angle “reactor” angle “solar” angle Majorana phases do
B ~ 450 fia ~ 8.5° 0,5 ~ 33° not participate in

v oscillations

0 Dirac phase (only in L processes)



e Neutrino oscillation parameters

Accesible parameters in neutrino oscillation experiments
— PMNS parameters: 619, 623, 013 & 0

— Mass splittings: Am?, & Am?

sol atm
Neutrino oscillation experiment Leading dependence | Subleading dependence
Solar experiments |1] 015 Amgol & 011
Reactor LBL |2] Amgol 015 & 013
Reactor MBL |3 013 [Am?2, |
Atmospheric experiments |4] 023 Am?2. 013 & ¢
Acc. LBL v, & 7, disappearance |5] IAm?2, | a3 & 613
Acc. LBL v, appearance (6] 013 Am?2, 6 & 0a3

1] SNO, Borexino, Gallex, SK  [3] Daya Bay, Reno, Double-Chooz  [5,6] T2K, MINOS, NOvA
9] KamLAND 4] SK, MINOS, TceCUBE



e Neutrino oscillation parameters

Present values obtained through a global-fit to a complete set of v oscillation experiments

2 -5 2 2 -3 2 2
Am,, [10” eV7] Ocp Amz, [107eVT] Amg.
o N © > \ S S
O N O S ) S S S S o o A S NI Y
| | | 1T 11 I p I L L L I L Ty rrrrfprrrrypunrl Iy rrrrprrrrprl
o[l | | [T w [ | | | J [T T T T
N — n 4 L _
o . u 4 L _
Q— —] = — — —
. — S | = _
& 1 aL 1L 1
© o — o C 1
S [ 1 35,9 L N
2D o} _Ma:cn B B
N W — W - —
N . C ]
.Q_ ] o — —
RE i o[ I L ]
o . [ 1L ]
W[ _ [ 1 F |
o I|IIII|IIII|IIII|II IIIIII|IIIIII|IIIIII|IIIIII II|IIII|IIII|II”II|IIII|IIII|II
.Q | | | 1T 11 | [ L L L 1T 11 Ty rrrrfprrrrypunrl Iy rrrrprrrrprl
S | | | | | | | RRRRRRR RERRR AN RN RN RRRRN R
~i
(O]

8"
ez .

9¢00 vc00 ¢cc00

c00

_|III|III|III|III|_Z-0

-\

0@

NUFIT 5.2



e Neutrino oscillation parameters

The present best-fit values of the neutrino oscillation parameters are

sin? 61 0.30379-012 0.3037 9013
sin? a3 0.45170 014 0.56970 05y
sin” 03 0.0222570-00020 0.02223 100028
ocp[°] 232730 276122
Am?2 | 7417030 . 107%eV? 7417920 107 %eV?
Am2, | | 250779926 . 10-3eV? | —2.48670-02° . 10~ 3eV?
However, there are still some unknown values
— 0 (maximal?) = COP ? — AmZ, sign

— 3 octant (maximal mixing?)

NUFIT 5.2



e Neutrino mass hierarchy and absolute scale

The sign of Am?Z, . gives rise to

Inverted Hierarchy
(IH)

Normal Hierarchy
(NH)




e Neutrino mass hierarchy and absolute scale

The sign of Am?Z, . gives rise to

T Dy

Normal Hierarchy Inverted Hierarchy

(NH) (IH)
Direct bounds on the absolute neutrino mass scale
— Single B-decay — Cosmology
m2_ =) [ (Upmns)a; [Pm; » m; <0.12 eV (95% CL) (Planck)

my, < 0.8 eV (90%CL) (KATRIN)



e Dirac neutrino masses

All fermions get masses through the Yukawa interaction

~

W
2J
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e Dirac neutrino masses

All fermions get masses through the Yukawa interaction

~

— after [ UEW —
VLY QYR — Ew 2J¢L¢R
-
For neutrinos
UVEW

VLYyPVR = Mp = Yy, \@



e Dirac neutrino masses

All fermions get masses through the Yukawa interaction

~

— after [ UVEW |
VLY PYR — Ew 2J¢L¢R
L e

For neutrinos

UEW

VLY DR = Mp = Yy 7

Not present in the SM




e Majorana neutrino masses

Since neutrinos are the only neutral fermions

MVLVL
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e Majorana neutrino masses

Since neutrinos are the only neutral fermions

MVLVL

but violates SU(Q)L X U(l)y

However, after EWSB, can be induced through Weinberg operator

1 a=
9 ap

> (@gg*) (qz%) +he.

: CUQ R
arter o
s Ewcd_5uzyL
EWSB | 2 y
L,
A /Z] —
i — EW =5



e Majorana neutrino masses

Since neutrinos are the only neutral fermions
mur$ry,  but violates SU(2), x U(1)y

However, after EWSB, can be induced through Weinberg operator

9 )
| -\ /- fer |VEW d—sfc
d=>5 (6 C *) ( "'Z ) _|_h arter \ E d=>|,c
— .C. 7 C 1% VL
2
b Uew  J—
m = 2L pd=0

2

d =5 = Is SM low energy remnant of higher energy theory?



And therefore, neutrinos are strictly massless in the SM.

The SM must be extended to account for neutrino oscillations.



The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

- M
L = %sm + NRriidNp; — (yiozLaHNRz’ 2N N]%Z'NR@') h.c.



The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

— - M
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Dirac mass



The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

- ‘M h
A= G%SM NRzZaNRz — (yiaLaHNRi 2N N]C%ZNRZ) h.c.
- _J
l

Majorana mass

New Physics scale



The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

- M
L = %sm + NRriidNp; — (yiozLaHNRz’ 2N N]C{Z'NR@') h.c.

The neutrino mass matrix diagonalized by U

(0 ml ; - (m 0
/\/l,/—<mD MN) == UMVU—(O M>

with the Unitary matrix
light heavy

N;@

-
|
Sterileéactive
w:
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The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

- M
L = %sm + NRriidNp; — (yiozLaHNRz’ 2N N]C{Z'NR@') h.c.

The neutrino mass matrix diagonalized by U

(0 ml ; - (m 0
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with the Unitary matrix
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The simplest extension requires the addition of at least two heavy neutrinos

which are singlets of the SM GG within the type-I seesaw. The so called HNLs

- M
L = %sm + NRriidNp; — (yiozLaHNRz’ 2N N]C{Z'NR@') h.c.

The neutrino mass matrix diagonalized by U

(0 ml ; - (m 0
/\/l,/—<mD MN) == UMVU—(O M>

with the Unitary matrix

N oot 1
U = ( @> N = (I )UPMNS @:mEMjgl

R S




Light neutrino masses given by

A t —1 - : T
m = mDMN mp = _UPMNSmUPMNS

Active-heavy mixing given by

O = m;)Mle



Light neutrino masses given by

A t —1 - : T
m = mDMN mp = _UPMNSmUPMNS

Active-heavy mixing given by

O = mEMle

)= mi, My = My ~104GeV = O~ 10712

| |

(y ~O(1))

If smallenss of m, comes only from the suppression of My, active-heavy
mixing will suppressed = experimental verification extremelly challenging.



Alternatively, smallness of m, may naturally stem from an approximate L

instead of a huge hierarchy of masses.

In particular Lo N, N, Ny
L=1 1 1 L=1 -1 0

VEW Ye Yu Y\ 1 M 0 M 0\1 ™M

mp = — 0O 0 0 |]-1M3 My =|M C 0 |-1N;

V2 0O O O0/0 Ns 0 0 M /o N

where [V, 1s an arbitrary number of extra heavy fields.

It L is exact:
o 7 =ml,My'mp =0 (massless v)

Yo VUEW

VoM

# 0 (arbitrarily large)

o 0, =



Alternatively, smallness of m, may naturally stem from an approximate L

instead of a huge hierarchy of masses.

In particular
P Ve vy, Vs N1 N2 V3
L =1 1 1 L = —1 0
Ve Ye Yu Yr L1 M U3 \ 1 N
_ B / / 'l M= M
mp = €1Ye €1y, €1Y- N = H2 g |—1 No

V2

where [V, 1s an arbitrary number of extra heavy fields.

// // // /
€2Ye €2V, €Y7 ps  pg M) 0N

If L is mildly broken by €; and p;:
o i =m,My'mp # 0 (m, ~ O(eV))
Ya VEW

VoM

# 0 (arbitrarily large)

o O, ~



Minimal low-scale seesaw models + v oscillation pattern

e 2 neutrino case

M, = | ytv/v2 ' M
ey''v/vV2 M U
When solving
mp My mp = _UE;MNSmUPT)MNS

strong correlations among the mixing elements

4 * = (0.
(90‘ — ﬁ (\/1 + P UE;MNSC\{g T \/1 — P UPMNS&Q) for NH Upnnsai = gai(0s, 0cp, a2)
P = f(Am?j)
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P = f(Am?j)

Flavor structure determined up to 3 free parameters




Minimal low-scale seesaw models + v oscillation pattern

e 2 neutrino case

M, = | ytv/v2 ' M
ey''v/vV2 M U
When solving
mp My mp = _UE;MNSmU]j)MNS

strong correlations among the mixing elements

O = NG (\/1 + 0 Ubninsaz + V1= p UPMNSaQ) for NH ~ Urse: = gailliy, dcr, 02)
P — f(Amf?j)

Flavor structure determined up to 3 free parameters

Similar expression for IH. See back-up sildes



Minimal low-scale seesaw models + v oscillation pattern

e 3 neutrino case

M, = | YUV o M 3
) ay'v/vV2 M 12 g
t
ey v/V2 s fis M’
When solving
m%MﬁlmD — _U;MNSmUliMNS

correlations among the mixing elements

(97' — f (9679M75CP7(117&27m173)

Flavor structure determined up to 8 free parameters



Most experiments provide sensitivity results assuming single flavor dominance

|U€4‘2 : ‘UM4‘2 : ‘UT4‘2 —1:0:0 (e—dominance)
Uea|® : |Upa|? : [Urs|? =0:1:0 (u-dominance)

Ues|” : |Upal” 1 |Ura]* =0:0:1 (T-dominance)



The normalized mixing matrix elements

‘UaN‘Z |‘9a‘2
> lUan|* Do 10al?

c (0,1)

‘UTNP
Do lUan|?

ternary plot

‘UMNP
2o lUan|?

‘UGNP
Do lUan|?




The normalized mixing matrix elements

‘UozN‘Z |‘9a‘2
> lUan|* Do 10al?

c (0,1)

e-dominance
o

4 C\] v % OO N%

p-dominance U, x| T-dominance
T




The normalized mixing matrix elements

0,2
— c (0,1
5= o € OV
e [H: 2N @
> o [Uan|? > o [Uan|?

M. Drewes, J, Klari¢, J. Lopez-Pavén. Eur.Phys.J.C 82 (2022) 12, 1176



The normalized mixing matrix elements

0|7
— c (0,1
> 6.7 <OV
o [H: 2N @
U | =0:1:1 :1:1
> o |lUan|? D o lUan|?

M. Drewes, J, Klari¢, J. Lopez-Pavén. Eur.Phys.J.C 82 (2022) 12, 1176



The normalized mixing matrix elements

0]°
o lbal?
o IH: 2N @ 3N

c (0,1)




The flavor states

3+n

3
Vo = Z UaiVi + Z UailN; = Z Ui
i=1 i=4 2

with U the unitary matrix that diagonalizes M.



The flavor states

3 3+n
Vo, = Z UqiVi + Z Uai N; = Z Uain;
i=1 i=4 v
with U the unitary matrix that diagonalizes M.

If only one HNL is light enough to be produced in the experiment,

phenomenology described by 3 mixing elements U,y + 1 mass My .



Depending on the range of My, very different phenomenology found
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Depending on the range of My, very different phenomenology found

If My light enough, HNLs would impact v oscillations =-

modification of predicted 3v oscillation probabilities

MINOS/MINOS+ v,, disappearance:
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If My light enough, HNLs would impact v oscillations =-

modification of predicted 3v oscillation probabilities

MINOS/MINOS+ v,, disappearance:
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Depending on the range of My, very different phenomenology found
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Depending on the range of My, very different phenomenology found

If My light enough, HNLs would impact v oscillations =-

modification of predicted 3v oscillation probabilities

MINOS/MINOS+ v,, disappearance:
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[ MINOS/MINOS+
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. For Am? > 100 eV?, oscillations are too fast

to be resolved at the detector =
average-out regime



Depending on the range of My, very different phenomenology found
>
= e Kinks in 8-decay searches
If no HNL, the effective mass of light neutrinos probed by looking at the
%_ p-decay spectrum close to Ej
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v oscillations [-decay

Depending on the range of My, very different phenomenology found

e Kinks in -decay searches

If no HNL, the effective mass of light neutrinos probed by looking at the
p-decay spectrum close to Ej




Depending on the range of My, very different phenomenology found

>
=3 e Kinks in S-decay searches
HNLs could modify the spectrum of nuclear f-decays if My < Ej
=~ = it could produce a kink at Eyjnx = Fg — My
O
Ve e N

. W + W

E "
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Depending on the range of My, very different phenomenology found

e Kinks in -decay searches

HNLs could modify the spectrum of nuclear f-decays if My < Ej
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Depending on the range of My, very different phenomenology found

e Peak searches in meson decays

HNLs could modify the energy spectrum of pseudoscalar 2-body decay

monochromartic
energy spectrum

N(K*+ = ¢,N)

N(KT — lyvy)

‘UozN‘Q

K+ <

extra peaks in

energy spectrum

— ‘U&N|2f(mK7 Ty, Eﬁa mN)

N



v oscillations B-decay Peaks Beam-dump

>

Depending on the range of My, very different phenomenology found

e Beam-dump experiments

Decay in-flicht of HNLs produced in meson decays

UeN °
( e N "\ .
K+ L ..
p — target S
\ detector
meson HNL HNL HNL
production production propagation decay
. K, D, Dg B, ...

typical
signature

For a given My, the number of decay events inside detector oc |Ugyn|*



Depending on the range of My, very different phenomenology found

>
=1 e (Collider searches
é HNLs produced via W or Z interactions, and decaying back to SM =
™ producing displaced vertices or same sign lepton pairs (if Majorana)
=
-
p 0 . smoking gun
g of Majorana
i )t 0+
3 é‘\‘U ‘2 o Qv
A a N .
=
y % ° 1% 1%
% (4,300) mm h !
> g displaced vertex
AL =0 AL =2

5



Depending on the range of My, very different phenomenology found

e Non-Unitarity of PMNS
When My > Apw, HNLs no longer produced in the experiment.

However, they would induce deviations on EW and flavor observables

through the non-Unitarity of Upnns

N — ([ )UPMNS
OO
2

1) =

v cacillations B—dééay Peaks Beam-dump Colliders Non—Unitarity

>



Depending on the range of My, very different phenomenology found

e Non-Unitarity of PMNS
When My > Apw, HNLs no longer produced in the experiment.

However, they would induce deviations on EW and flavor observables

through the non-Unitarity of Upnns
N = (I —n)Upnmns

G r measured in u decay

G%—v(l — 27766 — 277M,U) — Gi —

2 T (1l + Nee +Mup)

- V2G s (1 — Ar) . V2G, % (1 — Ar)

Kinematic measurements of My constrain n

v oscillations [(-decay Peaks Beam-dump Colliders Non-Unitarity

>



Depending on the range of My, very different phenomenology found
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https://github.com/mhostert /Heavy-Neutrino-Limits
E. Fernandez-Martinez, M. Gonzalez-Lopez, JHG, M. Hostert, J. Lopez-Pavon. JHEP 09 2023 001
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(GEV-scaALE HNL AT DUNE



New generation of neutrino oscillation experiments at Fermilab



Booster

Main Injector

Beam configuration — 120 GeV protons
& luminosity | — 1.1-10%! PoT/year



Target station

.

protons

Méson]pngdiactien: 713 fiscusdiie &ofhs



Decay pipA&bsorber

a = 0.101 rad

v /U beam



Near Detector
(ND) complex

N D-Qfhaxis RgdAs (e (R



THE DUNE EXPERIMENT AND ND

Fermilab (IL)

Far Detector
(FD) complex

DUNE FD: 68 ktons LArTPC 1.5 km underground



Some present results based on

Ao

dE (EN)%;’C@ 5 v~ My)



Some present results based on

Ao . dbgos
En) ~ P “(Eny — M
a5 (BN ;’C o g (BN = My)

By using the official prediction of light neutrino flux at DUNE ND

1010 L

ve / cm? / GeV

108 U




Some present results based on

d¢§\:7 "y T d¢Q—>Va
e (EN)NQZK o= (En — My)

But re-scaled by a kinematic factor

['(Q — N+ X)
['(Q — vy + X)

Ratio of BRs to account for the different phase space.

K3 =

It does not depend on the energy En, only on My and \UQN\Q.



Some present results based on

d¢§\zf - d¢@—>ua

dE (EN)%;’C@ iE (v = M)

However, deviations of the energy and angular distributions for the HNL

with respect to the massless case are expected.

o m =10

6 in the acceptance

—> target
p S S Ay 1ab frame of detector




Some present results based on

d¢§\zf - d¢@—>ua

dE (EN)%;’C@ iE (v = M)

However, deviations of the energy and angular distributions for the HNL

with respect to the massless case are expected.

M 20
* My 7 HNT, flux

6 in the acceptance

— target
p S CAy lab frame of detector

The heavier the HNL, the larger the boost = better acceptance



Some present results based on

d¢§\zf L d¢Q—>Va

T (EN) %;K,a ip v = M)

Furthermore, many significant discrepancies found in the couplings between

mesons and HNL affecting £ = = eflective theory describing interactions

mesons and HNL reviewed.



The leptonic part of the electroweak Lagrangian

9 * —

4 LZM (ﬁiVMPLnj 4 20/7” [QS?UPR — (1 — QS?U)PL} €a> + h.c.

4dcy,




The leptonic part of the electroweak Lagrangian

9 * —

i LZM (ﬁiVMPLnj 1 Zoﬂ/'u [QS?UPR — (1 — QS?U)PL} &X) + h.c.

4dcy,

HNL can also interact with quarks through CC and NC interactions.

g . g .
’C%W — EW—I_M]W,M | 4C Z’u]Z”u —+ hC
' 1% - A 1 ~ / 1 = /
IW,u = Iw,u _I_]W,/L — 5 q¢’4Vnqd — §qu’QVu75q :

with
Jzu =73y, + 35, =0T —2Qs5)7.q — Tvuv5T3q.



Definition of the pseudoscalar (P) and vector (V') meson decay constants

Py) = i5abf—\g and (O0lJq.,,

with p, the momentum of P and ¢, the polarization of V' and

Vi) = dap Jv

C
\/5”

- A
(Ol75. .



Definition of the pseudoscalar (P) and vector (V') meson decay constants

f—\/%pu Vi) = 5abf—v

€
V2
with p, the momentum of P and ¢, the polarization of V' and

Py) = 1041

(O[5, and OlJq.,,

3 = qQhaVu5q and Jo i = qQhaVuq

the axial and vector currents.



Definition of the pseudoscalar (P) and vector (V') meson decay constants

Pb> — Z.5ab f—\/%p,u and <O‘]c‘t/,,u Vb> — 5abf—\/v§€,u

- A
Ol7a>,

with p, the momentum of P and ¢, the polarization of V' and

jé?,,u — q /Y,UJ/Y5q and jc‘b/,,u — g /Y,uq

the axial and vector currents.

The set {\,} corresponds to linear combinations of the 8



e Pseudoscalar mesons

. -0 /
— Neutral mesons: ©,n,n

The quark content of neutral P corresponds to linear combinations

of the diagonal generators Ay, A3 and Ag

. 1 _
jéu ~ 9 [UW%U — d’m%d} Y
4 | _ ) )
I8 = 2\/5 [uvu%u T d%iv5d — 23%1753}
n and n’
o, = - Uy Y5+ dyysd + 57,758
N s [ \/6 I L M }

The / axial current as a linear combination of the neutral axial currents

. L _ - . . I 1
J?,M — 5 (UVMVE’)U — d7u75d — SVMVBS) — = (]:1’3“ | \/gjéu ﬁ]éﬂ)




e Pseudoscalar mesons

. -0 /
— Neutral mesons: ©,n,n

At low energies (integrating out the Z), the amplitude for 7° — n;n;

ng

tMauonin; = 55 7m0 Cijuiy* PLvj(0]j% ,|7°) = GrCij fruy* PrLojp,
w"
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— Neutral mesons: ©,n,n

At low energies (integrating out the Z), the amplitude for 7° — n;n;

ng

tMauonin; = 55 7m0 Cijuiy* PLvj(0]j% ,|7°) = GrCij fruy* PrLojp,
w"

In configuration space, the effective operator that leads to this amplitude

1
OWomﬁj — §GFC¢ij8M(ﬁﬂ“PLnj)7TO + h.c.



e Pseudoscalar mesons

. -0 /
— Neutral mesons: ©,n,n

At low energies (integrating out the Z), the amplitude for 7° — n;n;

ng

tMauonin; = 55 7m0 Cijuiy* PLvj(0]j% ,|7°) = GrCij fruy* PrLojp,
w"

In configuration space, the effective operator that leads to this amplitude

1
Owoniﬁj — §GFC¢ij8M(ﬁﬂ“PLnj)7TO + h.c.

If all particles are on-shell, applying Dirac’s equation
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e Pseudoscalar mesons

. -0 /
— Neutral mesons: ©,n,n

At low energies (integrating out the Z), the amplitude for 7° — n;n;

ng

tMauonin; = 55 7m0 Cijuiy* PLvj(0]j% ,|7°) = GrCij fruy* PrLojp,
w"

In configuration space, the effective operator that leads to this amplitude

1
Owoniﬁj — §GFC¢ij8M(ﬁﬂ“PLnj)7TO + h.c.

If all particles are on-shell, applying Dirac’s equation
?
2
The coupling to heavy states dominate the interaction = chiral enhancement

GFOiijT_Li(miPL — ijR)TLjTFO + h.c.

OT&'O?’LiT_Lj —



e Pseudoscalar mesons

— Neutral mesons: 7, n,n’

Similarly, O n,7, and O,y 7, are obtained.

Unlike 7V, n and n’ are not interaction eigenstates. With the change of basis
fns  Jno fscosbls — fpsinfy j;;l,u — COS ngg;fu — sin QOjéu

— . A : . A - A
for8 I 0 fssinbg  fo cos b Iy = sinbsjg,, + costbojo,,



e Pseudoscalar mesons

— Neutral mesons: 7, n,n’
Similarly, O n,7, and O,y 7, are obtained.

Unlike 7V, n and n’ are not interaction eigenstates. With the change of basis

: A A : A

fng  Jno \ [ Jscosls —fosinbp N Jp.u = €c08Og35",, —sinbyjg ),
N . A . A A

o8 Jnr0 fssinflg  focos b Jn? o — S ‘98]8,u T COS 90]0,#

the operators in the mass basis

i ' cos @

| S1N Hof() _

V3 Ve

sinflsfs  cosOgfo |

V3 V6

n; (mzPL — ijR) T 457) -+ h.c.

n; (mzPL — ijR) TLj?]’ -+ h.c.

On’niﬁj

i
5GrC,



e Pseudoscalar mesons

— Charged mesons:

The combinations of generators that reproduce quark content of 7= and K-

7.‘-:: : K:

:)D:

()\1 —+ i)\2>q

()\4 .- i)\5)q

:)D;

1 . A . A
\/5 (Vudjw—”u + Vus ]K_7M>



e Pscudoscalar mesons
— Charged mesons: 7=, K=, D>, D>

The combinations of generators that reproduce quark content of 7= and K-

. 1 .
Jae 0 = =T\ T ida)g |
V2 A Vo A Ly A
9 1 | — JW,u — \/5 ud]w—,,u Uus ]K—,M
K+ 4 — EQWL”%()% F iA5)q

At low energies (integrating out the W), the amplitude for 7= — £_ n;

ng

M2,

Z../\/lwgam — Umﬂav“PLvAO\ij,M\W_} — ﬁGFUaiVudfwﬂofyuvaipu

Following the same procedure used to derive the effective vertex 7 — n;m;

OWEO/FLZ- — iﬂGFUaiVudfwza (maPL T miPR)niﬂ-_ + h.c.



e Pseudoscalar mesons

— Charged mesons: 7, K-

:)D:

:7 D;:

Repeating the procedure for K=, and generalizing for D-

- and D-

S

Ok . n, = iV2GrUpqi Vs frcla(ma PL, — m; Pr)n; K~ + h.c.

Ope.in, = iV2GrUsiVeafle (Mo PL, — m;Pr)n; D™ + h.c.

Opsgar,—% — iﬂGFUchstSZa(maPL — mzPR)nzDS_ 1 h.c.



e \Vector mesons

— Neutral mesons: p°,w, ¢
1
Opon,n, = —§GFC’7;J- (1—2s2) fppg (n;v* Prn;) + h.c.

1 2
Owniﬁj — §GFCZ] gS?Ufww,u (T_LZ’}/’LLPLTLJ) —+ h.c.

1 2
2 3

Si) fgb¢,u (T_Li’}/'uPLle) = h.c.

— Charged mesons: p=, K™=

Opéaﬁz‘ — _\/iGFUaiVudfpp; (ga/y'uPLni) + h.c.

Ok ton, = —V2GrUaiVus frc- K~ (Lay* Prng) + hec.



e Semileptonic decays

After integrating out the W boson, the amplitude for the P — Dnf decay
2

1g
OMZ,
The hadronic matrix element expressed in terms of 2 form factors fi & f_

1
<D‘j1‘/[//,u — iqu’ (p,uf—l—(QQ) T QMf— (QQ))

pu =p; +p) , while ¢, = p;, — p,, is 4-momentum transfer between them.

Uaiaa/y'uplzvi <D|]Y‘/[//,u

IMppDe, 7, = P)

P)



e Semileptonic decays

After integrating out the W boson, the amplitude for the P — Dnf decay

7592
M2,

The hadronic matrix element expressed in terms of 2 form factors fi & f_

| |
(Dljw .

Uaiaa/y'uplzvi <D|j“/[//,u

IMppDe 7, = P)

P> — §qu/ (puer(C]Q) -+ qu— (QQ))

iMppi,n, = iV2GpVeqUaiiay" Prv; 207 f1(¢%) + 02 (f+(¢?) — f-(¢?))]

The effective operator in configuration space after applying Dirac’s equation

OPDEQ"FLZ- — \/iGFqu’ Uaigoz [(f—l— (QQ) o f— (QQ)) (mOzPL T mzPR) ¢D
—2if1(q%) (0,6p) ¥ PrL] ni¢} + h.c.



The effective operators describing interactions between light mesons (7w, K, n, p,w, ...)

and one HNL that mixes with SM v implemented in model files*.

Lsm
) s

Owoniﬁj
+ eff HeavyN_Dirac.fr eff HeavyN_Dirac_UFO
+ s
ODF% n Maic
ot eff HeavyN_Majorana.fr eff HeavyN_Majorana_UFO

*publicly available (see ancillary files of arXiv: 2007.03701)



Interfacing UFO with event generator such as MadGraphd (MG) to simulate

e HNL production: |Ugy4l?

- ¥ 2.body - £ 3-body
leptonic 7V  semileptonic
N decays N decays

2-body + 3-body
meson decays

My
‘Uoz4‘2

# of events




Interfacing UFO with event generator such as MadGraphd (MG) to simulate
e HNL decay: |Upysl?

2-body + 3-body
HNL decays

My
’Uoz4‘2

# of events




THE BooOST EFFECT

Particles with low velocities experience a stronger boost =

detector aceptance favored to heavy neutrinos

T T 1T 1T 17T T T T T 1T 1T 17T T T XNNXXNNXX‘NNXXNXXNN‘XNNXXNNXX XNXNXNXXNNXNXNXNXNNXNXNXXNXXNXNXXNXN‘NXNXNXNXN‘NXNXXNXNX‘XNXXNXNXN

2()? K™ = etN, My =200 MeV 20f DY S etN, M,=1GeV |
- - K+ — eTv, SM neutrinos . - o DT — etv, SM neutrinos |
715 i S L1 i )
= L 1 = [ 7 )
S I @ [ :
710 4T 10k | .
-) i | -) B . B |
) . B | ) i |
< R P I ‘iﬂ I |
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THE BooOST EFFECT

Relevant effect close to kinematic thresholds of HNL production

2_ 7t —2e™N — K" s e™N =
0.035_pr s etN — Df = etN =

— gt ety =

: KT — ey :
001 @ D —etv o

<E: L Di — efv
—— I,
0.001 S SN W
0.00 0.1 0.5 1 2



For each HNL decay event

. - N
- target K} . —— ¢
Q

ND-GAr

Probability of the HNL decaying inside the detector

I'L

P(EN) = e I8

Y B

AL {et
(1= )




For each HNL decay event

— D«

Probability of the HNL decaying inside the detector

TAL gt
P(EN):e_Fv_g (1—6 ] )

and the total number of expected HNL decays into a given decay channel c

dpN
dE N

N.(ND) = BR, x /dENP(EN)



For each HNL decay event

— D«

Probability of the HNL decaying inside the detector

TAL gt
P(EN):e_Fv_g (1—6 ] )

and the total number of expected HNL decays into a given decay channel c

dg

N.(ND) = BR.. x /dENP(EN)d N<o4q=

En
90% CL sensitivity (no BG and under hypothesis of no observed events).

Signal efficiency of 20% assumed for fully background rejection.



e Sensitivity plots: ‘Ue4‘2

J =

001 00501 05 1 00l 00501 05 1 00l 00501
My (GeV) My (GeV) My (GeV)

Expected DUNE sensitivity at 90% CL for 7.7 - 10*! PoT collected.

0.9
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e Sensitivity plots: |UM4|2

107,

10~ 1
N i H
<t _6r
= 1077 1
= |
E S
10" Lo
B jid _VT]
10_10E I B T R 1 .V7.7.|....|
0.01 0.00 0.1 0.0 1 0.01 0.00 0.1 : : : :
M4 (GGV) M4 (GGV) M4 (GGV)

Expected DUNE sensitivity at 90% CL for 7.7 - 10*! PoT collected.



e Sensitivity plots: |UT4\2

1077, T :
10_8— = i V’]TO . ypo _
i —_vete” T —n + ——vhadr ]
10—10E — Vi b v i Ve
0.01 0.05 0.1 0.0 1 0.01 0.05 0.1 0.0 1 0.01 0.05 0.1 0.0 1
M4 (GGV) M4 (GGV) M4 (GGV)

Expected DUNE sensitivity at 90% CL for 7.7 - 10*! PoT collected.



Present experiments + DUNE ND expected sensitivity

1077,
10741 1 1
1076, it il
10751 1 L
1077 o= fa=yu fa=1
E ! E?(Cluuclieudu L] ! I R I: ! E?(C1|U(Iie|d| Lo | ! ooy | I: ! EIXC];uqeldl Lo ! T B
0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1 0.01 0.05 0.1 0.5 1
M4 (GGV) M4 (GGV) M4 (GGV)

Expected DUNE sensitivity at 90% CL for 7.7 - 10°! PoT collected.




Present experiments + DUNE ND expected sensitivity

L Excluded "t L Excluded N :_ Excluded ~ Ttteenl, ]
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0.01 0.00 0.1 0.0 1 0.01 0.05 0.1 0.0 1 0.01 0.00 0.1 0.0 1
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Expected DUNE sensitivity at 90% CL for 7.7 - 10°! PoT collected.
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EFFECTIVE PORTALS TO HNL




‘low-energy

kobservables .

~

new particles

~

> nergy

—— New Physics

 new 1nteractions

The Standard Model Effective Field Theory (SMEFT) parametrize the effects

of New Physics on low-energy observables



The SMEFT consist on a tower of higher dimensional operators

L :@dzélj‘|‘@d:5]‘|‘ Li—¢ + ...

Weinber
Lsm ) operatorg

where, at given dimension n

Lo =3 0i= g 20

1 ()

BSM encoded in effective operators
— non-renormalizable

— build from SM fields =
respect fundamental symmetries




The SMEFT consist on a tower of higher dimensional operators

L :@dzél]‘|‘[£d:5]‘|‘ Li—¢ + ...

Weinber
Lsm ) operatorg

where, at given dimension n

Lip =) 0i = e 205

suppressed by scale
of New Physics




The SMEFT consist on a tower of higher dimensional operators

L :@dzélj‘|‘@d:5]‘|‘ Li—¢ + ...

Weinber
Lsm ) operatorg

where, at given dimension n

La=n = Z Qi = Anl4 Z@P@;

Wilson coefficients: dimensionless parameters
controlling respective coupling strength




The SMEFT consist on a tower of higher dimensional operators

L :@dzélj‘|‘@d:5]‘|‘ Li—¢ + ...

Weinber
Lsm ) operatorg

where, at given dimension n

Lacn =305 = 5 3. GO,

The higher the dimension n, the greater the number O;

But smaller the effects in low-energy observables, as suppressed by larger powers of A



HNL + SMEFT =7

> lnergy

low-energy
Loloservadoles 3

It My > A = their effects described by effective operators of SMEFT
e d = 5: neutrino masses via Weinberg operator

o d = 6: non-Unitarity of Upnns



HNL + SMEFT =7

> lnergy

~
( ) ( new

Y SMEFT

If My < A= HNLs added as fundamental building blocks of the theory =

the new SMEFT contains new operators involving N and SM particles =

-SMEFT




The only two new operators at d = 5

e HNL dipole moment

Cd:5

d=5 dipole "
Odipole T A NCO-MVNB

Atfter EWSB generates dipole moments among the HNLs



The only two new operators at d = 5

e HNL dipole moment

Cd:5

d=5 dipole 772 "
Odipole T A N UMVNB

Atfter EWSB generates dipole moments among the HNLs

Since we consider just one, it vanishes



The only two new operators at d = 5

e Higgs-dressed mass

d=>5

o CHi S
Ol = — B NeN|H]?




The only two new operators at d = 5

e Higgs-dressed mass

d=>5

CHi S
Onggs — Agg ‘]VC‘]V|I_]|2

Atter EWSB generates

— Contribution to Majorana mass
CnggS

Marr =
M= ""9A




The only two new operators at d = 5

e Higgs-dressed mass

i—s5 _ Ol 2
OHi_ggs — Agg NCN|H‘

Atter EWSB generates

— Contribution to Majorana mass
— Invisible Higgs decay h - NN
Higgs signal strength u

et —> h — [

Flu B o; ) e ; Bf )
1 — | on =
. (UZ)SMJ L (Bf)SMJ




The only two new operators at d = 5

e Higgs-dressed mass

i—s5 _ Ol 2
OHi_ggs — Agg NCN|H‘

Atter EWSB generates

— Contribution to Majorana mass
— Invisible Higgs decay h - NN
Higgs signal strength u

ATLAS and CMS measure precise values of 477 and V" = 1 > 0.94 (95%CL)
a )
Cd:5

HAiggS <3x107° GeV™! for My < 40 GeV

\ _/




The base of d = 6 effective operators

e Higgs-dressed mixing e Tensor currents
Ofwn : Lo HN(HTH) O%n (LaouwN) H B
Nl%w ; (L_QOMVN) TaﬁWCQW
e Bosonic currents o 4-fermion
Onn NM‘N(HW?MH) Neutral D @vﬁN . (LaY"La) (N7, N)

~

— ~ ., <= o . _ -
ANy - Nyl (H D WH) Charged D OF ny : ij Ne(dify“uj)(]\ffyﬂéa)



The base of d = 6 effective operators

e Higgs-dressed mixing e Tensor currents

NgNH - LoHN(H'H)

~N

NB (L_QJMVN) H BH

NW (LQOWN) TaﬁWCQW

~

e Bosonic currents e 4-fermion
—~ . JAEN ~ - o
Oun: NA“N(H'"iD ,H) Neutral D Ofy : (Lav* L) (N7, N)
A NT ~ L o . u I NT
ANy - Nyl (HTi D, H) Charged D OF ny : ij Ne(dify“uj)(]\wﬂéa)

In the following, I assume one HNL with negligible |U, x|, and study the

bounds on C;/A? of each operator, assuming one operator at a time



e Higgs-dressed mixing

O = B (HTHYL,.HN




e Higgs-dressed mixing

Orne = /IC;IH (HTH)L_aﬁN

After EWSB:

— Contribution to mixing

U~ — TN Vo Mapping :oetween
A2 27/ 2 M nr Uan and Cpyy




e Higgs-dressed mixing

Orne = /IC;IH (HTH)L_aﬁN

After EWSB:

— Contribution to mixing

— Contribution to m,

o . 6
m. — [ ZLNH Y
’ ( A2 ) SMpn

More than one HNL needed to explain v masses = possible cancellations



e Higgs-dressed mixing

Orne = /IC;IH (HTH)L_aﬁN

After EWSB:

— Contribution to mixing

— Contribution to m,

— Invisible Higgs decay

Higgs signal strength yields to B (h — N7g) < 0.06 (95%CL) = bound on C%/A?



e Higgs-dressed mixing

7 —
10 = H— v N / -
A~ L 7
] i DELPHI -
| 10_8 L (SHORT) —
% )‘ o
O 1077k . E
~— = ~ =
o L o -
<< 10710k - E
E 10_11 __ J\ E)%E]R].(?Ig{l ET AL) i
Y ———— g
. [ PIENU TRIUMF : -
10_ — (BRYMAN ET AL) =
; Ofnu : LeHN(HTH) °

10—13 | | Lo | | Lo o0oa| | Lol | Lo | | | I N T N

10~ 10~ 101 10Y 10*
M N (GGV)

102

Equivalent bounds on Cf'y /A% and CT /A%, See back-up slides



e Bosonic currents: neutral




e Bosonic currents: neutral

CHN— <= after CHN 92}2 — /)
OHN: AQ NWMN(HTZDMH) EWSB/ ( A2 QCW N"}/MNZ,LL K\CHN




e Bosonic currents: neutral

N
CHN — = after CHN gUQ — /
Oy = A2 Ny“N(H'i D, H) EWSB' ( A2 2cw NYENZ, N OnN
N

The following bounds can be recasted

— Neutral meson decays

Neutral pseudoscalar and vector meson decays suppressed in SM =
bounds on invisible decay of 7 (NA62) and Y(1s) (BaBar) constrain Cng




e Bosonic currents: neutral

N
CHN— <= after CHN 92}2 — /)
OHN — A2 NWMN(HTZ D ,UH) EWSB/ ( A2 QCW N/YMNZU &> CHN
N

The following bounds can be recasted

— Neutral meson decays

— Monophoton searches at colliders
DM searches by LEP via ee — 1)~y in the context of EFT

C1HN ’ C"v'ec: ’ Uvec(ee — WW)

A2 A? | oupn(ee = NN~)




e Bosonic currents: neutral

N
CHN_ after . OHN g?}2 — /
OHN — A2 NWMN(HTZ D ,UH) EWSB/ ( A2 ZCW NWMNZ:LL U CHN
N

The following bounds can be recasted

— Neutral meson decays
— Monophoton searches at colliders

— Supernova cooling

v dominant cooling mechanism of core-collapse SN
HNL with large mixing would be trapped, keeping the energy = lower limit
HNL with small mixing would extract energy from the SM = upper limit

Depending on My, vy — 70 — NN = faster cooling = upper limit



e Bosonic currents: neutral

N
CHN— atter OHN gUQ — /
OHN: A2 NWMN(HJ%DM ) EWSB/ ( A2 QCW N/YMNZ,LL r\CHN
N

The following bounds can be recasted

— Neutral meson decays
— Monophoton searches at colliders
— Supernova cooling

— Invisible decay of the Z
Additional contribution to Zi,,, measured with high accuracy at LEP



e Bosonic currents: neutral
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e Bosonic currents: charged

SN — ~ ., 4=
Oy = EQNKNW‘%&(HUDMH)




e Bosonic currents: charged

£o
o) 2 _
. o ~ ., 4= after ane 9gU — _ W o
ORny = /IiQNK NWMEQ(HTZDMH) S— ( VIR >N7“€aWu + h.c. NV<\CHN€
N




e Bosonic currents: charged

Lo
o 2 _
o = — — H after . HNY gU — - W
Ofine = EQNK N~*0,(H'i D ,H) EWSB/( VI >N¢%QWM + h.c. —~ C2y,
o 2 N
[7CC — HN¢ 'V
alN — \/5/\2

Bounds on U, can be re-scaled:

— Bounds from peak searches = HNL searches via CC meson decay

o
. . 2
]VeV:Fmixlljcv]\f‘2 :Feff‘U(S](\HQ — /I;IQNE — /U_4|UC¥N‘2




e Bosonic currents: charged

Lo
o x 2 _
o — - H atter . HNY gU — o W
Crine = EQM NA*la(H'i D W H) EWSB' ( A2 2 ) Ny el +hoe. <~ Chne
o 2 N
[7CC — HN¢ 'V
alN — \/5/\2

Bounds on U, can be re-scaled:

— Bounds from peak searches = HNL searches via CC meson decay

— Bounds from beam-dump = HNL searches via CC (+ NC ?) decays in flight

Nev _ Fprodrdecay‘UaN‘zl Fprod decay| ‘2

mix mix



e Bosonic currents: charged

Lo
o x 2 _
o — - H atter . HNY gU — o W
Crine = EQM NA*la(H'i D W H) EWSB' ( A2 2 ) Ny el +hoe. <~ Chne
o 2 N
[7CC — HN¢ 'V
alN — \/5/\2

Bounds on U, can be re-scaled:

— Bounds from peak searches = HNL searches via CC meson decay

— Bounds from beam-dump = HNL searches via CC (+ NC ?) decays in flight

4 ~deca
o AT Yy
prodt~decay 4 pr decay 2 HN/ o mix 4
NeV o lex lex ‘UCVN‘ Feff F | ‘ = AQ o gTdecay ‘UO‘N‘
R Rpsyss



e Bosonic currents: charged

la
o 0! 2 _
o — - H after . HNY gU E— o W
Ofny = EQNK N”Yl%a(HTZDMH) — ( VR ) N~y W, + h.c. JVV<\CﬁN€
N

Bounds on U, can be re-scaled:

— Bounds from peak searches = HNL searches via CC meson decay
— Bounds from beam-dump = HNL searches via CC (+ NC ?) decays in flight

— Bounds from colliders = HNL searches via W decays
+ HNL searches via Z decays = do not apply

+ HNL searches via W decays = same procedure as beam-dumps



e Bosonic currents: charged

la
o 0! 2 _
o — - H after . HNY gU E— o W
Ofny = EQNK N”Yl%a(HTZDMH) — ( VR ) N~y W, + h.c. JV\/<\CIC_XIN€
N

Bounds on U, can be re-scaled:
— Bounds from peak searches = HNL searches via CC meson decay
— Bounds from beam-dump = HNL searches via CC (+ NC ?) decays in flight
— Bounds from colliders = HNL searches via W decays

— Bounds from CC lepton decays ¢, — {grgN



e Bosonic currents: charged

n
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Equivalent bounds on Cfy,/A* and Cfy,/A*. See back-up slides



Neutrino masses are one of the most promising open windows for NP.

Depending on HNL mass range, very different bounds on |U,n|? apply.

The expected sensitivity to HNLs of DUNE ND has been simulated by using

a FeynRules model fi!

e descri

The DUNE ND coulc

Effective operators can be very use:

oing HINL 1

nteractions with mesons.

| test large part of the HNL parameter space.

ul to describe NP involving HNLs.

Present laboratory searches constrain d = 6 Wilson coeflicients of v-SMEFT.




Neutrino masses are one of the most promising open windows for NP.

Depending on HNL mass range, very different bounds on |U,n|? apply.

The expected sensitivity to HNLs of DUNE ND has been simulated by using
a FeynRules model file describing HNL interactions with mesons.
The DUNE ND could test large part of the HNL parameter space.

Effective operators can be very useful to describe NP involving HNLs.
Present laboratory searches constrain d = 6 Wilson coeflicients of v-SMEFT.
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EFrrFeECTIVE MESONS AND HNL INTERACTIONS

e Vector mesons

— Neutral mesons: p°,w, ¢

. L - .V v

J?Efu — ) [UWL“ _ d%ﬁd} Jpop = J3u

. 1 - — - V - ]. V 2 V
]gf,u — 2./3 [UWLU + dy,d — 25%05} = Jw,pu = §=78,u T \/;70,#
vV — L [_ 4 J d = -V o - g % 1+ 1 -V

The vector component of the Z current

2 I 2
Vo 2\ V 2 -V 2\ .V
jZnu o (1 B 28w) jponu N gsw]wau o \/5 (2 st) ‘7¢nu




EFrrFeECTIVE MESONS AND HNL INTERACTIONS

e Vector mesons

— Neutral mesons: p°,w, ¢

The effective operators in configuration space

1
Opon;n,; = —§GFCM (1—2s2) fppg (n;v* Prn;) + h.c.

Ounin, = —GFC’@J : wfwwu (n;v* Prn;) + h.c.

1 2
2 3

Si) f¢¢lﬁ (T_LZ"}/“PLTL]') = h.c.



EFrrFeECTIVE MESONS AND HNL INTERACTIONS

e Vector mesons

— Charged mesons: p~, K*=

The charged vector meson, and the vector component of the W currents

. 1 _ .
];/i,u NG Yu(A1 F iA2)q |
1 = j“/‘//nu - ﬁ (VUd j;/—”u ™ Vus jl‘/(v*’_nu>
jl‘é*,iﬂ EQ_V u( A1 F iAs)g

The effective operators of the charged vector mesons in configuration space

Opéam — _ﬂGFUaiVudfpp; (Zoﬂ/'uPLni) h.c.

OK*Eafr_Li — _ﬂGFUaiVust*KZ’_(gof)/'uPLni) =+ h.c.



DETERMINING MESON DECAY CONSTANTS

e Pseudoscalar mesons

— 7w, K, D and Dy decay constants precisely measured

f= =0.130 GeV  fx =0.156 GeV  fp =0.212 GeV  fp, = 0.249 GeV



DETERMINING MESON DECAY CONSTANTS

e Pseudoscalar mesons

— 7w, K, D and Dy decay constants precisely measured
fr =0.130 GeV  fx =0.156 GeV fp =0.212 GeV fp, = 0.249 GeV

— n and n’ are not interaction eigenstates = effective constants are employed
I cosbgfg ~ sinb fo
e V3 | V6 fo | 0.148 GeV | 65 | -6.9°
with

fo (Sm@SfS COS@OfO) fs | 0.165 GeV | g | -21.2°
' V3 V6




DETERMINING MESON DECAY CONSTANTS

e Vector mesons
V resonances wide & unstable under QCD = fy not easily defined

— Neutral mesons: p°,w, ¢

Compute I' for decay mediated by EW interaction precisely measured
and compare the result to the experimental values from PDG.

V — eTe™ has been precisely measured and is dominated by v exchange.

Decompose the EM current as a linear combination of the meson currents

JEM, = 1€QqYuq = i€ (]f‘)/,u T §]c‘u/,u 9 ]Xu)



DETERMINING MESON DECAY CONSTANTS

e Vector mesons

V resonances wide & unstable under QCD = fy not easily defined

— Neutral mesons: p°,w, ¢

The width for the vector meson decays into eTe™ pairs mediated by a photon

2T OéQfP2

I'(p—ete”) = f,=0.171 GeV-?
F( — ) — o Ozsz’ — fo = 0.155 GeV?
W e'e Y mi W :
A7 042]?5 9
(¢ —eTe) o7 3 fo

¢



DETERMINING MESON DECAY CONSTANTS

e Vector mesons

V resonances wide & unstable under QCD = fy not easily defined

— Charged mesons: p=—, K™=

p~ isospin breaking corrections should be negligible =|f,+ ~ f o




DETERMINING MESON DECAY CONSTANTS

e Vector mesons

V resonances wide & unstable under QCD = fy not easily defined

— Charged mesons: p=—, K™=

p~ isospin breaking corrections should be negligible =|f,+ ~ f o

Combining EW measurements of the 7 — prv, and 7 — K*v,

f]i(* —1.042 = |fg+=0.178 GeV*
P




DETERMINING MESON DECAY CONSTANTS

Determining the meson decay constants and semileptonic decay form factors

Most of the paranetrizations for the hadronic form factors are given in the literature in terms of f+ and 10

2

fol@) = £+ + 33

Linear parametrization for K — 7nl

f-(q°)

PD | f2P(0) | AXP Ao
K*70 0.0297 | 0.0195
0.9749
K97 0.0282 | 0.0138

We have numerically checked with MadGraphS that our implementation of the semileptonic decays reaches an agreement of
at least a 95% with the measured branching ratios for the SM decay channels K — vl and D — Kvl




DETERMINING MESON DECAY CONSTANTS

Determining the meson decay constants and semileptonic decay form factors

Most of the paranetrizations for the hadronic form factors are given in the literature in terms of f+ and 10

2

fol@) = 1+6*) + 33z I

Pole parametrization for D — Knl

PR+ P (s 20) 14+ 52

Z+ z
PK(g?) = 2 2 PR = FPR(O) + R (= 20) (14 2572
1 q
M3,
EK(O) CEK Cé)K . \/t+—q2_\/t+—to (¢% = 0) to = (Mp + Mp) (W_M)Q
— 0 = =g~ =
0.7647 | —0.066 | —2.084 Vir — ¢ + Vi =T ty = (Mp + Mp)?2

We have numerically checked with MadGraphS that our implementation of the semileptonic decays reaches an agreement of
at least a 95% with the measured branching ratios for the SM decay channels K — vl and D — Kvl



THE BooOST EFFECT
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THE BooOST EFFECT
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1 KZZ
. target >
p g D:: D::

1) Fluxes of mesons produced in the target

™\

N

N

ND-GAr

— m+ and K= from the oficial DUNE TDR n-tuples®

— D=, D and 7* simulated with Pythia8 4+ GEANT4
T K T D D,
PY/PoT | 6.3 | 054 | 21-107" | 1.2-107° | 3.3-107°
P~ /PoT | 57024 | 3.0-107" | 1.9-107° | 4.6-10°

*most up to date optimized 3-horn design (1.5m target) by L. Fields et al.




N\,

N

Parent 2-body decay 3-body decay
Tt — et Ny —
u Ny
KT — et Ny Vet Ny
u Ny Tt Ny
T — T~ Ny e UNy
p~ Ny P~ UNy

N

ND-GAr

via meson decays

Parent

2-body decay

3-body decay

DT —

€+ﬁN4
,uJFﬁNAL




ND-GAr

3) MadGraph events of HNL decays into SM particles

BR

1071

My (MeV)

-
TKT e —

l::Fpi et D* /2

. S R P .ﬁ|pi. ﬁ.D;./f

500 1000 1500 2000

BR
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Example: DUNE ND sensitivity to HNL from KT decays

. (\Uezlz v \ \

p — target S
\ ND-GAr

1) K fluxes HNL fluxes pointing ND
2) MG events of HNL

production from K™

Each MG event to one K in the histogram and boosted to the
lab frame (LF).



Example: DUNE ND sensitivity to HNL from KT decays

\ ND-GAr

1) K fluxes HNL fluxes pointing ND
2) MG events of HNL

production from K™

. (\Uezlz v \ \

p — target ————— On, dn

Each MG event to one K in the histogram and boosted to the
lab frame (LF). If HNL pointing the DUNE ND, is storaged.



e "\ N

p — target >
\ ND-GAr

1) K fluxes HNL fluxes pointing ND
2) MG events of HNL

production from K™

Each MG event to one K in the histogram and boosted to the
lab frame (LF). If HNL pointing the DUNE ND, is storaged.



Example: DUNE ND sensitivity to HNL from KT decays

-
Step 1: HNL production Step 2: HNL decay
ko { v S L
p — target S On. ON
\ ND-GAr
1) K+ fluxes HNL fluxes pointing ND | HNL + decay
2) MG events of HNL 3) MG events of HNL decay ' .prf)ducts
inside ND
production from K™ : into SM ) N y

FEach MG event matched to one HNL in the histogram and boosted to LF.



Example: DUNE ND sensitivity to HNL from KT decays

-
Step 1: HNL production Step 2: HNL decay
ko { v S L
p — target S On. ON
\ ND-GAr
1) K+ fluxes HNL fluxes pointing ND | HNL + decay
2) MG events of HNL 3) MG events of HNL decay ' .prf)ducts
inside ND
production from KT : into SM ) N y

FEach MG event matched to one HNL in the histogram and boosted to LF.

Repeat Step 1 and 2 for all the mesons assuming different My and |Uagl?.



e Higgs-dressed mixing
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e Higgs-dressed mixing

BEBC

(BAROUKI ET AL)

CHARM
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e Bosonic currents: charged
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Equivalent bounds on Cfy,/A* and Cfy,/A*. See back-up slides
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e Bosonic currents: charged
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INTRODUCTION TO HNL

120 GeV

protons

Meson production: 7=, K=, D* & D7



INTRODUCTION TO HNL

Absorber




INTRODUCTION TO HNL

v /U beam



INTRODUCTION TO HNL

a = 0.101 rad




INTRODUCTION TO HNL

Near Detector
(ND) complex

N

— ArgonCube: LArTPC rectangle of (7,3,5) m
— MPD: HPgTPC + ECAL in a 0.5 T magnetic field cylinder of (5,5) m
— SAND: on-axis beam monitor



INTRODUCTION TO HNL

Near Detector
(ND) complex

ArgonCube: LArTPC rectangle of (7,3,5) m



INTRODUCTION TO HNL

Near Detector
(ND) complex

MPD: HPgTPC + ECAL in a 0.5 T magnetic field cylinder of (5,5) m



INTRODUCTION TO HNL

Near Detector
(ND) complex

SAND: on-axis beam flux monitor



INTRODUCTION TO HNL

Near Detector
(ND) complex

Off-axis measurements with ArgonCube + MPD = (DUNE-PRISM)



