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Near Detector Program

Precision

Neutrino sector § Reduce systematic

measurements in ..
uncertainties

the neutrino sector

under scrutiny

+ Flux
+ (CC and NC cross sections
+ Backgrounds
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Near Detector Program

Precision

Neutrino sector

R Reduce systematic

. measurements in ..
uncertainties

the neutrino sector

under scrutiny

+ Flux
+ (CC and NC cross sections
+ Backgrounds

High beam luminosity +

5 Ideal places to investigate rare
Large fiducial mass neutrino interactions

o< 107* cm?

+ Test SM predictions
+ Search for BSM physics
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DUNE ND

DUNE Beamline with Near Detector

— Primary Beam Enclosure

Apex of Embankment ~ 60’

MI-10 Point of Extraction —

Near Detector Absorber Hall Target Hall Complex
Kirk Service Building Service Building (LBNF-20) Primary Beam
Road (LBNF-40) (LBNF-30) — Service Building

Absorber Hall L ' (LBNF-)

and Muon Alcove [

Events per ton-year

Vv, CC Total 1.64 x 10°
Y, NC Total 517 x 10°
3
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DUNE ND

DUNE Beamline with Near Detector

Near Detector Absorber Hall Target Hall Complex
Kirk Service Building Service Building (LBNF-20)
Road (LBNF-40) (LBNF-30) M
——I Absorber Hall = ’LJJ
and Muon Alcove . 1
ROCK | Muon Shielding .636}“‘9 m “\22‘ =
Events per ton-year
v, CC Total 1.64 x 10°
UV, NC Total 5.17 x 10°
v, —e 135
INEV R 11 K

— Primary Beam Enclosure

Apex of Embankment ~ 60’

MI-10 Point of Extraction —

Primary Beam

Service Building
(LBNF-5)
ROCK
Target (MCZero)

What about rare

neutrino

scatterings?
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M. A. Kozhushner et. al.1962

Trident Inelastic Scattering o o

Production of a charged lepton
pair from the inelastic neutrino
scattering in the Coulomb field of
the nucleus

Vg + H = Ugornpy T €5 + 60 + X
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M. A. Kozhushner et. al.1962

Trident Inelastic Scattering o o

Production of a charged lepton

pair from the inelastic neutrino Vg or k()

scattering in the Coulomb field of
the nucleus

Vg + H = Ugornpy T €5 + 60 + X

+_
v, > U, T

' O,
CHARM II CHARMIL _ | 58 4+ (.57

OsM
PLB 245 (1990) 271

OCCER _ (.82 + 0.28

CCFR

OSM
PRL 66 (1991) 3117
0
NuTeV TV = 0.67 £0.27 I%
o OsM

Vancouver 1998, High I |
energy physics, vol. 1
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Trident Inelastic Scattering
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Trident Inelastic Scattering

W. Altmannshoffer et. al., 2014 7/’ constraints from trident
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Trident Inelastic Scattering

W. Altmannshoffer et. al., 2014 7/’ constraints from trident
G. Magill and R. Plestid, 2016 Rates at DUNE ND
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Trident Inelastic Scattering

W. Altmannshoffer et. al., 2014 7/’ constraints from trident

G. Magill and R. Plestid, 2016 Rates at DUNE ND

Tridents produced by

S.F. Ge et. al., 2016 . .
atmospheric neutrinos
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Trident Inelastic Scattering

W. Altmannshoffer et. al., 2014 7/’ constraints from trident

Tridents produced by

S.F. Ge et. al., 2016 . .
atmospheric neutrinos

G. Magill and R. Plestid, 2016 Rates at DUNE ND

G. Magill and R. Plestid, 2017 Charged scalars
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Trident Inelastic Scattering

W. Altmannshoffer et. al., 2014

/.’ constraints from trident

G. Magill and R. Plestid, 2016

Rates at DUNE ND

S.E. Ge et. al., 2016

G. Magill and R. Plestid, 2017

Equivalent Photon

Tridents produced by
atmospheric neutrinos

Charged scalars

Overestimates the cross section in

Approximation
(EPA)

” some cases by more than 200%.
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Trident Cross Sections
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V(py) + Z(P) = VyorwipP2D) + C5(py) + €5 (p3) + Z(P)

(=)
Voo or k(B)

(=)

Vo or k(B)
= Uy
0
y
> > H
4-point limit
> Observed!

v - o
‘s
P

H > H
(Anti)Neutrino SM Contributions
VaH =V, pptH CC + NC
U H — v et uTH CC
VaH Ve et H NC
voH —viemet H CC + NC
Vet — vy pEeT H CC
VH =Vt H NC

Vs Aape) = gé(gf)ﬁﬁk + 8yp

Interference between
CC and NC
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Trident Production

Differential
Cross sections

dZGVX 1 H/;(U L/,w

d0?d3  327%(s — M2,)2  Q*
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Trident Production

Differential

Cross sections

2 Uv
d%o,x 1 Hx Lu
S 32a(s—MZ)> QF
Momentum &
Transfer
= (p;+P)’
S =P

Center-of-mass energy

of the total system

o= 2
s=(p+9)
Center-of-mass energy

of the neutrino-photon
system

POND? _ Dec/18 - Fermilab Yuber F. Perez-G. - Fermilab/Northwestern

10



Trident Production

Differential

Cross sections

Itdependson o Hadronic Tensor

scattering regime =
2
d GI/X _ 1 L//tl/
S 32a(s—MZ)> QF
Momentum &
Transfer

= (p + P’

§ =P

Center-of-mass energy
of the total system

o= 2
s=(p+9)
Center-of-mass energy

of the neutrino-photon
system

POND? _ Dec/18 - Fermilab Yuber F. Perez-G. - Fermilab/Northwestern

10



Trident Production

Differential

Cross sections

It de]?ends on & Hadronic Tensor
scattering regime S

2
do,x 1
S 32a(s—MZ)> QF
Momentum &
Transfer

= (p, + P)?

S =P

Center-of-mass energy
of the total system

= Leptonic Tensor

o= 2
s=(p+9)
Center-of-mass energy

of the neutrino-photon
system
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Trident Production

Differential

Cross sections

It dependson .
. : “~
scattering regime

Hadronic Tensor

f"

= Leptonic Tensor

2

d“o x

§
Momentum &

Transfer
We can separate
photon contributions
2
d O, x 1

d02ds 32722 502

T 3a2(s— M2): O

— 2 A 9)
s=(p;+P) S$=(p;+9
Center-of-mass energy Center-of-mass energy

of the total system of the neutrino-photon

system

hy(Q%,3) 6,(0%,8) + hy(Q?,8) 6,,(0%, §)

Transversal Longitudinal
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Scattering Regimes
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Scattering Regimes

2 p v
e = 47%2 | F(Y) ] (P” - %) (P” - q—)
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Scattering Regimes

Cuton Q
Woods—Saxon Form Factor
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Scattering Regimes
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Scattering Regimes
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Scattering Regimes
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Equivalent Photon Approximation (EPA)

Can we obtain an approximate cross section? Fermi, 1924

Weizsacker, Williams, 1934

EPA

o(Pi+C;— P+ C) = [ dP(Q*,8) 0, (P;+y — P §,0° =0)
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Equivalent Photon Approximation (EPA)

Can we obtain an approximate cross section? Fermi, 1924

Weizsacker, Williams, 1934

EPPA Energy spectrum of
’ the off-shell photons

AN

o(Pi+C;— P+ C) = [ dP(Q*,8) 0, (P;+y — P §,0° =0)
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Equivalent Photon Approximation (EPA)
Can we obtain an approximate cross section?

EPPA Energy spectrum of
’ the off-shell photons

fr\
o(Pi+C;— P+ C) = [ dP(Q*,8) 0, (P;+y — P §,0° =0)

N

Incoming particle
with a real photon
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Equivalent Photon Approximation (EPA)
Can we obtain an approximate cross section?

EPPA Energy spectrum of
’ the off-shell photons

fr\
o(Pi+C;— P+ C) = [ dP(Q*,8) 0, (P;+y — P §,0° =0)

N

Incoming particle

with a real photon

* Longitudinal contribution can be neglected 0,5}(Q2, §) =~ 0

. . T 2 A ~ T A
* Transverse contribution can be taken as on-shell 0, (0%, 5) = 0,,(0,5)
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EPA

* Longitudinal contribution can be neglected

* Transverse contribution can be taken as on-shell

Fermi, 1924
Weizsacker, Williams, 1934

6L(0% ) ~ 0

61(0% ) % 61(0,6)

Photon spectrum

A 2
S max Qmax 2.2 a 2
—_— T A 2 A ~ Z e ) dS dQ
VEPA [ [ 0, 05)dPQ%) P9 =" IFQIF 5
m¢ Y (S12E,)?
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EPPA

* Longitudinal contribution can be neglected

* Transverse contribution can be taken as on-shell

Kinematical Limits

Fermi, 1924
Weizsacker, Williams, 1934

6L(0%5) = 0

6102 5) ~ 61(0.5)

Photon spectrum

A 2
S max Qmax 2.2 a 2
—_— T A 2 A A Z e ) dS dQ
_ _[ ONAPQLS)  arein =25 rep L L
m¢ Y (S12E,)?
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EPPA

* Longitudinal contribution can be neglected

* Transverse contribution can be taken as on-shell

Kinematical Limits

Fermi, 1924
Weizsacker, Williams, 1934

6L(0%5) = 0

6102 5) ~ 61(0.5)

>
Photon spectrum
A 2
S max Qmax 2.2 a 2
—_— T A 2 A ~ Z e ) dS dQ
- [ ONAPQLS)  arein =25 rep L L
m¢ Y (S12E,)?
A
QCD
cht — NE cht < Qmax
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EPPA

* Longitudinal contribution can be neglected

* Transverse contribution can be taken as on-shell

Kinematical Limits

Fermi, 1924
Weizsacker, Williams, 1934

6L(0%5) = 0

6102 5) ~ 61(0.5)

>
Photon spectrum
A 2

S max cht 2.2 a 2
—_— T A 2 A ~ Z e ) dS dQ
Oppa = [ 01(0,8) dP(Q?, §) dP(Q*.8) =~ IFQY P =~

m¢ Y (S12E,)?

A
QCD
Q — cht < Qmax .
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EPA

6(P;+ C, = P+ C) ® J dP(Q%,8)6,(P;+7 — P;5,0% = 0)
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EPA

6(P;+ C, = P+ C) ® J dP(Q%,8)6,(P;+7 — P;5,0% = 0)

Fermi Limit of the SM
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EPA

6(P;+ C, = P+ C) ® J dP(Q%,8)6,(P;+7 — P;5,0% = 0)

Fermi Limit of the SM

QED

. 1
G}QED(PH‘}’ — Pf;SaO) X E

Decreases with
increasing transferred
four-momentum

On-shell >> off-shell
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EPA

6(P;+ C, = P+ C) ® J dP(Q%,8)6,(P;+7 — P;5,0% = 0)

QED

1
ayQED(Pi +7 = Py 5,0) o —

Decreases with
increasing transferred
four-momentum

On-shell >> off-shell

Fermi Limit of the SM

- o, “(P;+y — P;5,0) Gz$

Increases with
increasing transferred
four-momentum

On-shell << off-shell
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EPA

6(P,+ C, — P+ C)) ~ J dP(Q%3)6,(P,+y — Py 5,0 = 0)
Fermi Limit of the SM

o, “(P;+y — P;5,0) Gz$

QED

1
ayQED(Pi +7 = Py 5,0) o —
§

Increases with
increasing transferred
four-momentum

Decreases with
increasing transferred
four-momentum

On-shell >> off-shell On-shell << off-shell

EPA not valid for trident, right?
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EPA

6, (0%8) 64025 K02 5)

EPA not valid for trident, right? T8 oTQE 5 MQLH)

I_I'ITI'ITI] ||||||rl'| |||||rrl'| l||I'I'| ||||||I'I'| ||||||I'I'| ||||||IT| || T T T UL L T T T T 11T
10" otht Me,

Kinematically
allowed region

3 [GeV?]

3 [GeV?]

10°510° 10* 103 1072 10! 10Y
Q [GeV]
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EPA

6, (0%8) 64025 K02 5)

EPA not valid for trident, right?
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Longitudinal
contribution

negligible

Transverse
almost as on-

shell 107° ? ot e 3_ 10—1 -
wl !

Sl 5 ERETIT BT RTIT ET e L ]
10°510° 10* 103 1072 10! 10Y 1072 1071
Q [GeV] Q [GeV]
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EPA

Physical cutoff on the
. . TO2 3 Lcn2 o\ bhL(n2 &
: : : momentum integration 0,,(Q%5)  ¢-(0%39)h(0%3)
?
EPA not valid for trident, right? T8 oTQLHRIQS)
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EPA

EPA not valid for trident, right?
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EPA

EPA not valid for trident, right?
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EPA

EPA not valid for trident, right?

Yes.
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Events in LAr Detectors
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Rates

Ny = Norm X JdEy o, x(E,)

d¢(E,)
€
dE

v

(E)
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Rates

do, (E
NY = Norm X JdEy o,x(E,) qil’/l(f 2 e(E,)
v
\
Fiducial Detector Mass X N, ,
Exposure [POT] X [target partlcles]
M Assuming 100%

efficiency
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Rates

Exposure [POT] X

Ny = Norm X J o,x(E,)

Fiducial Detector Mass X N,

d¢,(E,)
dE

v

e(k,)

N

mr

[target particles]

Assuming 100%

efficiency

Experiment | Baseline (m) | Total Exposure (POT) | Fiducial Mass (t) | E, (GeV)
DUNE 574 12 81 (12 81) x 102 50 0—40
v mode U mode

Exposure = 1.83 x (3 +2 x 2) x 10*! POT
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Rates

' Higher cross

sections at
DUNE ND

: DUNE

1 IIII[II‘

Solid: v beam

Dotted: v beam

y flux/GeV/m?2/102° POT

I
I

u ! +
1

V 4
10—44 , 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
2 4 6 8 10 12 14
E, [GeV]
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Rates

Exposure = 1.83 x (3 +2 x 2) x 10°! POT

Channel SBND pBooNE ICARUS |[DUNE ND; vSTORM ND
Coherent
N Total e*p¥ 10 0.7 1 2093 (2307) | & 191
Ot seen yet 1 0.1 0.1 391 (299) | < 23
\ Diffractive
Not ¢ Total ete™ 6 0.4 0.7 1007 (800) 114
OF SEEn YE 0.2 0.0 0.02 64 (49) 6
Total utp— 0.4 0.0 0.0 286 (210) 11 Large
0.3 0.0 0.0 143 (108) 6 contributions of
: : : diffractive events
7 R
Compare order /
of magnitudes r mode 7 mode
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EPA gives also
misleading
distributions

Kinematical Distributions

Invariant charged lepton masses m?, ,_

Tool for
 background
Small values Peaked distributions  suppression
= é;} T T T T Nl T T T .
DUNE ND (v) e’e ep o
0.15[ 1 0.15F 1 0.15
& 0.10 0.10 & 0.10
A A
Ay 1[.¥
0.05 0.05 0.05
O_OO 1 1 1 1 1 1 1 O.m 1 1 1 1 1 1 1 0.m 1 1 1 1 1 1 1
0.005 0.010 0.015 0.05 0.10 0.15 0.1 0.2 0.3 0.4
mi o [GeV?] mz .- [GeV? mi o [GeV?]
Flux integrated All channels with same
distributions final states
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Kinematical Distributions

Separation angle Ag

AQ < 20° Quite collimated
~ 50 % ~ 50 %
0.25 B B N I B e E— 0.25 T B N EL A B e E— 0.25 | —
ete eEu® urp
0.20F 1 0.20f 1 020
h‘ Oals —m: Oals- —m: 0-15
Q 1= 12
® 0.10f 1% 0.10F 1% 0.10
0.05 37 % 1 0.05F 0.05
0.00— b 0.00— 0.00— e
0 20 40 60 80 100 0 20 40 60 80 100 0 100
A9 [°] A []
Flux integrated All channels with same
distributions final states
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Goal: Reach suppressions of order 6(107° — 107°)

Backgrounds?

+ misID ptp~ > 1,CClz* misTD Rate
-
as e 0.05
ete” > NCr’ !
0.1 (w/ vertex)
B vasete
ei,u+ > CCxY 1 (no vertex + overlapping)
= as pu*t 0.1
+
CCy v,CCr
A more
+ No hadronic activity careful
analysis is
+ m., <02 GeV?, A0 < 207,06, < 15° needed
Channel NF=P/Ncc Nid /Nec Nk /Nec o edif 11

=¥ 167 (1.62) x 1004 2.68 (4.31) x 10~>  4.40 (3.17) x 107 0.61 (0.61) 0.39 (0.39)
ete”  2.83(4.19) x107* 1.30 (241) x 107* 6.54 (14.1) x 107 0.48 (0.47) 0.21 (0.21)
ptpu~ 266 (2.73) x 107 104 (9.75) x 107*  3.36 (3.10) x 10~® 0.66 (0.67) 0.17 (0.16)

/"1 N i\\ Efficiencies after cuts

mislD Hadronic veto Kinematic cuts

€
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Backgrounds?

104 | | | | | | | | | | | | | | |
§ — Total Bkeg. 0.(0_) < 15° ' §
T Af < 20° B m2e - < 0.2 GeV? i
103 E_ _E
" L - e o
45 ) _ -_._ Ll - [ ria.d - L
- 0 :
] - -
10t E =
= == Total Sig. =
- L I-h_"'|_l _ B Sig. post cuts

10() | | | | I I I L I-ll-l-- I | | | |

0.0 0.2 0.4 0.6 0.8
m’s - [GeV?]
GENIE simulation
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Conclusions

® A full 4PS computation is required to obtain correct estimates for the number of
events.

® Let us stress that the EPA gives a reasonable result for the dimuon channel due to a
serendipitous behavior of the Form Factor.

® EPA can artificially suppress the coherent scattering contribution and increase the
diffractive one giving rise to an incorrect rate and distributions of observable
quantities.

® We have estimated the background for each trident channel via a Monte Carlo
simulation using GENIE, and identified the dominant contributions arising primarily
from particle misidentification.

® Reduction of ~6 orders of magnitude x CC in the background is necessary to observe
trident events at DUNE ND. A more careful analysis is needed.
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Thank you!
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Backup
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Coherent vs Diffractive

. Opc Oud
Oy = Oyc T 04
Ov Ov
Incoming v, flux, {{Ar Incoming v, flux, JAr
1.0 | 1 LI I 1 1 1 1 LI I 1 1 1.0 | 1 LI I 1 1 1 1 LI I 1 1

[§\ } Ratio

Coherent
Total

Diffractive
Total

Incoming v,

+_
o vy > vye'e

Ratio
Ratio

® v, veeu”

+_
® v, o> v uu

Incoming v,

® v.—> v, ete”

+_
® veo v pu'e

® v, - v putu”
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Rates

5 107 DUNE SBND
8@ Solid: v beam v,
S _
NQ 1015 Dotted: v beam ° vy -
é . "'-.._._ ® v, 3
% S o]
? 1013 e i i LT TP e, il el
S 0 T s e
wms]
~ S
= 10l7 '
1 .
& Solid: p* d :
NQ olid: u* decay
CE 1010 ‘ Dashed: n* decay 1
~ ': -'m"\' Dot—Dashed: K* decay :
G ! !
E 1013 i i E — Vu=Vyu ete” == v»v, utu”
: il 5 I
1 1 1 I ' 8 | 1 i I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 )
2 4 6 8 10 12 14 4 6 8 10 12 14
E, [GeV] FE, [GeV]
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Kinematical Distributions

0.15 - . T T - .

0.10
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PDF.
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Kinematical Distributions

DUNE ND (v

PD.F.

PDF.

0.20f e .
0.15 7
f;: Il Coh
o 0.10 =
0.05 7
0.00
0 50
0-15 Illll"
ete
0.10F 7
-
-
o,
0.05 7
0.00 -I-LuL
1077 107° 1073 107!
@ [GeVY

0.20

0.15

PD.F.

0.10

0.05

0.00

0.15

0.10

P.D.F.

0.05

0.00
10° 107 107 102 1077 10"
Q& [GeV?)

0.20

0.15}

0.10

0.05

0.00
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0.10f
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0.00
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Kinematical Distributions

Ll 1 Ll 1 Ll 1 Ll 1 Ll 1 Ll 0.15 T Ll T Ll T Ll T l T l T T l T Ll T Ll T Ll T Ll T
0-20 B e- 7 et 0.20 i #— 7
0.15 o.10F 1 0.15F
= = =
(o a - 12
o 0.10 o o 0.10
0.05 7
0.05 0.05
0 0 10 20 30 40 50 0
0.15 0.15
0.20 7
0.10 015 1 ook
a 1= fi[=
~ o 0.10 o
0.05 1 0.05
0.05 7
0.00 0.00 0.00— ; ; .
0 0 0 10 20 30 40
& [°] 6 [°]
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Events at other ND facilities
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Rates

N)?:Normx[dEya (E) qb( 2 e(E,)

Fraction

FAC Z fl O-l/X

Cross section for the component

Experiment Material Baseline (m) Exposure (POT) Fiducial Mass (t) | E, (GeV)
INGRID Fe 280 3.9 x 10?1 [10%2] T2K-I [T2K-1I] 99.4 0—4
MINOS[+] Fe and C 1040 10.56(3.36)[9.69] x 10%° 28.6 0 — 20
NOvA CyH5Cl and CH, 1000 8.85(6.9) [36(36)] x 10%° [NOvA-II] 231 0—20
MINERvA | CH, H50,Fe,Ph,C 1035 12(12) x 10%° 7.98 0 — 20
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1017 Ingrid — Module 3

1015 E

IRTITT B

E, [GeV]

NOvA

v flux/GeV/m?2/102° POT

[cm?]

||||I'I'I'1 ||||I'I'I'1 TTIT

o

2 4 6 8 10 12

E, [GeV]

14

v flux/GeV/m?2/102° POT

10_447|||||||||||||||||||||||||||||
2 4 6 8 10 12 14

E, [GeV]

107 - MINOS+/MINERvA

101° '

1013

= =maSgmat T e g e e

ek . '.:Il-. ."-'I:'_.l'.__..__."-..l'.____.'u.'l_u'-. .

v flux/GeV /m?%/102° POT

[cm?]

vN

MINERvA
[u—y
(@]
5
= |||I1'I'1 T |||I1'I'1 T |||I1'I'1 TT1T

2 4 6 8 10 12 14
E, [GeV]
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Rates

INGRID

Channel T2K-I T2K-II MINOS MINOS+ NOvA-I NOvA-II MINERvA

Total e*u™ 563 1444 222 (56) 730 83 (72) 340 (374) 149 (102)
96 246 46 (11) 151 25 (22) 102 (114) 56 (39)

Total e*e~ 277 711 61 (15) 62 29 (22) 119 (114) 39 (27)
24 62 9 (2) 8 4 (4) 16 (21) 10 (7)

Total u* p 30 76 2 (6) 86 9 (9) 37 (47) 18 (13)
21 54 15 (3) 49 8 (8) 34 (36) 18 (13)
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