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Motivation: new physics

No new physics signals at particle physics experiments
(modulo several inconclusive anomalies), except for neutrino masses

New Physics

* very weakly coupled

new degrees of freedom (dofs) below the electroweak (EW) scale v
very likely singlets of the SM gauge group

e present at scales A > v
SMEFT is appropriate description

* Dboth
“new dofs + SM” EFT (respecting SM gauge symmetry) required

What are these new dofs:

scalars, fermions, vectors?



Motivation: neutrino masses

In the SM neutrinos are massless
Neutrino oscillations show that (at least two) neutrinos have mass

Minimal renormalisable Lagrangian to accomodate neutrino masses:
Lsmin = Lsm + iNg Ny — [LHY Ny + h.c/]

Ny, is right-handed (RH) neutrino

v = (v, NR)T is Dirac neutrino, lepton number (LN) is conserved

Yy~10"8 = m, =Y,v/\/2~001ev
Y, ~ 1 Y, ~ 107° = flavour problem)

Is LN a fundamental symmetry?



Motivation: neutrino masses

If LN is violated, then

— ~ 1 — 1, — 0 mp, l/i
. .=LHY N, + > NgMNg +he. — (7 N§) wr )\ +h.c.

v = (vy, UE)T and N = (NS, Np)! are Majorana neutrinos

N is heavy neutral lepton (HNL)

Type | seesaw mechanism
mp=YWIN2<M = m=—myM ' m]
Yy~1, M~10"Gev = m,~0.01 eV

109

For Y,y < 1, huge range of values for M

10—3_
Active-heavy neutrino mixing '
T 1076

v2 o () ™y
aN M M 1079

V2, ~ 1071121074 for M~ 1+10° Gev 107555



Motivation: neutrino masses

There are variants of the seesaw mechanism with low M and large V ; e.g.

Inverse seesaw mechanism

0 mp O )(vf

— L = Py (ITL Ny SL) mb 0 M| Ng|+he.
0 M, u St

2
m m
—1 —1 2 D
my=mDMR //tMR ng and VaNN <V> N7V
R

m, ~0.01 eVand |V, y|* ~ 1072+ 1078
for Yy~107, Mp~1+10°GeV, u~ 107 +107° GeV

Small i is technically natural, since for 1 = 0, LN symmetry is restored



Motivation: neutrino masses

Of course, at non-renormalisable level, the minimal way to generate
Majorana neutrino masses is via \Weinberg dimension-5 operator

Oy = (ZI:I) (I:ITLC) + h.c.

SMEFT accommodates lepton-number-violating neutrino masses

In what follows, we will assume
> lepton number conservation (LNC)

or
» lepton number violation (LNV) by M < v

» new heavy physics exists at scale A > v

Under these assumptions, NR should be present in the EFT
= NSMEFT (also called vYSMEFT, NpSMEFT, SMNEFT)



NSMEFT: dim-5 operators

The effective Lagrangian

o0 1 ny
— (d) r5(d)
2 = ZLswn + Z Ad—4 2 "0
d=5 i

@l(.d) are effective operators invariant under SU(3)~ X SU(2); X U(1)y

Operators of d = 35 (all violate LN)

O,y = (LH) (H'L°) Weinberg, PRL 43 (1979) 1566
Onnn = (N§Ng) (H'H)  Aguila, Bar-Shalom, Soni, Wudka, 0806.0876
@NNB = (]Vlg G'WNR> Bﬂv Aparici, Kim, Santamaria, Wudka, 0904.3244

O ynp vanishes identically for one generation of Ny



NSMEFT: dim-6 operators

Aquila, Bar-Shalom, Soni, Wudka, 0806.0876
Liao and Ma, 1612.04527

Higgs-N operators

H (+h.C.) =5 (9)

1H| Opyp=Lo""NgHB,,

OH | Opx = Nay" Np(HUDLH)  Onye = Navyter(H'iD, H)

ONW = ZO"WNR afﬁﬂ/f

v

3H Ornvg = LHNR(HTH)
4-fermions 11 (16) 2 (4)
o Onn = (Nr7uNr)(Nry* Ng) L | Oxnvn = (N NR)(NgNR)
~ - . - . —
g O.n = (erVuer)(Npgy"*Nr)  Oun = (Urv,ur)(Ngy*Ng) L& B Oogan = (Q°€Q)(d;GNg)
Oun = (drYudr)(NrY*Ng)  Ogune = (dry,ur)(Nryter) Ouaan = (u5dg)(d%NR)

LLRR | Oy = (L7, L)(Nry*Nr)  Ogn = (Q7,Q)(Npy* Ng)
E OLNLe = (ZNR)G(ZeR) OLNQd — <ZNR)€(§dR)
= OLign = (Ldr)e(QNR)

LRRL Ogunt = (Qug)(NgL)

ne=1[3]: 29 [1614]

operators including h.c.




4-fermions and (almost) stable N

Dirac v = (vy, NR)T or Majorana N = (NC,NR)T with my < 0.1 GeV

Alcaide, Banerjee, Chala, AT, 1905.11375

Onn = (Np7uNr) (N2 Np)
OeN — (@WJ;LER)(N—R’)/“NR) Ofu,N — (W’Y;LUR)( /l NR)
Oun = (drYudr)(Nry"Nr)  Ouune = (dry,ur)(Nryter)

e

RRR

LLRR | Opy = (Z%L)(N_R’Y”NR) OQN = (@'MQ)(N—R ’“NR)

g OLNLe = (ZNR)G(ZeR) OLNQd — (LNR) ( )
— Orign = (Ldr)e(QNr)

LRRL Ogunt = (Qug)(NgL)




4-fermions and (almost) stable N

Dirac v = (v;, Np)! or Majorana N =

Alcaide, Banerjee, Chala, AT, 1905.11375

Onn = (Ngv,Ngr)(Npy* Ng)

s
Z | O = (Ewner) Ner*Ne) - Ouy = (wyun) (Nar Np)
Oan = (drYudr)(Nrv"Ng) (Oaune = (dryuur)(Npy'er))
LLRR | Opy = (Lv,L)(Nev*Nr)  Ogn = (Q7,Q)(Nr*Ng)
g OrNLe = (ZNR) (LBR) C Orngd = (ZNR)G(adR) )
- (Oragn = (Ldr)e(QNr)
LRRL (Oguni = (Qug)(NgL))

(NS, Np)!' with my, < 0.1 GeV
¥ ><£r
p A
N
il ;<
#

New top decay

N
t%z
b
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4-fermions and (almost) stable N

Dirac v = (v;, Np)! or Majorana N = (NS, Np)! with my S 0.1 GeV

Alcaide, Banerjee, Chala, AT, 1905.11375

RR

LLRR | Oy = (v, L)(Nev*Nr)  (Ogx = (@1,.Q)(Nrr*Nr) )

LRRL (Ogunt = (Qug)(NRL))

New top decay

m Onn = (N3 Ne) Ny N) p E.
= Oy = (@rVuer)(Nry*Nr) (OuN = (Tryur)(Nry “NRD X
(Oan = (dryudr) (NeY"Nr)) Oaune = (dryuur)(Nry"er)) P l

g Ornre = (LNRg)e(Leg) C Orngd = (LNR)e(Qdp) ) N
- @LdQN = (Ldg)e (@NR) ‘ﬁ :—<6

i N N
t%t
N b
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4-fermions and (almost) stable N

Dirac v = (v;, Np)! or Majorana N =

Alcaide, Banerjee, Chala, AT, 1905.11375

e

RRR

Onn = (Ngv,Ngr)(Npy* Ng)
@eN = (erY é’R)(NR’)“NR) (Oun = (@R, ur)(Ngy"Ng))
.dr) (Nry" Ng)) Oaune = (drvuur) (Nry"er))

LLRR

(Opx = (L7, L)(Nev*Ng) ) (Oon = (Q7,Q)(Ngy*Ni) )

g C(’)LNLe = (LNg)e(Lepg) ) C Orngi = (LNR)e(QdR) )
— @LdQN = (Ldr)e(QN R)
LRRL COQU,NL = (GUR)(N_RLD

(NS, Np)!' with my, < 0.1 GeV
¥ ><£r
p A
N
il ;<
#

New top decay

N
t%z
b
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LLLL  RRRR

LRRL and LRLR

4-fermions and (almost) stable N

Bounds on amer for A =1 TeV Bounds on Apin [TeV] for a =1

T — {+inv
monojet
monojet
£+ Eniss
T+ Episs
t — bf4inv

— £+1nVv
Illt)tll)jc'T

T — f4+inv

T — {4+1Inv
T — {41nv
T — {41nv
T — {4+Inv

T — f+inv

T+ FE

T+ E

€+Emiss
T+ E

(+ E

‘MISS

miss
T — f4+inv

miss

miss
t — bf+1nv

Alcaide, Banerjee, Chala, AT,
1905.11375
Figure from J. Alcaide’s PhD thesis

pp — € + E;"™
ATLAS, 1706.04786

pp = J+ Ejrf‘iss (monojet)
CMS, 1712.02345

r =310+ 1) x 1072 Gev

T—e+inv

I}

T—e+inv

= (4.03£0.02) x 10713 Gev
PDG, RPP 2018

(t = bt + inv @ HL-LHC )
Alcaide, Banerjee, Chala, AT,

| |
101 10° 10! 00 05 10 15 20 25 3.0

@05.11375 J
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HNL decay via active-heavy mixing

e V2 2cosOy

Kling and Trojanowski, 1801.08947

Branching Fraction B(Ng—>X)
x " hadrons
fa
N_{
——
v& eev
N
ﬂ —
V.eN Z
0.1 05 1 5 10
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Long-lived HNLs

1 1

Proper decay length: ¢ty = —
A RN

Decay length in the lab frame: d = fyc ty

1014

Decay Length for |Uey | ?=1077

1012} d=ctnBY:

—— Epn=1TeV

10"}

0.1 05 1 5
my [GeV]

102

Kling and Trojanowski, 1801.08947

ecay lehgth for Ey=1 TeV %\

13



Local detectors at HL-LHC

ATLAS and CMS
d<O0(1m)
Nearly 47 coverage
Backgrounds

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
14



FASER: ForwArd Search ExpeRiment

Cylinder withr = 10cmand Z =1.5m Started data taking in 2022
d~ 480 m

Boosted cross section
47/108 coverage

ol
I
o
S
S/

a— Intersection
s D
IP TAS D1 TANDZ -« emsecion: AC !
*—I T = — e i
: far locatioq
-+ttt
0 100 . 200 ' 300 400 L[m]

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
15



CODEX-b: COmpact Detector for EXotics at LHCb

Boxof I0mX I10m X 10m
d~?25m

475/10? coverage

>/
Lower luminosity Sy
§ ":
O

3

FASER

Feng, et al 1710.09387

5m

CODEX-b

Gligorov et al 1708.09395

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
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MATHUSLA: MAssive Timing Hodoscope for Ultra Stable neutralL pArticles

Box of 100m X 100 m X 25 m
d ~ O (100 m)

47/25 coverage

LLP

5m

CODEX-b

Gligorov et al 1708.09395

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
17



ANUBIS: AN Underground Belayed In-Shaft search experiment

FASER

Feng, et al 1710.09387

5m

Cylinder withr =9 mand 2 =56 m v om ]

d~ few 10 m CODEX-b

47/50 coverage Gligorov et al 1708.09395

Bauer, OB, Lee, Ohm 1909.13022

Images from O. Brandts talk at Oxford Particle Physics Seminar on 9/6/2020
18



Minimal mixing scenario at HL-LHC

Hirsch and Wang, 1801.08947 Beltran, Cottin, Helo, Hirsch, AT, Wang, 2110.15096

\ (update of Cottin, Helo, Hirsch, 1806.05191)

ATLAS: 300 b~

ATLAS: 3000 b~
10710 e ——

5 10 20
my [Ge\/]

ot
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4-fermion pair-N operators

Name Structure ny =1iny =3 * HNLs are pair produced
Oan | (drv*dr) (NrYV.NR) | 9 81 via pair-Ny operators
Oun | (@rY*ur) (NrYuNR) | 9 81
Oon | (@*Q) (NrYuNr) | 9 81
Ocn | (erY"er) (NrYuNR) | 9 81
OnN | (NrYvuNR) (Nrv.Nr)| 1 36
Orv | (LY"L) (NrYuNR) 9 81

» Lightest HNL cannot decay

Examples of UV completions via these operators;

LQ state| SU(3)c SU(2) U(1)y |Coupling|Operator it decays via mixing
Sa 3 1 —1/3|  gan OuN N v I
Su 3 1 2/3 JuN Oun
Sq 3 2 1/6| gon | Ogn Lpa—

L5, = 8andrNgSs+ 8uclgerSa + 801 Q€L S, + h.c.

SH

_ _ CaN _ &?N
gSQ = gQNQNRSQ + gdeRLGSQ + h.c. A2 _ 2m§
q

, q=d,u,Q

Cottin, Helo, Hirsch, AT, Wang, 2105.13851 20



4-fermion pair-N operators

Name Structure ny =1lny =3
Oan | (dry*dR) (NrY.NR) 9 81
Oun | (@rY"ur) (NrY.NR) 9 81
Ogn | (@7"Q) (NrYuNR) 9 81
Ocn | (erY*er) (NrRYuNR) 9 81
OnnN | (NrYuNr) (NrYuNr)| 1 36
OLnN (ZV‘LL) (NiR%,JNR) 9 81
Examples of UV completions
LQ state| SU(3)c SU(2)r, U(1)y |Coupling|Operator
Sy 3 1 —1/3| gan Oan
Su 3 1 2/3 JuN Oun
So 3 2 1/6 | gonN Ogn

ng = ngd_RN]CQSd + gueu_Relng + gQLQGLCSd + h.c.

gSQ == gQNQNRSQ + ga’Ld—RLGSQ + h.c.

Cottin, Helo, Hirsch, AT, Wang, 2105.13851

HNLs are pair produced
via pair-Np operators

Lightest HNL cannot decay
via these operators;
It decays via mixing

-

-

N
* MadGraphb cannot handle
Majorana fermions in operators
with more than 2 fermions;
renormalisable completions
are needed to effectively
Implement such operators
y,
20



4-fermion pair-N operators

Examples of HNL pair production cross section for O, (gn = \/5 — cc}]%, = 1)

104 I I | [ I I | I I I | I I I | I I I 102 I |||||||| I |||||||| I |||||||| I I_
103 my = 10 GeV a .
= my = 500 GeV = 10
=107 my = 1000GeV  H =1
ZQ: . Dirac Zm
a 10 . 2 -1
= \ Majorana = 10 mpg = 2TeV
T 100 \\\\\\\ T 10_2 mro = 5TeV
§ I N N \&_/ ; mrg = 8TeV
e e ° 10 Dirac
o2 T T 10~4 ——— Majorana
| | | | | | | | | | | | | | | I~~I~~~I"" [ T T 110 [ 1 IIIIII| [ IIIIII| I‘\
2 4 6 8 10 10 10 10° 10°
mrg [TeV] my [GeV]
2 2
_ _ Cayn 4my 1 dmy;
O'D(dd—>NN)= s1/ 1 — l+—=11-
1927A% )
3/2
_ oy 4m3 :
oy(dd - NN) = s 1-— = suppression for m,, > 100 GeV
M 1447A% s N~

Cottin, Helo, Hirsch, AT, Wang, 2105.13851

21



Number of events

Projected number of signal events at ATLAS:

NE&TAS = 6(pp — NN) - L - BR(N — £jj) -2 - €
MadGraph5 MadSpin+Pythia8

Decay probability of an HNL in a far detector (approximately):

P[N decay] = e L/bret — o=Lalpree

Projected number of signal events at a far detector:

NP =2-0(pp — NN) - Z - (P[N decay inf.v.]) - BR(N — vis.)
MadGraphb5 Pythia8 analytical

22



4-termion pair-N operators at HL-LHC

Reach on active-heavy neutrino mixing (for fixed new physics scale)

’%dgzjorana HNL, cyn /A = con/N = ey)y/N =1/(2 TeV)?
L || T I I

‘ | T
10" &8 NoN—=a. A=2TeV -

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| eN‘2
=
o

AL3X: 250 fb”! MAPP1:30 fb”’
10~ 18] | ANUBIS:3ab™"  MAPP2: 300 fb!
B CODEX-b: 300 fb"

0—20 )
B ATLAS: 300 fb!

:_()_22 | | FASER2:3ab’! ATLAS: 3 ab™! B

__0—24 1' L] L |||||||1 L Ll

—10° 10" 10

MmN [GGV]

Cottin, Helo, Hirsch, AT, Wang, 2105.13851 23



4-termion pair-N operators at HL-LHC

Reach on active-heavy neutrino mixing (for fixed new physics scale)

—Maz]orana HNL, cyn/A° = ¢ //\2 = c; /A2 = 1/(7 Te\/)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

- 0—12
- 0—14
1016 1
1 AL3X: 250 fb”! MAPP1 : 30 fb
y 0—18 | | ANUBIS:3ab-!  MAPP2: 300 fb'
B CODEX-b: 300 fb"

ATLAS: 300 b~
1 0—22 | | FASER2:3ab”!  ATLAS:3ab~’ a

;—24 Lo Ll Lo ] L] o L1 |
g 100 10" 10° 10°

TN [Ge\/]

‘ eN‘2

:_0_20

Cottin, Helo, Hirsch, AT, Wang, 2105.13851 24



4-termion pair-N operators at HL-LHC

Reach on active-heavy neutrino mixing (for fixed new physics scale)

Majorana HNL, cliy/A” = /A = cliy/A? = 1/(13 TeV?

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

B I ||||| I I
:_0_4 N \\ 7777777777777 A — 13 TeV_
7777 N\ —
0=
10 7
1n—10
< | O_ - Type-| Seesaw ¢
_Z 10 — arget region N
v [1n—14
i k\ ]
— =1
10 oL AL3X: 250 fb! MAPP1: 30 fb! \ N
1 0—18 | | ANUBIS:3ab™!  MAPP2: 300 fb' > _
. ~—90| | CODEX-b: 300 1
10 — ATLAS: 300 b N
1 0—22 | | FASER2:3ab-'  ATLAS:3ab™ -
:_ —24 l |||||||| | |||||||| | |||||||| l |||||||| l [
= 10° 10 102 10°

TN [Ge\/]

Cottin, Helo, Hirsch, AT, Wang, 2105.13851 25



4-fermion pair-N operators at HL-LHC

Reach on new physics scale (for fixed active-heavy neutrino mixing)

Dirac HNL, ciy = chy =

2 5 —17
T T T T TTT] T T T TTTT] T T T TTTT] ||||;|||
1
AL3X: 250 fb! MAPP1: 30 fb~’ '
1
N ANUBIS: 3 ab™" : ]
B CODEX-b: 300 b " ' n
]
- ATLAS: 300 fb' ! i
FASER2: 3 ab™’ ATLAS: 3 ab™’ v
//,, \\\\
/7 N
= 1 <7 ) RN \\\
oIV -7 SN
D) 10 — I/ // ,’)\\ )\\/ \_\ \‘\ —
i : ’/' ,” K \‘ // \‘ \\\ \\ :
— 1) /X \ v\ _
< 'II 7 7\ \ \ \
— AT \ Yo -
I N \ \ v
B o \ k ERRE
|” I /;I\\\ \‘ “ \\ \‘
- ll, lllr, \\ \ \ vl
iy J vt \ L
- F /A NN Vi
Illl Il ”’ \\ || “‘ ‘\ “
s, 1 (|
7 11 I o 1 vl
AT . 1 V|
/! fi) \ \ \ ‘\‘\
a4 ) vl
A R N Y ¥
/ /o Nt i
1/
100 LA |||| LA Ch o ey Ly
10~ 100 10! 10°

myN [Ge\/]
Cottin, Helo, Hirsch, AT, Wang, 2105.13851
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4-fermion single-N operators

Beltran, Cottin, Helo, Hirsch, AT, Wang, 2110.15096

Name Structure (+ h.c.) | ny=1|ny =3 - Both HNL production
Ouve | ([@rr"ur) Nryuer) | 54 | 162 3”d fje‘iaz; ‘éa”tﬁe t
— — ominate e operator
OLNOQd (LNR) € (QdR) 54 162 y P
OLdQN (IdR) € (@NR) 54 162
OouNL (@uR) (NRL) 54 162
OrNLe (ZNR) € (ZQR) 54 162
Examples of UV completions
Heavy scalar SU3)e SU(2), U(l)y | Operator | Matching relation N
CduNe 9dN Gue
Leptoquark Sy 3 1 —1/3 OguNe Az = Qm%d
. CLAQN _ 9dLYQN
Leptoquark Sg 3 2 1/6 | Oragn A2 = m%Q
o CLNQd _ 9LNYIQd
LNQd A2 5
mg
Inert doublet ® 1 2 1/2
o CQuNL _ 9QuILN
QuNL R

27

S W



4-fermion single-N operators

Example of HNL single production cross sections

102

V§=14TeV, A=5TeV, |Von|>=107°
\
N mixing
Ouch
B OQuNL
Ogarn
| OgneLd
BT RT 108
my [GeV]
Partial decay width of HNL
5
/ mN
['(N = ¢qq") = Jo=1(4)

551273 A%

Beltran, Cottin, Helo, Hirsch, AT, Wang, 2110.15096

Figure from R. Beltrans master thesis

' 2
oMX ¢ | VeNl

0 x A%

for O 4,n. (3 remaining operators)

28



4-fermion single-N operators at HL-LHC

T T T T ‘ T T T T ‘ T T T
(u,d) e o  (wd) 7 ATLAS: 3 ab™!
; 101j g ,;‘ 101? -
£ E
~ <
10° 10°
S - E )
2211 1 L // 2213 1
< CduNe = 1 | = L CaduNe = 1 i
=1 | B =1
100 k T gx/xl I | 1 1 100 I | | | | | I
5) 10 20 o0 5 10 20 50
my [GeV] my [GeV]

Assumption: both HNL production and decay are dominated by the operator
(fulfilled everywhere in the plots if |V, |* < 107°)
Beltran, Cottin, Helo, Hirsch, AT, Wang, 2110.15096 29




NLEFT: low-energy EFT with N

For low-energy processes at energies £ << v and GeV-scale HNLs,
the appropriate EFT is the low-energy EFT extended with Ny (NLEFT),
which does not contain ¢, H, Z, W*

_ d) 5(d
ZNLEFT = Lren T Z Z iV
d>5 i

_ 1 1 —

@l(.d) are effective operators invariant under SU(3)~ X U(1),,,

d < 6 operators with SM fields: Jenkins, Manohar, Stoffer, 1709.04486
d < 6 operators with Np: Chala, AT, 2001.07732; Li, Ma, Schmidt, 2005.01543

d < 9 operators with Npg: Li et al., 2105.09329

30



Neutral current quark-N 4-fermion operators

NLEFT pair-/N, operators NLEFT single-/Ny operators
Name Structure ny=1|ny=3 Name Structure ny=1|ny=3
Ouv | (drwudr) (Nmy*NR) | 9 81 Oun' | (dedr) (TTNR) 54| 162
0| O™ | @myuur) (Ney*Ne) | 4 36 OLRE | (dpowdp) WLo*Ng) | 54 | 162
= o™ | (drude) (NrY*Nr) 9 81 Q| Opn' | (uzur) PLNR) 24 72
ON® | (@yuur) Npy*Ng) | 4 36 = | OLRR | (@gowur) (Lo™ Ng) | 24 72
OSER | (dpdg) (NENR) 18 | 108 Oun' | (drdL) (PLNR) 54| 162
OTFR | (Trodp) (N5o"Ng) | 0 54 Own | (@Rur) (WINR) 24 72
> | O | (@Zur) (NgNg) 8 48 Oun' | (drwdr) (VF7*Nr) | 54 | 162
= | O™ | (@zouur) (Ngo" Ng) | 0 24 > | Ouwn' | (@Ryur) (G2*Nr) | 24 72
OFLE (drdz) (N&NR) 18 108 = | OVER\ (drr,dr) (VE4*NR) 54 162
ON" | (@ru) (NENr) 8 48 Ouit | @yur) Wgy"Ne) | 24 72
In the NLEFT, n; = 3 and n, = 2 (no top quark)
Charged current quark-/N, operators have been studied in De Vries et al., 2010.07305
Beltran, Cottin, Helo, Hirsch, AT, Wang, 2210.02461 31




Matching to NSMEFT: pair-N operators

NSMEFT pair-Vg operators d = 6 LNC in NLEFT & d = 6 in NSMEFT
Name Structure ny=1|ny=3 - g2 -
— ¢VRR = ci _ 2L 77
/(ZS Oan (dR’}v'de) NR","“NR) 9 81 dN,ij dN m% dg N
= | Oun (urYuur) (NrRY*NR) 9 81 g2
© _ V.RR _ ij _ OZ ij
i | Qe | (QuQ) (Nry*Nr) 9 81 Covii = Cun 2 Zy LN
S| ony | (HUD.H) (Nar*Ng) | 1 9 “ .
_ - VIR _ vy .okl _ 8Z i
> Ognar | (QNR) (A_TREQ) H 18 162 Canij = ViVilCon 2 ZdLZN
= OdQNH Hf @Q) (NIC%NR) 18 108 ) Z
T OQNuH (@]\TR) (EU‘R) j‘v] 18 162 V.LR __ y ﬁ ij
~ ~ — CuN i CQN 2 ZMLZN
Ougnu | HT (WrQ) (NgNR) 18 108 ’ my
d = 6 LNV in NLEFT & d = 7 in NSMEFT g, = €
Swew
coRR = —V VECH CORR — — cY 7 T3 —Q s2,) 6V
dN,ij ki "ONdH  “uN,ij ONuH = — O, Sw
2¢/2 2¢/2 v ( vy )
\Y, . V . 2
S,LR _ ik S.LR _ ij _ Vv

= - col =
dN,ij ki~ dQNH uN,ij uQNH
2 V2
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HNL production in meson decays

P,V
Pseudoscalar
or vector
meson
Pseudoscalar | P P
meson
c C > U D - NN (WN) D= 2% n,n (p°, w) for g =u
DY -zt (pT) for g =d
Df - Kt (K™ for g =s
n. — DY (D™) for g = c
B — BT (B™) for g =b
- b—>d B’ - NN (LN)
e bh—s B) — NN (vN)
- s —>d Ky; — NN (vN)

HNLs from D- and B-meson decays: Beltran, Cottin, Helo, Hirsch, AT, Wang, 2210.02461
HNLs from K-meson decays: Beltran, Gunther, Hirsch, AT, Wang, 2309.11546 33



Partial meson decay widths

Two-body decay:

2
['(P - NN) = e 1 _ﬂ o '2 cV-RR _ -V.LR
32z ma |@ gN.ij  “gN.ij
_|_ 1 2 { ( SRR _ S.LR

gN, ij gN, ij
S,RR . S,LR S,RR _ S,LR
<CqN, i CqN,ij) (CqN, ji SN, ji) the.

2

2 | 2m3
mp

my

mp

S V.RR _ .V.LR SRR* _ .SLR* , .SRR _ .SLR
+fPfP{ <CqN,ij CqN,ij> (CqN, i SN ij + CoN. ji ch,ﬁ> my + h.c. }]

2
S.RR _ ~S.LR
gN, ji gN, ji

+2

2
. m
Olgrrsa | POY =@p*  (Olarsa| Po) = i—— f, i1}

d; q;
Three-body decays require the knowledge of transition form factors:

(P'(pH| F|P(p)y  and  (V(p',e)| F|P(p))
J €qr"q. qr'rsq;. 9. 59> 909}



Branching ratios of D and B meson decays

Branching ratio

b—d c

Branching ratio

10_8 L v

V.RR

dN51=:10—3v—2(LN<D

.
[y
[y
[}
[}
[}

|||||||||"|‘|‘

0.0 0.5 1.0

1.5 2.0
my [GGV]

2.5

3.0

Branching ratio

Branching ratio

b—d

S.RR
CaN 31

=107 v~* (LNV)

3.0

107
1070
1077 \
Lt
10_8 ||||||||||||||||||||"|‘*‘.||“'i|||||||
0.0 05 1.0 15 20 25
mN[GeV]

----- - D' w+N+N
D" = p"+N+N
Df - K"+ N+ N

—— B S N+ N

----- -B' 5w+ N+N
Bt = p"+N+N
B - K9+ N+ N
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Number of events

Projected number of signal events:
Ng= ) 2N, - BR(M, > NN + anything) - (P[N decay]) - BR(N — vis.)

analytical Pythia8 analytical

Decay probability of an HNL in a far detector (approximately):

P|[N decay]| = e_Ll/,BYCT _ e—Lz/ﬂycT

Inclusive production numbers of D and B mesons at the HL-LHC with
\/E =14 TeVand & =3 ab~ !
DY D* D* BY B* BY

S

412 x 101 | 2.16 x 1016 | 7.02 x 10¥° | 1.58 x 101® | 1.58 x 10¥° | 2.73 x 1014
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4-fermion NLEFT operators at HL-LHC

Reach on active-heavy neutrino mixing (for fixed Wilson coefficient)

V.RR —_3 _9 V.RR —3,,—2
c—u ¢, N9 =10""v7= (LNC) b—d c;y3; =107v== (LNC)
104 1o R 10~ 431 ~T AL3X: 250 fb!
by \\ -6 ] ANUBIS: 3 ab~!
1077 107 4\ CODEX-b: 300 fb~*
108 4 10~8 41\ 1
N (094 o0 J\N FACET: 3 ab
S 10710 S 10710 FASER: 150 fb!
= ] = ] FASER2: 3 ab~!
10713 - 10713 - MAPP1: 30 tb~1
10—14 i 10—14 - | 1
10-15 - 10-15 - MAPP2: 300 tb
10_16 T T T T 10_16 T T T T T AIATHUSLA 3 a,b_l
0.2 04 06 08 1.0 0.5 1.0 1.5 20 2.5 3.0
my |GeV] my [GeV]
0l N =1073v=2 (LNV) a2 cona = 1073072 (LNV)
105 4\ 10~5
106 4 10—6
10~7 4 10~7
N 10—2 N 10—2
= 1079 - — 1079 -
é 10—10 - 5 10—10 i
> 10—11 _ > 10—11 n
- 10—12 o - 10—12 -
10—13 i 10—13 i
10—14 i 10—14 a
10—15 i 10—15 i
10_16 | 1 1 1 10_16 | 1 | 1 ||
02 04 06 08 1.0 05 1.0 15 20 25 3.0

my [GeV] my |GeV] 37



4-fermion NLEFT operators at HL-LHC

Reach on Wilson coefficients (for fixed active-heavy neutrino mixing)

102 Vin[* = 1077 104 Vin|* = 1071 c—u cX}ﬁﬁ (LNC)

103 103 — DY — inv.

102 102 AL3X: 250 fb!

10! 10! ANUBIS: 3 ab~!

& 100 4 & 100 - CODEX-b: 300 fb~*

E 1071 E 107! FACET: 3 ab~!

o 1072 & 1072 FASER: 150 fb~"
103 1073 - , , _— FASER2: 3 ab™!
104 1041 , | —_— MAPP1: 30 fb~?
1079 - 1072 - —_— MAPP2: 300 fb~!
106 ; . . . 106 . . . . MATHUSLA: 3 ab™!

02 04 06 08 1.0 02 04 06 08 1.0
my [GeV] my [GeV]
Vin|? = 10710 b—d cyvg, (LNC)
— BY — 7%w, inv.
AL3X: 250 tb~!

ANUBIS: 3 ab™!
CODEX-b: 300 fb~!

FACET: 3 ab~!

FASER: 150 fb~!

FASER2: 3 ab~!

MAPP1: 30 fb~!

MAPP2: 300 fb~1

. . . . ; 10 ; ; ; ; i MATHUSLA: 3 ab~!
05 1.0 1.5 20 25 3.0 05 1.0 1.5 20 25 3.0 38

my [GeV] my [GeV]




4-fermion NLEFT operators at HL-LHC

Reach on Wilson coefficients (for fixed active-heavy neutrino mixing)

Lo Vin> = 1077 Lot Vin|? = 10710 c—u iy, (LNV)
103 103 — D° — inv.
102 102 AL3X: 250 fh~!
10! 10! ANUBIS: 3 ab~!
S 100 \ & 109 S CODEX-b: 300 fb~*
> -1 > 10-1 -3 ab-!
o 107 1 ~ o 1071 | — FACET: 3 ab
= =
o 10721 o 10721 S FASER: 150 fb~!
1073 - ~ : 1073 - ~ : ——— FASER2: 3 ab~!
10— , 104 - . i —_— MAPP1: 30 fb~!
105 - , , 10-51 V V R — MAPP2: 300 fb~?
1076 4+— : : ; 106 1— . . . MATHUSLA: 3 ab~!
02 04 06 08 1.0 02 04 06 08 1.0

my [GGV] my [GGV]

b—d cgj\ffﬁ (LNV)

—— BY — inv.

AL3X: 250 fb~1
ANUBIS: 3 ab™!
CODEX-b: 300 fb—!
FACET: 3 ab™!
FASER: 150 fb~!
FASER2: 3 ab™!
MAPP1: 30 tb~!

MAPP2: 300 fb~1

. . ; . . 10 . . ; i i MATHUSLA: 3 ab~!
05 1.0 1.5 20 2.5 3.0 0.5 1.0 1.5 20 2.5 3.0 39

my [GeV] my [GeV]




New physics scales

LNC operators:
- ~4 172

1 1
c(©) (6) o N
NLEFT CNSMEFT A2 = A 6(6)
| “NLEFT |

6 _ _
1£IL)EFT S 107 (10 5) = A 2100 (316) Tev

LNV operators:

- q 1/3
(6) (7) 1 \% N A o \V

“NLEFT ~ ) \/— CNSMEFT ™ /2 A 53 1£16L)EFT

6 —4 _5
1£I£EFT S 10 (10 ) > A Z 10 (21) TeV




Conclusions

» Neutrino masses may be pointing towards the existence of HNLs

» HNLs may have masses below the EW scale and new heavy physics
may exist at scales A > v, hence NSMEFT (NLEFT)

» HNLs may be long-lived (in a broad mass range)

> |n addition to active-heavy mixing, they can be produced through
new effective interactions directly in partonic collisions or in meson decays

» Rich programme for LLP searches at HL-LHC:
e ATLAS, CMS
e AL3X, ANUBIS, CODEX-b, FACET, FASER, MATHUSLA, MoEDAL-MAPP

» New physics scales up to
e 20 TeV for LNC operators could be probed through direct HNL production
e 300 (20) TeV for LNC (LNV) operators via meson decays
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Backup slides
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Novel LHC analysis fort — bl + inv

Alcaide, Banerjee, Chala, AT, 1905.11375

NSMEFT

u

SM

do not reconstruct my,

1/N (# events/6 GeV)
°© o 9

2 8 8 2

T | T T | T T | T

o

o

N
I

| T T T | T T T | T T T | T T T | T T T | T T T
- SM R

-BSM

0_

reconstruct myy,

b 20 40 60 80

100 120 140 160 180
my; [GeV]

A multivariate analysis based on a BDT classifier (p? , pJT My, ARZ-J-)

1/o do/dx

2.5

2L

1.5 ¢

1L

0.9

0

. . : .
' ) —
N :
""" g7 T BSM ——
0 5 10 15 20 25 30 35 .

BDT score (x)

Ao NN

N, +N_

A<(
A>0

in SM
in NSMEFT

Bt — bEN) ~2x 107
@ HL-LHC with & =3 ap™!
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Matching to NSMEFT: single-N operators

NSMEFT single-NVg operators d = 6 LNC in NLEFT & d = 6 in NSMEFT

Name Structure nNn=1|ny=3
O | Owveu éas (L°NR) (@(IR) 54 162 SRRy [ ook _ lcajk
= A duN,ija ki \ "LNQd 5 TLdON
= | Oraon eay (LodR) (QbNR) 54 162
1 Ogunt (Qug) (NgL) 54 162 rrr | e ik

N pTa) Iy Ca’vN,ija o ki “LdON

OdNLH €ab @ /de) (]\/R’) L ) H 54 162 8
< | OuniH eab (TRYuur) (N L) HY 54 162 SRR — ~T.RR  _ SLR  _
Z. __ , uvN,ija uvN,ija duN,ijo
2 | Ognemt | €ab (Qu@Q) (Np#L?) H 54 162 y
~ SRS CS,LR _ C]la*
1| Oencaz | €ab (Q1uQ%) (N L°) H 54 162 wN,ija — ~QuNL
S| Oni | ews (N§v,L9) (iDFHY) (HTH) | 6 18

Onia | ea (NrL®) HY (HVDAH) | 6 18

d = 6 LNV in NLEFT & d = 7 in NSMEFT
2 2
CV,RR — M Cija _ 8z ij 7a CV,RR — _ M Cija _ 87 Zij 7a
duN,ija dNLH 15,2 “dg VN uvN,ija uNLH 500 "R vN
\/5 Z \/5 Z
v g7 v g7
V.LR _ *\/ kla _ kla . iJj 70 V.LR _ _ ijo . ij 701
CduN jja = Vki Yy (CQNLH 1 CQNLH 2) m2 ZdLZvN CULN ijar CQNLHI m2 ZuLZvN
\/5 Z \/5 Z
V3
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Branching ratio

Branching ratios: b — s scenario

P =107%072 (LNC)

b— s CaN 39

Branching ratio

_8IIII|IIII|IIII|IIII|‘|‘II

L1 10_8

0.0 05 1.0 1.5 3.0 0

my |GeV]

2.0

0 05

S = 107072 (LNV)

b— s CaN 39

IIIIII|T| I TTIl

1.0 1.5 20 25
my |GeV]

—— B > N+ N
----- B 5 K'+ N+N

Bt - K*"+ N+ N
B = ¢+N+N
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Branching ratios: single-N operators

Branching ratio

Branching ratio

-3
10 §||||||||||||||||||||||||||§
- S,RR_ {A—3 -2 -
107 =
= -=_?E.=_'_-_--g==_~ E
-6 .-.-'._T.TF_'_-_‘_-:;:{:: ".:.i=$~== B
10 TR =
..:i‘\\\ \~\\.\\ = E
TR :,:s\\ =
RO NS
“t&o \‘\ \\ 7
10~ =
\‘\ \\‘\\ \\ =
\}‘\ \‘\\ \\ -
. \‘\ Y -
10_8 11 ||| 1111 ||| ||| |||m |}H ﬁ||
0.0 1.0 2.0 3.0 4.0 5.0
my |GeV]

b—d ey, =100 (LNV

R
L =t ]
Rt § ]
—

———
-
-
-~

5
6 <
____________ ~
10 ......
.....
.
.
.

~

~
s
s
~

1077

s, s \
10_8 ||||||||||||||||||\||‘~\‘1\\|\||

0.0 1.0 2.0 3.0 4.0 5.0
my |GeV]

Branching ratio

1073

b—d s, =100 (LNC

10_4 —SEE=S==s E
10_5 EE=E=EScS=Em ~\\\§N\\\ _E
el Y ]
10_6 .......... \‘\\:\\\3\\ =
°~ N W 3
\\‘\\\\g:\\ E
— \
107 AN -
\\ B \\\ 3
“‘ ‘\‘\‘\‘ \\ :
10_8||||||||||||||||||\||i\t|‘.|\|||
0.0 1.0 2.0 3.0 4.0 5.0
my |GeV]
—— B "5y, +N
----- B>+, + N
----- - B> n4+uv,+N
-------- B -9 +v,+N
----- Bt w1t +u,+ N
----- B - KV+vy,+N
----- B =o' +u, + N
----- -B" s w+y,+N

Bt = pt+uv,+ N
B - K04y, +N
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Other experiments

AL3X: A Laboratory for Long-Lived eXotics
@QALICE

Cylinder with0.85 m<r<S5Smand?Z = 12m
ct~ 10m

FACET: Forward-Aperture CMS ExTension
@QCMS

Cylinder withr = 0.5 mand £ = 18 m
ct ~ 100 m

MoEDAL-MAPP: MoEDAL’s Apparatus for Penetrating Particles
(MoEDAL: Monopole and Exotics Detector at the LHC)
@LHCDb

MAPP1: ~ 130 m3
MAPP2: ~ 430 m3
ct~50m



Existing constraints on BRs

PDG 2022
Decay Limit on BR | Decay Limit on BR | Decay Limit on BR
D° —inv. | 9.4 x 107° | B — inv. 2.4 x 107 | BY = ¢vw 5.4 x 1073
B - 7%w | 9.0 x107% | BY - K0Wp 2.6 x 107
B - p%w | 40x10° | B K9%w | 18x107
Bt s xtvr | 14x107° | Bt - Ktvw | 1.6 x 107°
Bt = ptur | 30x107° | Bt - K*tyw | 4.0x107°
BELL’17 BABAR’12 BABAR’13
BELL’17
Decay Branching ratio Decay Branching ratio
Kr — o | <3.0x 1072 at 90% C.L. Kt = ety (1.582 4 0.007) x 10~
Kt = atuw (1 45 0} (10 KT = n%*y, | (5.074£0.04) x 1072

(7.04 + 0.08) x 10—4
(40.55 + 0.11) x 102

Kg — mteFu,

K; — ey,




Minimal 3+1 scenario

ATLAS: 300 fb~*

ATLAS: 300 fb!

ATLAS: 3000 b ATLAS: 3000 fbh*
—10 : 1 1 1 — 1 1 10—10 : 1 1 1 . i
10 5 10 20 5 10 20
my [GeV] my [GeV]
1074 )
: Beltran et al., 2110.15096
10 (update of Cottin, Helo, Hirsch, 1806.05191)
1079
= 7
I 10
107°
10~ ATLAS: 300 fb~! i
ATLAS: 3000 b
10~10 T — x
5 10 20
my [Ge\/]
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Long-lived HNLs

—2
10 Figure from
Abada, Bernal, Losada, Marcano,
10-4- 1807.10024
a
S‘Z’ 10—6_
10—8_
10—10
10~1

HNLs can be long-lived particles (LLPS)

HNL decay width calculation:
Atre, Han, Pascoli, Zhang, 0901.3589
Bondarenko, Boyarsky, Gorbunov, Ruchayskiy, 1805.08567
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4-termion quark-N operators (kaons)

NLEFT pair-INp operators (NC)

NLEFT single-/Ny operators (CC)

LNC operators

LNC operators

Name Structure Npars
V,RR | (5— ~

Oy | (drYudr) (NRY*NR) | 9

O | @RYuur) VrY*Nr) | 4

OER | (@ds) (N Ng) | 9

Oui" | @yuur) Ney*Ng) | 4

LNV operators

Name Structure Npars

Oz | (dzdr) (NENR) | 18

Oun | @rur) (NgNR) | 8

O | (drds) (NENR) | 18
SLr c

ON" | (Wrur) (N§NR) | 8

Name Structure
Ouien | (@RudR) (€RY"Nr)
Ouien | (@vudr) (BRY*NR)
i (uzdr) (ELNR)
O | (@Louwdr) (€Lo™ NR)
Opien | (WRdL) (eTNR)
LNV operators
Name Structure
Ouiey | (@udr) ET7*N)
Owien | (@RYudr) (BT Np)
wien | (TRAL) (€RNR)
Ouicy | (TROuwdL) (BRO™ NF)
Ouien | (WdR) (€RN)
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Branching ratios: pair-N operators

10_8IIIIIIIIIIIIIIIIIIIIIIIIIIIII 10_8IIIIIIIIIIIIIIIIIIIIIIIIIIIII
107k s —d Convay = 1070077 107 —i-107%¢72
g 107" g 1077
R = 107 M
EROR 2 o
S —13 S LT e
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m o I
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_16IIIIIIIIIIIIIIII\\.I|!IIIIIIIIIIII 10_16IIIIIIIIIIIIIIIIIlliIIIIII 1111
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
my [GeV] my [GeV]
10_6IIIIIIIIIIIIIIIIIIIIIIIIIIIII 10_6IIIIIIIIIIIIIIIIIIIIIIIIIIIII
107"s —d CdS}\]f%,i — 100972 107"s —d cgj\fi —i.1070p?
o 107° o 1077
E g 107
Et 2 10710
< ERP T —
2 R
as M o2
10 Pk
10_14 1 111 I 1 111 I 11 I‘I\I | A | I 1111 I 1111 _14 1 111 I 1 I~~I~I~‘I\1~;I 11 I 1 I“ll 1 I 1111 1111
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
my [GeV] my [GeV]
— K; - N+N — K¢—N+N Kt —wa"+N+N
..... K71+ N+N - Kg—»1"+N+N
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Branching ratios: single-N operators

10_7 N L O L O L O
4 )
10°E s — u X =V, RR K —e +N
- 1077 —— K —a'+e +N
I 10—10 —— K, w7 +e +N
%O 10—11 \e — K¢ na +e +N
é 10—12 -------- U.y = 107" and cuXde]\,712 =0
= z
R 1078 i Uen = 0 and ¢,y 15 = 107507
10—14 ....................... i UGN — ].0_5 and CuXdeN 12 — 10_5 U_Q
........ \ N ’ J
0_15 ATETENTE BN BRI TS I AN
0.00 0.10 0.20 0.30 040  0.50
my |GeV]
10_5|||||||||||||||||||||||| 10_8|||||||||||||||||||||||
107965 = u X =5 RR 1077 X =T RR
o 1077 o 107 e
= 107" R
2 10— 21070
% —10F  TTSSmetRUTTTTTTTTeel % —13
S R
U 450
U A SS qd 10 .
10_13-| L1 1 | L1 11 | I\\I\\:’l"I“I [ | L1 1 1 10_16 L1 1 1 | L1 1 1 | L1 1 T\' A NI | L1 11
0.00 0.10 0.20 0.30 0.40  0.50 0.00 0.10 0.20 0.30 0.40  0.50

my |GeV] my |GeV] 53



Benchmark scenarios

Benchmark | Production | Decay
B1.1 cona ER | Uen
B1.2 conzy IR | Uen
B2.1 o ER | Uen
B2.2 cina €IiR | Uen

Benchmark | Production Decay
B3 CZ&}:J}\?,M CZ&}:J}\;,M
B4 Ci&fﬁ,m Ci&]:z]\?,n
B5 Coien 12 20d Uy | Uen
B6 e 1o and Uy | Uen
B7 o U e
B8 ¢y 1o and Uen | Uen
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Pair-N benchmarks B1 and B2

V,RR _ —6,,—2
10-1 di, 21 =107"v
102 :\\\ B1 i
103 _: ----- \Q\‘MAPPI
107 4 T FACETS —— F
E T ASER e
1075 \ ‘ ===—CopE. /
3 \Q ’T\CODEX—b -
3 1076 1 x‘ | *
) E . \
B 1077 :\\'\.__ MATHUS| A ANUBIS e
10_8 f \\ } '~-§§-§ —_——— . e
§¥~\5UNE= _1
107° Ee—aco ) Y
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10~ i i i i
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10710 —
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Single-N benchmarks B3 and B4

Production and decay of N through the same operator structure @

VIS, RR
udeN °’

but with different quark flavour indices: 12 (for production) vs. 11 ( for decay)

|>
£
NS : :
G —ANUBIS
€2 .08 ] | 5 i
%§ 1078 3
10_9 3 i ! ! ! ! ! E
PS191 reinterpretation — NAG2 reinterpretation i
] —: T2K reinterpretation s KTt oet vy, BS
10710 1 : : : i : i
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104 L\
10-6éf
107 1IN
1070

10—10 -
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Single-N benchmarks B5 and B7
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