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Motivation

E. ACtiVe neutrino maSS — Linear ‘OW Sca‘e Seesaw [J. Kersten, A. Y. Smirnoy, PhyS. Rev. D 76 (2007/) 073005]
[A. Abada et al. JHEP 12 (2007) 061]

‘ SO‘Ve (g — 2)/4 aﬂomaly [T. Aoyama et. al., Phys. Rept. 887 (2020) 1-166]

GeV ALP from TeV Vector-like Leptons



Motivation

E. ACtiVe neutrino maSS — Linear ‘OW Sca‘e Seesaw [J. Kersten, A. Y. Smirnoy, PhyS. Rev. D 76 (2007/) 073005]
[A. Abada et al. JHEP 12 (2007) 061]

‘ SO‘Ve (g — 2)/4 aﬂomaly [T. Aoyama et. al., Phys. Rept. 887 (2020) 1-166]

* Two RH lepton singlets N, S | Neutral part
®* EW Vector-like doublet y = ANLs

[A. de Giorgi, L. Merlo, S. Pokorski, Fortsch. Phys. 71 (2023), no. 4-5 2300020]

* U(1)py symmetry — ALP
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Strong CP problem and ALPs

i’g 9 N
 Locp 2 gep 952 tr (GWGW>
167 fi
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Strong CP problem and ALPs

 Locp 2 gep gSQ tr (GWGW>
167 fi

Neutron electric dipole moment

,&
d, ~10""fe - cm

0 = 0ocp + arg(det(M))

N

dy, < O(1072°)

N

6 <0101

[C. Abel et al., Phys. Rev. Lett., vol. 124, no.8, p. 081803, 2020]
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Strong CP problem and ALPs
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Strong CP problem and ALPs

Axion vs ALP

 Locp 2 gep gSQ tr (GWGW>
167 fi

( 1
Axion M, X —-
Neutron electric dipole moment a

&

d, ~10"%Fe-cm ALP — Free parameters

0 =bqcp + arg(det(M)) Possible to work with

(10-20) lower scales for ALPs =

dn, SO
) Not solve Strong CP

N

6 <0101

[C. Abel et al., Phys. Rev. Lett., vol. 124, no.8, p. 081803, 2020]
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ALP EFT theory

1 2
Larp 25@0,6’“@ TZ‘%LQ
+ OJ_@OE -+ Oﬁ/OW -+ C@Oé

+ Cu0y + 0404+ C.O, + CoOq + CrO;

[H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]
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ALP EFT theory

1 2 Pure ALP
Loarp 255““9#& ”;a 72 ure
-+ OJ_@OE + Oﬁ/OW + C@Oé

+ Cu0y + 0404+ C.O, + CoOq + CrO;

[H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]
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ALP EFT theory

Pure ALP

Gauge fields

[H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]
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ALP EFT theory

Pure ALP

‘ Gauge fields

t Fermions

[H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]
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ALP EFT theory

Pure ALP

i Gauge fields

t Fermions

Shift-invarianta - a + C

[H. Georgi, D. Kaplan, L. Randall, PLB 169B(1986)73]
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(& — 2),: a long standing anomaly

Muon magnetic moment &
R q = Dirac’s o - g—2
= g—3=S — 2 Deviations Ap =
K g?m equation g 2

[T. Aoyama et. al., Phys. Rept. 887 (2020) 1-166]
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(& — 2),: a long standing anomaly

Muon magnetic moment

. q =
h=g-—09

Dirac’s

equation

[T. Aoyama et. al., Phys. Rept. 887 (2020) 1-166]

Y

1L

exrp

Aau = ay,
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Deviations

1L

a;™ =251(41)(43) x 107" = 4.2¢




UV model

—Ly :YNEﬁNR + Yt Hur+
+ 0, 0ANESR + 821 1aN O NESR + 8y 0 Myt bg + 0y 100p @ Db+
+ Yy SSHY g 4+ Yibt HNg + €Yl HSp + h.c
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UV model

—Ly ZYNEE’NR + Yt Hur+
+ 0, 0ANESR + 82 1aN O NESR + 8,0 Mytbr g + 0y 1000 Db+
-+ sz_%ﬁTwR -+ YV’%[?NR = GYszﬁSR + h.c

Linear low scale seesaw
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UV model

—Ly =YNl HNg + Yrb Hpup+
+ 620ANGSE + Sp1an ¢ NESR + 6, 0 Mybr g + 0y 1000 b p+
+ Yy S H g + Yy HNg + Y5l HSr + h.c

Linear low scale seesaw Yukawa terms
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UV model

—Ly =YNl HNg + Yrb Hpup+
+ 6,0ANESE + Snan @O NESk + 0,0 My r + Oy lnapd s+
+ Yy S H g + Yy HNg + Y5l HSr + h.c

Linear low scale seesaw Yukawa terms Terms with ¢
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UV model

£ Yukawa terms 1 Terms with ¢

Linear low scale seesaw
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ALP phenomenology
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ALP phenomenology
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Coupling to SM particles: i coupling

Coupling to u

oua

< 2 f. (CELZLVWL T CMR'“_RV”'“R) Chirality-preserving basis
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Coupling to SM particles: i coupling

Coupling to u

oua
< 2 f. (CELZLVWL t CurlRY '“R) Chirality-preserving basis

LR — eicﬂR a/fa'uR
| ALP-dependent rotation
€L — 'L a//fa,gL

L, D my, enrmce) Mo b 4 he. Chirality-flipping basis

GeV ALP from TeV Vector-like Leptons



Coupling to SM particles: i coupling
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Coupling to SM particles:

Coupling to u
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Conclusions

UV completion with exotic lepton sector

e Realistic mass for active neutrinos
e Viable solution to (g — 2),

e Coupling to i over several orders of magnitude

e TeV-scale HNLs and GeV-mass ALP with scale O(TeV)

TESTABLE AT COLLIDERS
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(g —2),and y mass
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TYPE-1I SEESAW MECHANISM

Extends the SM scalar sector by a complex SU(2), triplet
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TYPE-1I SEESAW MECHANISM

Extends the SM scalar sector by a complex SU(2), triplet

(Chakrabortty et al. ; Primulando et al. ; Fuks et al. ; Antusch et al. ; Aguila et al. )

Yukawa

q)fi \ﬁ¢+ Afi 5t \sz++
T2\ (@+ve+in)) T V2 \(8°+va+ix) -6t

Physical scalars: h, A°, A, A*, AT+

LY = Loy + Tr[D,ATD*A] — V(®, A) + LT ]

£$3ﬁawa 2 _(YA)ij'(ZEiA'(ﬁLj + h.c.

Quintessential in generating non-zero neutrino masses!
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TYPE-1I SEESAW MECHANISM

- V _
E\I?Slgwa ) _(YA)ijwﬁ-ATﬁLj +hc. D ACY [(YA + YTA),'/' V,-Cl/j]

V2

The neutrino mass-mixing matrix (M,) is diagonalised by
the unitary PMNS matrix,

MV = U;N\NS diag(mm> muza ml/3) U]I;MNS

. M
Yukawa matrix: | Yo = —
V2va
Constraints from neutrino oscillations: Upwys, Am3,, Am3,.
(see Backup for details!) (NUFIT )

Ya has 2 free-parameters: m,,, Va.
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COLLIDER PHENOMENOLOGY

Production of A**: smoking gun signal for the Type-lI
Seesaw Mechanism at colliders.

(CMS 2017; ATLAS 2018; ATLAS ); ATLAS 2023)

Strongest constraints: pp — ATTATT — [T[TT1T (=e,p 1)

(ATLAS 2018; ATLAS 2023)

100% branching forva ~1eV, m,, ~ 0.05 eV

Cuts and methodology: (Anisha, Banerjee, et al. 2022) 5



COLLIDER PHENOMENOLOGY

102
Mass exclusions: s

ol ATLAS bounds (95% CL)

---- LHC (30) bounds
ol Nl HL-LHC (30) bounds
[LHC: 2 870 GeV| z v
$ 10-1 LIRS

’HL—LHCZ < 1400 GeV‘ 102 \
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(ATLAS 2023)



COLLIDER PHENOMENOLOGY

Mass exclusions: 107 _
pp— ATTATT =4l
---= FCC-hh bounds (95% CL)
10~

[LHC: 2 870 GeV |

gw*?

S
’HL—LHC: > 1400 Gev\ -
[FCC-hh: 2 8.5TeV| 10743 7 ; ; 10

Mazs [TeV]



THEORETICAL CONSTRAINTS

- Vacuum stability
- Perturbative Unitarity
- Higgs data

- Electroweak Precision
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(Primulando et al. 2019)

[ ] sa=24.6‘—/1 I
v

m sg=2464
\4

- Vacuum stability

m osg=-2464%
v

sg=-246%
v

- Perturbative Unitarity

- Higgs data

- Electroweak Precision  ~40

60 200 400 600 800
my+ [GeV]

All constraints are within LHC-sensitivity!

EWP Constraints after FCC-ee: | Ma++ = 105 GeV

(Fan et al. 2015) 6



LEPTON-FLAVOUR-VIOLATING (LFV) DECAYS
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LEPTON-FLAVOUR-VIOLATING (LFV) DECAYS
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LEPTON-FLAVOUR-VIOLATING (LFV) DECAYS
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Much of the parameter space sensitive to the HL-LHC is

already excluded!



THE “DEFORMED” MODEL




IMPLICATIONS OF EFT-DEFORMATIONS (,u — 38)

[BSM-EFT _ pBSM | | Z C 0(6 ]

- Motivation: The lightest non-SM particle lies close to
the EW scale.

- Complex singlets: (Cho et al. 2023; Oikonomou et al. 2024)

- 2HDM: (Anisha, Biermann, et al. 2022; Anisha, Azevedo, et al.
2024; Ouazghour et al. 2023)

- Triplet Extensions: (Padhan et al. 2022; Das et al. 2023)

- BSM-EFT basis: (Banerjee et al. 2021)
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IMPLICATIONS OF EFT-DEFORMATIONS (,u — 38)
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IMPLICATIONS OF EFT-DEFORMATIONS (,u — Q’y’)
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IMPLICATIONS OF EFT-DEFORMATIONS (,u — Q’y’)
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We can probe masses sensitive to the LHC through u — 3e/ex.



IMPLICATIONS OF EFT-DEFORMATIONS
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IMPLICATIONS OF EFT-DEFORMATIONS
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CONCLUSIONS

- The Type-Il Seesaw mechanism provides a natural, minimal
framework for neutrino masses.

- — 3e and p — ey can push the spectrum to mass scales
where collider sensitivity is difficult to obtain.

- TeV-scale modifications can readily bring down mass scales
to collider-relevant scales so that future discoveries can be
contextualised with low-energy experiments.

- A continued search for relevant new states at the LHC
remains a motivated effort!

Thank You!
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BACKUP SLIDES




NUFIT CONSTRAINTS (NORMAL ORDERING)

\ Parameter H Best-fit \
Am3, [107° eV?] | 7551320
Am3, [1072 eV?] || 2.50 4 0.03

sin 61,/0.1 3.201929
012/° 34.5%17

sin 623/0.1 5.4710:%
053/° 47.7113

sin 613/0.1 2.16075 08
Or3/° 8.45%0,
§/m 1.21%52
§/° 218159

Best-fit constraints from the global fit of neutrino
oscillation data. (NUFIT 2018) 17



YUKAWA MATRIX

C12C13 S12C13 5139_'5
Upwns = | —S12C23 — C12523513€'5 C12C3 — 5125235136’“S 523013
S125823 — C12C23513€'5 —C12523 — 512C23S13€'5 C23C13

Cjj = cos 9,‘j, Sjj = sin 9,‘,‘

Plugging in the NUFIT constraints:

0.0358 0.0018 0.0012
Ya = 10.0018 0.0438 0.0069
0.0012 0.0069 0.0416

va=1eV, m, =0.05eV
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BSM-EFT CONSTRAINTS FROM 1 — 3e

—4 —4
10 x10 10 x10
&7 12 &7 12
3 >
B -1 B -1
~ ~
= =
~-16 ~-16
% %
nE nE
O -18 O -18
—2.0 - - —2.0 - .
21,00 —0.75 —0.50 —0.25 0.00 025 0.50 21.00 —0.75 —0.50 —0.25 000 025 0.50
BSM /A2 —2 1072 BSM /A2 —2 1072
CEV/A? [TV CEV/A? [Tev?]

BSM
Cronj = Gj

Since (Ya)ee >> (Ya),ue, We need bigger cancellations on
the diagonal Yukawas compared to the off-diagonal ones.
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MODIFIED SEESAW AT COLLIDER EXPERIMENTS

]Hadron Colliders: \
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MODIFIED SEESAW AT COLLIDER EXPERIMENTS

]Hadron Colliders: \

Ka)
>

+

+

q AT el )

e~ I - FCC-ee (Z-pole, 192 ab™"):

|CGFEFT] <107 Tev 2,
- CLIC(3TeV,5ab™"):

ot o |CFEFT] <107° Tev 2,
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RGE-EFFECTS

RG E eﬂ:eCtS com puted (Celis et al. 2017; Fuentes-Martin et al. 2021)
for |u—3e| using e
DSixTools.
2 e A
SMEFT ’ i
1 Cll,le,ee [MA] & -:I:
L
= /
= /"
= 0 /!
~
e 4
= £
Zes —1 &
$} £
_ 1 ~SMEFT 3
Cll,le,ee [MIJ] 9 '\ ,,,,,
'}_:\_____,—':,‘. Original exclusion
"""" Including RGE effects

BR(u — 3e) .
0.0002 0.0004 0.0006 0.0008 0.0010
|CBSM/A2| [Te\f—Q]

RGE effects are small, and don't affect our results
considerably. )
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@ The Standard Model depends on O(20) parameters that have to be extracted from comparisons
of theoretical predictions with experiment. For BSM searches, one of the most important is the
|Vep| CKM matrix element.
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@ The Standard Model depends on O(20) parameters that have to be extracted from comparisons
of theoretical predictions with experiment. For BSM searches, one of the most important is the
|Vep| CKM matrix element.

K. u ¢ t u ¢t KO S M

B
d w d
5 2
0 SB(BY — utum) = \/(2.3%)2 + (2.2%)? @ Around 50% of the theoretical error of |ex]| is
[Veo| other due to |Ve|
[arXiv: 2407.03810] [arXiv: 2401.08006]
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B " B
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o The standard method of extracting the value
of | V| is to study the semileptonic transition

b— cloy, | € {e, p}.

+ O + O')
B " B X,
o Exclusive B~ — DO(*)/D/ decay. @ Inclusive B~ — X./7; decay. All final states
o B¥?(B~ — D*Iiy)) = (5.53 +0.22)% with C =1 are summed over.
o B¥P(B~ — X)) = (10.8 +0.4)%

@ The value of |V| can be extracted from fits of experimental data to spectra of the inclusive
semileptonic decay width. In the leptonic invariant mass g spectrum, some non-perturbative

matrix elements drop out, which makes the fit more precise. 3/10



@ At the leading order in EW interactions, the inclusive differential rate can be written as

dr

——— x G|V PW L,
d2ariaE, & CF Vel b

where Gr is the Fermi constant, g = k + kz, and r = pg — q.
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dr

—  x GE|Va]PWPL,
dq2dr2dE,O( £l Vo] B3

where Gr is the Fermi constant, g = k + kz, and r = pg — q.

@ The hadronic tensor W®? is defined as

WP =3 " (BIJGIXe) (X 1B) Ji = by*Prc,
Xe

@ The optical theorem and the Operator Product Expansion can be used to write W®? as a series of
matrix elements suppressed by powers of Agcp/mp:

(B|o{"*"|B)

C (B|O\"*"|B)
af k k ~ A
W « Im E —————————— where (BIB) Noep-

k mZ(k)
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At the leading order in EW interactions, the inclusive differential rate can be written as

dr

—  x GE|Va]PWPL,
dqzdr2dE,O( £l Vo] B3

where Gr is the Fermi constant, g = k + kz, and r = pg — q.

The hadronic tensor W? is defined as

WP =3 " (BIJGIXe) (X 1B) Ji = by*Prc,
Xe

The optical theorem and the Operator Product Expansion can be used to write W# as a series of
matrix elements suppressed by powers of Agcp/mp:

(B|o{"*"|B)

C (B|O\"*"|B)
af k k ~ A
W « Im E —————————— where (BIB) Noep-

k mg(k)

At the LO and NLO:

A2 N2
(B|O®|B) = 2mp (1 +0 ( ,‘:120» , OM = 0lgom + O ( ,‘;7729)

b b
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X,

c

Lf = %Z APAI? = kP KD + kP kS — (kiko)g™® — ic®P ki ko, AP = By PLVE).

5|55
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X,

c

1 e’ o « - « 1
L= S ATAI = Kk 4 KK — (ko )g™ =ik ke, AT =07 PLYT).
515
o Assuming massless leptons, one can integrate L** over E; to obtain

dr

dqzdr & GE| Ve ? WQB/dEI as o< GE| Veo|? 2d ‘(qacm — 4’ gap) W,

5/10



X,

c

LoF = %ZA?A,W = kPKE + kP kS — (kiko)g®® — i€ ky ks, AY = gy Py

5|55

o Assuming massless leptons, one can integrate L** over E; to obtain

dr o
ez o GBIVl W [ dEiLas o GVl 2 (0ug — )W,

@ The transverse structure can be reproduced by polarization vectors €,, of an auxiliary final state
W-boson with M2, =

2 2
— q°8a dr 1
§ : Catp = 9o 4B 2q 8as /dE/ s = e = 4872/\/]4q7rw'
polarizations aq i W(5M)
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@ The rate 'y is computed in perturbative QCD in powers of as.
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@ The replacement (B — X./7) — (B — X.W) allows one to retain the ¢° dependence of the
process that would normally be integrated over when using the optical theorem.
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@ The rate 'y is computed in perturbative QCD in powers of as.

EN £
e

o +O(a?
T,

s

<
<
e

@ The replacement (B — X./7) — (B — X.W) allows one to retain the ¢° dependence of the
process that would normally be integrated over when using the optical theorem.

o Additionally, the lepton loop is integrated out for the price of an additional scale ¢.

6/10



1, 3, and 39 diagrams

L R

12, 162, and 17664
integrals

NN

1, 7, and 98 masters
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Analytic solutions:
([arXiv:2403.03976])

IBP relates derivatives of
Masters back to the same
Masters, resulting in first
order partial DEs for
Masters.

The DEs for a large class
of integrals can be solved
using the canonical form.

The boundary condition
was found using AMFlow.
[arXiv:2201.11669]

Solution given in terms of
Goncharov
Polylogarithms.

No analytic solution
known for integrals with 3
cut charm quarks.

1, 3, and 39 diagrams

B

Bt

12,162, and 17664
integrals

N

N

1, 7, and 98 masters

-_—

N
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Analytic solutions:
([arXiv:2403.03976])

IBP relates derivatives of
Masters back to the same
Masters, resulting in first
order partial DEs for
Masters.

The DEs for a large class
of integrals can be solved
using the canonical form.

The boundary condition
was found using AMFlow.
[arXiv:2201.11669]

Solution given in terms of
Goncharov
Polylogarithms.

No analytic solution
known for integrals with 3
cut charm quarks.

1, 3, and 39 diagrams

Bt

12,162, and 17664
integrals

N

N

1, 7, and 98 masters

-_—

N

Fits to numerical solutions:
(in progress)

o Dense scans in the
(me, g°) space using
AMFlow

@ Requires a lot of
resources. Computational
cluster necessary.

@ The result can be
expressed using
elementary functions.

@ Accuracy of more than 4
significant digits when
compared with exact
results, far higher than
experimental precision.

@ Cuts through 3 charm
quarks can be computed.
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Numerical results for my/m;,=0.238
Fit to numerical data for the NNLO correction

0.00025
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0.00020 . NLO

0.00015 « NNLO

0.00010

0.00005
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Lepton magnetic moment

* Introduction In QED, high order quantum effects modify
The value of g, an anomalous magnetic moment(tau):

S I’l”r S
a=(g9—2)/2
\_A
The quantity Aa; typically refers to the deviation of the
M+ measured anomalous magnetic moment of the

lepton from its predicted value in the Standard Model.
This can be expressed as:

« The magnetic moment of lepton related
With Spin and factor g

— ¢ S exp SM
H=95" Aay=a; " —q

Dirac equation predicts g=2



Research measurements

a; measurements

Electron Muon Tau
1. One of the most 1. Discrepancy between experimental 1. The short lifetime prevented
precisely measured measurements and theoretical precise measurements of its
quantities o .
prediction.(9 decimal) g-2.
2. Measurement aligns 2. Latest measurements: 2. Larger BSM effects: large
with QED prediction (12 | R o than the value of 0(107°)
decimal) i | AL R predicted by naive scaling
. AL Rt + R Aa;/Aa, = mi/mj.

200 205 210 215 23.0 235
a,x10° = 1165900



The Lagrangian of SMEFT

The relevant effective Lagrangian of leptonic g-2 up to one-loop order, at a scale A larger than the
electroweak scale: E «< A by an effective Lagrangian containing non-renormalizable SU(3), ®
SU(2); ® U(1)y invariant operators.

¢ ¢

CeB > CeW
L ZF(fLO'HveR) HB'LW‘F AZ

(L0*VeR) T! HWY,

ct - =
+ A_Z (fga-,uveR)gab (Qll?o-'uvuR) + h.c

The resulting expression for Aa, at one-loop order is given by

: 4m v B3ach — Sty
Aa, = ct, — Cilog—
T e\/EAZ ( ey 21T SwCw ez gmz)
4m m, CF | A
T2 A2 Ogmt



Replace the parameter, we will get that

10 TeV
A

2
Aa, ~4 x 107> ( ) (c&, — 0.12CF — 0.02C%

*Aa, can reach values 0(107%) for A = 10 TeV and CZ, ~ 1. This requires a strongly coupled NP

sector where and a violation of the naive scaling Aa, «< m?2 by the chiral enhancement factor
v/m.. In this case, a muon collider could still be able to directly produce NP particles. (Journal of
High Energy Physics, 2010(5), 1-48.)

*The NP responsible for Aa, ~ 10™* can be also tested indirectly through the rare higgs decay
h - t+17y and the high-energy processes u*u~ -ttt (h) and u*u~ - u*u~ttc~(vvrt1t7)
where the latter process enjoys a very large cross-section driven by vector-boson-fusion.

*The main advantage of a MC over other lepton colliders such as the FCC-ee in probing Aa; IS
the much larger c.0.m. energy with a corresponding higher luminosity and (sometimes) also
larger cross-sections. I



« Leptonic g-2 from rare Higgs decays:

The radiative Higgs decays h - £7£7y.

The dipole operator O, contributes to the rare decay h —» £*£7y as

2
F e + ey{)mf’1 Re ng N mﬁ |C£y|
hety = "SM T ean3 A2 76813 A4

We obtain the following estimates

2
~ 1+ 0.02 +2x10"%
ngy 10-4 10—4

A sensitvity to Aa, of order Aa, < 10~* could be attained through h » t*77y. Notice that the leading

NP effect in By, is provided by the interference term with the SM contribution.



« Leptonic g-2 from rare Higgs decays:

e Since deviations in the Z(W) decays from the SM expectations are constrained to be below the
few x 1073(2) level, we argue that electroweak precision tests prevent visible NP effects in the h —
Ztt and h - Wtv decays.

e In simpler terms, it means that any new theories or physics beyond what we currently
understand from the Standard Model are unlikely to be observable in these particular decay
processes of the Higgs boson as well as Z(W) dcays.

e A sensitvity to Aa, of order Aa, < 10~* could be attained by measuring h —» 7*7~y with percent
precision.

e An important background could arise from the Z + y — 1~ process (when the invariant mass

m +,-, = my, ).

14



+ Leptonic g-2 from Muon Collider

It is worth pointing out that at a high-energy lepton collider Aa, can also be efficiently probed
through the processes u*u~ — t*t7(h), and especially u*u~ - u*u~t+7~(vv t¥17) which enjoys a
very large cross-section driven by vector-boson-fusion. Furthermore, the process u*u= -

utu~ Tt~ h(vv t¥th) also need been consider.

The dominant SM background is provided by the process u*u~ — t+¥7~Z when the Z is

misidentified for an Higgs.

We assume a mistag probability €,_,;, = 15%. In addition we include an 80% efficiency for tau

identification, and a 50% efficiency for the reconstruction of a boosted Higgs decaying into bb.



Leptonic g-2 from Muon Collider

The imposed cuts on madgraph calculation relevant to this case are as follows:
pry > Ecm/10, My > E /10, AR > 0.4, n <3

x (/\fTBV)z

Cp

0.04+-

-0.02+-

-0.04-

0.02-

0.00+

n L 1 L I n 1 n 1 L 1 L 1 L 1 L L n 1 n 1
~0.04 ~0.02 0.00 0.02 0.04
Cw * (\/TeVy?

purum >ttt

Cp * (A/TeVy?

0.04+

0.00+
-0.02

-0.04

0.02F

-0.04 -0.02 0.00 0.02 0.04

Cw » (A/TeVy?

putu= -ttt h

95% C.L. limit on Aa,

0.001 ¢

1075t

107k

1074}

1 2 5 10 20
/s [TeV]




The numerical example of (i — v 1

After these cuts the number of signal and background events at 3 TeV is
2
TeV TeV
Ngg ' = (8.8C.p —3.1Coy) (T) + 102 x (37.4C2%), + 217C2% — 74.0Co1y Cep) ( )

Npe' = 0.014 + 3.5(¢;.,,/15%),
while at 10 TeV

2
TeV eV
Ngig "¢V = (101Cep — 35.7C,p) (T) +10* x (47.0C2%), + 233C2% — 93.5C,1y Cep) ( )
Nppe ©¥ = 0.005 + 4.3(e751,/15%).
A 3 TeV muon collider can detect Aa, ~ 7 x 10™*, while a 10 TeV collider can reach Aa, =~ 7 X 107°.

The sensitivity to Aar as a functlon of center-of-mass energy (Ecrg) is shown, with the red line indicating
constraints from u*u~ - ¥t~ h and the blue line from u*u~ - 77t~ pair productlon

The 2 — 3 process (u*u~ - 77t~ h) dominates over the 2 — 2 process (u*u~ — t717) at energies above 2
TeV due to the additional Higgs vev involved.



Leptonic g-2 from Muon Collider

The imposed cuts on madgraph calculation relevant to this case are as follows:
1y > Eem/10, My 5, > Ecn /10, Myp > Ecp /10, ARy > 0.4, 7 < 3

L _\Q 4
I . ]
0.3 A\ /@9/
e L+ ]
<3
0'25 3 Te
'\ 6TeV , .
i N 10-TgV ] 0.010¢
o ~ 01 ’/\Qf- ) 1 g- E
i N - D
= 14 TeV X > > 14[leVi N S [ o
= i A0 57 = -1 = pu st
£ 00f _H* o 2’ = 00f b £ 0.001}
% [ D‘&/ b&, D X | ':1 E
& &3 [ / S
~0.1 -0.1F [
i o & 107t
B S F
/ u'p - V'uv#f'f
02} -0.2¢ A & ] o
\ 1 10— 1 Il 1 L 1 i 1
i r \0;5 A" 1 1 2 5 10 20
- = -03F _- Yl -
0.3f i 2 > : Vs [Tev
03 02 01 00 o1 o0z o3 03 -02 -01 00 01 02 03
Cw x (A/TeVy? Cw » (\/TeV)*
+ - + =t = + = _y Tyt
purtpT - ptutttr ptum - vvttr



Conclusion

- Examining tau g—2 sensitivity at future high-energy muon colliders, which have the advantage of
higher c.0.m. energy, corresponding higher luminosity, and larger cross-sections.

« A 3 TeV muon collider would be sensitive to Aa, at the order around 10~*, while a 10 TeV collider

the sensitive would reach values 107°.

« The background analysis and the application of well-defined cuts are critical for the accurate
interpretation of physics results at the Future Muon Collider.

« The NP responsible for Aa, < 10~* can be also tested indirectly through the rare higgs decay
h — 171t~y and the high-energy processes u*u= - t¥t=(h) , u*u~ » utu-ttr~(vvrtr).
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Neutral Triple Gauge Couplings inthe SMEFT

with Ricardo Cepedello, Martin Hirsch & Veronica Sanz



https://arxiv.org/abs/2402.04306

1. Neutral Triple Gauge Couplings




Triple gauge boson vertices

W+ In the SM:
Triple gauge boson vertices from self-coupling in field

strength tensor

7,0
Wi, =0,wl —o,w! é’”‘w;wb
w

But:

ZO
no Neutral Triple Gauge Couplings (NTGCs) due to e’k
70 — Anomalous NTGC (aNTGC)
aNTGC provide important tests for the gauge structure
of the SM
ZO

— Searches for aNTGC at ATLAS and CMS

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024



Searches for NTGCs

I+
e Cleanest final state: ZZ — 4l
q . s Z - * Rare channel, will increase its power
Z / i with more data
[+ * Not background limited
g Z = Increase sensitivity with luminosity
-
107 [ Dimension-eight
q / . l—|— [ Standard Model
\‘\/%i/\/z\/\<
l_
Y
l—%

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024 4
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Form factors for NTGCs

CP conserving (CPC) vertices after EWSB, taking into account Bose symmetry
and gauge invariance

— NTGC with 3 on-shell bosons vanish

— V = y*, Z* has to be off-shell [Gounaris et al. 1999]

[Gounaris et al. 2000]

- (a5 —mP) [,v
Z@F%IBZIJ{/ (Q17 q2, q3) - e 3 v 5 GMQBP(QI - q2)P] )

2

mz
. (g3 —mi) [ hy
ZCF%@“L/ (ql, q2, q3) = € 3 2 L4 h:‘{é“aﬁpqu + nb;gqgéuﬁpaq?,,pqz’a]
Z ) Z

e Form factor‘sfsv, h3V and hf are independent parameters, but hf is not
generated at 1-loop and dim-8

* CP-violating vertices or vertices with more than one boson off-shell are
not discussed here
— experimentally irrelevant

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024


https://arxiv.org/abs/hep-ph/9910395
https://arxiv.org/abs/hep-ph/0003143

2. SMEFT operators for NTGCs




Gauge couplings in SMEFT

In Greens basis for SMEFT list all operators at d = 6 containing only bosons
MatchMakerEFT (1908.05295):

X3 X2H? H?D?

Oz fAECGIGPPGSH B GLGM(H'H)  Rpy (D.D*H)(D,D"H)
O — fABCGIGEGSH  O,.  GAGW(H'H) H*D?
Ogy  KWIWrWfe  Opy  WLW™(H'H)  Oyg (H'H)O(H'H)
O  IKWIWIrw M O,  WLWHWHIH) Oy (HDH)(HD,H)

XAp32 - B, B"(H'H) R}, (H'H)D,H)(D"H)
Rog  —H(D,GY)(D'GA) O, B.Bw(H'H) R}, (H'H)D(H{D"H)
Row _%(Dul“""IW)(D””p]u) Ouws W,,B*"(H'o o' H) H*
Rop  —3(0uB"™)(@B,) O, WLBw(H''H) 0O, (H1H)3

XD

P
Rwpu DWW (H (!)) WH )
Repu (‘),,B“"(HTiI)MH)

Oup> Onwes Ow, Oz contain TGC, but no NTGC

= need to go to dimension-8

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024



d=8 operators for NTGCs

Four d=8 operators that generate the effective Lagrangian,
all in the class X°?H?D?

Opgp = i lj\{;’B H'B,.,(D?B,,)D,H + h.c.,
oSN CDKZW H'W,,(D?W,,)D,H + h.c.,
Opws = z‘CDA—VZBHTBW(DpWVp)D H+hec.,
Oppiy = CDAlle H'W,,(D?B,,)D,H + h.c..

4 independent form factors fSZ, / h3Z, h;’

= these 4 operators are the maximal set

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024



d=8 operators for NTGC

Relations to the form factors:

Z vmy 1 [, 2 1
fs = A s _SWCDBB +ewepww T §CWSW(CDWB + CDBW)] ’
f§ = va'rzzz CWISW :CWSW(—CDBB + cpww) — %(S%VCDWB - C%VCDBW): ’
hy = vi\n:% CWlsW :CWSW(_CDBB + cpww) + %(Cgfvcpwé - S%VCDBW): ;
hy = vi\ﬂ:% CWlsw :C%VCDBé + s%’VCDWVV - %CWSW(CDWB + CDBW)] ]

For our models, we always find cpyp = cppw

=>f5y = h%, only 3 independent form factors

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024



3. Models for NTGCs




Prototype UV model for NTGCs

* We searched for models at d=8 using a
diagrammatic approach

H Va  contributions from pentagon diagrams with
" two fermions
1 EH
L g
i lE * prototype model: “vector-like” leptons
H
! Ly=1F,_jpand kg =1Fy;_,
L-H 7 T
1 E ] _
A ! %,LLL * heavy-light Yukawa couplings are strongly
H Vs constrained by dimension-6 operators at

tree-level
= Both fermions must be heavy

* pentagon reduces to triangle diagram after
EWSB and mass mixing

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024 |



More fermionic models for NTGCs

scan different options for QNs: up to hypercharge 4 and SU(2) quintuplets

couple to a Higgs boson: SU(2) products needs to contain a doublet & AY = 1/2

Matching done with Matchete

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024

Model | Particles ¢ppk | €owd = €pBw Model | Particles Cpwi = CpBW
23 _T
MDS1 || (Lyg,Ey) 0 180 MQT1 (F1,4’__, 1,3,0) B 24})?/6
MDS2 | (Fyo_3,Fi1-1) | —3%5 ~ 80
2 MQT2 | (F,, _1,Fi3-1)
MDS3 | (Fy_3,Fi1,-2)
MQT3 | (Fy4_3 Fi3_1
MDS4 (Fl,g,_%’ F1’17—2) Q ( 1,47 2 I )
MDS5 | (Fy5_s,F11,-3) MQT4 | (Fy4,_3,F13-2)
MDS6 | (F,, z,Fias) MQT5 | (Fyq,-5,F13-2)
MDS7 | (Fyy_z,Fii_a) || 38 ~ %0
1 1.2, 2 960 480 MQQ]' (F175a07 F1,4a_%)
MTD1{| (F1,3,0, F1)2’_%) MQQ2 (F1,5,—1? Fl 4 —l)
yE T g
MTD2|| (Fi5_1,F, 5 1) .
1,2, 2 MQQ3 (Flysa_l’ .41,4,—%)
MTD3|| (Fi3-1-Fy5_3) MQQ4 ||(F Jo )
1,52, 1143 48v/10
MTD4 (F1,3,—2a F1’2’_%) ) \/_
MQQ5 || (Fi5,2,F) 4 _s) "
MTD5)| (F1,3,—2, F1,2,—g) _3223\3/5 16%?/5 Bl b 0
1

CDAB = WQAQB

Y |*¢pap.



Form factors

calculate form factors from Wilson
coefficients for all models

we can form two independent
ratios of form factors,
independent of A

all models lie on a line, but
different predictions for all models

experimentally accessible: 27 (f;/)
and Zy (1) final state

— ratio of these channels would
discriminate the true UV model

[ —————————————————
o1 2(4,4)
5F R 4
| 6
Can ] A
Q\ g
_— 4
R S A,
b 2 1
' 1
ol 1:# ‘
. 0 2
_10 ----------------------
6 -4 -2 2 4

s DS

TD

h3/ f5
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4. Experimental limits




Measuring 7/ — 4l

q 7 signal
Z*|y* at

=

: N
- SM I~

background Y

e Y

l-l-

l-l-

Both ATLAS and CMS search for ZZ and Zy final states, ZZ more sensitive

Dimension-8 growth at high energy, NTGCs are not background limited

1072

[ Dimension-eight
3 Standard Model cross section

Vs. invariant
mass

CMS 2021

500 1000 1500 2000 2500
Mmzz [GeV]

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024

Events / bin

CMS 137 fb™ (13 TeV)
—r 1 T T T T T ]
—e— Data

[Ja-zz ]
g2z =
Bl zz + 2jets EW 3
| iz, vvv

15



LHC limits from NTGCs

Limits on NTGCs

pp — ZZ — 4 leptons (LHC Run2) | ]
10/
st  “Dww “owB ] 3l Z |
i ,: E -
6- " / T > 1 g
L Q@
Ay® | s cppg 2 | =
4- / = 2+ 4
l y S <
[ ’ (@) -
2'_ ,/ O L
O: 1l i
00 0.2 04 06 08 10 12 14 I l Run?
c - _
— (TeV 4) - — HL-LHC
A 0_1’ L L L | L L L | L L L | L ! L 1 L L L 17
0 200 400 600 800 1000

Combined ATLAS and CMS A(GeV
1 and 2 sigma limits on (GeV)

dim-8 Wilson coefficients Current limits on models very weak: A > 100 GeV

Prediction for HL-LHC, sensitivity based on

projecting the luminosity and using the last bin
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Conclusions

* NTGC searches provide important tests for the gauge structure of the SM, clean
channel that improves with higher luminosity

* no dim-6 contributions, generated only at dim-8 SMEFT
* We presented a basis of dimension-8 operators that generate all 4 form factors

* We classified specific UV completions: Models with two heavy vector-like leptons
that contribute via pentagon diagrams

* Limits derived from Z — 4/ at ATLAS and CMS

* Limits on models very weak, in some cases below A = 100 GeV (EFT assumption
not valid)

* Design tailored (direct) searches for these models

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024 17



Thank you!




Backup slides




Lagrangians for NTGCs

Effective Lagrangian for all NTGC CPC vertices

ngc = [ fg(aaFcu)Z“BZB + fsz(aaza,u)z“ﬁzﬁ [Gounaris et al. 1999]

2
2mZ

—hJ (0% Fop)F*P Zg — h3 (0° Zop)FHP Zg

h} - hZ .
5 25 (007 F*™)| FpaZo + 5 5[0 +m2Z)(8"Zp°‘)]FpaZa]
Z Z

Why is there a dual field strength in the CPC vertices? Xuv =1/2€400X*P

CP-transformations:
C(Z,) —» —2Z, and P(Zo) = +Zo, P(Z;) > —Z;
P(8p) — +0o, P(0;) — —0; and P(eﬂaﬁp) — —ekaBp

What type of SMEFT operators can produce this Lagrangian?

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024
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https://arxiv.org/abs/hep-ph/9910395

Matching for fermionic models

We can derive an analytic formula for the matching
(r: SU(2) representation, y: hypercharge)

. 1 4
CpBB = ﬁ(—l)(r1 Mo sgn (y5 — yi) V2rirs (y% +y3 + §y2y1> :
- 1 1 4
Cpwiir = ﬁ(—l)(rl mod 2)somn (y3 — y?) Mﬁ [(1'12 — 1)+ (re2 —1)+ 3 (rire — 2)J ,

- 1 1 3
epwp = 3g(=D" ™ IVIrre = (u1 + 1) l(r1 +12) + = (31 — yz)] :

°pBW = ‘pDwB -

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024 21



What UV models generate NTGCs at dim-8?

Models that DO NOT generate NTGCs at dim-8:

Triangles with SM or BSM fermions in the

v mass eigenstate basis (needs EWSB):

could generate NTGCs [Gounaris et al. 2000]

but the contributions quickly vanish with \/E,
they do not correspond to the d=8 EFT limit

Vs

Models with scalar states (e.g. 2HDM) can produce CPC and CPV

NTGCs, but they appear only at d=12 [Moyotl et al. 2015]

[Belusca-Maito et al 2018]

We need two fermions and Higgs insertions in the loop!

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024 22


https://arxiv.org/abs/hep-ph/0003143
https://inspirehep.net/literature/1367081
https://inspirehep.net/literature/1630925

dim-6 vs. dim-8

All models that generate NTGCs also will generate the following d = 6 operators:

Owp =
Ogws =
Opw =
A=wv
DY
¢ N
— 5 m
Y A
— - A
o A
E, L A A DS
o N A
E 2 TD
& A = QT
A
=1 * QQ
S e .
05
| 5 10 50 100

|(CDBB/CHB)(U2/A2)|

FABIAN ESSER - NTGCS IN THE SMEFT - 16.07.2024

CHB prt p
A2 H'HB,,B"",
CHW B
HYHW,, B,
A2
CHW rrt pv
A2 H'"HW, ,W”~,
A =1TeV
0.50 *
o N
— O
= M
~> 0.20
G < A
B m A
= 0.10 A
O
~
Q
=
§ 0.05} ® A
0.05 0.10 0.50 1
((cppa/cus)(v®/A?)]

d=8 grows fast
with energy and will
compete with d=6

— strong gain for
ZZ and Zy searches
vs WW and Zjj at
large invariant
mass

23



A bottom-up apf)tpach to nucleon decay

RG elations and connection to UV

: s

Based on work in collaboration with J. Gargalionis, J. Herrero Garma
M. A. Schmidt. A. Santamaria [2312.13361] (published in JHEP)

S @ e 5 CSIC
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gSM

SUQB)-xSU2); x U(l)y
+

i oo giopi i _
Ha QLau]lgadRaLLaeRal_19293

Individual Flavour Symmetries

l Yukawa couplings

U(1),, x UL, x U(1), x ULy

l v oscillations

[Super-K 1999,
KamLAND 2003...]

U)X U(l)g

B and L accidentally conserved

(B + L violated in 3 units
by sphaleron transitions)

l

Proton stable



gSM

SUQB)-xSU2); x U(l)y
+

TP TR S RN N
Ha Qll) u]lgad]lgaLLaeRal_17293

Individual Flavour Symmetries

l Yukawa couplings

U(1),, x UL, x U(1), x ULy

[Super-K 1999,

l v oscillations
KamLAND 2003...]

U(1), X U(D)g

B and L accidentally conserved

(B + L violated in 3 units
by sphaleron transitions)

l

Proton stable
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niokande IMB
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NANR—HIFARART e

DEEP UNDERGROUND ~ SUSYSO Kami“\nkande
NEUTRINO EXPERIMENT \ . ™7°F

p—e R~ N e —
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n—pK°| UG . AND
p— K™ ¢ T . SR

< HyperK

m|n|maISUSYSU(5) : S 55335\ : S : : N
p— K" T : i iii::

predictions

 DUNE (40 kt)

Other future v experiments such as

32 33
10° 10 10 JUNO THEIA
Sensitivity of 7 — KTe™ ; /B (yeaL
increased by 10° in HK

BNV nucleon decay could be the next big discovery



- There is no fundamental reason to have B and L conserved (Leptoquarks, Seesaw
particles, SUSY, GUTs...)

- Experimental probes of BNV and LNV would constitute one of the strongest evidence for
physics beyond SM (BSM) —PD will be looked for in future experiments (HK, DUNE...)

Grand Unified Theories (GUTs)
[Georgi et. al. 1973, H. Fritzsch et al. 1975]

Baryon Number violation (BNYV)

. / E.g. proton decay (PD), neutron-antineutron oscillations
Baryogenesis

[Sakharov 1967]

Large number of UV theories predicting PD

|

Systematic study of PD in a
model-independent way (bottom-up)




Parametrization of new physics through Effective operators (d > 4)
SM Eftective Field Theory (SMEFT)

Bounds on SMEFT WCs serve as a bridge to specific UV models

[S. Weinberg 1979 ,
B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986, — _ _ _ —
Brivio et al. 2019, AL =2 AB-L)=0 AB-L)=2
B. Henning et al. 2016, i' i'
De Gouvea et al. 2014]
cd=> c4=0 ct='

g=gSM :




Parametrization of new physics through Effective operators (d > 4)
SM Eftective Field Theory (SMEFT)

Bounds on SMEFT WCs serve as a bridge to specific UV models

[S. Weinberg 1979 ,
B. Grzadkowski et al. 2010,

W. Buchmuller et al. 1986, — _ _ _ —
Brivio et al. 2019, AL =2 AB-L)=0 AB-L)=2
B. Henning et al. 2016, i' i'
De Gouvea et al. 2014]
— T — ) g D
c =5 c =6 Cd—7

L =L A Ow O9=° +

AT A
| |

A > 101 GeV A > 109 GeVv

p—oalet, p> Ko n-oate’, po> K

Different phenomenology —>



App 4+ UV Theory (X))
RGEs &
L/ l X, matching
Y, 2 %
/
SMEFT
RGEs &
My l H o1 wE 70 matching
LEFT/WET
RGEs &
matching
yPT

. ) [S. Antusch et al. 2021,
- Assumptions: Energy Desert and no SUSY in the TeV scale/RpV H. Dreiner et al. 2020]



d = 6 — 4 (273) operators [ L. F. Abbott et al. 1980, B. Grzadkowski et al. 2010]

Oqaql,pars = (Q; Z)(QiL’; Jeik€ils Ogquepgrs = (Q; Z)(ﬂlébfz‘j ,

Oduue,pqrs = (J;ﬂ;)(ﬂlél) ) Oduql,pq'rs - (@@)(Q;Lﬁ)% )
d = 7 — 6 (297) operators [L. Lehman 2014, Yi Liao et al. 2016]
0;, = (Lidh)(dldl)H O, = = (LId)(Q-Q.)H e;
ldddH,pqrs p“Yq r%s ) ldqqH ,pqrs p“%q r'Y¥s €ij

Oéqddﬁ,pqrs = (épQ;) (Jlgi)ﬁjezj ) Ol—dudﬁ’pqrs = (LLJE)(,&IJE)I?-,

—

Ormamm =G0, ), Osaaip =t By @)




d = 6 — 4 (273) operators [ L. F. Abbott et al. 1980, B. Grzadkowski et al. 2010]

Oqqql,pgrs = (Q; g)(QiL’; Jeik€its  Oqque,pgrs = (Q; g)(alél)fij :

Oduue,pqrs = (J;f)ﬁg)(ﬂlél) ) Oduql,pq'rs - (CZ;’U,D(Q:.L‘;)G” )
d = 7 — 6 (297) operators [L. Lehman 2014, Yi Liao et al. 2016]
0;, = (Lidh)(dldl)H O, = = (LId)(Q-Q.)H e;
ldddH,pqrs pq/\"r7s ’ ldqqH ,pqrs Pq rws €ij 5
Oéqddﬁ,pqrs = (épQ:}) (dld.];)HJG%J ) Ol_dudﬁ’pqrs = (L;dg)(ﬁldl)ﬂ-,

W@&a wm

C d=6(mW) ~ (2 o 4) ¢ d=6(1015 G@V) 1 From gauge interactions and y,

Cd=7(mW) o~ (1 o 2) Cd=7(1011 GGV) J (Operator mixing subdominant)

- RGEs for d = 6 SMEFT [A. Manohar et al. 2014]
- RGEs for d =7 SMEFT [Yi Liao et al. 2016]



288 A(B — L) = 0 operators — 14 operators 1

228 A(B + L) = 0 operators — 9 operators

LEFT operators involved in

J nucleon decay at tree-level

Name [52] SMEFT matching Na;n;L[SZ] ([12]) Operator  Flavour Name Operator  Flavour
[0 dd ]1111- (OIIJ,L) (ud)(du,.) (8, 1) e vmarbgE AT s :
S,LL % ~
Ouig lpars - VataVerr(Caatiratns = Canatarr'vs + Cavattns) (Oyig hiarr (Ofp)  (ws)ldv) — BL)  (oSLR . (ua)ofd) (3,3
[OdS;‘ER]Pq"‘S Vpo(Cogqtirap's — Cagalarp's + Caqalqp'rs) [O’;‘,’ZL]M Cha)  (ud)lom) &1 (02 12 (us)(Wid) (3,3)
[Od‘l’l,u ]pqrs -Vp'p(quue,p'qrs e quue,qp'rs) [O%;‘EL]HIT (QEL) (du)(ue'f‘) (Sa 1) [05&3}2]1172 ('U'd)(Vlgt) (3, 3)
[OdS,RL]PqTS Cduql pqrs [Od;m e (O;’L) (su)(uer) ®1) %WW
UU ) _ ) ) i s KA
(O Jpars ~VirrCugl,pgr's {g%"g}lm ggiR; Eduggﬂ:é%; g, 2; O Yyars_ (@(erd)  (3,3)
SRR o 12117 (Of su)(u'er ; - -
[Oduu ]P‘I"”S Cduue,pqrs ;,RL SR Tt =t = [05&?] (12]r1 (dTgT)(érd) (3, 3)
[Oguy T11r (Ofp)  (d'a")(uer)  (3,3) SRR T
O v.c O lonr (Oy)  (la)(ue)  (3,8)  Oyig Jun (@d)0rd)  (1,8)
gng pqrs 99 ldgqH ,rspq’' \/2A oSl o) @ahdm) (3.3 (038R, @sheld)  (@,8)
g / / - ~ — (- ~ SEE 'S ” r T U Vr ) S,RR 4 T 1=
[Oddd pqrs ‘/p p‘/q q(Cldqu,qu'p’ Cldqu,Tsp'q’) 2\/§A [O%’I%L]:iir (O~§L ) (g'l‘ﬂ'l’)(dyr) (3, 3) [Oudd ]117‘2 ('litdf)(l/r.fr) (1, 8)
S,RL . - v YL R - OSER I'sh) (el dt
[Odaa lpars Ves(Ceqaait,rs'ap — Ceqddit,rs'pa) 73R (O o (O%p,)  (dah)(syy)  (3,3) Oia Juzrs (d'81)(erd’)  (1,8)
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- RG effects universal in the LEFT

=== Not generated by D =6, 7 SMEFT ops.

¢(2 GeV) ~ 1.26 c(my)

* RGEs for d = 6 LEFT [A. Manohar et al. 2018]
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Flavour group  U(3), x U(3),

BNC interactions BNY interactions

v v ™

— ey , e [M. Claudson et al. 1981,
L= gﬁBB'y“'yg,Na,,,M + Mpa xlaPgB + zyﬁa’xfaPXNM

P. Nath et al. 2007]

.M M
i = gmp. -~ I'(N = M?,)
N N e
4»_\ B 2 inputs from lattice a,
¢ i
o o [JLQCD 2000,

Y. Aoki et al. 2017,]

(First-time computation of | A(B — L)| = 2 two-body decays in the ByPT formalism)
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Bounds on other flavor components can

A/ \/E ~ (1 ~ 10) X 10" GeV be found in [J. Gargalionis et al. 2024]
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SM enhanced by a scalar LQ w, and a VLF Q)

w,~ (3, 1,2/3), Q;+ 0 ~ (3,2, 1/6)

Lt = Y1,j02d"'dV + y, H'Q1d" + 34 Q1eHit* +y,; 0,0,L' +h.c.
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SM enhanced by a scalar LQ w, and a VLF Q)

w,~ (3, 1,2/3), Q;+ 0 ~ (3,2, 1/6)

Lt = Y1,j02d"'dV + y, H'Q1d" + 34 Q1eHit* +y,; 0,0,L' +h.c.

l

Z eff D Cl_dddH,pqr(@ l_dddH,pqg_l_ Cidudf],pqr(@ ldudH pgrs +h.c.

([ p—>K'v n->K% n-K'te

y; antisymmetric

Cl‘dudﬁ,lzn - - Cl‘dudﬁ,mz
\

k-matrices for the 3 processes above, compute I’
and compare with [**P

— (p — K*v the most constraining)




- Model-independent analysis on nucleon decay

- RG effects important: limits enhanced by 30% - 130% (d=6), and 20 - 30%
(d=7)

- Complementary analysis = Correlations and flat directions

- k-matrices: SMEFT WC at A < observables at m,

- Positive signals 1n 2-3 channels — SMEFT operators — GUT/Models

Main source of uncertainty: nuclear matrix elements a, f
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