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Outline

e Motivation for BNV/LNV interactions
e EFTforthe AB=AL=—-2:pp —» ¢ ,pn - €0, nn — o’
e Estimation of decay rate

e Summary
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BNV iIs a key ingredient for the baryon asymmetry of the universe

Sakharov, 1967dj

1. BNV
2. C,CPviolation
3. Interactions out of thermal equilibrium

https://en.wikipedia.org/wiki/Baryogenes

LNV and the Majorana nature of neutrinos
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- SM: B/L is violated via anomaly but 5 — L is conserved

't Hooft, 1976

- B & L violation is a clear signature for new physics (NP)

- Theoretically: GUTs, SUSY, Extra-dim, etc = BNV & LNV
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AB = 1: nucleondecaylikep — e*7", ztv, -
1 1
O ~ E(uude) s E(uddv)a tee Dim'6, dim'7 SMEFT
(a) p — etn0
?\no

’ '\/\}(\/\, o

u a Positron
(b) p - K*V,

d _ : > KF

W ¢ |H 34
W =. L Exp: 7, > 107" yr — -

A~ 10 GeV  Hard to search for at colliders!

More on AB = 1 process, see, Heeck, Takhistov, 1910.07647
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NNBar at ESS

Cold Magnetic Vacuum

Neutron shield tube Detector
B 2 8 2 L O Moderator
.: Supermirror
focusing ihilati
wr_— Annihilation
target
L~200m

<~ n — 1 oscillation
<~ dinucleon decays: NN' - M\M,, ¢, ¢ v, v

AQCD
A6
K 5 475 10f @ dim-9 in
= .7 uper-n_ .
T s> X S Super-K_2012.02607 SMEFT

Tn_—lﬁ: |om|,om = (it| H | n) ~

Axp ~ O(1 = 10%) TeV

Easy to test at colliders: LHC, ...

D.G. Phillips Il et al. / Physics Reports 612 (2016) 1-45
|AB| = 2: A State of the Field, and Looking Forward, 2010.02299

ESS

AB=2&AL =72

© H — H oscillation
Feinberg, Goldhaber and Steigman, 1978;
Arnellos and W. J. Marciano , 1982; Grossman and Ng, 2018

<~ Dinucleon decays:
pp — L”;L”Jr,pn = Colg,nn — U,

Our goal: a systematic EFT analysis

Models suppress AB = | but not AB =2

Mohapatra and Senjanovic, 1982, Perez and Wise, 2011
Arnold, Fornal, and Wise, 2012; Gardner and Yan , 2019
Helset, Murgui and Wise, 2021; Girmohanta, Shrock 2019, 2020, etc
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Decay mode

Lifetime limit [

Decay mode

Lifetime limit

Decay mode

.' pp — etet
| pp— et
Hopp— ptpt
i pp— et

4.2 x 10%3yr |
4.4 x 1033yt |
4.4 x 10%3yr |

pn — et
pn — pwt o
pn — 70

2.6 x 10°%yr
2.2 x 1032yt
2.9 x 103y

nn — v/’

Lifetime limit |
1.4 x 10%%r1 |

Super-Kamiokande, 2018, arXiv:1811.12430 16()

KamLAND, 2006 12(C

* The anti-neutrinos can be other invisible particles like neutrinos

* The limits on the partial lifetime are extremely large = sensitive to NP
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) 4 (
BxPT » < LEFT » < SMEFT 1 » < NP ]

! ! ! !
[SU(z){ <« SUR)L x UL)eu | SU(3)e x U(1)m %U(3)C « SU(2)L x U(l)% :L [ ’ }
| : ! ! !

[ Leypr = L(N,m, ¢, v) ](—'7 Lierr = L(g,4,v) —— Lsmerr = £(Q, L, u, d, 6)](—f—[ Lyp =7 ]
Ay ANP >» A

1 ---Matching -

>
&
=

Y

Low Energy Observables
RGE Running

* LEFT is a more general framework since /\;; can be as low as a few GeV, but
with more parameters

* SMEFT is a strong constraint for the LEFT interactions, fewer parameters, but
with the assumption: Ayp > Apy

* (B)yPT is a systematic way to determine the non-perturbative QCD effect
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e Fields: u, d, s, c, b; e, u, t; v, Vys Uy

e Symmetry: SU3)- X U(1)gp\
e Power counting: canonical dimension d

The effective operators for AB = AL = — 2 interactions
6 quarks + 2 leptons
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Dlm-lzoperators (qqqqqqll) VVlthq — u, d &l = f 2 ‘_

Fierz 1dentities
e Operator structure: (gqqqqqqll) —> (qqqqqqq)(l]) T‘— _

quark and lepton sectors are factorized out

o U(l)rni: (uuuudd)(?’), (uuuddd)(£v’), (uudddd)(wv’)

« SUG) O~ T, (q'd)a"a)q"q Ve

| Final operator’s Lorentz structure:
Detiloinsddell Scalar lepton current: [l S-S-S-S
T{i?f{kl}{mn} — ezk'mejln + ezk'nejlm + ezlmejkn + ezlnejkm p (qQ)(qq)(QQ)( )

T Y ktlfmn) = €imn€gkl + €iki€jmn Vector lepton current: (¢99)(9q)(qy,@)(Iy"])  ss-v-v
TSAA = CitConml T ol Cmmml

{ki}[mn][ij] = € j y
TEAA o = e - € Tensor lepton current: (¢q)(¢q)(q0,,9)(l6"*[)S-S-T-T
s = Gl — Gt

[i5][kl][mn] — “igmtkin 1ynCkim 10
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o Pp — f+f+ 28 (S-S-S-S)+19 (S-S-V-V)+16 (S-S-T-T) = 63 operators
a=p=e=>H— H oscillation: 47 vs 60 by Caswell, Milutinovic, and Senjanovic, 1983

epn = U Ay Ug: 14 (S-S-S-S)+24 (S-S-V-V)+13 (S-S-T-T) = 51 operators

oNnNn — DaDﬂ: 14 (5-5-5-5)+48 (S-S-T-T) = 22 operators

14n—n oscﬂlatlon operators after dropplng the scalar Iepton current

UIZTOdl) TCdn) i T{if}ikl}{mn}

11

Qﬁ%pzi’* = (uf Cuf)( (u
A glimpse of the ?rpirators Q11 = (i Cul)(uf" Cdy) (wp CD) ST by §
forpp — €52 QU5 = (it Cul (€ ) (i CaR) T iy oy
dim-12 operators with a  Q72xs = (il Cul)(uf" Cdy) (ul ¥ CaR) 6L TS g
scalar lepton current Qe = (uiF Cd}) (kT Odl ) (Wi Cu) SE L TES tkay ()
Oitims = (uf Cdp) (ufF CaL) (g Cul) i Tt imen |
Qizr ™ = (uf Cuy) (uf Oy ) (AR ORI T8 kg mny
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v Y
N o\
\{\ «
~ ©
<& >
d>19 ‘d > 16 d> 18
3n — 3V — N Instanton
d> 15 d>15
o= " ol
nn — 4v n|— 4v
d>9
4 ©
n — v s etq0 » b etvv
d > 10 d =5 d>5 d > 10
Ov4j 023 023 Ovdj
AL

Heeck. Takhistov,

The operator’s dimension

1s even (odd) 1if its (B—L)/2

1S even (()dd) Kobach , 2016

The LO operators

also first appear at

dim 12

12
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Focusing on the LO dim-12 operators

o U(l)y:

o Fierzidentities = leep: -S, -V, -T

e SU(2);: Levi-Civita tensor ¢ o
O ~ Tyimn(d'd)a* )" q ey,

e SU(3).: colortensor 7.,

13


http://keynotetemplate.com

dim-12 operators with a scalar lepton current

u
u

u3d3L21 (uz}%‘Cdg )(uI;%TCdl )(u’}{TC )(LTCL’)eab gf}’sikl}{mn} | 12 (S-S'S'S)+7 (S'S-V-V)+1 0 (S'S-T-T)=29
Ou)20 = (g Cdly) (uf Cd) (wi " Cd) (Ly C Ly )eas Tt Girmohanta and Shrock, 2020: 28
(952512@21421 (ug Cdly) (uly CdR) QT CQR) (LY CLY) €acerd Tl thiy fmny » & redundant ones
(932;32221:22 (ug Cdyy) (ul Cdip)(Qu" C Qn)(LECL&)Eabﬁchgf}?kl][mn] : 9 missed ones
Orimgeras = (W Cd) (Wi Cdi) QT CQR) (LT CLY)eacera Tt i)
O 2 = (Ul Cdl)(QETCQL)(QrTCQL) (LT CLY) easecate T i ftimn They are the starting point for the study of
3;52L22 (ug Cd)(QETCQ(QTTCQY(LECLY ) eaveceeas Thmy hillis] » relevant signals at colliders:
Q6L2 = (QLTCQN)(QETCQY QT CQY)(Ly CLy)eavecdteq€ i T lis] e
u4d2621 = (u] CuR)(u%TCd%)(uTgTCdn)(eRCeR) {Sz}g}&kl}{mn} ) LHe C
0542?22 (uig Cuy) (ul! Cdlp) (wi” Ol (R CeR) T htgmm)
u3dQ262 = (uly Cufy) (ufy CdR) QU CQY) (eRCeR) €Tl N kit
= (ufz Cup)(

QY CQL) QT CQY)(erCeR)eaecdTy) N itmn] »

14
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SMEFT operators pp — 0¥ pn — LV nn — v/
055((1133:21 i - _205523221 i
Ofé(dé)mz ) 1RRR,b = _20555113222 i

Ofé(ds;)QZL% C?E%pl)%%; = Cjég)cg%% a _2055&5;)422L21 = Cjé(dg)cg%n
Ofé(dézg%?z } = _4055232221;22 i
Ofidprzs | Comnrs = Cutpgersy = ~2050s |Cimnns = Cuageras
05&(5244)L21 - = _805&(62144)L21 -
05&(521;22 Cézsz)g; = 205&@1,22 3LLRb — _405£t(c§21;22 LLRb — 20521(52&2
Ogiza  |Cifdiy = 40qi) s = —805L%) 5, = 405%)
Oy |Ciiann = Cuigpeny : :
Otz |CikAn = Crigarss : :
Otpe  |Csiars = 2o : :
Ofighe  |CallRs = 4Chgne : :

Only a few can yield both three channels:

S,(S
@QEL)z’

@S,(S)
u2d2Q2L21,3’ udQ*122

SMEFT simplifies life hugely.

Unmatched LEFT operators
can be generated by dim-14,
dim-16 SMEFT ones.

@S,(S)

15
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A specific model to realize one operator: @Zéi)z

Q L

SM+5(3.1, — 1/3) \/
+T(3,1, — 1/3)

More models can be found:
Zz T L € Odd S(3_1)T/3_)¢_ Arnellos, Marciano 1982

Arnold, Fornal, and Wise, 2012;

AB 1 L Bramante, Kumar, Learned, 2014
o ) Q Q Q X /\\ Gardner and Yan , 2019
Q L Helset, Murgui and Wise, 2021

l Girmohanta, Shrock 2019, 2020

AB =2

T = (0T COD(QF T COD(QI T CONLICL e ot Timpitns] &

16
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Chiral symmetry: BChPT

Christopher Korber

17
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~ Chiral symmetry SU(3); ® SU(3)y of three-flavor g = (u, d, s)! QCD Lagrangian:
_ -0 , — _ — : _
& =Zoep T byt an + qrrur'ar — [9r(s — ip)qr — r (t{‘”dﬂy> g, +h.c.]
<~ Building blocks: Nucleons, pions, external sources

111 0 a 71'0 \/§7T+ T
u—eXp(Z—F,O), Il =77 _(\/57'(' 0 ) ¥ = (p,n)

— i(u’ ' 7 Vs T T
u, = iu'@, —ir)u—u(d, — zlﬂ)u ), U, =u,

- Power counting: soft momentum: u = © (po), u,=0 (pl), Y=0 (PO>
© LO Lagrangian: Y = ¥ [ iy D¥ — m,, + SA ¥
g g . N }/,u mN 2 4 }/SM/J

1 . .
D”‘P = (aﬂ + Fﬂ)‘P, I, = E(MT(()” — zrﬂ)u +u(d, — llﬂ)uT)

18
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e Chiral SU(2); ® SU(2) irrep decomposition:

P = """ (q)( ucrlq)( v) (%( WCF2%( x) (q)( Tcr3q)( Z) Tg(]:lgi}@(rzr

 Spurion fields technique: treat @ as a field transforming under SU(2); ® SU(2);
= P is chiral invariant

e Chiral counterparts of P: construct chiral invariant operators out of 9, W, u, ...
e Low energy constant (LEC): associate an unknown LEC for each indep. operator

e Determination of LEC: fit to data, LQCD, chiral symmetry, NDA

19
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Chiral basis LEFT basis Chiral irrep.| Chiral spurion
PP L(5QiPEs —3Qirs (71, 1R) | Ot
Py Vi Brinl| O
Py 2 (52,38) | G55 "
P Oy (32, 1R)b 0)"
P Qe — QLR (52,38) | O™
Py ATy (L.3ple | O
P OltE (52,3r) | Oiunen ™"

P s (satth - 6oty (612r) | O
P 3 (3Qi72, — Qi (4r,2p)a | OLuLVEeT
P Q7 20.28)la | O

Y L (508, - 30 (62,2R) | Oiysm e
P QLLs (40 20)la | O

1. Many different chiral irreps.
2. Different irreps have different LECs
3. They do not mix under QCD renormalization.
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Ope. type| Chi. irrep |Chi. order Matching operator

. G, 1r)li| P |05k = 0005 (W)upa(uh)os[¥5 Clgsxr, + gax1,ivs) W)

é (52,3r) | P°  |O8ks =0 s (5 (UiT?) g, (UiT?) 2pey, (uh)uga (4o, 0[5 Cg5x3 + G5x375) W]
?.3.3 (T2,1R) | PP(X) |02 = O bgr i3 r o (Wl uit?)w o (uhubuit?)y o (uh)upa (uh) o, [¥a Cg7x1 + 7x175) el
=

g 1L, 3r)i| P |Ofis, = 0/ tunattons [V C(g1x3,i + G1x3,i75) Yol

§ (B1,58) | 10 |Ofs = ORARTIIEL (Uir?)y, (UiT)apsy tapatiogs[WE G35 + Gax575) )

(12,7r) | P*(x) |Ofxr = O oy T (w72 g (WPUTIT?) 2 U U b [P C (G157 + G1x775) W)

3 (22,2r)i|  P° ngﬂzz - 0§§vR(UT)uLauva[‘I’;FC’Y“(gzxz,i + G2x2,i75) V)

IS

i (4L,2g)li| P° |O)fy, = 9ax2,i0 550 F R (UAT?)z oy, (U ) uga (u) o 5[ W5 O 15 0]
%% (4L,4R) P 0% = Oapry(oomy (U i)y por, (UIT%) 2wy, (W) g atle o (Vs CY* (9axa + Gaxays) Vs

| 6n2m) | P00 |0 = QU i), o, (ufuir) g, (0o (0o [ETC g + s) )
E . 0 AV _ URVRWRTL (T7;, 2 T Y 1

3 2L, 4R)li| P’ |09y = —92xaibapry, (Uit )wpe, tupatiogs(¥a C1*v5 W)

(21,6r) | P'(x) |03 =— (aBapors EHE (U2 w gz, (uut Uli72) 4 gy Yugalogb[Pa C(g2x6 + J2x675) Vo)

e (1L, 1r)li|  2° |01 = e [WFCo (g1x1i + G1x1,i75) Ts)

:Z (3L,1r) | P'(x) |03 = 0 sy (wlut)upa (U)o n[¥g Cv (g3x1,7 + G3x1,775) Uo] — p > v

1%
ES?,% (3,3r)li| P’ O?Txlguz = 0?;/;))%0,398}2(0’ i) por, (W )ugatiwgs[¥a CoM (g3x3,i + §3x3,i75)) Vo)

g (5., 1r)li| p'(x) |05} = 95x1,i0 (M (ulw uiT? ) o, (W )upa (Wh)uy b (T O 15 0s) — p 4 v

E (1L,3r) | p'(x) |01 = 9?55)12(Uuu)uaauvab[‘I’EC’Y"(91><3,T + G1x3,175) Vo] —p > v

(1z,5R)|s| p'(x) Of;g"z = g1x5,i0ap (v Ul72)w pa g Uupatorb(La CY 5 0p) — p 43 v

Expanding to the LO can lead to the
nucleon -lepton interactions

pp — 00T

pn — (T

nn — v/ :

O(Lpp)S _

Og’p)s —

Orr)V —

(p" Cp)(£LC1L)

(" Cp)((RCly) ,

(P Crysp) ((RCAMEL)
(p'Cn)(£LCV)

(

(

p' Cyun)(CRCY*vy) |

= (pTCqun) (K}:CUWV;:) ;

n"Cn)(vECvy) .

ol -

olp* -

ol -

o =

nn)S
OéL) -

(p" Cysp)(£LCL})
(p" Cysp) ((RC L)

(p" Crysn)(£,CVL)

(p" Cyuysn) ((RCYvy) |

(n' Cysn) (v Cuy)

¢ Function of LECs and SMEFT WCs

o LECs: g, ~ A?

QCD

¢ 8310~ 4% 107" GeV°

the matrix element for n — n oscillation

Rinaldi, Syritsyn, Wagman, Buchoff, Schroeder, Wasem, 2018

21
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Goity, Sher, 1995

nucleon density distribution

\ 4

average nucleon density: 0.25 fm™>

1
o(NN" — [,lp) =

1

S 4E 1E2Vrel.

[am,

ANN 1,

Neglect the nucleon Fermi motion and other nuclear eftects

2

NN'=1,l; =
S dmg

NN'— 1l

11,

22
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pp = etet, etpt, ptput

pn —ety, uto, U

SMEFT WCs ; ) )
Anp = |G| 75 [TeV] Anp = |G| 75 [TeV] Axp = |G| 78 [TeV]
- T
5,(4) dix3,a | °
O . 204, 2,02, 1.34 x | Fgoe .
- o1
5,(4) dix3,a | °
Cu3d3L22 - 1.89, 1.87, 1.25 x AI%SD -
1 - 1 1
5 2.35, 2.26, 2.36 x | d3xte | 1.89, 1.87, 1.25 x | d2xte|” 143, 1.37 x |8xe|”
u2d2Q2L21,3 . ) . 9 . Ach . 9 . ) . A%CD . 9 . A%CD
- Tl
Ss(A) g X3, 8
Coiaharag . 2.07, 2.04, 1.36 x | {2 .
- Tl
S,(A) gixae | °
Cooiran - 2.25, 2.23, 148 x | g .
) L1 - T 1
S,(S) d3x1p | ® d3x1p | ° d3x1p | ®
CudQ4L22 257, 246, 2.57 X % 207, 204, 1.36 x A%E 156, 1.49 x [AgCD]
- 1 - 1 1
) 8 , 8 . 8
Coi) 2.80, 2.69, 2.81 x | &xte 2.25, 2.23, 1.48 x | &xte 1.70, 1.63 x [-‘jfgl’a]
| Qep | | Qe | QCD
1
S’(S) g 1] s
o 221, 2.12, 221 x | fgoe . .
- T
S’(S) dix ,a ®
o, 2.35, 226, 2.36 x | {xoe . .
- 11
5,(S) gixsp | °
Co2e 2.57, 246, 257 x | g2 - i
- T1
5,(S) Jixs,e | °
CoHl 2.80, 2.69, 281 x | {e: - i

the matrix element for n — n oscillation

Rinaldi, Syritsyn, Wagman, Buchoff, Schroeder, Wasem, 2018

~a

e LECs: g, ~ Al

QCD

o 831~ 4 X107 GeV'

Parital lifetime 7' [yrs]

10% T L
| pp=etet, utut; NnN-Va vy
————— pp-e*ut; pn-etrv, utv, n—)Vanta}'

1045 L e pp-=>e*tt, pn>1ttv |
1040 ; 000 X |
&

, N
1035+ Q,{@ ]
i )
K &
. N
Ry Q& Super-K bound: pp case
- : Y Super-K bound: pn case |
i }.' P | . KamLAND bound: nncase |
1 5 10 50 100
A[TeV]

The NP scale is bound to be

Ayp > 1 — 3 TeV, which opens
up the possibility to search for the
signals at high energy colliders.
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~ The |AB = AL| = 2 dinucleon to dilepton decays have been
studied in the EFT framework;

-~ An operator basis in the LEFT Is constructed;

- An operator basis in the SMEFT is constructed.

24
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Thanks for Your attention!
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