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Effective Field Theory

Our dream is to understand the most fundamental (UV) theory. On the other hand, we can always do computation without
knowing the exact theory.

For example ® v < ¢ —no need of Special Relativity
® x > A~ h/p —no need of Quantum Mechanics
® g = Ny + hyy, hyy < 1 —no need of General Relativity

Consider a QFT with a fundamental high energy scale M but interested in observables as energy E << M.

Choose a cutoff A< M and divide all guantum fields

o=vu+ o (pg:w>Ap w<A)

Integrate-out

/D pp e FPLen) — oif Leps(oL)

O,
chf(“r:l,) - ‘Cd§4 T Z A dim(0O;)—4



Effective Field Theory

New physics scenarios
---------------------------------------------------------------- MatChingtBottom-up UV Resonances
Standard model effective field theory RGE
----------------------------------------------------------------- Matching
Low energy effective field theory RGE
---------------------------------------------------------------- Matching

QCD chiral Lagrangian with heavy baryon

Nuclear Probes (OvBB or proton decay...)




Grand Unified Theory
Gautr : SU(5) or SO(10) ...

SO(10)

Symmetry breaking Unify into a single force

QSM — SU(3)C X SU(Z)L X U(l)y

Different breaking chains

Gps = SU(4)c x SU(2)L, X SU(Q)R
9421 = SU(4)C X SU(Q)L X U(l)

G201 = SU(3)c x SU(2)L x SU(2 )RXU(l)B L 16, 126
G3211 =SUB)o x SU2) xU(1)g xU(1)p—

Gs1 = SU(5) x U(1)x

%(—X+4Y) B-1L,
Y = B—L+T? M.Pernow (2021)



SMEFT and GUT

[T1

-

D

Q Grand unified theory

Symmetry breaking
AGUT =frmmmmmmmm s
LRSM, Leptoquark model, ...

ANP ----------------------------------------------------------

Bottom up

Standard model effective field theory

‘ new phenomenon

Lepton number violating Baryon number violating



Lepton Number Violating

Dimension-5

Quv = 5jk5mn‘ﬁj90m(l§)TCl?

Corresponding three types seesaw

e-1 11
typ 5 \type 5
6 X N
N Y
. Ng |
T S : A

SM singlet fermions SM triplet scalars

b -

type-l111

x

/ %\j\
4

SM triplet fermions

The breaking chain in SO(10)

50(10) —> ng —> GSM
45 — (17 1, 3) — Fl(lv 1)0
45, | = | (1,3,1) | = | F5(1,3)0
54 | — | (1,3,3) | — | Ss(1,3);

SO(10) | — | G51 | — Gsm
45 — | 24y | — Fl(]., 1)0
45 | — | 249 | — | F5(1,3),
545 | — | 154 | = | Ss(1,3);




Lepton Number Violating

Dimension-7

Only L-violating

Type: ?H* Type: Y?H>D
Oruy | €*d(WFCl)HyH(HTH) | Orenp | €9 (lFCyte)HjHy(iD, Hy)
Type: Y?H?D? Type: V?H?*X
Or1pH1 eijekl(E?CD,,,Ej)(HkD“Hl) Orgw eik(eTI)ﬂ(EZCia"”Ej)HkHlWiV
OrLpue | €X' ((FCD ;) (HyD*H;) | Orup e*el (U Cio* ;) H  H By,
Type: ¥*D Type: Yv*H
OduLLD Eij (Ea’}’p"u,a)(f;:rCiDﬂfj) OeLLLH Gijekl(éf )(ETCEk)Hl
OdroLH1 eer (d"4;) (qX;Cly) Hy
O4rQLH? Ezkﬁﬂ(d l; )(qa]ka)Hz
OdLueH ZJ (d f ( Tce)

OQuLLH

€ (q%u,) (4L Cl;) H;

The dimension-7 operators are suppressed, the
UV models which contribute to dimension-7
operators should exclude three types seesaw.



Lepton Number Violating

The UV models contribute to dimension-7 operators without seesaw. The breaking chain in SO(10).

SO(10) | = | Gs1 | — gsm SO(10) | — gps —

(Ss, Fs) — Ory 10F | = | 52 || F5(1,2); 10r | = | 1,2,2) | —

54p | — | 154 | — | Fs(1,3); 54 | — | (1,3,3) | >

(S2,54), (S2, Fy) — | OecLLLH 10F | = | 52 | = | Fs(3,1)_s 10 | — | (6,1,1) | —

(512, F14) — | OdroLH1 5p | = |10 | > | F(3,1): 45, | - | (15,1,1) | -

(S2,584), (Sa2, Fy), 45r | = | 240 | = | F10(3,2)_s 45, | —> | (6,2,2) | >

(S5, F1o), (S12,Fo), (Sia, Fia) — | OdroLm? 126p | - | 452 | = | Fia(3,2): 126, | — | (15,2,2) | —
2,210/, \P12,29), P12, 714 1207 | = | 45, | | Fi5(3,3) 1 | | 120 | > | (6,3,1) | - | Fi3(3,3)
(S12, F3), (S12, F12), 210; | = |40 | > | Fu(3,3): | | 2105 | = | (15,3,1) | = | Fu(3,3)

(F3,V2), (Fio,V3), — | OdLuer ol B il 52((;;))1 G g;g -

S — 2 — 4\ 1, 1 S y &y

(F12,V3), (Fi2,V5), (Va,Vs) 165 | — |10, | > | S12(3,2) 165 | — | (4,2,1) | — (3,2)

(527 S4) , (527 FS) , N O 16y — 1101 | — Va(1,1)1 16y — @1,2) —

(S2, F12), (Fi2,Vs), (Fia, Vo) QuLLH 210y | = [ 404 | = | VA(1,2)s 210y | — | (10,2,2) | —

45y | — [ 10_4 | — | V5(3, 1)§ 45y | — | (15,1,1) | —

210y | = (404 | = | Vo(3,3)2 210y | — | (15,3,1) | —




Lepton Number Violating

Forexample  F1,(3,2):  V5(3, 1)%
-8 H L
N H L e N
AN \\ Y
N\ Y \ Fio Vs
N F19 Vs N R
S >
U
U
Interaction Wilson coefficient
J1fap1 yp2xf Jap1*
pr — \a K. clifafafs _ 16Dd%6€/51DF212L5}{TuTD];%z;;;r%
Lrovs =—2Dg iyt |(Ur)* (Fi2p)ail H et = D Mp,, M2
— . T oL P1p2 ; 5 "y
— 9D"P d,.)y,.e (V= )H + 2D°"P [.)" (V. p1*fs5 p1 fap2* 1 fap2
dfeVs [( r) Y s]( 5p)a LTQVJ[( s) 7M(Q7~)az]( 5p) CS%JIEJ} B Z 16DF12LHTMDFITQRLTvsDLTQVJ
br/7 N\ . U T 2
+ 2D§_§ZRLTV5eijda[(lS)JVM(Flm))az](V5r)'g P12 MF12MV5

Effective Lagrangian

o o
Leps = Coptit x €9(dy big,) (uiy,Cep,) Hy + CLIETH x €7 (qfuag,) (U, Clis,) H,



Baryon Number Violating

Dimension-6 A(B—-L)=0

Type: B-violating

Odugq eabeelk (d:{Cub)(qz;- Cly)
Ogqu fabcej k (QZJ Capi) (u Ce)
Oqqq fabcejnfkm(qg;‘ Cavk) (92 Cln)
Odun e?*(dg Cup) (ug Ce)
The breaking chain in SO(10).
SO(10) | = | Gps | — Gsm
45y | —» | (6,2,2) | —» | Vz(3, 2)_%
16y | — | (4,2,1) | —» | Vi(3, 2)%
1205 | — | (6,1,3) | — | So(3, 1)_%
10g — [ (6,1,1) | = | S10(3, 1)_%
120 | — | (6,3,1) | — | S14(3, 3)_%
SO(10) | = | Gs1 | — Gsm
45y, — | 24y | = | V7(3, 2)_%
16y — [ 10_1 | — | V3(3, 2)%
1204 — | 459 | — 59(3, 1)_%
10g — 09 — 510(3, 1)_%
120g — | 459 | — | S14(3, 3)_%

The UV models contribute to dimension-6 operators.

For example

Ls,

SlO7 V77 V8 — Oduq
SlO 9 V7 — quu
SIO 9 Sl4 — quq
SQ 3 SlO — Oduu

€ u
So

—_ rsp
o 22)d1L el So

[(JT)GCES] (S9p)a — 4D§71:S

9

AR

e[(a,)"C(a@s)°)(S5,)°,



Baryon Number Violating

Dimension-7 A(B—-L) =2 The UV models contribute to dimension-7 operators

which do not contribute to dimension-6 operators.

B-violating
A 4
ny§?° v D — Tbype._zip H - . (S11,812) » (S11,F2), (S11,F11) — | OLdddH
OLQddD € C(e ’)'uqm)(db CZD,udc) OLdudH e’ Cﬁij(_f. da)(ub CdC)H*J (511, 513) y (511, Fl) ) (S11, Fll) ) (513, Fl()) — OLdudH
Oedaap | €(ev*dy)(df CiDyd.) | OLdddn e?*c('d,)(d} Cd.)H; | (511,513), (S11,F3), (S11,F8), (S13,F10) | = | OcQddr
OeQddH _Eabc (éQai) (dngc) H™
2k *7
OLdQQH _eabc(g da)(qg;gCQCi)H
The breaking chain in SO(10). For example
N H d u N H d Q
A AN Y A AN Y
SO(10) | = | Gs1 | — Gsm SO(10) | — Gps — Gsm \ Flo 513 S Fro 513
45 ¢ — 240 — Fl(]_,l)o 45 — (1, 1’3) — F1(171)O N > — - — > _
16F — E_l — FQ(l,l)l 16 — (4,1,2) — F2(1,1)1 /
10r || 52 | = | F3(1,2): 10 | = (1,2,2) | = | F3(1,2); f d :
10r | = | 52 | — | F(3,1)_: 10Fr | — | (6,1,1) | — | F3(3,1) 1
45p | > | 240 | = | F10(3,2)_s 45p | — | (6,2,2) | = | F10(3,2)_s
165 | — | 101 | = | F1i(3,2): 16r | = | (4,2,1) | = | Fu(3,2): ey fai s it~ \a
165 s 52 N 311(3, 1)_% 165 — (6, 17 1) — 511(3, 1)_% ['5'13F10 — = 2DeTQSI3 [eT(QS)az'](Sl3p) o 2DL513UT€ [(US) (l'l")j](Sl?»p)a’i
165 | = | 101 | — | 512(3,2)1 165 | = | (42,1) | = | S512(3,2)s — 2D € ((d)* (Frop)ail Hy — 4D 1 €i3e[(ds)*(F1op)*)(S15,)%
" o 6 _ 10L dTF| rS15
1264 — | 45 _9 | — 513(3, 2)% 1265 — (157 2, 2) — Sl3(37 2)%




Matching between SMEFT and LEFT

AL =2 AB =1

S M E FT Dimension-5 Dimension-7/ Dimension-6 Dimension-7

LE FT Dim-3 Dim-6 Dim-7 Dim-9 Dim-6 Dim-7

The particles in LEFT: (g, Uy, d; ,dg, eg, e, vp), n,=2,n,=3,n,=3,n,=3.

The involving LEFT operator form : (gqll), (GqlID), (Gqqqll), (qqql). (qqql), (qqqID), (qqq!D), q = (u.d,s)"



Matching between LEFT and ChPT

The QCD Lagrangian with external source | |
The chiral Lagrangian

[ — ‘C% b + Lext 5 symmetry breaking
F2 2

F

] q ] F. o f Lo ==-2Tr |D,UDFU)| + =2 Tr (xU' + Ux!
Eext — Q’)’u (’Up, + ’)’50,;1,) q—( (8 — 275p) q + QO"UJVt/“/q : q 4 [ ] 4 ( )
L5 = (Br" Dy — Mo)B) + 5 (Bryuys{u, BY) +

> (Byuyslut, B]) .

SU@3)r ® SU(3)g chiral symmetry SU(3) t
vV symmetry

Dimension-6 and dimension-7 LEFT LNV operators

- The chiral Lagrangian
(q Fg) (l Flc) symmetry breaking
(B+U + ...)(ITI°)

Dimension-9 LEFT LNV operators q

SU(3)y symmetry

- — c
(qT'q)(qT'q)(IT'L°) . A
'+ Z=n V2rt V2K /ﬁ—l_% 02+ P
SUB3)L ® SU3)r chiral symmetry U(z) = exp (z’qbg)), g(z)=| Ver —n"+ Fn V2K° B = I —% + % n

V2K~ V2K° —\%n \ =— =0 _2A



Matching between LEFT and ChPT

Quark bilinear with spurion

(QLFELQL)a (QRFERQR)a (q_RFEQL)a (QLFETQR) 9
g @q @ @rrq aotq Gotq adtq a'a’a arra‘e
cl+ + - + = = = + =
Pl+ - + - + + - + -
BB BY'B ByB  BY'y*B Bo"B BD"B
cl + + — + — -
P| + - + - + +
B}'SIH)“B B}'”B"B B}'S}’”BVB Uy ) QO+
cl - + - + + ¥
P| - + — - = *
Y, =u (2* + 2) w+ ol (z’f + 2) ut
Qr=u (Cr+Z)uFu(Br+2r)ul,

wy, = i(u'uu — ud,u’),

1
VuX=0,+ Ty, X], T'y= i(ufﬁuu +ud,ul).

)



Matching between LEFT and ChPT

Quark bilinear with two spurion

TS )@ T Sran), 75D S par) (@eT Srar) .
(QL LQL)(QL LQL) (QR RQR)(QR RQR) o B B ; El+ — ’U,T(El + EJ{)’UJT + ’U,(Zl + Ei)u,
(4T £1.41)(@rT Srar) , (@ ='qr)(@LT Sqr), Qi = v (Z1r = Zrn)u + u(Sir — Zip)ul, T g ;
i i ) ) _J(x 5 (S vyt M- =ul(E = E)ul — (X - X)),
(a:T ='qr)(@rT EMar) (arT £qr)(@8T Sav) Q- =u (Z1p+ DiJu —u(Zip + Duu T ey T
— T _ T _ _
(GrI'ERqr)(qrT Xqr) , (3rTZRqR)(GLT Z'qR) - Q>- = ul (Tar + Bap)u — (Do + Top)ul . Fo- = ul(Fe = By)ul —u(¥ = Xy)u.

OvB 3 operators

1
£Q) 2= > [ (CZ.(%) erCek + C\y éLCéf) 0 + cPeyrysce” 0

9 _ _ 9
OF) =q37,mq¥ T rogl + qRy, ol Tov o > 0 = 2(Qa-Qa_) + 2(Qus1Qur) =0,

—X a o — a —XY a o — a 9 S
Oég_) =qRVuT qR qu'y“f 9 — qrYuTqY, Qf;y“'r qg 05_) — —2(Qe-Qa+) — 2(Qa+Qu-) =0,
9 —Q a .o — a
OV =gy, mq¢ oyt rdl 08,08 = (Qu-Qa-) — (Qas Qar) — (Qu—Qayt) + (Qur Qa_) = 4UTFUTY),
O =gy, mq" PArrogs n p
o . i .
The vertex mmee can be obtained for OvSp.. <
: e




Matching between LEFT and ChPT

Dimension-6 and dimension-7 LEFT BNV operators

(qrarqr)l, (qrqrqr)f, (qrLqrqr)?, (qrqrqr)?

Three spurions can be added

(TearTrarTrar)t, (TrerTrarTrqr)!, (TrLarTrerTrRqr)?, (TrarTrLqrTrqr)?,
qL Lqr, (TLu) *(TLU)VTa
=l :ﬁ |, LeSU@)L,ReSUB)R. (Tru') =(Tru")VT,
sz T}I; R B —»VuV1 ,
ut SVurvT

Type BT1T117, LO
e (M) (Tp ) o (TLu)y(Tpu)(BA CL),

bcd(AA) (TLU) (TLU) (TLU)C(BATCL)a

NLO

The corresponding chiral Lagrangian for (v, u;d; L) can be expand as

e (Tru)a(Tru)s(Tru)o(BA' CL)

=B (A8 (Tpu)1 (Tpw)o(Trw)a (B CL) + €3 (A (Tru)a(Tyu)s(Tru)s(BA CL)
+ S2(OA) (Tru)s(Trw)y(Tru)1 (BA CL) + 320 (Tru) 1 (Trw)y(Tru)s(BA CL)
+ BN (TLw)a (Tru)s(Tru)1 (BA COL) + () (T w)s(Tpw)y(Tru)z(BA CL)

=p' CL+(m" + %n,\/iﬂ V2K™) - (p,n, —%A)TCL + (n° + %n)pTCL + (- + %H)PTC’L
—V2K'StTCL — V2K~ (720 + 7A)T(JL +
+(m° + %n)(—w" + %)( En,\/_ﬁ,x/ilﬁ) - (p,n,—%)T
+ 2t KO(n0 + %n ont \/§K+)(%EO + %A, >, 2) 4 ...

Contribute to the processes 0 0
p—>T + T+ e’ ,
p—m’ 4 et pomt 4T +el,
p —n + et

n —m -I—e+

p—on+m +et,
n—>7r0—|—7r_-|—e+,
n—>77—|—7r_—|—e+,



Vi \
»
N AB y
< 9
<~ v
> d> 16 d> 15 >
d>19 o> I d> 18
3n — 3v nn — Ny nn +— nu Instanton
d> 15 d> 12 d>9 d> 12 d> 15
® o
nn — 4v nn — vy nn > T pp — el et nn|— 4v
4> 10 d>7 1> 6 [ d>9
n — 3v n— e — etY - e’
d > 10 d>5 d>5 d > 10
Ovdp Ov2p Ov20 Ov4p
AL

Heeck, Takhistov 1910.07647




Summary

AL =2 AB = 1
(126, 45y) Grand unified theory (45, 1265)
78,2 V6. D5 LRSM, Leptoquark model, ... 7102 5102

—e¥(8Qq;) (dF Cdg) H*

ury*dr €ri V. OV . 5 (A% Cdip, ) (€R,d],)
Low energy effective field theory TG 5

BQ.v"B)(ery,C7% . . o e M) (Tou)a(Tru)y(Trw)o(ErBE)
Casneen  QCD chiral Lagrangian with heavy baryon =iz

n - p+e+° Nuclear Probes (OvBB or proton decay...) p - #*+v






