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From the SM to EFTs
[e]e] lelelele]e]

Problems unanswered by the SM

® Experimental side:
® Neutrino oscillation — non-vanishing neutrino mass; =
® BAU: the asymmetry of matter and anti-matter in the universe; =
® The nature of dark matter and dark energy; =
® Anomalies from terrestrial experiments: Neutron lifetime, muon
g—2, Rk.Rjzinb— stte— ... (771)
® Theoretical side:
® Strong CP: fcp < 10719;
® Hierarchy problem: dm? oc A%
Vacuum stability: A(A) < 0;
The nature of electroweak symmetry breaking;
Understanding of the SM itself;
Quantum gravity;
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From the SM to EFTs
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Remarks on the problems

Probably the anomalies are due to the uncertainties both from
theoretical calculation and experimental measurement;

Naturalness problems could be the biased taste of beauty;

Nevertheless, NP must be involved in m, and DM;

Two popular ways towards NP:

® Top-down/Model building: SUSY, Seesaw mechanism, 2HDM, - - -

e Bottom-up/EFT: SMEFT (v), HEFT, DMEFT, LEFT (v),
YPT (v), XEFT, HQET, NRQCD/NRQED, SCET, - --
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From the SM to EFTs
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EFT and physical processes

PR
LEFT, LNEFT, DMEFT, HQET, NRQCD, NRQED
XPT, HBXPT, XEFT
L )

AL=2,AB=1,AB=2 SMEFT at the LHC (Eleni Vryonidou)

o Neutrinoless double beta decay: Higgs E_FT (Xi_aOChuan L_u)
(A,2) > (A—2,Z +2) +2¢~ SMEFT in collider experiments (Hongtao Yang)

) +.0 g+, ... | SMEFT at future lepton colliders (Jiayin Gu)
° NetToraning tron. gs;:l:t';r,K v EFT operator construction (Jianghao Yu)
* 2 u 7 fneu fiation: On-shell amplitude techniques (Jing Shu)
- EFT matching and STrEAM (Zhengkang Zhang)
g +p+ ptpt ...
+ dinucleon decay: pp — P" Py, 745 Tutorials on EFT tools (Jack Y. Araz, llaria
« Muon anomalous magnetic moment: a;, Brivio, Ken Mimasu)

e Rg, Ry :b— sptp
« Neutrino Non-standard interaction
« DM direct/indirect detection

NP > A

I will focus on the low energy part in this lecture and leave high energy
part to the experts in this school!
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From the SM to EFTs
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A general picture for EFT calculation of low energy obs.

Physics is scale-dependent!

Intensity Frontier

Energy Frontier

SU@3)r x SU3)r x U(1)em SU@3)c x U(1)em

!

Lpypr = L(B,1L,£,v) Liprr = L(g,4,v) <_§_{LSMEFT =L(Q,L,u,d, e)}(—é—{

\ Agw ANt

Low Energy Observables
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From the SM to EFTs
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Goal in this lecture

1. Give a brief introduction on the SMEFT, LEFT and xPT;
2. Clarify some techniques for EFT calculation;

3. Take K~ — 7T+€(;€[; as an example to show how to connect
NP and low energy observables in the EFT framework.
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From the SM to EFTs
0000000e

An incomplete list of references on EFTs used in this talk

1 Lectures and reviews:

Effective Field Theory [Georgi, 1993]

Introduction to Effective Field Theories [Manohar, help-ph/9606222,1804.05863]
Introduction to Effective Field Theory [Burgess, 0701053]

Lectures on effective field theory [Kaplan, 2016]

Chiral dynamics in nucleons and nuclei [Bernard-Kaiser-Meissner, hep-ph/9501384]
Chiral Effective Field Theory and Nuclear Forces [Machleidt-Entem, 2011]

2 Books:

Dynamics of the Standard Model [Donoghue-Golowich-Holstein]
A Primer for Chiral Perturbation Theory [Scherer-Schindler]
Effective Field Theories [Petrov-Blechman]

An Introduction to Effective Field Theory [Burgess]

3 xPT:

® Chiral Perturbation Theory to One Loop & Chiral Perturbation Theory: Expansions in the Mass of the
Strange Quark [Gasser-Leutwyler, 1983, 1984]

® Chiral perturbation theory with tensor sources [Cata-Mateu, 0705.2948 |

® Nuclear forces from chiral lagrangians & Effective chiral Lagrangians for nucleon - pion interactions and
nuclear forces [Weinberg, 1990, 1991]

4 This talk based on: 1607.07300, 1612.04527, 1901.10302, 1909.06272, 2001.07378, 2005.08013,
2007.08125, 2101.01405, 2102.02562 [Liao-He-Ma-Wang-Wang]
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The SMEFT at dim 7
0®000000000

Convention for SM

® Field contents: H,Q, L, u,d,e, B, W), G,

® Symmetry:
Poincare ® Gauge = T3 x SO1(1,3) ® SU(3)c ® SU(2). ® U(1)y

® SM Lagrangian:

1 , 1 , 1 ,
Loy = — Zc;juc;*‘“ - ZW,QUW’“ ~ 4 BuwB" + (D, H) (D*H) + MW (H'H)

Y AL:) S S 77\ [QYUUFI + QYydH + LYeeH + h.c.]
V=Q,L,u,d,e
* D,=0,—igsTAG} ~ g2 T'W! —igYB,, H;=e;H;
® Y.de: the Yukawa couplings;
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The SMEFT at dim 7
00®00000000

ingredients of the SMEFT

Assumption: NP beyond the SM exists, with Anp > v;
Ingredients: SM fields + SM gauge symmetry;

SMEFT= all possible local, SM gauge invariant operators built from SM
fields ordered by the inverse power of Ayp, i.e.,

1 D D
LSMEFT = £sM * 1o=a > cPop,
NP D>5

Wilson coefficients CP encode the contribution from unknown NP.
Merit: play physics in a model-independent way;

Warning: not all operators need to be considered < the equivalence
theorem => focus on a minimal basis in each dimension! (>>JHY)
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The SMEFT at dim 7
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Techniques used for operator reduction

® Integration by parts(IBP): the total derivative term has no contribution to the
action D(Q10.) = D(Q1)O02(v') + Q1D(02)(x), - -

® Fierz identity(Fl): rearrangement of the fermion bilinears
(V1L W2r) (WS War) = —(W1W3r) (WS War) — (W1 War) (WS W3R), - - -
* Equation of motion(EoM) & Field redefinition: iPQ = Y,uH + YydH, - --
* Group identity (GI): (T)as(T*)ca = 302006 — 550a50ca[SU(N)], - - -
® Schouten identity (Sl) €jj€EKI = €jl€kj — EikElj, " "+
* Dirac gamma matrix(DG):0,., P+ = F3i€upo0”" Pt,- -
e Bianchi identity (Bl): D, X*" = 0.
® References: hep-ph/9304230, 1206.5141, 1607.07309, 2007.08125
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The SMEFT at dim 7
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More on the Fierz identities

The Fls are a very common tool in actual EFT calculations involving four or more
fermion fields, here I'd like to share some personal experience on how to deal
with them efficiently!
® Fermion bilinear property:
P11(R)Y2R(L) sz ) 1/J1L Ry » V1RV Yar(r) = IZ’SMR)'Y“U’?L(R) s P1urye ™ Yar() = %R 0ne %L(R .

® The two basic ones:

(D1 o) Warvutpar) = @1y an)(barvuar)(4)s Py o) agvu ) = —2(P10var) (barbar) (1),

it 7 o T .C \( . G
® Then (1) = (V1" var) (3 vpbar) = 2(1005, )(arCibor )(*), and yH Y = 2gHY — 4V gk (xx)
® The Fl on the previous page is derived as follows:

. __ T P U __
(V1L V2R) (VSR VaR) = AT (v V3RS WaR) = —g(wm“w Yar) (PSR T Y3R)

*

s

- J— 1 .
—(10%4r) (YSg¥3R) — g(wlL’ny" Dar) (Y 2r) Y0 )

—
—

—(WD10%4R) (WSr3R) — (P1193R) (R Yar) ()

® |n principle, all Fls can be manipulated in this way!
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The SMEFT at dim 7
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The state of the art of operator basis in SMEFT

Liao, XDMA, 2016 Liao, XDMA, 2020
Co,i |

: o G 7
Lt B it B s ¢[T Y unfe-
2 ~dim—6 dxm 7 4 ~dim-8 5 ~dim-9,
;A dim7.i l‘m% A dim.9.i. A t+

er, Wyler 1986 Li, Ren, Xiao, Yu, Zheng, 2020
nski, Misiak Rosiek 2010 Li, Ren, Shu, Xiao, Yu, Zheng, 2020

® D € even(odd) if |B — L|/2 is even(odd) for SMEFT [1604.05726];

e D=6: |B-L=0vsD=7:|B-L| =2

® D € odd: L/B is violated;

® Note: The true counting of complete and independent operators must

consider fermion flavors.
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The SMEFT at dim 7
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of dim-7 SMEFT operators [Lehman 14; 1607.07309]

2 H* + hc 2H3D + h.c.
l [ cjem(UCLMHHHTH) [ Oewp | cjemn(L Cy )W H™iDF H" ]
$?H?D? 4 hec. $PH?X + hc.
O1pH1 €jjemn(LET D L) (H™ D H™) OrHB gleuem,,(L Copu L™)H H" BHY
OipH2 flmfjn(L CDMLJ)Hm(D H™) O pw gzsu(er )mn (L' CGM,,L’")HJH"WI‘“’
»*D + h.c. W H + hc
— s =2 - -
OgquipL €j(dyuu) (LS D * 1) OzLLLH ejjemn(EL) (LI CL™)H"
OdqLLH ejiemn(dQ)(LESL™)H"
OdaLLHz eijemn(dop @' )(ch!o“”L.’")H"
OduLer Ey(d’m_ WLE ik e)H
_ OduLLH € (Qu)(LCL)H
OLqudp (Lvp, Q)(dCiD* d) Orgudii (Ld)(uCd)A
Ozdddp (8vpd)(dCiDH d) OLdddH (Ld)(dCd)H
Ozqddii c;j(eQ )(dCd)HJ
Origoi €;i(Ld)(QCQ’ N
Redundant operators
5 i ; 2 =
o cj(druu)(L'Cat” D, L) O([d)QdD (LiD" d)(QCy,.d)
Operators contributing to K~ — 7T+ZE€E and Ov 33
® Mass mechanism:
ol ol T - 5 ‘ AT .
* Long-range interaction: OLE‘HU Odaum Cdarirz’ Cavier ©quuir Ctony Cliws Cguipi

of

® Short-range interaction: of of LHw > O; LD
u

LDH1> LDH2>
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The SMEFT at dim 7
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Proof of redundancy

(2)prst _
OJuLLD -
DG
EoM
prst _
O[QddD -
L
EoM

GU(Jp’Yu”r)(LQCUWDuLJ;)

i (dpyutr) (LLCA"iD, Lt) = e(dpyuur) (LLCIDM L)
(Yo)rei(doruur)(LsChen)H — O

2(Ye)t”OZer5eH - OZLSZLD’

GaBo5U(Zip7u Qjar)(dﬁs CiDé'Lpdpt)

€asad ((Lipds) (Quar CiuDE,dye) + (LipiDltydye)(Qjar Crudls)
(YJ)tu6a305U5k/(zipdﬁ5)(Qjar CQkGU)H/* + ngcspdo

(YD) WOPT .+ 08"

LdQQHA LdQdD’
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The SMEFT at dim 7
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Key low energy observables from dim-7 interactions

® Neutrino magnetic moment [1901.10302];

® Nuclear sector:

® Neutrinoless double beta decay(0v/3/3) [1708.09390, 1901.10302];
® Nuclear muon-positron/anti-muon conversion: =X — et (ut)X’;
® Trimuon production from neutrino-neutron collision:
vN — u=ptutX;
® Meson and baryon sector:

* Kaon: K* — r¥¢E05 [1909.06272, 2001.07378 |;

* Tau: 7= — My My ¢+ [2102.03491];

® Heavy meson LNV 3-body decays: M;" — My (¢35 with
M, € {D, D, B, B} [Belle, LHCb,---];

® Heavy baryon LNV 3-body decays: B — B ¢ (¥ with
B {X,=,Q,--};

Collider search: LHC, ...,
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The SMEFT at dim 7
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Experimental limits on meson LNV 3-body decays

Decay Exp. UL Decay Exp. UL Decay Exp. UL
= Eae—— =T = Ea——— =10 = F == =10

K™ = anpu p 4.2 x 10 K~ —>nre e 2.2 x 10 K™ > 7npu" e 5.0 x 10

D S atp 2.2 x 108 D S rte e 1.1 x 10 © D™ > rwtp e 2.0 x 10°°

D™ — Ktp~p~ 1.0 x 10> D~ — Kte e™ 9x 107 D~ — KTu~e” 1.9 x 100

D™ —pTp 5.6 x 10~ % D~ — pre e — D~ — ptpu—e” =

D — K*u=pu~ 8.5 x 10—+ D~ — K*Te~e™ — D~ — K*Tpu~—e™ —

D — 1.2x 107 D — 7wte e 4.1 % 10°° D — wtpu e 8.4 x 10 ©

D — Ktpu p~ 1.3 x 10 ° D — Kte e~ 5.2 X 100 D — KTpu~e™ 6.1 x 10~ °

D — K*tu=p~ 1.4 x 103 DS — K*te~e™ — DS — K*tu~e —

B S atp p 40x10° 9 | B~ > wte e 2.3 x 108 B~ > mtp e 1.5 x 10/

T S Kty 4.1 x 108 B~ — Kfte e~ 3.0 X 10~ ° B~ — Ktu—e™ 1.6 x 10/

B~ — Kt~ 5.9 x 10/ B~ — K*Te e 4.0 x 10~ 7 B~ — KT~ e 3.0 x 10~/

B~ —ptp u” 4.2 x 107 B~ —ple e 1.7 x 107 B~ = ptp e 4.7 x 107

s S Dt 6.9 x 107 — DYe~ e~ 2.6 X 10~ ° — Dt e” 1.8 x 100

B~ > Dip p 58x10 ' | B. — Die e — B~ > Diu e —

BT —» D" u 2.4 x 100 B~ — D*te"e” — B~ — D*tpu—e” —
—etm 2.0 x 10~ 8 —etx K~ 3.2 x 10~ ° — et K™ K™ 3.3 x 10~ 8
S outr 3.9 x 108 = ot K™ 4.8 x 10~ ° — uTK— K™ 4.7 x 10°8°

NA62 [1905.07770]; E865 [0006003]; LHCb [1110.0730, 12015600, 1304.6365, 1401.5361]; CLEO [1009.1606];
BaBar [1107.4465, 1202.3650, 1310.8238]; E653 [ Phys. Lett. B 345, 85 (1995)]; .
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The SMEFT at dim 7
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The SMNEFT

_ 1 _ -
Lomy = Lo + NN — [i(NCMNN) + LYyNA + h.c.]

Besides the basis operators in SMEFT at each dimension, there are
additional operators involving sterile neutrino N:

e dim 5: 2(£ N B) [0904.3244]
e dim 6: 16(L N B) + 1(LN B) +2(L N B) [0806.0876; 1612.04527]
e dim 7: 47(L N B) + 5(L N B) [1505.05264; 1612.04527]

® Important for the study of general neutrino interactions like CEvNS.
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The LEFT with |AL| = 2
000

LEFT and its development

® Working scale: below Agw;

® Fields: u, d, s, ¢, b, e, ve,pt, vy, T, Vr,7,8;
e Symmetry: U(1)em X SU(3)color;
® LEFT=all possible local, U(1)gm x SU(3)¢ invariant operators constructed
from the above fields ordered by the inverse power of Agw, i.e.,
................... Li, Ren, Xiao, Yu, Zheng, 2020
"
ZLErr = Laimea T Z dlm—5+ 2 Q:ilm 61 Z A3 Qljim—7 Z @inm g+ Z @limofr
dm5.i dlmﬁt dim7,i dlmSl |m91
k. AN
Liao, XDMA, Wang, 2020 Liao, XDMA, Wang, 2019
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The LEFT with |AL| = 2
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Dim-6 and dim-7 operators(/v) in LEFT

® At dim 6 [Manohar et al 17]:

O, — (WP ) (Tar" Prrl),  OFRY — (B, dR) (T P,
0% = (uRdD)(TaPrvg), OLRS — (WP dg)(Ta PryS),
OB T = (uf 0, d5) (Tao™™ PriS),

e At dim 7 [2005.08013]:

OLLVP — (4P, d;)(Tai D ¥ Prif),

O,ii;\a/D = ( R'VHdR)(E i DMPRVﬁ)v
OLR TP — (o, i) (far " D P15,
)

OFSTD — (W0, d)) TV D PR,
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The LEFT with |AL| = 2

) in LEFT [1909.06272]

Notation Operator Notation Operator
Op " (ﬁwdmfmdﬂuﬂﬁuﬁﬂ) OFRFRTF 1 (ufy ™ dg [y dE1G™P /i)
ot T (" d)) [y df1GSE) opRRT (B dp)[ug~” dE1GSP)
ST (" dfluf” o) Gt oparT (u ;wd,;uu "dR)oW
OLRSTP T (WP ) db1G™P /i2P) Ot P | (uh )5 df1GP /ieP)
Ot 27| (PR Ed) (™ /i P ) O3 P | (B dfllugd) (P /ieP)
o T (T,awdR)[uzdR](J oFEnT (Bich” d)) [ df]GSE)
Ot " (o P dp)[uFo”, dR]o £) opreT (ufotPd]) g™, dLlo;:f)
Ot | WAy i1 Jight) O'iifR VI )[UR”/“dR](JQE/Jg )
Ope | (W dgllufr ™ df) (i %5 ) Op VA (EdLl[uRv“dR)oaﬂ/f"ﬁ>
O VT (Rl dRGa? /i) | ope | (Rapinat dflug /féf )
SLRFRVIA (ﬁdR][uRwdR)uH/JSM ) Opat V| (Rl d) G /i)
O (WDich” dp)[ug ddU””) o’ @w““dL)[uSdRm”’)
o (Pict dpllugd))(af) OZ@%R’T (uhic™ df)[uf dE)GSF)
OLRELSIP ] (uPdy )[uSdLloaﬂ/ﬁﬁ)
OERELSIP | (wPdgllugdf) (P /ieP)

o P = (al), i&f = (asl3), 8, = (TaryuslS) (symmetric)

° j:f'e = (la’yulﬁ), j“: = (Eo-ul,lg) (anti-symmetric)
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1-loop RGE in EFT
O@0000

Basics for operator renormalization

Motivation: tame the large logs from perturbative expansion;

Except the field strength renormalization, there exists operator
renormalization: operator mixing effect;

The deminant contributions are from the 1-loop SM correction;

The renormalization group equation: 167 udcd = 4Cy4, 4 as the
anomalous dimension matrix;

1-loop calculation: dimensional regularizaton(d = 4 — 2¢) + MS
scheme + background gauge RgB

¢ independent as a check for the calculation.
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1-loop RGE in EFT
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Basics for operator renormalization

Calculation of S-function(%) < the counterterm < 1-loop correction:

1
Zpa . ="+ 5A;

with po =1 for go € {g123, Ye,d,u} and po = 2 for g, = .

-loop irred. 1 ..
CTo, loopired T Ca =04 + finite.

1l d. 1 1 -
Cc-}—od oop re T6:2c CJEAOd + finite.,

Total 1-loop correction

1 1
T 1L __ T
<Cd 0d> — ﬁcd [Z + EA]Od
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1-loop RGE in EFT
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Example: QCD running effect for the dim-9 operators(¢¢) in LEFT
U G* dy,  Ux dy, Ua dy,
A
A N Y

72\ G 7\ 7N\
Iz

uXZ dYZ uXZ dYZ u)(2 dVZ
(a) (b) ()

U d,, Ux d,, Ua d,,
\</ \</ GA fela

7 7N

Uy, G* dy, Uy dy, ug dy,

() (e) U]
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1-loop RGE in EFT
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The final renormalization group running equations

CLLLLS/P

prst
CLLLLS/P

ptsr
LRLR,S/P
rst
LRLR,S/P
tsr
=LRLR,S/P
rst
~LRLR,S/P

ptsr
LRLL,A
Cprst '
CLRLL,A
srpt
C"-LRLL,A
prst
C,

[N I}

=LRLL,A
srpt
LRRR,A
Cprst
LRRR,A
ptsr
~LRRR,A
prst
~LRRR,A
ptsr
LRRL,S/P

prst
ELRRL,S/P
prst

Qs

2w

Qs

2m

Qs

2m

Qs

2

Qs

2

5 LLLL,S/P
I -3 Corst
3003 LLLL,S/P

s

Cptsr
2 +6CF —4 2 2 _4cp
—4 2 +6CF 2 —4ce 2
—2 & -2 —2Cr -2
4 2
4 -2 -2 -2 —2¢
1 43¢ -2 1 i _oc
—2 L 43¢ K -2k 1
1 2 _1_ ¢ 1
2 N N F 1
2 -1 -1 -5 —Cr
+3CF -2 1 L -2
-2 Y +3¢ k20 1
-1 2 -L_c -1
2 N N F 1
2 -1 -1 —i—CF
LRRL,S/P
6Cr 33) prst / o
K st
0 -3 GLRRL,S/P

ptsr

CLRLR s/P
CLRLR s/p
~LRLR s/P |
C:LRLR s/pP
CLRLL A
CSLRLL A
~LRLLLA |
Cprst
ELRLL,A
srpt
CLRRR A
LRRR A
ARrr.A | 5
prst
~LRRR,A
prst
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1-loop RGE in EFT
00000e

The QCD running effect from Agw to A,

® Non-diagonal elements = operator mixing effect;

® Restrict to the first generation fermions: the running result for the
operators contributing to 0v/3[;

® Running effect from Agw to A,

CLLLL,S/P(AX) — 1.99CLLLLS/P _ g gq CLLLLS/P

prst prst ptsr ’
CLRRSIP(N) = 312CLRRS/P _ 1.3CHARSIP 4 0.75CLRRS/P _ 1,00 L8RP,
CLRURSIP () = 0.54 CLELRSIP _ .02 ELFLRS1P _ 0.5 CLELRSIP 1 0.42 CLRLRS1P,

CLRRL,S/P(AX) — 0. 74CLRRLS/P | 0'626;RRL,S/P

prst prst tsr ’

f-LRRL,S/P(AX) — 0.88CLRRLS/P .

prst prst ) ’

® Running effect can be as large/small as multiple times.
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® From the SM to EFTs
® The SMEFT at dim 7
© The LEFT with |AL| =2

O 1-loop RGE in EFT

0 PT

@ Application to K™ — 74, £,

«O» «F»r «=>»
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xPT
0®0000

Basics

® Here we first focus on mesonic part without nucleons;

® Origin: QCD has an approximate G = SU(3). x SU(3)r flavor symmetry for
u, d, s quarks, which spontaneously breaks into SU(3)v by quark condensation;

® Characteristic scale: chiral symmetry breaking scale A, =~ 1 GeV ;

® Fields: Pseudo Nambu-Goldstone bosons, i.e., light mesons, represented as
€ = VX = exp[in®\?/2Fo]; and possibly, the external sources;

e Under G: q. — Lqi, gr — Rqr, € — LEUT = UERT;

® Mesonic yPT=all possible local, G invariant operators constructed via D, and
&(X), and ordered by number of derivatives O(p"): e.g.,

2
L= '2 r(0) za*‘zT)Jr (2130)Tr(MTzT + M),

p

® Development: L [Gasser-Leutwyler], £ [9408346, 9902437], L ,5[1810.06834],
Hilbert series[ 2009.01239]
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xPT
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Hadronic realization of LEFT operators — focus on dim-6(7) (glq)(4Ir'v)(D,.)

The method of external sources

® Step 1: Take the QCD-like Lagrangian:
L = Lqco + Gcluy*qr +qrruy"qr + (Gr(s + ip)ar + qi(t/ 0w )qr +h.c.),
where {/,,, r., s, p,t/"", t/" = t/'""} are external sources;

® Step 2: Identify the corresponding external sources hidden in dim-6(7) LEFT
operators;
® Step 3: To linear term in external sources and LO in xPT power counting, they

enter through
2

£p = (e + oTx),

u = i(f(au —in )&t - 5*(% - "/;L)ET),M =&xE+&Mx¢T, x = 2B(s — ip).
® Tensor sources first appear at p* [JHEP09(2007)078, Cata-Mateu]
Ly D il Tr <tf“' (D, V) U(D,U)! + ¢ D,UU'D, U)
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Hadronic realization of LEFT operators — focus on dim-9 (Gqqq)(¢¢)

operators |

The method of spurion analysis

® Step 1: Take the quark level operator(irrep. under G) as

O = T3"(4%,T19v,2)(95%,T2Gv,.0),
Under chiral group G, the quark fields transform as
qrL,a — Lapqupv ﬁb — ﬁp(RT)be dr,a — Raqu,Pv Wb — WP(LT)pb

Require O to be invariant under G = treat T.° as a spurion field with a
proper transformation law under G.

® Step 2: Construct the corresponding hadronic operators by T,.° together with
the Nambu-Goldstone matrix &, ..., and require the resulting operators to be
invariant under G;

® Step 3: For each independent operator, accompany an unknown low energy
constant(LEC).
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Hadronic realization of LEFT operators — focus on dim-9 (Gqqq)(¢¢)

operators |l

The LO matching can be finished through the simple replacement:

GLa = &% T = €L, qra— &0 % RT — &1,

NLO or NNLO matching:

e = ((Du€NN.", a* = (Du€")d’s gra — (D)1, Gr™ = (Du)d,
qr,a — (MTg )a ) L (gM)a* qr,a — (Mg)a P CIR — (g M’)aaf
here D,, = 8, 4 (£70,,& +£0,,£1) /2, with the Greek letters contracted with each other.

® The matching is irrelevant with the color contraction of quark level operators,
which means the operators with different color contractions will match onto the
same hadronic operators but with different LECs;

® The LECs can be determined by chiral symmetry, LQCD, or experimental data,
or NDA.
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Baryons and more complicated cases

® 2-flavor baryon case: W = (p, n)T % AW and u — Ruh' = hul’ where

B il 0= nor? — 0 V2rt
u = exp 26, ) =7t = Vor— .

® LO Lagrangian
= (. 8A 1 . .
Csrl,)\, =V (IIZ) — my + 7"/”'y5u“> Y, DV =8, +T )V, I, = E (UT(BH — irg)u+ u(d, — II#)LIT) s

® Nucleon AB =1 decays — 3-quark operators gqq¢ and gqqv: Chiral Lagrangian
for Deep Mine Physics [Claudson-Wise-Hall] and Nucleon Decay Matrix Elements
from Lattice QCD [JLQCD Collaboration]

® AL = 2 neutrinoless double beta decay — 4-quark operators gqqq//:
[Cirigliano-Dekens-Mereghetti-de Vries-- - - series of papers]

® AB = 2 Neutron-antineutron oscillation and dinucleon decays — 6-quark
operators qqqqqq and qqqqqq{¢l, (v,vv}: [Bijnens-Kofoed, 2017; He-Ma, 2020]

® Heavy baryon xPT [Manohar-Georgi, 1984], - - -
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Feynman diagrams for K~ — ﬂ*f;(f; in EFTs

EFT: NP <= SMEFT «<LEFT < xPT <« K~ — 7T+f;€§ exp. data

® The mass mechanism (dim 3)
® The long-distance (LD) interaction (dim 6, dim 7)
® The short-distance (SD) interaction (dim 9)

(@) (b) (©
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Matching between LEFT and xPT at A, for LEFT dim-6 and dim-7 interactions

The relevant LD interactions in LEFT:
® Atdim 6 and dim 7

0Lk = (Tvd])(Ear" Pru) | Oy = @RV dR) T PRYG)
Olial = (07.0})(Tai D" Prof) Ofes? = (TR k) (Tai D" Prvf)
Opan =" (TaPrr}) O = (TaPrVG) »

O = (L0 dp) (T o™ PRUG) OLRTD — (50, df) (Tars BP0t |

RL,TD — 7 =g
(Ol (uRo',”,dlL)(E&'y[” D U]PRI/%) s

uia 3

Recognize the corresponding external sources:

(M) = =2V26 Vyi(Tar Prva) + CLb b (Tt Prug) + CLE YD (€ai D ¥ Prufy),
(") = oy (Ean Pruf) + Cl P (2i D Prrf).
= zscﬁg(zaPRug) , = 2365/’12([&%%),
()0 = CR T et Pro§) + R TP @A B Prf) (1) = CRL TP @l DI Ppuy),

To linear term of external sources and LO in xPT power counting = O(pz) chiral Lagrangian:

F2 F2
=0 I3 o
Lo = 2 Tr(§n€") + " Tr(x+)s
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Matching between LEFT and xPT at A, for dim-9 LEFT interactions

Notation Quark operator chiral irrep Hadronic operator

TII[,5/P — — — — T
O (@yHd)[aryusG/is) | 270 x 1g 2 gorx1Fg (Zioux )t (zior st
OLRLRS/P | (Grdp ) arsrl/i B %6 s B3 (st ity

wdus (TLdr)[TLsRIG/js) L X 6R —& o a (T )2 (X);
~LRLR,S/P — — L. = Fa
OLLRSIP | (pdglarsg)i/is) Bx6r | —gl L (EDAEDS

=)

LRLL,A N s = 1 1
O ydus (@rdr)@Y" silius 15, x 3R *g{%“TO():'@ =1tz

LRLL,A o ; — 7z
O s (ardRllury* st )ips 15, X 3R —gl%x 9 (zig,xht ()}

=)

LRLL,A N . —= 1 1
O yeud (@rsr)@y" dilius 15, x 3g —85. , TO():,@ stz t)s
ALRLL,A i } — a
O eud (arspllory? di)ips 15, X 3R —g%mél(flauﬂ) (=h)st

LRRL,S/P N1 Fo o+ 1
Ot>P | (@) @RSl /is) 8 x8r | glhs (51 (D)

s

LRRL,S/P N

O P (wrdrlimRsL) G /is) 8 x8r | &b 2 (ENADS

® The lepton current j = (In/§), js = (la5/3), Jjs, p = (avus/3),
® gx are LEGs,
® 271, ggxg, gé’xg can be extracted from the matrix elements of 7~ — nt, Kt — 779 and KO — KO:

g7x1 = 0.38+ 0.08, gl 5 =5.5+2GeV?, g 5 = 1.55 4 0.65 GeV?, [Cirigliano, et al: 1708.09390]
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Matching between LEFT and SMEFT at electroweak scale

Only consider the LO dim-7 SMEFT interactions:

® Atdim 3: mag = —Vzczx,f?s* - %V4CZXI5*'

® At dim 6:
CLL,V _ QVV Cﬁa* CRR,V _ @ rpBak
praf T o TUPTLeHD? praf T "o ' “duleH’
RS V2 wpa B RS V2 _paps
Coras = 7"\/"‘” CQuLLH Coras = TVCJQLLHI’

© Atdim 7 ChorP = Vi (4CT0 + Gl ) Gang® =2cren

LHW LDH1 praf dulDL’
® At dim 9:
LLLL,S/P *

Cudus / = _2\/§GF VUd Vs (2CZXDB:‘:1 + CLaDﬁH2 + 2CZXI53V)‘|(/ + 2Cf:;/> ’
~LRRL S/P __ 1laB*

Cudus - 74\6GF Vis <2CJU?DL> ’

~LRRL S/P __ 2lap

Cusud - _4\/§GF V”d <2CJU(L1D:) ’
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Effective Chiral Lagrangian for K= — n(_

L1 D Fo[Gr (Veadium™ + VusOuK ™) (Trarva) + 8 (cof ™ + cff K7 (Tarf)
— (csfour + cgfouk) (Trarvg) = (csfoum™ + 0.k ) (Tai Dr0g) |

Lop = F3Gr [efP K™ m ™ Tralfs + c§° 0" K~ 0um Tratis)

At chiral symmetry breaking scale Ay:

CP1—*(1 656)3}/317 CP2 sz’

o = —2v2 (0.62g35 +0. 88g8><8> X008,

and
af V2 RL,S LR,S aB _
yP,-l 7 (Cuiaﬁ - Cur'ozB) ’ yP,-Z
8 _ ﬁ LL,VD RR,VD
yg,‘3 - 4 (Culaﬁ Culaﬁ ) ’

aB \/7

Cp3 = ypz’

= 72\6(1.3g27><1)Vud Vs X3P

V2 (CLL,V _ CRR,V) ’

uia8 uia 8

4

27 =2 (Vi Gy + Vs €)™ = 2G5 + 2G5 + 2CJ0, + Ci,

dulDL dulDL
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Master formula for the branching ratio in SMEFT

BleTe™) 1.7x10 ¥ |m.)? ce 12 ce 12
= +80 | Vi|” +4.3
GeV GeV6  eV?2 Via Y

#1072 x (1827 +45 Vi + 2.4 [V )

+107° x (20]¥5[ +23|;\/§9|2 +1.6 [V55 ) +int.,

B(p~p™) _ 4.5 X 1077 |mppul” +16‘}“/‘
GeV® GeVo ev?2 K

3% (17{;&’{‘“{2 +19 )yﬁ;“ + |y 2)

+22|VL)

+ 10

+1079 x (67|X*“‘ +49 ’y"“ +6.6 )yj;';\z) + int.,

Blemp™) 2.1x10 77 [me,|”

_ : 6|y +17( 22 +1.4
GeVo GeVo eV? Yk vid il >
+1072 x (61 xEH| +35(3?’” +2 ‘y; +19[VEI7 13 (Y3 2)
+107 x (280 | 2 + 110 [ [* 4+ 55 [ s |* + 6.7 (WS ]2 + 57 [V ) +
x | X" + Ka| +55|Vks| +6.7 |V +5.7[VE]T) +int,

For O(1) coupling constant, the dominant contribution from the SD!
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Upper limit to Wilson coefficients from current exp. data

K™ = nte e™ K™ —» mtu p~ K- —nte pu™
names bounds names bounds names bounds names bounds
I 1 1 s
-3 g ne ep
vial™3  sas | |73 esa | |y st | [v4]T3 seo
_T 1 1 _T
|v& ] 13 51.9 |yl 31 61.2 |vah 31 39.8 |[Yhe|”3 37.5
|xfe|”3 24.5 |xfH 73 32.3 X773 22.3
I -1 -1 1
-3 e €
Vel™s 243 | v err | w203 | [P 101
T T T T
-3 Hp =3 e —3 ue|—3
w73 a0 | (TS w | T3 wes | wgts ur
-1 pi| -3 ep|—3
|xse|”3 3.2 [ s -] 13 3.4 Bl 13 2.9 .
1 — = — 2 -1
-3 pplT3 ep e
|veg |~ 3 3.3 (ym 3.2 |yK3 3 2.6 |yK3 3 2.2
T T T
-3 Bp|—3 pe|—3 ep|—3
Vsl 3 2 | [vag[ts 23 | ¥zl 3 15 | [V S 15

® 0vBB: N > O(10 TeV); [Cirigliano et al: :1708.09390; Liao and Ma: 1607.07309];

® Second generation of quarks and leptons, constrain NP and parameters in a complementary way.
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New bound for the branching ratio with 1TeV NP scale

If we take the NP scale

ANP > 1TeV and 0(1) coupling constant: 1011 Excluded by the current experimental search
Ble e ) <8.0x 10717, <
10-16,
- -1
B(p~p~) < 1.6 x107Y,
B(e p~)<26x 107", *E K-amemer
;é’ 10-23)- K-ty
Comparing with the current exps. § Koo |
@
Bexp(e7e7) < 2.2 x 10710, 10
Bexp(p™p~) < 4.2 x 1071,
10-33 m,=1 eV
Bexp(e™p™) <5 X 107", 10-3 m,=0.1eV
= Neutrino Aew 1 16 160 163 10*
mass contribution severely suppressed. AlTeV]

= NP contribution is
far away from the current exp. sensitivity!
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Summary

® Due to the high intensity of low energy experiments, the relevant
low energy processes (like the forbidden AB # 0 and AL #0
processes) are pretty sensitive to NP;

® The SMEFT, LEFT and xPT are important tools for
model-independent study of low energy observables in search of NP;

® In this talk, the three EFTs have been reviewed and briefly discussed;

® | ast, we take the AL =2 process K~ — 7r+€g€g as an example to
show how to study high NP using low energy observables.

Thanks for your attention!
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