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Why, What and How EFT in WINs?



The first theory for weak interaction and neutrino

Four-fermion EFT theory for beta decay

/Y

Becquerel Pauli Gamov-Teller 1936 Lee-Yang 1956
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I S If parity is not conserved in 8 decay, the most general
M fi = Gr [zbn’y“ wp] [¢6’7“ @Dy] form of Hamiltonian can be written as
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[ see K. Heeger’s talk ]
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Four fermion EFT has been extended to describe both CC and NC weak interactions

Precision: muon decay, ve scattering, Qwealk, ...

[ see K. X.Ni’s and Y. Kolomensky’s talk ]

Low energy effective field theory (LEFT)

Flavor physics: pion, kaon, bottom, ...

(ZL)(TLL) (LL)(RR) (LR)(LR) + h.c.
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(RR)(RR) Our ™ @rpy* T ur,)(drsvuTAdre)  Ogg™"| (dLpT*dr,)(drsT*dre)
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Neutrino physics: NSI, CEVNS, Ovbb, ...

[Jenkins, Manohar, Stoffer, 2017]

[ see X.G.He’s and H.Yin’s talk ]

[ see W.Chen’s talk ]

Rare process: cLFV, mu-e conversion, ...
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UV Completion of LEFT

energy

The standard model (SM) of particle physics

b s
st ) b RN A

Glashow-Weinberg-Salam describe all kinds of weak interactions

1961 1967

Bad high energy behavior

Ve +N— p+e

If parity is not conserved in 8 decay, the most general
form of Hamiltonian can be written as

Hin= (‘pr')’ﬂ[/n) (C eyl +Cs "PeT'Yﬂ’b'Sbv)
+ Wolyeyn) (Coibetyay b +-Cv'Velyay oy s)
+% (tﬁpf’}',;a)\,ﬂl/n) (CMJ'Y‘;U')\;A&;:

LEFT
X (’— CA¢6T74'Y;{Y5¢V — CA’SbeT'Y(YMbv)

+Cr'Yelvioreysls) + Wolvayiysgn)
+ Wolyeysn) (Codetyaysts +Co'¥olval), (A1)
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Matching between SM and LEFT

Standard model provides a UV complete description on the weak interactions and neutrinos physics

energy

SM

LEFT

Diagrammatic approach

U
el —
P1
87 I
M = 7L‘t(k2)}/pPLu(pl)q2 ) u(ky)y,Prv(ks)

! L POV A
p2—M2 1 Mg M2, My T

81

M= — = it(ky)y, Pru(pi(ky)y,Prv(ks) + O(q*/my))
%4

Path Integral approach

., 8L |- _
Lyv 2 =W (O~ mvzv)Wp + —Lz[z/eypeL + uﬂ}/p,uL] WFi+h.c.

_ . 8L - T
(- mvzv)W/, + —2 [ue}'peL + vyy/,yL] =0

G
W o 5L

,)_ = ( D - 'nyzv)_l [De}'peL + D[lY/)l’lL]

NG

(Non-local) Efzfectlve Lagrangian:

8L - _ I _
Lo = 20y e + iy, | (O — my) Doy e + 0,7,

| =
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] —mg, my, My, My

Leading (local) Effective Lagrangian:

8L |- _ ) o |
Lo = — - [eL}’pl/e + ,uL}/pvﬂ] [yeypeL + yﬂ}/p,uL] + @(_4)
mW mW
8
— 2m4 [éL}I/)Ve + ﬁL}ll)y;,] D [Dey/)eL + Dy}'p/"L] + ...
%
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Beyond the standard model

The existence of neutrino masses is the first evidence of new physics beyond standard model (BSM)

Cosmological Neutrino QCD  electroweak GUT Planck
constant scale scale scale scale mass
10°°GeV 10~ 10~° 10 10" 10" 10"

Why neutrino masses so tiny? Why Higgs mass so light?

[ see L-T Wang’s talk for other BSM motivations ]
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Majorana neutrino

The simplest way to give neutrino masses is introducing right-handed neutrinos, Majorana masses allowed

energy

" mpg (Hy VL

mp scale (H)

i Weinberg, 1979
Weinberg operator [ J !

C;; |
<H>-|r\ ,+(H) LWeinberg = A](LzH)(L]H) +h.c.. [ see also S. Zhou’s talk ]
Vy, {
(/O\VL) .2
EW scale — CUXU vith.c.

... the effective field theory point view had

QCD cale predicted the neutrino masses
[ Weinberg, 2021 ]
MeV scale
Nucleus
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Effective field theory

Standard model is viewed as the leading renormalizable terms of a more general effective field theory

£ L Z Z Z .
Sorr = Lopeq - 5 ;’ | ; | j | 59 Lo [ Weinberg, 1980 ]
A A A A A
Standard Weinberg  Warsaw
Model Operator Basis

Cij
~(LH)LH) +h.c.

Scale separation: series expansion can be performed and truncated Decoupling theorem: EFT does not depend on details of UV scale

Crucial difference between model and EFT Provide modern understanding of renormalization

DOF
SM fields

3

Ingredients
of EFT

Symmetry Power Counting
SM gauge and Lorentz symmetry Canonical dimension

Standard Model Effective Field Theory (SMEFT) provides systematic parameterization of all possible
Lorentz-inv. new physics
10 Jiang-Hao Yu (ITP-CAS)



Standard model effective field theory

Extending the LEFT to SMEFT to describe new physics effects in weak interactions and neutrino physics

model
———— l New physics scenarios, SUSY, ...
NP Scale
L5 L
SMEFT Standard model effective field theory ZLErT = ZL9<4 A5 | A26 ..
) wi l
cmwﬂkmgm EW scale
M :‘m’ Strange quark T
Down quar Low energy effective field theory
guwa'* LEFT

Electron

Matching and running among scales
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Low energy probe of high energy physics

Weak interactions and neutrino processes usually involve in more scales than electroweak scale

NP Scale

EW scale

Aqcp

MeV scale

Incoming

e

Qutgoing neutrino

neutri}. Recoiling nucleus

Energy frontier

high energy, high cost!

Intensity frontier

high intensity, low cost!

Flavor physics: pion, kaon, bottom, ...
Rare process: cLFV, mu-e conversion, ...

Neutrino physics: NSI, CEVNS, Ovbb, ...

12
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Tower of effective field theories

To avoid large log among scales, it is natural to consider matching and running procedures among EFTs

New physics scenarios, SUSY, ...

NP Scale
Standard model effective field theory
EW SCale - oo
Electroweak chiral Lagrangian with Higgs
myy RGE running effects not so smalli

Low energy effective field theory :
Aoon EFT framework!
MeV scale ... Strong coupling region

Chiral nuclear force and nuclear matrix

13 Jiang-Hao Yu (ITP-CAS)
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Neutrinoless double beta decay (Ovbb)

Examples of low energy probe of high energy physics: neutrino NSI, Ovbb, etc

>
o0
:
Energy L
[ Du, Li,Tang,Vihonen, Yu, 2016.15800 ] A
UV models
many models ..... [ Du, Li,Tang,Vihonen, Yu, 2011.14292 ] —
e SCale. L e n =
|
(Bes)ul@ue),  (o,mes)euld, o™ u, Bes)dagey). (L r L)@ r'a) E
Standard model EFT | @ Bimd.r'»i. @ Bimr'va). 05D, 1) -
(H'iD'H) (37" v"l), (H'VDLH) '), (" L)yl Ly la) (l27, 0 ~ 100 GeV
T Y E dim — 3 ] ] dim — 9
{lenim ()]s (@6 Prryd;) (CavuPLis) El mgg @ V — v . © ' X dd — uuee
Low energy EFT escpy ()25 (1 (3 )d5) (FaPLus) . y
A er(p)) s (0" Prd;) (Lo Prys) ) ~ 1 (‘;(\‘\/r """""""""""""" pecccces B e ecc-caleec--cogiipecoococc s M eSS ccccococcococogipeces e e
...... 99.1?.... . @ @@ T T T T i I —— '_
Q
. ¥
Chiral Lagrangian ez lesce))idgs ler)? O
MeV scale — —— ~100MeV '
------------------------------------------------------------------------------------------------------------------ © " -
— Ov33 operators Ovj33 operators
N okl Dayapa RENO CHOOZ s G
Z . I I I I | I I - L la IJ I‘ “ Il |J |J L I |¥| IJ Il “ H > > '8 A A AP,PP,MM rAA A P.P P A P PP
| | I | I I | I Dune/HyperK 28 %
i N 7 2 ‘
g HH.. illillil .
Ov <4 <+
\ 4 T7/5(0" = 07)

[ Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017]
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Operators for Ovbb

The higher dim operators may play the leading roles on describing Ovbb process

o/ W O W\ g

- - i 2 14a2y 42
O; e (7 C,) HiH, Dim-5, 7 Dim-7 Dim-7, 9 L
Orx e*ed (7 Co;)H Hy(H' H) Orenp  €’€" (¢ Cy"e)H;Hy(iD, Hy) Orupr €7 (¢FCD¢;)(HD" Hy)
Oraw  —€*(er!)!' (¢} Cio" ;) H HIW ],

D Ht? L+2 WL

e e e e
u u u u
Vv
w d d
E Dim-7 E Dim-7, 9 Dim-9
Ouaun 6@ L) a0, O 9(d v ua) (€T CiD ;)
duLLD € TV Ua )y LU L
Oarorme €*e(d @z)(Q£CfA)Hl
4 - Ddct Li2 dec? L?Q?, dc?dct L? uct, dc L? ucuct?, dc?ect LQuct,
Odruen (d £;)(u Ce) Crit uc dct? ec’ uc?, dcL*QQt uct, dct ec Lt Quc?, Lt? Q* uc*
OQuLLH €7 (q"ua) (UL Cl; ) H )H; dct ec Ht Lt uc WL

How to obtain complete and independent effective operators?
15 Jiang-Hao Yu (ITP-CAS)



SMEFT and LEFT Operator Bases

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]

[_

[_

a0-

a0-

in

_in

i, Z

i, Z

ne Ren, Ming-

ne Ren, Ming-

_ei Xiao, J.H.Yu, Yu-

_ei Xiao, J.H.Yu, Yu-

ui Z
ui Z

neng, 2012.09188 ]

neng, 2007.07899 ]

[ Hao-Lin Li, Jing Shu, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2005.00008 ]
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How many effective operators?

SMEFT operators parametrize new physics effects at low energy, electroweak precision, and Higgs boson
physics, etc

| 35 | g(). | 37 | 38 | agg |
ZEFT = $@§4 " A A2 | A3 | A4 | A5 = e [ Buchmuller and Wyler, 1986 ]
[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]
200
- 150
O |
"C-G' | D_im-5
S 100 Weinberg
50
1980 1990 2000 2010 2020

yeat; Jiang-Hao Yu (ITP-CAS)



SMEFT dim-6 operators

[ Buchmuller and Wyler, 1986 ]

Og = fapcGn' G G5+,
O¢ =fABCG~ﬁprA GAC“ »
Ow = eyx Wi W W |
Ow = ek W WA WkKe

=i¢'0)’,
05, =39, (¢"@) 3“ (¢ @) .

O, =(¢"¢)(lep),

O., = (' ¢)(gue), O = ily,D,¢(B*"

=iq (A
04, = (¢"0)(gde) Ogs = iq7,D.qB"",

O,c=(¢'9)GL.G™,
qu_(‘p ‘P)W’ W’ILV,

wB—(‘P ‘P)B vBuv,
Ows=(¢'r'@) WL, B*",

O,c=3(¢'9)GL. G,
Opw =3(¢ @)W, W,
=3(¢"¢)B,,B*",
Ows =(¢'t'@)W,, B*",

0V =(¢'¢)(D,¢'D"*¢), 0O =(¢'D*o)(D.¢'0).
Oew = ilr'y, D, W™, 0 =i(¢'D,p)(dy*?),
— pv -
Ocn = €7D, €B™, 0%t =i(¢' Do) (&y*1'0),
O, = igh*y,D,qG**",
! g O,.=i(¢'D,p)(ey"e),

O,w = igr' 'y“D,qW"‘" R
O.c = itiA*y, D, uG**"
O.p = itty, D, uB*”,
Ouc = idA*y,D,dG**"
Ois = zdy“D,,dB‘“’ .

0\ =i(¢' Do) qy"q),
o) =i(¢'D,m'0)(gy"r'q),
O,, = i(¢'D,¢)(iy*u),

O,, = i(‘P*Du-‘o)(J‘y“d) ’
Op,=(D,fe)D*p, 'eD,¢)(iiy"d) .
Op. = (D,gu)D"§,

Op, =(¢D,e)D*¢p,
ODu = (q-D“U)D“¢ ’

Ops =(§D,d)D"*p, Opaq =(D,qd)D"*¢p,

0% =1(&y.0)(&y"0),
04" =1qv.9)(dv"q)
04” =Xav.m'9)(gy"7'q)
0% = (&v.0)(§v"q)

Ocw = (lo*'t'e)pW,., , O.p = (¢o*"e)¢B,,,
O, =(qo""A “)‘PG“» ,
ww = (go* 7'u)gWy, , O.s = (go*"u)¢B,.,
Ouc = (qo"“’AAd)qum, >

Ouw = (Go*'7'd)eW,,,  Ouw=(§o*'d)¢B,,.

Oc. = (Ze)(e¢),

O, = (fu)(il) ,

Ou = (Zd)(J{) s
0O,.=(ge)(eq),
Ogqu =(gu)(aq) ,
i,b’= (gd)(dq) ,

qde (Ze)(dq)

O.. =3(&y,.e)(éy"e),

0L =3(ay,u)(d@y*u), O =3(iyA%u)(@y*A%u),
04 =3(dvy,d)(dy*d), Of)=i(dy.r"d)(dy*A"d),
O.. = (ey,.e)(ay*u),
O.q = (&y,e)(dy"d),
Ol = (ayu)(dy*d), OG0 =(ayA*u)(dy*r*d).

Equation of motion (field redefinition)

Covariant derivative commutator

[Dpv Da] ~ Xpa

Bianchi identity D, X, =0

(D"Dup)y = m* — Mp'p) ¢’ — el + epgd*Tu — dI)¢
iPl =T.ep, iDe=T10l, iDg=T,up+Tidp, iDu="T]g,
(DW,)' = 4 (AiDle + Iur'l + anr'a),

59

Integration by part (total derivatives)

0 = YTy, r'O(2y"7'0),

1
5040,
6 TR

(D) (D7) = —(D™ 1) (D™ 1) + 0 (D) (D™ )|
- - - 1
Fierz identity TLT. = 50a0sp —
]Ik im - 25jn5mk

05" =¥av.A"9)(qy*A"q),
0% =X gy A%7'q)(gy*r*r'q) ,
0% = (&y,r'O)(gy*r'q) .

Og = (qu)(gd),

80-1-16-5+1

0% = (gr*u)(gr*d),

(q = (Ze)(q“) .

O = (gr*u)(iar‘q),

5,3’= (gr*d)(dr*q),

18

- (Sjk(smn

59

[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010 ]

X3 0% and ¢'D? P28

Qe | fAPCGrGIGTr | Q, (plp)? Qeyp () (Lpers)

G | JABCGGErGOr || Qun (wto)O(ete) Quy (') (GpurP)
Qw | "KWIWrwEr | Qup | (#"D"0)" (¢'Dyup) || Qug (0'0)(@pdrep)
QW EIJK ‘VJVWI./][)WPI{[_L

X2(,02 ¢2X<P 7;[}2992D
At A Apw 7 v I (1) 1 =4 7 A
Qua @ wG G Qew | (Loe )T oWy, || Qu | (#'iDLe)([py"1;)
_ . “ _
e foGn G 1 Qs | (ho™e)eBu || Q5 | (WD) Gy )
-
Quw | o'y ‘VJVW”‘” Que | (o Tu,)p G, || Que | (PliDup)(E7"er)
— —
Qi foWLWiw  Quy | (Go™u)T' WL, | Qb | (#'iD, ) (@7 a)
1% — v -~ 3 pug —
Q(pB WTSD B“,,B“ Qus (qPUM ur)‘P Bul/ u(pq) (‘PT”D;{ 99)( pTIA/“%)
~ —
QCPE @T‘P B;u/BlW Quc ( o TAd )99 G, v Qapu (@TiDu @)(rap'wtur)
— _
Qewn | ¢l WLB" || Quw | (o™ d)T'o W, || Qua | (¢'iD,p)(dyy"d,)
QLPW’B 99TTI9Q VV;VB’“’ Qas (qpouudv‘)99 B Qyud L(‘ET DM‘P) (ﬁp'y“d, )
(LL)(LL) (RR)(RR) (LL)(RR)
Qll ( ])7;1 1)( 7“11) Qee (ép’ylter)(ée'yﬂet) Qle (l_p'Yulr)(és’Y“et)
51}1) ((Ip%tqr )(( sTH (1!) Quu (”’p"//t“’r)("_Jsfyuut) Quu (I_ 7“] )(“ Fela “f)
((l:jl) ((jp’}’,ﬂ' @ ) (Gt T qf) Qad ((lp"/udr)((_s'yﬂdt) Qud (l_p"/u[v)((zs'yudf)
Ql(;) ( p'Yu )(qe'yl (It) Qeu (E;)'Y/Ler)(ﬂsfyﬂut) Qqe ((I;)'Yu(b )( syhe )
Ql(‘:) ( P’ylt 1]7 )(qg’y"rlqt) Qed (‘5]’7”67‘)((_?7“(]!) Qg}l) (qp lt(b )(l 97’ “f)
Qui | (@) (diydy) | (@uTAq) (@ Tu,)
Q) | (T, ) ( Ay TAdy) || QLY (GpYugr)(dsy™dy)
QW) | (@ T4, (dy T d,)
(LR)(RL) and (LR)(LR) B-violating

Qledq (lhe,) (dsql) Qduq eMejy [(d3)"Cul] [(g27) Ol

Q((lit)q(l ((I‘]?;l r ) Jk((zl:dt) Qqqu Cmi’y“ [(QQJ)TC'(];“] [(fuﬂ)TCet]

QE]?L)(](I ((1;]>TA Uy )€ Jk((jfTAdf) Qqqq thwn%m [((1,; )TC(I;-“] [((IZm)TCl?]

Ql((l(zu (Z_,J;e?‘)gjk(q.é:’ll‘t) Qduu 60157 [((IS)TC’”?] [(“Z)Tcpf]

Qlequ (lpopuer)ejk(qgauuut)
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Moore’s law on EFT operators

Number of EFT operators grows very fast for higher dim

BWHHTD?

T T T T T
10000000000 ¢ -
7557 369 962
2795173575
-~
1 000 000 000 | : (D*HYHBp,, W}, (D"D,H"YHB,,W};*, (D,D"HYHBL,,W;", (D,H")(D"H)Br,,W}*,
" (D, H"Y(D"H)Br,,Wi"*, (D"H")(D, H)BL,,W}"*, (D,HYH(D"Bp,,)W}”, (D, H")H(D"BL,,)W}”,
- DYHY)H(D,Br,,)W”, (D, HYHBL,,(D"W}"), (D, Hf HBLV D*W?), (D*H") HBy,,(D, W),
175373592 v ’ ’
100 000 000 } 75577476 1 HY(D*H)Bp,, W}, H'(D*D,H)By,,W}*, H'(D,D "7 Wi, HY(D*H)(D,Br,,)W}”,
-
- HY(DYH)(D,By,,)W!', HY(D,H)(D"BL,,)W!", H' BL,,J(D W,?), H'(D"H)BL,,(D,W}"*),
HY(D,H)Bp,,(D*W}*), H'H(D*Bp,.,)W}", HTH(D“D Bru,)W;* HTH(D DB, )W/,
10000000 - 4614554 H'H(D"By,,)(D,W;*), H'H(D"By,,)(D,W}*), H'H(D,B,,)(D*W}*), H'HBy,,,(D*W}""),
. o’ ¥ 5474170 H'HBy,,(D*D,W""), H'HBy,,(D,D*W""). (14)

Which 2 should be picked up?

~—¥ 257378

ﬂﬂﬂﬂﬂﬂﬂﬂﬂ

11'\rvv
VUuUv

Repeated fields

QRQL

No. of independent ops

1: ab kf]l(L Q a])(Q kat l)
[ Henning, Lu, Melia, Murayama, 2017] aat _ oprst © ) (@rajQuet) £ 193
' | : Qprst — cabe 324 ) (QraiQret) b7 85t=5%
eabcem fkl ( pi Qraj ) (stk thl)
| A

0 6 7 8 9 10 11 12 13 14 15

Mass dimension What flavor relations should be imposed?
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Symmetry of EFT operators

Operator has more symmetries than what we expected

Field as irreducible rep of Lorentz group

Field transforming under Little group of Poincare

SO(3,1) SL(2,C)  su@) x su@). Spinor-helicity
0 ¢ € (0,0)
(0 € (1/2,0) | Ao
o € 0,12,
Fo Fuap = 5P € (1,0 Ao
Fuas = — L € 0,1)

Ruvpo Copri= CunpeTagosg € (2,0) Aads Ay As
D, Des = Dyt € (1/2.1/2). Ao ds

On-shell operator

] N " Sithi M o olhi® pm Nk i
Ogv) _ (eaiaj)®n(5didj)®n H(Dr | I\Pla) l"z_hl (ea,-aj)®n(§didj)®nni=1 /lil i Lrith;
i=1 /{ o e—l(p/2/1 LN ez(p/Z/{I
F1 P Fyup(D$3) (Dy),° D2 >
i =P =
EOM and CDC P> P

Dy; Dy] < [pu,pv] =0
20U

Building blocks In spinor-helicity form

; Fi 3i.r.
D'ig, & Aa,

rixl/2 zi p.21/2
/11. A ,

— r +1 %
D’ IFL/R[ o /1 /11 § 7 +l

ri+2

o /11— /1”."'2

r.—2
D' Cy R

(ij) = €’ Aigdjp
[ij] = 14672
- On-shell Brackets
(12)*(34)[34]
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Operator as spinor Young tensor
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

W (e.po”*D*L,) D, HT [ Li, Ren, Xiao, Yu, Zheng, 2012.09188 ]
[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
l [ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]

) i _
D[aaDﬂ]ﬂ = DHDVO-[;((X('IO-;]‘B — _D_Eaﬁedﬂ + EID“, D\/]eaﬁ(o-”v)dﬂ',

Spinor Tensor — Symmetrize indices |[RYPRZ R Mg NERWIC NP | 1
N Diaarpy, = éDuFLVPG[l:mU/;fy = iD"Fy €450 4, (DY)apa = _§€aﬂ(p¢)d + §(D¢)(aﬁ)d‘

Lrithi

. _ ~ —I|h. @;
O%) — (eazaj )®n(€ala1)®n H(Drz lhlllPiaai)a"i_hi

i=1

o - TTN ”'_h'”i,r-+h-
(ea,aj)®n(€didj)®nni=1 /11'1 i qirith,

/ 7i Ti 7k
A — ZUI.’AJ-, pL ;U 'k SL(2,C) x SU(N) n
J : , ’ ‘
3 .
> ® ZI +
N—— —_——
- 7] 7] [ ..
Momentum conservation b (ij)
—_—m———— :
) N On-shell Amplitude
6( : Z /li;li n 71 72 Ty " '
i=1 ) e {i, e ,T,é, e ,Q, ,?V, , N} ; ; ;) i (13) (13) (24) [34] [(J"ld'q_'}; (D3) 4 e (D(,-")4),}, “
#1 =n — 2h; 11[1]3] (12)(13) (34) [34]  FyY'¥2a (D¥3) 57 (Do), @
2121314

Y A=Y YN YUtk =Y AW i?<
i i j k J <

On-shell Amplitude correspondence

n 01 Jiang-Hao Yu (ITP-CAS)




Procedure and comparison

Dim-8 operators: 993 (44807) operators for 1 (3) generations

Step-1 Traditional method
[ Hays, Martin, Sanz, Setford, 2018]

mn n 2
0 1 2 3 4 0 1 2 3 4 B [/[/ H H T D
n n
0 H 0 o8 e Vio?, FLy?e®, Fryt, Fy2e, P (D*H"YHBy,, W}, (D"D,H")YHB,,W;’, (D,D"HYHBL,,W}", (D, H")(D"H)By,,W;’
F o' F¢? - (D, H')(D"H)Bp,,W}*, (D"H')(D,H)BL,,W}"*, (D,H"YH(D"BL,,)W}”, (D,H")H(D"BL,,)W}",
Fuot2y2?. F2yt2e (DYH"YH(D,Br.,,) W}, (D, H) HBLV,,(.Q“) ). (DL,H"YHBL,,(D*W}?), (D"H"YHBL,,(D,W}?),
112,12 42 /T"Gb‘lD LY "y, LQP ’ F2 p I‘D /4D2
1 l 1 V265 YRt viYetD, SHBeD. Fugtvd?D LY'yD, v° D", HY(D*H)By,, W, H'(D"D,H)By, ,,WU (D,D"H)Bp,,,W"*, H'(D"H)(D,Bp,,)W"",
¢°D? waq§3bz F D2 Fap?¢D?, F{¢*D? H'(D"H)(DyBryp)W}", H'(DuH)(D"BLyp)WL", H'(D"H)BLyy(DuyW["), H'(D"H)BLyp(DuW"),
p— ’ L(T ' H'(D,H)Bp,,(D*W}*), H' H(D*By,,, )W}, H' H(D"D,Bp,,)W;”, H' H(D,D"Bp,.,)W;”,
: . Frit2y?, F§y?o, fafe fufe v HYH (D" BLy,)(DuW[*), H'H(D" BLy,)(DuW}’), H'H(DyBry,)(D*W’), H'HBru(D*Wi"),
o | VIO IRYEOL | oD, Feutygp, | VLD FreteD”, H'HBy,,(D"D,W}"), H'HBy,,(D,D*W}"). (14)
! y RYP y
Fi¢' 2 ars o oare | FLUTPOD?, FrFLe®D?,
Y129°D*, Fr¢™ D |
- | EOM
; Fry™, FRy2¢, | FRotyD, v1D?,
F3¢2 F ,912¢D2 F2¢2D2
R Rl,/ / ] R P
! - 4 FA (DHT)M(DH)eeBL{vé}WL{sn} ed B rteln
R
(DH")aa(DH) 5B 15y Wageny 3 1B e0E (eovehn - B eam)

(DHaa H (DBL) (7 fy Wi ien e Weedet e
(DHT)QOZHBL{E’I]}(DWL){’B 5}[1’6 ﬁe BG’Y§ 57]
(DH)aa (DBL) 5,5y 5Wieny e B

ot
HY (DH) ot Brieg)(DWL) (5.5, 5 €0eP e

Step'2 H'H (DBL){aﬁ'}/},a(DWL){&,g}’B €GB € Ano

i

BWHHTD2| #1=3,#2=3,#3=1,7#4=1

IBP

BL"Wias ( )" & (DH)_°

)5 (DH),,

2121214 212134 BL"Wra" (
Step-3

(13) (13) (24) [34] (12) (13) (34) [34]

BL*"Wiras (DHY) 4 (DH), %, Br**Wi," (DH'),. (DH),“ 22 Jiang-Hao Yu (ITP-CAS)



SMEFT operator bases up to dim-9

ZLrrT = ZLg<4 - i

Standard Model Effective Field Theory

Dim-

Dim-

! !

SU(3) x SU(2) x U(1) gauge symmetry

[Weinberg, 1979]

[Buchmuller, Wyler, 1986]
[ Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

[Lehman, 2014]
[ Henning, Lu, Melia, Murayama, 20157
[Liao, Ma, 2016]

[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020]
[Murphy, 2020]

[ Li, Ren, Xiao, Yu, Zheng, 2020]
[Liao, Ma, 2020]

23

Low Energy Effective Field Theory

SU(3) x U(1) gauge symmetry

Dim-

[Dirac, 1932 ]

[ Fermi, 1934 ]
[ Lee,Yang, 1956 ]
[Jenkins, Manohar, Stoffer, 2017]

[Liao, Ma,Wang, 2020]
[ Li, Ren, Xiao, Yu, Zheng, 2020]

[ Li, Ren, Xiao, Yu, Zheng, 2020]
[Murphy, 2020]

[ Li, Ren, Xiao, Yu, Zheng, 2020]
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Operator bases for generic EFT up to all order

Amplitude Basis Construction for Effective Field Theory

[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

Home
Repo
Downloads
Contact

Welcome to the HEPForge Project: ABC4EFT

This is the website for the Mathematica package: Amplitude Basis Construction for Effective Field Th
Package

This package has the following features:

e It provides a general procedure to construct the independent and complete operator bases for generic L
invariant effective field theory, given any kind of gauge symmetry and field content, up to any mass dim

e Various operator bases have been systematically constructed to emphasize different aspects: operator
independence (y-basis), flavor relation (p-basis) and conserved quantum number (j-basis).

e |t provides a systematic way to convert any operator into our on-shell amplitude basis and the basis cor
can be easily done.

Authors
The collaboration group at Institute of Theoretical Physics, CAS Beijing (ITP-CAS)

e Hao-Lin Li (previously postdoc at ITP-CAS, now postdoc at UC Louvain)

Zhe Ren (4th-year graduate student at ITP-CAS)

Ming-Lei Xiao (previously postdoc at ITP-CAS, now postdoc at Northwestern and Argonne)

Jiang-Hao Yu (professor at ITP-CAS)

Yu-Hui Zheng (5th-year graduate student at ITP-CAS)

24

- Lorentz
Invariance

ode Invariance Types

|

Repeatedw
[ Field J

Fully Automatic

Dark matter EFT
Sterile neutrino EFT

Gravity EFT
Axion EFT
Dark photon EFT

https://abc4eft.hepforge.org/

[ Song, Sun, Yu, 2306.05999 ]

[ Song, Sun, Yu, 2305.16770 ]

Jiang-Hao Yu (ITP-CAS)



EFTs at Broken Phase

[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ]
[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ]

[ Hao Sun,Yi-Ning Wang, J.H.Yu, in preparation ]

[ Hua-Yang Song, Hao Sun, J.H.Yu, 2305.16770 ]
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EFTs at broken phase

Matching
Standard Model Effective Field Theory s
Running

approximate custodial symmetry
SU(2) x SU(2)

(bO* ¢+
Y = (¢°,0) = ( o o >—> . T gk

®= (g o) #0

Electroweak Chiral Lagrangian

SM fields and Goldstone

SM Fermion masses from Higgs VEV

Low Energy Effective Field Theory

approximate chiral symmetry
SU(3) x SU(3)

dr,— 9L 9. 9r—~ 9rR 4R,

(0[(@,ax +@rq,)[0) #0

QCD Chiral Lagrangian

meson and baryon

Baryon masses around cutoff scale from Trace anomaly

20
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Goldstone EFT and power counting

Construct generic EFT for Goldstone at IR broken phase

PHVSICAL REVIEW VOLUME 166, NUMBER § 25 FEBRUARY 1968 Shift Symmetry:

Nonlinear Realizations of Chiral Symmetry* T — T _|_ € _|_ .« o e

STEVEN WEINBERGT

Laboratory for Nuclear Science and Department of Physics, Massachusetts Institute of Technology,
Cambridge, M assachusetts

(Received 25 September 1967)

Goldstone mode is a fluctuation around the background in the direction of broken generator

Gapless mode

Weakly coupled at IR Non-linear transform under G/H

No interaction at long-wave limit ' ' ’
I, — H(g‘f/"’)a=Ha+iaa+0(an—2+dn—:. )
V2 ;T
LrrT = ,%2 + ,%3 -+ ,%4 -+ %5 -+ 0%6 - U[H]_ei%n“(‘”)fa
7 (DU g Ul =UMY]-h[ll;g] AL g] = ' MaT

Power counting: Derivative expansion Coset Construction

[Callan, Coleman, Wess, Zumino, 1969]
27 Jiang-Hao Yu (ITP-CAS)



CCWZ chiral Lagrangian

Define the nonlinear Goldstone matrix [Callan, Coleman, Wess, Zumino, 1969]

Q(IT) = exp [—H(@] S Q@) = gQ(I)h~\(IT; )

2f
/ wi)] X Tc
Symmetric Coset
CCWZ Coset . i s -
_’I,QT@uQ — dﬂT —+ EZT — dﬂ e E'u Q N gﬂb—l, Q N hﬂg’]_gl

0, — D, =0, + 1A,

d, —bd,b, E,— bHE,h 1—ihd,h 1 - _
1 b #b M b Nb t Nb A, = AAT% + AeTe Uzﬂz _>gUg’R,1

DU = 8,U +iA,U — iUAP
AP = 2T — AT

Building block / 4,1, E, 1) v,=0,+E, u, =iQDU)'Q D, Building block

fu=QF,Q = f.2T"+ fioT° fE = %( fur £ f,ﬂf’) —0'F,Q+FY

Q(II) = [“(H) 0 ] u— /o Uy = gpub™t = b ugy

0 (1)
— gLU
QCD Chiral Lag EW Chiral Lag
u, — hu, bt V,—g, Vg,
uu—l 8 —iry)u —u (0, —il,)
. f _ f i i
X+ = u'xyu' Tux'u, T = U7 UT — grTgr W — QLWuvgJ]rJ
+ _ L T T £R
=uf,,u tu u, > ;
f 224 Y = [J'))R.U']L — gLYgTL B,uu — gRBMVgJ]r% '
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Adler zero condition for Goldstone boson

Chiral symmetry (PCAC) Adler Zero condition [ Adler, 1965 ]

At low energy

a—

o+ mm = B+ ngm T(a + ¢(p),B) = -2 Rrp) 20,

Goldberger-Trieman, Callan-Trieman, Adler-Weisberger, etc

<

Amplitude (soft limit of external leg s) A(l,...,N,s) >

{-1/2,-1/2,1,0,0} 1(1/14 1(1/1/2 1(1/1/2 111112
21212151, 12[2]515], [2]2]4]4 21214]5],
415 44 515 415

Expand the soft-limit amplitude into the SSYT basis

Put constraints on the SSYT basis

dx
B0, - 0) S K
I=1 [ Sun, Xiao, Yu, 2210.14939 ]

1[1[1]4 1[1[1]2 [ Sun, Xiao, Yu, 2206.07722 ]
2121215/, 2121415 [ Low, Shu, Xiao, Zheng, 2022]
415 415

custodial/chiral symmetry breaking: spurion

29 Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian for QCD and EW theories

gEFT:%2+¢%3+°%4+%5+%6+...

ChPT and Chiral EFT

LO Lagrangian

hucleon-meson

hucleon-nucleon

[ Weinberg, 1979 ]

[ Gasser, Leutwyler, 1984, 1985 ]

[ Fearing, Scherer 1994 ]

[ Bijnens, Colangelo, Ecker, 1999 ]

[ Jiang, Ge,Wang, 2014 ]

[ Bijnens, Hermansson,Wang, 2018 ]

[ Krause, 1990 ]
[ Ecker, 1994 ]

[ Fettes, Meisner, Mojzis, Steininger, 2000 ]
[ Oller,Verbeni, Prades, 2006 1]
[ Frink, Meisner, 2006 ]

[ Jiang, Chen, Liu, 2017 ]

[ Weinberg 1990 ]
[ van Kolck, Ordonez, 1992 ]

[ Petschauer, Kaiser, 2013 ]

[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ]

[ Sun,Wang, Yu, in préparation ]

30

EW Chiral Lagrangian = HEFT

LO Lagrangian

NLO bosonic

NLO 2-fermion
NLO 4-fermion

O = v Tar,) @r, 7" U U ) F55™ (h),
Thyt — — Awy T hast
O = @ N T T, @ " AU Ugr ) Fof (h),

= (a7 Tliy)@p v ac, ) Fig” ().

’ 6 term'missing

0L = (Ty7u Tley) @ryy U7 Ugn, ) FUn® (1),
Thep" a n kmygg u That
Ol.li = )’[Ezlf beelnek (lTZLT)]H"C(T‘]L)wm)((IL;I»,,A»CQL,,-I)-F:S?,{ (h),

O'J!’f = )’Cab{‘(kmcm((TZRT)pmc(quf)rnn)(q.‘(’il'nh-(“qlﬂrl)‘F{‘(;)Cl)w‘ ().

NNLO Basis

[ Weinberg, 1979 ]

[ Appelquist, Bernard, 1980 ]
[ Longhitano, 1980, 1981 ]

[ Feruglio, 1993 ]

[ Buchalla, Cata, Krause, 2014 ]

[ Buchalla, Cata, Krause, 2014

1

[ Pich, Rosell, Santos, Sanz-Cillero,2015,2018 ]
[ Sun, Xiao, Yu, 2206.07722 ]

[ Sun, Xiao, Yu, 2210.14939 ]
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Why higher order chiral Lagrangian?

ADb Initio nuclear force

LO
(Q/A)"

NLO
((.,)/\\ )2

NNLO
(Q/A,)°

Higher order chiral perturbation

2N Force 3N Force 4N Force 5N Force

Energy

[ Entem, Machleidt, Nosyk, 2020 1]

PR
’ .

SM-EFT

~ 100 GeV
dim -7
d — uev) @ o

dim — 6

d — uev
-

dim — 3

mgg: v —v"°

SM-EFT’

¢
X

’ + + "

- ——

A{[FsSd’ A GT,Sd

~ 1 MeV

(0" —=0™")

dim — 9
dd — uuee

AA,AP,PP, A/[AP’PP

T.sd
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Chiral nuclear force

Chiral EFT

(1) __
N —

Y (iD— mn + Lgavuysut)

1

d
Y ,‘)'n

4+ e ‘

4 e

Goldberger-Treiman Relation

Ea:NLiENL NR":ENR_QNRENL—QNL ET Np Vs
! It
f | Mnga(0) = Fr g.nn
N N—o—
ga = 1.27,g,rNN ~ 13.40
300 [+ e AAARRE R
1SochanneI:
200 - -

L = N’f(iao+

32

S00 —

q

| | ‘l | ] ] | | | I | ] | ] ] 1 || ] | | I | ] | ]
C ) ] z
/!Yv contact interactions

s

-

-500 =

Internucleon potential (MeV)

v /7 multiple GB -
" exchange (ChPT) -

lllllllllllllllllllllll

-1000 0

>

2

2mN

1 2
Separation (fm)

1 1
)N — 5CS(N“N)2 — 5CT(N‘f&N)2 + ...

\_7_I

terms with = 2 derivatives



Chiral effective field theory

Weinberg power counting p=2+20—-r+> 'V, (dz- - %n - 2)

— Dim =2(1-2+2/2) = 0 >< = (0-2+4/2) = 0 '~ M/
| i &
' [
gay A% Dy —Co [ Weinberg, 1990 ]
+ Vieg = —<E) ;2 n ]\247% T - Ta ~ O(1)
Irreducible  Dim = 2+2-2+2(1-2+2/2) = 2
" VT Pinch singularity
I\ v Q° xC(M)(M)C CzMQ
0\ — o —_— 0~
_l:\_ \VI 47-(-M Q2 Q2 0 A
A — - —
/7 N\ N P
L < .
& cee
Reducible 2PI
— o
| | ga\’ Q B 4 F? 1 ) = n + >©< N
| | ~N - A.NN f— 5 ~J fﬂ' > : 3
_|+|_ F7r ANN gAmN
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Chiral EFT operators

® Weinberg: C(I} ~ 0(1) VVI\J/(())inberg ™~ O(]‘)’ V\zelillcl)berg ™~ O(pz)
[i.e. scaling of Cz, according to NDA (~ O(1))] p~O(p) CF~O(p?

p~O(1) C}~O(1)

[ Weinberg, 1990 ]

A= T 1 + el 4 e e 4

N4D2

N4 N2u -1

(BBBB). (BBBB). (BB)(BB). (BB)(BB).
(BxBBB), (BByBB), (BxB)(BB), ...

[ Petschauer, Kaiser, 2013 ]

e KSW: Ci~op™) Visw~O@"), Vigw ~ O(1)

[i.e. scaling of C2n as Can ~ O(p-1")]

[ Kaplan, Savage, Wise, 1998 ]

<X

N6
‘_ -9
L. Lot & 3 @
4 NZu2 1
[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ]
(BBBBBB) ,(BBBBBB),(BBBBBB),
(BBBBBB), (BBBB)(BB), (BBBB)(BB) .
(BBBB)(BB),(BBB)(BBB).(BBB)(BBB).
(BB (BB) (BB) (BB) (BB)(BB) [ Sun,Wang, Yu, in préparation ]
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Nuclear weak currents

Explore the nuclear weak currents (EDM, Ovbb, etc) in chiral EFT

IllIIIIllI'IIlIIIIIllIIIlIIIIIlIIIIIIIIIIlIIIIIlIIIIlIIIII.IIIIIIIIIIIIIIIIlIIIIlIIIIIlIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ----

[ Epelbaum,2018 ]

SM-EFT

dim — 3

mgg: Vv — V"

pe
SM-EFT’

e+
l"\
)
|

He H Al

parameter-free depend on d2 ds, dg, dys-2dz3,
no 1/m corrections..

M - 4 -

parameter-free statlc two-pion exchange

§>< g>< % < 1MeV

parameter -free; depend on 2y, ..., 24, TOV (O+ — 0+)

only tree-level 1/m-corr. survive no loop corrections 1/2

AA,AP,PP AP,PP
AIGT sd AJT sd
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UV Completion of EFT Operators

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, in preparation ]
[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, in preparation ]
[ Gang Li, J.H.Yu, Xiang Zhao, in progress ]
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EFT inverse problem

After writing down the effective operators, what is the next step?

energy

W, W,
LHC probing scale Bad high energy behavior
-------------------------------- Of EFT operators
W, W,

riments

Low energy ex

LEFT

chPT, chEFT
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Lesson from four-fermion EFT

Glashow-Weinberg-Salam

1961 1967

If parity is not conserved in 8 decay, the most general
form of Hamiltonian can be written as

Hin= (‘l’pT'Y4¢n) (C Y eT'Y4¢v+ CS,¢617475¢1')
+ Wolvayn) (Coibetyay b +-Cv'Yelyay oy ss)
+% (‘l’pT'Yw' M‘»bn) (CT‘P eT'Y4°' )\Mpv
+Cr'Yetvaorniysls)+ Wplyayiysyn)
X (=Ca¥etyevuvsb— Ca'¥elyevals)
+ Wolveysyn) (Coyetyeysps+Cr'elvals), (A1)

Lee-Georgi-Glashow

1960 1972

38

.1(1’;“-1
Nobel prize
1979

Nobel Prize before W/Z discovery

CERN Bubble Chamber
1973

Effective interaction detected!
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Similar story: neutrino masses

The existence of neutrino masses is the first evidence of new physics beyond standard model

7
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Seesaw tree UVs

Top-down Approach

[ Yanagida 1979, Gell-Mann, Ramond, Slansky | 979, Mahapatra, Senjanovic, 1980 ]
[ Schecheter;Walle, 1980, Cheng, Li 1980, Magg and Wetterich 1980 ]
[ Foot, Lew, He, Joshi 1989 ]

Bottom-up Approach

(H) (H)
energy energy ow (Hy B “w @ Hy i E
) (H) b hy (H) ) (H) _ o My
. - - - e b R e VL—>_W_<*VL
W .

Y32 Y3/2

[ Demir, Karahan, Sargm, 2021 ]

NG SMEFT
L ® L

1 +,C

Consider Angular momentum conservation
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Pauli-Lubanski Casimir

Weinberg operator as on-shell amplitude

0% = (HL)(HL)

Acting on the Pauli-Lubanski Casimir, obtain the eigenvalues on spin!

BY = (12)

(pr,hr;pe, ha|pr, Mo Dy R

W2<pL,]’LL;pH,hH|P, J, JZ> — —PQJ(J—I— 1)<pL7hL§pH7hH|P7 J, Jz> — —SZJ(J+ 1)OJ

W {21.3}8'1 - 03

Wi BY =0

Acting on the SU(2) Casimir, obtain the eigenvalues on gauge!

(12)

R . .
Bl — Eszﬂ

Bf S P

C’B" =r(r+1)B"

41

J

[ Li, Ni, Xiao, Yu, 2204.03660 ]

BR:{

cik il

ik il _ 9¢ij ki

R=1
R =3
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Only 3 types of seesaw at dim-5

Generalized partial wave analysis for Poincare/Gauge Casimir

3

W2B' = —sJ(J +1)B’

Wi 3 BY = — i-91:$<12> LH — LH channel

Type-l and Ill: SU(2) single and triplet

Dim-7 Operators

)

LI — HH channel

“,{212}8'[ —_ 0

) 3
A2
*H

[ Li, Ni, Xiao, Yu,2204.03660 ]

Type-ll: SU(2) triplet, or singlet (excluded by repeated field)

j-basis Model
oLl =05 0 | typel
/23] — 5 ]
Onionr =07 507 [ pelll o5 ), of = )
By _ 834<12>
w20 = | [34]13) (24)

42

W{21,3}By = 524 (

3534 (12) + 2[34](13)(24)

j-basis Model
0,1 )
OI(EIH)—>LL = 04 N/A
07
OJ(T{;)_)LL = 0% type |l
_14_5 2 BY — B =
0o -3 (13)(24)

D= DWW

J
J
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Dim-7 tree-level seesaw

59 UV tree-level models, 19 topologies, one genuine dim-7 seesaw

Topology j-basis Quantum numbers {J, R, Y}
i I Of12)3456).1 = 20} — 408, {0,3,-1},{0,3,1},{0,3,0}
i J\ O12)34)56},2 = 205 + 404, {0,3,-1},{0,1,1}, {0, 3,0}
H - ::: L 0{12|34|56},3 = 1205}» {0, 1, —1}, {(), 3, 1}, {0» 3, 0}
Ho g Of12)34/56),4 = 40% + 408, {0,3,—-1},{0,3,1},{0,1,0}
Oq12)3456),5 = 204 + 40%. {0,1,-1},{0,1,1},{0,1,0}
L o Of13)2456},1 = —0% — 20% + 307, {5.3,0}.{35,3,0},{0,3,0}
J\/.\ Of13)2456},2 = —OF + 305 +20% + 304, {5,3.0},{5,1,0},{0,3,0}
H - T L Oy 13)24156}.3 = —OF + O — 20% — 307, {3.1,0},{3,3,0},{0,3,0}
oo g O13124156) .4 = —OF — OB + 30% + 602, {1,3,0},{2,3,0},{0,1,0}
Ofisj2456},5 = OF + O + OF +20%. {3,1,0},{3,1,0},{0,1,0}
I ot Oq16)23145).1 = 207 — 205 — 204 + 60} + 60, {5,3,-1},{3,3,0},{0,3,1}
J\/'\ Of16)23145),2 = —207 — OF — OF 4 30} + 308, {5,3.-1}.{5,1,0},{0,3,1}
H - 1 L O16)23/45),3 = 305 + 305 + 30} + 305, 51, —1},{5,3,0},{0,3,1}
H H Of16)23)45,4 = O — OF — 30] + 305, {5.3,-1},{3,3,0},{0,1,1}
Of16)23145},5 = 05 — Of + Of — O%. {3,1,-1},{5,1,0},{0,1,1}
ooy Of12)125)343,1 = O +405, {0,3,-1},{0,4,-5},{0,3,1}
H L L Oy 12)125)34),2 = —807 + 405, {0,3,-1},{0,2,-1},{0,3,1}
/\' ---- < Oq12)125)34},3 = — 1204, {0,1,-1},{0,2,-5},{0,3,1}
H L Of12)125)34),4 = —20% — 404, {0,3,-1},{0,2,-1},{0,1,1}
0{12|125|:;4},5 = —205 - 40?:- {0,1,-1},{0,2, —%}’ {0,1,1}
H  Hi O(12)126)34},1 = 307, {0,3,-1},{0,4,-3},{0,3,1}
H . " L Of12)126)34},2 = 1207, {0,3,-1},{0,2, —%}, {0,3,1}
,’L ---- < Oq12)126/34},3 = —120%, {0,1,-1},{0,2,-3},{0,3,1}
H L O12)126)34},4 = —20%5 — 404, {0,3,-1},{0,2,-2},{0,1,1}
0{ 12|126|34},5 = —20.’4) - 40\1:- {0,1,-1},{0,2, —%}’ {0,1,1}
H H 0{12|124|3(5},1 = _Of - 40;’;’ {0,3,-1},{0,4, —%}, {0, 3,0}
H v L Of12124)36) 2 = 20} + 60} + 208, {0,3,-1},{0,2,-1},{0,3,0}
2 < Of12)124)36},3 = —60% — 60L, {0,1,-1},{0,2, -3}, {0, 3,0}
HT L Of12)124)36),4 = —207 + 205 + 204, {0,3,-1},{0,2,-1},{0,1,0}
Oq12)124i36},5 = —204 + 20, {0,1,-1},{0,2, -3}, {0,1,0}
Ht H 0{13|135|24},1 = Of - 20;’; - 602’ {%,3,0}, {%,4, %}, {%, 3,0}
L , 2 | Opspsspay,e = —OF — 305 — 405 +90% +60%, | {3,3,0},{3.2,5},{3,3.0}
s \ 0{13|135|24},3 = Oi) - 03’ + 20:’;) + 30’4) %, 1,0}, {%,2, %}, {%,3, 0}
H L O(13)135)24y.4 = OF — 304 — 205 — 304, {3.3,0},{5,2,3},{5,1,0}
Oqi3135)24),5 = OF + O + Of + 205, {3,1,0},{5,2,5},{3,1,0}
o H Of16)146)23).1 = —207 + 405 — 120%, {3.3,-1},{3.4,-3}.{3,3,0}
L \ H'[ 016146/23).2 = 20} — 305 — OF +90% + 30%, | {1,3,-1},{%,2,-1},{%,3,0}
J O{l(i|l46|23},3 =30§+3O§+30.’;+30.€’ {%,1,—1},{%,2,—%},{%,3,()}
H L

0{1(;|14(5|23}'4 - 20’1) -+ Og -+ OI; - 3011) - 30’;;

{3,3,-1},{35,2,—3},{35,1,0}

_ P p p P
0{1(5|14(i|23},5 =—-0; 4+ 05 - 07 + O,

{%313_1}){%’23_%}3{%313()}

0{13|123|45},1 - Oi) - 40.’2) - 40:;;,

{3.3,0},{0,4,—1}.{0,3,1}

HY L
H . y H | Op13123)45},2 = 207 + OF + OF — 90} — 90, {3.3.0},{0,2,—5},{0,3,1}
ST Oq13)123)45},3 = 207 + OF + Of + 30} + 305, 2,1,0},{0,2,—3},{0,3,1}
H L 0{13|123|45},4 :OS—O§+3O§—3O§’, {%,3,0},{0,2,—%%{0,1,1}
Of13)123)45) 5 = -0 + 0¥ +0F - 0%, {%, 1,0}, {0, 2, —%}, {0,1,1}
[ Ousiizsiasy = OF — 40 — 40%, {1.3,0},{0.4,—1}.{0,3,0}
H - y H O13)123)46}.2 = OF + 205 — OF — 90%, {5.3,0},{0,2,—3},{0,3,0}
P Oq3123)46}.3 = —OF — 205 + O — 30%, {5,1,0},{0,2,—3},{0,3,0}
HY L Of13)1231463.4 = —OF — OF + 60] + 30, {3.3,0},{0.4,—3},{0,1,0}
Of13)123)46}.5 = —OF — Of — 207 — OF. {5,1,0},{0,2,—3},{0,1,0}
H L 0{16|126|34},1 = 6Oll)’ {%133_1}7{0347_%}1{07311}
o m Ogsiiz6j3a).2 = —30% +90%, {3.3.-1}.{0.4,-3}.{0.3.1}
/\-_- Oq16)126]343,3 = —30%5 — 304, {5,3,-1},{0,4,-3},{0,3,1}
H L O(16)126)34).4 = —O5 — 20} + 307 + 60%, {5,3,-1},{0.4,-2},{0,3,1}
Of16)126)34) 5 = Of + 20% + OF + 20%. {3,3,-1},{0,4,-3},{0,3,1}
I H O23)235)46).1 = O} — 204 + 60, {3.3,0},{3.4,3}.{0,3,0}
H . b H O23j235)46},2 = OF — 605 — 505 — 30%, {3,3,0},{3,2,5},{0,3,0}
o O{23)235/46}.3 = O +205 — OF — 30%, {5,1,0},{3,2,3},{0,3,0}
Hf L O{23)235/46}.4 = —OF — Of — 60 — 30, {3,3,0},{3.2,3},{0,1,0}
Oq23235)146},5 = —OF — 0% + 20} + OF. {5,1,0},{5,2,5}.{0,1,0}
L Ht 0{13|136|45},1 = Of + 205 + 20:’;) _ 6051) - 60’5,’ {% 3, O}, {% 4, —%}’ {0,3, 1}
H "\ o1 H [ Opgsis).s = 20 — 50} — 505 — 305 - 308, | {5.3,0},{3,2,-3}.{0.3,1}
,'\"\_\ Oq13136)45},3 = 207 + O + OF + 307 + 30%, {% 1,0}, {%, 2, —%}’ {0,3,1}
H L 0{13|136|45},4 - Og - O:;;) + 304’1) - 3(9?’ {%,3,0}, {%’23 _%}’ {0’1, 1}
Oqi3nsejasy s = —05 + 05 + OF — OF. {3,1,0},{3,2,—3}.{0,1,1}
I H O{16)156|34} .1 =20f—40§+ 1207, {%,3,—1},{%,4,—%},{0, 3,1}
H N ! / HY 0{16|156|34},2 :40’{-{-05—302, {%v31_1}1{%1 v—%}1{013?1}
,’k- 0{16|156|34},3 = _305_3051)’ {%,1,—1},{%,2,—%},{0, 3$1}
H L Of16)156)343.4 = —O5 — 20% + 30% + 60E, {3,3.-1},{5.2,—3},{0,1,1}
Ot16)156)34}.5 = O +20% + OF + 20%. {3,1,-1},{3.2,—-3},{0,1,1}
I I Ogsa)134)56),1 = —OF + 205 + 60, {0,3,1},{3,4,5},{0,3,0}
H . \_l. y H O (34113456} .2 = 407 — 8045 + 1207, {0,3,1},{35,2,5},{0,3,0}
’1\" Y O(34)134/56},3 = 205 + 40;’), {0,1,1}, {%, 2, %}, {0,3,0}
HY H O(3a13456},4 = —407 — 408, {0,3,1},{3,2,5},{0,1,0}
0{34|134|56},5 = 2(9:’1) + 40,5: {Os 1, 1}1 {%v 2, %}a {Ov 130}
H L O16)126},1 = 607, {3.3,-1},{0,4, -3}
\ P P P P
I __",</ I Oq16)126},2,3 = (_fé;_oé;jié):ffép) . {% 3,—1},{0,2, —2‘}
| 2 3 4 5
! ! P p p P
H  H O{16/126},4,5 = (_02 205 =01 - 205)- {3.1,-1},{0,2,-3}

—200 — OF — 208 — OF

[ Li, Ni, Xiao, Yu, 2204.03660 ]

34/59

| Bonnet, Hernandez,
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Complete dim-7 tree UVs

[ Li, Ni, Xiao, Yu, 2204.03660 ]

Scalar Fermion

(SU(3)e, SU(2)2, U(1),) (SUEG)e, SUR)2, U(L)y)

37172 D?H?L? ecHL?[(S4),(S2)] dcHL?*QI[(S4),(S10),(S12)]
1 (1.1,0) HH'L7[(56), (F5), (F1), (54, 56), HL2Q1ul[(S4), (V5),(V8)] DecHPLI[(F3), (V2)]
(54, F5), (54, F1), (F3, F5), (F1, F3), (56, F'3)] dcH Luc[(S11), (S10)]  deel HLul[(510), (V5)] dc HLQ'2[(S10), (V8)]
H2L2WL[(F5
$2(1,1,1) ecHL?((S4), (F4), (F1)] dcHL?Q[(S4), (F10), (F9)] F1(1,1,0) H3HTL2[(S4),(SS,FS),(Sl),(Sg,[(FG)?](FS,FS),(F3),(F3,F6),
o HIL*QMul[(S4), (F8),(F12)] DecHLI[(F1),(F3),(V3) (54, S6), (S6, F3), (54, S5), (S1, S4), (S5, F3), (S1, F3)]
ecHL?
ecHL¥((S6), (S2), (F5), (F1)] decHL2Q[(S6), (S2), (F5), (F1)] HI?Qul. dcHI?Q DelHL
s4 (1,2,3) HL*Q1ul[(S6), (S2), (F5),(F1)] H*H'L?[(S6), (F5), (F1),(55,56),(S1,56), e -
(86, F5), (S6, F1), (S5, F5), (S5, F1), (S1, F5), (S1, F1)] F2(1,1,1) dc*HTL[(S11)]
3 7t DecHBLI[(F5), (F1),(S6),(V2)] dcel.HLulL[(S12), (V8)]
S5 (1.3.0) H®H'L?[(S6), (F1, F5), (56, 57), (54, S6), (ST, F'5), F3 (1,2,1) dc2eLHQU(VS), (S11)]  H3HL2[(F5), (F1, F5), (F1).(F5. F6). (F1. F6). (S6. F5).
(54,F5), (54, F1),(F5,F7),(F3, F5), (F1, F3),(S6, F7), (56, F3)] (86, F1), (S5, F5), (S5, F1), (S1, F5), (S1, F1), (S6, F6), (S5, 56), (51, S6)]
D*H?L* ecHL?((S4),(F4),(F5)] dcHL?*Q[(S4), (F10), (F14)] Fi (1,2,3) ec HL3((S6), (S2)]
HLQQTuT ((S4), (F13), (F12)] - : —
DPCHT3LT[ F5),(F3),(V3)] H2L*W.[(FT)] ecHL [(54)72(~5;6)] dtcHTg ?[(54),(512%(514)] HL 632%[(54),(‘/9)7(‘/8)]
HHTL2((S4), e F5. F6). (FL F6 D?H?L® DecHBL[(S6), (F3),(V5)] dcHLQ2[(S14),(V8)]
S6 (1,3,1) (54), (58), ( 7),(55), (1), ( ) ) H2L2W,[(FT), (F1)] H*H'L2(S4), (S7), (S5, F1), (S1), (S6, F6), (F7), (F3), (F1,F3),
(55, 57), (54, 55),(51,54) (S7,F5), (54, F5), (54, F1), (F5, F7), (F3, F5), F5 (1,3,0) (F6, F7), (F3, F6), (S6, ST), (54, S6), (S6, F7), (S6, F3), (S5, S7),
(F1,F3),(S8,F6),(F6,FT),(F3,F6), (S5, FT), (S5, F3), (S1, F3)] (S4,55), (51, S4), (S5, F7), (S5, F3), (S1, F3)]
(’:HL:)’ (,:HL.";
HL?Q'ul. dcHL2Q DelH3L HL2Qul. dcHIL?Q DelH3L
o7 (1’4’ %) HOHL2((S6). (F5). (S5, 56). (56, F5). (55, F5)] F6 (1,3,1) H3HTL2[(S8), (S6,F5),(S6,F1),(F5, F7),(F3,F5),(F1,F3),(S6,58), (56, F7), (S6, F3)]
F7 (1,4 %) H2L*W.[(F5),(S6)] H3HTL2[(F5),(S6, F5), (F5, F6), (S6, F6), (S5, F5), (S5, S6)]
ss (1.4, g) H3H1L2[(S6), (F6), (S6, F6)]
F8 (3,1,—;-,) HL2QTu§:[(Sz),(V8)] dc HLQT2[(V8), (512), (V5)] dc2e}:HQT[(V5),(S11)]
510 (3 - ) dc*H Luc((S12), (F10), (F1)] dcHL?*Q[(S12), (F10), (F1)] ; ,
' deel HLul[(S12), (F10), (F1)] deHLQ([(S12), (F10), (F1)] F9 (3,1,3) dcHLQ|(512),(52)]
dc?H Luc[(S12), (S10), (S13)]  de HL?*Q[(S10),(S6), (S2), (S14)]
S11 (3, ,%‘) dc®HTL[(S12),(F11), (F2)] dc?*HLuc|(F11),(S13), (F1)] dCQ‘ZTcHQT[(SB)a(F3)7(F8)] F10 (3’2 —%) ci;e?‘cHLCuTC[(SIO (V3), (V8)] df;HLQT?[(SlO) (514), (V9), (V5)]
$19 ( o 1) dc*HTL[(S11), (F11)]  d¢®H Luc[(F11), (S10), (F10)] F11 (3,2,}) de3HTL[(S11), (S12)]  de?H Luc[(S11), (S12)]
' 6 20[(S1 14), (F5), (F1), (F14), (F9)] dcel-HLul.[(S10), (F3), (F12
dCHL Q[(S 0)1(5 )v( 5)’( )7( )a( 9)] CPC UC[(S 0)7( 3) ( )] F12 (3’2,%) HLQQTUTC[(SG) (32) (V9),(V5)] dceg:HLu?&[(VS),(Sl?),(v3)]
7 i
S13 ( 6) de? HLug[(S11), (F10)] dc2elHQ(S11), (F10)] P13 (3.3.-1) HIPQUL((56), (V)] doHLQP((VS), (512),(VO)
514 (3 3 —%) dc HL*Q((S12), (F10), (F5)]  dcHLQ™[(512), (F10), (F5)] Fl4 (3,3,2) dcHL2Q[(S12),(56)]

44 Jiang-Hao Yu (ITP-CAS)



Complete dim-6 tree UVs

[ Li, Ni, Xiao, Yu,2204.03660 ]

Scalar Fermion

(SU(3)e, SU(2)2,U(1)y)

B 2HH' D2H2H'2 dcHHT2Q[(F11),(F8)] ecHH™L[(F3),(F2)] (SUB)e, SU(2)2,U(L)y)
S1(1,1,0 GL:HHT H?H'Quc[(S4), (F11), (F9)] HH'W.? F1(1,1,0) DHHTLL" ecHHTL[(F3),(52)] ecHH"L
o H?H[(86), (52), (S5), (54, 56), (52,54), (54, S5), (54)] ; P +2
WHEVL deHHP0 B H'Ou F2(111) BrecH'L DHHYLL' ecHHYL[(F4),(F3),(S1)]
dcHHQ((S4), (F10),(F9)] ecHHL[(S4), (F4), (F1)] eccHH™ L
27t 2712
52 (1,1,1) - H*H1Quc|(F8), (F12)]  L°L F3(1,2,1) BrecH'L ecHHL[(F5), (F1), (F6), (F2),(S5), (S1)]
H3HT3[(S4),(S5),(55,56),(S1), (54, S5), (S1,54), (S5, 56), (54, S6)] N le hes!
S3(L12) ec?el? F4(1,2,3) Decel HHY  ec HH'2L[(F6), (F2), (S6), (52)] ecHHL Ew S€arcnes.
dhecLQt  dcHH'Q[(S6),(52)] ecHH?L[(S6), (52)] F5(1,3,0) DHHYLL" ecHHTL[(F3),(S6)] ecHH"L
(1o H2H'Que H2*H'Quc[(S5), (S1)] QQtucul. ,
1.22) HPH'*((S6), (52), (S5, 56). (52, 55), F6(1,3,1) ecH' LWy, ecHH™L[(F4), (F3),(S5)
(51,56), (51, 82), (52, 56), (S5), (51, 55), (S1)] F8(3,1,—3) BrdcH'Q dceGprH'Q DHHTQQT dcHH™Q[(F10),(F11),(S1)]
BLHH'W, D?H?H'? dcHH™Q[(F11),(F13)] A 2
. (1 5 0) eCHthL[(FS),(FG)] H2HTQUC[(S4),(Fll),(F14)] HHTWL2 F9 (3,1,%) DHH QQ BLHQU(C GLHQUC dCHH Q[(Fll),(SQ)]
o H3H'3[(S7),(56), (52, 56), (S1), (56, 57), (54, 56), (52, S4), (54), (51, 54)] H?*H'Quc
ecHH™? L dcHH™Q H?H!'Quc 5 i
- - - F10 (3,2, —3 Ddcd HH" dcHH2QI[(F13), (F8),(S6),(S2)] dcHH'
deHH?Q((S4), (F10), (F14)] ecHHI?L[(S4), (F4), (F5)] 3.2, ~) s CHIT QIS (), (50), (52)]_delHTe
$6(1,3. HEHQuel(F1S), (F12)] 171 BudcH'Q BLHQuc GiHQue DHH'ueuf
o HPHT?[(S7), (54),(58),(55), (55), (51), (52, S5) F11(3,2,3%) dc HHT2Q[(F14), (F9), (F13),(F8),(S5), (S1)]
(85.87).(84.85).(81.84).(52.85). (§2. S4)]
1 T H2H' Quc[(F14), (F9), (F13), (F8), (S5), (S1)
S7(1,4,1)
2 H3HT3[(56);(553),(55,56)] F12 (3,2, %) DHH weul. H2HTQuc[(F14), (F9), (S6), (52)] H2H'Quc
H3H
58(1.4,9) HE13](56)] F13 (3.3, —3) deH'QW,,  dcHHQ((F10), (F11),(S5)]  H*H'Quc|(F11), (6)]
59 (3,1, 1) uctul? F14 (3,3, %) HQucWy dcHH™Q[(F11),(S6)] H?*H'Quc|(F11),(F12),(S5)] [ de Blas, Criado
S10 (3, 1,—3) Q%Q™? ecLQuc ecQuc GCG(TCUCU:{: Vootor V3(1,2,2) —_— ?cel;mo Tz — Perez-Victoria, Santiago, 2017]
S11 (3,1, 5) de®dg.” (SU@3)e, SU(2), U(1),) o P o e e
512 (3,2, ¢) dedlLL dc2dl?  dedlecel. ec?el? Dded HHY e AL e e
513 (3, 2, %) LLTuCu:{: DeceLHHf D2H?H'? ded . LL! ecefCLLT 5 G12) (}C&CLQT
DHHYLLT L2Lt2 d. dTQQT oot V6 (3,1,3) ecelucul.
St (3 3,_? Q22Q:22 V1(1,1,0) DHHTQQT LLTQQT Q2Q’r2 (Z(::;(;'UCUC V7 (3,2,-3) dede L d&ggﬁ e(;:;?QQ: ekl @lue
515( , 1, 3) dc d ece}:ucu:{: DHHTucu(T: LLTucu(T: QQ”ucu(C V8(3,2,1) d.cdtthf d:Lfoug ‘IC[:I[:JT'U.C'U.L
516 (6,1, %) deQ?uc d(cd(cuq;u(C dcHH™2Q ecHH™L H2H'Quc V9 (3,3, 3) LLIQQ!
S17 (6.1, 3) uc®uf’ ecHHL dcHHQ H?*H!Quc Vs et
S18 (6,3,%) Q%Q12 D?>H?H'?  DdcH"ul, dedlucul, V12 (5.1,0) dc2di?  dedhQQ Qfo?T dedbucul
S19 (8,2,%) QQTuccug: v2(1.1.1) ecHHL dcHH™Q H*H'Quc V13 (8.1,1) QQ:;:;*;”ZL =
dc HH'™Q V14 (8,3.0) Q*Q" Jiang-Hao Yu (ITP-CAS)




Complete dim-7 UV for Ovbb
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[ Li, Ren, Yu, in preparation ]

B preserving B preserving B violating
(5,1,1,1)  (51,2,1/2) | (5,3,2,1/6)  (F,3,2,7/6) | (5,3,1,-1/3) (S,3,2,1/6)
(5,3,2,1/6) (S,3,3,—-1/3) | (S,3,2,1/6) (F,3,3,2/3) | (S,3,1,-1/3) (F,3,2,—-5/6)
(5,1,1,1) (F,3,1,-1/3) | (5,3,3,-1/3) (F,3,2,-5/6) | (V,3,2,1/6) (F,1,2,1/2)
(5,1,1,1) (F,3,1,2/3) (V,1,1,1) (F,1,2,1/2) (v,3,2,1/6) (F,3,1,—1/3)
(S5,1,1,1) (F,3,2,-5/6) | (V,1,2,3/2) (F,3,2,-5/6) | (V,3,2,1/6) (F,3,2,—5/6)
(5,1,1,1) (F,3,2,7/6) (V,1,2,3/2) (F,3,2,7/6) (v,3,2,1/6) (F,3,3,—1/3)
(5,1,2,1/2) (F,1,3,0) (V,3,1,2/3) (F,3,2,7/6) (V,3,1,2/3) (V,3,2,1/6)
(5,3,2,1/6) (F,1,2,1/2) (V,3,3,3/2) (F,3,2,7/6) (V,3,2,1/6) (V,3,3,2/3)

(S,3,2,1/6) (F,3,1,2/3) (V,1,1,1) (V,1,2,3/2)
- A A
OLeD OcLrLH OdLQLHl 0dLQLH2 Oaruer OQuLLH
S2 S4/F1/F4 S4/F9/F10 S4/F8/F12
S4 S2/SG/F5 SG/FI/F5 SZ/SG/FI/FS SZ/SG/FI/FS
SG FS/FS S4/F4/F5 S4/F10/F14 S4/F10/F14 S4/F12/F13
Sl2 FI/FS/F14 FS/FQ/F14 F3/Fl2
Fl F3/V2 S2 S4/Sl2 S4 V2/V5 S4/V5
F3 SG/FI/FS/V2 Sl2/V2
Sa/Se
F5 SG/FB S4/SG S4/Sl2 S4/Sl2 S4/‘/9
Fy Sy
F9 52/512
Fio Se Sy/Se Vs
Fl2 512/V3/V5 S2/SG/V5/V9
u Fl3 SG
Fi, Se/S12 Se/S12
Vo | Fy/F3/Vs Fy/F3/Vy
4 A Fo/FrolVs
V5 Fl/Fl2 Fl/F12
Vo F5/Fyy
\ J /

Jiang-Hao Yu (ITP-CAS)




Complete dim-9 UV for Ovbb

[ Li, Ni, Xiao, Yu, in preparation ]

energy
Li, Yu, Zhao, in progress
(ri, /i) (1,1,0) (0,0,0) [ progress |
(82,82,13) | 501 420 —20s
(82,82,11) —20, %01 + %02
(12,12,13) | —40; — 60, 20,
(12,15, 1) 60, —40; — 20,

(ri, J;) (1,1,1) (1,1,0)
(33,82, 35) —%(91 501 + 30,
(31, 82,32) —=201 0
(33,12, 32) —%(91 501+ 30
(31,12,32) | —20, 0

O = N1 L) (Qpoy Q) (s 1)

02 — _i(LTu]LT’UZ)(Qpaiucsb)(QTbjucta)'
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Summary

The EFT framework provides most general description on weak interactions and neutrinos

Low energy probe of high energy physics

UV models . .
TVeeale | (Intensity frontier)
Standard model EFT
N SCA .
Aocn Low energy EFT Construct operator bases in each levels of EFTs
"""""""""""""""""""""""""""""""""""""""""""""""""""""""" using spinor Young tensor
QCD Chiral Lagrangian
MeV scale

Complete UVs can be explored
Chiral nuclear EFT via Casimir projection

- With the whole EFT framework, we are ready to investigate WIN pheno in a systematic way

( dark matter, axion, dark photon EFT not discussed here )
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Thanks for your attention!



