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Search For New Physics

Energy frontiers for searching new physics

high energy, high cost!

TeV scale

EW scale

mywy
Low energy probe of high energy physics
Aqcp . .
high intensity, low cost!
Inc?mi ng neutring Recoiling n.cleus

MeV scale | y

Nucleus

Also light new physics
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EFT Ladder

Energy
L=LE . + Lacp + LQED + LEW +Lhey vy
UV models ) pa S
many models .....
...... N B0 . e
~ G e G e
Standard model EFT Couerr = Lo+ 7 =0 + 25-Q) + -
EW. scale Higgs precision, TGC, di-Higgs
Higgs EFT (EW chiral Lag)
mw
E CI
Low energy EFT Craer = Lawsquot 3O + 207+
AQCD Flavor physics, leptonic decays
Chiral Lagrangian + Heavy B EFT |£x= £8P bumi) + Lan (8,0 b mud £
MeV scale Kaon, pion, and nucleon decays

Nuclear EFT (nuclear matrix elements) OvBB CEvNS
NSI DM direct detection

Jiang-Hao Yu (ITP-CAS) 0



Neutrinoless Double Beta Decay

[ Cirigliano, Denkens,de Vries, Graesser, Mereghetti, 2018 ]

UV models

many models .....

Standard model EFT

...... o N S, . oo

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

dim — 6 dim - 7

d > nev (d <+ uer) = o

Aqcp

MeV scale

nuclear matrix elements AfAAAP.PPMM

GT,T

V75,07 = 071)
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4-Fermi EFT: From Beta to NSI

Energy
[ Du, Li, Tang,Vihonen, Yu, 2021]
UV models ’
many models ..... [ Du, Li, Tang,Vihonen, Yu, 2022]
...... LN S L b o e
(Pes)einl(@iue),  (owes)en(@o™u), (Pes)dugeg). (L' :)(@0,7" @)
Standard mOdel EFT (HY D! H)(1.7"15)., (H'i D! H)(G7""q,). (H'iD, H)(i,"d,)
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{lerir)(1))s (wr" Priryd;) (£arvuPLys) .
Low energy EFT lescry ()75 (@1 (75)d;) (£aPrLys) .
AQCD ler(p)]?; (wic"" Prd;) (€aouw PLys) }
Chlral Lagranglan [fl(R)]nf [fs(P)]nf [67]01
MeV scale — ——
| NoVA T2K -= - Dayaba RENO CHOOZ
I " L ..“H““Im ||I|HI|||||
I ‘ ‘ ‘ | Dune/HyperK
Jddil] HHII.|||I||”.II”.|‘|H||

Jiang-Hao Yu (ITP-CAS) e



SMEFT Operators and UV Resonances

Lectures on Effective Field Theories (video)
https://indico.ihep.ac.cn/event/17771/page/1411-10108

All things EFT seminar on SMEFT Operator Basis

https://www.koushare.com/video/videodetail/12645
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SMEFT

Standard model effective field theory (SMEFT)

UV model unspecified

LHC probing scale

)
Y SMEFT

,’ — Most general Lagrangian with Lorentz and SM gauge symmetry
Bown quark Z’, -Z;i
*vawh Lrrr = Lop<a + .+ 5+,
2 A A
Blectro

power counting: canonical dim.

SMEFT provides systematic parametrization of

... all possible Lorentz inv. new physics!
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SMEFT Operators
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Dim-6 Operators

Why completing dim-6 took more than 25 years?
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[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]
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Why High Dim Operator?

new physics without new particle: neutrino masses and baryon asymmetry

\ A AB
v < ’
L
~ J
<
.
\
‘l
‘l
.

025
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B and L violation

\l\':j/.
/\"\'\.
)
XA
/d > 18
Instanton

n-nbar oscillation
d d

(i3

[ Heeck, Takhistov, 2020]




Operator as Spinor Tensor

Modern view: operator as Young tensor and on-shell amplitude, with spin-statistics
[ Li, Ren, Shu, Xiao, Yu, Zheng, 2005.00008 ]
[ Li, Ren, Xiao, Yu, Zheng, 2007.07899 ]
[ Li, Ren, Xiao, Yu, Zheng,2012.09188 ]
W (e, NprL,) D, H [ Li, Ren, Xiao, Yu, Zheng, 2105.09323 ]
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

Spinor Tensor mmmdal Symmetrize indices

FUIUJFLlILIJF a'l(-l'r‘l " (D! ‘3) {'D{" I

'DQ jofh = __6i1 4‘9‘;)0 —(D("(wf e

SL(2,C) x SU oo F)
,C) x SU(N) \ A

i
g\ s—

[ SSYT = Amplitude

mE 1/1]1,2 (13) (13) (24) [34]
r 2334
11[1[3]  (12)(13) (34) [34]
2 2(3]1

~  On-shell @
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Operator as Spinor Tensor

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

w
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Unified construction of Lorentz & gauge structures by Young Tableau
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Operator as Spinor Tensor

Young tensor method

BW HHTD?

11113
212|124

~ Y10y (Y] € (Y302
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11112
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(12) (13) (34) [34]

No need to first list over-complete

and remove redundancy
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Traditional method

BWHHTD?
[ Hays, Martin, Sanz, Setford, 2018]
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SMEFT Operators

Dimension-6

Dimension-5
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Dimension-7
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Dimension-9

[ Li, Ren, Xiao, Yu, Zheng, 2020]
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LEFT Operators

SU(3) x U(1) symmetry massive fermion involved

Dimension-6

Dimension-5

Dim-6 aperators
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[Jenkins, Manohar, Stoffer, 2017]
[ Li, Ren, Xiao, Yu, Zheng, 2020]
s o — [Murphy, 2020]
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Dimension-7

Lim-7 operators
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[ Li, Ren, Xiao, Yu, Zheng, 2020]
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Dimension-5
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massive Majorana fermion involved
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Dimension-7
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Mathematica Code: ABC4EFT

Amplitude Basis Construction for Effective Field Theory
Automatic Basis Conversion for Effective Field Theory

Home
Repo
Downloads
Cantact

Welcome to the HEPForge Project: ABC4EFT

This is the websile for the Mathematica package: Amplitude Basis Construclion for Effectiv

Package
This package has the following features:

e Il provides a general procedure 1o construct the independent and complele operalor bases ft
invariant alfectiva fiald theary, given any kind of gauge symmelry and liald contant, up to any

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

« |l provides a systemalic way to convert any operator into our on-shell amglitude basis end th
can be easily done.

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

e Hao-Lin Li (praviously pastdoc at ITP-CAS, now pastdoc at UC Lauvain)

« Zha Ren (41n-yaar graduate stludent at ITP-CAS)

» Ming-Lei Xiao (praviously pastdoc at ITF-CAS, now pastdoc at Narthweastern and Argonne)
« Jiang-Hao Yu (professor at ITP-CAS)

e Yu-Hul Zheng (5th-yaar graduate studant at ITP-CAS)
https://abc4eft.hepforge.org/
[ Li, Ren, Xiao, Yu, Zheng, 2201.04639 ]

Jiang-Hao Yu (ITP-CAS)
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Bottom-Up EFT

Given the effective operators, what kinds of UV for such operators?

SMEFT Inverse Problem!

[ See also Qing-Hong Cao’s talk ]

Most general Lagrangian with Lorentz and SM gauge symmetry

Ly L
Beciron LEFT = La<q A | A2 Fooo

Jiang-Hao Yu (ITP-CAS) @



Canonical Seesaw Models

* Canonical eassar models
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Functional § tree & 1-
Method § loop CDE

SMEFT EOM SMEFT [ Du, Li, JHYu, 2201.04646 ]
(Warsaw basis) [ Li, Zhang, Zhou, 2021,2022 ]

/ l\ [ See also Shun Zhou’s talk ]

e T

Shifts of SM couplings
(Threshold effects) Weinberg operator

(Green's basis)

High- and low-

energy observables

n 6o 6, 6,6

(@) (@) equ’ HWS
Radiative symmetry breaking _
——— dim-6 operators
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Bottom-up: Type-3/2 Seesaw?

Whether additional seesaw (type-3/2 seesaw) is possible?

a H b ) € w w ®
1.
E l‘a A 3 "'R 4 1.;
— <—1e—p — - - — - —— »— i’ > w.}{....‘ - L
Y 3 Y L Y V. lu:-_ Y L (A
Uiz Yars

[ Demir, Karahan, Sargm, 2021 ]

HS L4 H
oo SMEFT
L \ 4 L
oy Vv LEFT

Angular momentum conservation not imposed!
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Complete Tree Seesaw Proved!

‘ 0% = (HL)( HL)‘ [ Li, Ni, Xiao, Yu,2204.03660 ]

Generalized partial wave analysis for Poincare/Gauge Casimir

W?B = —sJ(J+ 1)B’

LH — LH channel LL — HH channel
, 3
Wi 2 BY = - 7515(12) n'{Ql 2B =0
L . H
H ,H . Rt
‘~s o" J:§ --'(: J =0
L L 3 X4 L sss
L H
Type-l and llIl: SU(2) single and triplet Type-ll: SU(2) triplet, or singlet (excluded by repeated field)
j-basis Model j-basis Model
0%2_}2{, = 0°+0" | type Og(I)I}LLL =07 N/A
Oyt = 0530 | type lll Oirsrr, = O° type Il

0% = (HL)(HL), ©O*=(HH)(LL)
Jiang-Hao Yu (ITP-CAS) @



Genuine dim-7 Seesaw

[ Li, Ni, Xiao, Yu, 2204.03660 ]
Tree-level seesaw at dim-7: among 19 topologies, one genuine dim-7 seesaw
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Complete Dim-6 UV Resonances

[ Li, Ni, Xiao, Yu,2204.03660 ]
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Complete Dim-7 UV Resonances
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Complete Dim-8

[ Li, Ni, Xiao, Yu, in preparation ]
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(L.1,3,0]
(0.1.3,0]
' (2,1,1,0)
(L11,0
(0.1,1,0]

80§ — 40 + 80
8O + a0 160
-4 —40) - 240}
10! 2O
40}

In the forward limit, a twice-subtracted dispersion relation

.. 1 o0 ds
.Mz_vkl B — / —_— N.[," M: e
27 Jieayz 83 Mijox My x + (7 < 1]

X

Particle | Spin Charge /rrep Interaction ER < &
B, 1 1 GBI H e Dy Hi+ he. v 8(1,0,-1) 2{—1.2)
= 0 3 gMETH e HY + e, X 800100 2(1,2)
S i 1ai S aMS (I v 200010 =0
B 1 1p(A) gB(H D, ) v oL L0 L4
=p 0 (S gMEZL () X 220, 1) g-:'l, 4
W ] 3(A) oW H LY X 200, - =100
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UV Resonances

Analyticity in complex s plane (fixed 1)
1 A(s',t)
A(s.t) = — ¢ ds’ —=~
(5,2) ‘Zm.fc T e —s
Cauchy'’s integral formula

Fixed 7 dispersion relation

°°du §° u? —
Ast~/ [ + ‘ImA t
(&%) e omutlu-8 p-u ("J) i A

) N
/ |
EFT amplituda IR ~ UV connection UV full amplitude

y yo P » =~ ¢ Ny J \Ne
r)ii(‘.A‘, W3] = .4,;, s3] — A .,..,l_.'ifl‘ = i> ".‘!,’. s AN L xis)

[ See also S.Y. Zhou'’s talk ]
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[ Cen Zhang, 2021 ]




Dim-9: Ovbb

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

-
d, 2 e,4 d,2 e, 4 He \'/ e
|
[ [ II
u, 5 I11 e.3 u,H I e, 3 e, 3 ,L\ 111 e, 1
I S 7' | \<
1.1 u, 6 1.1 u, 6
( ( d, 1 u, 6

[ Bonnet, Hirsch, Ota, Winter, 2012]

W?B = —sJ(J+1)B7
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Chiral EFT for EW and QCD




EW Chiral Lagrangian

Before the Higgs discovery ...

Weak dynamics @ EWV scale Strong dynamics @ EWV scale
SM, SUSY, etc Technicolor, etc

Standard Model EFT Electroweak Chiral Lagrangian

M o
Jiang-Hao Yu (ITP-CAS) @




Higgs EFT

After the Higgs discovery ...
Next goal: Nature of Higgs boson!

[ Agrawal, Saha, Xu, Yu, Yuan, 1907.02078 ]

Landau-Ginzburg Higgs Tadpole-induced Higgs Coleman Weinberg Higgs  Pseudo-Goldstone Higgs
1 f

V V

V(g) = —m*¢T¢ + (9" ¢)? V() = —1*Voto+m?ele V(9) = M0¢)* + e(¢'9)* log Tz V(¢) = —asin®*(¢/f) + bsin*(¢/f)

Fundamental Partial Fundamental Conformal particle Composite particle
particle particle

Not all of these scenarios can be described in SMEFT

Also [ Falkowski, Rattazzi 2019 ]
[ Cohen, Craig, Lu, Sutherland, 2021 ]
[ Gomez-Ambrosio, etc, 2022 ]

Jiang-Hao Yu (ITP-CAS)



Matches Among EFTs

Standard model EFT Low energy EFT
Field d.o.f: all SM fields SM fields except Higgs, top, W, Z
Symmetry: SU3 x SU2 x U Symmetry: SU3 x U1
. . C{g) (5) C() (6) MatChing Cfs) {5 C:B] i6)
Csuerr = Lsm + /\‘.'.pof + A'?‘pQ' T —_— CLepr = Cuwmw*m(’é - +F,%..0" SR
Running '
approximate custodial symmetry approximate chiral symmetry
SU(2) x SU(2) SU(2) x SU(2)
T = (¢°, ) = ( _cb;: z; ) - gL s 9}2 Q. 9.9 9r—~ 9R 4R

(91,9r) € SU(2) x SU(2) (9z,9r) € SU(2) x SU(2)

() = (; g) # 0 The vacuum is not invariant (SSB) (0l (a,ax +aq,)[0) #0
EW Chiral Lagrangian QCD Chiral Lagrangian

Jiang-Hao Yu (ITP-CAS) @



EFTs in Broken Phase

Chiral Lagrangian description on the SSB

EW Chiral Lagrangian QCD Chiral Lagrangian
1 .0 4 . : -}5”0+ :*,-é-n T K=
2 ¥ VA v . K- K° —\,'%I,l
SM fields and Goldstone meson and baryon
G=SU2)L xSUR2)rxU(l)p_r, H==8U(2);4nxU1)p_y, G=SU3)L xSUB3)r H = SU(3)V
SU2)L x U(l)y U(1)em SU(3) x U(1)em U(1)em

Jiang-Hao Yu (ITP-CAS)



CCWZ for Goldstone Boson

Define the Goldstone matrix, which transform nonlinearly under G

1

Q(IT) = exp [ZH(I)] — Q(ll(g]) - gQ(ll)b—l(ll; a)

/ |Ta, Ty < T

CCWZ Coset _
[Callan, Coleman, Wess, Zumino, 1969] Symmetric Coset
~i019,Q = d;T" + E;T* = d,, + B, Q- gh, Q- hgg
d, = bd,h™', E,— bhE,h'—ihd, b’ U=Q®— gUgy'
Ou = Dy = O +id, | Ay = AT + AT AR = g21° - AT | DU =08,U+iAU - iUAP
Building block Building block

dy(I1),  Eu(Il) Vu=0u+iBy \ 5 )1 w, =iQDU)'Q D,
1

—arma +ama M (R) (R
I+ i Fuw = 9 (ftw = fd”') = O'F,Q+Fy

d dy = uy

fo=0F,0=f

v

Jiang-Hao Yu (ITP-CAS)




Chiral Lag for QCD and EW

w (1T, 0 / - =
Q(II) = [ (0 ) u“(l‘[)] % — vgbUgTR =g, uh™ = plug,

UI) = «*(Il) — gr,U(ll)gjg_

EW Chiral Lag

QCD Chiral Lag
V,.—gr ng_;

-1

u, — hu,b
Uy =1 [uT (0, —iry)u —u(0, —il,) UT] V() = ":U("L')DIIU("L')*
X4 = uf,\jtﬁ -+ uxtu, ﬁ"’;w — QL"'%”,WQE
BA;I.I/ — GRB;WGI; '

o = L R
Sy =u WuT = uffp,,u,
VL —  gLVL

B— hBp !
Uvgr — 0 Uypg

DA =8,A+ 1, Al

1 i
] Al = 5 £l 4] T =UTRU! —  g,Tgl

[Dlh D!, 4 —_ —'
1r ]
L= ut (8, —ir) u+u (9, —il,)uf Y =UYVrU" —  g.Yg}
[ = VAT ¥*T% [T TY] = %[“"- u’] §'+

[ See also Shao-Zhou Jiang’s talk ]
Jiang-Hao Yu (ITP-CAS)
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Higgs EFT

EW chiral Lagrangian , EWChL with light Higgs Higgs EFT

e e

LO and NLO boson 2012 NLO fermion sector 2020  Full NLO and

NNLO

[ Weinberg, 1979 ]

NLO Bosonic Lagrangian NLO Fermionic Lagrangian Complete NLO Lagrangian

237 (8595) operators for one (three)

[ Appelquist, Bernard, 1980 ] el 2l [ Sun, Xiao, Yu, 2206.07722 ]
[ Longhitano, 1980, 1981 ] [ Buchalla, Cata, Krause, 2014 ] e
[ Feruglio, 1993 ] [ Brivio, Gonzalez-Fraile/Garcia, Merlo, 2016 ] ,,l',, L
[ Herrero, Morales, 1993 ] [ Pich, Rosell, Santos, Sanz-Cillero, 2015, 2018 ] sl st ot JO N

AL VRS (T b O i Cane A2 (W)

Complete NNLO Lagrangian

11506(1927574) NNLO operators with flavor number 1(3).

[ Sun, Xiao, Yu, in preparation ]
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Adler Zero Condition

The amplitude in the soft limit of an external leg s

= 0 (8O (s) + SEP)(s)) AL, ..., N) [ Adler, 1965 ]
1,...,N,8) —— o
Al -, N, 9) {(’)(pj{) for Goldstone Boson [ Low, 2014 ]
[ Cheung, et.al, 2014, 2015 ]

{—1/2,-1/2,1,0,0}

[N
[W—

N H
N H

DO [ =
DO | =
bo
Ot =
DN | =
DN | =
o
(LR
o | =
DO | =
H—
W= o
o | =
DN | =
H—
e

Expand the soft-limit amplitude into the{SSYT basis .
BN (pr —0) — -ZK:“B;N)

Put constraints on the SSYT basis

[
W) ) FEEN
|

DO | =
DO | =
o
Do | =
DO | =
—

2
2 |

e
ot
M
ot

[ Sun, Xiao, Yu, 2206.07722 ]

[ Low, Shu, Xiao, Zheng, 2022] @
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Spurion Technique

The SU(2) spurion is introduced to parametrize the custodial symmetry breaking

f,'€2’\' TITIkinjE ) _} s

(,‘jfj € 2 ~

T ... 5} ¢ spin j

flTl-lkfkj € 3~

T!IT/ = T2517 + T[ITII -+ T':ITJ),
3®3d3 = 1 + 3 — D,
f!.H\‘TIT.IAh’
Littlewood-Richarson rules Symmetricjhighest weight

™~

Gauge Singlet [ Sun, Xiao, Yu, 2206.07722 ]
SU(2) ~

Jiang-Hao Yu (ITP-CAS) @
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QCD Chiral Lagrangian

Long and old history since 1979 Weinberg and 1990 Weinberg

Pure meson ChPT Meson-baryon ChPT Baryon-baryon ChPT

p2 Lagrangian 2 flavor p4 Lagrangian PO Lagrangian

[ Weinberg, 1979 ] [Statice PP O] [ Weinberg 1990 ]
[ Ecker, 1994 ]

p4 Bosonic Lagrangian [ Fettes, Meisner, Mojzis, Steininger, 2000 ] p2 Lagrangian
[ Gasser, Leutwyler, 1984, 1985 ] p3 Lagrangian [ van Kolck, Ordonez, 1992 ]

[ Oller,Verbeni, Prades, 2006 ] o2 ey
B ic L '
oo Eeeilts eIl [ Frink, Meisner, 2006 ]
[ Petschauer, Kaiser, 2013 ]
Bimene Colngelo e
agrangian
[ Bijnens, Colangelo, Ecker, 1999 ] b

[ Jiang, Ge,Wang, 2014 ] [ Jiang, Chen, Liu, 2017 ] 3-baryon Lagrangian

p8 Bosonic Lagrangian [ Petschauer, Haidenbauer, Kaiser, Meisner,Weise, 2020 ]

[ Bijnens, Hermansson,Wang, 2018 ] @
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Chiral EFT Up to N5LO

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

LO
(Q/AY) >< H " 2020 o T S
no X 3 r n
e A - e
" ) e T e
S | ! 22 2020 b " F:.. H .-‘ gi!g’.- ..'l ooooo
T . e
I U e D ® 2014
NNLO + H | RO @ 2016
: » . . b ' el ™ ::.g: LT N= m5018

\ N

[ See also Jiang-Ming Yao’s talk ]

N*LO '+ [ &l Hl |
T P8 S
:ng

/ I +{ "T”"/ [ Entem, Machleidt, Nosyk, 2020 ]

':; (-u)// A \ j'—; . "\ // \ /
. + ’ +"/,(\ ) & Ad Also [ Hebeler, 2020 ]
Y\ /|I\ *- oo

‘ M e b
e W e m
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Baryon-Baryon and Three-Baryon

Extend to the SU(3) flavor for hyperon-nucleon interactions

N4

(BBBB), (BBBB), (BB)(BB). (BB)(BB) .

N4D2

-
v ~
\ 7’
\-’
. cesee
~
-
-
Il -
-
-

[ Petschauer, Kaiser, 2013 ]

(BxBBB). (BBxBB), (BxB)(BB), ...

N4u

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

(BBBBBBY,
(BBBBBB) ,
(BBBB){BB).{BBB)(BBB),(BBB){(BBB).
(BBRYBBY(BB) . (BBY(BBYBD).

BBBBB),(BBBBBE),

(B
(BBBB){(BB),(BBBB){BB).

The Young tensor technique can also applied to ChPT
Complete and independent relativistic operators, then heavy baryon expansion

IBP, EOM (not external source), Bianchi, Fierz-Schouten,
No need Cayley-Hamilton relation

Jiang-Hao Yu (ITP-CAS)

[ Sun,Wang, Yu, in preparation ]
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Summary

1. paradigm shift in new physics searches
Bottom-up EFT provides a clear pathway to new physics step by step

2. New way of constructing EFT operators
SMEFT, LEFT, gravity EFT, Higgs EFT, QCD chiral Lag, nuclear EFT, etc

Young Tensor Technique Complete UVs

Any operator Partial wave for
to any mass dimension UV resonances

Jiang-Hao Yu (ITP-CAS) @




Thanks for your attention!



