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Disclaimer:  Too broad subject

© Motivation for new physics Apologize if your interesting topic or your related work
IS missing ...

© New physics model building: Higgs and neutrino

© New physics from EFT: neutrino as example

© New way of searching new physics

© Summary and outlook
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Motivation for New Physics



17 elementary particles 3 kinds of interactions

Weak SU(2)

All discovered All found, also

EW SSB verified

Standard model of particle physics

18 parameters (massless neutrino)

All known,

3 gauge couplings + 2 Higgs potential
+ 12 Yukawa + 1 CPV

17+9 = 1 1 1 1 943 4 6
formal: ¢ ¢ o A A

practical: « My Mz My my Vekm Urnins
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Precision measurements

Validation of the SM predictions

Standard Model Production Cross Section Measurements 5@/
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Neutrino parameters and measurements

Additional 7(9) Yukawa parameters exist if Dirac (Majorana) neutrino masses are non-zero
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Motivation for new physics

There are experimental challenges in the standard model and theoretical motivation for new physics

experimental challenges theoretical motivation

Oll on probabilities for

Neutrino masses

Cosmological Neutrino QCD electroweak GUT Planck
constant scale scale scale scale mass

0 5000 10000 15000 20000 25000 30000 zsooo lO'”GeV 10-9

Fermion flavor hierarchy nggs hierarchy problem

Probability

0.4

0.2

Baryon asymmetry

Dark matter

' ' | 200 |

£ s |
: i )

- " & |
Inflation |
ol
log,,(12/GeV)
Large energy, short distance —» Higgs mass M;, in GeV
Gauge unification Vacuum stability

Jiang-Hao Yu (ITP-CAS)



New Physics Model Building



Extension of the standard model

Scalar sector
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Simplified new physics models

Scalar Extension: SM + real or complex scalar
Scalar sector singlet, doublet, triplet, ...

/ ! I‘ _'7‘% Fﬁv i

| Ty
¥ . o Yt

- i 5¢1'k<.
W RV

Jsually additional scalar (SSB), fermion (anomaly)
Fermion sector Gauge sector

Fermion Extension: SM + vector-like fermion Gauge Extension: SM + U(1), SU(2), SU(3) = G211, G221, G311
singlet, doublet, triplet, ... SU(4) Pati-Salam, SU(5) GUT, SO(10), ...
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Hierarchy problem

Cosmological Neutrino QCD electroweak GUT Planck
constant scale scale scale scale mass
10°°GeV 107° 1075 10’ 10" 10% 10"

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

Introduce Majorana neutrino to explain small neutrino masses
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Majorana or Dirac

Compared to Dirac neutrino propagation (oscillation), Majorana propagation is suppressed by a factor m? /E?
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Hierarchy problem

Cosmological Neutrino QCD  electroweak GUT Planck
constant scale scale scale scale mass
10°°GeV 1077 10°° 107! 10° 10’ 10" 10" 10"

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

Simplified models cannot solve hierarchy problem

Jiang-Hao Yu (ITP-CAS)



Beyond simplified model

Introduce new symmetry for the Higgs boson

MSSM, NMSSM,
vMSSM, TMSSM,, ...

Gravity mediation
Gauge mediation
Anomaly mediation

Supersymmetry

Ho H

Hierarchy
Problem
Solutions

Composite Higgs Extra Dimension

shift: h — h+ a Conformal: h — e“h
uv IR
T
Technicolor / \ ) / ADD model
Little Higgs ac )\n / Randall-Sundrum
Minimal Composite Higgs & i Higgsless
Twin Higgs \ _ . T Soft-wall
(K —K" 2= —
Neutral naturalness Q\K~; 053 om) . : Flavor XD
Higgs similar to pion Higgs as 5D Eauge boson

[ Hong-Jian He, Jin-Min Yang, Tian-Jun Li, Chun Liu, Qing Wang, Chong-Xing Yue, Qing-Hong Cao, Tao Liu, Jing
Shu, Jun-Jie Cao, Yue Zhao, Hong-Hao Zhang, Hao Zhang, Jing Ren, Jia-Ying Gu, Zhe-Wei Yin, J.-H. Yu, ... ]
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Smoking gun signature

Little hierarchy problem: A light top partner is needed to cancel quadratic divergence of top quark loop

M
Supersymmetr Strong dynamics = Extra dimension
PEFSY Y with global symmetry
AdS/CFT
AWSY Aconﬁne — AKK
_ - U f
o T Oy
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Y Yt y? Yt 3f
6y2
2 t 2
m, v A,
1672

Unlike simplified models, usually solve several problems at the same time
Matter-antimatter asymmetry

Dark matter candidates
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Baryon asymmetry

Cosmological Neutrino QCD  electroweak GUT Planck
constant scale scale scale scale mass
10°°GeV 107° 1075 10’ 10" 10" 10"

\K |

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

Electroweak baryogengesis

[ M. Ramsey-Musolf, Xin-min Zhang, Tao Liu, Jing Shu, Wei Chao, Cheng-Cheng Han, Zhen-Hua Zhao, Ke-Pan Xie, J.-H. Yu, ... ]
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Light new particles

Hierarchy problem for QCD CP phase

:\10‘6
0 = —argdet[e "y, yq) doxm = argdet [yuy;ﬂ, ydyfi] <0

10—10

10—12
10—13
10—14
10—15

1010

10717 = .
1072 107 1077 107% 107° 107* 10°% 1072 107! 1

- assume a global U(l)pq:1) QCD anomalous and i) spontaneously broken

- axion: PGB of U(|)pq breaking

anomalous PQ breaking (fermion sector) + spontaneous PQ breaking (scalar sector)

[ Tian-Jun Li, Jia Liu, Qiaoli Yang, Yu Gao, Chen Sun, Zhi-Hui Guo, J.-H. Yu, ... ]
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Axion search limits

Laboratory

---------------------

i
" R e e

i
R L )

g

T [Redondo & Irastorza, 1801.08127] =
| IIl|,|,| Illlllu] Illllu]] lllIl|,|,|l Illlll|,|l Illlll|,|| L

10
ma(eV)

Jiang-Hao Yu (ITP-CAS)

[ Li-Gong Bian, Huai-Ke
Guo, Fa Peng Huang, Ye-
Ling Zhou, Yun Jiang, Zhao-
Huan Yu,... ]



Light new particles

Light sterile neutrino searches Sub-GeV dark photon searches
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[ Hai-Peng An, Xiao-Gang He, Yue-Liang Wu, Yu-Feng Zhou, Jing Shu, Zuo-Wei Liu, Lei Wu, Yue Zhao,
Yong Tang, Xiao-Ping Wang, Yong-Chao Zhang, Wei Su, Ning-Qiang Song, Peizi Du, Da Liu, Sida Lu, ... ]
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TeV new physics searches

ATLAS SUSY Searches* - 95% CL Lower Limits

March 2021
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New physics without new particle

New physics beyond the LHC threshold: paradigm shift for BSM searches
Or sub-GeV light new physics

Resonance Searches Deviation Searches

2 SM
‘ # BSM
SM

Experiments: Resonance bump hunting at the LHC Experiments: deviation from SM at the LHC

Theories: New physics model building Theories: Effective field theory (EFT) description

New Physics without new particles

Jiang-Hao Yu (ITP-CAS)



Effective Field Theory Description

Using neutrino as example

22



From thousand models to a unique theory

@ ? New Particle
.................... )
109 10-3 100 10! 102 103 1015 1019
(GeV)
QCD Scale EW Scale LHC

Bottom-up EFT theory

Top-down model building

P % % & % % .
b = Lo<a + -+ o5t gt o o + new particle + new symmetry
A unique SMEFT theory Thousands of models

Jiang-Hao Yu (ITP-CAS)



Standard model effective field theory

Based on SM particles and SM symmetry (no new particle/symmetry), write the most general Lagrangian

S I I | I | I
Lrrr = ZLg<4 A P et et T
Standard Weinberg Dim-6
Model Operator 84 30 993 o560
Dim-5: Weinberg operator Dim-6: typical process Dim-7,9: BNV, LNV Dim-8: nTGC, VVV
EW
f ——Diboson—— L ﬂ
+\ ’+ (¢ | R
4 i ( CHWB CHD Cll \ P
VL/O\ Cup Cua || Cow
¢ & =
VL CHW 0(3) C(l) C C CHQ CtB
¢ - = e
¢ 5| . EWPO e
X(LZH)(LJH) + h . C. Con P Cé’j C%’qs Czu Céd
4 Crr e (o] (6
V @ tt |
— ¢;—Vvy;+h.c. \- Higgs =
A J

SMEFT provides systematic parameterization of all possible Lorentz-inv. new physics
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Dim-5 Weinberg operator

The neutrino masses from Weinberg operator is the first example of new physics without new particle

Beyond the current experimental searches Measurements of neutrino oscillation
v H H
(/Y'\;;R\ju’ T AT
: : Vi
X b —{—
(H) yVv V[
Cij
for Majorana neutrino X(L,-H)(L]H) +h.c. [ Weinberg, 1979 ]
2
m., — (YVvEW) V2

“... the effective field theory point of view had
predicted the neutrino masses”™

“ =

[ Weinberg, 2021 ]
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Dim-6 operators

Dimension-6 operators parametrize new physics effects at low energy, electroweak precision, diboson, top and Higgs
boson physics, etc

One important task of LHC run-3 : dim-6 operator Wilson coefficients

- ~ CMS Preliminary
a Diboson —\ B o024

pp — 412
Cw

Simulation

pp — 3Iv2j

pp = I*IF2v2j

A
=
n n
n
i ‘ =
- FtV — | pp;;-l—’:.?z\;% R R R EEEEEE 2
| b o HHE !
pp—
(C' - ( \\ C He pgp—;_.ah; =I = 1
Cowe Cup Oy ol - - 2
C C(l) C B Ha | i mm mmms -
HB C 0(3) C(l) HQ tW iy ENEE BEE
He Hl Hl - = - —
(3) pp —+ w(+0, 1)) | H [ | |
C C C &Y. :
HW HQ tB
(3) (1) e+ .
C . C C S =
C KHQ Hgq Hu Hy C3’1 ::a it B
HG \ ‘ Qq h—=cé

EWPO

h=s1tt
h-e'e”
h—pty”

ga—h
ag —2Zh

C’tH k
pp - ih(0, 1)@LO 5010 0 0 1 O I

pp = tH(0, 1j)@LO

C 1,8 3,8 8 8 4q - hj@LO
bH C C Y C ¢ C C - h{0,1,2)@LO0
G Qq Qq Qu Qd AN

pp — 2Ih(0, 11)@u_'|)l
CTH CtG Cts d Oy Cts q i

tu

- pp—*ttzm)i
C H k tt J %—’@E
H Pp -
& | 7
Higgs oo
00 © 3

E -rMmm
30 Oo0o0oo0oo0oO 3
oo S )

ed
clebQ
clej

[ Ellis, Madigan, Mimasu, Sanz, You 2021 ]
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Dim-7 and higher

Matter-antimatter asymmetry: baryon number violation and lepton number violation

Ve \
V)
\ AB y
< 9
<~ IV
> d> 16 d > 15 >
d>19 I o' = d> 18
3n — 3y nn +— NV nn — nv Instanton
d> 15 d> 12 d>9 d> 12 d > 15
O O
nn — 4v nn — vy nn > T pp — el et nn|— 4v
‘d > 10 d>T d> 6 d>9
n — 3u n—e " — etq!
d > 10 d>5 d>"5 d > 10 Neutron-antineutron
Ov4p 0v20 0v20 Ov4f Oscillation at dim-9
AL

[ Ramsey-Musolf, Yi Liao, Xiao-Gang He, Shao-
Long Chen, Xiao-Dong Ma, Hao-Lin Wang, Gang Li,
J.-H. Yu, ... ]

| Heeck, Takhistov, 2020]
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Complementary search at high and low energies

Interplay between high energy process and low energy process

NP Scale

EW scale

Aqcp

MeV scale

Outgoing neutrino

Collider probe

Energy frontier

high energy, high cost!

[ Qing-Hong Cao, Hong-Jian He, Zong-Guo Si, Chong-Xing Yue, Hao Zhang, Yan-
Dong Liu, Ke-Ping Xie, Bin Yan, Gang Li, J.-H. Yu, ... ]

Incomiﬁ%. Recoiling nucleus
- L ———
= Hadronic/nuclear probe

Intensity frontier

high intensity, low cost!

[ Yi Liao, Xiao-Gang He, Yu-Feng Li, Shao-Feng Ge, Xing-Bo Yuan, Bin Yan, Jia-Jun
Liao, Xiao-Dong Ma, Hao-Lin Wang, Qing Chen, Wei Liu, Gang Li, J.-H. Yu, ... ]

Jiang-Hao Yu (ITP-CAS)



Tower of EFTs

EFT provides the systematic framework to resum large log from huge scale differences

NP Scale

EW scale --

Agcp

MeV scale ...

New physics scenarios, SUSY, ...

Standard model effective field theory

Electroweak chiral Lagrangian with Higgs

Low energy effective field theory

Chiral nuclear force and nuclear matrix

Matching to EFT operators

RGE running effects not so small

EFT framework!

Strong coupling region

chiral expansion is perturbative!

Jiang-Hao Yu (ITP-CAS)



Operator bases and RGEs

Easy to write EFT operators, but hard to reduce to complete/non-redundant basis

P o B % L L b
EFT — 9<4 " | | | | |
A A? A3 A* A°
Standard Weinberg Dim-6
30 993 560
Model Operator 84
d = 5 Weinberg PRL43(1979)1566
d = 6 Grzadkowski et al 1008.4884 ...
200_ Dim-6 _ d = 7 Lehman 1410.4193, Henning et al 1512.0343
s RGE ' d = 8 Li et al 2005.00008, Murphy 2005.00059

2 Dim-6 : - d = 9 Li et al 2007.07899, Liao,Ma 2007.08125 50468420
~ i . ]
) Warsaw ] o ]
— 150 VAR 1511213 ]
O : | g 1666920 1
-..c_.; _ Dim-5 L | g 209527
: i 2 10° 36971 _
:5 100_ Weinberg 8 44874 13112 i

: i;l 1000 -

50" g

: 10_
O— e EEEE———————.,. R ; s 9 1 1 12
1980 1990 2000 2010 2020 Messamensen [ Brivio's talk ]

year
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EFT operator from amplitude

Scattering amplitude based on on-shell particle

S:—<+—+——I——k+—%+%+...

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

A = ZUijﬂj, A — ZU*;E"
J k

”~

(

SL(2, C) x U(N) symmetry )

e

\

-~

n
[ Also Henning, Melia, Shadmi, Jing Shu, Teng Ma, ... ]
Lagrangian based on local field

Expansion by mass dimension

Zrrr = Log<4

Zs
A A2 A3 A4

25

Standard Weinberg

Model Operator 84 30 993 o560

Jiang-Hao Yu (ITP-CAS)



Operator and RG running

SMEFT on-shell basis is obtained and RGE is calculated using unitarity cut method

Dim-8: 993 operators from 16 Young diagrams

n
0

1

2

3

4

1/)4¢2: FL¢2¢37

FL¢47 F]ngd)a

¢6D2

w2¢3D2’ FLQ54D2

FLy?oD?, FE¢* D?

245
0 ¢* V3¢ P g F g2 Fy
FLyty?, FEyi?e,
t2,/,2 2’ T 4D, F2 T D, 4D2,
1 i ne e stooeD, Fgtyep, | HU U

1/)T4¢2, FR¢T2¢3,
Fiot

Fropt2y?, FRe* ¢,

1PoD, Fripl¢? D,

1/)]‘24531)2’ FR¢4D2

F2F2, FR i,
Wi2¢2D?, FaD?,
FLu26D?, FrFLé*D?,
¢4D4, ¢1w¢2D3

FR¢T4, F]’2{¢T2¢’

FRotyD, 91 D?,

ngﬁz Fry2¢D?, FI%quD2
4 Fi
L K
n ——

° ® °
° ° °
° ° °

EFT ks SM EFT 2 EFT

U

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

n

:
]
B =
-

[ Chao Wu, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2512.21724 ]

dC_
du 7

Y;iCi

1
UVAfinf _
i C0) =55 ) b
A

2
b, = ;qu)cAchlR

[ Also Jing Shu, Teng Ma,Y.H. Zheng ]
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SMEFT and LEFT operator bases

| 35 | 26 | 37 | 28 gg |
o = Losa b C T P T e
2 84 30 993 960

Standard Model Effective Field Theory

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]

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]

Jiang-Hao Yu (ITP-CAS)



Chiral Lagrangian for QCD and electroweak
°gEFT=¢,?;)2—|—¢,.g;,3—I—,,Z;ﬁ—I—C,Zéjs—l—.,.géjﬁ—k

Goldstone shift symmetry imposed

ChPT and Chiral EFT

EW Chiral Lagrangian = HEFT

[ Weinberg, 1979 ]

LO Lagrangian [ Weinberg, 1979 ] LO Lagrangian

[ Gasser, Leutwyler, 1984, 1985 ]

[ Fearing, Scherer 1994 ]

[ Bijnens, Colangelo, Ecker, 1999 ] NLO bosonic [ Appelquist, Bernard, 1980 ]
[ Jiang, Ge,Wang, 2014 ] [ Longhitano, 1980, 1981 ]

[ Bijnens, Hermansson,Wang, 2018 ]
[ Feruglio, 1993 ]

[ Li, Sun, Tang, J.H.Yu, 2404.14152 ]

ermion

[ Ecker, 1994 ] = ' [ Buchalla, Cata, Krause, 2014 ]

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

[ Frink, Meisner, 2006 ] NLO 4-fermion [ Buchalla, Cata, Krause, 2014 ]

[ Jiang, Chen, Liu, 2017 ] [ Pich, Rosell, Santos, Sanz-Cillero,2015,2018 ]

[ Song, Sun, J.H.Yu, 2404.15047 ] e |
nucleon-nucleon , B S [ Sun, Xiao, Yu, 2206.07722 ]
[ Weinberg 1990 ] 61;6[111 ‘missing
[ van Kolck, Ordonez, 1992 ] AR
. Ol = yc%k"'z'"((Tz,;"),,,,.C(TqR_)m,.)(qHZ;.A.Cqm,.z)fi'.;’a““'(h).
[ Petschauer, Kaiser, 2013 ]
[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2020 ] NINLO Basis
[ Sun, Xiao, Yu, 2210.14939 ]

Jiang-Hao Yu (ITP-CAS)



High precision nuclear force

Chiral Lagrangian can be extended to describe nuclear force from first principles

2NF

o X

S. Weinberg, PLB1990, NPB1990

ooy XA

U. Van Kolck et al, PLB1992, PRL1994
N. Kaiser et al, NPA1997

' 3NF
Pion exchange N-N hard core +H] |+H>< X
N2LO(Q3)

U. Van Kolck et al, PRC1994 v 4NF
E. Epelbaum et al, NPA1998,2000 - Van Rolck €t al,

1990 2N LO

1994 3N LO

1997 2N NLO

2000 2N N2LO

2003 2N N3LO

- ---9 % oF Ll s l 4% | < I t=\S - :
2 . ® ¢ 9 - |m 5 1 - X . 2007 3N N3LO
N3LO(QY | FATTE ST AT F #wi b1 Ae IR 1o
R. Machleidt et al. PRC2003 S. Ishikwas et al. PRC2007
E. Epelbaum et al. NPA2005 V. Bernard et al. PRC2007 E. Epelbaum EPJA2007 2015 2N N4LO
Nuclear potential from resuming IR div diagrams N4LO(QS) |+[HH+ . +>< X . ( T >< .
R. Machleidt et al. PRC2015 H. Krebs et al, PRC2012,2013

E. Epelbaum et al. PRL2015 NOT COMPLETE

s e e Xt B

R. Machleidt et al. PRC2015

S5NF
it e THH.
:@: : : + >< + T Weinberg scheme

[ Entem, Machleidt, Nosyk, 2020 ]

"
L}
! \
U

_A 31351

Breakdown In perturbation theory = nuclear bound states
35 Jiang-Hao Yu (ITP-CAS)



NN and 3N Operators

Operator basis for non-relativistic field with SO(3) symmetry

Lrrr =LNN +LDpNN +Lpeny FLNNN + LDNNN + Lpenny + -

Nucleon-nucleon Operators

NLO

3N Operators

[ Weinberg 1990 ] [ Weinberg 1991 ]

[ van Kolck, Ordonez, 1992 ]

[ Girlanda, Pastore, Schiavilla,Viviani, 2010 ]

[ Petschauer, Haidenbauer, Kaiser, Meisner, Weise, 2016 ]

[ Petschauer, Kaiser, 2013 ] [ Xiao, Geng, Ren, 2019 ]

[ Sun,Wang, Yu, 2024 ]
[ Li,Wang, Yu, 2025 ]

[ Sun,Wang, Yu, 2024 ]
[ Li,Wang, Yu, 2025 ]

Then imposing non-linearized Lorentz symmetry from coset structure

‘IJ(.’E) — e—z’mv-m

eimv-xp';l-‘l,(x) + eimv-va—\Il(x)

E.A;:(m) =H,(x)

Relate to relativistic NN and 3N operators

36

[ Nasoni, Filandri, Girlanda, 2023 ]
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General Lagrangian Construction

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

ABCA4EFT package
Amplitude Basis Construction for Effective Field Theory

¢ Home Welcome to the HEPForge Project: ABC4EFT Lorents

e Repo Dim [————= Classes
e Downloads This is the website for the Mathematica package: Amplitude Basis Construction for Effective Field Theories (ABC4EFT). Invariance

e Contact \L

Package Gauge
Invari Types
nvariarlnce

This package has the following features:

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

e Various operator bases have been systematically constructed to emphasize different aspects: operator Repeated w
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 conversion
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) Fu"y Automatic Dark matter EFT
Ming-Lei Xiao (previously postdoc at ITP-CAS, now postdoc at Northwestern and Argonne) Sterile neutrino EFT

Jiang-Hao Yu (professor at ITP-CAS) G ravity EFT

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

https://abc4eft.hepforge.org/

Jiang-Hao Yu (ITP-CAS)



EFT Framework for Ovbb

Tower of EFT bases from electroweak to nuclear scales

80

O

c

wl

A

o
” dim —9 [ Ramsey-Musolf, Yi Liao, Shao-Long
?, Chen, Xiao-Dong Ma, Hao-Lin Wang,

~ 100 GeV Gang Li, J.-H. Yu... ]

dim — 9
dd — uuee

dim — 3 dim — 6

) - c
mgg: V—V d — uev

[ Jie Meng, Fu-Rong Xu, Peng Wei
Zhao, Jiang-Ming Yao, Bing-Wei Long,
Dong-Liang Fang, Jing-Yu Zhu... ]

many-body theory

exact QMC, NCSM, ...
approximate  CC, IMSRG, MBPT, SCGF, ...

AA,AP,PP MM . tAA,AP,PP » rAP,PP i , DFT, ..
AI F, AIGT"T ) 3 A'IF,Sd) AJGT'Sd : A’IT’Sd phenomenogical SM FT

(SRG, Okubo-Lee-Suzuk, ...

97,07 = 01)

| Cirigliano, Dekens, de Vries, Graesser, Mereghetti, 2017]

38 Jiang-Hao Yu (ITP-CAS)



Neutrino interactions at different scales

Neutrino interactions are unified in the EFT framework

New physics scenarios

Standard model effective field theory

Electroweak chiral Lagrangian

Low energy effective field theory

QCD chiral Lagrangian

Chiral nuclear force

/\

A new
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Coherent elastic neutrino nucleus scattering

[ Gang Li, Chuan-Qiang Song, Feng-Jie Tang, J.H.Yu, 2601.19883 ]

m
: u — — u u — — u
o) UV models O = (TLav V1) (@1um %), O3 = (Lay"v18) (@Y Yu %) |
=
u/d — 2w u/d — - 59
S 01" = (BLav"vLs) (@D %) 03"/ = (rpa"v18) (@Y Dyt %q),
bt = pugy — 2 u u oy gy = 2w
A O = (71" D vis)(@uDu"a), 05" = (Fra* D vis) @y vuDu/%q),
OSU/d = (’7 La'Y“VLﬂ )(Q’YVTATu/dQ)GﬁV ) OSU/d = (17 La’Y“V Lﬁ) ((7757VTATU/dQ)GﬁV )
SMEFT O3 = (Dpaytvis) D@y %), O = (Dpav*vis) DX @y’ vum %) ,
OSu/d_ -~ I — VTA u/d éA OSu/d_ - I =5 VTA u/d éA
7 _ (VLCY’Y VLﬂ)(Q’Y T q) uv 8 - (VLO&'Y VLﬁ)(Q'Y Y T Q) uv

<~
O3 = (70" D"v1p) GGy

P

LUimension-c Imension-/ bDimension-c

11 B LA "J 7:" INJIL - (=210 \7‘ ;J 7: J1 Wlu 7‘ } 4 . i _;i‘,‘, J'. VU -4 )‘ )
1/ 17— 7/ L 1 S L e e Ly TR N P T L C A a "}E;" (v+u— v+ uw)
LEFT / ! / ' 0, @ (v +u—v+u 9,0, (v+u—>v+u U+ U U U Y

v+d->v+d 9,@w+d-v+d)  9,80,8w+d-v+d) v+d->1+d %W®W+d->r+d)

1 CONUS+
[ COHERENT (Csl & Ar)
[ PandaX & XENONNT (joint)

T T s O T ¢ P L ¢ R 0 D, 0 2 v+p->1v+p, v+n—-1vi+n,

ChPT\HBChPT

v—o>v+nrn, v+mr—-ov+nm,... voU+rm, v+rn->1v+nm,...

~ 100MeV 2 q

O R e e R S S o e S o O O O e o = A = B o A e & S & S A e

Nuclear response
[ Yu-Feng Li, Jia-Jun Liao, Shun Zhou, Yong-Cheng Wu, Gang
Li, J.-H. Yu, ... ]

Cross section

( | \/
/ N\

. . ! . N .~ / \ > N

N N
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Tower of EFTs at different scales

Describe collider physics, flavor physics, hadronic physics, nuclear physics and atomic physics

Standard model EFT

EW scale
(246 GeV)

W mass scale

(80 GeV)

B quark scale._.

(5 GeV)

QCD scale

(1 GeV)

Nuclear scale.___

(MeV)

Atomic scale

(eV)

Heavy quark effective theory

Non-relativistic EFT l

[ Hao-Lin Li, Z
[ Hao-Lin Li, Z

ne Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]
ne Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng,2007.07899 ]

[ Hao-Lin Li,

ing Shu, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2005.0000¢
[ Zhe Ren, J.H.Yu,2211.01420 ]

[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2206.07722 ]
[ Hao Sun, Ming-Lei Xiao, J.H.Yu, 2210.14939 ]
[ Hao Sun,Yi-Ning Wang, J.H.Yu, 2211.11598 ]

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng,2012.09188 ]

Matching [ Hao-Lin Li; Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2105.09329 ]

[ Huayang Song, Hao Sun, J.H.Yu, 2305.16770 ]

[ Huayang Song, Hao Sun, J.H.Yu, 2306.05999 ]

[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2404.15047 ]

[ Xuan-He Li, Hao Sun, Feng-Jie Tang, J.H.Yu, 2404.14152 ]
[ Chuan-Qiang Song, Hao Sun, J.H.Yu, 2501.09787 ]

[

Hao Sun,Yi-Ning Wang, J.H.Yu, 2501.14018 ]

[ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, 2510.19929 ]

Jiang-Hao Yu (ITP-CAS)



What’s next?

10-9
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Large hadron collider

Given EFT operator sets, what is next?
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Direct New Resonance Searches

43



From model to EFT and back ...

Thousand of new physics models

Scalar Extension: SM + real or complex scalar
singlet, doublet, triplet, ...
CPV, Type-Ill seesaw, baryon asymmetry, dark matter, ...

|Dug|* = V(9)
R

iy Dyt
ig.GLT* — igWio® —ig'B,

Gauge Extension: SM + U(1), SU(2), SU(3) = G211, G221, G311 Fermion Extension: SM + vector-like fermion
SU(4) Pati-Salam, SU(5) GUT, SO(10), ... singlet, doublet, triplet, ...
Gauge unification, quark-lepton symmetry, ... CPV, Type-Il seesaw, flavor hierarchy, dark matter, ...

Very broad and too biased

top-down

A unique theory without new particle

Jiang-Hao Yu (ITP-CAS)



From model to EFT and back ...

Thousand of new physics models

Scalar Extension: SM + real or complex scalar

singlet, doublet, triplet, ...

O —D,=0,—-

SU(4) Pati-Salam, SU(5) GUT, SO(10), ...

Gauge unification, quark-lepton symmetry, ...

Very broad and too biased

top-down

YDyt
igWic® —ig'B,

ig,GT* —
Gauge Extension: SM + U(1), SU(2), SU(3) = G211, G221, G311

CPV, Type-Ill seesaw, baryon asymmetry, dark matter, ...

|D,g|* - V(9)

Fermion Extension: SM + vector-like fermion

singlet, doublet, triplet, ...
CPV, Type-Il seesaw, flavor hierarchy, dark matter, ...

47 UV resonances from dim-6/7 operators

Spin|SU (3)c|SU(2) LU (1)y Operator Interactions
0 (HYH)(H'H)(H'H) (HTH)S,
. (H'H)O(H' H)
1 EEAGRYNI G €7(6/C¢;) S
2 (eT'Ce)(eCeT) (eTCe)S;
(HHTH™)(H™ H ;) (G:d) (dg:) (H H)(H'Sy)
(HUHH,)(Ee) (Fe)(dg) (7'd)Su
2 |1/2 (HYH;H;)(q'w) €7(Lie)(qu) [GOL
(HYH;H;)(g'd) €7 (giu)(g;d) € (ug;)Sai
e9e* (gju)(agr) (£'e)(ets)
(HT=TH)(H ~ H)(H H) (HT7TH)S!
(H;HV)(H;H'*)(HyH'7) (H'H)(S353)
0] 1 B (HirTH)O(H'r H) (r1)i(v7)sH; H'i S{ S
(H'7'H)(qur'H)
(H'r"H)(gdr"H)
3 (H'7'H)(fer"H)

Bottom-up

A unique theory without new particle

Jiang-Hao Yu (ITP-CAS)




From EFT operators to UV resonances

Generalized partial wave analysis of amplitudes
s= L+ s A e

W2|P, J,0) = —PJ(J + 1)|P, J,0). W ﬁ( = G+ D) 4 2+ 9=

Pauli-Lubanski Partial Wave [ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]

[ Also Jiang, Shu, Xiao, Zheng ]
Scattering amplitude based on on-shell particle

S=—(+—+——I——k—|——% %+

Lagrangian based on local field

Lo = Lo + =+ 5+ o5+ o7 T

Jiang-Hao Yu (ITP-CAS)



Dim-5 UVs: only 3 types of seesaw!

Partial wave analysis on simplest dim-5 Weinberg operator

Similar to SO(3) angular J*2, Poincare Pauli-Lubanski Casimir

W?2B’) = —sJ(J +1)B’ [ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
Cij H\ L H
—(L;H)(LH) BY = (12)
A L ' L
X 3 .
WisyB" = —7513(12)  LH — LH channel LL - HH channel ~ Wi 5, BY =0
J =0
. L o H
.H. . O'
o T=) >
L . ’ L L ~~s H
Type-l and lll: SU(2) single and triplet Type-Il: SU(2) triplet, or singlet (excluded by repeated field)

Jiang-Hao Yu (ITP-CAS)



Complete dim-6 UVs

i ] ] _ [ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]
Generalized partial wave analysis for all the dim-6 operators

X3

ABC 1 Av B
Qa f CGJG,,”GS“
N ABC A AvyBpiC
G f G’p”G,,PGp"
Qw E”KWJ”W,,J”WJ"
- LIK 7 Iviardovas K
QW € W“ W Wp

) \ (LL)(LL) (RR)(RR) (LL)(RR)

©% and @1D?
Q, (p1p)?
Qeo |  (¥Te)O(e'e)

(' D*p)" (¢! Dyp)

Lpyule) Ly L) (€pvuer)(Evter) (Lpyule) (€7 er)

(@ u9-) (@) (@) (57" uy) (T vulr) (v ue)
(@7, ar) (@7 T ) (dyyud,)(dsy"dy,) (Lpyule ) (dy"dy)

(Lpvulr) (@5 qe) (Epyuer) (Tsy"ue) (G 7uar) (B er)
Ly 1) (@7 7" qr) (€pyuer)(dsy*de) (TpYur ) (s 7 ur)
(@pyur) (dsy*dy) (@7, T g ) (@sy* T uy)

(ﬂp'YuTAur) (d-s')'”TAdt) (@p7u4r)(dsy"dy)
(‘7p7#TAQr) (d—s'VpTAdt)

Qey (‘Pt‘P) (l—pe,,cp)
Quy (¢'0) (qpu-P)
(#'9) (3 )

*p*D
(1) tiD. o) (At
Q. (@' Dy o)Ly 1)
(3) 1-51 Yy
Q. | (p'iD, o)l ")
>
Que | (¢'iD,p)(Epy er)
R
©q ("D, ) (@Y qr)
(3) 1-81 — I
vq | ("D, ) (g v"q,)
<>
Qspu (‘PTi D, ‘P) (ﬁp?'"ur)
<> —
("1 Dy ) (dpy*dy)

i(‘?DM‘P)(ﬂp'fﬂdr)

v Xp
Quc | ¢'eGLGY™ || Quw | (L,o"e)T W],
Qua | ¢'eGLG™ | Qs | (Lo™e)pBu
Qow plo Wi, Wi Quc | (Go™ T u,)p G,
Qi | PleWLW™ | Quw | (G0 u)T'GW!
Qun o' By, B* Qus | (30" u,)@ B,
Qs | ¢BuB” | Quc | (G0"T*d)p G,
Quwp | ¢'T'eWL,B"™ | Qaw | (gpo* d, )T oW,
Qvs | ¢'TeWLB" | Qi | (30" d)pBu

(LR)(RL) and (LR)(LR) B-violating
(Ler)(dsq) e Mg [(dg) Cul] [(g7)"ClE]
(@ur)en(@sdy) ek [(g57)"Cq*| [(u))" Cel]
(@7 ur)ek(gE T dy) e*Mejnem [(a57)"Cql*] [(g7™)"CLY]
(Ber)ein(@hue) e [(dg)"Cuf] [(u)"Ce]

(l—gapuer)sjk(qf qut)

Jiang-Hao Yu (ITP-CAS)



Vi|Va | Vs | Vo | Vs | Ve | Vo | Vs | Vg | Vig| Vi1 | Viz | Vig | V14
o Oun v v
Dim-6 operators and UVs TIFAEANE,
O | v
OeH v v v
S1 | So | S3|Ss|S5|Se|Sr|Ss|So | S0 |S11]|S12]| S13 | S1a| S15 | S16 | S17 | S18 | S19 Ouwr |V | ¥ v
On v v | V|V |V |V Oun v |V v
Oun | v v |V oy | v
ol T L1 :
eH O /
OuH . v v v g ;
Ou v v Oy, v
oy v v v i Otu | v
Otgg) v v v v Opya | vV
% v v O bt 7
oy v v Ou | v v
Oee % o) | v v v
gw ‘ . O v v v
o P o4 oV v v v
> o v v
Oed v lg
0’1(1.12 \/ Ve Oep V/
01(31) v Fy |Fo |F3 | Fy |Fs | Fg | Fr | Fg | Fg | Fio | F11 | F12 | F13 | Fu4 v
Ot v Oer il e & v
Olu Ouni v vl v v
gld v Oan v v | vV e v
e (1)
% _ o [ [v Vv v
gu o | v v R v
Oqu \/
o : On. B
u oY) v |V |V %
Oua o o il v |l v
O v Hgq
ledq
oD ; Y, OHu Vil v
quqd
8) Ona v |V v v
o) v v &
Olog / / o . f
Odug o qu v v v
quu \/ Oledq / \/
Ogqq v v Oduq Vo
Od'u.u v v quu v

(ITP-CAS)



Dim-=7 seesaw UYVs

Topology j-basis Quantum numbers {J, R, Y}
oI Of12134)56),1 = 207 — 407, {0,3,-1},{0,3,1},{0, 3,0}
l J\ Of1234)56},2 = 205 + 4058, {0,3,-1},{0,1,1}, {0, 3,0}
H - ::: L 0{12|34|56},3 = 120’4)» {0, 1, —1}, {0, 3, 1}, {0, 3, 0}
Ho g O12)34/56),4 = 40 + 408, {0,3,-1},{0,3,1},{0,1,0}
O(12j34156).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 - "L L O{ 13|24]56},3 — —O{) + 012) - 20:’; - 305, {%, 1’0}’ {%’ 3,0}, {0,3,0}
oo Of13)24)56).4 = —OF — Oh + 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}
L 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 O{16/23145).,3 = 305 + 30% + 30] + 30%, 5, 1,-1},{3,3,0},{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 = O — O + OF — OF. {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 v L Oj12)125/34),2 = —807 + 408, {0,3,-1},{0,2,-1},{0,3,1}
ST < Of12)125)34},3 = —120%, {0,1,-1},{0,2, -3}, {0,3,1}
H L Of12)12534).4 = —20% — 405, {0,3,-1},{0,2,-1},{0,1,1}
0{12|125|34},5 = —205 - 40?,’- {(), L, —1}’ {0,2, —%}’ {0’ 1, 1}
H H Of1212634y.1 = 307, {0,3,-1}.{0,4,-3}.{0,3,1}
H . " L Of12)126)34},2 = 120%, {0,3,-1},{0,2, —%}, {0,3,1}
ST < Of12)126)34},3 = —120%, {0,1,-1},{0,2,-3},{0,3,1}
H L Of12)126)31),4 = —20% — 408, {0,3,-1},{0,2,-2},{0,1,1}
Of12)126)34},5 = —204 — 40, {0,1,-1},{0,2,-3},{0,1,1}
H B O1212436).1 = —O} — 408, {0,3,-1},{0,4,-1},{0,3,0}
H . L O(12)124/36) .2 = 207 + 604 + 204, {0,3,-1},{0,2,—-1},{0,3,0}
2 < Of12)124/36},3 = —60% — 60%, {0,1,-1},{0,2, -1}, {0,3,0}
HT L Of12)12436},4 = —207 + 205 + 20%, {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 - 20:1; B (’OI': {%,3,0}, {%,4, %}, {%,3,0}
L v , H Of13)135)24},2 = —OF — 305 — 40% + 90} + 6 0%, {%,3,0},{%,2,%},{%,3,0}
) \ O3135)24y,3 = OF — OF + 208 + 308, 11,0}, {%,2,1},{1,3,0}
H L 0{13|135|24}.4 - Oi) _305 _2011; _30-14)’ {%’330}’{%’2’%}’{%’130}
Op3)13s)243,5 = OF + Of + Off +20%. {3,1,0}.{5.2,5}.{35,1,0}
I I Of16)146)23).1 = —207 + 405 — 120%, {3.3,-1},{3.4,-3}.{3,3,0}
Lo | H' 01614612372 = 207 — 305 — OF + 90% + 308, | {1,3,—1},{%,2,—1},{},3,0}
P O 116146123y 3 = 308 + 308 + 307 + 308, {1,1,-1},{1,2,-1},{%,3,0}
H L

O16)146)23},4 = 207 + OF + OF — 30} — 30%,

{3,3,-1},{35,2,—3},{35,1,0}

— _p P P p
Oti6146)23y,5 = — 05 + O — Of + 0%,

{%ala_l}a{%aza_%}a{%alao}

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
59 UV tree-level models, 19 topologies, one genuine dim-7 seesaw

Of13)123]45},1 = Of — 405 — 40%,

{5,3,0}.{0.4,-5}.{0.3,1}

Ht L
H . H | 03103105120 = 205 + OF + OF —90) —90%, | {1.3,0}.{0,2,—1}.{0.3,1}
P Of13)123145},3 = 207 + OF + OF + 30§ + 305, 2,1,0},{0,2,—5},{0,3, 1}
H L Oqi3)123)45.4 = Of — 0% + 305 — 30%, {5,3,0},{0,2,-3},{0,1,1}
Oqi3123)45,5 = —03 + 0% + Of — O%. {3,1,0},{0,2,-5},{0,1, 1}
H I Oqi3)1231463,1 = Of — 405 — 40%, {5,3,0},{0,4,-5},{0,3,0}
H y H O13)123)46}.2 = OF + 205 — OF — 90%, {5.3,0},{0,2,—3},{0,3,0}
P O13)123146}.3 = —OF — 208 + OF — 30, {3,1,0},{0,2,—3},{0,3,0}
Ht L Op13)123)46).4 = —OF — O% + 60} + 30%, {1,3,0},{0,4,-1},{0, 1,0}
Oi3n23ja6),5 = —O7 — Of — 20§ — OF. {3,1,0},{0,2,—3},{0,1,0}
H L Of16)126/34),1 = 607, {5,3,-1},{0,4,-3},{0,3,1}
i Vs HT Oy16)126)34},2 = —30% + 904, {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 Oq16)126)34}.4 = —Oh — 20% + 30} + 60%, {3,3,-1}.{0,4,-3},{0,3,1}
Oq16126134},5 = OF + 205 + OF + 208. {5.3,-1},{0,4,-2},{0,3,1}
L H 0{23|235|46},1 = Oi) - 20,3) + 6Op’ {%3 3, 0}3 {%1 4, %}1 {03 3, O}
- L H O23235)46}.2 = OF — 605 — 505 — 30%, {3.3,0},{3,2,3},{0,3,0}
/T Oya3)235)46).3 = O + 205 — OF — 30%, {5,1,0},{5,2,5}.{0,3,0}
HY L O23)23546).4 = —OF — O} — 60} — 30%, {3.3,0},{3,2,5},{0,1,0}
Oq23235)146},5 = —OF — 0% + 20} + OF. {5,1,0},{5,2,5}.{0,1,0}
I ot O131136/4511 = OF + 205 4 20% — 607 — 60, {3.3,0},{3.4,—3}.{0,3,1}
By | Opspsesy o = 207 =505 — 505 - 305 — 308, | {5,3,04,{3,2,-5}1.{0,3, 1}
,'\" 0{13|136|45},3 = 2011) + O.lfz) + O:I;) + 304’1) + 305, {%, 1,0}, {%, 2, —%}, {0,3,1}
H L Of13)136)45).4 = O — Of + 30} — 305, {3,305, {5.2,-3}.{0,1,1}
Oqi3nsejasy s = —05 + 05 + OF — OF. {3,1,0},{3,2,—3}.{0,1,1}
L H Opisjisi3ay.1 = 207 — 405 + 1204, {3,3,-1}.{5,4,-3}.{0.3,1}
oy 1 Ofisnssjsay.2 = 40% + O — 30%, {5.3.-1}.{3.2.-5}.{0.3.1}
,’L- 0{16|156|34},3 = _305_3031)’ {%,1,—1},{%,2,—%},{0, 331}
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 Og34)134/563,1 = —OF + 205 + 607, {0,3,1},{35.4.3}.{0,3,0}
H . \_l . H O341134156).2 = 407 — 805 + 1205, {0,3,1},{1.2,1},{0,3,0}
ST Og34)134)56},3 = 205 + 40%, {0,1,1},{3,2,3},{0,3,0}
HY H O(3a13456},4 = —407 — 408, {0,3,1},{3,2,5},{0,1,0}
0{34|134|56},5 = 20411) + 40,5) {Os 13 1}3 {%v 2? %}s {01 130}
H L Of16)126},1 = 607, {3,3,-1},{0,4, -3}
\ P P P P
I __},</ I Of16126},2,3 = (_Z)ég _O(‘;g f(gé);j(;ég) , {3,3,-1},{0,2,-3}
! ! P p p P
H H 0{16|126},4,5 = (_02 . 203 - 04 - 205)- {% 1, —1}, {(), 2, _%}

—208 — OF — 207 — OF

| Bonnet, Hernandez,
Ota, Winter, 2009]

Jiang-Hao Yu (ITP-CAS)



Systematic resonance searches at the LHC

From partial wave analysis , there are only 47 resonances with leading effects at the LHC

Lrrr = ZLo9<4

35 I I
A I A 9 I

Tree-level origin of all dim-5/6/7 [ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]
operators

19 14

Scalars Fermions
Notation S Sy S3 Sy Sy Se S Sg
Name S S1 S2 » = 21 ©1 O3 Notation  Fj F F; Fy Fs Fe Fy
Irrep (1,1)0 (1,1 (L,1)2 (1,2)1 (1,3)0 (1,3)1 (1,4)1 (1,4)s Name N E¢ AS A ) e
Notation Sy S10 S11 S12 S13 S14 Irrep (1,1)0 (1,1); (1,2)% (1,2)% (1,3)0 (1,3)1 (1,4)%
Name w4 w1 w2 II; II7 ¢ Notation Fy Fy Fio Fiq Fio Fi3 Fi4
Irrep (3, 1)_% (3, 1)_% (3, 1)% (3, 2)é (3, 2)2 (3,3)_1 Name D U Qs @1 Q7 T 15
Notation S1s S16 S17 S18 S19 Irrep (3, 1)_% (3,1)2 (3,2)_% (3’2)é (3, 2)% (3,3)_% (3,3)%
Name Qg Ql Q4 Tl P
Irrep (6, 1)_% (6, 1)% (6, 1)% (6’3):13 (8,2)%

14
Vectors
Notation Vi Vo V3 V4 Vs Ve Vo
Name B B, /il W Uy Us Qs
Irrep (1,1) (1,1); (1,2)% (1,3)o (3,1)% (3, 1)% (3,2)__:
Notation Vs Vo Vio Vi Via Vis Via
Name Q1 X 2 Vi g G1 H
Irrep (3, 2)% (3, 3)% (6, 2)_é (6, 2)% (8,1)0 (8,1)1 (8,3)o

Effective way of search new physics: symmetry determines new resonances!

Jiang-Hao Yu (ITP-CAS)



Complete dim-7 UVs for Ovbb

Complementary searches among LHC searches, low energy precision and others

energy

B preserving B preserving B violating
(S,1,1,1) (5,1,2,1/2) (S,3,2,1/6) (F,3,2,7/6) (S,3,1,—-1/3) (S,3,2,1/6)
(5,3,2,1/6) (S,3,3,—1/3) (S5,3,2,1/6) (F,3,3,2/3) (5,3,1,-1/3) (F,3,2,—5/6)
(Sal’lal) (F,3,17_1/3) (57373a_1/3) (F’3’2’_5/6) (V7372,1/6) (F,lvz,l/z)
(S,,L,1) _ (F3,1,2/3) | (BLL1L) _ (F1,21/2) | (V,3,2,1/6) (F,3,1,~1/3)
(5,1,1,1) (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)
(S,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)

(5,3,2,1/6) (F,3,1,2/3) (V,1,1,1) (V,1,2,3/2)

18 B preserving UV + 8 B violating UV
(0OvBp w/ no tree v-mass)

> P
;};‘m e
vi, Ni
> (&
T

. P
P
Wi(r) Arm e
Wr(r) :e
P

u

d

Jiang-Hao Yu (ITP-CAS)



One-loop matching for seesaw

energy

Operators

S & F,

Ov5p3

other

On

QaroLH1
QaroLH2
OQuLLH

NN NN XN XS NUXSN N %% %X %%\

P R RN R N AN N N NE LN N N RS

AN N N N N N N S N N N R A s

M ™ X ™ XX XXX KIXIN N XX XXX KX

NSNS IE XXX SNSKNKS

T, K

T, K, Dip
Dip

S 099

H

[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

Field (C,W,Y)
58 (17 47 3/2)
Ei (17 37 1)

Operators Seesaw models Y. 2o
Type-I Type-II Type-III | *»%

[Ow X 7 VN[ No
_x v/ x Y(‘.\'
Oun X v X Yes
Quwn X v X Yes
[ocw v o v(-D /(g)J No
O.B v v (6) v (3) No
O};{ X v X Yes
o5 X v v Yes
0£;$ X v X Yes
Oﬁ';‘z X v v Yes
Ou X v v Yes
% X v X No
oW X v v (4Ny)) No
oV X v X Yes
o,‘z” X v v (4Ns) Yes
Occ X v X No
Ouu X v X No
Qaa X v X No
Ocu X / X No
Ocd X v X No
o) X v X No
Oe X v X Yes
O X v X Yes
O X v X Yes
Oe X v X No
O X v X Yes
05;?4) X v X Yes
o'} X v X Yes
o X v X Yes
Oledq X v X Yes
sz})qd X v X Ye:
Ol X v X Yes

One-loop CDE

[ Du, Li, Yu, 2201.04646 ]
[ Zhang, Zhou,2107.12133 ]
[ Li, Zhang, Zhou, 2201.05082 1]

[ Liao, Ma, 2210.04270 ]

Jiang-Hao Yu (ITP-CAS)



Complete dim-8 UVs and positivity

[ Cen Zhang, Shuang-Yong Zhou, Jia-Ying Gu, ... ]

Tormas DATI2 7712 i i
e A 0 o .1, (D, D, BT (DD 1T,
0; = V[T Iuly JHY Hi(D, D, H;) (DD HY), PP, -
of — [T H(DH (D, HY(DH D D), Analyticity in complex s plane (fixed 7)
group: (Spin, SU(3).,SU(2),,U(1),) 1 , A(Sl, t)
> < (Hy, Hy}, {H's, H ) A(S,t) = _2 - ds ;
# (2,1,3,1) —807 — 4804 — 480! Tt Je B 5
f
E(l) i :13 3 “0 ffi 6o Cauchy’s integral formula
{Hy,H'3},{H2, H',}
* 2,1,3,0 160! — 40! + 560/ : : i :
o OF —10] 1501 Fixed 7 dispersion relation
(0,1,3,0) 80! +40] + 160}
* (2,1,1,0) —240] — 10§ — 240! S | 52 u?
(1,1,1,0) —10f — 80! A(s,t) N/ ,u2 + Im A(p,t) )
(0,1,1,0) 10} A A2 Tt Lp—S p—U - n> A
[ C.Yang, Z.Ren, J.H. Yu,2312.04663 ] _ ”j;:
EFT amplitude IR ~ UV connection UV full amplitude

In the forward limit, a twice-subtracted dispersion relation
DiscAijri(8) = Aijosri(8) = Apimsij () =1 Mijox (s)Mp—x(s)"
X

ijkl 1 > ds N .
M = — — ) IMijx My x + (5 < )]
27 (eA)2 S
X L S AR
2.0 ® 1
Particle | Spin Charge/irrep Interaction ER c c(0) s / \
B, 1 1 gBN(HTe D, H)+ hee. v 8(1,0,-1)  2(—1,2) S 10/ 3,9 3s
= 0 31 gMET(HTer'H) + he. X 8(0,1,0)  2(1,2) S| S 055
(42] Kol
S 0 1(S) gMS (HTH) v 2(0,0,1)  —1(1,0) slr
<«
B 1 1o(A) gB*(H' D, H) v oo2(-1,1,0) —1(1,4) ~ 0.0 °3
= 0 30(9) gME] (H’Hi H) X 2(2,0,-1) i(1,-4) os
2% 1 30(A) gWH (H7! D, H) X 2(1,1,-2) —3(1,0) 1a 1s
-1.0-r © o
;10“ 11—05“ lAODJ o 105. - I1OI
C1+C3

2Cq+3C, + Cs ., -lao Yu (|TP-CAS)



Complete dim-9 UV for Ovbb

Complementary searches among LHC searches, low energy precision and others

[ Gui-Jun Ding, Cai-Chang Li, Shun Zhou, Gang Li,
J.-H. Yu... ]

CHerey d,?2 u, 4
~ (i, J;) (1,1,0) (0,0, 0)
Wi LT s (82,82,13) | 301 + 20, —20,
1 (82,82,14) —20s §O1 + §O2
(12, 12, 13) —401 - 602 202
d, 1 e,6 (12,12,11) 60 —407 — 209

e,6 u, 4
(ri, Ji) (1,1,1)  (1,1,0)

e.5 ! I, 4.2 . (33a82,§2) _gol %(’)1 + %02
I (317827'2’2) _gol 0

(33, 12,32) —301 501+ 30,
d,1 u, 3 (31, 12,32) —501 0

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, Xiao-Long Zheng, 2603.19358 ]
[ Gang Li, J.H.Yu, X. Zhao, 2311.15422 ]

Jiang-Hao Yu (ITP-CAS)



summary and Outlook



Summary

Top-down: New physics model building Bottom-up: New physics from EFT

1
1
Scalar Extension: SM + real or complex scalar Standard model EFT Y™ mg X (H) L
singlet, doublet, triplet, ... EW scale W
------------------------------------------------------------ —ee- v
CPV, Type-ll seesaw, baryon asymmetry, dark matter, ... (246 GeV) Y

Electroweak chiral Lag
W mass scale

(80 GeV)

1Dyl = V(9)

B quark scale._.

(5 GeV)
QCD scale
(1 GeV)
Op = Dy = 0, — igsGLT* —igW 30" —ig'B,
Gauge Extension: SM + U(1), SU(2), SU(3) = G211, G221, G311 Fermion Extension: SM + vector-like fermion
SU(4) Pati-Salam, SU(5) GUT, SO(10), ... singlet, doublet, triplet, ... NUC'(::"\ZC&“G---
e
Gauge unification, quark-lepton symmetry;, ... CPV, Type-l seesaw, flavor hierarchy, dark matter, ...
Atomic scale
(eV)
Cosmological Neutrino QCD electroweak GUT Planck
constant l scale scale sclale scale malss Non-relativistic EFT
10°Gev 107 e . e 10’ 10" 10" 10"
Why neutrino masses so tiny? Why Higgs mass so light?

of Jiang-Hao Yu (ITP-CAS)



Outlook

EFT motivated 47 Resonances search at future colliders, and complementary search at low energy

Lrrr = ZLo9<4

Tree-level origin of all dim-5/6/7

operators

19 14

Scalars Fermions
Notation S Sy S3 Sy Sy Se S Sg
Name S S1 S2 » = 21 ©1 O3 Notation  Fj F F; Fy Fs Fe Fy
Irrep (1,1)0 (1,1 (L,1)2 (1,2)1 (1,3)0 (1,3)1 (1,4)1 (1,4)s Name N E¢ AS A ) e
Notation Sy S10 S11 S12 S13 S14 Irrep (1,1)0 (1,1); (1,2)% (1,2)% (1,3)0 (1,3)1 (1,4)%
Name W4 w1 w2 II; II7 ¢ Notation Fy Fy Fio Fiq Fio Fi3 Fi4
Irrep (3, 1)_% (3, 1)_% (3, 1)% (3, 2)é (3, 2)2 (3,3)_1 Name D U Qs @1 Q7 T 15
Notation S1s S16 S17 S18 S19 Irrep (3, 1)_% (3, 1)% (3,2)_% (3’2)é (3, 2)% (3,3)_% (3,3)%
Name Qg Ql Q4 Tl d
Irrep (6, 1)_% (6, 1)% (6, 1)% (6’3):13 (8,2)%

14
Vectors
Notation Vs V3 |71 Vs Ve V7
B, /il 1% Us Us Qs
(17 1)1 (1,2)% (1?3)0 (3a1)% (331)2 (372) ;
Notation Vo Vio Vi Via Vis Via
X 371[ y§ G g1 H
(37 2)% (3a 3)% (6a 2)-% (67 2)% (8, 1)0 (8’ 1)1 (Sa 3)0

[ Hao-Lin Li,Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 ]
[ Xu-Xiang Li, Zhe Ren, J.H.Yu, 2307.10380 ]

58

Jiang-Hao Yu (ITP-CAS)



[ Weinberg 1933.5.3 - 2021.7.23 ]

The Making of the Standard Model

Steven Weinberg*

Well, those were great days. The 1960s and 1970s were a time when
experimentalists and theorists were really interested in what each other had
to say, and made great discoveries through their mutual interchange. We
have not seen such great days in elementary particle physics since that time,
but I expect that we will see good times return again in a few years, with
the beginning of a new generation of experiments at this laboratory.
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Thanks very much for your attention!
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