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Motivation for new physics



Standard model of particle physics

17 elementary particles

All discovered

3 kinds of interactions

SU(3)

Standard
\Y[oYe ]
All found, also
EW SSB verified

4 (EW) + 2 (QCD) + 13 (flavor) + 9 (v) = 28 parameters
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kinetic energies and self-inte‘:actions of the gauge bosons
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kinetic energies and electrov‘vreak interactions of fermions
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W*,Z y and Higgs r‘rrlasses and couplings
+  g'(@rTqe)6  + (GLR+GLAR+hc)
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fermion masses and couplings to Higgs

N
interactions between quarks and gluons
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23 =4 +1 + 13 + 5 measured but 5 unknown

Absolute nv mass, 3 CPV phases

0,, & AM?,, Majorana phase
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Note that ) BWBW is not physical, while ) WHUWW can be eliminated by chiral rotation
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Theoretical and experimental status

Validate higher order SM predictions light flavor Higgs coupling? Higgs self coupling?

Standard Model Production Cross Section Measurements Sais [Ldt
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Top quark pair production at small transverse momentum in hadronic collisions U Improved Resummation Prediction on Higgs Production at Hadron Colliders #1
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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

Oscillation probabilities for an initial electron neutrino o
- 1.0 Cosmological Neutrino CD electroweak GUT Planck
Neutrino masses 8 &
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Baryon asymmetry

Dark matter

Gauge unification Vacuum stability
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New Physics Model Building



Standard model extension

Scalar sector

Z: -:; F/:v Ff
— Lz%% + h.c
+ Yk Pthe <
+ R -V (@)

Op — Dy = 0, —igsGRT* —igWio® —ig' By,

Gauge sector Fermion sector
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Standard model extension

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

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

+ )Z'( %Lj >L3¢+.hic <
+ R V(@)

Op — Dy = 0, —igsGRT* —igWio® —ig' By,

Gauge Extension: SM + U(1), SU(2), SU3) = 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, ... Type-l seesaw, flavor hierarchy, CPV, dark matter, ...

Usually additional scalar, fermion Jiang-Hao Yu (ITP-CAS)



Hierarchy problem

In extension models, new physics scale = seesaw, flavor, gauge unification scale

Usually solve one or two problems introduced in motivation

If new physics scale much higher than the electroweak scale, Higgs mass receives threshold corrections

A Higgs mass parameter
—(100 GeV)? =  ----@---- Q ----- + %i:j:? +
A? 3
100 GeV = cA* + 3 <—6yt2 - Z(Sg2 +¢7) + 6>\>

—(100 GeV)? = + 36127890984789307394520932878928907398 GeV?

Huee fine tunin
— 36127890984789307394520932878928917398 GeV? g g

Extension models cannot solve hierarchy problem

Jiang-Hao Yu (ITP-CAS)



Beyond simplified model

Introduce new physics for the Higgs boson

Standard particles SUSY particles

Supersymmetry u) e .

HGGINO

C' s Ll

H < H

. Force particles Osusvtom

Hierarchy Higgs Higgsino
Problem
Solutions

Composite Higgs Extra Dimension

shift: h = h+ a Conformal: h — e“h
S=+1 J1) CX CHCCKK tOP >
Technicolor o eended 51 /
Little Higgs o
Minimal Composite Higgs \
Twin Higgs \

Neutral naturalness

o 0 S=-
Q=-1 Q=0" Q:k <
Extra Dimension

Higgs similar to pion Higgs as 5D gauge boson

MSSM, NMSSM,
vMSSM, TMSSM, ...

Gravity mediation
Gauge mediation
Anomaly mediation

ADD model
Randall-Sundrum
Higgsless
Soft-wall
Flavor XD

Jiang-Hao Yu (ITP-CAS)



Light top partner

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

Due to symmetry, effective new physics scale is much lower than Planck scale

M
Supersymmetr Strong dynamics = Extra dimension
PEFSY Y with global symmetry
AdS/CFT
AWS’Y Aconﬁne — AKK
_ - Y f
t [ \ f T/ t OT
N Q ______
A it T g
6y2
2 t 2
T, ~~ T .,
1672

Unlike extension models, usually solve several problems at the same time

Gauge unification, Flavor hierarchy,
baryon asymmetry, baryon asymmetry,
WIMP dark matter ... WIMP dark matter ...

Jiang-Hao Yu (ITP-CAS)



Dark matter candidates

Scalar dark matter

Singlet, Axion, ...

+ ¥ Y )L3¢+.hjc. G
+ g -V (@)

Op — Dy = 0, —igsGRT* —igWio® —ig' By,

Vector dark matter Fermion dark matter
Dark photon Higgsino-wino
KK photon Light sterile neutrino

Jiang-Hao Yu (ITP-CAS)



Dark matter candidates

Scalar dark matter

Singlet, Axion, ...

Effective Dark Matter Model: Relic density, CDMS Il, Fermi LAT and LHC

Qing-Hong Cao (Argonne and Chicago U., EFl), Chuan-Ren Chen (Tokyo U., IPMU), Chong Sheng Li (Peking U. and Peking
U., CAPT), Hao Zhang (Peking U. and Peking U., CAPT and Chicago U., EFl) (Dec, 2009)

Published in: JHEP 08 (2011) 018 - e-Print: 0912.4511 [hep-ph]

pdf > DOI [/ cite [[d reference search %) 213 citations

I B B B ] =
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Vector dark matter Fermion dark matter
Dark photon Higgsino-wino
KK photon Light sterile neutrino
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Dark matter candidates

Field Dark Matter Particle Dark Matter Macroscope Dark Matter
: Licht DM WIMP Composite Primordial
Ultralight DM 8 DM BH
~10-22 eV eV ~100eV MeV GeV ~100GeV  ~100TeV Mo ~100Me
Coherent oscillating Collisional thermal Topological Matter
Field Particle Object Density
Quantum sensor detectors Particle detectors Astrophysics probes

Detect coherent effects of entire field Search for single, hard particle scattering High energy gamma-rays

(like gravitational wave detector) Gravitational waves
k ' '
Frequency range accessible! N N
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Light new particles

Hierarchy problem: QCD axion

6CKM — arg det [yuyl7 ydyji]

1022 eV 10718 eV 107 ev 10710 eV 107% eV 1072 eV eV
DM mass:
10~® Hz 104 1 Hz 10* Hz 10® Hz 10*2 Hz 10 Hz
Post-inflat Excluded (too much DM) @ DV 1071
1g-17 Es ,

Pre-inflati Fine-tuned Axion

1072 < 6; <0.1 0.1 <6; < 3.0

String Axion, dilaton, dark photon, etc

107 107% 1077 107% 107 10~* 10~% 1072 107! 1

Axion search limits

Laboratory

ALPS-I1

[Redondo & Irastorza, 1801.08127]
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mq(eV)
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Light new particles

Sterile neutrino searches Dark photon searches
107
w 1072
_8-
10 ] 0—3 el
1()—9-; 1041 4 Belle 11
A LHCb: 15 b (solid), 300 fb' (dotted)
T 10717 1075 §
#1071y 2 10~ L
\5"‘/ e o o
107124 ¢ 10~ E137 \
a - SHiP
107134 Z 1078 y
] = : SN1987A .~
10-14- ——— . — W 1077 '
2 10 90 10~ 107 10~ 1 10 102 10°
ms |keV] m,. [GeV]
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Bottom-up Effective Field Theory



ATLAS SUSY Searches* - 95% CL Lower Limits

New physics searches

March 2021
Model Signature  [£dr[fb™] Mass limit
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3, Gt 0e.u 2-6 jets E£§s§ 139 1.85 m(¥})<400 Ge
mono-jet  1-3jets EMS 361 G [8x Degen.] 0.9 m(@G)-m(¥})=5 Ge
Qe 2-6jets EMS 139 |z 23 m(t)=0 Ge
z Forbidden 1.15-1.95 m(¥})=1000 Ge
1ep 2-6 jets 139 | % 2.2 m(¥})<600 Ge
ee, 2jets  EPS 361 | % 1.2 m(Z)-m(¥})=50 Ge
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0-1 e, 3b  EFS 798 |2 2.25 m(¥})<200 Ge
SSe,u 6 jets 139 |z 1.25 m(z)-m(¥})=300 Ge
e 2b  EP™ 139 | 1.255 m(¥})<400 Ge
by 0.68 10 GGV<AITI(B| 21 )<20 Ge
biby, by—b¥S — bhY) Oe,u 6b  EM 139 | B, Forbidden 0.23-1.35 Am(¥3,%1)=130 GeV, m(¥?)=100 Ge
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iy, it 0-1e.p >ljet EMS 139 |7 1.25 m(¥))=1 Ge
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fii, h o> by, 1116 127 2jets/tb EF® 139 |7 Forbidden 1.4 m(#)=800 Ge
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b, h—i) +Z e, 1bh ET™ 139 i Forbidden 0.86 m(¥})=360 GeV, m(f,)-m(¥} )= 40 Ge
XX, viawz e B 139 LRyR 0.64 m(@?):
ee, i >1ljet EM 139 if/,\'ff 0.205 m(¥T)-m(E})=5 Ge
XX} viaww 2e.p EMs 139 | Xf 0.42 m(¥?):
XX via Wh O-leu  2b2y EMS 139 | ¥4y  Forbidden 0.74 m(t})=70 Ge
XiXi viafy /v 2e,p EPS 139 IR 1.0 m(,7)=0.5(m(¥;)+m(¥!
7%, ol 27 Ep 139 7 L TR L] IINOHE0S 0.12-0.39 m(t)):
fLrlLg, I>E0) 2eu Ojets ~ Ex™ 139 |7 0.7 m():
ee, uu >1ljet EMs 439 |7 0.256 m(?)-m(¥})=10 Ge
AH, H—hG/ZG Oep >3b  EPY 364 | A 0.13-0.23 0.29-0.88 BR(Y| — hG):
dep Ojets  EF™ 139 a 0.55 E'.Fm?‘.J - ZG):
Direct.¥ | X, prod., long-lived X Disapp. trk  1jet  EFS 139 | ¥ 0.66 Pure Wil
X, 0.21 Pure higgsil

Stable g R-hadron Multiple 36.1 g 2.0
Metastable g R-hadron, gt Muliple 361  [ENEE@SORO2HI20s) 2.4 m(¥)=100 Ge
o, -G Displ. lep EFS 139 | & 0.7 o(f)=0.11
T 0.34 (0)=0.11
XX - ze—eee Beu o139 Pure Wi
XX XS — wwzeceevy 4ep Ojets  EF™ 139 1.55 m(t})=200 Ge
28 39401 X1 - g 45 large-R jets 36.1 1.9 Large 4,
i, it X — 1bs Multiple 36.1 m(¥})=200 GeV, bino-i
if, i—bX7, X7 — bbs > 4b 139 Forbidden m(¥)=500 Ge

i1, 7y —bs 2jets +2b 36.7

iy, fi—ql 2e,pu 2b 36.1 0.4-1.45 BR(f; —be/bu)>20
1pu DV 136 1.6 BR(7, —»qu)=100%, cosb,:
XE 103100, 79, —tbs, X{ —bbs 12eu  >6jets 139 | ¥ 0.2-0.32 Pure higgsil
L L L L L L L L I L L L L 1
“Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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String resonance

Zy resonance

Higgs y resonance

Color Octect Scalar, k2 =1/2

Scalar Diquark

tt + ¢, pseudoscalar (scalar), g},‘, x BR(¢—21)> =0.03(0.004)
tt+ ¢, pseudoscalar (scalar), gg,,, x BR(¢—21)> =0.03(0.04)

quark compositeness (gg), Numa=1
quark compositeness (1), nugr=1
quark compositeness (@g), nugs= -1
quark compositeness (), nugs= -1
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

(axial)vector mediator (xx), 99 =0.25, gom =1, my= 1 GeV
(axial)vector mediator (g3), gq=0.25,gom=1,my =1 GeV
scalar mediator (+t/tf), gq = 1, gou =1.m, =1 GeV
pseudoscalar mediator (+4/th), gg=1,9om= 1. m, =1 GeV
scalar mediator (fermion portal), Au =1,m; =1 GeV
complex sc. med. (dark QCD), my, = 5 GeV, cTyy = 25 mm
BaryonicZ’, gq=0.25,gom= 1, my =1 GeV

Z'— 2HDM, gz =0.8, gom= 1, tanB =1, m, =100 GeV
Vector resonance, go=0.25, gom =1, my=1GeV

Leptoquark mediator, 8 =1, B =0.1, Ay ow = 0.1, 800 < Mg < 1500 GeV

RPV stop to 4 quarks
RPV squark to 4 quarks
RPV gluino to 4 quarks
RPV gluinos to 3 quarks

ADD (ji) HLZ, neo =3
ADD (YY.“) HLZ, nep=3

ADD Gxx emission, n=2

ADD QBH (jj), neo =6

ADD QBH (ep), neo =6

RS Gix(yy), kiMz=0.1

RS QBH (jj), nen =1

RS QBH (ep), neo =1

non-rotating BH, Mo =4 TeV, nep = 6
split-UED, u =4 TeV

RS Gxx (g4, gg). k/Me =0.1

excited light quark (gy), fs=f=
excited b quark, fs=f=f=1A
excited light quark (gg), A =mq‘
excited electron, fs=f=f=1,A=m
excited muon, fs = f=f =1, A=m;

WISM, V| =1.8, |Vu|*=1.8

wIsSM, IV,«V‘mlzl(Ilez + |Vm|2) =10

Type-lil seesaw heavy fermions, Flavor-democratic
Vector like taus, Doublet

scalar LQ (pair prod.), coupling to 1 gen. fermions, f =1
scalar LQ (pair prod.), coupling to 1% gen. fermions, 8 =05
scalar LQ (pair prod.), coupling to 2™ gen. fermions, =1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=1
scalar LQ (pair prod.), coupling to 2™ gen. fermions, B=0.5
scalar LQ (pair prod.), coupling to 37 gen. fermions, 8 =1
scalar LQ (single prod.), coup.to 3@ gen. ferm.,f=1,A=1

Zp, namow resonance

Zp, narow resonance
SSMz’

SSMZ'(gg)

Z'(qq)

Superstring Z,

LFV Z', BR(ep) = 10%
Leptophobic Z'

SSMW'(tv)

SSMW'(tv)

SSMW'(qg)

LRSM Wa(INz), M = 0.5Muy,
LRSM Wz(tNz), My, =0.5Mu,
Axigluon, Coloron, cot8=1

225555 rrrzzza

Tz zzx Tz zzzzzzzx

Tzzzzzzzzx
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Tz zz T zzzzx

Tz zzzzzx
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CMS preliminary

Overview of CMS EXO results

S o
_ 1712.03143 (2p + 1y,
0 72=325 | 1808.01257 (1) + 1y)
OIS =37 1912.12238; 1604.08907
o gsas

1911.04968 (34, = 41)

1911.04968 (31, = 4f)
S 0108-034

<18 1712.02345(=1j+ET=)
1012.12238; 1604.08907 (2j)
<0.29 1901.01553 (0, 1f + =3j+ET=%)
<03 1901.01553 (0, 1f + =3j + EF=%)
=14 1712.02345 (= 1j + E7=9)
=154 1810.10069 (4j)
1908.01713 (h + ET=9)
5 =32 190801713 (h + EF™)
035-07 191103761 (=3j)
306 181110151 (lp+ 1j+EP=)

<19

1808.03124 (2j; 4j)

02N 1806.01058 (2))
O S TE 1806.01058 (2))

1810.10092 (6j)

1802.011
1809.00327 (2y)
1803.0
1802.01122 (ep)

_ 1803.11133 (£ + ET™=)
OS2 191212236 1604.08907 (2))

s 1711046
PE=TEN 1711.04652 (y +j)

<12 1802.02965 (34(p,e))
0.02-16 1806.10905 (24, = 1j)
1911.04968 (34, = 41)

1905.10853 (34, = 4L, 24, =171)

<0.88
0.12-079

<144 1811.01197 (2e +2j)
<127 1811.01197 (2e +2j; e + 2j + E7'=)
<153 1808.05082 (2 + 2j)
08-15 181110151 (1p+ 1j+EF=)
<120 1808.05082 (2pu + 2j; u + 2j + ET'™)
<1.02 1811.00806 (2T + 2j)

<0.74  1806.03472 (2t +b)

1912.04776 (2p)

1912.04776 (2p)

02520 BXo-19-019
I e5=2.911 1912.12238; 1604.08907 (2j)

1905.10331 (1j, 1y)

1909.04114 (2j)
S 2] 1803 11133
i 180711421 (x4 B
1912.12238; 1604.08907
1803.11116 (2 +
1811.00806 (27 + 2j)

19

01

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

10
mass scale [TeV]
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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

Deviation Searches

Resonance 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)



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

Zrrr = ZL9<4
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How to write general Lagrangian?

Lagrangian based on field Contact scattering amplitude based on particle
— | 25 | % | 37 | ZS | Zg | — —+— *
ot = Loa+ A gt gt gt S= - + + = + + +
Expansion with mass dimension Classified by scattering particle numbers

[ Gang Yang and Yang Zhang’s talk]

Field transform under Lorentz rep Particle transform under Little group
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Symmetry is manifest !
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Lagrangian from Poincare symmetry

The little group scaling behavior + 3-point mom. cons. determine the renormalizable interactions

:\1 X /~\2 X 5\3, /\1 .8 /\2 .8 AB

[ Benincasa, Cachazo, 2007 ]

Yang-Mills Theory
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Spacetime symmetry, (hot gauge symmetry), determines all 3-point local interactions
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Effective operators from Poincare symmetry

The little group scaling behavior + 3-point mom. cons. determine the non-renormalizable operators

;\10(5\20(5\3: )\10(A20(/\;

d [ Benincasa, Cachazo, 2007 ]
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Spacetime symmetry, (hot gauge symmetry), determines all 3-point local interactions
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Massive operators from extended symmetry

Extend the Poincare to 1ISO(5,1) (4D conformal symmetry), decomposed into SO(2) x SO(3,1)

CFT: (P,K,L,D)« (I, T~,L,D_) (A, J1,J2) [t,jl ,jz]

Highest weight amplitudes have scaling behavior [ Yu-Han Ni, Chao Wu, Yi-Ning Wang, J.H.Yu, 2412.03762 ]
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Higher point amplitude-operator correspondence

For n-point amplitudes (n>3), scaling is not enough, need larger symmetry

U()" Little group SL(2,C) x SU(N)

A=t Aot i) b= Y Ula, I Y Utk
j P

Propose Young tensor method, systematic construction of n-point amplitudes (=operator)

[ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2201.04639 ]
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Standard model effective field theory

SMEFT provides the most general parametrization on all possible Lorentz invariant new physics

Lrrr = ZLo9<4

| 35 | Zﬁ 37 | 38 39
A A2 A3 A4 A5
84 30 993 560

Standard Weinberg

Model

Operator

Dim-8: 993 operators from 16 Young diagrams

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

EFT framework describes new physics without new particle = indirect searches

NP Scale

EW scale

Aqcp

MeV scale

Energy frontier

Incoming neutrino

S — el

Outgoing neutrino

high energy, high cost!

Colllder probe

Recoiling nucleus
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From indirect search to direct search

Can we get new particle systematically from EFT operators?

New physics models New resonance from EFT operators

Scalar Extension: SM + real or complex scalar

) . Spin|SU (3)c|SU(2) LU 1)y Operator Interactions
singlet, doublet, triplet, ... 0 (H*H)(HTH)(HTH) (HiH)Sl
CPV, Type-ll seesaw, baryon asymmetry, dark matter, ... ( H H)E]( Hf H)
1 - — —
ID,of - V(4) 1 e ((T°CL) (CHT) €1(€7'CE;)5,
2 (eT'Ce)(eCeTl) (eTCe)S3
(HHTH"H™HyH;) (@.d)(dg.) | (H H)(H'Sy)
(HVH;H;)(¢%e) (E'e)(dg;) (¢'d)Sai
- : 2 1/2 (HYH;H;)(q'w) €7(Lie)(qu) (€'€) S
EBY + X, (HYH;H;)(q'd) €7 (giu)(g;d) €7(uq;)Sai
i oW @ €9 e* (q;u)(ugr)  (Le)(eks)
2 V(@ (H'rTH)(H'r"H)(HTH) (H'7'H)S:
(H;H')(H;H™)(HpHY) (H'H)(S5S3)
By Dty 0 1 0 (HTTIH)D(I'.NT{H) (1) (r7) s H; H1i S{S]
igWes® —ig'B, (H'7'H)(qur!'H)
Gauge Extension: SM + U(1), SU(2), SU(3) = G211, G221, G311 Fermion Extension: SM + vector-like fermion (HTTIH)@dTIH)
- : 3 (H'r"H)(ler"H)
SU(4) Pati-Salam, SU(5) GUT, SO(10), ... singlet, doublet, triplet, ...

Gauge unification, quark-lepton symmetry, ... CPV, Type-l seesaw, flavor hierarchy, dark matter, ...

New physics models are too broad and biased

integrate-out Bottom- and up

% % %
A

LrrT = 3934 i

new physics without new particle EFT is too conservative
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Resonances from partial wave analysis

Perform partial wave on the amplitude of the effective operator [ Hao-Lin Li.Yu-Han Ni, Ming-Lei Xiao, J.H.Yu, 2204.03660 J

2 _ p2
12in SO(3) sl P.li-Lubanski W2 in SO(3, 1) WAP, J,0) = —P°J(J + 1)|P, J,0).

_ a1 _—
P2(Te[M?) + Tx(M?]) — +Tx[PTM PM] w* j< Ji(dr + )>—|—< + J2(j2+1) H

2 1 0 0 1 0?2
J 1

. 0_ 2 —
5090 780 T sinZg 942 L4

oC| =

Evidence of neutrino masses is the only new physics beyond the SM

C H ,H

] N .
X(LiH)(LjH ) BY = (12)
L O L
”?1,3}8” = - §°"'1:5<12> LH — LH channel LL — HH channel ”’{21_2}8'" = ()
1 L ~H
“\ '," H = 5 >‘"":~ J —4
L . L L \s H
Type-l and IlI: SU(2) single and triplet Type-lI: SU(2) triplet, or singlet (excluded by repeated field)

There are only 3 kinds of seesaw mechanism at tree level!
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Systematic resonance searches at the LHC

Although various new physics models, there are only 47 resonances with leading effects at the LHC

ZrrT = L9<4 | |

Zs

A A?

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

19

Scalars
Notation S Sy S3 Sy Sy Se S Sg
Name S 81 82 @ = El @1 @3
Irrep (1,1)o (1,1); (1,1)2 (1,2)% (1,3)0 (1,3): 174)% (1a4)%
Notation Sy S10 S11 S19 S13 S14
Name Wy w1 wo Iy 117 ¢
Irrep (3, 1)_% (3, 1)_% (3, 1)% (3,2)'13 (3,2)2 (3,3) 1
Notation S1is S16 S17 S1s S19
Name Qg Ql Q4 Tl P
Irrep (6, 1)_% (6, 1)% (6, 1)% (6’3):13 (8,2)%

14
Fermions

Notation F1 F2 F3 F4 F5 F6 F7
Name N E° AS AS ) ¢

Irrep (1,1)0 (L (L 2)% (1, 2)% (1,3)o (1,3)1 (1’4)%
Notation Fg Fg F10 F11 F12 F13 F14
Name D U Q@5 Q1 Q7 T T,
Irrep (3, 1)_% (3,1)§ (3,2)_% (3’2)é (3, 2)% (3,3)_% (3,3)%

14
Vectors
Notation Vi Vo V3 V4 Vs Ve Vo
Name B B, c 1% Us Us Qs
Irrep 1. Do (1) (1 2)% (1,3)0 (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!
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New way of searching new physics



Collider searches would miss light new physics

O

New way of searching new physics

? New Particle

Bl 103 100 101
? New Particle QCD scale
AMO searches
O1=1,
, Or =55
pz\ /p2 03:#(0@(5'.@ ,
: .
= Os5 = 55 (6+5") - (Pxq)
: Oz = 53 |(7-F) (") £ @) (- F)]
pl ) - 2 (0-7) (+-7)

102

EW scale

1

103 1019

(GeV)
LHC

Og,10 = - (¢xd')-q,

011=%(5’><5')°§,

1

Oz = 5~ (F£5) P,

Ou=— (Fx3") P

Ou = 55| [+ (Fxd)] @0 + @G- [5"- (Fx3)] ]
0= g { [7-(Px )] (7 9)+ (77 [7"- ()]
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NR theory from Poincare SSB

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

In non-relativistic field theory, the anti-particle dof is hidden, described by spacetime symmetry breaking

Poincare Group

f’“, Translations, ) g,
Jt,  Rotations, (Q|P¥|Q2) = mot (va)z
K*, Boosts, v# = (1,0,0,0) (Jo)
R* x SO(3,1)

CCWZ Coset

.

o = L)l L) = e

Missing Goldstone

0,0,0) + |v, k) = |v, k, o)

Rest state Goldstone Kk state

v, k, o) = U(Ly(k))|v,0,0)
Boost relates different k

Spin Group
= v-P ,  Time Translation,
— ’qu . P ,  Spatial Translations,
= (V)M euped"Pv° , Rotations,
RS x SO(3)
Shift symmetry

rotation : 7 — 7' = R,

L 1o

m

boost : 7 — 7' = ij-

7
v“—)v“l%n

Reparametrization Invariance
Jiang-Hao Yu (ITP-CAS)



Amplitudes from nonlinear symmetry

Heavy particle effective theory (NR particle + photon, gluon, graviton, axion, etc)

Direct construction

3-pt scaling for highest weight

k] = (4M);

dim Operators

5} Nte-BN Nte-Bx x'o- By

Nto-BO,N N'o-Box x'o-Box
Nie.-0,BN Nio -0,Bx x'o-0,Bx

Amplitudes

[12+|[13+]| [12—|[13T| [12|[137]

(v-ko)x [12F|[13F] T[127|[13+] [12~|[13"|
[12*[13%] [127[13%] [127[13"]

(v-q)X

Linear RPI

EJ S1+S59—S3 |'1:

Heavy quark effective theory

t3::J S1+S53—55 |'2:t3:1

k=] = (@7);

1

k| =
L 2m +v - k

k"],

dim Amplitudes Operators
5 [12+][131] Nig - BN
121 [1]q11 |37 | N1k gt [VI, BF|N
6 127 | [1|kgy |37 N'B-DN
(137 | [1]koy |27 ] NieWkgi BIDEN
g |27 | [1|kor |37 NTedk{ D (57 BF]}N
7 1q11 2% [1]g10]37] N'e-DB- DN
(1|ko |27 |[1]key |37 ] NiD.Bo - DN
tr(gi1qi1][127|[137] N'[8% o - B]N
tr[koy koo ][127 |[137T ] Nio - BD?N
tr[gr ke ][127|[13F] N'e Do - BD'N

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

Heavy black hole effective theory

D2

D1

D2

{1 %
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NR 4-fermion operators, can be described by SU(2) Young diagram

Nonrelativistic effective theory

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

SU(2) x SU(N) Young diagram

NR 4 fermion operators

Pion-less nuclear EFT

Cold atom EFT

Integrate-out amplitudes

Operators

Spin-s dark matter operators

NR Fermion bilinear

|‘1+2+J |‘3+4+J

|’1+3+J |‘2+4+J

(NTN)(NTN) (NToN)-(NTeN)

[17|kgy [27F][3F |k |47 ]

|—1+|kglk2l|2+J [3+4+J
|—1+|k2lk3l|2+J [3+4+J

[1F|koy |27 [37 |ksL]47]
[1+3+J |_2+4+Jt7’[k2_|_k4_L]

(17 |koy kg |[4T][2737T]

[17|kgy [3F] 27| ko |47 ]

(1737 [27 |k3 kot |47 ]
(17 koo k3 [4T][213T]

[1+2+J |—3+4+Jt7’[k2_1_k3_L]

[17F |k kgy |31 [274T ]

(17| kor |27 ] [37 |kay |47

(N1G - VViNT)(NoiN) + h.c.

. —(NTV2N1)(NN) + hec.
(NG - Vo' N)NVN) + hec.
. —(N1G- YNNG - VN) + hec.
. —2(NTN)(NTY - ¥N) + hee.

: (N*JiajN)(th’:?jN) + h.c.

[1F27 ] [37 |koy |47 ]

(NTN,) (Elo - V284)

Binary black hole NR partial wave
Young tableau Amplitudes Operators
T Amp 25¥1p, | C | P
22 24 [1F2F][3747F | (NT N2) (gla) NN |_1+2+J 150 \ 4
ia s [1¥3% |[2+4"] (NVeh) (Vata) No'N 1+ T2+ ] °S1 |\ |+
in[ia] o NYiN q'’|1t2%] ‘Po |\ | -
J2lislia] | —[1+|kyo [4F][2¥3%] | —(Nfo - Wa&s) (VD) —
N(V -o)N [1*q/2* ) Py |\ | -
J2[J2|%a [17|koy |27 |[314T] (Nfa--VzNz)(ég&) Nv x &N q;{|1+J(I|2+J J) 3P1 \ _
Z; Z; Z N(Vi&j _ %y’j)N q(KL|1+JI|2+J J) 3P, \ | -

11

12

13

J3

J3

(2!

[1F ks |27 |[3F4T]

(NIO' ' V3N2)(§§§4)
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Goldstone EFT from spacetime breaking

Spontaneous symmetry breaking: boost, translation, rotation [ Yong-Kang Li, Yi-Ning Wang, J.H.Yu, in progress ]

: : : Superfluid
Spontaneous breaking of spatial translation: Phonon as Goldstone boson

® — P

(®(z)) = e
e ! : 1001 He solid i

\\ e /; WA.‘ Gapped B e
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summary and Outlook



Summary

Top-down: New physics model building

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

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

1Dyl — V(9)

Wy Dyt
Op = Dy = 0y — igsGLT* — igW 0" —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), ...

Gauge unification, quark-lepton symmetry, ...

singlet, doublet, triplet, ...

CPV, Type-l seesaw, flavor hierarchy, dark matter, ...
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Bottom-up: New physics from EFT

EW scale
(246 GeV)

W mass scale
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B quark scale._.
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Standard model EFT

Non-relativistic EFT
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Outlook

The spacetime symmetry dictates interactions

Poincare symmetry Spin symmetry

Relativistic EFT

N e

Massless EFT Massive EFT EFT without anti-particle NR EFT NR with more modes
SMEFT Weak EFT HQET Pion-less nuclear EFT NRQCD
Gravity EFT Low energy EFT Heavy baryon ChPT Spinning black hole Phonon, superconductc
Cold atom Superfluid, ...

NR EFT
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WMEFEZIN: N\TEHEMRNE, —EFIESS!

Thanks for your attention!
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Internal space

Coleman-Mandula theorem, internal space cannot mix with spacetime symmetry

Superspace (Grassmann)
¢ 1

Internal space Pyv = {Pu, Qo Qs
{Qn,Qs} =205 P, {[pl“ :_n , Ip)"n} = |p)’[p|°
with R-charge, ISO(2)
Qa — e_iAQa a'nd Qc’x — ei/\Qd 77 — 67;)\77

[R) Qa] — _Qa and [Ra Qd] — +Qd

Hyperspace (spinor) \ 5\1

[ Yu-Han Ni, Chao Wu,Yi-Ning Wang, J.H.Yu, 2412.03762 ]

(87 (87

Py Py = (pu,m,in)
A Ab = {Ag, A%}
1SO(2) x 1SO(3,1) (A, A7, 1)

Internal space

1

m, ] =0, m=_AwA®, = Awd®

(N

with transversality-charge
m—e “m , m— ' .
D_.m|=—m, |[D_,m|=-+m,
Relate to chirality
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Extended Poincare Symmetry

Additional symmetry to relate and determine amplitudes

U(1) charge

Aé —>e_5¢/'té , ia1—>e%¢ia1.
m— e Pm . .m— ePm,

_1 1 J I a

[D_,m|=—-m, [D_,m]

ISO(2) x ISO(3,1)

pM:(pu‘m Th)

=+4m, [m,m|=

Lorentz extension

PRV

[ Yu-Han Ni, Chao Wu,Yi-Ning Wang, J.H.Yu, 2412.03762 ]
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