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Outline

Apologize for missing references in this talk

Amplitude-operator correspondence by symmetry

Relativistic EFT operators from Poincare symmetry

Nonlinear Lorentz symmetry and spin symmetry

Heavy quark effective theory operators from spin symmetry

Summary and outlook



Symmetry dictates interaction

C.N. Yang: quantization, symmetry, and phase factor

Gauge symmetry dictates interactions Can spacetime symmetry dictate interactions!?

Lorentz symmetry
Weyl U(1)

Yang-Mills SU(2) MinkowskKi

GSW SU(2) x U(1
(2) x U(1) Poincare symmetry
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QFT: two equivalent descriptions

Lagrangian based on local field

5
A'A2lA3

Expansion with mass dimension

Zrrr = ZL9<q4

Amplitudes based on on-shell particle

S:—(+—+—+—k+—%+%+...

Classified by scattering particle numbers

d P 1 —ip-x Ip-x
00 =3, [ s (@D + oL@

Field transform under Lorentz rep

AM(z) = UAM(z)UT = (A71)", A”(Az) + A710"Q(Ax)

Impose EOM Impose gauge condition
- ” kH
8, F" + m2A” =0 e*(k,A) = e (k,A) + —
8, A" =0

Symmetry is manifest !

Particle transform under Little group

o (pT)aulp)] e — (Clau|Al — — (Aloy|¢]
V2m VA T V2RI

Satisfy EOM and gauge inv automatically

Na — M, = ANy + b,
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Poincare symmetry for scattering amplitudes

Scattering amplitudes transform under the Poincare symmetry

D , .
M(pa,04) = 67 (P, + -0l )M (pa, 0a) pac = haka. = |p)alpls = Ny = en|p), [P7]
- N o A _ ’ /
FEN X 6D (S Neniey M2 (par00) = L] (Do (W) M (AP 72
Momentum conservation Massless U(1) Little group Massive SU(2) Little group
N ~
P =) XX =0 A—tA, Aot 1A AT WA, A (W) Ay
1 2 .. N U(N
( i‘}z :\\% ii\, ) —>) ( 3 ) A(lh" ...nhn) s Hti—thA(lhl . .nhn-) M(po,04) = M (pa, o) H(D”J (W)) M ((Ap)a, o)
AL\ oV Little group scaling SU(2) transformation

u
g =—AaE T+,
Ay =Ael T+ 70l

Pac = Poac T Naa = Aaia + NefNa-
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3=-point amplitudes (massless) dictates interactions

The building blocks of scattering amplitudes are 3-point amplitudes

(- = +)

QED Theory

Massie

A(r%2+%3+) _ {187

(12)

i 1oy (132

A(l P29 ) 12]
";’)’uwAp

Mom. Conserv. + Little group scaling

/\1 O()\Q X /\3

h3

(12 M Ra(g3)he h2 ha(3yhe hs B

(=)
T (12)°
A(la 2b 3:) T fabc <13> <32>
[12]*

A(1:2;_3C_) = fabe [13] [32]

fabe (O AL, — 8,A5) AP A

[ Benincasa, Cachazo, 2007 ]
[ Witten, 2003 ]

Alo</\20</\3

hs

[I 2'h1+hg—hg [23]hg—ﬁg—h1 9 I]hg-i-hl—hz

(— =) (- - 0)

Massless
A17727737) = <:1§>122<‘;62>2 A(1+%2+%3°) = {12)
. A(UH2ie) = 2

(e
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Amplitude-interaction correspondence



3-point amplitudes (massless) dictates Operators

Benincasa, Cachazo, 2007 ]

Also determines non-renormalizable interactions involving in 3-particles [ Witten, 2003 ]

agnetic dipole QED

A(1+%2+%3+) — (13)(23)
A(l—%z—%g—) — [13][23]

";BO#VQ/’F pv

Mom. Conserv. + Little group scaling

XICXXQCXS\:}: A10(/\20(/\3

h3

<12>hq hy h:e<23}h| h> ha(gl}hg hs h,

( ( ) —+0)
o
A(1;2,37) = fure(12)(23)(31) A28 ) = (EEIY gy ), 09 09
A(1723) = fue[12]]23][31], A(1TF27F37H) = ([12][23][31])° (23) 23]

Fabe F Fbe Fo R Ry Ry inconsistent

Locality

Amplitude-operator correspondence
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Massive 3-point amplitudes

No simple little group scaling, momentum conservation complicated

[ Arkani-Hamed, Huang, Huang, 2017 1]

ni.las)h...J2sy, (1, Ias, Jy I2s, o Y2s4 Q]...2sy 51...82s,
AIK[ Ko sq (Alal * A1(12 s (AZQl A202,2 (A3K1 e A3K2,1) A’{')'l---')'?sg

Find 2 linearly independent basis span the SL(2,C) space

j(al 1005y ), (B1+Basy ):(N12s3) Zzga(ﬁsl+s2+s3_l 1)((11 0025, ),(Br++Pasy ), (71 Y2s5)

i=0 O;
symmetric tensor &, antisymmetric tensor €

QED Theory Electroweak Theory

(13)(23]  [18[{23) (12)[13][23] + [12](13)[23] + [12][13](23) 2] (12)
[13][23] (13)(23) [12][13][23] (12)(13)(23) Just list Lorentz structures
17" Prip2es, (12) ((13)[23] + [13](23)) Any spacetime symmetry to guarantee
T oh P exhaust all possible structure?
Y107 PRY2€3,uP3 v (M (P1 — P2)p + Mup(P2 — P3)p + Mpu(P3 — P1)v] €7€3€5
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Spacetime symmetry extension

Spacetime and internal symmetry can’t be mixed except supersymmetry, massless CFT, discrete, SSB theory

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

Superspace (Grassmann) 4 " Hyperspace (spinor) \ 5\1

o 8
X ) (A, A1, 1)
()‘7)‘777A) p}.t Pﬁfz (puemem)'
I ~
{n?, 0,8} =03 Ao l.( - {Aclxelal}
(As Ay, 1) SO(5,1)/[SO(2) x SO(3,1)]
Internal space Internal space
{Qn,Qs} =205 P, {[pl“ :_n , Ip)"n} = |p)‘[pI" im, ] = 0. m= %M,,xal, = %;1&,1061.
with R-charge with transversality-charge
Q, — e Q, and Qi —e*Q, N — e m—e m, m—em.
= D_.m|=—m, |[D_,m|=-+m,

R,Q.) = —Qo and [R,Qq] = +Qs
Relate to chirality
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Massive 3-point amplitudes again

SO(5,1) isomorphic to conformal group: highest weight rep by scaling, then descendent ones

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

[tl 3t27t3] T-—
Chirality flip

51— 1,50 — 1,83 : 2| As3— 1[23]1191 [31]As2
51,80 — 1,53 —1]: 12]453 234511374
51— 1,852,853 — 1] : 12]453[23)451[37] 452!

[31,32,83] . [12]m3 [2.3]Asl [31]As’

QED Theory Electroweak Theory
MasSSIive

viassive
(12)[13](23] + [12](13)[23] + [12][13](23)
1 . [12][13][23] (12)(13)(23)
l - = -
2+3 27%2 22 2 (12) ((13)[23] + [13](23)) 2+% 2_%
1 -1 _< 1 _< -3 —=< < T I I <
1+2_< 12 12 ] 2 y 1+% =[12] [1 ..1][2..2]> 1_% =<12>
3+1 30 30 3
30 39
23][31]  [23](31) (23)[31] (23)(31)
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U(N) symmetry extension

In above, 3-pt amplitude dictates operators with 3-particles, how about operators with n-particles?

Spinor with U(N) symmetry

SUSY with U(N) R symmetry

( ALY A ) U(N) ( u )

AL A2 AY "\ v
lsL(z C)

Chiral superspace (Aa A2 - A7)

{Qaa, Q]LB'B} = _255(0Z3)PM

{Qan,QsB} = ZaBEap s =0

SL(2,C) x SU(N)

U(I)n little group

A—)tA, 5\—>t_15\ AiaZUijﬂj, Ziaszizk,
SU(N) R symmetry (no central charge) j k
A1ty 5 LA (L - -0 _— _EN: 9 8
; (141, — OX? 0/\""‘

N
FEN, N 8D At
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Operator-amplitude correspondence

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

N A= Y UA, A= Y utik,
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(d) — [ \@n iZJ7] 1_|h-,'| @ .
O = (€W N®" (&, )% H(D" ‘Pi,a,-)a:r,--h,- I r
[=
! — mj NP/
¥ = R = P >< (
o B 7 |
On-shell amplitudes SL(2,C) x SU(N) I 2 H® - ® 19 ® ..
| n
~ ~ d . \ ’
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r g — N
e - 5(4) 'liji
= C\'IJ : : + [; ] PITFEEDID I N 1 AP I IV
o - . . e i ] i - i [ k”j = '/']
= ———_ total derivatives ,- T TR ;
nl 3
N—— A A
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#1 #2 #N
—— —— pr—N—
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Standard model effective field theory

SMEFT provides systematic parametrization on all possible Lorentz-invariant new physics

LErT = Lo

Standard Weinberg

Model

Z5

Zs

27

A

Operator 84
C;;
Xj(LiH)(LjH) +h.c.

Dim-8: 993 operators from 16 Young diagrams

A2

A3
30

[ Hao-Lin Li, Jing Shu, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2005.00008 ]
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Tower of EFTs from EW to low scales

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

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

Standard model EFT [ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2007.07899 ]
EW scale _

(246 GeV) [ Hao-Lin Li, Jing 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 ]

W mass scale
(80 GeV) )

B quark scale...

(5 GeV) [ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng,2012.09188 ]
Al gt Sifsaive dsery . [ Hao-Lin Li, Zhe Ren, Ming-Lei Xiao, J.H.Yu, Yu-Hui Zheng, 2105.09329 ]
QCD scale Matching
(1GeV) [ 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 ]

Non-relativistic EFT [ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in préeparation ]
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Nuclear scale __

(MeV)

Atomic scale

(eV)




Scattering amplitudes at low energy

The spin symmetry (little group) plays essential roles to describe physical particles

[as(ﬁ)us(ﬁ)e"” “ 4 b1 (B)vs(B)e?™]

‘

Field transform under SU(2)A x SU(2)B Lorentz rep Particle transform under SU(2)j Little group

non-unitary rep unitary irreps

Weinberg: Wave function is just CG Coefficients of two groups

uas(0,0) = (2m) Y2C 15 (jo; ab)
[ Yi-Ning Wang, J.H.Yu, in préeparation ]

3-particle amplitudes can be determined by CG Coefficients from spin-orbital couple and then boost back

J s
(pl) 01|<p2,0’2‘P '] U) lGGSGSC.;S;(,’Gl;SQ,GQ }/LUZ(Q)1

"4(67?03 (kla pga p;) — ngaq (kl) p;, p;) X ?,-62'; (31) ug?_), (p;? 32) ‘u’g:z (pga 33) — Pﬁzds(kla p2? p3) D (A2 ) 5303(A3*) X ﬁ';l (31) Ugﬁ (32) ug:;(s:})
Puro'or;i,;fal part pure-s;i:l part pure-orbital part pure-spin part

B.S.Zou and D.V.Bugg, Eur.Phys.J.A,16,537-547 (2003)
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Explicit spin symmetry

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

Since the spin symmetry could determines 3-pt amplitudes, suggest the Lorentz symmetry can be hidden

Lorentz symmetry Spin symmetry
f’“, Translations, H, = v-P , Time Translation,
Jt,  Rotations, (Q|P*|Q) = mo* (B,)i = of - P ,  Spatial Translations,
Ki, BOOStS, 'Ug _ (1,0,0,0) ( v)z = (Ui)”’fuvpaJVp’Uo , Rotations,
R* % S0O(3,1) R % SO(3)
CCWZ Coset description
v = L(ij(v))of  L(i) = X
Missing Goldstone Shift symmetry

rotation : 7 — 7' = R7,

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

7l
e a1, 9 )
Rest state Goldstone k state boost : 77 — 7" =17+ m +O0(g%).

0,%,0) = U(Lo(R))le, 0, 0) ot = ot + L
Boost relates different k Reparametrization invariance (RPI)
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Heavy quark effective theory

Two equivalent descriptions on heavy quark effective theory (HQET) Lagrangian with NR fields

Top down integrate out

U(z) = e (Qu(z) + Bu(2))

1+7‘

Q,,(ﬂ.‘) — ei’P:z:P_\I,(m) — eimva: ‘I»‘( )

uﬂf’(m),

Bv(.?:) — eiP-.rP_\I,(m) — e-imv-x 5

om»

L = Q‘U(?:U D+ Zn Cn )Q" + Ql’(ZD-L LA Zn Cn " )

ol

x(i0- D+ 2m — 3, 60 )T APL+ Yy O ot )Qv

Expand to a non-relativistic basis

Bottom up nonlinear trans.

U(L())|v, K, 0) = Xor Dora(W(L(@), K))Iv, L(G)K, ).

U(A)QuaU(A)' = DIW (A, i0)]yQ.. 1

z k k -
L = NUWiD, +C22m +crg 2{3 +CD9[8»n—z“ +icgg™ s!mnz = +C481;:3 N
Qu(r) = E™ Py W(a) = [ N ]
7-D &-¢gxD
Nl T — q !
(z) — 7% i - o O( )IN'(A™ z)
c2 =1, FW trans.

Cq4 = l,
Cy = 2(31..' - l,

2cp =¢p — CF,

Nonlinear little group trans. = RPI
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3=-point amplitudes for HQET and black hole EFT

Third description: spinor-helicity formalism with projection to determines the HQET operators

3-pt scalina for hiahest weiaht [ Yong-Kang Li,Yi-Ning Wang, J.H.Yu, in préparation ]

k7] = @"); k=1 =(@7);

tJ S1+S59—S3 |'1 :t3::J S1+S53—55 [2:&3::J So+S53—95]

1

el [ LT
& |_2m-+-v-k|h ;
Direct construction Heavy quark effective theory Heavy black hole effective theory
dim Amplitudes Operators q ¢4 s
_ . ; = )\2
dim Operators 9 [127[[137) Nle - BN T g ('U EQ)
5 Nie -BN Nie-By xte-By (127 |[1lgy1 |37 Nigiikgi[7i B¥|N o \ /
o | Mo BaN Nlo-Box xlo-Bix ¢ 127 |[1]ks |37 N'B.DN pL—>—{A3 —>—PU p —» (A, —»— D1
- \ 4
Nig-8BN Nio-8,Bx x'o-8,Bx (131 [1]ko |27 Niciikgipi DN
11, + 1Ml . |2+ rt ijky e 1A REILN o
Amplitudes Lo |27 [ 1Rz |37 NeTHD, (BTN p2 ———Hy)— p» 3 L Pz
o 19F [ M1las o 13+ e . DN ‘
[2+|[18+] [12-][18+] [12-|[13"] 7 Lgio [27|[1]g11[37] N'o-DB - DN Y/ A
(v-ke)x  [12%[13%] [127|[13%] [127|[13" (1lkg | |27 ][ 1]k |37 N'D-Bo - DN S 3 léz- k v \ o~
(v-q)x  [12*|[13%] [127|[13%] [127|[137 ] tr(gi1gi1][12F|[13%) N'[6* o -BIN —..-;N’Hrﬂw & p () v
. . X | Pl—--H" P
T RPI tr[koy kyy |[127F |13 Nle - BD®N -
inear , . i , . .
-+ + T1-.. . T )
gk JILZTJILT] | Niejplle - BD'A Jiang-Hao Yu (ITP-CAS)




Non-relativistic effective theory

The NR operator basis for any spins can be obtained, and perform spin-orbital partial wave decomposition

[ 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 Spin-s dark matter operators NR Fermion bilinear

Cold atom EFT Spinning binary black hole NR partial wave analysis
Young tablean Amplitudes Operators
Integrate-out amplitudes Operators i | B4 [t2t|3tat| (J‘v’sz](d&) P .
1427 [[344*] [1+3%][2+4t ) (NIN)(NIN)  (NTaN)- (NoN) Al +l 1(12 +J 7 350 L
(1% [k 27 [3% ko 4] [0 [y 37 | [2F Ry |47 13 [2+47) (Vieh) (Vo) No'N 17 ]2 ] S1 |\ |+
1 o : {1\'73- eai;'v'f)(z\"aij\r) + h.c. 11 |22 |72 szN qI] L1+2+J lPO \ _
(17 |k g |27 [[3F47 | 1737 |[27 [k kas |47 ] : (NTeQNT)(NN) i h.e. alialia] | —[1+|ky [47][2%37| —(N[o - Va28)(Va8]) v n + 5
(17 |koi kg |27][8T4T]  [17|ko ik |47 |[273 7] (NTE B NDYNTN) 4 b, b |2 |2 N(V -o)N |17 |q|27 | P, \ | -
i [ o s ko |24 [[344F Vo To Ny (el -
1o [27)[3 ks [4%] 1727 [374 Jtrlkoskar] | - (Wle YNNG -V N) + he flan | W[50 | (Vie: Valo)Est) NV x?oN gr |[1JU24]D ]GRO\ -
. L= = 1172172 1 =1 o $11
M35 2747 tr[korkat] [17|koi ks |37 [214T - ANTNYNTY - FN) + hee iolislia] | [Lvet|[3t i at]  (VIN)(Ele - Vaty) N (V G — ZCHI)N | gLt T2t ] I) 3P, \ | -
Tl kg [4F] (2434 [T kgu |24 [3Hkaslat] | (Vo (VTN + e
VEANEALE! [1H|hgp |2 ][3Y4F ] (Nle - WaNy)(Eley)
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Summary and outlook

Explore the internal symmetry Explore the spacetime symmetry
Field Particle
[ Weyl, Yang-Mills,Weinberg-Salam, Gell-mann.... ] [ Witten, Cachazo,Arkani-Hamed, .... ]

The spacetime symmetry dictates interactions (operator basis)

Poincare symmetry Spin symmetry

Relativistic EFT

] 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, plasmon
Cold atom Superfluid, ...

NR EFT
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Summary and outlook

[ Witten, Cachazo,Arkani-Hamed, .... ]

Pion-less nuclear EFT NRQCD

Spinning black hole Phonon, plasmon
Spin symmetry

Cold atom Superfluid, ...
NR EFT

NR EFT NR with more modes
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Thanks for your attention!



