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Complete UV resonances from bottom-up approach
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Summary and outlook
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Search For New Physics

We are searching for new physics at both high energy and low energy scales
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Three ways describing new physics

New Physics Scenarios Effective Operators

Simplified Models
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Top-Down Approach

Given new physics models, integrate out heavy particles and match to SMEFT

New Physics Models

M

Integrate out and matching/running o s
2 .’tu!nlng
‘Oviul z "{ %’%=$#f,c‘
| ? l MO %) — O 1 %)
v ) EFT Operators .l ey i
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Bown quark o '2‘75 .% ——
tu..... Lerr = ZLaca + oy e

Decoupling theorem
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Bottom-up Approach

Investigate new physics effects assuming no new particles

General but harder way: new physics without new particle

[ Weinberg 1933 - 2021 ]

a [olk theorem: “if
one writes down the most general possible Lagrangian, including all terms
consistent with assumed symmelry principles, and then calenlates malrix
elements with this Lagrangian to anv given order of perturbation theory,
the result will simply be the most general possible S-matrix consistent with
perturbative nnitarity, analyticity, cluster decomposition, and the assumed

symmetry propertics.”

Weinberg’s Folk theorem, 1979
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SMEFT

Standard model effective field theory (SMEFT)

UV model unspecified
LHC probing scale

ﬁ e Most general Lagrangian with Lorentz and SM gauge symmetry
Bown quark 'Z.:-; '%
*wqwu ZLrrT = La<q -4+ — ...
= A A2
Electron

power counting: canonical dim.

SMEFT provides systematic parametrization of

... all possible Lorentz inv. new physics!
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Higher Dim Operators

new physics without new particle: neutrino masses and baryon asymmetry

B and L violation
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[ Heeck, Takhistov, 2020]

dim-8: neutral triple gauge couplings
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SMEFT Operators

Very different types of operators contribute to the same process

>ww JWV‘< W v W
0 Dim-5 o Dim-7 O Dim-9

HZ L2 H3 Ht L2 DecHt3 Lt Ht?Lt%WR DZH+2L+2 D*Ht2Lt2WwWL

er = eg,uR = ug,dR = dé

Dim-9
dct Ht L2 Q1 Ddct Lt? uc dc* L* Q*, dc?dct L uct, dec L* uc uct®, dc?ect LQuct,
Ddct Lt2 uc dct ec Ht Lt uc WL det ec’uc?, deL“QQ ucl, det ec Lt Que*, L° Q% uc

Need write down complete set of operators up to dim-9
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[ Henning, Lu, Melia, Murayama, 2017]
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Also [ Lehman, Martin 2015]
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Main Difficulties

Given numbers of independent operators

Still difficult to write down explicit form of operators!

Derivatives

BW HHTD?

(P HR, WP (R N By W DD NG B W D Y WD R, W
(D W BN e W L 0, M B WP, (D D0 B WS (Dt VDY B, e,
(BT D, B WP (0 ANV B DR LR T H B (P W ) (D B, (W)
AR WP, DD D, YD )[m‘l.'l.'i~,.,.!l".". (ALY Pl TR D || L
AV D RN, B W, BTN B0 g‘jwl:u“n L) A DY B W,
VDS (W LT IDE G W EEIEREDED B WS TN DL B, WY

AU B D WP, DY B WG, WYY, YD B, (W) J B, (P,
HYEB (DD HVAR,, (T IPE P14

Repeated fields

QEQL

fﬂ'lmfu‘ fj! | L‘.ue Qa-'a) ' ':stk Qrc.‘ ’

aqqt _ prst e (Qray Qi)
Qpr3t = 60‘.‘!"" 3 24 L‘: [Q"u,’(?[c{:’

chee oty kb \ f I
ete | L;n (:2,, N (BAM Ql’f L)

p,'r,s,t= 1a273

Which 2 should be picked up?
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What flavor relations should

be imposed?
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SMEFT Dim-6 Operators

First write group-inv. operators (over-complete) and then remove redundancies
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O, ~ v #lilis),
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On, = (D%,

414 AT NN o W e Qe WA ]

Qa=1DLDre. V-0 Ty 0, - - -
A Integration by part (total derivatives)

Do - (§,u)0%, Oow 1BQ00%.  o0i-ig'Dr'od @ e’ -

s Tty et 1 (et i) 2, W T e 'es)
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[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

Cu=lfyibrvl, 02Ut o, _(Znide, 0 =@tuintd),
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Operator as Spinor Tensor

Each field belongs to Lorentz irrep:

SO(3,1) SL(2,C) sU@)xSU@2), Spinor-helicity
¢ ¢ € (0.0)
W Vo € (1/2,0) Ao
v € (0,1/2).
Fuu Frog =, Fuwaly € (1,0) Ao Az
Fras = — 5 Fwd" € (0,1)
Rpupo Cepri— C,.,VWO';;U:; - (2’ O) AaAg Ay As
‘L)l’ l)(wi = -L)po-::d S (J-_o"'.z,\ 1_."'2}'. /\Q:\d

Operator with explicit spinor indices

T (D),
W, (e.p,6"*DFL,) D, H' »

Y0y )y 2 i U'iz ‘ y ey
Cayog Cayog Caay € v 4Fl ) ‘\DL-.?)hi (‘DU-i)hl

. (D), &

(it

Easier to find more symmetries of the operator with spinor indices
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Equation of Motion

For fields with derivatives, symmetric and antisymmetric indices:

1 | L. 11 /1 s s 1 -
(Dﬂ"‘)(!gd — —56(1‘/}(&91{”){! + 5 (\Dll/‘,)((tﬁ)«'if' (\% %) (X (%J]) = (\“\ é:l ) ( I, %)
(1 1) y (1 0) (0,1/2) (1,1/2)
272 2’
1 . " 7
‘Dé(p'ada - 560‘36(&,3[)“1)!‘(;) - I a3 (‘id[D}‘ D”] - '160‘30’ [D D"]¢)+ _I‘DLm,(aJ' apB)
11 11
(33)7(33)  (0,0) (1,0) 0,1) (1,1)

Only take the symmetric indices part for field with derivatives

EOM, covariant derivative commutator, Bianchi identity all removed

" oW wy .
D"V € (,}1 -+ L,,},‘ -+ é) FI'M

2

with totally symmetric spinor indices

[ Similar treatment: EOM removed by taking highest weight rep. ]
Also [ Lehman, Martin 2016]

(14,
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Spinor Tensor Transformation

Any operator can be written with totally symmetric spinor indices:

~ N |} | dri+hi
O — (Cala) )n(gaiaj)n H(Dn Lg (I)")a:'i—hi
i=1 :

5 5
~Ey = Cx ay o na (& 2= (x4 3, 4
€araz€araz€aras€ " Fl 1 Vo (DL'3)d; (DO.1)d4 Fy"" g (Dy)

Epsilon tensor transformations under SL(2,C) x SU(N)

1,7, k,l=1to N

x; Cx. 19 4] 0 Cx ~ kq i1~
€ 7 —> E Ukulf. ol €iice; 7 E Ut.iufjédkdl.
k.l k.l

- (17 -1
€% Stikr, .. kv_2 g(’r &
- €
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Wd ™~ " o
n n
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Integration-by-part

6;‘5::'). — — — /
S — | ‘
R R ® | ¢ ) |
= P |
~ o i ] h4
Y 71 ~ C(z.c\',ce.“.;al (u,\c\'.{u;u: l:u..or'.,- Cu‘“' — 0 T e e T 'l(
n + | ' S
- Schouten identity -
n
Il
N e |] e ala. )
_ : : + ... § :6 "€ ey,
=l ' i
N Y s
—_—— total derivatives (integration by part)
7 the sum over i means a total derivative

We obtain Young diagram using epsilon tensor transformation

[Such Young diagram also obtained from conformal K harmonics]
Also [ Henning, Melia, 2019]
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Young Diagrams

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

n
0 1 2 3 1

i
L]

3 .
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Young Diagrams

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

N — 7 I* = 6 N— 5
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“““““““““ F 202 R2it2
““““ 12, 2 2 i‘:‘ 4 LI{ l.‘) “7“‘[}.(‘) .é’ '2,,1 , ’” 4 2
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"""""" Fio* Frys?GD?, Fj¢*D?
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Lorentz Structure

We invent a Young diagram filling procedure to obtain independent Lorentz

n Semi-standard Young tableau (SSYT)
o\ se—
(
Y B [ | < . . ;‘f\l ;‘f:’ 4N
N1 = I | (1,052 .. N . N
\ H #Hi=n—2h;

Semi-standard Young tableau forms a independent and complete basis for a type

(n=1,n=3) #1 =3, #2=#3 =2,#4 = L. #1 =23 #2=3 #3=1and #4 = 1
l 1/1]1]2 11/1]3 1[1/1/3] [1]1]1]2
2|3(3][4 22|34 212]|2|4| [2]2]3]4
F2ypD, viD?2, By (Do Déy) @ . .
FyioD?, F*p?D? L1 ¥ (DV¥3) g (Doa), F11"" FLoap(Do3)" o (Ddy),
F{{ a0 (D3) 5 7 (Déa)., FL1* FL2a" (Dé3)ga (Do)
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On-shell Amplitude Basis

EFT operator = Contact amplitude = Group invariant + little group scaling

AN — Nee .
(17) = Aj€A;

Ya Ao
Va A -
i3] = dieky
7 : I, 1x71
(lpalll/e7‘)7 *;0” mny )\10)\25}\2)\27] [14] [24]7'I
[ Shadmi, Weiss, 2018]
Cannot deal with IBP for more than 4 particles! [ Ma, Shu, Xiao, 2019]

[ Durieux, Kitahara, Machado, Shadmi, Weiss, 2019]

We provide a systematical algorithm to deal with EOM/IBP redundancies

Young tableau provides on-shell amplitude basis for effective operators

(-*');W’ (e oD L) DV

11112 ; - v " -
2|31311 i~ (i) (13) (13) (24) [34] | |3y (103 (D3) g (Deba),, @
i ; - ‘i (12) (13) (34) [34] FEP a0 (D3) 5 V6 (D),
(v )W (eepo Ly ) D* D HY
Amplitude-Operator correspondance
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Different Operator Bases

Effective operators can be written in different bases, even redundant basis

Buchmuller&Wyler:

1 . .
OgmziD,,(HTH)D"(HTH). O\ = (H'H)(D,H'D"H), O\ = (H'D*H)(D,H'H).

Warsaw: Opo = (H'H)O(H'H), Oyp = (H'D,H)' (H'D"H).

SILH: OS)py = D*(H'H)D,(H'H), 0%), , = (H' D*H)(HD ,H),
Amplitude-basis (ITP-basis) traditional-basis (Murphy)
OF) iope, | HiH;(D,D,H)(D*D"H) o0\ | (D H'D,H;)(D"H' D*H)
OF) vape» | HiH'(D,D,H;)(D*D"H') 0?2 | (D, HYD,H;)(D*H'" D" H;)
OF) i pe s | Hi(DH;)(D,HY)(DFDYHY) O | (D*HYD,H,)(D"HY D, Hj)

How to perform the basis conversion? (useful for CDE, etc)

Basis conversion can be easily done in our amplitude basis

Jiang-Hao Yu (ITP-CAS) @



On-shell Amplitude Basis
Any operator (non-SSYT) can be converted to the SSYT basis systematically

Our on-shell amplitude basis = SSYT basis

N 0 .

oy =1 5 0 (OHD ) Ostn Y\ _ [ -1 0 Ono
/ —

O} 0 1 Oup O.S;I)LH I =2 Owup

)
Warsaw
SILH Warsaw
Reduce any operators to our ITP-basis
D'L!LL t ()()T ( I 0 . - \ I\l-l:ahls ‘
, - ‘ - (Lo O WD Litprol o
C-," ] / (Dh L'_m DN(J a5 :' ‘Li' (ﬁ)l “ :' () () l | (?);(lm.'l ¢ \Lpl ani 'l ‘ \D'“ L-n.‘ tD; (3‘ f’ N
ol (D Lpi D Qras LT Q1) L | Oy | (LpioyuaQruy (D LI DY Q)
‘ ] raj N\ g ¢ J 1 | ) 0 ayl 1T { v f; ioyvTain
01_?-) (D,, Lpi(zraj)(D"Li‘(,)'_ @) :' 2 _’1 | l (:)?m" r \Lm Qr._v:!, ) ‘D; 1.",5-"{’.)‘ Q(_ T,":\
O (DL i Qrag)(PFLE QL™ 0 0 -3 3 O | (Lpiu Qrag) (D LU D Q)
@1 Gy (D,,L‘m’ Dt/ anj )( LI'U“"Q‘! aj ) 0 1 () ()
O | (DLl Q) (LG Q) o 00
O | (DY Lyioy L)) (D Qo0 Q1) -1 -1 0 90
OB | (DL, Q1) (DHQ, 00, L1 1 -1 0 0
O (D" Lo LI /(DY Qo Q). \ 0 0 0 0 ]
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Young Tensor Method

Traditional method
BW HHT' D2

[ Hays, Martin, Sanz, Setford, 2018]

(PR, W A BN By, W DD AW B W D H WD Ry, W

(D WD B S W AW H B VR, (DT DB W (D VDY B )W,
(BT D B WP (0 AV B DWW LB W) (PN M B (W)
P AN A PO PO 1S TP L w I A I TR L .':"(DD)';"@‘.,.,.ll"_". NI, B, 0
YD RN, B W BT WD B0 :’@U}m BT B BT A E L Ve T ) N N
DN S (W T DG WS, ERRREREC W, DL B BN

AV B LD WP, HTEDY B WG Wy, YRS B W) a0,
HYBEB (DD HYHR,, (DI (14

Young tensor method (No need EOM&IBP)

BW HHTD?

11113
21224

EOM

(D aaDH ) Briy iy Wy ey 76 56
(DHT) i (OH) By s Wegeny 36" €S (e 4 e iemn)
(D)oo I (DD gV 67y P00
(DHY .o H B,,({,II(D'V ){ndm("""(""”(’5("'"
HUVLUH) G (DE; )W;Mjll Lieny €OV
11 DH )i Brpeny(DWi) (5 5 €™ e 050
HIH (DB {as).é (D"’"‘){('ﬁ}-3 €40 gl IS

IBP

BL""Wias (
BLQJ“'LQW (

" & (DH)_“°
).M (DH)')‘ ¢

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

Y Y
. . Y10y, (v ry _(¥giry
€6 ey € € €

BL*Wias (DHY) & (DH).

H1=3,4#2=3,43=1,44-1

1

1

1]2

2

2

3|4

Fd‘z oy €

01025010360204

BLQB‘,VLQ ¥ (DHT) s (l')[_[)3 o

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

On-shell amplitude basis easily and systematically

How about gauge structure?
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Gauge Structure

Gauge structure (internal sym) is easier than Lorentz structure (spacetime sym)

Dim-6 four fermion B-conserving operators: 25 | S |
[Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

(LINWLL) (RR)(RR) (LL)(RR)
Qu (yrale )i 1) Qce (g utr) €,7%2) Qi Gyl Negyhe:)
Qy | @)@ e) | Qu | (@a)liarw) || Qu (Tl P 1)
Qar | (Gt )@ ) || Qua () [y "'udy) Qui (vl )y de)
Qi | Gl ) Gra) Q.. (@Epe )i ) | Q, (Z7e% ) (Eay*ee)
QY (b G T ) || Qua (@, e Md A" dy) QO (A Yp @ Y 1)
QU | (@ )iderd) | QY | (B TAq )iy  TAu)
Q| (e TA)ide T Ady) | QL) (G, )(d oy dy)
QW | @) (e  Tdy)

(LR)(RL) and (LR)(LK) 2 viclating
reiq (e )d.q) Qg e (@Ol (@) Ct
Qe (@ ur il 35 d) Qo ey [107) Co™ [(62)"Cer)
Qe | BT 0 (T || Qqyy SN s () O] [T O1
Qi (L) k(i we) Qduu M (do) Cul] [0 Cl]

(%) R
(J"‘J" (l,)n,“.r. )e ‘qut‘d‘“ )

Buchmuller&Wyler wrote 29: 5 redundant operators (Fierz) + 1 missing
(z i T![,.:’(:Z;T!f/“lt:p — 2(2?“,“" — Qﬁre'

plu

: : : ~, . - | I,
Fierz identity for SU(N): | 2_{Z)i(Ta)u = diud; — 70405

U(N) trace relation @
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Gauge Young Tensor

How to obtain independent and complete gauge structure systematically?

g-2 dim 8 operator

1% I, tx71
(lpat e, )T oW, >

; |
Add H'H Wee LHH

(1) WL, (ecpo Loi) HY (H'H)

jLv

?

We invent Littlewood-Richardson method at Young tableau level

LW (3151, Le: [k, He: [1], HY HE: [l
il —;.—) i ||k I ) il g k| Im n , e |7 |k ¢tleimekn WiL.H fk (1] frH )
4 : l [ lm|n
k i | / il lmln | il - | |
-1 k k klm|n etelmel (TI)’; WL HY (1 I'H )
Find another g-2 dim 8 operator: Wi, (ecpo™ Lypi) HY (H' 7T )

Jiang-Hao Yu (ITP-CAS)

25,



Flavor Structure

Concerning 3 flavors, operator forms a flavor tensor in flavor space

¥ — a8 Opr = | (1), W}, (ecp D" Lyi) DV
( .

1,pT

If repeated fields, flavor tensor obeys certain symmetry structure

oi 1 87 17k 771
Opr = €ir€ji€aply L HYH
Symmetric under flavor permutation

a4 'ﬂ, . r "_‘? ! y
C'i.lnic_,:t'(-ug"iL;:'L‘;.J IIA ' = (._-,'.',C-,-’,i;:c.-”’}L:,?JL: -
~'a - ]

= €k€j1Cas L'?] L*)H" H!

r

— a9 5o gk \
= —€ik€jicapl, L H"H

= ew€jteaa LY LV HYH',
Impose flavor relations

LH _ nhLH
Op?“ _Orp

Jiang-Hao Yu (ITP-CAS)



Flavor Relations QQQL

This is the second difficulty to write down the independent EFT operators

B-violating

Quuq
Qau
Qe
Qi

(J |' | AR

, A 1 ”
5035{715)}“_“7!‘_‘"m' [Iq;:),{(-‘q; ] .-‘1-‘”“)’0""‘]

B [(ﬂ'?: ) ("":'Y] [“q:j i (,-'if]
e [.-‘q"-"‘""' Co] [y Ce [Grzadkowski, Iskrzynski, Misiak, Rosiek, 2010]

42.‘7&.;‘-"'[[((’ ) (q, J (q) 1(1]

£ [:‘_d;; e u;.] [(u)T Cey] -

(?qwqf(1) 3 ((?qqqf | (Qqqq'

prst prst r psi
- qr"qf‘ (.5) 2 ¢ qqq[ qqql
(Jprsf 1 t(t)pr.\" (21 pst /

[Grzadkowski, et.al. v3 2017]

Q)ln"u
(a0q
(g,l fiiu

C\«)du q

D-viclating
=P [(@nTOu?] [(g7) Ct
e [P e S|
e"Me merm ()T Cg™] [(g7m) O] 4

e [(d®)TCuf] [(u])TCe,.

[Alonso, Chang, Jenkins, Manohar, Shotwell 2014]

qqqf qqqt qqqt qqqft
Qprst f Qrp.st - Q.sprt 1 er’pt

Flavor relations not easy task!

Jiang-Hao Yu (ITP-CAS) @




Flavor Symmetry

According to Schur-Weyl theorem, flavor tensor decomposed via S(nf) symmetry

Independent entris:
SSYT 1[1h]1]24[1]3
2122|3313

] SU(ny)
0{1}_1;2 =  ———— fl f;

5, Schur-Weyl

OFrt et jicum (g2 TCqtH [(gg™ T ) Ss i LLLIE 1
SU(ng): [ 1]+ 19 X5 =5/

Each span’s an irreducible SU(n ) subspace

- el

1{(1f1] 2]2][2[2][21][3]]2
2] ’13] ' 3] 2] ’|3] |3
2

t
els ¢): [2[alihlale]2hlalela}(1]2
How to recognize SU(nf) symmetry according to Sn?

(28,

3|[1]2 1]3]
21 ¢ 72 ?

l112]3k21[3]3k 21212} 212/3)(2]3]3)[3/3]3}

Jiang-Hao Yu (ITP-CAS)



Spin-Statistics
N-identical particle operator obeys spin-statistics:

x0@(1,2,...,My..., N} =O(m(L), ™(2),...,m(M),...,N)=£0(1,2,...,m,...,N)

Amplitude view: Operator view:
mpl ) - w(,h—; _ T_’\!l','lgl 7:‘”3 }Jw::;k A },{tu,..‘}

— T - - permate flavor
A.-imp [Hl.] or _1 | < r\(_. () /\c, D) AB 7,(:),“,,‘...'- 7,“'" kyrere) {Latddee:)

l TRk “8u2 M gminyre Y Ainyyee }
{ e I I = e A\ "._:, )
- l\.’l’ol{'“ }) ("01.“”':' |/| (73'\‘11.'{'... :-,{u__...-)

\ SUd
AE_—T = Ar &) AR J

l

W -,
poermnte ganpge permute Lovontz

[ Li, Ren, Xiao, Yu, Zheng, 2020] Also [Fonseca, 2020]

i.L HH (2 !
SU(3) e \ \ SU(3)e E \
SU 2w L] | SU2)w ]
3 SU(2
STJ('.Z), ﬂ \ (2h u l:]
SU(2), \ \
SU(2),
(Grassmann ( \
Grassmann \ B
— Nav o] u I = ’ | M _
Flavor || | |XHX =[ 1111 Flavor H*U <= L OxO=0| X3 = 97

Jiang-Hao Yu (ITP-CAS) @




Operator Y Basis

For QQQL, the Young tableau for Lorentz and gauge structure give the Y-basis

()[ i (r,-hc ik ".L’"Q,a '\Qshl()l‘(‘

a —— :
112 | 113 L) i |k —_— abe i
( 3[4] T [2]4 )X ’ X( ARy — 0z = "Ly Qo) (@0 Quer)
o O3 = e eM L Q) (QrajQet)
.‘w -_— :'I- 4 ra"...' shik' Ct'"a s g il
R Sl Ty, = Obeetheil  gube i ghl Oy = €Y e (L Qra; ) QutkQict)

(LpiQabi ) (@rai Rtei)

Y-Basis = Young tensor basis

Reorganize the operator using the Sn Young symmetrizer:

11 1 1
6 3 3 { H
1 P4 V4 1
Pl | -3 3 3 —3 21 _~mmn_ | 0 0 0 0O ik .
Yesml=| 3 3 3 W =Y[E s 1 1 2 | Y [elale] €€ (LpiQrai ) (Qebi@Qict)
3 3 3 3 3 3 3 3
p o ) & ul)b iR .'
111 ) 2 -1 1 2 Y [5] eabeetkedt (LpiQra;) (QeviQtct)
SHNE . Lo o0 -1 wu)’[—j]c“t“ R (L0iQras) (Quk Qici)
. !
wh=eayEm=| o | =B T 00 D] V [ et (L Q) (Quar)
- A -1 -1 2 1 ' 0O 00 0
—;l‘ —_% ; —i -1 00 1

Caveat: Sn symmetry for repeated field, but not SU(nf) symmetry for nf flavor yet

Jiang-Hao Yu (ITP-CAS) @



From Y Basis to P Basis

The P-basis operator is viewed as flavor tensor in the SU(nf) group

O = ¢ "1Ll, Qi ) (Qutkc Qrr)
Oy = etk edd( LyiQ bk ) (Qra; Qtel)
On = "¢ e (LpiQuabic)(Qraj Qrer)
O = ML Q1 ai (QunicQset)

Y-Basis

p-basis

( 0ZT
S(N) o
Young Operator o2 | =
L o'

oH o2 span the same SU(n ) space.

o

2 2
—1 1
-1 2
0 0

Flavor specified permutation basis (P-Basis) operator

i ) . e 2l s _; 5
('I)LPQ' 1 :)’ ll"ll] fabwfzkf"“ ‘\LyriQ7'fl_; ) ':_Qshk Q.‘(‘l,’

) ;[ gabe ik il ( . . .

O‘}:?‘ , ,)/ |:'~— | ab ik ¢4 (L,ner ;} IQ,.,MQ,;(-.‘_ i
¢ _," -

o.f‘l:',)*'% ')) o= llb ‘L HQ ra) l sth Q{(” [r[s

Final expression: P-Basis

Jiang-Hao Yu (ITP-CAS)

ol s

¢

|

‘]

. @i

15
ot

[21]

: 0,*;‘-' :

= JLetr

- Ve O,

y-basis
-1 O,
2 s
-1 Oy
1 Oy

.‘\J - ()'A.-.'l “|y,nn" (’..'lvl

e -~ 19¢ i

' »(' of + (permr, s. 1)
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Mathematica Code: ABC4EFT

Amplitude Basis Construction for Effective Field Theory

Welcome to the HEPForge Project: ABC4EFT

Tris is the websile for the Mathematca package: Anplitude Basis Construction ‘or Efective Field Theories (ABCAEFT).

Package
This package has the lollowing featires:

* It yrovides a general pocedure o construct the irdependent and complete dperzlor basas ‘or generic Lorewz
invariant efective field theory, given any kind of gauge symmetry and Sold contert, up to any mass dinenaion.

= Various opesaior bases have been sysiomalkcally conatrucied 10 emphasize different aapeds. oparalor
injepeadence (y-basis\, flavor relation (p-besis) end censer/ed quantum numbet (j-basss).

ot drovides a systemalic way 10 convert any dpersior into ou’ on-shell empliilude tasis and the basis conversion

ozn bo ooy dom.,

Authors

Tre collaboration group ot instiiute of Theoretical Mhysics, CAE Eeijing (ITP CAE)

a HaouLin Li (provicusly postdoc ot ITRP.CAS, vow postdoc st AC Lauvain)

* 2ho Ron (40 yoor graduato chudent at ITP-CAS)

= Mng Lei Moo (previously postdos at ITP CAB, now postdoc at Narthwootom and Argonno)

= Jang Foo Ya (preloccer ot ITP CAS)

Yu Hui Zherg (61h yoa' gracuate studet at ITP CAE)

https //abc4eft.hepforge.org/

<4 ABCAEFT

A Matkematica Package for

Arplitude Basis Constructan tar Ftrecrtive Field Thearies

Autbors: Hmwa-oin

iy Tinmel fe1u9eyn L en

Zhe Ren, renzhexito.ac.cn

Fing Letl Xae, minglet (xtxararthacsterr. odu

Jinng-bFea Yu, jhyasiip.ac.on

Yu Mu®

Zherg, chengyubuizitp.ec.on

The pockege is gvailasle 2l heporge

For the lateat warsioa, suw the Citkub

If wou use thiz package 9n your research,

Fleaze cites arXaw: 2201.84633, 2035, 88038, 26437,3753%

' SU(N) |
Di ﬂ_’m& - Classes L. > SSYT
Ga
Types 1
% Gauge Lorentz
y-basis y-basis
e & -.-.-.-.-.-.-..I ...........................
Repeated ________ Symmetrization
Flelds b

Desymmaetrization

 Flavor p'-basis (Term)




Mathematica Code: ABC4EFT

DefSKEFT [model_,nf_:3]:= Module[{},
ModelIni[modall;

AddGroup [model,"U1b"];

AddGroup [(model,"U11"];

AddGroup [model ,"SU3c¢", GaugeBoson->"G"];
AddGroup [(model,"SU24w", GaugeBoson->"W"];
AddGroup [model,"Uly",GaugeBoson->"B"];

AddField[model,"Q",-1/2,{"SU3c"=->{1,0},"Su2u"=->{1}, "Uly"=>1/6,"Ulo"->1/3},Flavor->27] ;
AddField[model,"uc",-1/2,{"50U3c"->{0,1}, "U1y"->-2/3,"U1b"->-1/3} ,Flavor->nf];

https://abc4eft.hepforge.org/
Li, Ren, Xiao, JHY, Zheng, 2201.04639

Wi ALATrpeallSMEFT, 6]

Suple ¢ FLP+{DLY, DEVLE VLY, DLOLY .62) v +{dcecuc? L ecLuz.dx0uc L),
nw—-{l.l.-« M)t AEAH|Q KL nr e AL AcH|OF . B3 ol A G| Q6 Wl
FL'¢® + (BL*HHP BLEBIAL, HIOWE®  SLEHE | oo®1® 0 ec®ect® scectlit dsteslOt dederilt,
Litocnc] ace-faqf,d-ectifq, L L ,dodetococt, enectuenc] 3 ac]”  dcacfucuet,ve’uet”,
cedt us,d:LiQtue, detllect, cciQuet  LLIGGT , Scd-pUGH, Qbucuet, BFQ ),
Fed’grb| —{ e [WH] CRR| UL Pt |“nr | DAca-[04]  DHH e uc] |, Dede | 7 o MjO0) |
Ce* (PR | @' o ocH L Gl Q. E HIGuz) .25 +{IPH1° | 1>

AddField [model,"dc",-1/2,{"8U3c"->{0,1}, "U1y"->1/3, "U1b"->-1/3} ,Flavor->nf] ;

AddField [model,"L",-1/2,{'SU2e"->{1},"Uly"->-1/2,"U11"->1} ,Flaver->nf] ;

AddField [(model,"ec",-1/2 {"Uiy"->1,"U11"->-1} ,Flavor->nf] ;
AddField[model,"H",0,{"SU2u¢"—>{1},"Uly"->1/2}]
]

a5~ StatResult [SMEFT,B];

Cone! time used: 0.2870018
numbexr of real types— b4l
number of real Lerms— 1266

number of real operators—443C7

In|7] = GeneratelperatorList [SMEFT,b]

Generating types of operators ...

Time spent: 0.1098617

WiEl = GetBasisForType[SNEFT, "D"* a5 *vat-?]

Owfdl= <l "basis"—{H:H, (0D HE ) (OFCPHE ) Hakt (DD K, (DMDPHE),
Hy (DgHy) (D H ) (DM DVHE ) JHHy (n,‘rz,.uf‘] (D“IMHE) ,H._Hf‘u),,l),,:-f,) {HD¥HT™ D,
" 1 Y
Hy (D ;) (D) (PDVBE) |, p-beste” < {H— {28 B {2P—+{ [ 0,0, 0,0},
1 11

{o,-.0

1 1 1
2 .5.5.1}‘{0‘0'_'—_ 0-_5}}|>|>

2" 27

In{10} - FirdYCoord [SMEFT,del12["4i', k") de:2["i","1"] DCIDCI"H}" ["k*],"=mu*], "ru")
pcloc*Bt" (*1*), *mu*), "ou") "H*[*i") "H"["i"])

1 1
Owfi0f- <ISUZ—{1, 0}, SU3—{1}, Lor»{;“, o, u}. ?Proauct.fn{é. 0, 0, 0, 0, ")}. type—H H{"D* |>

oufr - <lg*? 3<|HL? »<|{L »{2},H »{2}} »{EF HH, (LpsLey) J 121212

Jiang-Hao Yu (ITP-CAS)




SMEFT Operators

Dimension-5
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Dimension-6

AvyAw (e
[ W I Y Oy = b Lok v
O, = Gy Ml s e * U L)
o, Ay nd v d e =l L ndyd)
o, 2 = Ay 0kt
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[ Li, Ren, Shu, Xiao, Yu, Zheng, 2020]

[Murphy, 2020]

993
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Dimension-9

[ Li, Ren, Xiao,

[Lehman, 2014]
[ Henning, Lu, Melia, Murayama, 20135]

[Liao, Ma, 2016]

Yu, Zheng, 2020]
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Dimension-5

LEFT Operators

Dimension-6

Dim-6 aperators

Dimension-7

Lim-7 operators
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4 (a0 i 41121812 ™ (2.1) |  Fog 1 he. 16 101410 24
(1.1} iR 0 +20+12+0 a4 GUrD + h.c. 50 + 32 + 22 +
Total 5 M+ 32+20+2 164 ] A
I 20 oral 6 82 4 32 4 30 +
Jenkins, Manohar, Stoffer, 2017 :
[ ’ ’ ’ ] [Liao, Ma, Wang, 2020]
Li, Ren, Xiao, Yu, Zheng, 2020 . :
[ L, Ren, Xiao, Yu, Zheng, 2020] [ Li, Ren, Xiao, Yu, Zheng, 2020]
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Dimension-5
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[Aguila, Bar-Shalom, Soni, Wudka, 2009]
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Dimension-7
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GRSMEFT Operators

GR Lorentz tensor rewritten as flat space spinor tensor with Vielbein formalism

Curved space Tangent space

¢"(z) = ealx) s(a) 1

P ¥ £\ 0
Ti=egl) o

a“.&"d'd+o*",,-,6“d”: —29“‘;(213)1 3 o.ga'-bda_*_o, aa&adﬂ_ _2”ablaﬁ
Raﬁqé— R#»VPU aﬁopa Raﬂq'5: Rabcdaz?gagg
Rienmann tensor decomposed into Irreps
1 1
R[ll/po’ = Gulp Rn]u - gu[pRn]/: - 5.(1/1[[).(1(7]1/1? + CL;u/pa + CR;uzpa + gg;:[pga]uR'
(1,1) (2,00  (0,2) (0,0)

Similar procedure to remove EOM and IBP, obtain GREFT operators

.WQ| o - d d. d [Ruhdorfer, Serra, Weiler, 2020]
- 4. Chp -1 "2 7 1 7'2 2 A 3 A2
S = / o ;r\,.'—_q[— .)L R+ A'*’I + ,\JI—i— 'U(' U(( \4(,

NN PRy, /N X) /L B X/ o SRy o BLE, R Ay G
\b R Uil ¢ +3 AG AP + 3 AG T CrCnte,

C = CropuC**

ST B e T
g = “:.'(f'"f'- '(‘ C* .

Jiang-Hao Yu (ITP-CAS)



Generic EFT at any Dimension

Any Lorentz inv. EFT with any gauge symmetries up to any mass dimension
2HDMEFT, SU(5)EFT, etc

LHC probing scale

Standard Model EFT Sterile neutrino EFT
Dark matter EFT
Low energy EFT Gravity EFT

Jiang-Hao Yu (ITP-CAS) @




EFT Ladders

Energy
L= LG i, + Lacp + Lqep + Lew -Fﬁf;'f;.\-,-
UV models ) P -
many models .....
...... TeV scale y
: A R0
Standard model EFT Couerr = Lsm+ 2 =G+ 220G + -
Higgs precision, TGC, di-Higgs
...... EW scale. L
C::S) . dﬁjl -
Low energy EFT Crerr = Cuwmw*m(’?” + WO o
AQCD Flavor physics, leptonic decays
Chiral Lagrangian + Heavy B EFT |£x= Lx(s:0,0um) + Lan (8,0, Ly ) + -
MeV scale Kaon, pion, and nucleon decays
Nuclear EFT (nuclear matrix elements) Ov33 CEvNS LFV
eV scale NSI DM direct detection

Atomic physics (NRQED)

Jiang-Hao Yu (ITP-CAS)



Example: EFT for Neutrino NSI

[ Du, Li, Tang,Vihonen, Yu, 2020]
[ Du, Li, Tang,Vihonen, Yu, 2021]

UV models

many models .....

(Ii:,}g“qfn,l. (1.’.0‘.,,:dg“qfﬂ""u,). (es)dage;). (I,,‘r"T’l<j||4,.'.,,rlr;,:l

Standard model EFT (HY D! H)(I,7"15), (H'i D! H)(G7""q,). (H'i'D, H)(i,"d,)

it v o (1, +1~# ([~ - o (2%
(H a[)ﬂ’!,lll_v. )., (H ll)‘,ll)l’l- P h). ("L 411-"~ (L"l2) (L2 1h)

{le l-ln)(“)]:.].{ (["Av'“p’-!“’)d)) (’_«-f':‘PI-"-f) ’

Low energy EFT esery ()] (61 (15)d; ) (£ PLvs)
A ler(p))?; (uio"" Prd;) (Laou PLyg)}
.......... Q.C.[.)..-- e & s I T T T T e T
Chlral Lagranglan [fl(R)]ui [fs(P)]ni [€7]n‘3
MeV scale — —

N | NoVA T2K :-:=- [ Da aba RENO CHOOZ

A. -

t—
{
l—
e
e
-
—
-
_
| S—
 —
Y —
, —
\ S—
_
" —
S—
]
Ce—

| . ". I fa

O oL owl o ¢
-
- !
- |
i ‘IHI ”H ' IIH I\ H
: SRS -y 3 i o o U !_I '.I |-| |.| R < .-l -|‘..| ol ..l 'l';l e !l

Jiang-Hao Yu (ITP-CAS)



What’s in the UV?

Any Lorentz inv. EFT with any gauge symmetries up to any mass dimension

What’s in the UV?

LHC probing scale

Standard Model EFT Sterile neutrino EFT
Dark matter EFT
Low energy EFT Gravity EFT

Jiang-Hao Yu (ITP-CAS)



Dim-5 Weinberg Operator

Top-down approach

Canonical scesaw models

a  hy (H) b ) H C M
. '-.._ Ay 00"
R vy i 4 : Iy I
e — Pt < L —— oo
Y ¥ Az Lo L Y, L " Yo W, Yo »
M = (HP2Y MY M, =(H¥E Y ,M2 M, = (H¥ YoM, ' VT

Choose/build a UV model

Integrate out heavy particles

X Weinberg Operator LLHH

vy vy,

Jiang-Hao Yu (ITP-CAS)




Matching and Running

Systematically done at one-loop CDE in the top-down approach

tree & 1-
loop CDE

Functional
Method

SMEFT

(Green's basis)

]

Shifts of SM couplings

(Threshold effects)

Canonical seesaw models

(H) {H} (H} {H: (H: (H?

M = (HPY MY M, =(H ¥V, M3 M, = (H¥? YoM, YT

[ Du, Li, Yu, 2201.04646 ]

SMEFT
(Warsaw basis)

High- and low-
energy observables

Weinberg operator

r)il) [

lequ’ f)'l” ()H e ()W

Jiang-Hao Yu (ITP-CAS)




More UV for Seesaw?

Can we know whether more UV realization for canonical seesaw mechanism?

For an operator Find all topologies (exhaust all spin)
HOS X4 H
HS 4 H sss l"
.. Re L L
L . L L o H
>
L e H
List all possible BSM Lag
7w h b ) #
" Allowed by SM b w
*. HeaVy o :r.,:,at Vo ———
7 S Gauge symmetry " " P A
L .’ H € iH " i
- - omm < ’ - zL ER :’_ vy —D—*AAM:/:wﬂmv—ﬂ— v
L - H

Jiang-Hao Yu (ITP-CAS)



More UV for Seesaw?

Can we know whether more UV realization for canonical seesaw mechanism?

! .1 / \
\ H} A\ H.)

1 |

1 |

1 |

1 |

1 |

1 |

1 |

Vo i ”,wgg;thv DE— spin-1/2, 3/2, 5/2, ...?

Ys/2 v 4s /2
Type-3/2 Seesaw Mechanism [ Demir, Karahan, Sargm, 2021 ]

Durmus Demir, Canan Karahan,®|" and Ozan Sargin®

LLHH NS

VL ® vy Need matching to cross check!

Jiang-Hao Yu (ITP-CAS) @




Bottom-Up Approach?!

Can we know all possible UV realization for canonical seesaw mechanism?

!
\

H:) {H‘)
1 |
| I
1 |
| I
1 |
| I
1 |

i’r, » - .b-v%*%w—‘— r,

Y3/ 2 v Ys/2
Type-3/2 Seesaw Mechanism

Durmus Demir, Canan Karahan,®|" and Ozan Sargin®

Start with symmetry for operators
(not symmetry for BSM Lag)

?
Determine all possible UV
(9) (9)
LLHH % No need to know BSM Lagrangian!
< >
174) Vj

Jiang-Hao Yu (ITP-CAS) @



Amplitude J-Basis

EFT operator = Contact amplitude = Group invariant + little group scaling

(L, hr;pm, hu|pL, Ky D, Kr)

H. +H
‘s, Spin-? .’
L — L
<pL7hL;pH7hH|P7 Jv Jz> <P7 Ja Jz|plL> ,L;pgiah}—l> BL0'5:¢?,=|X>£[X|C':’1

spin J C’ (1, P3) C’ (2, ¢a)

J=1/2 (1x) (x2)

J=3/2 | —(xxlpalx) | =2 xlpalx)

J=5/2 [ (1) [xlpalx)? | =2 [x]pa]x)?

(pLshespa, hapL, by P, M) = (pr,hoipa, ha| P, J, J)(P,J, J|p, By ply, ) = >~ O
J.J. J

J-basis operator corresponds to the UV resonances!!!

J=1/2 (12} dim-5
T =5/2 | 1052,(12) + 3[34)524(13) (24} + 12[34]534(13(24)

dim-9

Jiang-Hao Yu (ITP-CAS) @



Pauli-Lubanski Casimir

The above decomposition needs to assume | and then obtain UV resonances

Propose a bottom-up way in which j is obtained rather than assumed

SO(3) tensor rep Poincare spinor rep
J2| 0, MY = J(J + 1)|.J, M) W2 P J MYy = —P2J(J+ 1)|P,J M)
Y 5 N‘ RN 1 N re vt e et e
20 oy 1 2 B 1 0] . W< = 3 L (-:,z.,dj,:-=.,;;_.d;} | ['z,d_,‘]dy,d,-]) 1 L iy g0 Ok, DL O]
L%6, ofl,m) = [sina 56" %35 T Szaae) Y -9 W Ha
- “‘1 Bl ]J}:’m(,}- (fs) W2<Z9L7 hL;pH7 hH‘Pa J7 JZ> — _PQJ(J + 1)<pL7 hL;pH7 hH‘Pa ']7 JZ>

W2 <pL7hL;pH7hH|p/La /Lap/I—Iah}—I> — _SZJ(J+ 1)OJ
J

L,L.H;H, 11
9

Young Tableau
Can only spin-1/2!

Jiang-Hao Yu (ITP-CAS) @



Canonical Seesaw Mechanism

1 BY = (12 t ] ik Bff = ¢Fe
5| BY=(12) Ay nnr
e kel R —
WQBJ — —SJ(J + l)BJ CQBR — T(T + ]-)BR = BR = {(.;‘,(Jﬂ eti ok R:.’i

LH — LH channel LI — HH channel

-2 1 3 710 re 1
4! {-1'3}8} — —151;;'\12) " {1‘2}81 - 0
L H
H . 4 H "'
. 4 1 4
‘s‘ ," J = — - J =0
L L 2 .
L Y H

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

j-basis Model _j-basis Model

OS{Z—)ILL = 0°+0" type | O?};}LLL = O N/A
‘ ' ' 03 3

Oy = 0530 | type Il o\ ., =05 type I

O° = (HL)(IL), O*=(HH)(LL)
Jiang-Hao Yu (ITP-CAS)




Spin-3/2 UV Resonance?

How to obtain the spin-3/2 UV resonance?

H\ /H BY. . . $34(12) '
*.spin-3/2.° LLHHD" Rt [34](13) (24)
L oL L o
BLLHH - (Gij(kl)
2 2y y B =K.B 2 J 1R
KWK =diagl.)(J+1)]

-
|

5 15 9
i vy g = Y
‘/1/ {1’3}6 — ~9211 4 a

A

i _ | 353 (12) +2[34)(13)(24) T =
(13)(24) J =

r,

] T [

(ikfjl R
R

0 1
C2 :Bm _ ( ‘ ) B™ R _
1,0 -1 2 = B {(ik(jl _ 9¢id ki 3

J-basis operator can be obtained from Y-basis!

Jiang-Hao Yu (ITP-CAS)



From LLHH to LLHHDD

Topology j-basis Quantum numbers {J,R, Y} | Model

H L B/""" =B +Bj. (3,1,0) Type I

L B Bl ™ = Bt + 385, {$,3,0} Type III

L > H By = —2B%, {0,3,-1} Type II

L o plem <o, (0,1,-1) N/A
Topology j-basis Quantum numbers {J,R, Y}

H I 8{13}‘1 == 33’1"‘}‘635—93:’;—28’,. {3,3,0}
\ / 8{13},2 = 383 - Bp, {%, 3, 0}

I ' gl Bpsys = —3B} + 2B} — 3B} + 285, {3,1,0}
B{13),4 = B} + Bj. {3,1,0}
I H B{lg}’l =2B’;—4B§, {1,3,—1}
>_,\’ B2y = —2Bf, {0,3,-1}
L ) H B{m} = 43; - 28’. {1, 1, '—1}

8{12} - 28:’; {0, 1, —1} N/A

Jiang-Hao Yu (ITP-CAS)



Tree-level seesaw at dim-7

Genuine dim-7 Seesaw

LLHHHH

: among 19 topologies, one genuine dim-7 seesaw

Bi1623j45) 1 = 2B} — 2B, — 2B% + 6B} + 657,

B{lij 23|15},2 = 2Bf 32 Bg; T 38:'; } 382.

B{]g 23/45},3 = 33{: + 38; -+ 33: <+ 3[35’:,

Bi1623)45).4 = Bé' - By — 3B + 353,

Byiei23j45y.5 = B5 — By + B! — B;.

B{12112534),1 = BY + 1B;,

Bi12125124) 2 = —8B} + 48,

B{lzllz.'. 34} 37 -1232,

Bii2125134) .4 = —2B; — 4B,

Biionasjsay s = —2B% — 4BE.

Baa 13415¢3,1 = =B8] + 285 + 687,

8{34 134|58),2 = 4B - 882 + 1257,

Bis1)131/56) 5 = 235 - 487,

Bizy134156),4 = —48] — 483,

Biaaaasey.s = 285 — 4B,

Topology j-basis L Ht
B{12)34158),1 = 28] — 483, ,
ol e By12)34/56).2 = w:‘ 48: H LA L
1 L {12|34|36},2 = 20, + &0y, v
H - A L By1203456},3 = 1285, H" N H
H ut Bi12/34)56),a = 48] + 453,
Bj12)34/58),5 = 287 + 487,
. 1
L H Bi1ajzaise)y.1 = =85 — 285 + 387, H H ‘ ,H I
J\/.\ B..'l;q-z.:[u‘,}'z - —B? + 33; + 28; + 335. \‘-.-- '--<
i - 1 L B{1324581.3 = =B} + B} — 2B - 38, B J/ I
e 1t B{1324i58}.4 = —BY — B + 3B} + 6B,
Bi1apais6) 5 = Bt + B; + BY + 2BL.
Ht H B-;la 135/24},1 = Bf - 25; - GB:- H L L H
Lovor  H Y Busjasan,a = =B — 385 — 485 + 987 + 657, \ u ;
] B{131135(24},3 = B — BS + 2B5 + 3Bj, /! \
H
H L B{13 13512434 = B} — 383 — 2B} — 3B, H1
B.;m 135(24),8 = Bf + B‘,’ + Bf; RS 23;.
HT H Briajiaa) = =87 + 4B + 4B, H L
VS —287 — 28] '
L Bii2)1233,23 = : S _\.
H == Il 4B7 + 28] + 28" H - L
H‘ L Bii2123),45 = (-28f+23§). H' 'ul
" -48; — 287

B{wuus},x - GB{I'

5 B
[161126),2,3 = —2B% — B? + 6B, ~ 3B¢

e (B-w B
{16 126,15 —23‘;—%'—285'—82 '

Jiang-Hao Yu (ITP-CAS)

HBabu, Nandi,
38:’ i 3BF )FﬁVc I‘tkiladze, 2009]
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Complete Dim-6/7/8 UVs

Hao-Lin Li, Yu-Han Ni, Ming-Lei Xiao, JHY, 2202.xxxxXx

Fermion

(SU(3)., SU(2)2,U(1),)

(1,1,1) BreeH'L DHH'LL' ecHH'?L
Vecter
|SU2).,£U2)., U (1))
(4.1, :||) deeruc’ epliQue de@Qoe LG
4
529 Scahr
SU(3),, SU(2);, U(1),)
(38.1,%) ' lecenc' eclQue deQue LQ*
173
. 1 (3,1,-1)
1,3,1) Ol I ¢k Contents . . '\ , J
suge Class — \ / N
(3.3. ) l|) ug 2 3 1 // \\ /,.)—‘.\ \‘.-
(3.3,1) 12,2,22) Topology j-basis
3
(1,2,3) | 'y H I BUQIMI‘“JJ = 28 48 )
1,1.0) -
: J 1 @ar Q 1.1.22) i L Bj12/34/56),2 = 20, + 485,
(1‘3.0] ' ',: H e A -
3.2.-1) 11,1,0) 61 '1 A L Bi1203156},3 = 128},
' .—;' gl o’ s _ o 3
- ! ®2 4] H gt Bi12/3136),a = 48] + 45,
3.2,/ ' '2)
>2a) ’ _ m (3.3, 1) & | B12)3458),5 = 28 + 48},
1,2} . P ' D n
I:, L ;: ' (110 "‘ \ 8{13124 0641 < -8 - 135' + 3BY,
— o 2112 / B: 2450y 2 = =B} + 3B + 287 + 3B,
(3,2, ~3) ’ — _pP LB P
(1.8.0) H h B132458) 3 = =B} + B} — 2B} - 38;,
o T v
@2z h H Ht 58}.4 ~BY — B + 3B} + 68,
(1,1.2) P P P 7
11.30) (32 T 1 5—81"'82 +84 +285
') nzzm
(3.1 ) (1,1.1) Topology j-basis antum numbers {J,R, Y}
18,1,0) (13.1) |  GhA u L | Busy. = 3B% + 6B; — 9B% - 2B
1) %] ! B3y = 3B; — By,
e s " o.
8.1.1) LIS Lo r° H| Busys=—3B +2B] — 3B + 2B},
) n
(5, % '-) (u l‘;ll‘ 3{13}‘4 = Bg+B§-
: 63} .
(6.2.-9) :1 2 . 9332 L H Byi2),1 = 2B — 4B, {1,3,-1}
6.2 }) 11 I >__/ B3y = —2BY, {0,3,-1}
N80 (1.4,3) “ — "
(14,4 L H B2y = 4B; — 2B, {1,1,-1}
131 3)
‘ ; : B{]g} = 28 {0 1 —1} N/A

Contains complete UVs and corresponding combinations of operators
Jiang-Hao Yu (ITP-CAS)




Dim-9: n-nbar oscillation

Lype RN P Ta Y A
[T [T [T b
/:; , ! df'ol® |24, —{' a 2}— —L e
| — yau \ / T de 2| » (T
‘ ,."‘\ s (0, 2 \; }-/), i .)/\\’1\‘-‘/ B ohi? | @ 3 |-:[_,,‘. MM )}
e (50 | p glj‘ ﬂ;.r,ze$‘.11 {11—1,1
/N ' ([ L b @ 240 P,
’ ’ Qi | T T b (0
Lk o {U.“:
(riv J?) (1717 1) (07 L, 1) (17071) (17 170) (07070)
(6.6,6) 0 301 4+ 80s 0 0 Oy — 8Os
- [ Babu, Mohapatra, Nasri, 2006]
(6,3,3) 0 Oy 0 0 O
(36,3\) 30, - 809 0 9, RO 301 4+ 803 ()
(3.3,6) 30, +- 802 0 301 +802 O — =0, 0
(3.3,3) 30, + 80, 0 30, 480, 30, 4+ 80, 0

Jiang-Hao Yu (ITP-CAS)

Of = f"“ "V (dRad ) (dredpa) (tReury),

05 = €*"/ (dpadpp) (dpctre ) (dRaR).

(54,



A Bigger Picture

Conformal algebra:

D, P,) = —iP,,
D, K,] =1iK,,
(K P) = 2i(10 D + M),
(Mo K] = i(mup K — oK),

Spinor representation

Pt =Y AR iD=+ 53 (Nt + Wdia)
Kos= 1Y 8ad. —iMag =Y _ Miadis + Aisdia,
Wos = % (Pm,-.,\"r'j, - M‘,"Pd,.) iMy; =3 Xiadg + A0

Special conformal K Pauli-Lubanski W Dilatation D

Amplitude-basis UV resonances Anomalous dim

Jiang-Hao Yu (ITP-CAS)



RGE Iin On-shell Basis

RG running (anomalous dilatation) mix among classes of operators

L I
LI B A
LR R
L O
LR B IR A O
L B
SR eSS
L B AR 2 OB
L N R
#HEES
N
8
R EEES
LR IR O R R
LA AR 2 3R B 2R 2%
SRR ERELN

LR R IR R R
L A I R R
L R IR R

HEEEEEES

! 1 1
no meaning for x and y axis

Operator space

RG running

-

L L .o
LA N *
o L
L LR I <@
1 eoae L
L L =3
L L B o @
L R L
o ®as ae
L] a8 0 L o
L L L R | ® e
L L ao.a » e
s00 L I L R
L L LN 2
L D © L N o a
k= .o o o e
L L L I
e ae LI I
L R LA N
[53 L L
L L IR
2 L
o L
o L
L L

Operator space

Young tensor basis provides a preferred basis to perform RG Running!

Jiang-Hao Yu (ITP-CAS)
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ITP-Basis: Young Tensor

Modern view: operator as on-shell amplitude, with spin-statistics included

111 19\ /192)
9 3 frnn’gﬁﬂ‘l"a <12,> ‘\]‘3/'

Operator amplitude correspondance

Any operator could be uniquely converted to this basis!

Eliminate Feynman rule

Young Tensor
Basis

UV resonance RGE

Jiang-Hao Yu (ITP-CAS)



Summary

Take home message 1: From Warsaw dim-6 to any-dim amplitude basis systematically

Complete UVs

ITP-basis

Warsaw basis

Young Tensor Basis

Any operator
to any mass dimension

Take home message 2: Amplitude ITP-basis is a preferred basis to perform
on-shell calculation, identify UV resonances and calculate RGE

Jiang-Hao Yu (ITP-CAS)



Thanks for your listening!



Backup Slides

Some slides from my talk at All things EFT Series online seminar

Some materials are prepared by Zhe Ren and Yu-Han Ni



Literatures on SMEFT

SMEFT @ LHC: status

The SMEFT approach ==

M 4 paramcters knowen far all cedars

¥ comolets bases up o o — 9

CWs e P el N e

20 Dochenle r Wiiker Muc!  Teyn LLOI 1906 )220, Leaadeowals ok ol DOO AL33
f Ledwrnr JEN0A0 02 Harrimg Lo Mefny Pura snie 13010 1043

30 LARS WS X on YV v g 2005 DOGCR Pl 2305 00060

o LlRan sz e Bherg 200720868, Liaz Ma XXIT.0e228

Precision era QLHC with all experimental data consistent wit.
the use of:

A P——e—

LsviErT = LM A Tt

describing any UV physics at AYv

. /

Bases

d=5: Weinberg PRL43(1979)1566 Anomalous dimensions (d=6)
d=6: Buchmller, Wyler Nucl.Phys.B268(1986)621

Grzadkowski et al 1008.4884 Alonso,Jenkins,Manohar, Trott 1308.2627,1310.4838,1312.2014
d=7: Lehman 1410.4193, Henning,Lu,Melia, Murayama 1512.0343 Grojean, Jenkins,Manohar, Trott1301.2588
d=8: Li,Ren,Shu, Xiao,Yu,Zheng 2005.00008 Alonso,Chang,Jenkins,Manohar,Shotwell 1405.0486

Murphy 2005.00059 Miro.lngoldby,Riembau 2005.06983
d=9: Li,Ren,Xiao, Yu,Zheng 2007.07899, Liao,Ma 2007.08125 Baratella,Fernandez,Pomarol 2005.07129,2010.13809

Maria Ramos Higgs Hunting 2021



Notations for this Talk

Yo € (1/2,0),  ©f €(0,1/2), H; €(0,0), H'"€(0,0),
Flog = é’f‘,..,affj; € (1,0), Fres= —éﬁ’,,,,ﬁ('.:; e (0,1). Xi'p = 5(X#F IXH)
h = jgr — Ji
Fields | SU(2) x SU(2), h | SUB)e SU(2)w U(1l)y | Flavor
s (1,0) ~1 8 1 0 1
Wi.e (1,0) —1 1 3 0 1
BlLas (1,0) ~1 1 1 0 1
L.. L0) ~1/2 1 2 -1/2 | ny
€enn 3.0) -1/2 1 1 1 ny
Qaai (3,0) -1/2 3 2 1/6 ng
ul, (3.0) -1/2 3 1 -2/3 ny
d?, (3,0) -1/2 3 1 1/3 ny
H, (0,0) 0 1 2 1/2 1
Hermitian conjugate (Fuag)' = Frag
HY (and LT, Q" as a 2 of SU(2)  «inlH,;, H, =cH, er = el ur = ul, dp = di;
H= eHl

Jiang-Hao Yu (ITP-CAS)



Fierz and Schouten Identities

q,:( o ) 3
Xﬂ

Fierz identity
( 8iiOki \ (1/4 1/4  1/4 -1/4 1/4\( 8100 \

v = (x €l)

u.otul = aytu, e L=¢l, uld =u'Cd.

(Y )i5 (D 1 -12 0 -1/2 -1 (Y )it (V) es
%(U’W)ij (O'uV)kl — 3/2 0 _1/2 0 3/2 %(Olw)“(al‘”)kj
(Y*95) i (V¥ ) -1 =12 0 -1/2 1 (Y#v5)it (VY5 ) kej

N 1T O PR A N VTS V2 R V2 B VS V2 O AR NRR CR IS 18
SO(3,1) trace part

g,,,,aﬁ:dag,g = 2€a8€44; li)(jk) + |j) (ki) + |k)(ij) = O.

Schouten identity BT + P15 4 €758 = 0.

~ gk, o~ Sk, o~ SR
fd,-a‘sﬁ + fméd + f"yd‘s,; =0

(ri)(jk) + (rj) (ki) + (rk)(ij) = 0.

(di)(tdl) = — 2 (dd){) — F(a7"a)iy,d) - gl d) ol + ]'.a'r'"".*st{)(."":'u"'5",' — 7 @rsdl{tsl)
L

— ol | bt

.

= —(dv"dilil, G

(B

o S LT (O i
(CqUCq) = - 3(;"?.,'-.@@9 + 3'\".*-',2‘(;7*.',-.4) + U™ Gonag) + ;:h"#.-.".lI-;"r,.-ﬁ'n:r) - 3(-%..-."2'.'7‘»'509
L

= % (A 6) (@7.9) . ) @
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Schur-Weyl Theorem

Three 1/2-particle with 3 flavors:

SU(3) 1-d irrrep ii

3033=1008@8a1

S3 1-dim irrrep [111]

[1]
A rle]. 1[1] [T1] [2]2][1T2][1]3] [2]3] [1]2] [1 ]3] S3 2-dim irrrep [21
SU(3) 8-d irrrep e R G B Pk H R e F o i p [21]
SU(3) 10-d irrrep  rlslt]: OTa)aTaTel [aTas] T2 2] [aT2]8] ]33] [2]2]2][2 2[3][2[3731[3[3][3] S3 1-dim irrrep [3]
‘1) |2> |3> !4) |5) Iﬁ) l7) |SD SU(3) 8-dim irrrep
1) (12) [3') [4') [5") |6") |7') [8)

S3 2-dim irrrep [2 1]

Schur-Weyl theorem:

(o) ({1}e1)e---e({1}e 1) =3 {\}e®

Jiang-Hao Yu (ITP-CAS) @

N factors




Lorentz/Poincare/Conformal

SO(3,1) Poincare SO(4,2)
3 casimirs

Semidirect product of a

semisimple (Lorentz) and an /) —P'K
) — e

LM M, | DI

SMM M, = J° - K*, Abelian group (translations)
LM T MMy = =3 - K,
pP? =P, PH
A'f,,— %(.]i-i-i]{i} . E—+— ={P“,M+,N+} E_ Z{K#)M—aN—}
-2 y iy
N, = 3(J; —iK) W= =W,
N.
W, = Cuor M"7P7 o b
N.
S Wy =P-J, « >
W=nrJ PxK. My
< > v
My P invariant subgroup:
v K,u
[wo, w] = tmws H, = {D, Ms, N3}
[wy, w_] = 2muwyg
. (Aa glv 62)
(8,0),1/2,0), 0, 1/2), im, p, j, o) Put (A ) — (A+ 1,0 & (% %))

(1/2,1/2),(1,0),(0,1) H
¢ — ((ﬁ’l,fg) @

K =-i ,l)o,.. J, =K, = NUE
: - Jiang-Hao Yu (ITP-CAS)



J-Basis Operators

J-Basis is flavor blind basis, not independent if repeated fields

AN (H, 4, H;_s!'k — Hy j, H/i’() = Z ClrBIT"

Jr
&t D? Lorentz j-basis (partial waves) || Gauge j-basis
. B.T:ﬂ _ 513/’1\2 Tr:l — (55!5;
v 512 ' , N B | |
5= { 513 BT = (s12 — s14) /A7 173 = (rhF("),
2 1
/ 2RY — o | © y . ’
W(].:%) B - S13 (O 0) -B B] _ IC,B\
CIr 5 ) = (KP)T.CP
j $13 J=0 | |
= B = b by ey 1
{ S12— 814 J =1 KPP = P (YY)

03 -1 1 Cuo (P'o)0(p'0)
¢t [-1 =1 \Cup (#' Do) (¢'Dyip)

\c3) \-1 0) ——

C'v in the Warsaw basis




