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EFT Operators Basis

Standard Model EFT:

Suv[®] = [d'z Luv(®(z),0,®(z),.

L=A+710%+m0® + 0 + %0“’) - %O(ﬁ) +

1
()

1
(®)

—30.950.95 — 9:f** 0909595 — 395 f gl gsgngs +
—Us(q, 74q7) g + G°8°G* + gxf“l’cau(‘“G”J - Wlow, -
MWW, *——8 Z°a Z)— 3 M2 2020 - 10,A,9, 4,,— 19, Ha H-—
grrz;z,H2—au¢+a”¢- ~ M2t 4™ — 10,4°0,0" — 557 ] \[¢°¢° B2+
BLH 4 L(H? + ¢°¢° +20%¢7)] + 2F — igea0,ZW W, -
WiW;) — ZYW;,W; — W a,W)) + Z;}(W;f aw; -
Wy 8,W,))] — igsul0, Au(WHW, — WiW,) — A, (WiFa,W, —
W 8,W}H) + A (WFa,W; — W, 8,W;)| — gZW+u -u +W-
LPWIWy W + g2cw(Z°W+Z°W e Z}}Zﬂn'm )

P (AWFAW, — A AW, ) + @ sucul AuZYW W,y
WiW,) — 24,Z0W W] — _qa[H3 + H%¢ + 2H¢+¢‘] =
F9Pan[H + (%) +4(¢7 07 )2 +4(0°) 20" ¢~ +4H?¢t 6~ +2(¢°) H?] -

gMW W, H — 591" Z3Z0H — Lig[W,f (¢°0,6~ — ¢70,¢°) —
Wi (6°0,6% — 6*8,6°)] + 1 t][Vl/“ (HOup™ — ¢~ 0, H) — W, (HOuo" —
/+a W H)+ 192 (Z0(H,0° - 6°0, H)—Lq—"-MZO(U:d)_—W“ o)+
igsuMA(WHe™ — Wi %) — ighs2h 20(¢% 0,6~ — ¢~ Du%) +
igswA u(¢ O™ — ¢~ Oud’ )= %g21‘7+u [H2+(‘P) + 207 ¢ ]_
igz—‘rzozg[H2+(¢°)2+2(23?u 1)2¢t¢] — L 2juZ,‘jd>°(H tom +
Wi o) — Lig? 2 Z0H (Wit ¢~ — Wi ¢%) + LePsu A, 8" (W, 6 +
W‘¢+)+ Lig? s A H (W, ¢~ — Wy ¢) — g2 (2c2 —1) 204,67 ¢~ —
9's2 A, A, 070" [- ANy + md)er — Pyot — @) ('yB-{—m")u —
h d3 (70 + my)d} + igsy Ay[—(E*y*e?) + 2(a}y*u A) - —(d" /“(l’\)] +
L.—?;ZL’[(PAW"(l +7° W) + (" (48], — 1 = °)e?) + (3} v"(, =
L—y")u}) + (" (1 — 82 —4° d’\)] + —-V—W’*“[(l/’\"/"(l + ’)’5)6)‘) +
(@7 (1+7°)Cond)] + #W,L (@71 +¥)?) + (d5Clr (1 +
P)u))] H= T2 ¢+ (72 (1 — 1°)e*) + ¢~ (@ (1 +*)*)] -
5 1H (@) +i0'(°6)] + i [-miT,00(1 — 7)) +
3 (@O (1+7°)d5]+ 5756 [md(d*CM(lﬂ Juf) —mig(d)C.(1—

2M
Vsl - %%‘,‘H( W) — $52 (D)) + 22260 (@ru)) -

1-¢¢°(d*~,°d*) +[XF(0® - MHXFT + X-(0° - M®)X~ + X(0% -
1"! )X +Y Y +ige,Wi(8, XX~ —8,X+ X% +igs, W} (9, Y X~ -
9XY) + u,(wW,, (0, X~X° — 8, X°X ) +igsu, W (8, XY —
BI,YX+)+1g(,LZ (OuXtXt — ,tX‘X‘)+igs,,,A,L(3,LX X+t
XX = -JM[X+X+H +X-X"H+ FX"X°H] +
2% igM[X+ X0+ — X~X0¢7] + ngM[Xﬂx-w XOX+¢~] +
igMs,[XOX ¢ — XOX+¢7] + LigM[XtX+¢® — X~ X ¢




On-shell EFT Operator Construction

d  EFT from UV massive particles: []1]2] e [jﬁ—ljﬁ] <i1i2> ce (’in—lin>,
o  Warsaw basis by EOM and IBP

o All operator basis for SMEFT (José's talk)

[j1j2]6j1j2k1-.k1v—2 o [jﬁ_ljﬁ]ejﬁ—ljﬁll--lN—2 <i1i2> o <in—1in>,
o SMEFT Geometry (Mia’s talk)

o
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Extra Graviton EFT Needed




Puzzle from Graviton Scattering

d  Dispersion relations link EFT and UV spectrum

d  Froissart Bound
M(s,t) S slog®(s),
Regge High-Energy Behaviour

M(s,t) ~ (s/50)*",

d  No one allow Amplitude growth faster than sA2
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d  Vanishing Boundary term \\ . /

ds
f ?Mhhhh(sy t) ={

d  4-graviton Low-Energy EFT:

My(1F,27,37,4%) = ((23)[14])* f (s, ),

K

Flou) = (5) = + 18l 18, +Zf2”s YD fuls T 4 ),

2

d  Only graviton-pole survive!



Isolate QFT from Gravity

d  Graviton-pole cancelled by its own Ladder diagrams, even when mix with QFT

+ (EFD) =/ds/dLlPS(~~ +>§<>

d  Change the spatial size B where scattering occur, we can isolate QFT from Gravity

GAQQCD log(B/b) < 1,

@ = /ds (>{) Elastic Scattering - Positivity

| i.e. EFT = resonances



Not all EFT from Massive UV particle

d  No matching term from massive-particle induced EFT

d  Another mechanism to obtain mass: Glueball mass.
Glueball (Pomeron) and Meson (Reggeon),

QCD—tree __ e
Mhhhh -

. % + .-

O  InReggelimit —t < A?QCD % 5,

Sl

alt) (s
sin(ma(t)) ) - B(t,€2,¢€4) -

M%%;D_tm(s > t) ~ B(t,e1,€3) - .



Glueball may contribute to ?M

the missed EFT
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d  Vanished Boundary + Positive s-, u-channel B Bosrd
Discontinuity

d  Something must be in Co contour! Could we k?

calculate it?

d  Feynman ladder diagram only give cuts, only
running of as let cuts become poles.

Too complicate to get low-energy EFT! /

L t/GeV"2
4



Glueball Exchanging Amplitude

d 't Hooft double line view:
Glueball —— Closed QCD string;

Meson —— Open QCD string. Virasoro-Shapiro amplitude with
Pomeron trajectory

O  Uniquely identify the UV Singularity ap(t) = 1.08+0.25 GeV~*t,

1. Quantum Number; not Quantum Gravity trajectory
2. Even/Odd Spin; /
3. Angular momentum selection rule, J>Ah. aqa(t) =2+ Gt

d  String-like behaviour in Lattice QCD



Virasoro-Shapiro amplitude for Glueball

d  Role of each part of V-S amplitude:

su tu sty D(1—2s)T(1 - LHT(1 - Lu
M()(S,t):87rG(g_;jl+_u_}_g_) ( 45) ( 4 ) ( 4ll>

S u

?

e The prefactor is the low-energy amplitude for s,t,u < 1/a/.
e The ['-functions generate all massive poles.

e The I'-functions cancel all double poles and nonsense poles (J < Ah).

d  Regge trajectory uniquely fix all -functions.
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Plot all the poles for ++-- 4-graviton
scattering

No double pole,

No nonsense-pole.




V-S amplitude has new EFT!

[  After contain all massive poles, we also need to ensure the high-energy Regge
behavior of the amplitude

ME = WG?& F(#)r(ﬂx—g(t) )F(4—3('1,L))
o <12>2[34]2 F(G—a(t;—a(U))F(4—a(s%—a(u))F(4_a(82)_a(t)) .

| Give a New EFT ~ sA2 not in Local EFT Construction!



What's the new EFT?

d  Remarkably, the low-energy prefactor is exactly the one-gluon-loop amplitude for four
gravitons

+ ann M= h—
Ml—gluon—loop _ h h — [12]2<34>2 GQ 92
TF= h-i- AR M~ B~ <12>2[34]2

Q@  Thelog brunch cuts (2, 3, ... loops) are absorbed by the Glueball's Regge behavior,
generating an tower of massive glueballs.

['(s/sg + as)

1+ aslog(s/so) + a2 log®(s/so) + -+ = (s/50)** ~ T'(s/s0)



Coincidence?
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Sudoku Game or 6 Pages

Calculation
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on Collider

Back to EFTs




New EFT Operators in High-]
Channel M

[ Gluon loops need not satisfy the usual angular momentum ~ f O r I l S 1- e n I n g

selection rules

Jparticle > |h1 i h3| a iy

min
O  Higher point EFT Operator: J;?;tide = |81 + So + S3| > 2

:

EFT

st



