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® |n the absence of any concrete signal of
new particles, we need to discuss effective
operators to Chart the Unknown, i.e.probe
physics at higher energies or weaker
couplings
® precision Higgs
® precision flavor
® B [ violation

® similar to four-fermion operators in weak
Interactions
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Effective Operators

® Surprisingly difficult question
® |n the case of the Standard Model
® \Weinberg (1980) on D=6 B, D=5 I/
® Buchmuller-Wyler (1986) on D=6 ops
® 80 operators for Ni=1, B, L conserving
® Grzadkowski et al (2010) removed
redundancies and discovered one missed
® 59 operators for Ni=1, B, L conserving
® Mahonar et al (2013) general Nt

® | chman-Martin (2014,15) D=7 for
general N D=8 for N=1 (incomplete)



Repeating this at order €® we obtain the Hilbert series for dimension-six operators of

the SM EFT: $ ll
b

Hs = H*H™ +ufQTHAT? +2Q%Q"% HOT LT + Q*LI+ 20QT LL + L?L1? + uQH?H'
+2uu'QQT + uu' LLT + w?u'? + eTuTQQI + e LTH?2H" + 2" QTLT + e LHHT? Heu@'?
+2euQL + ee'QQT + ee' LLT + ecTuu’ + e2e'2 + dTQTH?HT + 2dTuTQT? + dTuTQ_L‘

HdTeTu 2|+ dTeQTL + dQHH'?2 + 2duQ? +duQ LT+ de" QLT Hdeu?|+ 2dd"QQ" + dd'LLT

+2dd"uu’ + ddTee’ + d?d"? + w'QTH'Gr + d'Q"HGRr + HH'G% + G% + uQHG

+dQH'GL + HH'G? +G3 +u'Q"H'Wr+ ' LTHWg + d"Q"HWg + HH'W3 + W3
+uQHW +eLH' Wy +dQH"W;, + HH'W?2 + W3 +uw'Q"H'Br + ' L'HBpR

+d"QTHBr + HH'BrWgr + HH'B% + uQHB, + eLH'B;, + dQH'B;, + HH'B; W,

+HH'B? +2QQ"HH'D+ 2LL'HH'D + wu'HH'D + e HH'D + d"uH?*D + du' H"*D

+dd'HH'D +2H?*H*D?. (3.16)

Setting all of the spurions equal to unity gives [/‘.76 = 84, the total number of independent
local operators at dimension 6, but more information is contained in eq.(3.16). For instance,
the counting can easily be further decomposed by baryon number violation, 76 + 8. The
perhaps more familiar ‘59 + 4’ counting is one in which hermitian conjugates of fermionic
operators are not counted separately (such counting can of course also be obtained from

eq. (3.16)).



Repeating this at order €® we obtain the Hilbert series for dimension-six operators of
the SM EFT:

Hy = HHY +o'QtHH? + 202012 + +2Q0QTLLT + L2112 +\uQH2HT \
+ 20’ QQT + wu'LLT + w?u'? +m1ﬁ + 2e"u'QTLT +leLHH'? |+
2euQL W ee'QQT + ee' LLT + eeTuu’ 4+ e?e™? + dTQTH?H' + 2dTuTQ72 +
H d'eQ'L HIQHHT? + 2du@? +-+ de' QLT +-+ 2dd"QQT + dd'LLT
+2dd"uu’ + ddTee’ + d?d"? + w'QTH'Gr + d'Q"HGRr + HH'G% + G% HuQHG
HIQHTGr|+ HHTG2 + G5 +u'QTH'Wg + ' L'HWR + d"QTHWr + HHW3A + W3
HuQHW, + eLH'W;, +dQH Wi+ HH'W?2 + W3 +uw'Q"H'Br + ' L' HBpR

+d"QTHBr + HH'BRWgr + HH'B% HuQHB;, + eLH'B;, + dQH "B+ HH'B; W,
+HH'B? +2QQ"HH'D+ 2LL'HH'D + uwu'HH'D + e HH'D + d"uH?*D +|du'H"*D

2 212 .y .
+dd'HH'D + 2H*H'°D". Hermitian conjugates (3.16)

Setting all of the spurions equal to unity gives fIG = 84, the total number of independent

local operators at dimension 6, but more information is contained in eq.(3.16). For instance,
the counting can easily be further decomposed by baryon number violation, 76 + 8. The
perhaps more familiar ‘59 + 4’ counting is one in which hermitian conjugates of fermionic

operators are not counted separately (such counting can of course also be obtained from
eq. (3.16)).



Repeating this at order €® we obtain the Hilbert series for dimension-six operators of
the SM EFT: 59 operators

He =HH™ +ofQTHHT? +2Q%Q1? + +2QQLLY + L2LT2 +
+2uu'QQT + uu' LLT + w?u'? + + e LVH?HY + 2eTuQTLT +
ee'QQT 4 ee'LLT + ecTuu’ + €22 + dTQTH?H' + 2dTu'QT2 +

TR

+2ddiuul + ddiee’ +d%d" > +ul QT HIGR + d'Q HG r + HH'G% + G +

+ + HH'G2 +G3 +u'QTHWr + ' LTHWR + d'"QTHWr + HH'WZ + W3
+ HH'WZ + W3 +u'Q"H'Br + ' L' HBpg

_|_

+ HH'B2 + 2QQ'HH'D + 2LL HH'D + wul HH'D + ce! HH'D + dfui?D + |
+dd'HH'D +2H?*H*D?. (3.16)

Setting all of the spurions equal to unity gives ﬁG = 84, the total number of independent
local operators at dimension 6, but more information is contained in eq.(3.16). For instance,
the counting can easily be further decomposed by baryon number violation, 76 + 8. The
perhaps more familiar ‘59 + 4’ counting is one in which hermitian conjugates of fermionic
operators are not counted separately (such counting can of course also be obtained from

eq. (3.16)).



redundancies

® cffective operators are invariants under the
gauge group, Lorentz group, etc
® their classifications go back to Hilbert, VWeyl
® applied to superpotentials, Standard Model
® but so far no general discussions on
operators with derivatives
® two sources of redundancies
® equation of motion (EOM)
® integration by parts (IBP)
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Simple Example <
® scalars four-point at O(02): 4(4+1)/2=10

(Ououpi)ejerer  (Oupi)(Oups)erer
® 02 =m: removes the first class: 4

Q,\] >

® We know only 2 out of 6 are independent

® s tu stttu=m |2+nl122+m32+m42

(0,0:) (0 prer — ©ig; (0,0k)(0up1) = 502(%%)(%00 - 5(%%)02(9%%) ~ 0
0,900,001 + 0u0i0i0uvrel + 0u0iei P01 = 0,90, (viprpr) = O
® |n addition, there are only d linearly

independent momenta in d-dimensions



P ——

Main idea

® Take kinetic terms as the zeroth order
Lagrangian (0¢)%, vidy, (F.,)°

® Classically, it is conformally invariant under
50(4,2)=S0O(6,()

® Operator-State correspondence tells us
that operators fall into representations of
the conformal group
® cquation of motion: short multiplets
® remove total derivatives: primary states
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Master formula

® Define a multi-variate Hilbert series

H(p; ¢17 Ce 7¢n) — /d,uconformald,ugauge Zp X HPE ¢2Xz q, & 75)]

® PE are (anti-)symmetric products of
characters for each field ¢; of dimension d

® integration over the gauge groups pick up
gauge invariants

® integration over the conformal group picks
only the primary states and Lorentz scalars

® expand it in power series in ¢;and p to
find operators at given order in them

*There are corrections for operators d=4 due to lack of
orthonormality among characters for short multiplets



Hilbert series

® ring freely generated by :

1
® I,CP,(PZ,(P3,(P4,... H(p) = =
® mod out by ideal, e.g. (p?=0 ’
-9
H(p) = - =1+

® convenient way to encode all possible
operators in a given theory
® basically a “generating function”
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characters

® character X(xi1,x2, ... ,x)=1Trr g
® e.g,SU(2)

o107 _ dmg(ezjﬂ’ez'(j—l)e7 . 7€i(—j)9) _ (ij,yzj_Q, .. .y—2j)

y = /2
_ . . 1 — —49—2 27+1  ,,—29—1
X=y23+y29_2+---+y_23=y27 Y — _ Y y—1
1 -y Y=y
® orthonormality on Haar measure
. dy (1—-y*)(1—y~°) ,
5R,,;,Rj — /d,uSU(Z)XR,,;XRj :7{ O XR; XR;
y|=1 <7t
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conformal characters

L._nJC

® Primary field characterized by its spin
s=(j1,j2) and conformal weight A

Xia.s(q, @, B) = ¢® P(g; o, B)xs (e, B)
|

Pl P) = B = gaB D — g 1B)(1 — qa 15
® A=|+j+j; (jij2=0) saturates the unitarity
bound, there are “short multiplets” for EoM
xola,8) =1-¢> &
Xz o B) =a+at —q(B+67") =x0,1(B,2) 1, F,.
xao(eB)=a”+1+a " —qglata " )(B+57)+ ¢ =X01)(8,0)
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Plethystic Exponential
® symmetric tensor product R" of R
B 1
PE[UXR]('CCl)xQ? T 7:67“) — detR(l — ug)
= ZUnXR” = exp |[—Trg log(1 — ug)]
= exp _i ﬁXR(x?a e 733;?)_
n=1 " i
PE[UX1/2] — :

1 —uy 0
det( 0 1 —uy ! )

1
= 1+uly+y D+ +1+y )+ @y +y Ay )+

T (1 —uy)(1 —uy )




K

AV L I
o) [Vl [ F1
a I

L._nJC

Plethystic Exponential

® anti-symmetric tensor product R" of R

PE|\uxgr|(x1,x2, -+ ,z,) = detr(1l + ug)
=) u"xpn = exp[Trglog(l + ug)]

- —u)" n n
— ©XP _Z( n) XR($1,'°°,SE,,,.)
. n=1

B 1+ uy 0
PE[UXl/Q] — det ( 0 1 +uy_1 >
+ uy

= (1 4+ uy)(1 N=1l+4uly+y ') +u




xH[t ,a ,B ,x ,y ,21 , 22 ] :=xscal[t, a, B] *ul[3, x] *su2f[y];
xHdA[t , a , B ,x ,y¥ ,21 , 22 ] :=xscal[t, a, B] *ul[-3, x] *»su2fb[y];
xQ[t ,a ,B ,x ,y ,21 , 22 ] :=xfermL[t, a, B] *ul[l, x] *»su2f[y] »su3f[zl, z2];
xQd[t ,a ,B ,x ,vy ,21 , 22 ] :=

xfermR[t, a, B] *ul[-1, x] * su2fb[y] *su3fb[zl, z2];
xult ,a ,B ,x%x ,v ,21 , 22 ] :=xfermL[t, a, B] *ul[-4, x] * su3fb[zl, z2];
xud[t ,a ,B ,x ,v ,21 , 22 ] :=xfermR[t, a, B] *ul[4, x] »su3f[zl, z2];
xd[t , a , B ,x ,v ,21 , 22 ] :=xfermL[t, a, ] *ul[2, x] *su3fb[zl, z2];
xdd[t ,a , B ,x ,v ,21 , 22 ] :=xfermR[t, a, B] *ul[-2, x] *»su3f[zl, z2];
xL[t ,a ,B ,x ,y ,21 , 22 ] :=xfermL[t, a, B8] *ul[-3, xX] *su2f[y];
xLd[t ,a ,B ,x ,v ,21 , 22 ] :=xfermR[t, a, B] *ul[3, x] »su2fb[y];
xe[t ,a ,B ,x ,y ,21 , 22 ] :=xfermL[t, a, B] *ul[6, X];
xed[t ,a ,B ,x ,v ,21 , 22 ] :=xfermR[t, a, B] *ul[-6, x];
xBl[t ,a ,B ,x%x ,y ,21 , 22 ] :=xfsL[t, a, B]:;
xBr[t ,a ,B ,x ,v ,21 , 22 ] :=xfsR[t, a, B];
xXW1l[t , a , B ,x ,v _,21 , 22 ] :=xfsL[t, a, B] *su2ad[y]:
XWr[t ,a ,B ,%x ,v ,21 , 22 ] :=xfsR[t, a, B] *su2ad[y]:
xGl[t ,a , B ,x ,v ,21 , 22 ] :=xfsL[t, a, B] *su3ad[zl, z2];
xXGr[t ,a , B ,x ,v ,21 , 22 ] :=xfsR[t, a, B] *su3ad[zl, z2];
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Master formula

® Define a multi-variate Hilbert series

H(p; ¢17 Ce 7¢n) — /d,uconformald,ugauge Zp X HPE ¢2Xz q, & 75)]

® PE are (anti-)symmetric products of
characters for each field ¢; of dimension d

® integration over the gauge groups pick up
gauge invariants

® integration over the conformal group picks
only the primary states and Lorentz scalars

® expand it in power series in ¢;and p to
find operators at given order in them

*There are corrections for operators d=4 due to lack of
orthonormality among characters for short multiplets
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D=8 operators

2XLA2¥LdA2*tA2 + 2*ee*ed*L*Ld*tA2 + eeA2*edA2*tA2 + 2*d*dd*L*Ld*tA2 + 2*
d*dd*ee*ed*tA2 + 2*dA2*ddA2*tA2 + udA2*dd*ed*tA2 + 2*u*ud*L*Ld*tA2 + 2*u
*ud*ee*ed*tA2 + 4*u*ud*d*dd*tA2 + uAZ*d*ee*tA2 + 2*¥uA2*udA2*tA2 + 2*Qd*
dd*ee*L*tA2 + 3*Qd*ud*ed*Ld*tA2 + 2*Qd*u*d*Ld*tA2 + 3*QdA2*ud*dd*tA2 +
QdA2*u*ee*tA2 + QdA3*Ld*tA2 + 2*Q*d*ed*Ld*tA2 + 2*Q*ud*dd*L*tA2 + 3*Q*u*
ee*L*tA2 + 4*Q*Qd*L*Ld*tA2 + 2*Q*Qd*ee*ed*tA2 + 4*Q*Qd*d*dd*tA2 + 4*Q*Qd
*ukud*tA2 + QAZ2*ud*ed*tA2 + 3*¥QA2*u*d*tA2 + 4*QA2*QdA2*tAZ2 + QA3*L*tA2

+ Wr*LA2*LdA2 + Wr*ee*ed*L*Ld + Wr*d*dd*L*Ld + Wr*u*ud*L*Ld + Wr*Qd*dd*
ee*L + 3*Wr*Qd*ud*ed*Ld + Wr*Qd*u*d*Ld + 3*Wr*QdA2*ud*dd + Wr*QdA2*u*ee
+ 2*Wr*QdA3*Ld + Wr*Q*d*ed*Ld + Wr*Q*ud*dd*L + 3*Wr*Q*Qd*L*Ld + Wr*Q*Qd
*ee*ed + 2*Wr*Q*Qd*d*dd + 2*Wr*Q*Qd*u*ud + 2*Wr*QA2*QdA2 + WrA2*L*Ld*t

+ WrA2*Q*Qd*t + 2*WrA4 + WL*LAZ2*LdA2 + Wl*ee*ed*L*Ld + Wl*d*dd*L*Ld +
Wl*u*ud*L*Ld + WL*Qd*dd*ee*L + W1*Qd*u*d*Ld + W1*Q*d*ed*Ld + WL*Q*ud*dd*
L + 3*WL*Q*u*ee*L + 3*WL*Q*Qd*L*Ld + WL*Q*Qd*ee*ed + 2*WL*Q*Qd*d*dd + 2*
WL*Q*Qd*u*ud + W1*QA2*ud*ed + 3*WL*QA2*u*d + 2*W1*QA2*QdA2 + 2*WL*QA3*L
+ 2*WL*Wr*L*Ld*t + Wl*Wr*ee*ed*t + WL*Wr*d*dd*t + WL*Wr*u*ud*t + 2*WL*
Wr*Q*Qd*t + WLAZ*L*Ld*t + WLA2*Q*Qd*t + 2*WLA2*WrA2 + 2*WLA4 + Gr*d*dd*L
*Ld + Gr*d*dd*ee*ed + Gr*dA2*ddA2 + 3*Gr*udA2*dd*ed + Gr*u*ud*L*Ld + Gr*
u*ud*ee*ed + 4*Gr*u*ud*d*dd + Gr*uA2*udA2 + Gr*Qd*dd*ee*L + 3*Gr*Qd*ud*
ed*Ld + 2*Gr*Qd*u*d*Ld + 6*Gr*QdA2*ud*dd + Gr*QdA2*u*ee + 2*Gr*QdA3*Ld

+ Gr*Q*d*ed*Ld + 2*Gr*Q*ud*dd*L + 2*Gr*Q*Qd*L*Ld + Gr*Q*Qd*ee*ed + 4*Gr
*Q*Qd*d*dd + 4*Gr*Q*Qd*u*ud + Gr*QA2*ud*ed + 2*Gr*QA2*QdA2 + Gr*Wr*Q*Qd*
t + Gr*WL*Q*Qd*t + GrA2*d*dd*t + GrAZ2*u*ud*t + GrA2*Q*Qd*t + 2*GrA2*WrA2
+ GrA2*WLAZ2 + 3*GrA4 + Gl*d*dd*L*Ld + Gl*d*dd*ee*ed + Gl*dA2*ddA2 + Gl*
u*ud*L*Ld + Gl*u*ud*ee*ed + 4*Gl*u*ud*d*dd + 3*Gl*uA2*d*ee + GLl*uA2*udA2
+ Gl*Qd*dd*ee*L + 2*GL*Qd*u*d*Ld + Gl*QdA2*u*ee + Gl*Q*d*ed*Ld + 2*G1*Q
*ud*dd*L + 3*GL*Q*u*ee*L + 2*GL*Q*Qd*L*Ld + Gl*Q*Qd*ee*ed + 4*GL*Q*Qd*d*
dd + 4*GL*Q*Qd*u*ud + GL*QA2*ud*ed + 6*GL*QA2*u*d + 2*GL*QA2*QdA2 + 2*Gl
*QA3*L + GL*Wr*Q*Qd*t + GL*WL*Q*Qd*t + GL*Gr*L*Ld*t + Gl*Gr*ee*ed*t + 3*
GL*Gr*d*dd*t + 3*GL*Gr*u*ud*t + 3*GL*Gr*Q*Qd*t + GL*Gr*WL*Wr + GlA2*d*dd
*t + GLA2*u*ud*t + GLAZ2*Q*Qd*t + GLAZ*¥WrA2 + 2*GLAZ2*WLA2 + 3*GLA2*GrA2

+ 3*GlA4 + Br*ee*ed*L*Ld + Br*d*dd*L*Ld + Br*d*dd*ee*ed + 2*Br*udA2*dd*
ed + Br*u*ud*L*Ld + Br*u*ud*ee*ed + 2*Br*u*ud*d*dd + Br*Qd*dd*ee*L + 3*
Br*Qd*ud*ed*Ld + Br*Qd*u*d*Ld + 3*Br*QdA2*ud*dd + Br*QdA3*Ld + Br*Q*d*ed
*Ld + Br*Q*ud*dd*L + 2*Br*Q*Qd*L*Ld + Br*Q*Qd*ee*ed + 2*Br*Q*Qd*d*dd + 2
*Br*Q*Qd*u*ud + Br*QA2*ud*ed + Br*Wr*L*Ld*t + Br*Wr*Q*Qd*t + Br*WL*L*Ld*
t + Br*WL*Q*Qd*t + Br*Gr*d*dd*t + Br*Gr*u*ud*t + Br*Gr*Q*Qd*t + Br*GraA3
+ Br*Gl*d*dd*t + Br*Gl*u*ud*t + Br*Gl*Q*Qd*t + Br*GlA2*Gr + 2*BrA2*WrA2
+ BrA2*WLAZ2 + 2*BrA2*GrA2 + BrA2*GlA2 + BrA4 + Bl*ee*ed*L*Ld + Bl*d*dd*
L*Ld + Bl*d*dd*ee*ed + Bl*u*ud*L*Ld + Bl*u*ud*ee*ed + 2*Bl*u*ud*d*dd + 2
*Bl*uA2*d*ee + B1*Qd*dd*ee*L + B1l*Qd*u*d*Ld + B1*QdA2*u*ee + Bl*Q*d*ed*
Ld + B1*Q*ud*dd*L + 3*Bl*Q*u*ee*L + 2*B1*Q*Qd*L*Ld + BL*Q*Qd*ee*ed + 2*
B1*Q*Qd*d*dd + 2*B1*Q*Qd*u*ud + 3*B1*QA2*u*d + BL*QA3*L + BL*Wr*L*Ld*t

+ BL*Wr*Q*Qd*t + BL*WL*L*Ld*t + BL*W1*Q*Qd*t + Bl*Gr*d*dd*t + BL*Gr*u*
ud*t + BL*Gr*Q*Qd*t + BL*Gl*d*dd*t + BL*Gl*u*ud*t + BL*GL*Q*Qd*t + BL*Gl
*GrA2 + B1*GlA3 + B1*Br*L*Ld*t + Bl*Br*ee*ed*t + Bl*Br*d*dd*t + Bl*Br*u*
ud*t + BL*Br*Q*Qd*t + BL*Br*WL*Wr + BL*Br*GL*Gr + BLAZ2*WrA2 + 2*B1A2*
WLA2 + BLA2*GrA2 + 2*B1A2*GlA2 + BLA2*BrA2 + BlA4 + 3*Hd*ee*LA2*Ld*t +
Hd*eeA2*ed*L*t + 3*Hd*d*dd*ee*L*t + 3*Hd*ud*d*ed*Ld*t + 2*Hd*udA2*dd*L*t
+ 2*Hd*u*dA2*Ld*t + 3*Hd*u*ud*ee*L*t + 6*Hd*Qd*ud*L*Ld*t + 3*Hd*Qd*ud*
ee*ed*t + 6*Hd*Qd*ud*d*dd*t + 3*Hd*Qd*u*d*ee*t + 3*Hd*Qd*u*udA2*t + 3*Hd
*QdA2*d*Ld*t + Hd*QdA3*ee*t + 6*Hd*Q*d*L*Ld*t + 3*Hd*Q*d*ee*ed*t + 3*Hd*
Q*dA2*dd*t + 2*Hd*Q*udA2*ed*t + 6*Hd*Q*u*ud*d*t + 6*Hd*Q*Qd*ee*L*t + 6*
Hd*Q*QdA2*ud*t + 3*Hd*QA2*ud*L*t + 6*Hd*QA2*Qd*d*t + Hd*Wr*ee*L*tA2 + 2*
Hd*Wr*Qd*ud*tA2 + Hd*Wr*Q*d*tA2 + Hd*WrA2*ee*L + 2*Hd*WrA2*Qd*ud + Hd*
WrA2*Q*d + 2*Hd*Wl*ee*L*tA2 + Hd*WL*Qd*ud*tA2 + 2*Hd*WL*Q*d*tA2 + 2*Hd*
WiA2*ee*L + Hd*W1A2*Qd*ud + 2*Hd*WLA2*Q*d + 2*Hd*Gr*Qd*ud*tA2 + Hd*Gr*Q*
d*tA2 + 2*Hd*Gr*Wr*Qd*ud + Hd*Gr*Wr*Q*d + Hd*GrA2*ee*L + 3*Hd*GrA2*Qd*ud
+ 2*Hd*GrA2*Q*d + Hd*Gl*Qd*ud*tA2 + 2*Hd*GL*Q*d*tA2 + Hd*GL*W1*Qd*ud +
2*Hd*GL*W1*Q*d + Hd*GlAZ2*ee*L + 2*Hd*GlA2*Qd*ud + 3*Hd*GlA2*Q*d + Hd*Br*
ee*L*tA2 + 2*Hd*Br*Qd*ud*tA2 + Hd*Br*Q*d*tA2 + Hd*Br*Wr*ee*L + 2*Hd*Br*

Wr*Qd*ud + Hd*Br*Wr*Q*d + 2*Hd*Br*Gr*Qd*ud + Hd*Br*Gr*Q*d + Hd*BrA2*ee*L
+ Hd*BrA2*Qd*ud + Hd*BrA2*Q*d + 2*Hd*Bl*ee*L*tA2 + Hd*B1*Qd*ud*tA2 + 2*
Hd*B1*Q*d*tA2 + 2*Hd*B1*Wl*ee*L + Hd*B1*W1*Qd*ud + 2*Hd*B1*W1*Q*d + Hd*
B1*G1l*Qd*ud + 2*Hd*B1*Gl*Q*d + Hd*B1A2*ee*L + Hd*B1A2*Qd*ud + Hd*B1A2*Q*
d + HdA2*eeA2*LA2 + HdA2*ud*d*tA3 + HdA2*ud*d*L*Ld + HdA2*Qd*ud*ee*L + 2
*HdA2*QdA2*udA2 + 2*HdA2*Q*d*ee*L + 2*HdA2*Q*Qd*ud*d + 2*HdA2*QA2*dA2 +
HdA2*Wr*ud*d*t + HdA2*Wl*ud*d*t + HdA2*Gr*ud*d*t + HdA2*Gl*ud*d*t + HdA2
*Br*ud*d*t + HdA2*Bl*ud*d*t + 3*H*ed*L*LdA2*t + H*ee*edA2*Ld*t + 3*H*d*
dd*ed*Ld*t + 2*H*ud*ddA2*L*t + 3*H*u*dd*ee*L*t + 3*H*u*ud*ed*Ld*t + 2*H*
UA2*d*Ld*t + 6*H*Qd*dd*L*Ld*t + 3*H*Qd*dd*ee*ed*t + 3*H*Qd*d*ddA2*t + o*
H*Qd*u*ud*dd*t + 2*H*Qd*uA2*ee*t + 3*H*QdA2*u*Ld*t + 3*H*Q*ud*dd*ed*t +
6*H*Q*u*L*Ld*t + 3*H*Q*u*ee*ed*t + 6*H*Q*u*d*dd*t + 3*H*Q*uA2*ud*t + 6*H
*Q*Qd*ed*Ld*t + 6*H*Q*QdA2*dd*t + 3*H*QA2*dd*L*t + 6*H*QA2*Qd*u*t + H*
QA3*ed*t + 2*H*Wr*ed*Ld*tA2 + 2*H*Wr*Qd*dd*tA2 + H*Wr*Q*u*tA2 + 2*H*WrA2
*ed*Ld + 2*H*WrA2*Qd*dd + H*WrA2*Q*u + H*Wl*ed*Ld*tA2 + H*W1*Qd*dd*tA2
+ 2¥H*WL*Q*u*tA2 + H*WlA2*ed*Ld + H*WLA2*Qd*dd + 2*H*WLA2*Q*u + 2*H*Gr*
Qd*dd*tA2 + H*Gr*Q*u*tA2 + 2*H*Gr*Wr*Qd*dd + H*Gr*Wr*Q*u + H*GrA2*ed*Ld
+ 3*H*GrA2*Qd*dd + 2*H*GrA2*Q*u + H*GL*Qd*dd*tA2 + 2*H*GL*Q*u*tA2 + H*
GL*WL*Qd*dd + 2*H*GL*W1*Q*u + H*GLA2*ed*Ld + 2*H*GLA2*Qd*dd + 3*H*GLA2*Q
*Uu + 2*H*Br*ed*Ld*tA2 + 2*H*Br*Qd*dd*tA2 + H*Br*Q*u*tA2 + 2*H*Br*Wr*ed*
Ld + 2*H*Br*Wr*Qd*dd + H*Br*Wr*Q*u + 2*H*Br*Gr*Qd*dd + H*Br*Gr*Q*u + H*
BrA2*ed*Ld + H*BrA2*Qd*dd + H*BrA2*Q*u + H*Bl*ed*Ld*tA2 + H*B1*Qd*dd*tA2
+ 2*H*B1*Q*u*tA2 + H*Bl1*Wl*ed*Ld + H*B1*W1*Qd*dd + 2*H*B1*W1*Q*u + H*B1l
*G1*Qd*dd + 2*H*B1*G1*Q*u + H*BlA2*ed*Ld + H*B1A2*Qd*dd + H*B1A2*Q*u + 4
*H*Hd*L*Ld*tA3 + 2*H*Hd*LAZ2*LdA2 + 2*H*Hd*ee*ed*tA3 + 2*H*Hd*ee*ed*L*Ld
+ H*Hd*eeA2*edA2 + 2*H*Hd*d*dd*tA3 + 2*H*Hd*d*dd*L*Ld + H*Hd*d*dd*ee*ed
+ H*Hd*dA2*ddA2 + H*Hd*udA2*dd*ed + 2*H*Hd*u*ud*tA3 + 2*H*Hd*u*ud*L*Ld
+ H*Hd*u*ud*ee*ed + 2*H*Hd*u*ud*d*dd + H*Hd*uA2*d*ee + H*Hd*uA2*udA2 +
2*H*Hd*Qd*dd*ee*L + 4*H*Hd*Qd*ud*ed*Ld + 2*H*Hd*Qd*u*d*Ld + 4*H*Hd*QdA2*
ud*dd + H*Hd*QdA2*u*ee + 2*H*Hd*QdA3*Ld + 2*H*Hd*Q*d*ed*Ld + 2*H*Hd*Q*ud
*dd*L + 4*H*Hd*Q*u*ee*L + 4*H*Hd*Q*Qd*tA3 + S5*H*Hd*Q*Qd*L*Ld + 2*H*Hd*Q*
Qd*ee*ed + 4*H*Hd*Q*Qd*d*dd + 4*H*Hd*Q*Qd*u*ud + H*Hd*QA2*ud*ed + 4*H*Hd
*QA2*u*d + 3*H*Hd*QA2*QdA2 + 2*H*Hd*QA3*L + G*H*Hd*Wr*L*Ld*t + 2*H*Hd*Wr
*ee*ed*t + 2*H*Hd*Wr*d*dd*t + 2*H*Hd*Wr*u*ud*t + 6*H*Hd*Wr*Q*Qd*t + 2*H*
Hd*WrA2*tA2 + H*Hd*WrA3 + 6*H*Hd*WLl*L*Ld*t + 2*H*Hd*Wl*ee*ed*t + 2*H*Hd*
Wl*d*dd*t + 2*H*Hd*Wl*u*ud*t + 6*H*Hd*W1*Q*Qd*t + 2*H*Hd*WL*Wr*tA2 + 2*H
*Hd*WLA2*tA2 + H*HA*WLA3 + 2*H*Hd*Gr*d*dd*t + 2*H*Hd*Gr*u*ud*t + 4*H*Hd*
Gr*Q*Qd*t + H*Hd*GrA2*tA2 + H*Hd*GrA3 + 2*H*Hd*Gl*d*dd*t + 2*H*Hd*Gl*u*
ud*t + 4*H*Hd*G1*Q*Qd*t + H*Hd*GL*Gr*tA2 + H*Hd*GLA2*tA2 + H*Hd*GlA3 + 4
*H*Hd*Br*L*Ld*t + 2*H*Hd*Br*ee*ed*t + 2*H*Hd*Br*d*dd*t + 2*H*Hd*Br*u*ud*
t + 4*H*Hd*Br*Q*Qd*t + 2*H*Hd*Br*Wr*tA2 + H*Hd*Br*WrA2 + H*Hd*Br*Wl*tA2
+ H*Hd*BrA2*tA2 + 4*H*Hd*B1*L*Ld*t + 2*H*Hd*Bl*ee*ed*t + 2*H*Hd*B1*d*dd
*t + 2*H*Hd*Bl*u*ud*t + 4*H*Hd*B1*Q*Qd*t + H*Hd*B1*Wr*tA2 + 2*H*Hd*B1*Wl
*tA2 + H*Hd*B1*W1A2 + H*Hd*B1*Br*tA2 + H*Hd*B1A2*tA2 + 6*H*HdAZ2*ee*L*tA2
+ G6*H*HdA2*Qd*ud*tA2 + G6*H*HAA2*Q*d*tA2 + 2*H*HdA2*Wr*Qd*ud + 2*H*HdA2*
Wl*ee*L + 2*H*HdA2*W1*Q*d + H*HdA2*Gr*Qd*ud + H*HdA2*Gl*Q*d + H*HdA2*Br*
Qd*ud + H*HdA2*Bl*ee*L + H*HdA2*B1*Q*d + H*HdA3*ud*d*t + HAZ2*edA2*LdA2
+ HA2*u*dd*tA3 + HAZ*u*dd*L*Ld + 2*HA2*Qd*dd*ed*Ld + 2*HA2*QdA2*ddA2 +
HA2*Q*u*ed*Ld + 2*HA2*Q*Qd*u*dd + 2*HAZ2*QA2*uA2 + HAZ*Wr*u*dd*t + HAZ*WL
*u*dd*t + HAZ2*Gr*u*dd*t + HA2*Gl*u*dd*t + HAZ2*Br*u*dd*t + HAZ2*Bl*u*dd*t
+ 6*HA2*Hd*ed*Ld*tA2 + 6*HA2*Hd*Qd*dd*tA2 + G6*HA2*Hd*Q*u*tA2 + 2*HA2*Hd
*Wr*ed*Ld + 2*¥HAZ2*Hd*Wr*Qd*dd + 2*HAZ2*Hd*W1L*Q*u + HAZ2*Hd*Gr*Qd*dd + HA2*
Hd*G1*Q*u + HA2*Hd*Br*ed*Ld + HA2*Hd*Br*Qd*dd + HA2*Hd*B1*Q*u + 3*HA2*
HAAZ2*tA4 + 4*¥HA2*HdA2*L*Ld*t + HA2*HdA2*ee*ed*t + HAZ2*HdA2*d*dd*t + HA2*
HdA2*u*ud*t + 4*HA2*HdA2*Q*Qd*t + 2*HAZ2*HdA2*Wr*tA2 + 2*HA2*HAAZ2*WrA2 +
2*HAZ2*¥HAAZ*WL*tA2 + 2*¥HAZ*HAAZ2*W1A2 + HA2*HAAZ2*GrA2 + HAZ2*HAA2*GLAZ +
HA2*HAA2*Br*tA2 + HAZ2*HAA2*Br*Wr + HA2*HAAZ2*BrA2 + HA2*HAA2*Bl*tA2 + HA2
*HdA2*B1*WL + HA2*HdA2*B1A2 + HA2*HdA3*ee*L + HA2*HdA3*Qd*ud + HAZ2*HdA3*
Q*d + HA3*Hd*u*dd*t + HA3*HdAZ2*ed*Ld + HA3*HdA2*Qd*dd + HA3*HdA2*Q*u + 2
*HA3*HdAA3*tA2 + HA4*HdA4;

993 of them
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Conclusions

® Nailed the question of classifying effective
operators in a given Lorentz-inv theory

® Connections to amplitudes!?

® perturbation around non-free theories!?

EFT important in many other contexts

® condensed matter physics

® nuclear physics

® cosmological density fluctuations
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LAGRANGIANS

Quark theory
1 a ura ~ - 1 1)
Lavark = =7 Fu, F'™ + @iPgi —5ma IV qig; + h.c.

Sigma theory

2 1 N,
Lsigma = — 110X OHXT —§mQ,u3TrJE + h.c. — : /Tr(ETdZ)5

16 24072
y D D’
Pion theory NN
(a) (b) (c)
1 7 m72r 2 m72r 4 1 2qu 7

Loion = ZTraﬁm(? W—TTNT -+ 122 Trn™ — G_ﬁTr (7'(' o'md,m — mo 7T7T8M7T)
2N, ) 5
+ e"’PTr [0, w0, mO,mOsm| + O(7°)

1572 f2



® SU(N() gauge theory

o TTs(SU(NY)=Z (Nr23)
® Sp(N¢) gauge theory

® T15(SU(2N§)/Sp(Nf))=7 (Nf=2)

Witten

® SO(Nc) gauge theory
® TT5(SU(Ny)/SO(Np)=7 (Nr=3)



©] SIMPlest Miracle

® SU(2) gauge theory with four doublets
e SU(4)=50(6) flavor symmetry

® (q'@>#0 breaks it to Sp(2)=SO(5)

® coset space SO(6)/SO(5)=8§

® TT5(5°)=7 = Wess-Zumino term

® L\wz=Eabcde EHVPO TT20 | TTP OV TTCO0 pTT90 6 TTE




The Results
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Dashed curves: along that solution
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self interaction

® self interaction of 0/m~10~2*cm?/GeV
® flattens the cusps in NFWV profile

® actually desirable for dwarf galaxies!?
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DM DM
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Kinetically mixed U(1)

® e.g., the SIMPlest model

SU(2) gauge group with SU(4)/Sp(4) = qo
N~=2 (4 doublets)

® gauge U(1)=S0O(2)

c SO(2)xSO(3)

c SO(5)=Sp(4)

® maintains degeneracy of
quarks

® near degeneracy of pions
for co-annihilation .
® preserves SO(2)x50(3) _WBMVFEW
s.t. all pions are stable 2ew

(¢ ¢, ,q)

(77,77, 7'('2, 7T2, 7T2)
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Super KEK B & Belle |l
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Conclusion

® surprising an old theory for dark matter
e SIMP Miracle?

® mass ~ QCD
® coupling ~ QCD
® theory ~ QCD
® can solve problem with DM profile
® very rich phenomenology
® Exciting dark spectroscopy!






-Umnitee-States have always been great.
Pions



