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Dim Stars? Black Holes!?

0.6
0
Search for MACHOs E EROS collaboration
(Massive Compact Halo Objects) [ astro-ph/0607207
o 04
| _ P —— IS MACHO
‘Large Magellanic Cloud > 95%cl
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Mppy |Mg
10710 10~10 10~

VPV
ERQS/MACHO

observe Andromeda for one night
read out CCDs every 2 min

s BEELS | HSC M31 constraint (95% limit)

! . Mhorizon@T ~ TeV
{ | !
10—15015 1020 1025 1030 1035
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No detection = more stringent

upper bound, than 2yr Kepler data Niikura, Takada et al., Nature Astronomy
(Griest et al.)



Mass Limits

“Uncertainty Principle”

Clumps to form structure
Mm

r

imagine V' = Gy
h2

a GNMm2

too small m = won’t “fit” in a galaxy!

“Bohr radius’: g5

m >10722 eV “uncertainty principle” bound
(modified from Hu, Barkana, Gruzinov, astro-ph/0003365)
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to fluffy ﬁ mirolensing etc

— moduli w/

o — —_— mass
T vector o o GeV]
= mediation < > [

gravitino s non-thermal

asymmetric DN

SIMP: dark hadrons
m~0.3GeV, 0~ | 0-24cm?
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WIMP Miracle
SM

DM o2
<0-2_>2U> ~ W
a~ 1072
m ~ 300 GeV
DM SM
DM _ 4 4 5 10— 10 5V
S MpM

“weak” coupling
“wealk’” mass scale

» correct abundance

Miracle?
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sociology

® Ve used to think

need to solve problems with the SM
hierarchy problem, strong CP, etc

it is great if a solution also gives dark
matter candidate as an option

big ideas: supersymmetry, extra dim
probably because dark matter problem
was not so established in 80’s
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Scalar
Spin Independent

10
M. [GeVI

3

Comparison with Ground-based Telescopes (bb)

Fermi-LAT Combined
----- VERITAS Seqgue 1
=== HESS Galactic Center

Preliminary

10’ 10° 10° 207



Status: ICHEP 2016

T, production, T— b f %, /T— c %,/ T> Wb 7 /T~ t %]

- ATLAS Preliminary

g ~0 % ~0
Tt /T Wb,

Vs=13 TeV -
toL 13.2 fb' [CONF-2016-077] .

X sool — Tty t1L 13.2 fb”' [CONF-2016-050] ]
- BEET-wby t2L 13.3 fb' [CONF-2016-076] -
| BT cR MJ 3.2 b [1604.07773] |
L~ {s=8TeV,201b" Run 1 [1506.08616] .
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LQ1(ej) x2
LQ1(ej)+LQ1(vj) B=0.5
LQ2(pj) x2
LQ2(pj)+LQ2(vj) B=0.5
LQ3(tb) x2

LQ3(vb) x2

LQ3(tt) x2

LQ3(vt) x2
Single LQ1 (\=1)
Single LQ2 (\=1)

100

no sign of

new physics
that explains
naturalness!

B 13Tev [_]8TeV

Leptoquarks

0

RS1(jj), k=0.1
RS1(yy), k=0.1

1 2 3

RS1(ee,py), k=0.1 {I

|
800

4 TeV

= RS Gravitons

m; | CMS Preli

SSM Z'(tT)

SSM Z'(jj)

SSM Z'(ee)+Z'(up)
SSM W'(jj)

SSM W'(lv)

SSM Z'(bb)

i 2 3

minary

2 3 4

Excited
Fermions

5

4 Tev

TeV

coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2

ADD (y+MET), nED=4, MD
ADD (jj), nED=4, MS

QBH, nED=6, MD=4 TeV
NR BH, nED=6, MD=4 TeV
String Scale (jj)

QBH (jj), NED=4, MD=4 TeV
ADD (j+MET), nED=4, MD
ADD (ee,pp), NnED=4, MS
ADD (yy), nED=4, MS

Jet Extinction Scale

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A Hn\CM
single y, A HhCM
inclusive jets, A+
inclusive jets, A-

CMS Exotica Physics Group Summary — ICHEP, 2016
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recent thinking

® dark matter definitely exists

® naturalness problem may be optional?
® need to explain dark matter on its own
® perhaps we should decouple these two
® do we really need big ideas like SUSY?

® perhaps we can solve it with ideas more
familiar to us?




£ ¥ 2
NI Nk, |
ke Seminar in Berkeley
~ Strongly Interacting Massive Particle

(SIMP)

Ti-—
I a3k .
Aac

A

Yonit Hochberg £
; \

" ”“
. }
7
: I
ey »




>
<
r

)
-
&

Miracles
DM SM o
<(72—>2U> ~ W
a~ 1072
M M m ~ 300 GeV
WIMP miracle! GV
DM _ g4 % 107102
DM DM S ag MpM
<0'3—>2U2> ~ ﬁ
N Hochberg, Kuflik,
DM a ~ dm Volansky, Wacker
), A SOOMeVarXiv:MOZ.S 143
DM DM

SIMP miracle!
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3ack of fre envelope calculation
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ann — Ndm <0"U >>3_»2 £
3
D 8
. leueBE o=
dm
Eric Kuflik
3
ey == GQ/mp e~ N
f B o
rann —_— 3 H i :



* K AVLI
VY
SIMPlest Miracle
® Not only the mass
scale is similar to
QCD
DM Bl
® dynamics itself can be
QCD! Miraclel
DM
® DM = pions
® cg. SLlJ(4)/Sp(4) =S5 DM DM
»Cchiral — 16 12 Tr&MUT@MU
6% Phys.Rev.Lett. | 15 (2015) 021301
8N,

eabcdee“”pawaﬁﬂﬂbﬁywc pwdﬁaﬂe + O(r")
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SIMPlest Miracle

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

® (g g)=0 breaks it to Sp(2)=SO(5)

® coset space SO(6)/SO(5)=$§>

® T15(5°)=7 = Wess-Zumino term

® L\wz=Eabcde EHVPO TT20 | TTP OV TTCOpTTI0 5 TTE
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Wess-Zumino term

® SU(N() gauge theory

® T5(SU(Np)=Z (Nr=3)
® Sp(N¢) gauge theory

® T15(SU(2Np/Sp(Np)=27 (N=2)
® SO(Nc) gauge theory

® TT5(SU(Ny)/SO(Np)=7 (N=3)

Witten



LAGRANGIANS
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Quark theory
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Sigma theory

24072

FSVFMWL + qi1Dq; —=mg Jijqz-qj + h.c.

/ Tr(2Tdy)?
Y // D
S

{a)

(b)

o

{c)

(7?28“%8”% — 7'('8’“7'(‘7‘('8“7'(')



The Results

SU(2N;) / Sp(2Ny) 02
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(— Sp(16), Nf=2)é10_1 b‘u’a
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Solid curves: solution to Boltzmann eq. 7 ™
Oscatter

Dashed curves: along that solution




The Results
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DDO 154 dwarf galaxy




DDO 154 dwarf galaxy
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Radius (kpc) | .5Radiu; (kpc) 5 "’
can be explained if dark matter scatters against itself
Need o/m ~ 1b / GeV

only astrophysical information beyond gravity



Diversity in stellar distribution

Similar outer circular velocity and stellar mass,
but different stellar distribution

- compact — redistribute SIDM significantly

Ayuki Kamada

- extended — unchange SIDM distribution

250 —m™ @ N L R A A |
200 [ NGC 8503, cap0:median, Ma00:2.5%10"" Mg UGC 128, co0:median, Mago:3.8x10" Mg -

Q M, : 0.83 x 100 M, |[¢———— M, : 0.57 x 10'° M|
E 150 : compact stellar diskj}
;J 100

50 |

0 3) 10 15 20
Radius (kpc) Radius (kpc)

13
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® O/m ~ cm?/g
~10-24cm? / 300MeV

® flattens the cusps in
NFW profile

® suppresses substructu

® actually desirable for
dwarf galaxies?

SIDM
Spergel & Steinhardt
(2000)
now complete theory

cdm |

— CDM-only

== CDM-hydro
SIDM-only
SIDM-hydro

Moy cam = 4.6 x 10°Mg
M sidm = 1.0 x 10M

sidm

Ty1/2 T 1/2

0.0001
V.H. Ro (Pes o
arXiv:arXiv:1706.07514v1

OSQO 500 1000
al

I (pC



<ov>/m (cm/g x km/s

Resonant scattering
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Xiaoyong Chu, Camilo Garcia-Cely, HM,
Phys.Rev.Lett. 122 (2019) no.7, 071103
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commuhication

DM DM
3 to 2 annihilation
excess entropy must DM
be transferred to ety

DM DM
need communication
at some level DM DM

leads to experimental
signal

SM entropy ~ SM



if totally decoupled

103

10 |

- 1ol

\ 1 cCarlson, Hall and Machacek,
E E Astrophys. J. 398, 43 (1992)
N N\

T, T (eV)

1072 = —3
-
10_3 111 % 1 l L1 1 1 Illllll 1 1 | 1t 1 1 lllllll 1.1 Illllll i

103 10° 101 100 101 10—2 10-3
T (eV)

® 3—2 annihilations without heat exchange is
excluded by structure formation, [de Laix, Scherrer

and Schaefer, Astrophys. J. 452,495 (1995)]
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vector portal

dark QCD
with SIMP

Standard Model

€
QCW



Kinetically mixed U(1)

® c.g,the SIMPlest model SU(4)/Sp(4) = G5
SU(2) gauge group with

N=2 (4 doublets)

® gauge U(1)=SO(2) o4

c SO(5)=S5p(4)

® maintains degeneracy of (7T++, 7/ Wg, 7'('8, Wg)
quarks

® near degeneracy of pions .
for co-annihilation _VBMVFZ/;V

26W






Super KEK B & Belle |l

e+ 4 GeV 3.6 A |

—_— Belle I i e
- New IR
/ - - 7 GeV 2.6 A| ?

] /;\lew beam pipe S upe rKE KB

: & bellows
‘ N

\ / 50 ab—

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring ” ~———
——-
’
U:"'

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject

y OO

A'(+)
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Holographic QCD
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inspired by AAS/CFT from string theory
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meson M particle content mays X Mg
6°(3,1) | '@, \}ﬁ(u’ﬂ’ — ) 2my  |me(1+ A)
Dt (2,2) u d’ c d’ ,u's', c's My + mg |max (1 + %)
D™ (2,2) du',s'u',dc,s'c My + Mar [ Mmx (1 + g)
n(1,1) %(d’d/+s’s’ wa' —e)|my +mg ma(14+5)
7°(1,3) | d'5,s'd, \/—(d’d’ — 5'5") 2m g M

Standard Model sector twin sector
_t h Z, _t R’
102_ = ’ _
Z w Z W
101_ b’ 7 ¥ . T;’
—_— b A% u M’
%J T V’e 5
9 100_ C e _
? oyt .
® 1n-1L . _c.u_ _s’d
e 10 s T
10—2_ . |
L fv=1
10 B u
e
1074 ¢V Vi VerY —
FIG. 1. A sample spectrum of twin particles. Here we

use f/v = 1 to demonstrate the Zy invariance between the
visible and twin sectors for t, h, Z, W lighter particles are
subject to Zs-breaking effects without spoiling the solution to
the hierarchy problem. In practice, twin sector masses are of
course raised by a factor of f/v = 3.

They are stable since they are the lightest particle with
a conserved SU(2)s quantum number. (Here and below,
we denote particles in the twin sector with a prime on the

TABLE I. Decomposition of the meson SU(4)¢ 15-plet under
SU(2)u x SU(2)p x U(1)gm. The third column shows the
linear combination of quark masses that determines the me-
son masses-squared. From top to bottom, the meson masses
go from heaviest to lightest, assuming my = my < My =
Mer = md/,sz(l + A)

mass2

FIG. 2. A visual representation of the meson spectrum.
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Conclusion

surprisingly an old theory for dark matter
SIMP Miracle3

® mass ~ QCD

® coupling ~ QCD

® theory ~ QCD
can solve problem with DM profile
very rich phenomenology
can also be spin |, axion mediation
can be a part of twin Higgs
Exciting dark spectroscopy!
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‘no sign of new physi

ATLAS SUSY Searches™* - 95% CL Lower Limits ATLAS Preliminary
otatus: March 2017 , \Vs=7,813TeV
e U, T,V Jets E’Tnlss JLdemb™ Mass limit Vs=7,8TeV | s=13TeV Reference

1x

Model

MSUGRA/CMSSM

0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(g)=m(g) 1507.05525

o

Inclusive Searches

ar . 0
99, 39X

44, g—gX (compressed)
88, 892X >

88, 8—qgX1 —>qaW*Xi

88, S’-’qq(ft’/yg))(l

88, 8—qqWZx;

GMSB (Z NLSP)

GGM (bino NLSP)

GGM (higgsino-bino NLSP)
GGM (higgsino-bino NLSP)
GGM (higgsino NLSP)
Gravitino LSP

0 2-6 jets
mono-jet 1-3 jets
0 2-6 jets
0 2-6 jets

3eu 4 jets
2e,u(SS) 0-3jets
1-27+0-1¢ 0-2jets

2y -
1b

2 jets

2 jets
mono-jet

Yes
Yes
Yes
Yes
Yes
Yes
Yes

36.1
3.2
36.1
36.1
13.2
13.2
3.2
3.2

oq o9 O O Ogr Ogr O Ogr Oge M M

608 GeV

900 GeV
865 GeV

1.57 TeV

2.02 TevV
2.01 TeV
1.7 TeV
1.6 TeV
2.0 TeV
1.65 TeV
37 TeV
1.8 TeV

n(t?)<200 GeV, m(1* gen. §)=m(2™ gen. §)
m(g)-m(¥})<5 GeV

m(¥})<200 GeV

m(¥9)<200 GeV, m(¥*)=0.5(m(¥})+m(z))
m(¥?)<400 GeV

m(¥9) <500 GeV

c7(NLSP)<0.1mm
m(£9)<950 GeV, cr(NLSP)<0.1 mm, u<0
m(¥?)>680 GeV, cr(NLSP)<0.1 mm, u>0
m(NLSP)>430 GeV

m(G)>1.8 x 10~* eV, m(g)=m(§)=1.5TeV

ATLAS-CONF-2017-022
1604.07773
ATLAS-CONF-2017-022
ATLAS-CONF-2017-022
ATLAS-CONF-2016-037
ATLAS-CONF-2016-037
1607.05979
1606.09150
1507.05493
ATLAS-CONF-2016-066
1503.03290
1502.01518

37 gen.
g med.
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direct production

SSM S
b Bt B B §

1s fl—>Wb)?(1) or t/\?(l)
, -k

(natural GMSB)
i, h—h +Z

fzfz, fz—)fl +h

~~

1

forg org ]

l
1

ZLrlLR, P8
XIXT, X >8v(tw)

3b
0-1e,pu 3b
0-1e,u 3b

0 2b
2e,u (SS) 1b
0-2e,u 1-2b
0-2e,u 0-2jets/1-2b
0 mono-jet
2e,u(2) 1b
3e,u(2) 1b
1-2e,pu 4b

2e,u 0
2e,pu 0

840 GeV
325-685 GeV
200-720 GeV
205-950 GeV
90-323 GeV
150-600 GeV
290-790 GeV
320-880 GeV

90-335 GeV
640 GeV

1.92 TeV
1.97 TeV
37 TeV

m(¥9)<600 GeV
m(¥7)<200 GeV
m(¥9)<300 GeV

m(¥?)<100 GeV

m(¥?)<150 GeV, m(¥E)= m(¥})+100 GeV
M) = 2m(E}), m(¥})=55 GeV

m(P})=1 GeV

m(i)-m(¥})=5 GeV

m(¥9)>150 GeV

m(#%)=0 GeV

m(¥})=0 GeV

m(¥})=0 GeV
GeV, m(Z, #)=0.5(m(¥;)+m(¥}))

ATLAS-CONF-2017-021
ATLAS-CONF-2017-021
1407.0600

1606.08772
ATLAS-CONF-2016-037
1209.2102, ATLAS-CONF-2016-077
1506.08616, ATLAS-CONF-2017-020
1604.07773
1403.5222
ATLAS-CONF-2017-019
ATLAS-CONF-2017-019

1403.5294
ATLAS-CONF-2016-096

1 o<l St

v
= =R

XIXT, XL —1v(t9) 27 - 580 GeV
2?)?%—»21‘1/21‘5(%), L) Sepu 0
i -wilzi? 23e,u  0-2jets
;eg)zg WXIhX1, h—bb/WW/tt/yy ©HY 0-2b
/\72/\73,)22,3 —{RC 4epn 0
GGM (wino NLSP) weak prod. le,u+y -

GGM (bino NLSP) weak prod. 2y -

m(¥})=0 GeV, m(z, #)=0.5(m(¥;)+m(F})) ATLAS-CONF-2016-093
1(79), m(¥1)=0, m(Z, #)=0.5(m(¥} )+m(¥3)) ATLAS-CONF-2016-096
m¥E)=m(P3), m(¥))=0, Z decoupled 1403.5294, 1402.7029
m¥E)=m(¥3), m(¥})=0, Z decoupled 1501.07110
(73), m(¥3)=0, m(Z, #)=0.5(m(¥3)+m(¥})) 1405.5086
cr<imm 1507.05493
1507.05493

425 GeV

S SR

270 GeV

gty
W e

635 GeV
115-370 GeV

==

590 GeV

430 GeV
495 GeV

ct<imm

ATLAS-CONF-2017-017
1506.05332
1310.6584
1606.05129
1604.04520
1411.6795
1409.5542
1504.05162
1504.05162

Disapp. trk 1 jet m(¥T)-m(¥3)~160 MeV, 7(¥1)=0.2 ns
m(¥5)-m(¥3)~160 MeV, 7(¥1)<15 ns

m(¥)=100 GeV, 10 us<(§)<1000 s

Direct X1 X prod., long-lived Xi
Direct ¥1¥] prod., long-lived ¥7  dE/dx trk -
Stable, stopped g R-hadron 0 1-5 jets
Stable g R-hadron trk -
Metastable g R-hadron dE/dx trk -
GMSB, stable 7, ¥ —7@, f)+1(e, ) 1-21 -
GMSB, ¥)—yG, long-lived X1 2y -
gg,i’?ﬁeevoleuv/uuv displ. ee/ep/pp -
GGM g3, ¥1-ZG displ. vix + jets -

[

850 GeV
1.58 TeV
1.57 TeV m(¥?)=100 GeV, 7>10 ns
10<tanB<50
1<7(¥})<3 ns, SPS8 model
7 <ct(®¥})< 740 mm, m(z)=1.3 TeV
6 <ct(¥})< 480 mm, m(3)=1.1 TeV

R ¢ O Om O o< o<t

- o e o

537 GeV
440 GeV

Long-lived
particles

J

1607.08079

1404.2500
ATLAS-CONF-2016-075

1405.5086
ATLAS-CONF-2016-057
ATLAS-CONF-2016-057
ATLAS-CONF-2017-013
ATLAS-CONF-2017-013

ATLAS-CONF-2016-022, ATLAS-CONF-2016-084

ATLAS-CONF-2015-015

1.9 TeV
1.45 TeV
114" WV

A51,=0.11, A132/133/233=0.07
m(g)=m(g), ctrsp<1 mm
M(ED)>400GeV, 41520 (k = 1,2)
MEP?)>0.2xm(E7), A133#0
BR(t)=BR(b)=BR(c)=0%
m(¥})=800 GeV

2ATE m(¥)=1TeV, 11,0
1.65 TeV m(f1)=1TeV, 132320

N

LFV pp—i; + X, ¥z —ep/et/ut
Bilinear RPV CMSSM

TR, X WA, K —eev, e, uuy
)?T)ZL)?T—)W)??,)??—)TWE, etvy
88,8999 0 4-5large-R jets
g8 8493, X1 - qqq 0 4-5large-R jets
g8, 1001, X1 > qqq 1eu 810 jets/0-4b
88, g—iit, i —>bs 1e,u 8-10jets/0-4b
iy, i—bs 0 2jets+2b
fify, bt 2e,u 2

ep,et,ut -
2e,u (SS) 0-3b Yes

dep - Yes
e u+t -

o

—HE

450 GeV
1.08 Te '
1.55 TeV

o og Og O ORS¢ S

fon

410 GeV| [450-510 GeV

0.4-1.0 TeV BR(# —be/u)>20%

~

510 GeV m(¥3)<200 GeV 1501.01325

Mass scale [TeV]

Other Scalar charm, é—cf} 0 2c

“The 2 TeV line has been reached for some scenarios”
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why effective operators

® No signal of BSM @ LHC so far

® use effective operators to parametrize
physics at higher energies
® precision electroweak

precision Higgs

precision flavor

B, L violation
® coupling to the dark sector

® once deviation = BSM theory

® similar to four-fermion operators in weak
interactions = Standard Model
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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)




He = H*H™ +ufQTHHT? +2Q%Q" + Q3L + Q°L + 2QQ  LL + L?L1? + uQH?H'
+2uu'QQT + uu' LLT + v?u'? + e™u'Q? + ' LTH?H" + 2e™u'QTLT + e LHH? 4 euQ'?
+2euQL + ee'QOQT + eeT LLT + eeTuu’ + 2?2 + dTQTH?*H" + 2d"u' QT2 + d'u QL
+dTe’u +dTeQ'L + dQHHT? + 2duQ? + duQ'LT + de" QLT + deu? + 2dd'QQ" + dd'LL"
+2dd"uu’ + dd'ee” + d*d"? + w'QTH'Gr + d'"QTHGr + HH'G% + G% + uQHG,
+dQH'Gp + HH'G? +G3 +u'QTHWR + ' LTHWg + d"Q"THWg + HHTW3E + W3
+uQHW + eLH' Wy +dQH"W;, + HH'W?2 + W3 +uw'Q"H'Br + e' L' HBpR
+d'"Q"THBr + HH'BRWgr + HH'B% + wQHB;, + eLH'B;, + dQH'B;, + HH'B, W}
+HH'B?2 +2QQ"HH'D+2LL"HH'"D + wu'HH'D + ee' HH'D + d'wH?*D + du' H'?D
+dd'HH'D +2H*H'*D?. (3.16)

D: space time derivative
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redundancies

effective operators are invariants under the
gauge group, Lorentz group, etc

their classifications go back to Hilbert, Veyl
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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Simplest Example

[/
® scalars four-point at O(p2):4(4+l)/2=l()\ /

(0, 0upi ) PjorPr (Outpi)(Ou0j)prpr
® 02(p=mi2; removes the first class: 4 / \l

® We know only 2 out of 6 are mdependent

® s t u, stt+tu=m|2+m;2+msz2+m42 1
(0,0i)(0upi)prer — wiwi(Ouer)(Oupr) = 532(%%)(%9@1) - 5(%%)32(%%) ~ 0
0,,0i0,900kp1 + 0,000,001 + 0,pi0i P00 = 0,00, (Yiprer) = O
® |n addition, there are only d linearly

independent momenta in d-dimensions for
higher-point functions



>
<
r

oL
=
&

Main idea

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

® Classically, it is conformally invariant under
N OIE WAENOIX®)

® Operator-State correspondence in CFT
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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H(p, d1,- -

Master formula

Define a multi-variate Hilbert series
7§bn) — /d,uconformald,ugauge ZP X HPE ¢ZX’L q, 76)]

n=1

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
Possible for any Lorentz-inv “free” QFT

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



xH[t ,a ,B_,%X_,y_,21 , 22 ] :=xscal[t, a, B] *ul[3, x] *su2f[y];
xHd[t ,a ,B ,x ,v ,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_,y_,21l_, 22_] :=

xfermR[t, a, B] *ul[-1, x] *» su2fb[y] * su3fb[zl, z2];
xu[t ,a ,B ,x ,y ,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 ,y ,21 , 22 ] :=xfermL[t, a, B] *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 ,v ,21 , 22 ] :=xfermL[t, a, 8] *ul[-3, x] *su2f[y];
xLd[t ,a ,B ,x ,v ,21 , 22 ] :=xfermR[t, a, B] *ul[3, x] »su2fb[y];
xelt ,a ,B ,x%x ,v ,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 ,v ,21 , 22 ] :=xfsL[t, a, B];

xBr[t ,a ,B ,%x ,v ,21 , 22 ] :=xfsR[t, a, B]:;

xWl[t ,a , B ,x ,v , 21 , 22 ] :=xfsL[t, a, B] *su2ad[y]:

xXWr[t ,a ,B ,x ,v ,21 , 22 ] :=xEsR[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];

H(p, ¢17 IR ¢n) — d,uconformald,ugauge Zp X H PE ¢7,Xz(q) 76)
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D=8 operator

2¥LA2¥LdA2*EA2 + 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*urud*d*dd*tA2 + uA2*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
¥urud*tA2 + QA2*ud*ed*tA2 + 3*QA2*u*d*tA2 + 4*QA2*QdA2*tA2 + QA3*L*tA2

+ Wr*LA2*¥[dA2 + 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 + W1*Qd*dd*ee*L + W1*Qd*u*d*Ld + W1*Q*d*ed*Ld + WL1*Q*ud*dd*
L + 3*WL*Q*u*ee*L + 3*W1*Q*Qd*L*Ld + WL*Q*Qd*ee*ed + 2*W1L*Q*Qd*d*dd + 2*
WL*Q*Qd*u*ud + W1*QA2*ud*ed + 3*WL*QA2*u*d + 2*WL*QA2*QdAZ2 + 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 + WLAZ2*L*Ld*t + WLAZ2*Q*Qd*t + 2*WLAZ2*WrA2 + 2*W1A4 + 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 + GrAZ2*d*dd*t + GrAZ2*u*ud*t + GrA2*Q*Qd*t + 2*GrA2*WrA2
+ GrA2*W1A2 + 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 + Gl*uA2*udA2
+ Gl*Qd*dd*ee*L + 2*Gl*Qd*u*d*Ld + GL*QdA2*u*ee + Gl*Q*d*ed*Ld + 2*Gl*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*G1l*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 + GlLA2*d*dd
*t 4+ QLAZ*u*ud*t + GLAZ2*Q*Qd*t + GLAZ2*WrA2 + 2*GLAZ*WLAZ + 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*WLl*L*Ld*
t + Br*W1*Q*Qd*t + Br*Gr*d*dd*t + Br*Gr*u*ud*t + Br*Gr*Q*Qd*t + Br*GrA3
+ Br*Gl*d*dd*t + Br*Gl*u*ud*t + Br*GL*Q*Qd*t + Br*GlA2*Gr + 2*BrA2*WrA2
+ BrA2*W1A2 + 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 + B1l*Qd*dd*ee*L + B1*Qd*u*d*Ld + B1l*QdA2*u*ee + Bl*Q*d*ed*
Ld + BL*Q*ud*dd*L + 3*B1*Q*u*ee*L + 2*B1*Q*Qd*L*Ld + B1*Q*Qd*ee*ed + 2*
BL*Q*Qd*d*dd + 2*B1*Q*Qd*u*ud + 3*B1*QA2*u*d + B1*QA3*L + BL*Wr*L*Ld*t

+ B1*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 + BL*GlA3 + Bl*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 + BLA2*WrA2 + 2*B1lA2*
WLA2 + BLA2*GrA2 + 2*BLA2*GLAZ2 + BLA2*BrA2 + BlA4 + 3*Hd*ee*LAZ2*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*
WlA2*ee*L + HA*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 + HA*GL*W1*Qd*ud +
2*Hd*GL*W1*Q*d + Hd*GlA2*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*

S

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*BL*Qd*ud*tA2 + 2*
HA*BL*¥Q*d*tA2 + 2*Hd*BL*Wl*ee*L + HA*BL*WL*Qd*ud + 2*Hd*BL*WL*Q*d + Hd*
BL*GL*Qd*ud + 2*Hd*BL*GL*Q*d + Hd*BlA2*ee*L + Hd*BLA2*Qd*ud + Hd*B1A2*Q*
d + HdA2*eeA2*LA2 + HdAZ*ud*d*tA3 + HdAZ*ud*d*L*Ld + HdA2*Qd*ud*ee*L + 2
*HA2*¥QdAZ*UdA2 + 2*HdA2*Q*d*ee*L + 2*HdA2*Q*Qd*ud*d + 2*HdA2*QA2*dA2 +
HdAZ*Wr*ud*d*t + HAAZ*WL*ud*d*t + HdAZ*Gr*ud*d*t + HdA2*Gl*ud*d*t + HdA2
*BrEud*d*t + HAAZ*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*
UAZ*d*Ld*t + G*H*Qd*dd*L*Ld*t + 3*H*Qd*dd*ee*ed*t + 3*H*Qd*d*ddA2*t + 6*
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 +
G*H*Q*u*L*Ld*t + 3*H*Q*u*ee*ed*t + G*H*Q*u*d*dd*t + 3*H*Q*uA2*ud*t + 6*H
*Q*Qd*ed*Ld*t + G6*H*Q*QdA2*dd*t + 3*H*QA2*dd*L*t + G*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*WL*Qd*dd*tA2
+ 2FHAWL*Q*U*tA2 + H*WLAZ*ed*Ld + H*WLA2*Qd*dd + 2*H*WLAZ*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*WL*Q*u + H*GLA2*ed*Ld + 2*H*GLA2*Qd*dd + 3*H*GLA2*Q
*U + 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*
BrAZ2*ed*Ld + H*BrA2*Qd*dd + H*BrA2*Q*u + H*Bl*ed*Ld*tA2 + H*BL*Qd*dd*tA2
+ 2*H*BL*Q*u*tA2 + H*BL*Wl*ed*Ld + H*BL*WL*Qd*dd + 2*H*BL*WL*Q*u + H*B1
*GL*Qd*dd + 2*H*BL*GL*Q*u + H*BLA2*ed*Ld + H*B1A2*Qd*dd + H*BLA2*Q*u + 4
KH*HA*L*Ld*tA3 + 2*H*HA*LA2*LdAZ + 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*HA*Q*Qd*tA3 + S*H*HA*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
*QAZ*U*d + 3*H*HA*QA2*QAAZ + 2*¥H*HA*QA3*L + G*H*HA*Wr*L*Ld*t + 2*H*Hd*Wr
*eeted*t + 2*HFHA*Wr*d*dd*t + 2*H*Hd*Wr*u*ud*t + G*H*Hd*Wr*Q*Qd*t + 2*H*
HAd*WrA2*tA2 + H*HA*WrA3 + G*H*HA*WL*L*Ld*t + 2*H*Hd*Wl*ee*ed*t + 2*H*Hd*
WL*d*dd*t + 2*H*HA*WL*u*ud*t + G*H*HA*WL*Q*Qd*t + 2*H*Hd*WL*Wr*tA2 + 2*H
FHAFWLAZ*EA2 + HAHA*WLA3 + 2*H*Hd*Gr*d*dd*t + 2*H*Hd*Gr*u*ud*t + 4*H*Hd*
Gr*Q*Qd*t + H*HA*GrA2*tA2 + H*HA*GrA3 + 2*H*Hd*Gl*d*dd*t + 2*H*Hd*Gl*u*
ud*t + A*H*HA*GL*¥Q*Qd*t + H¥HA*GL*Gr*tA2 + H*HA*GLAZ*tA2 + H*HA*GLA3 + 4
FH*AHA*BrHL*Ld*t + 2*H*Hd*Br*ee*ed*t + 2*H*Hd*Br*d*dd*t + 2*H*Hd*Br*u*ud*
t + A*H*HA*Br*Q*Qd*t + 2*H*HA*Br*Wr*tA2 + H*HA*Br*WrA2 + H*Hd*Br*Wl*tA2
+ H*HA*BrAZ*tA2 + 4*H*Hd*BL*L*Ld*t + 2*H*Hd*Bl*ee*ed*t + 2*H*Hd*Bl*d*dd
*t 4+ 2*HAHA*Bl*u*ud*t + 4*H*HA*BL*Q*Qd*t + H*Hd*BL*Wr*tA2 + 2*H*Hd*B1*Wl
*£A2 + H*HA*BL*WLAZ + H*Hd*BL*Br*tA2 + H*HA*BLA2*tA2 + G6*H*HdA2*ee*L*tA2
+ G*HAHAAZ¥QA*Ud*tA2 + G*H*HAAZ*Q*d*tA2 + 2*¥H*HAAZ*Wr*Qd*ud + 2*H*HdA2*
Wl*ee*L + 2*H*HAAZ*WL*Q*d + H*HdA2*Gr*Qd*ud + H*HAA2*GL*Q*d + H*HdAZ*Br*
Qd*ud + H*HdAZ2*Bl*ee*L + H*HAA2*BL*Q*d + H*HdA3*ud*d*t + HA2*edA2*LdA2
+ HAZ*u*dd*tA3 + HAZ*U*dd*L*Ld + 2*HA2*Qd*dd*ed*Ld + 2*HA2*QdA2*ddA2 +
HAZ*Q*u*ed*Ld + 2*HA2*Q*Qd*u*dd + 2*HAZ*QA2*UAZ + HAZ*Wr*u*dd*t + HAZ*W1
*urdd*t + HAZ*Gr¥u*dd*t + HA2*GL*u*dd*t + HA2*Br*u*dd*t + HA2*Bl*u*dd*t
+ 6*HA2*Hd*ed*Ld*tA2 + G*HAZ*HA*Qd*dd*tA2 + G*HAZ*HA*Q*U*tA2 + 2*HA2*Hd
HWrked*Ld + 2¥HAZ*HA*Wr*Qd*dd + 2*HAZ*HA*WL*Q*u + HAZ2*Hd*Gr*Qd*dd + HA2*
HA*GL*Q*u + HA2*Hd*Br*ed*Ld + HA2*Hd*Br*Qd*dd + HAZ*Hd*BL*Q*u + 3*HA2*
HAA2*tA4 + A*HA2*¥HAAZ*L*Ld*t + HA2*HdA2*ee*ed*t + HAZ*HdAZ2*d*dd*t + HA2*
HAdAZ*U*ud*t + 4*HA2Z¥HAAZ*¥Q*Qd*t + 2*¥HAZ*HAAZ*Wr*tA2 + 2*HAZ*HAAZ*WrA2 +
2*HAZK¥HAAZ*WL*EA2 + 2*HAZ*HAAZ*WLAZ + HAZ*HAA2*GrA2 + HA2*HAA2*GLAZ +
HAZ*HAAZ¥Br*tA2 + HA2*HAAZ*Br*Wr + HA2¥HAA2*BrA2 + HA2*HAAZ*BL*tA2 + HA2
*HAAZ¥BL*WL + HAZ*HAAZ*BLA2 + HAZ*HdA3*ee*L + HAZ*HdA3*Qd*ud + HAZ*HdA3*
Q*d + HA3*Hd*u*dd*t + HA3*HdAZ*ed*Ld + HA3*HdA2*Qd*dd + HA3*HdAZ*Q*u + 2
*HAZ*HAA3*£A2 + HA4*HdA4;

993 of them for N=1
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Conclusions

Nailed the question of classifying effective
operators in any given Lorentz-inv theory
Also for chiral Lagrangians

useful techniques for matching

careful mapping to observables

hope for deviations from Standard Model
inverse problem to identify BSM physics




