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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di! erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al /A c. These plots show the ideal SM scenario where no cuts have

been applied.
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Outline

 �  Epilogue                    : the Þrst partnerium        .

2

 �  Higgs, top & effective naturalness, partner-accidental symmetry. 

 �  Realisation. 

 �  Summary.

 �  Some basic phenomenology. 

J/ !(! 1)2 = 1[            ]



Epilogue: the discovery of the first partnerium
back to the 70’s



GIM

 � While ombination of isospin symÕ, 

    plus exchange of charge to neutral symÕ currents doesnÕt work:
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di! erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al /A c. These plots show the ideal SM scenario where no cuts have

been applied.
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Why: Br(K+ ! µ⌫) � Br(KS,L ! µµ)

 �  Fermi theory

A(K+ ! µ+⌫) ) GF ⇥ fK ⇥ (Vus ⇠ ✓C )⇥ s̄uµ+⌫

 (1970)

K L,S µ+µ!
BR (K L,S ! µ+µ�) " BR (K + ! µ+⌫)



Quantum/radiative problem

 �  Raising two questions: 
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di! erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al /A c. These plots show the ideal SM scenario where no cuts have

been applied.
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i. why the LO NC GF vanishes?

ii. why diverging QM correction NC GF (1 + G2
F⇤

2) so small?
Requires⇤ < few GeV ! naturalness problem.

 (1970)



GIM & Naturalness 

 �  First assume that LO does not exist.

 �  Then regarding the quantum divergent contributions, naturalness issue:

Invent a new state, the up partner named charm, such that: 

(s̄d)GIM ! G2
F s̄

! "
d4p c" c̄

#
d ! G2

F s̄d " (# V ⇤
ud Vus = V ⇤

cdVcs) " ! 2

(s̄d)Cabibbo ! G2
F s̄

✓Z
d4p u " ū

◆
d ! G2

F s̄d " V !
ud Vus " ⇤2

Thus: (øsd)
Cabibbo

+ (øsd)
GIM

= 0 + O
!
Gf (m2

c � m2

u )
"

.



GIM’s collider section, “open charm” searches 

 �  GIM collider section:

(copious) Charm production and decay being discuss.
However, many Þnal states and missing energy É

  = 

▸ Expand all sections

▸ Expand all decays

pdgLive Home   >   

2016 Review of Particle Physics.
C. Patrignani et al.(Particle Data Group), Chin. Phys. C, 40, 100001 (2016).
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! Pionic modes

!
Fractions of some of the following modes with resonances have already appeared above as submodes of particular charged-particle
modes.

! Hadronic modes with a   pair

! A few poorly measured branching fractions:

! Doubly Cabibbo-suppressed modes

!  = 1 weak neutral current ( ) modes, orLepton Family number ( ) or Lepton number ( ) violating modes

Unaccounted decay modes S=1.1 

  constrained Þt information

 

! 48 K" ! +
I=2 (1.47± 0.27)%

! 49 K" ! +

! 50 K0
S ! + ! 0 (7.24± 0.17)%

! 51 K0
S " +
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! 52 K0
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%%%%&
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%%%%&
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! 54 K
%%%%&
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! 62 K" ! + ! "
(5.8± 0.5) $ 10" 3

! 63 K
%%%%&

(892)0 ! + ! " K
%%%%&

(892)0 # K" ! + (1.2± 0.4) $ 10" 3

! 64 K
%%%%&

(892)0" 0! + K
%%%%&

(892)0 # K" ! + (2.3± 0.4) $ 10" 3

! 65 K
%%%%&

(892)0a1(1260)+ (9.4± 1.9) $ 10" 3

! 66
K
%%%%&

(892)0 ! + ! " " K
%%%%&

(892)0 #
K" ! +! 67 K" " 0 ! +
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  = 

!  Expand all sections

!  Expand all decays
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  = 

▸ Expand all sections

▸ Expand all decays
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PDGlive:

Colliders initially failed to Þnd these states É



Partner’s parity: long lived the charm

 �  GIM only requires above cancellation; details of decay arenÕt speciÞed.
(it also leads to the decay so the analogy to what follows is limited here)

 

 �  All the relevant couplings of the charm respect accidental charm number 

symmetry, which has a Z2 sym.



Finding the charm

 �  GIM ÒforgotÓ that there is other class of states that doesnÕt  

    carry a charm number, the charmonia:

J/ 

 �   It can decay in a direct manner & lead to a clean signal: the partnerium 

charmonium:         a , 3S1 state (as opposed to the 1S0 one para-positronium).

Z T
2 (cøc) = ( �1)2 = 1 .





The theory and the discovery 

 �  Two interesting things happened in 1974:

(i) Two expÕ (@SLAC & @BNL) discovered a new dilepton resonance.

(ii) [actually before (i)] Appelquist & Politzer realized that one can use a (rough) perturbation  
theory to describe the bound state properties:

E598 Collaboration, ÒExperimental Observation of a Heavy Particle JÓ;

SLAC-SP-017 Collaboration, ÒDiscovery of a Narrow Resonance in e+e! AnnihilationÓ (74) 

Appelquist & Politzer, ÒOrthocharmonium and e+e! AnnihilationÓ (75) !

3.1 Leading order

For particles of massm ! ! QCD , and as long as the Bohr radius of the relevant bound state is
much smaller than the QCD scale and the velocity of its constituents isnon-relativistic, we can
obtain reasonable estimates using a standard modiÞed-hydrogenicapproximation. For a particle X
in representationR, the potential betweenX and X depends on the color representationR of the
X X pair through the quadratic Casimirs ofR and R as

V(r ) = " C
αs

r
, C = CR "

1
2

CR (3.1)

Here
αs # αs(r rms) (3.2)

is deÞned as the running coupling at the scale of the average distance between the two particles
in the corresponding hydrogenic state,r rms #

!
$r 2%, which is of the order of the Bohr radius9

a0 = 2/ (Cαsm). (The symbol αs without a bar will be reserved for its value at the scalem.) The
binding energies and the wavefunctions at the origin for the groundstate (n = 1) and its radial
excitations (n = 2, 3, . . .) are given by

Eb = "
1

4n2
C2α2

sm , |ψ(0)|2 #
1

4π
|R(0)|2 =

C3α3
sm

3

8π n3
(3.3)

and the cross-section for the bound stateB to be produced by initial-state partonsa and b is

öσab→B(ös) =
8π
m

öσfree
ab→XX

(ös)

β(ös)
|ψ(0)|2 2π δ(ös " M 2) (3.4)

whereM = 2m + Eb is the mass of the bound state, öσfree
ab→XX

(ös) is the production cross section for
a free pair at threshold (i.e., forβ(ös) & 0, whereβ(ös) is the velocity of X or X in their center
of mass frame). (IfX is real, then X = X , and eq. (3.4) still holds with ψ(0) deÞned through
the expression (3.3), rather than by the appropriately symmetrized wave-function.)Meanwhile one
may show that the production cross section of any narrow resonanceB of massM and spinJ from
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whereDp denotes the dimension of the color representation of particlep.
From (3.3), we may see that the binding energies would typically be small relativeto the bound

state mass. Even for high representations like the15 and 10, the binding energy for a color-singlet
S-wave bound state in its ground state is onlyEb ( " 0.05M . It is even smaller for bound states
with non-zero orbital angular momentum and/or color. Thereforeobserving the splittings between
the various states would generally be di# cult at the LHC due to resolution limitations, except in
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distinctly from the ground state might barely be possible in diphoton and dielectron channels,
but the rates for the excited states are very low and a very large data set would be required.

9More precisely,r rms =
)

3a0 for the S-wave ground state and
)

30a0 for the lowest P-wave state. Sincea0 itself
depends onαs, we determiner rms numerically using a self-consistency condition.
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\w C depend on the Rep. &                            .  
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9More precisely,r rms =
)

3a0 for the S-wave ground state and
)

30a0 for the lowest P-wave state. Sincea0 itself
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 �  Bound state annihilation diluted by constituent decays unless "X << " B.

(celebrated example where this condition is not satisÞed is the SM top quark.) 

 �  While  " B ~ (Bohr radius)-3 such that "B  ∼ MB x #2ann x #s3, 

(where #ann is the coupling responsible for the annihilation) 

 �  Thus, models \w 2-body decay & reasonable couplings will remove the 

charmonia.

Fragility of bound state



 �  However due to residual/accidental charm-partner,     , charms can only decay 

via 3-body & suppressed by the heavy W:

Charmonia-partnerium way to go

ZT
2

! c ! m5
cG2

F ! ! 2
2(mc/m W )4 " mc

 �  It seems that Appelquist & Politzer understood this but decided not write it up 

hence the        was discovered before predicted as a dilepton resonance.J/ !
E598 Collaboration, ÒExperimental Observation of a Heavy Particle JÓ;

SLAC-SP-017 Collaboration, ÒDiscovery of a Narrow Resonance in e+e! AnnihilationÓ (74) 

In modern language:J/ ! made of up-partners = cøc predicted by naturalness.

The partners were Þrst discovered as bound state =Partnerium .



Back to the 21st century:
 Higgs naturalness 



Back to naturalness

 �  LetÕs just focus on the cancellation of top divergencies need to cancel this 

vertex, 

tL

tR

h ! t ! t h

(a)

h

! 2
t

÷tL,R

h

(b)

T Tc

h

! t /f

h

! t f

(c)

FIG. 1: Minimal diagrams for the cancellation of Higgs quadratic divergences from the top Yukawa coupling.

(a) The divergent SM top loop. (b) Cancellation through spin-0 top partners. (c) Cancellation through spin-

1/2 top partners. (Not sure about the meaning of the arrows in these diagrams. –yk)

nario in Sec. IV . We explore several possibilities for top-partner decays and the accompanying

top partnerium signals in Sec.V, and conclude in Sec.VI . Additional details are provided in the

appendices.

II. COLORFUL TWISTED NATURALNESS

At the level of one-loop Feynman diagrams, it is straightforward to determine the minimal

structure needed to control radiative corrections to the Higgs potential from the large top Yukawa

coupling. The standard model top Yukawa coupling is

L SM ! ! t qHtc, (1)

where q (tc) is the top electroweak doublet (singlet) andH the Higgs. Eq. (1) leads to the famous

quadratically divergent top-loop diagram in Fig. 1a. For the case of spin-0 top partners, ÷Q3 and

÷Uc
3, one has complex scalars that get a contribution to their mass from electroweak symmetry

breaking. For example, the interactions

L spin-0 ! " m2
÷Q3

| ÷Q3|2 " m2
÷Uc

3
| ÷Uc

3|2 + ! 2
t |H á ÷Q3|2 + ! 2

t |H |2| ÷Uc
3|2 (2)

generate canceling diagrams shown in Fig.1b. For the case of spin-1/2 top partners, T and Tc,

one has vector-like fermions whose mass and Higgs coupling are correlated through a new scalef .

For example, the terms

L spin-1/2 ! " ! t

!
f "

|H |2

2f

"
T Tc (3)

are su! cient to achieve the canceling diagram in Fig.1c. In both cases, each top partner state

has to be a triplet, either of SU(3)C or of a new global or gauged SU(3), in order to match the

4

 �  Can add partners with these contributions: 
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FIG. 1: Minimal diagrams for the cancellation of Higgs quadratic divergences from the top Yukawa coupling.

(a) The divergent SM top loop. (b) Cancellation through spin-0 top partners. (c) Cancellation through spin-

1/2 top partners. (Not sure about the meaning of the arrows in these diagrams. Ðyk)
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top partnerium signals in Sec.V, and conclude in Sec.VI . Additional details are provided in the

appendices.
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nario in Sec. IV. We explore several possibilities for top-partner decays and the accompanying

top partnerium signals in Sec. V, and conclude in Sec. VI. Additional details are provided in the

appendices.

II. COLORFUL TWISTED NATURALNESS

At the level of one-loop Feynman diagrams, it is straightforward to determine the minimal

structure needed to control radiative corrections to the Higgs potential from the large top Yukawa

coupling. The standard model top Yukawa coupling is

L SM ! �t qHtc, (1)

where q (tc) is the top electroweak doublet (singlet) and H the Higgs. Eq. (1) leads to the famous

quadratically divergent top-loop diagram in Fig. 1a. For the case of spin-0 top partners, Q̃3 and

Ũc
3 , one has complex scalars that get a contribution to their mass from electroweak symmetry

breaking. For example, the interactions

L spin-0 ! " m2
÷Q3

|Q̃3|2 " m2
÷Uc

3
|Ũc

3|2 + �2
t |H áQ̃3|2 + �2

t |H |2|Ũc
3|2 (2)

generate canceling diagrams shown in Fig. 1b. For the case of spin-1/2 top partners, T and Tc,

one has vector-like fermions whose mass and Higgs coupling are correlated through a new scale f .

For example, the terms

L spin-1/2 ! " �t

!
f "

|H |2

2f

"
T Tc (3)

are su! cient to achieve the canceling diagram in Fig. 1c. In both cases, each top partner state

has to be a triplet, either of SU(3)C or of a new global or gauged SU(3), in order to match the
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scalars vs fermions

 �  Scalar case:
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FIG. 1: Minimal diagrams for the cancellation of Higgs quadratic divergences from the top Yukawa coupling.

(a) The divergent SM top loop. (b) Cancellation through spin-0 top partners. (c) Cancellation through spin-

1/2 top partners. (Not sure about the meaning of the arrows in these diagrams. Ðyk)

nario in Sec. IV . We explore several possibilities for top-partner decays and the accompanying

top partnerium signals in Sec.V, and conclude in Sec.VI . Additional details are provided in the

appendices.
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At the level of one-loop Feynman diagrams, it is straightforward to determine the minimal

structure needed to control radiative corrections to the Higgs potential from the large top Yukawa

coupling. The standard model top Yukawa coupling is

L SM ! ! t qHtc, (1)

where q (tc) is the top electroweak doublet (singlet) andH the Higgs. Eq. (1) leads to the famous

quadratically divergent top-loop diagram in Fig. 1a. For the case of spin-0 top partners, ÷Q3 and

÷Uc
3, one has complex scalars that get a contribution to their mass from electroweak symmetry

breaking. For example, the interactions

L spin-0 ! " m2
÷Q3

| ÷Q3|2 " m2
÷Uc
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| ÷Uc
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t |H á ÷Q3|2 + ! 2

t |H |2| ÷Uc
3|2 (2)

generate canceling diagrams shown in Fig.1b. For the case of spin-1/2 top partners, T and Tc,

one has vector-like fermions whose mass and Higgs coupling are correlated through a new scalef .

For example, the terms

L spin-1/2 ! " ! t
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f "

|H |2

2f
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are su! cient to achieve the canceling diagram in Fig.1c. In both cases, each top partner state
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 �  Fermion case:
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FIG. 1: Minimal diagrams for the cancellation of Higgs quadratic divergences from the top Yukawa coupling.

(a) The divergent SM top loop. (b) Cancellation through spin-0 top partners. (c) Cancellation through spin-

1/2 top partners. (Not sure about the meaning of the arrows in these diagrams. Ðyk)

nario in Sec. IV. We explore several possibilities for top-partner decays and the accompanying

top partnerium signals in Sec. V, and conclude in Sec. VI. Additional details are provided in the

appendices.

II. COLORFUL TWISTED NATURALNESS

At the level of one-loop Feynman diagrams, it is straightforward to determine the minimal

structure needed to control radiative corrections to the Higgs potential from the large top Yukawa

coupling. The standard model top Yukawa coupling is

L
SM

! ! tqHtc, (1)

where q (tc) is the top electroweak doublet (singlet) and H the Higgs. Eq. (1) leads to the famous

quadratically divergent top-loop diagram in Fig. 1a. For the case of spin-0 top partners, Q̃
3

and

Ũc
3

, one has complex scalars that get a contribution to their mass from electroweak symmetry

breaking. For example, the interactions

L
spin-0

! " m2

˜Q3
|Q̃

3

|2 " m2

˜Uc
3
|Ũc

3

|2 + ! 2

t |H áQ̃
3

|2 + ! 2

t |H |2|Ũc
3

|2 (2)

generate canceling diagrams shown in Fig. 1b. For the case of spin-1/2 top partners, T and T c,

one has vector-like fermions whose mass and Higgs coupling are correlated through a new scale f .

For example, the terms

L
spin-1/2

! " ! t

✓
f "

|H |2

2f

◆
T Tc (3)

are su! cient to achieve the canceling diagram in Fig. 1c. In both cases, each top partner state

has to be a triplet, either of SU(3)C or of a new global or gauged SU(3), in order to match the
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renormalizable, explain special-valued couplings for ex. via SUSY.

non-renormalizable, explain couplings value via for ex. composite Higgs

Kats, McCullough, GP, Soreq & Thaler (2017)



Partnerium physics

 �  Can imagine cases with no linear mixing with SM leading to possibly 

stable particle with charge tracks or displaced or rich Þnal state. 

 �  History-lesson: in case of suppressed/elusive top-partner-decay => 

    partnerium physics might be the way to go. 

 �  In both cases couplings respect      accidental symmetry.ZT
2

 � Here the partner-decay is model dependent as charge of partners is not set.

(! 1)2 = 1[            ]



Can one realize such construction?
Kats, McCullough, GP, Soreq & Thaler (17)



Can we find natural models that have an approximate 
partner-parityand lead to partnerium signals?

 �  ÓSterileÓ partners: possibly in mirror models.  (visible?)

 �  What about colored partners? interesting if charge is twisted.

 �  In some limit even SUSY leads to stoponioum signals. (highly constrained)
Drees & Nojiri (94); for current status see e.g: Batell & Jung (15) 

Chacko, Goh, & Harnik (06); Iwamoto, Lee, Shadmi & Ziegler (16) !

Burdman, Chacko, Goh, & Harnik (06); Cohen, Craig, Lou & Pinner (15); Kats, McCullough, GP, Soreq & Thaler (15)



Folded/twisted SUSY

SU(3)C SU(2)L U(1)Y U(1)YF

H u 1 2 1/ 2 1/ 2

H d 1 2 ! 1/ 2 ! 1/ 2

Q, QF 3 2 ( 1
6 , q ! 1

2 ) (q ! 1
2 , 1

6 )

U c , U c
F 3 1 (! 2

3 , ! q) ( ! q,! 2
3 )

D c , D c
F 3 1 ( 1

3 , 1 ! q) (1 ! q, 1
3 )

L , L F 1 2 (! 1
2 , 3

2 ! 3q) ( 3
2 ! 3q,! 1

2 )

E c , E c
F 1 1 (1, 3q ! 1) (3q ! 1, 1)

N c, N c
F 1 1 (0, 3q ! 2) (3q ! 2, 0)

X , X F 1 1 (qX , 0) (0, qX )

X c , X c
F 1 1 (! qX , 0) (0, ! qX )

TABLE I: The chiral matter content and gauge representations of the hypertwisted SUSY model. Because

of their origin in folded SUSY, we use theF subscript to indicate Þelds in the hypertwisted sector. The

exact exchange symmetryZF swaps the SM matter superÞelds for the hypertwisted matter superÞelds (i.e.

Q " QF ). The SU(3)C and SU(2)L gauge Þelds are unchanged under the exchange symmetry. TheX

Þelds are introduced as a proxy for U(1)YF breaking. We do not show the additional chiral multiplets which,

along with the Þelds shown, complete theN = 2 hypermultiplets at the compactiÞcation scale.

where the coe! cient of the Þrst term has to be 1 for the Yukawa couplings to preserve bothU(1)Y

and U(1)YF , while the coe! cient of the second term is a free parameter, which we have written in

terms of the resulting electric charge of the hypertwisted stops,q.

The relevant Yukawa terms in the superpotential are given by

W Yuk = ! uH u
!
QU c + QF U c

F

"
! ! dH d

!
QD c + QF D c

F

"

! ! l H d
!
LE c + L F E c

F

"
! ! N H u

!
LN c + L F N c

F

"
. (8)

As in Ref. [47], one may additionally have the usual µ-term in the Higgs sector and also add

NMSSM-like Higgs singlet couplings to raise the Higgs mass and generate the appropriateBµ

terms.

The equality of the original and hypertwisted superÞeld couplings to the Higgs boson is enforced

by the exchange symmetry described in TableI and illustrated in Fig. 2. The only states remaining

below the compactiÞcation scale are the known SM fermions (with the neutrinos being Dirac), the

gauge Þelds, the hypertwisted scalars, and the Higgs bosons and higgsinos. Most importantly for

9

y = 0 y = ⇡R

W brane

Hu, Hd

Q, U c, D c, L , Ec, N c, X , X c

QF ,Uc
F ,Dc

F ,LF ,Ec
F ,Nc

F ,XF ,Xc
F

U(1)Y

U(1)YF

SU(3)C ! SU(2)L

FIG. 2: Illustration of the hypertwisted SUSY model.

the boundary conditions

Aa
µ(+, +), ! a(�, +), ! ac

(+, �), !" a(�, �), (6)

to leave only the gauge fields at low energies. To summarize, for each boundary in isolation there is

a full N = 1 SUSY, but this SUSY is not the same at each boundary, having been flipped amongst

the hypermultiplet members. This leaves only one field out of each hypermultiplet at low energies.

We must also decide where to put the Higgs multiplets. As we will see, the equality of the Yukawa

couplings will be enforced by an exchange symmetry ZF (that corresponds to the Z !
2 mentioned

above) between the SM and hypertwisted sectors, Q $ QF . Thus, the Higgs multiplets must

live at an orbifold point in which the boundary conditions respect ZF . By comparing Eq. (4) and

Eq. (5) we see that the only such point is y = 0, thus we place the full Higgs chiral multiplets and

Yukawa couplings at y = 0. A schematic illustration of this construction is given in Fig. 2.

The complete matter content and gauge representations of the model are given in Table I using

N = 1 language. The key new ingredient is a new gauge group U(1)YF which participates in the

Q $ QF exchange symmetry and allows us to achieve the hypertwisted charge assigments. The

U(1)YF gauge charges are proportional to a linear combination of hypercharge and U(1)B ! L , and

right-handed neutrinos N c have been added, such that the low energy field content is anomaly

free.3 More specifically, we have set

YF = Y + (3q � 2)(B � L ) , (7)

3 Had the content been anomalous, questions would arise regarding the preservation of the gauge symmetry above
the compactiÞcation scale [] (cite? Ðys) , though it may be possible to Þnd a consistent theory by including
appropriate Wess-Zumino-Witten terms. For the sake of simplicity we have opted for a setup that is anomaly-free
at all scales. We are grateful to Nathaniel Craig and David Pinner for conversations on this point.
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 � Begin \w folded-SUSY, double SUSY: 

   for ÒSMÓ N=1 Þelds remove scalars & for mirror ones project fermions. 
Burdman, Chacko, Goh, & Harnik (06); Cohen, Craig, Lou & Pinner (15).



Folded/twisted SUSY, twist hyper charge for the folded sector

SU(3)C SU(2)L U(1)Y U(1)YF

H u 1 2 1/ 2 1/ 2

H d 1 2 ! 1/ 2 ! 1/ 2

Q, QF 3 2 ( 1
6 , q ! 1

2 ) (q ! 1
2 , 1

6 )

U c , U c
F 3 1 (! 2

3 , ! q) ( ! q,! 2
3 )

D c , D c
F 3 1 ( 1

3 , 1 ! q) (1 ! q, 1
3 )

L , L F 1 2 (! 1
2 , 3

2 ! 3q) ( 3
2 ! 3q,! 1

2 )

E c , E c
F 1 1 (1, 3q ! 1) (3q ! 1, 1)

N c, N c
F 1 1 (0, 3q ! 2) (3q ! 2, 0)

X , X F 1 1 (qX , 0) (0, qX )

X c , X c
F 1 1 (! qX , 0) (0, ! qX )

TABLE I: The chiral matter content and gauge representations of the hypertwisted SUSY model. Because

of their origin in folded SUSY, we use theF subscript to indicate Þelds in the hypertwisted sector. The

exact exchange symmetryZF swaps the SM matter superÞelds for the hypertwisted matter superÞelds (i.e.

Q " QF ). The SU(3)C and SU(2)L gauge Þelds are unchanged under the exchange symmetry. TheX

Þelds are introduced as a proxy for U(1)YF breaking. We do not show the additional chiral multiplets which,

along with the Þelds shown, complete theN = 2 hypermultiplets at the compactiÞcation scale.

where the coe�cient of the Þrst term has to be 1 for the Yukawa couplings to preserve bothU(1)Y

and U(1)YF , while the coe�cient of the second term is a free parameter, which we have written in

terms of the resulting electric charge of the hypertwisted stops,q.

The relevant Yukawa terms in the superpotential are given by

W Yuk = �uH u
�
QU c + QF U c

F

�
! �dH d

�
QD c + QF D c

F

�

! �lH d
�
LE c + L F E c

F

�
! �NH u

�
LN c + L F N c

F

�
. (8)

As in Ref. [47], one may additionally have the usual µ-term in the Higgs sector and also add

NMSSM-like Higgs singlet couplings to raise the Higgs mass and generate the appropriateBµ

terms.

The equality of the original and hypertwisted superÞeld couplings to the Higgs boson is enforced

by the exchange symmetry described in TableI and illustrated in Fig. 2. The only states remaining

below the compactiÞcation scale are the known SM fermions (with the neutrinos being Dirac), the

gauge Þelds, the hypertwisted scalars, and the Higgs bosons and higgsinos. Most importantly for
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 �  For simplicity chose anomaly free spectrum:  YF =Y +(3q!2)(B!L) ,

now the charge of folded RH stops is a free parameter É



Hyper twisted fermion top partners

loop. Moreover, the model has an accidental ZT
2

symmetry acting on the top partner, such that it

is generically long lived.

To simplify the presentation, the toy model below is based on the coset space SU(3)/SU(2).

This coset space does not exhibit custodial protection, so it is likely in conflict with electroweak

precision tests. In App. A, we present a hypertwisted version of the minimal custodial-protected

composite model based on the coset space SO(5)/SO(4) [8].

We begin with a global symmetry

SU(3)G ⇥ SU(2)F ⇥ U(1)Z , (10)

where the F subscript is a reminder that the matrix (IÕm not sure that this is really what

folding is, actually. It is instead part of the U(2)F , instead of SU(2)F? Ðjdt)

exp
h
i
⇡

2
T 2

F

i
=

0

@ 0 1

�1 0

1

A

F

(11)

(ShouldnÕt it be exp(i⇡T 2

F ) because usually (e.g., Peskin and Schroeder) the generators

are deÞned as half the Pauli matrices. Ðyk) performs an analogous folding operation to

the Q $ QF exchange symmetry from Sec. III. We then introduce a (linear) sigma field ! that
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loop. Moreover, the model has an accidental ZT
2

symmetry acting on the top partner, such that it

is generically long lived.

To simplify the presentation, the toy model below is based on the coset space SU(3)/SU(2).

This coset space does not exhibit custodial protection, so it is likely in conflict with electroweak

precision tests. In App. A, we present a hypertwisted version of the minimal custodial-protected

composite model based on the coset space SO(5)/SO(4) [8].

We begin with a global symmetry
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where v ⇡ 246 GeV, and we expand in H/f to second order. The interactions below will respect

the T 8

G generator, such that ! 8 is an exact Goldstone mode that only has derivative couplings.

Moreover, ! 8 can be decoupled from the spectrum either by introducing a soft mass or gauging

the T 8

G generator. Therefore, for simplicity, we do not consider ! 8 in our analysis below.

The SM electroweak gauge group, preserved by the vev of �, is identified with the following

generators which are weakly gauged:

T 1,2,3
L = T 1,2,3

G , Y = Z � T 8

Gp
3

+

✓
2

3
� yT

◆
T 3

F , (16)

where yT is a free parameter that will become the hypercharge (and electric charge) of the top

partner of interest. Note that the hypercharge generator Y does not commute with the T 2

F generator

in Eq. (11). As in Sec. III, we must rely on the structure of the UV completion to ensure that the

hypercharge contribution to wavefunction renormalization does not spoil the coupling structure

in Eq. (1). This occurs, for example, in holographic composite Higgs completions, where the

SU(2)F corresponds to a bulk gauge symmetry broken to hypercharge via a brane-localized Higgs

mechanism. (Reference? –yk)

Focusing on the top sector, the relevant matter content is

(3,2) yT
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: Qc =
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tc �T c
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, (17)

where the third generation SM doublet is q ⌘ (t, b) and there is an extra electroweak doublet

q0 ⌘ (q0u , q0d). The top partner of interest is associated with T and T c, while t0 and q0 can be

eliminated from the low-energy spectrum, as we discuss below. The SM charges of the various

fields in this model are presented in Table II.

Next, we discuss the masses of the di↵erent particles and show that the model is free of quadratic

divergences. (Isn’t it free of quadratic divergences by definition? Aren’t logarithmic

divergences a more relevant question? –yk) The Yukawa interaction, which contains the SM

top Yukawa, is

LY = " tQ�Qc + h.c. , (18)

where " t is the SM top Yukawa coupling. The states denoted with primes, q0 and t0, can be

assumed to be heavy. One possibility is to imagine the presence of soft breaking terms of the

global symmetry, giving the primed states vectorlike masses with some new fields t0c and q0c,

L
soft

= �Mt ! t0t0c � Mq! q0q0c . (19)
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 � Similar in spirit, simplest construction via                                     :

SU(3)/SU(2) composite ÒfoldedÓ Higgs model: 

 � Doubling the doublet:

 � Twisting the charges:

 � Projecting out the untwisted top-partners:

Kats, McCullough, GP,  Soreq & Thaler, to appear.



Some phenomenology 

Blum, Efrati, Nir & Frugiuele (16); Kats, McCullough, GP, Soreq & Thaler (17)



 �  However, fermionic partners - selection-rules exclude natural couplings:

Twisted-partneriums at the LHC

 �  Naturalness => partnerium => di-electroweak/Higgs resonance signals.  

Spin-0 (s-wave) bound-state is a pseudoscalar => cannot annihilate to WW, ZZ or hh. 

The other state is simply a vector É (gg production & associated/EW production respectively) 

 �  Scalar partners: 

Large partial annihilation widths to WW/ZZ/hh. (see e.g.Martin (08)) & reduction in 
diphoton branching fraction. (binding due to Higgs exchange is negligible, gg production) 

APPENDIX C: IMPACT OF THE HIGGS COUPLING ON BOUND STATE PRODUC-

TION

In the scalar top partner case, for both right- and left-handed hyperfolded stops, the interaction

of Eq. (9) produces a “higgs force” coupling of the form

L ! " ! v h t̃ !
F t̃F , (C1)

which in the nonrelativistic limit gives rise to the Yukawa potential

Vh(r ) = "
" h

r
exp(" mhr ) , (C2)

where (see, e.g., [102–104])

" h =
! 2

16#
v2

m2 # 4.7 $ 10" 3
✓

!
$t

◆2 ✓500 GeV

m

◆2

, (C3)

where m is the stop mass.

In the fermionic top partner case, the interaction of Eq. (20) produces a coupling of the form

L !
! v
2m

h T̄ T , (C4)

which leads to the same result as in Eqs. (C2)–(C3) (see, e.g., [105]).

We estimate that in the range of parameters of interest, the physics of the bound state in the

combined QCD and Higgs potential,

V (r ) = "
C3"̄ s

r
"

" h

r
exp(" mhr ) (C5)

(where C3 = 4/ 3, and "̄ s # 0.14, as it is evaluated at the scale of the bound state), remains domi-

nated by the QCD interaction. Suppose, for instance, we neglect the (very significant) exponential

suppression and are left with the Coulomb potential

V0(r ) = "
" e↵

r
(C6)

with

" e↵ = C3"̄ s + " h # C3"̄ s

"
1 + 0.025

✓
!
$t

◆2 ✓500 GeV

m

◆2
#

. (C7)

Even in this limit, the bound state production cross section, which is proportional to

|%(0)|2 % " 3
e↵ % 1 + 0.076
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Spin-0 partnerium signals

Partnerium signals in the WW and hh channels for SU(2)L-singlet scalars (solid black),as a function of the partnerium mass, M. (diiferent black curves 
correspond to different constituent charges)

The dip in hh distÕ is due to a cancellation between 4 diagrams (contact interaction, s-channel higgs, and t- and u-channel stop). 
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FIG. 3: Spin-0 partnerium signals at the 13 TeV LHC in the (top-left) ��, (top-right) ZZ, (bottom-left)

WW , and (bottom-right) hh channels. Shown are the cross sections for SU(2)L -singlet scalars (solid black)

and fermions (dashed blue) for electric charge values indicated on each curve, as a function of the partnerium

mass M . In the ZZ, WW , and hh channels, the curves for scalars are very close to each other because these

rates are dominated by the Higgs coupling. There are no WW or hh modes for SU(2)L -singlet fermions.

The rates are subject to an overall QCD uncertainty of roughly a factor of 2, as discussed in Ref. [89]. Also

shown are the latest LHC limits on resonances decaying to �� (ATLAS, 15 fb! 1 [92]; CMS, 13 fb! 1 [97]),

ZZ (ATLAS, 13 fb! 1 [93, 94]; CMS, 36 fb! 1 [98]), WW (ATLAS, 13 fb! 1 [95]; CMS, 36 fb! 1 [98]) and hh

(ATLAS, 13 fb! 1 [96]; CMS, 36 fb! 1 [99, 100]). The j in the legend refers to the spin of the top partner.
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Kats, McCullough, GP, Soreq & Thaler (17)
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Partnerium signals in the $$/ZZ channels for SU(2)L-singlet scalars (solid black) and fermions (dashed blue) for electric charge values indicated on each curve.
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FIG. 3: Spin-0 partnerium signals at the 13 TeV LHC in the (top-left) ��, (top-right) ZZ, (bottom-left)

WW , and (bottom-right) hh channels. Shown are the cross sections for SU(2)L-singlet scalars (solid black)

and fermions (dashed blue) for electric charge values indicated on each curve, as a function of the partnerium

mass M . In the ZZ, WW , and hh channels, the curves for scalars are very close to each other because these

rates are dominated by the Higgs coupling. There are no WW or hh modes for SU(2)L-singlet fermions.

The rates are subject to an overall QCD uncertainty of roughly a factor of 2, as discussed in Ref. [89]. Also

shown are the latest LHC limits on resonances decaying to �� (ATLAS, 15 fb�1 [92]; CMS, 13 fb�1 [97]),

ZZ (ATLAS, 13 fb�1 [93, 94]; CMS, 36 fb�1 [98]), WW (ATLAS, 13 fb�1 [95]; CMS, 36 fb�1 [98]) and hh

(ATLAS, 13 fb�1 [96]; CMS, 36 fb�1 [99, 100]). The j in the legend refers to the spin of the top partner.
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Spin-1 twisted partnerium fermion-only signals for the LHC
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FIG. 4: Spin-1 partnerium signals at the 13 TeV LHC in the ! + ! ! channel (for any single ßavor of leptons),

including the branching ratio suppression due to theZh mode, for the Higgs coupling of Eq. (3) (left) or

Eq. (A7) (right). The signal cross sections (dashed blue) are shown for electric charge values indicated on

each curve, as a function of the partnerium massM . As in Fig. 3, the rates are subject to an overall QCD

uncertainty of roughly a factor of 2. Also shown are the latest LHC limits (! 13 fb! 1) on ! + ! ! resonances

from ATLAS [ 105] and CMS [106]. Note that these plots only hold for j = 1 / 2 top partners.

is much smaller than that corresponding to bound-state annihilation, ! ann/M . (A famous example

where this condition is not satisÞed is the SM top quark.) While the constituent particle width

for a two-body decay via a couplingg is typically given by ! decay/m " g2/ 16" 2 " 10! 2g2, the

annihilation rate is inversely proportional to the cube of the Bohr radius such that ! ann/M "

#2
ann#3

s, where #ann is the coupling responsible for the annihilation. Without the Higgs coupling,

the annihilation width of the spin-0 S-wave bound states is dominated by thegg contribution, i.e.,

#ann = #s, which gives! ann/M " #5
s " 10! 5. Annihilation modes enhanced by the Higgs coupling

of top partners add a contribution of the same order of magnitude, in the case of scalar constituents

only. As an example, Fig. 5 shows the annihilation rates for the spin-0 bound states of SU(2)L

singlets with charge # 4/ 3, showing the small expected value of! ann/M " 10! 5. (The bump in

the plot occurs because annihilation into pairs of Higgses via the operator of Eq. (2) becomes

kinematically allowed and then its rate quickly decreases due to a cancellation, as mentioned in

the context of Fig. 3.) For the spin-1 bound states (not shown), the width is even smaller because

QCD-strength annihilation to either gg or qøq is absent.

Therefore, for the annihilation signals not to be diluted, the constituent intrinsic width should
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FIG. 6: Cross section limits on a color-triplet scalar with electric charge! 4/ 3, as a function of its mass

m. Shown are CMS limits on top+jet decays based on Refs. [107, 108] (red) and Ref. [109] (blue), using

the 8 TeV dataset. The limits from Refs. [107, 108] (red) do not apply when the jet is a charm since the

analysis employs looseb-tag vetoes. Also shown is the limit on the bound state diphoton signal based on

the ATLAS search [92] (black), using 15.4 fb! 1 of the 13 TeV dataset. The limit from the analogous CMS

search [97] (not shown) is similar.

charge! 4/ 3 that is at least partially right-handed can decay (in the U(1) YF -broken phase) via the

superpotential term10

W " U c
F U cU c (27)

as

!tF # øt øc or øt øu . (28)

These decays are almost unconstrained by the existing searches [107Ð109], as shown in Fig. 6.

This channel reveals a particularly stark contrast between the case of hyperfolded stop squarks

and the usual stop squarks. In RPV SUSY scenarios, squark decays to pairs of quarks may occur

through the U cD cD c superpotential operator. However, this will only allow the stop to decay to

two down-squarks, thus the top+jet Þnal state is absent for stop decays in RPV SUSY. For the

hyperfolded stop of charge! 4/ 3, however, this Þnal state is allowed. Thus searches for top+jet

resonant pairs at the LHC probe a very interesting and unexplored region of SUSY-like models.

10 Note that a leptoquark-like coupling, which is entirely possible from the non-SUSY perspective for a particle with
these quantum numbers, is incompatible with Eq. (27) due to holomorphy, as it would require W � U c

F
†DcEc .

That said, such terms could arise from the Kähler potential after SUSY breaking.

23

Cross section limits on a color-triplet scalar with electric charge !4/3, as a function of its mass m. Shown are CMS limits on top+jet decays (red & blue), using the 8 TeV dataset. The red 
limits do not apply when the jet is a charm since the analysis employs loose b-tag vetoes. Also shown is the above limit on the bound state diphoton signal.
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modes, along with the relevant searches, are summarized in TableIII . However, some of the signatures we study have
no dedicated experimental analysis. We identify relevant searches which are sensitive to these topologies and estimate
the corresponding e! ciencies for our signal. For this purpose we implement our model in FeynRules [10] and simulate
the signal in MadGraph5 [11] using Pythia 8 [12, 13] for showering and hadroniztion. Detector e" ects are simulated in
Delphes [14] using the standard conÞguration. We stress that, for the recasted channels, our results should be taken
as an estimation only. A detailed description of our recast procedure can be found in AppendicesA, B and C.

Our Þndings are presented in Fig.1(a) for the dijet decays, Fig. 1(b) for the jet and charged lepton signals, and
Fig. 1(c) for the neutrino-jet topology. We also consider the case where a jet is replaced by heavy ßavor quark. In each
Þgure we show the current limit on the pair-production cross section times BR2, normalized to the NLO+NLL cross
section of a scalar colored triplet taken from [15Ð17]. Presented this way, when a single mode dominates the decay
(namely BR = 1), the y axis corresponds to the number of copies of theX representation that are experimentally
allowed.
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FIG. 1: Bounds from direct searches forX Q continuum pair production in the various Þnal state topologies. They
axes give�⇥BR2 normalized to the pair production cross-section of a color-triplet scalar. Sharp features are caused

by considering multiple searches for each channel; see the text for more details.

An important ingredient for collider phenomenology is the lifetime of X Q. Non-prompt decays are studied by the
experimental collaborations in dedicated searches, leading to bounds in the ballpark ofmXQ

! 700� 900 GeV for
color-triplet scalars. Refs. [18, 19] analyzed displaced signatures in the context of RPV SUSY models. They Þnd
that X Q in the mass range of 100� 1000 GeV, decaying to dijet, or to a jet and a charged lepton, or to a jet and a
neutrino, would not be captured by the displaced-track searches if its mean-free path is less than 0.3�10 mm. While
the exact number depends on the particle mass and decay mode, we conservatively use in the following 0.3 mm as
an upper bound on a two-body decay length. We are not aware of any dedicated analysis for displaced signature of
a three- (or four-) body Þnal state. We estimate that the larger multiplicity of the Þnal objects would increase the
e! ciency of these searches at highmXQ

, while the low mXQ
regime will su" er from the typically lower energy carried

by each Þnal object. Over all, we expect that the sensitivity is comparable to the other topologies, and so we consider

Blum, Efrati, Nir & Frugiuele (16)

1(a) dijet decays, Fig. 1(b)  jet and charged lepton signals, and Fig. 1(c) neutrino-jet topology. In each Þgure we show the current limit on the pair-production cross section times BR2, 
normalized to the NLO+NLL cross section. Presented this way, when a single mode dominates the decay (namely BR = 1), the y axis corresponds to the number of copies of the X 
representation that are experimentally allowed. 
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di! erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al /A c. These plots show the ideal SM scenario where no cuts have

been applied.

3

Conclusions

 �  Epilogue: the Þrst partnerium        .

30

 �  Higgs, top & effective naturalness, partner-accidental symmetry. 

 �  Proof of concept: twisted fermion & twisted scalar partner. 

 �  More systematic study is required: shouldnÕt we look for the above?

 �  Some basic phenomenology, seems as lightish partners \w partnerium  

     signal are viable. 
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FIG. 6: Bound-state annihilation width as a function of the bound-state mass for SU(2)L -singlet constituents

with electric charge Q = ! 4/3, assuming they are scalars which are either top partners (solid black) or have

no coupling to the Higgs (dotted black), or fermions (dashed blue).

approximate K factor of 1.4 to the gg production and annihilation rates. The wavefunction at the

origin is treated as in [75, 86], contributing an overall uncertainty of roughly a factor of 2 to the

rates shown in Fig. 4, as discussed in [75].

In Sec. IV we describe a toy model in which a fermionic top partner can have an arbitrary electric

charge. In this case, the Higgs coupling, from the second term in Eq. (20), does not lead to any new

or enhanced annihilation modes. Indeed, since for fermionic constituents the spin-0 S-wave bound

state is a pseudoscalar, it cannot annihilate to WW , ZZ or hh. (Can we find an explanation

for why the Zh mode vanishes as well, as we find by an explicit computation? –yk)

As a result, di! erently from the scalar case, the signals (also shown in Fig. 4) are the same as

without the Higgs coupling. One should consider also the spin-1 S-wave bound state, which is

absent in the case of scalar constituents. Despite the nonnegligible dilepton branching fraction of

this bound state (via an s-channel Z/! ), the signal is not huge because resonant QCD production

of this state, from either gg or qq̄, is impossible. Instead, as studied in [86], there are contributions

from resonant electroweak production from qq̄, production from gg in association with a g, ! or Z,

and deexcitation of gg-produced P -wave states. The resulting dilepton rate and the current LHC

limits are shown in Fig. 5. (It would be nice to explain why the Higgs coupling doesn’t

a↵ect the dilepton branching fraction. –yk) (We still need to check whether there is

no significant production from gg in association with a higgs. –yk)

Importantly, the bound state annihilation signals computed above can be diluted by the intrinsic
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Hyper twisted fermion top partners

SU(3)C SU(2)L U(1)Y

H 1 2 1/2

q 3 2 1/6

tc ø3 1 ! 2/3

T 3 1 yT

T c ø3 1 ! yT

q0 3 2 yT ! 1/2

q0c ø3 2 ! (yT ! 1/2)

t0 3 1 2/3

t0c ø3 1 ! 2/3

TABLE II: The SM quantum numbers of the di ↵erent Þelds of the hypertwisted composite Higgs model.

As signiÞcant breaking of SU(3)G would ruin the Higgs sector, we assume that any such breaking

is small and thereforeMt! " Mq! . Another possibility is to imagine an extra-dimensional setup in

which the zero modes of the unwanted Þelds are projected out by boundary conditions, as discussed

further in App. B.

The interaction term of Eq. ( 18) leads to the following interaction of the Higgs with the SM

and partner fermions:

LY # ! tqHtc ! ! t

!
f !

H   H

2f

"
TT c ! ! tq

!HT c + ! t

!
f !

H   H

2f

"
t!tc + O(1/f2) , (20)

which matches to Eqs. (1) and (3). Combining Eqs. (18) and (19) one can write the fermion mass

matrices

M2/3 =
#
t t!

$
%

&
! ! tfs! 0

! tfc! ! Mt!

'

(

%

&
tc

t!c

'

( , MyT =
#
T q!

u

$
%

&
! ! tfc! 0

! tfs! ! Mq!

'

(

%

&
T c

q!c
u

'

( , (21)

where M2/3 (MyT ) is the mass matrix of the QEM = 2/3 (yT ) fermions and s! (c! ) $ sin"(cos")

with

" $
v

%
2f

. (22)

The interaction terms of Eqs. (18) and (19) induce a Coleman-Weinberg potential for the Higgs [74].

As long as the trace of the fermions mass matrix are independent of", the Higgs mass is free of

quadratic divergence at least at one loop. Namely, we Þnd (disregarding the color multiplicity)

that

Tr[ M  
2/3M2/3] = ! 2

t f
2 + M2

t! , Tr[ M  
yT

MyT ] = ! 2
t f

2 + M2
q! . (23)
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The GIM mechanism 

 �  Straight forward to realise:

!
V   "

GF ! ij + G2
F diag(m2

u , m2
c)

#
V

$
di ,d j

 �  For charm mass < few x GeV protection is obtained. 



Theory of charmonia 

 �  Once the potential understood the rest follows:

3.1 Leading order

For particles of massm ! ! QCD , and as long as the Bohr radius of the relevant bound state is
much smaller than the QCD scale and the velocity of its constituents isnon-relativistic, we can
obtain reasonable estimates using a standard modiÞed-hydrogenicapproximation. For a particle X
in representationR, the potential betweenX and X depends on the color representationR of the
X X pair through the quadratic Casimirs ofR and R as

V(r ) = " C
! s

r
, C = CR "

1
2

CR (3.1)

Here
! s # ! s(r rms) (3.2)

is deÞned as the running coupling at the scale of the average distance between the two particles
in the corresponding hydrogenic state,r rms #

!
$r 2%, which is of the order of the Bohr radius9

a0 = 2/ (C! sm). (The symbol ! s without a bar will be reserved for its value at the scalem.) The
binding energies and the wavefunctions at the origin for the groundstate (n = 1) and its radial
excitations (n = 2, 3, . . .) are given by

Eb = "
1

4n2
C2! 2

sm , |" (0)|2 #
1

4#
|R(0)|2 =

C3! 3
sm3

8# n3
(3.3)

and the cross-section for the bound stateB to be produced by initial-state partonsa and b is

ö$ab! B(ös) =
8#
m

ö$free
ab! X X

(ös)

%(ös)
|" (0)|2 2# &(ös " M 2) (3.4)

whereM = 2m + Eb is the mass of the bound state, ö$free
ab! X X

(ös) is the production cross section for
a free pair at threshold (i.e., for%(ös) & 0, where%(ös) is the velocity of X or X in their center
of mass frame). (IfX is real, then X = X , and eq. (3.4) still holds with " (0) deÞned through
the expression (3.3), rather than by the appropriately symmetrized wave-function.)Meanwhile one
may show that the production cross section of any narrow resonanceB of massM and spinJ from
a and b, and the decay rate back toa and b, are related by

ö$ab! B(ös) =
2# (2J + 1) DB

DaDb

" B! ab

M
2# &(ös " M 2) ( ' 2 for a = b) (3.5)

whereDp denotes the dimension of the color representation of particlep.
From (3.3), we may see that the binding energies would typically be small relativeto the bound

state mass. Even for high representations like the15 and 10, the binding energy for a color-singlet
S-wave bound state in its ground state is onlyEb ( " 0.05M . It is even smaller for bound states
with non-zero orbital angular momentum and/or color. Thereforeobserving the splittings between
the various states would generally be di# cult at the LHC due to resolution limitations, except in
the case of very high representations. ForR = 10 and 15, observation of radially excited states
distinctly from the ground state might barely be possible in diphoton and dielectron channels,
but the rates for the excited states are very low and a very large data set would be required.

9More precisely, r rms =
)
3 a0 for the S-wave ground state and

)
30a0 for the lowest P-wave state. Since a0 itself

depends on ! s, we determine r rms numerically using a self-consistency condition.
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state mass. Even for high representations like the15 and 10, the binding energy for a color-singlet
S-wave bound state in its ground state is onlyEb ( " 0.05M . It is even smaller for bound states
with non-zero orbital angular momentum and/or color. Thereforeobserving the splittings between
the various states would generally be di# cult at the LHC due to resolution limitations, except in
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but the rates for the excited states are very low and a very large data set would be required.
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Consider X-X the bound state, the binding energies & wavefunctions at origin for ground state (n = 1) 

& its radial excitations (n = 2, 3, . . .) are given by -

_

(Annihilation fall like 1/n3  => excited states vulnerable to decays of constituent XÕs => them annihilation, thus ignored.) 

Kats & Strassler (12) 

Appelquist & Politzer, ÒOrthocharmonium and e+e! AnnihilationÓ (75) !

3.1 Leading order

For particles of massm ! ! QCD , and as long as the Bohr radius of the relevant bound state is
much smaller than the QCD scale and the velocity of its constituents isnon-relativistic, we can
obtain reasonable estimates using a standard modiÞed-hydrogenicapproximation. For a particle X
in representationR, the potential betweenX and X depends on the color representationR of the
X X pair through the quadratic Casimirs ofR and R as

V(r ) = " C
! s

r
, C = CR "

1
2

CR (3.1)

Here
! s # ! s(r rms) (3.2)

is deÞned as the running coupling at the scale of the average distance between the two particles
in the corresponding hydrogenic state,r rms #

!
$r 2%, which is of the order of the Bohr radius9

a0 = 2/ (C! sm). (The symbol ! s without a bar will be reserved for its value at the scalem.) The
binding energies and the wavefunctions at the origin for the groundstate (n = 1) and its radial
excitations (n = 2, 3, . . .) are given by

Eb = "
1

4n2
C2! 2

sm , |" (0)|2 #
1

4#
|R(0)|2 =

C3! 3
sm3

8# n3
(3.3)

and the cross-section for the bound stateB to be produced by initial-state partonsa and b is

ö$ab! B(ös) =
8#
m

ö$free
ab! X X

(ös)

%(ös)
|" (0)|2 2# &(ös " M 2) (3.4)

whereM = 2m + Eb is the mass of the bound state, ö$free
ab! X X

(ös) is the production cross section for
a free pair at threshold (i.e., for%(ös) & 0, where%(ös) is the velocity of X or X in their center
of mass frame). (IfX is real, then X = X , and eq. (3.4) still holds with " (0) deÞned through
the expression (3.3), rather than by the appropriately symmetrized wave-function.)Meanwhile one
may show that the production cross section of any narrow resonanceB of massM and spinJ from
a and b, and the decay rate back toa and b, are related by

ö$ab! B(ös) =
2# (2J + 1) DB

DaDb

" B! ab

M
2# &(ös " M 2) ( ' 2 for a = b) (3.5)

whereDp denotes the dimension of the color representation of particlep.
From (3.3), we may see that the binding energies would typically be small relativeto the bound
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in their COM.


