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Continuous BSM

Unparticle physics = SM coupled to CFT Georgi, ‘07

Ly + (00)p* + (000)p° + ...

7

( (O(2)O(y)) o< (z —y)~*2

(O(p)O(—p)) x (p°)> 72 + Pa_g (p°)

Spectral density:  o(u?) oc (p?)> 2

(1< A<2) |
gapless continuum



Discretum
Conformal breaking

Gapped continuum

For instance,

(O(p)O(—p)) x (p* — pg)> 7

Pheno of charged continuum:

« UnHiggs scenario Stancato, Terning '08; Falkowski, MPV '08, '09

e SM + continuum Csaki et al ‘18



AdS/CFT

Cacciapaglia, Marandella, Terning '08

Falkowski, MPV ‘08

Schrédinger potential

gapless continuum

discretum

gapped continuum




Compressed BSM

Examples of BSM with compressed discrete spectrum:

. . . Arkani-Hamed, Dimopoulos, Dvali '98;
arge extra dimensions i dice. Rattazzi, Wells '98:

Dudas, Dienes, Gherghetta "00

Clockwork models Kaplan, Rattazzi '15; Giudice, McCullough ‘16

Discretization 4 ¥ Continuum limit

1 dr




To decay or not to decay

Does unparticle stuff with linear couplings to the SM fields decay”

e Yes Delgado, Espinosa, No, Quirés ‘08 «— Pole on 2nd Riemann sheet

e No Stephanov ‘07

* Yes and no! This talk
(to be clarified)
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Typical scenario

mediators
clementary e———

‘Hidden”
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Typical scenario

mediators
elementary e

‘Hidden”
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Toy model

elementary field » massless complex scalar ¢

composite field (mediator) > real scalar A

1
L=~ AU(=0*)A +0,p'0"p + gAply
only two-point function I'l for simplicity (large N)

dressed A
oropagator:  iG(p®) =

S [I(p?) + X(p?)




Spectrum

Spectral density:  g(p*) = e Im G(p* +i07)
-
in free theory ¢ @(u?) = —% Im G (p? 4-i0™)
(9=0) 1 Im T(p2 + i07)

Discretum o (u?) = Fud(u? —m3) X
& \ aSSUmgaQ
. SO
Continuum smooth o) e

In all cases, o is smooth (due to 2 in denominator)



Analytic structure of propagator

Discretum Continuum



Equivalent "KK” form
L =0,070"¢

2

+/O du‘o (O)( )( 0,B,0" B, —%BQ—FQBMQD gp)

with constraint Az/ dp?o9 (1B,
0

% A creates many (generalized) energy eigenstates with

different masses

% Each B, creates a (generalized) energy eigenstate with

well-defined mass



Unitarity

>—‘—< (s channel)
Optical

.l-heorem ,,. ........................................................................... :

Veltman '63:

Unstable particles do not enter as final states in unitarity relations



Unitarity

>_‘_< (s channel)
Optical

.l_heorem ,,. ...................................... ?1 ............................ :

IIHMSD(S,O) — 55_90(2717]?2)

4
~(s)py _ 9 :
7,77 (p1, p2) 8 [II(s 4+ 10T) + X(s +107)|?

2
S BN L

ImMS(O)(S’O) — 92 <IH1H(S‘|—ZO+) | 167'(') |H(S—|—ZO+) —|—Z(S_|_ZO+)‘2

Discretum v
Continuum ExcessinIm M &



g2 Tm TI(s + 30™)
1I(s 4 201) + X(s 4+ :01)]

AIm M (s,0) = = >0

Unitary theory = missing final states in continuum



g2 Tm TI(s + 30™)
1I(s 4 201) + X(s 4+ :01)]

AIm M (s,0) = = >0

Unitary theory = missing final states in continuum

o Not multi-@ particle states

 Must be states in the hidden sector
 Missed in the EFT? = Not really! A interpolating field

/; ‘
/

i Mysteries (from EFT point of view):

* Nature of hidden asymptotic states

* A does decay... but not completely in continuum!
* Decay law?

Q Discretum to continuum transition: not continuous j




Scattering in real life

!

connected
Interaction region

or

T |

production region detection region

Wave packets = Field smearing  A-(t,2) = / Lt - A, D



P(s,t)
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P(s,t)

0.05 B —= discrete, plane wave

i ===- continuous, plane wave
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Time evolution: free theory

At time t=0, A creates from the vacuum a particular one-particle state

AO,0)0) = [ e [ o) 24,5

0
[ A2
Non-trivial evolution |Ag7 t) = e—itH0|A%>
Overlap with initial state:
o0 (0)(,,2
— —1tw g
(AX AL, t) = (2m)°6° (P~ q) / dp?e s )
0 2(,&}”729

z‘/'/77 o

= (27)*0* (p — Q)iG (¢, p) f\ S%ar/hg

Survival probability:  P(t) = \<AOT\A t)|?




Discretum

iGO(t, o) = D awpe 0
v

Survival probability is almost periodic... but fast equilibration:

p = (AR (AR ) ™ (p) =

80 100



Continuum

Riemann-Lebesgue lemma = tliglo Peur(t) =0

In the free theory, the initial state decays into orthogonal linear
combinations of continuous modes created by A

“Invisible decay”

o9 (1)

Wi,p

Paur(t) oc t 20+ at large times

~ (1 — pg)”
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Time evolution with interactions

IN both continuum
500 and discrete cases
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Survival of initial state

1- g=2.3 1 particle ~ ------
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(discrete case agrees with axion oscillations in Dudas, Dienes, Gherghetta "00 )



Visible decay

@ d,PSE(p £} ~ g2 1

(t1) = E——
d T
A) ‘ t f G-(0,0)]

iP;
Pois(t) dt 2P (¢
(70 v1s( ) 0 1 At ( 1)

0.30 bl 5 o jg=3L=] Discrete:{?‘.”gg:
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Summary of time evolution

Discretum Continuum

Uﬂltal’lty <gjlp(l‘) + g)vis(t) — 1 (‘qij — ‘@sur + ‘@osc)

(possible decoherence not included in the plots)



Psur— 0 In all cases

Decay is slower than exponential

Uﬂi’[al’i’[y: Psur(t) -+ P\//s(t) -+ Posc(t) =1

Discretum: e Correlated oscillations Iin Psyr and Plis
¢ IDV/'S — 1
¢ ID\//'S 7‘{ 1

Continuum: Posc # 0 invisible decay

1 , . .
For t< N discretum behaves like continuum



Holographic picture

SO Discretum:

t=2




Holographic picture

Continuum:

20




Conclusions: pheno / model building
(for both continuum and compressed discretum)

Continuous spectra are ubiquitious in QFT

Cannot treat each mode separately

No resonant peaks = more elusive, different searches
Suppressed visible BR

Non-standard decay law (far detectors)

Stable or nearly-stable stuff

Dark matter without Z2 symmetry”
(continuous dark matter with Z> : Csaki et al ’21)



