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Naturalness Paradigm Under Pressure

4 Naturalness “typically” implies new colored top partners

~TeV scale to cut off the top contribution to the Higgs potential

not too many theoretical frameworks;

two major ones

AdS/CFT
warped extra dimension

Composite Higgs:

Supersymmetry

stop Fermionic top partners

(partial compositeness)

Higgs is a composite resonance,
just like many composite
resonances in the theory of
strong dynamics

Higgs is a fundamental scalar,
just like many other
SUSY partners
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SUSY top partner searches
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Composite Top Partner Searches
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Composite Top Partner Searches
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EVPT and Top Partners
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EVPT and Top Partners
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EVPT and Top Partners
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No Resonance, No New Physics? Naturalness?
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No Resonance, No New Physics? Naturalness?
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No Resonance, No New Physics? Naturalness?

New Physics for EWSB
in the tail?
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No Resonance, No New Physics? Naturalness?

4 New Physics may appear solely as a continuum

-approximately conformal sector (1.e. CFT broken by IR cutotf)

-multi-particle states with strong dynamics (branch cut at 4m;? in

TTTT—TTT scattering)



No Resonance, No New Physics? Naturalness?

4 New Physics may appear solely as a continuum

-approximately conformal sector (1.e. CFT broken by IR cutotft)

-multi-particle states with strong dynamics (branch cut at 4mz? in
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No Resonance, No New Physics? Naturalness?

4 New Physics may appear solely as a continuum

- It the new strong dynamics responsible for furnishing a composite
Higgs 1s near a quantum critical point, the composite spectrum may

effectively consist of a continuum with a mass gap.

- In this scenario, poles corresponding to the composite top
partner (and vector meson) excitations have merged 1nto a

branch cut 1n the scattering amplitude.
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Critical Ising Model is
Scale Invariant
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Critical Ising Model is
Scale Invariant
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Bellazzini, Csaki, Hubisz, SL, Serra, Terning

Higgs & Quantum Phase Transition

Condensed matter systems can produce a light scalar by tuning the parameters close
to a critical value where a continuous phase transition occurs.
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Bellazzini, Csaki, Hubisz, SL, Serra, Terning

Higgs & Quantum Phase Transition

Condensed matter systems can produce a light scalar by tuning the parameters close
@2nd order QPT, @ critical point, all masses vanish & IS-

the theory is scale invariant, characterized by the scaling .
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What is the nature of electroweak phase transition?

Does the underlying theory also have a QPT?

If so, is it more interesting than mean-field theory!?
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What is the nature of electroweak phase transition?

Does the underlying theory also have a QPT?

If so, is it more interesting than mean-field theory!?

G(p) ™~ ]% VsS. G(p) = (pQ)Z.Q—A or G(p) ~ (p2_lj2)2—A
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Higgs & Quantum Phase Transition
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What is the nature of electroweak phase transition? We are here
Does the underlying theory also have a QPT?

If so, is it more interesting than mean-field theory!?
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AdS/CFT
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AdS/CFT
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broken CFT
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broken CFT by IR cutoff
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)
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5D UnHiggs: Falkowski, Perez-Victoria
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)
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U — 00

a// arz

“Schrodinger Eqn™.: (=02 +V(2)) ¥ =p?¥, V(z) = P

L 2 : :
? (3) => continuum begins at: p* = (1/3)°

-
~~
o2
—

o

. ds* = a(z)? (drtdz, — d2?)
usual RS scenario
AdS IR-brane models

eSS 00 (infinite well) => KK towers

discrete spectrum .

m*z)"
()L
m' )

"R -
/ liI.‘L)--



5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

a(z) = %e_%“(z—_R)@V — 1
\ continuum with
: mass gap

Regge: M? ~ n & (

02
e

V(2)

-
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-
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--.-
-----------------

‘Q
“
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~~~
-
.....
------------------------

2
" H ) Vs . . \ 2 9\ 2
V(/.)|z_)oO — (3_ => continuum begins at:  p* = (1/3)
usual RS scenar io S A
AdS |R»b|jar~e models
o T — 00 (infinite well) => KK towers
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

[N anbe iniall nisen A8 ~CT

a(z) = ge—%“(z_—R)@V — 1

2 ! =3 2=
Regge: M* ~n i || continuum with
V(z) ' mass gap
:
%
“Schrodinger Egn”.: (—82 +V(z St - AR
ger Eqn. . : Stabilization of this setting:
V(7)| Batell, Gherghetta, Sword '08
“/lz—o00 Cabrer, Gersdorff , Quiros '09
usual RS scenario S )
T+ e s A T e
e s 2 00 (infinite well) => KK towers
m® 1
//Jv - I/R/ .
=R —In T




5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

a(z) = %e_%“(z—_R)@V — 1
\ continuum with
: mass gap

Regge: M? ~ n & (

02
e

V(2)

-
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-
---.
--.-
-----------------

‘Q
“
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~~~
-
.....
------------------------

2
" H ) Vs . . \ 2 9\ 2
V(/.)|z_)oO — (3_ => continuum begins at:  p* = (1/3)
usual RS scenar io S A
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

a(z) = ge_%“(z—_R)@V — 1
Regge: M* ~n i || continuum with
/ e 3 i
linear dilaton:
(A% IR
O(z) =z = R)  ae-
as(z) = &
> =R > = R’ >




The Quantum Critical higgs

“ At a QPT the approximate scale invariant theory is characterized by the scaling
dimension A of the gauge invariant operators.

SM: A=1+0(a/4n).

* We want to present a general class of theories describing a higgs field near a
non-mean-field QPT.

# In such theories, in addition to the pole (Higgs), there can also be a higgs
continuum, representing additional states associated with the dynamics
underlying the QPT ' 00 1?
y g Q Gh(p2) A2 t L + / dl‘[z f(l‘l ‘)9
pPP—mi  J p? — M?

A

p ()

2 2 >

particle “ continuum



Modeling the QCH: generalized free fields

Generalized Free Fields Polyakov, early ‘70s- skeleton expansions

CFT completely specified by 2-point function - rest vanish
i
(—p? +ie)* ™2

2—A f Georgi
s hep-ph/0703260

Scaling - 2-point function: G(p?) — —

Can be generated from: Lcrr — —A (%)

Branch cut starting at origin - spectral density purely a

continuum:

e

O ) \

\ M=
G(p) ~ dM? AR
/ 2 72 \

12 AN M \.
I




Quantum Critical Higgs (Generalized Free Fields)

Bellazzini, Csaki, Hubisz, SL, Serra, Terning

. INAHRT
¢ 5D model: S = / dizdz /g [|DMH | — g2V — () |H * + Line(H )] + / d'z Loerturbative-
4

ds2 — a(z)2 (M dadz” — dzz) gg=sZZ  300fb'(14 TeV)

410N \’ A1 |y
p=400 GeV, 4=1.D

104,

(=600 GeV, A=15
u=000 CeV, £=1.5

R =
NV —zu(z—-R -
0.(4) = —e 3 ( ) irm2=500 GV, N42=100 GeV

With the discovery of Higgs, é |
we need a pole (125 GeV) g
and a gap to BSM continuum e

Soft wall terminates CFT with continuum, not set of KK modes
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Quantum Critical Higgs (Generalized Free Fields)

Bellazzini, Csaki, Hubisz, SL, Serra, Terning

. INAHRT
¢ 5D model: S = / dizdz /g [|DMH | — g2V — () |H * + Line(H )] + / d'z Loerturbative-
4

ds® = a(z)? (qudr*ds’ — dz?) 99T 300 (TR,
a(z) = ge—éﬂ (z—R) ;Lrl:;?fgcgeg;ﬁ-rf:1oo GeY |
> 1000}

With the discovery of Higgs, -
we need a pole (125 GeV) g 1o
and a gap to BSM continuum 7!

Soft wall terminates CFT with continuum, not set of KK modes

200 400 600 800 1000 1200 1400
mzz (GeV)

1 2,
R e s gy v e ) P ==

2\A-1
mh)

c.f. unparticle propagator



Quantum Critical Higgs (Generalized Free Fields)

Bellazzini, Csaki, Hubisz, SL, Serra, Terning

. INAHRT
¢ 5D model: S = / dizdz /g [|DMH | — g2V — () |H * + Line(H )] + / d'z Loerturbative-
4

gg-ZZ 300 fb™'(14 TeV)
ds® = a(z)® (nudr*dz’ — dz?) | ]
10%} .:j:;::u:;' (: /L'::'l
R _2u(z_R) 1=B00 CeV, A=1.5 _
a(z) = —e 3 =500 GeV, Miz=100 GeV

-

o

o

o
T

With the discovery of Higgs,
we need a pole (125 GeV)
and a gap to BSM continuum

100

Events [ 10 GeV

10}

Soft wall terminates CFT with continuum, not set of KK modes

200 400 600 800 1000 1200 1400
mzz (GeV)

Generally:

. i © L p(M?) @ l [\
G o(n?) — / dM?
ﬁ(p ) p2 - m% “2 p2 B F ]\[2 iamclc uiommwm > ..

SM recovered in limits g — oo and/or A — 1



short detour

What Kind of New Physics could be
nearby (near the EWSB scale),
which is not described by EFT?



short detour

What Kind of New Physics could be
nearby (near the EWSB scale),
which is not described by EFT?



—orm Factors for the Quantum Critical higgs

* When looking at observables, we need to use form factors to
characterize the strong sector in generality, since there is no
separation of scales.

:
Y
v

nontrivial momentum dependent off-shell form\f\actors



Form Factors for the Quantum Critical higgs

* When looking at observables, we need to use form factors to
characterize the strong sector in generality, since there is no
separation of scales.

This is not an EFT expansion, but rather an expansion in
weak couplings that perturb the generalized free field
theory.

nontrivial momentum dependent off-shell form\f\actors



Generalized Free Fields via AdS/CFT

Cacciapaglia, Marandella and Terning 08’

X 80(4) glObal Symmetl’y iS gauged in the 5D buu( ;lere(l)zvlisrﬁi, %nsdal:,elr-lejt-)\iggcgil_et %8e,rra, Terning 15’
: 9 1 a 9 :
S = / d'zdz\/g [|DMH s 1 Wix — o(2) |H|® + Line(H )] + / 0T £ pnbative-
4

ds? = a(2)? (udzdz’ —dz?)  a(z) = R _2ue-n)

-~
’”
-

g Ji2 — 2 K Ui/ 2 — 92 -
Gr(R, R,p2) 1 'iZh /‘Al:u(ﬂR) __VH K, _, (V1 P’R) | X 1,‘[02
RK, (uR) RK,(\/12 - °R)

Soft wall terminates CFT with continuum, not set of KK modes

Ky (Vi — 7
K,(v p* — p*R)

(]

The bulk to brane propagator is then given by Gi(R, 2z p?) = a %(2)(2/R)

=> reduce to the previous propagator in the limit pR <<1 :

i Zj Zig 3 215 4

Gi(p) = - (12 — 2 + i€)2B — (u2 — m2)2-8 (12 —m3)*"




Generalized Free Fields via AdS/CFT

Cacciapaglia, Marandella and Terning 08’
Falkowski and Perez-Victoria 08’

* 80(4) global Symmetry 1S gauged in the 5D bulk Bellazzini, Csaki, Hubisz, SL, Serra, Terning 15’

9 l a 9 ;
- /d41‘d:\/§ l:lDMHr ) FWIM,?V I d)(Z) |H|~ + ‘Cint(H)J + /d41‘ Lperturbative-

U

ds* = a(2)? (qudatds’ —dz?)  a(z) = e e

7
L

g ) 7 T g -1
Gh(R, R,pg) 1 iZh [#Al—u(ﬂR) __VH PK,_, (V1 P’R) | 5 1‘102}

RK, (uR) RK, (/i = p°R)
Soft wall terminates CFT with continuum, not set of KK modes
s Ko (ViZ —7%2)

The bulk to brane propagator is then given by Gi(R, 2z p?) = a %(2)(2/R) K, (V2 - 1°R)
v\V I — P

=> reduce to the previous propagator in the limit pR <<1 :
2-4)

144 Zf = —
(12 —m3)=7!

(42 — p? + i€)> D — (u2 — m2)2A

Gi(p) = —

obtain such propagator from a calculable model of this sort based on a Banks-Zaks fixed point in a
supersymmetric QCD theory: Csaki, SL, Shirmanm, Parolini (in preparation)
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Probing Naturalness by the Tail of the Off-shell Higgs
via Polarization Tagging

SL, Park, Qian

0.100; — 4§ >ZZ(SM) i el GRS FETRRSE o e BSM(TI')_§
f i R F et 2o ST e A e SRS BSM(TL)
0.010 — 99— Z7Z(BSM) i 001' ........ BSM(LL)
— 99— ZZ(5M) 3 : —— SM(TT)
0.001} I —— SM(TL)
= e E
W —— SM(LL)
10—4 -
107
10_55— ‘
: ! 10-6;
‘""8 T R bt ] 1.0H e ﬂ e e
— BSM/SM f g s : e :
al A 1 08[[— arp/dror(SM] I R
o _,_-"JI-H 1o 0.6 ayr/oror(BSM)
.—& 3 -l 1 s
x _'r_,.--';A = AR ‘7LL/.0TOT(SJM) 4
2} , > :
,_,-'"'JHF . 02l .71_1_/0'1‘01'(351\{) ; __M
1 - F ; - _,"Hf:r i : A 3 ‘ A A ] 0.0 —H\“lv e Ty MT_’_.U—'_’_’—'—. L - . |
200 400 600 800 1000 1200 200 400 600 800 1000 12(
mzz mzz
I = sl T
- _—_ (ipy 8"} +h )D H'D,H
— ) .C.
: ,,,,,,, _,E"'"""<z c-f- 2A4 ( 'Ip’y ¢ + H v




Probing Naturalness by the Tail of the Off-shell Higgs

via Polarization Tagging

SL, Park, Qian

1 do
o dcos@

1 < 1 M
ko Longitudi e —
>‘§/ ongitudinal - T
f//H; ':r.j.n.

Transverse :

nler of mom

A
—— ——

To optimize the longitudinal over

1/0 dufdcesé
o
'S

transverse mode significance:

/ Z Polarization <=M Angle cosf dist. from decay

= 2(1+ cos®0)

(1 — cos” 6)

—0.68 < cosf < 0.68
cos e = 0.68

{6[,, 6T} = 86%. 59Y%

6.0. : A0.2‘ ‘ 0-4‘ ‘0.6‘ -
co8f...4



Direct Signals (double Higgs)

* Double Higgs production

I_ } +Crossings i?> """ 7.

QoY

dé aZol , .
R = o5 e e (|gaugel|®+ |gauge2|?)
W

gaugel = box + triangle (negative interference)
gauge? = box (largest contribution)



Direct Signals (double Higgs)

* Double Higgs production

probe the higher n-point correlators of the CFT.

I_ } +Crossings i?> """ 7.

—
\9_9_9_94 RN

dé aZal
7 = oi5_yra 3 (gavgel | + |gauge2|?)
W

gaugel = box + triangle (negative interference)
gauge? = box (largest contribution)



Direct Signals (double Higgs)

* Form factors for trilinear Higgs self coupling As(H'H)?

5! 3
Fhhn = EV/ dzl (i)2 Ka a(p2) Ko _a(\/ 12 —pj 2)
L*"Jr e \R/ Kya(hR) iy Ko a(Vi? - piR)
p (GeV)
2|
| wt © gl
s |
=
s |
=X
S AU RWANRSY A= Yo
©° 200 400 e 800

i = 400
A =12 (Red) 1.4 (Blue), and 1.6 (Green). P (GeV)



Direct Signals (double Higgs

dashed lines correspond to the case where only the Higgs two-point function has

< Double nggs production non-trivial behavior inherited from a sector with strong dynamics.
gg-HH 14 TeV
pofm :
y=400 GeV, A=16 | 200
fol =400 GeV,A=141 |k
3 AN =400 GeV,A=12]  EF'7}
g SM i ‘%1.50:
8 ] 3
§§ ] & |
L} ] g L
© ] 1.00
= o=t
—_— 1] L and (P FEENN RN | NS\ S ¥ NN 4 SN
1000
_ _ uTev
p=400 GeV, A=15 | :
u=600Gev,a=15 | 17}
g 1=800 GeV, A=15 ] §§1so:
3 SM ] 3 I
S . S 1/
: |3
o| £ \ & |
3|3 . 8100
’ 2 '

oOnm Ffa’alal FTatal oonm



Quantum Critical Higgs

soft wall cuts off CFT

softwall )= Zedne-m

~ 2 continuous KK spectrum
ove mass gap

u X
L) L

0.5 1.0 15 2.0
Note: UV brane is the only place to put Higgs m(0) L

quartic, Higgs is fundamental = fine-tuning



Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D linear dilaton

as(z) =

. W,Z,¥.g

ight .

SM AdS {ix 5 e 2(2)=u(z-R)
particles Va linear dilaton

e/
= deep IR
* UV P

IR-localized Higgs
Potential



Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D linear dilaton
Higgs arises from CFT with a domain wall (IR brane)

as(z) =

. W,Z,¥.g

ight .

SM AdS {ix 5 e 2(2)=u(z-R)
particles Va linear dilaton

e/
= deep IR
* UV P

IR-localized Higgs
Potential



Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D linear dilaton
Higgs arises from CFT with a domain wall (IR brane)

ight
SM
particles

as(2) = (%)
AdS

L

IR-localized Higgs

/ Potential

taking a pole (physical Higgs) out of CFT
=> arises as a composite bound state of CFT

- WZ,¥g
Higgs t: e ®(2) =pu(z—R)
Z linear dilaton
deep IR



Csaki, Lombardo, Lee, SL, Telem

A “more” Natural model: Linear Dilaton

ig5 fgl A5dZ

bulk gauge symmetry
broken down to

linear dilaton:

SUB). X SO(4) X U(1)
O(z) =ulz — R
(2) = (== )
W, Zaf%g o n,
SU(2) X U(1)y X U()xe * top partners
©
o
-
light o
SM o i
particles o -
s PNGB Higgs
o
Ag
uVv IR deep IR

theory gets closed to a fixed point, but then gets a mass gap



Csaki, Lombardo, Lee, SL, Telem

A “more” Natural model: Linear Dilaton

PNGB Higgs: Wilson line with As (BC on IR brane)
ig5 fgl A5 dz

SU(2) X U(1)y

light
SM

particles

‘4

UV

o

bulk gauge symmetry

broken down to

SU(3). X SO(4) X U(1)

PNGB Higgs
As

linear dilaton:

®(z) = u(z — R)
- .
Wa Zaf%g v tR,
X U(‘1 )x g v top partners
o o
g

IR deep IR

theory gets closed to a fixed point, but then gets a mass gap



Continuum Naturalness?

el

4 New Physics (e.g. Top partner) appear solely as a continuum

- KK gluon / colored pc

100

-~ EWEE KK Gluon
< 2 / A
//><P(1 R 5 e t 10
S| /e o\ IR
{ \\/ GB’s
/I’ PpZ\R°R) £ PR, RLR) Y5
-~ 4 "7 o @
//’ ( b i
0.10
Lo — a(z) e—%p(z—R) lFMNF 0.01
E — ' A MN SM Gluon

a(qq » G - tgig)

5 15

10
JE [TeV]



Continuum Naturalness?

ele

4 New Physics (e.g. Top partner) appear solely as a continuum

- KK gluon / colored pc

100

& EWSB KK Gluon
,,/"/>"~EQT‘)‘R' R') //,/* 10
< -T/<\/ GtBR’S
/'I P(p*\RR) P, R, R E 1
1 5
0.10
Ly = —31(z—R) lFMNF 0.01
- a(Z) Q) Z AL . SM Gluon
o(qg » G - tglR)
—A”(Z) + V;ff(z)A(z) = pZA(z) 5 \/711(; . 15
S [Te
. F s
A(z) = \F e—HG—R) 4(z)

3
V;ff(z)z,“?"'g"‘@



Continuum Naturalness?

ele

4 New Physics (e.g. Top partner) appear solely as a continuum

- KK gluon / colored pc

100

P EWSB KK Gluon

":< ............. ) T.’_TZ ‘\/’ tR

GB’s

/I’ P \RR) £ P, R, R)

‘CE — CL(Z) 6_%#(Z_R) [iFMNFMN] 0.01

SM Gluon

a(qq » G - tgig)

—fi”(Z) 4 V;ﬁ‘(Z)A(Z) ~ pZA(Z) 5 10 15
\/ngeV]
A(z) = \/g e Hz—R) A(z)

B
V;ff(z)zﬂz"'g"‘@

Ver(z — 00) = p?



Contlnuum Naturalness?

o, Lee, SL, Telem

4 New Physics (e.g. Top partner) appear solely as a continuum
- KK gluon / colored p. ' | |

KK Gluon

>/ P(I 7 EWSB
A /’/ 10 E
< o ¥ < \/ GBR’S
/f PpZ\R°R) Pu;p R, R E 1
g 0.10 !
nut \
1 .
Lg = a(z) € 3;1,(2 R) [ZFMNFMN:' ik SM Gluon
o(qg = G - tglR) .
—A”(Z) 4 ‘/eﬁ‘(Z)A(Z) - pQA(Z) 5 10 15 20
\/ngeV]
A(z) = \/ge_“(z_R) A(z)
3 ) ZonE-Ryy (4. —
Vir(2) = 12 +#+4Z2 A(z) = A,/Re W( 2A,1,2Az) A=viZ—2

Ver(z — 00) = p?




Contlnuum Naturalness?

Lo do, Lee, SL, Telem

4 New Physics (e.g. Top partner) appear solely as a continuum
- KK gluon / colored pc '

100

KK Gluon

B :< ............. ‘.{;/<" \/' tR
.."' o T’ ..‘. GB,S
/I P2 JReR) .-""Pu'p”.R’.,R’) E I
r'd -1 - | ian
/// l7/’/// B’
B 0.10

Continuum Gluon \

1
Ly = a(z) ¢ 3H(z—R) [—

FMN N] 0.01

4 | SM Gluon
o(qg@ - G - tgig) ]
_All(z) + ‘/eﬁ‘(Z)A(Z) - p2A(z) 5 \/T‘Il(ir . 15 20
S e
A(z) = \/g e—H(z—R) 4(3) New Physics is hidden in the tail region!!
3 | 7 Z—R /'L o
eff(z) = U +# +4Z2 A(Z) = A‘/ﬁeﬂ( )W(—E ) QAZ) A = .\/”J-_p?:

Veir(z — 00) = p?




Continuum Naturalness?

4 New Physics (e.g. Top partner) appear solely as a continuum
- KK gluon / colored octet example: running of strong coupling

e.g. CMS bound: aguptoQ ~ 1.42 TeV

1 1 [i/e | el 1
- dz a(z) + — lo (—)
9%(Q) gs?/R B+ a2, s %\ Rg |

0.093F
0.092
0.091F
0.090F

1y > 600 — 700 GeV

0.089F

a,(1.42 TeV)

0.088F

0.087F

0.086F

. I . . . 1 ) . . I . L L . L . 11
04 0.6 0.8 1.0 1.2



Continuum Top Partners

Csaki, Lombardo, Lee, SL, Telem; to appear soon

¢ MCHM (Agashe, Contino, Pomarol) => continuum version
- elementary fields which mix with the composite operators and the

form factors: Liop = tr plip(p)tr + tp pllp (p)tr +tr M(p)tr + h.c.
- 2-point function <tt>1s given by

1 Kéllén-Lehmann ﬁ
, +m
— 'Z-Ht(p) N (p) = /d 2 p = pt(m.Q)

lé \/HI (p)r(p




Continuum Top Partners

Csaki, Lombardo, Lee, SL, Telem; to appear soon

¢ MCHM (Agashe, Contino, Pomarol) => continuum version
- elementary fields which mix with the composite operators and the

form factors: Liop = tr plip(p)tr + tp pllp (p)tr +tr M(p)tr + h.c.
- 2-point function <tt>1s given by

1 Kéllén-Lehmann ﬁ
, +m
— 'Z-Ht(p) N (p) = /d 2 p = pt(m.Q)
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- non-local effective action: Seff = / d*z d*y ¥ (z)(id, — m)Z(z — y)¥(y)



Continuum Top Partners

Csaki, Lombardo, Lee, SL, Telem; to appear soon

4 MCHM (Agashe, Contino, Pomarol) => continuum version
- elementary fields which mix with the composite operators and the

form factors: Liop = tr, plip(p)tr + tp plr(p)tr + tr, M(p)tr + h.c.
- 2-point function <tt>1s given by

1 Kéllén-Lehmann ﬁ
_ +m
—illi(p) = ) — /d $ 2% =2 pe(m?)

? \/HI (p)r(p

- non-local effective action: Seff = f d*z d*y ¥ (z)(id, — m)Z(z — y)¥(y)

4
d'pd'k b(k)(p — m)E(p®)F(k — p, p)

- gauge invariant way: S.g = W
(2m)°

Ph = %Inlz_l F(z,y) = Pexp (—igT“ /Iy A* -dw> b(y)



Continuum States

¢ To describe the continuum (for example Weyl fermions)

% | Gy,
L, = —ixotp,x ceont. — i — Y
X M =l X pzp( 2)
¢ G proportional to the 2-point function

<>ZX>COM Ll ’zla"“pNG(pQ)

¢ Poles correspond to particles, branch cuts to continuum.

Characterized information written in terms of spectral density

G(p*) = /OOO ¢ _p(s) =" AL p(s):lImG(s)

n? + ie T



Spectral densities from 5D models

¢ In principle could just input the p(s) spectral density, but don’t know

if 1t provides unitary, causal QFT

¢ To make sure we don’t use inconsistent p’s get them from 5D

¢ Old story: RS2 gives a model of continuum fermions without a gap

(Cacciapaglia, Marandella, Terning)

] [y

Gsn(p?) x

1
C(z=c) 1 oo LG8 1

(2 +¢) Sl T (d=3) (—p2)*
¢ Boundary RS2 Green’s fn = 4D ungapped continuum fermion

(" unparticle™)



Continuum with mass gap

¢ To introduce mass gap, we need to modify the 5D background

4 Introduce linear dilaton into AdS

[SAY IR linear dilaton:

L ]
--
- -
m-
m-
m-
-m-
-
.
-
-----
- 7
-.
-
-m -
m -
-
e
- =
-

¢ ®(2) linear dilaton - around the UV brane vanishing

== won’t have effect until IR (z~1/p)

4 Linear dilaton models the details of the IR dynamics

- theory gets close to fixed point but then gets gap



Continuum with mass gap

¢ Fermion EOM’s in this background can be solved exactly

¢ Fermion Lagrangian in “string frame” as(z) = &
_2®(z) 5 \. 1 , _ -
Ls = e *Pay(2) |ag' (2)Luin + = (c+y®(2)) (¥x + \‘f’)]
4

bulk Yukawa coupling between the dilaton and the bulk fermion

¢ Kinetic term conventional

w/ N SN N
Liin = — Z.X"Uﬂpu)( T 'Z'U'-/’Oup“?,fﬁ 7 s (l,f dsxy —x 0O 5':’))

¢ Go to Einstein frame to see physics best  a(z) = ag(z)e”3

G2 ) y &
Lo = a*(2)Lian + (1) 32 (4x + X0)

g

¢ Effective mass parameter ¢(z) = (c + y®(z))e3®®



Solutions to the bulk equations

¢ Schrodinger form for the EOM
—X"(2) +Ver() R(2) = 1%0(2).  R() = () x(2)

¢ Effective potential

clc+1)+yP(2)(2c+ yP(z) + 1) — yzd'(2)
‘/(ﬁ(z) — 9

—~

4 Gapped continuum if V.g(z — 00) = const > 0

4 To achieve that, need a linear dilaton

®(z) = p(z — R) with p ~ 1TeV

¢ will give: Ver(z = 00) = yz,uz

m=l) gap will show at yu



Continuum Top Partners
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4 5D holographic model with a linear dilaton

Sy = fdszz: a(z)*T (i’YMaM -+ 22(2((5)) T\ a(z5(2)>

o(z) = (c+p(z — R)) eshC—R)

—ioP 8, x — Os) — BN %& —0 g(z) =a~? [A M (n, 1/2+ ¢ — Ry, 22+/p? — mg)
a ,
L ! _ R
—io" O, + B5X +2%x+ %x = 0. 38 W (“’1/2+C R, 22/ p* —m )] ’
| f(z)=a_2[CM(n,l/2—c+R;¢,22\/,u2—m2)
X = 9(2)x(2)_
O(z) = f(2)0(z) +DW (n, 1/2—C—|—R’u,,22\/y,2—m2)]’
04| =245 Fermion spectral function 2zd4%]

Linaar Dilaton
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4 5D holographic model with a linear dilaton

= fdsa: o) (i,yM Ory + 2 Z’((ZZ)) i\ a(zgz(z))

e(2) = (c+p(z — R)) edu=—R

—ig" O x — 051 — 2% 5+ %@E —0 g(z) =a=? [A M (n, 1/2+c¢— Rp,22+/p? — mQ)
a .
- 4 _ i
| f(z):a_Q[C’]W (n,1/2—0+R,u,2z\/u2—m2)
X = 9(2)x(2)
() = f(@)d(@) +DW (k,1/2 = c+ R, 22/u? —m?) |,
04|  d=24s Fermion spectral function 25d=x 5
Linaar Dilaton
- profile of continuum depends o

on the scaling dimension of the fields -

"% ' ; 4 6 3 70




A Realistic Model

4 Need the usual Composite Higgs setup in addition

¢ Bulk gauge group G = SO(5) x U(l)x = SO(4) x

breaking on IR brane via BCs

U(1)x

¢ OnUV brane, G = SO(5) x =9 SU2)LxU(l)y

¢ Wilson line for Higgs: igs [F Asd-

(No other physical Wilson hne beyond IR brane)
4 Bulk fermions

Qr(5)2 — qu(2)r + qr(2)z + yr(1)2
Tr(5)2 — qr(2): + Gr(2)z + tr(1)2,
Br(10)2 — qp(2)1 + Gr(2)z + zr(3)2 + yr(1)z +

Y =T+ X



A Realistic Model

¢ To generate Yukawa couplings, need localized mass terms

SIR_, — / (141-7 vV YJind [All ZLtR + ]\[4 ((jL(]R 1 (jLéR) T A[b ((quéz T (jL(ﬁz)]

¢ A realistic benchmark point

R/R =10"'%, 1/R' =281 TeV, p=1TeV, y = 1.75,
r = 0.975, sinf = 0.39,
cg = 0.2, er =—0.22, cg = —0.03,
M; =12, My=0, M, =0.017.

¢ All SM parameters correctly reproduced with top slightly a bit light

¢ Choose safe point where gauge cont. at 1 TeV, fermion at 1.75 TeV



Fermionic Spectrum

¢ Fermion spectral densities. 3rd generation all very broad

u=1TeV

€00000F 1/R' = 2.81 TeV ‘ .r ]
500000 V." — 1‘13 I

aonooa} Y= 170 :

300000} o\ NN

olp)

200000t

100000

p[TeV]
4 Exotic top partners- model dependent, could be probed as resonance at 100TeV collider

P N
6.x10 1R -?.:1 TeV o= 0202 , |
p=1TaV |
=7 cr=-022
5. %90 vil=13 ] . J \
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=1\ ) -
: : 3 : :
¢ Higgs Potential: V(h) = = [ dpp® |-4)_ logGy;(ip) + Y logGy,(ip)
| =1 k=1 ]
. ~ dlogv ]! I
tllIllIlg > Inaxidlog Di Di = {R,R,[t,'f‘, 97 yaCQacT’CBaMl’mllaMd}
10-
mn =125 GeV

8- vif =1/3

R/R —1071% 1/ — 281 TeV, i —1 TeV, y — 1.75,
r = 0.975, sinf = 0.39,
e — 0.2, ¢y ——0.22, cy — —0.03,
M =12, My =0, My=0.017.

V(v/f) [GeV?]

F2 0.25 0.30 0.35 0.40
v/f[1]

fermion continuum starts at yp = 1.75 TeV
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20 4
. . 3 . .
¢ Higgs Potential: V() = = [ dpp® |4 logGy,(ip) + Y log Gy, (ip)
/o= k=1 ]
. ~_dlog v =1 I
g e pi € {R,R,p,1,6,y,cq,cr,cp,M1,ma, Ma)
10.
mn = 125 GeV

8- vif =1/3

=*» 1% tuning

c.f.: with the same set up, usual
composite Higgs model has
0.1% tuning

V(v/f) [GeV?)

Fx 0.25 0.30 0.35 0.40
v/f[1]

fermion continuum starts at yp = 1.75 TeV
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=1\ ) -
: : 3 : :
¢ Higgs Potential: V(h) = = [ dpp® |-4)_ logGy;(ip) + Y logGy,(ip)
| =1 k=1 ]
. ~ dlogv ]! I
tllIllIlg > Inaxidlog Di Di = {R,R,[t,'f‘, 97 yaCQacT’CBaMl’mllaMd}
10-
mn =125 GeV

8- vif =1/3

R/R —1071% 1/ — 281 TeV, i —1 TeV, y — 1.75,
r = 0.975, sinf = 0.39,
e — 0.2, ¢y ——0.22, cy — —0.03,
M =12, My =0, My=0.017.

V(v/f) [GeV?]

F2 0.25 0.30 0.35 0.40
v/f[1]

fermion continuum starts at yp = 1.75 TeV



Continuum Super-Partners

[amazing phD students: Ali Shayegan, Christina Gao, Jun Seok Lee], SL, Terning, work in progress

¢ New Physics (e.g. Top partner) appear solely as a continuum

-SUSY + soft-wall (CFT with IR cutoff):

N T YRTY 5 77 ] Cai, Cheng, Medina,
o3} I Terning (09?)

.!!
N 0101511 Y
p(‘u)l‘@ ’ : i | \

Tev™, vl

U
()\’q B i

0.00]

-combined to give gaugino mediation (solving flavor problem): hiding

gaugino decaying into multiple leptons and missing ET



Summary

¢ The presence of a continuum can drastically change the LHC

phenomenology of new BSM resonances

¢ we provided a model where the strong dynamics of confinement

furnishes a continuum and bound states which mix together

¢ new signals:
- enhancements to off-shell behavior of SM DOFs from mixing with

continuum

- top partners and New Physics may be hidden in the tail!



Summary

Gapped
Continuum

Continuum *This work:

Superpartners Continuum
0910.3925 Composite Higgs

Gapped
Unparticles

AdS/CFT/Unparticle
0804.0424

Particles

Composite  SUSY
Higgs

Twin Higgs
Clockwork*

Unparticles

Gapless:
no top-parners

*Has limit with continuum partners
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