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Naturalness Paradigm Under Pressure

Naturalness => new colored partners, potentially within the LHC reach.
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Naturalness Paradigm Under Pressure

Naturalness => new colored partners, potentially within the LHC reach.

*Neutral Naturalness is not discussed in this talk
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SUSY top partner searches

see Greg Landsberg’s and Lucia MASETTI's talk today
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Composite Top Partner Searches
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Composite Top Partner Searches
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Composite Top Partner Searches
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Composite Top Partner Searches
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Composite Top Partner Searches
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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?

4
|

a1 . . LA |
70 100 200 300 400 1000 20008

Energy (GeV)

picture adapted from Francesco Riva



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)
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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 into 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
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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-
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If so, is it more interesting than mean-field theory!?
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Higgs & Quantum Phase Transition
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AdS/CFT
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AdS/CFT
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broken CFT
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broken CFT
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broken CFT by IR cutoff

Sint = %fd4$d2\/§¢HT%




5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

soft wall cuts off CFT
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5D UnHiggs: Falkowski, Perez-Victoria
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)

» soft wall cuts off CFT

RS like: M? ~ n?
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5D UnHiggs: Falkowski, Perez-Victoria

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

soft wall (AdS/QCD)

» soft wall cuts off CFT

Regge: M* ~ n, /

\ continuum with
! mass gap

IR-brane models

confinement, cuts
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Stabilization of this setting:
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Modeling the QCH: generalized free fields

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

CFT completely specified by 2-point function - rest vanish
i
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Scaling - 2-point function: G(p?) = —

Branch cut starting at origin - spectral density purely a
continuum:
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Quantum Critical Higgs (Generalized Free Fields)

Bellazzini, Csaki, Hubisz, SL, Serra, Terning

¢ 5D model:

ds* = a(2)* (nudz'dz’ — dz?)

a(z) = Ee_g“(z_n)

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

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

¢ 5D model:
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ds* = a(2)* (nudz'dz’ — dz?) C TN TR Z |

. p=400 GeV, A=15
10 ] p=600 GeV, A=15
p=800 GeV, A=15 |
mn2=500 GeV, I'42=100 GeV |

a(z) = Ee_g“(z_n)

—_
o
o
o
T

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

Events / 10 GeV

100}

10}

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

200 400 600 800 1000 1200 1400
mzz (GeV)

(2—-4)

2\A-1
mh)

c.f. unparticle propagator



Quantum Critical Higgs (Generalized Free Fields)

Bellazzini, Csaki, Hubisz, SL, Serra, Terning

° 9 ]- a 2 I
¢ 5D model: 4_ / d'zdz /g [|DMH|~ ~ 3 Wik — 6(2) 1H* + cim(m] + / &z Loporturbatie-
4

gg-ZZ 300 fb™'(14 TeV)
ds* = a(2)* (nudz'dz’ — dz?) wTAE | S o .
=400 GeV, A=15 |
= 10% =600 GeV, A=15 !
_2,(2—R 1=800 GeV, A=15 |
G(Z) = —E€ s(z—R) Mn2=500 GeV, M12=100 GeV |

1000}

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

Events / 10 GeV

100}

10}

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

200‘ 400 600 800 1000 1200 1400
mzz (GeV)

Generally:

. ! > a2 p(M?) o and A
Gy(p?) = / dAM? !
ﬁ(p ) p2 - m% 42 p2 — M2 ’— LN “(2 \fﬁ:
SM recovered in limits p — oo and/or A — 1




Probing Naturalness by the Tail of the Off-shell Higgs
SL, Park, Qian; to appear soon

via Polarization Tagging
- BSM(TT).
oeeees BSM(TL) |
oo BSM(LL) |
—— SM(TT)
— SM(TL)
—— SM(LL)

—qq— 2Z(SM) go.mo;—'
— 99— ZZ(BSM)] |

10.001}

O’TT/OTOT(BSM)

. _' . + + + + + + - - : . L } 1 ' } b
8t [—— orr/oror(SM) TRT S R

- — BSM/SM

4t
s
&1 orL/oror(SM)
2t ;
- orrf/oror(BSM) i
11_ .................... : _0 1 1 1 L 1 L 1 L L L 1 L L |
400 600 800 1000 1200 200 400 600 800 1000 12(
mzz




Probing Naturalness by the Tail of the Off-shell Higgs

via Polarization Tagging SL, Park, Qian; to appear soon
Z Polarization <=l Angle cos#f dist. from decay
i, = _8 2
Transverse : 2 i = 2(1 + cos0)
2 TAE
Longitudinal : - T

-
(o
;

©
(o)}
’

To optimize the longitudinal over

1/0 do/dcos6
o
H

transverse mode significance:

—0.68 < cosf < 0.68
cos o = 0.68

{EL, ET} - 86%, 59%




Probing Naturalness by the Tail of the Off-shell Higgs
via Polarization Tagging

SL, Park, Qian; to appear soon

OLL/OTT
T| cos | <cos Oc

1. Theoretical discriminant:

2. Experimental observable:
U| cos 0| >cos ¢

MZZ>800  Theory Cross Section (fb) AL pyenid s
CASE C
TOT |LL T TL  Ratio cthi<C  Icthi>C  RATIO

SM 291 040 243 008 0.7 15.81 934 169

BSM 858 6.0 240 008 254 59.17 1632  3.63

sMQQ 12207 002 12089 116  0.00 63339 44007  1.44

SMTOT 12498 043 12332 124 0.0 64920 44941  1.44

BSMTOT 13065 612 12329 124 005 69256 45639 152

em%  0.039 0.047  0.086

Pol-tag < > 2.51

Signif_tot 151 L 086  0.14 lepton-eff  tot-eff

Sig_cut 1.70 T 059 041 08 887808

3. Pseudo experiment that make use of the whole polarization angle
spectra in real analysis.



Quantum Critical Higgs

soft wall cuts off CFT

soft wall a(z) = Ze-3uG—R)
. continuous KK spectrum
’ ove mass gap

A

u X

snimi

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

quartic, Higgs is fundamental = fine-tuning



SM
particles

Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D model

R e—sH(z—R)

a(z) = .

sSoft

Y8 I WA W6 W WP S, SN RS AN Ny BB S = o ey N 3 o R Sy A o S i e o N ST

7%

IR-localized Higgs
Potential




SM
particles

Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D model

Higgs arises from CFT with a domain wall (IR brane)

R e—sH(z—R)

a(z) = .

sSoft

Y8 I WA W6 W WP S, SN RS AN Ny BB S = el S N 3 o R Sy A o S i e o N ST

7%

IR-localized Higgs
Potential




Csaki, SL, Lombardo, work in progress

A Natural Quantum Critical Higgs: 5D model

Higgs arises from CFT with a domain wall (IR brane)

a(z) = Ee"é“(z'm
2

light
SM
particles

IR-localized Higgs

/ Potential

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



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

A “more” Natural Quantum Critical Higgs: 5D model

SU(2) X U(1)y SU(3): X SO(5) X U(1)x
AdS
light
SM tL
particles
PNGB Higgs
Ag
Uuv

bulk gauge symmetry
broken down to

SU(3)eX SO(4) X U(1)x

position of IR brane controls whether KK poles or continuum begins first



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

A “more” Natural Quantum Critical Higgs: 5D model
PNGB Higgs: as an A5 (IR brane)

SU(2) X U(1)y SU(3):X SO(5) X U(1)x
4
AdS -
N Y SOft
R
light wall
SM T 2 top
particles A
PNGB Higgs
Ag

UV

deep IR
bulk gauge symmetry
broken down to

SU(3)eX SO(4) X U(1)x

position of IR brane controls whether KK poles or continuum begins first



Continuum Naturalness?

Csaki, Lombardo, Lee, SL, Telem (appear soon) e

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

0(qq - g - trir) (partonic)

777 T T T3
- Soft wall [y =1 TeV, R' = (2.5 TeV)™]
4 100 — RS1 [mG =3TeV]
EWSB E
% P(pQ’R R,) ! — SM
T JA gauge bosons fa
-~ o)
< ....... <\/’ = -
,"' g tR & 10
F K :
0_1.l....l....l....l....l..-\r‘i&»_
500 1000 1500 2000

11 PV S N S T T
2500 3000 3500 4000

V5 [Gev)



Continuum Naturalness?

Csaki, Lombardo, Lee, SL, Telem (appear soon) i

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

0(qq - g - trlr) (partonic)
1000 F—————7——— 7T T T T}
- Soft wall [y =1 TeV, R' = (2.5 TeV)™]
100 e RS1 [Mg = 3 TEV]
: —— SM

o) !
ks
@ 10f
s [ —
S

4000

New Physics 1s hidden 1n the tail region!!



Continuum Naturalness?

Csaki, Lombardo, Lee, SL, Telem (appear soon) Tt e

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

0(qq - g - trlg) (partonic)
1000 L e L S B B B B
- Soft wall [ = 1 TeV, R'= (2.5 TeV)™ ]
e 100 | e RS [ = 3 TEV]
/% f(?’i’f‘ E) / gauge bosons a AL
/,"’ 7 <,‘\/’ tR % 10 F
T 3 5
4 PG2R.B) T PN
/ : 1
0.1 L1 -
500 4000
u d
W ) { . . : 4
\:3/:/ New Physics 1s hidden 1n the tail region!!
t Xs/3
g t

-Similar stories for continuum top partners
-Set of EFT operators searches



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: £, = tr pllr(p)te +trpUr(p)tr +tr M(p)tr + h.c.

- 2-point function <tt> 1s given by

. 1 Kallén-Lehmann _|__ m

y VIIL ()R (p)
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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: £, = tr pllr(p)te +trpUr(p)tr +tr M(p)tr + h.c.

- 2-point function <tt> 1s given by

1 Kallén-Lehmann _|__
—1P(p) = :/dm2 i) (m?)

p M (p)
VIIL ()R (p)

- non-local effective action: Seff = / d*z d*y () (i@, — m)X(z — y)¥(y)

d*p dk -

- gauge Invariant way: S.g = W
(2m)°

(k)(p — m)S(p*)F(k — p,p)

Ph = %ImE—l F(z,y) = Pexp (—z‘gT“ / e dw) ¥(y)



Continuum Top Partners

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

¢ Can we hide top partners at the LHC?

same-sign /

9

dileptons

- depending on profile of the spectral density
- calculate top partner production for a g1ven p = - ImZ_l

\
W\

L= A k
q=> ¢ ,’
Ou—1T = 2Im »

- quadratic divergence cancellation: the discrete sum rule turns

into a continuous integral over the top partners



Continuum Super-partners

SL, Terning, (and amazing phD students); work in progress

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

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

AR TH L N IEG NS ] Cai, Cheng, Medina,
01>:|'| Terning (09’)

. O.lO;; |'| J
) ) LAY
s 31

0.05}:

0.00F

-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!



