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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
(RS setup)

Composite Higgs:

Supersymmetry: Fermionic top partners

stop

(partial compositeness)

| — —

Higgs is a fundamental scalar,
just like many other
SUSY partners

Higgs is a composite resonance,
just like many composite
resonances in the theory of
strong dynamics
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~TeV scale to cut off the top contribution to the Higgs potential
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SUSY 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?
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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 4mz? in

TTTT—TTT scattering)
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4 New Physics may appear solely as a continuum
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Particle Without Particle

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.

- Idea: they may not be ordinary particles but form a continuum
with a mass gap (similar to gapless unparticles like Terning et

al. - also used gapped for SUSY)
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Ising Model
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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, Terr]in:q (PRX 2016)
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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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
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5D UnHiggs: Falkowski, Perez-Victoria

soft wall (AdS/QCD)
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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 { L + / dl\I:’ f(‘n[ .)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:

P

O B "

\ M=
Gl/])’ N dl\ff[i) p( ) \
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Bellazzini, Csaki, Hubisz, SL, Serra, Terning (PRX 2016)

Quantum Critical Higgs

soft wall cuts off CFT

softwall  4)= Loduen

e 2 continuous KK spectrum
ove mass gap

TR
L) L

0.5 1.0 1.5 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

"MK AR
as(2) = ()

ight

s | AdS y
particles
usual GW mechanism to stabilize

< >

UV

IR-localized Higgs
Potential

a(z) — Be—éﬂ(Z—Rj
“ soft-wall
W,Z,¥ g .
Higgs tr ~ ®(2) = p(z — R)
o
AN linear dilaton
deep IR



Csaki, SL, Lombardo, work in progress

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

Q(Z) — K —3H(2—FR)

A8 (U e s
aS(Z) 3 ( j ) “ soft-wall
| W,Z,¥ g ,
| ht . )&= )
S?M AdS tL Higgs tr  ®(2) = pu(z — R§
. -
e b B\ linear dilaton
usual GW mechanism to stabilize o
< ] ,
-]

deep IR

UV

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) = (%)

ight
s | AdS y
particles
usual GW mechanism to stabilize
<€ > » ,
> ~
UV

IR-localized Higgs

/ Potential

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

a(z) = Be—§#(2—35
: soft-wall
W,Z,¥ g .
\ linear dilaton
deep IR



Csaki, Lombardo, Lee, SL, Telem

A “more” Natural model: Linear Dilaton

. R
1G5 fR As dz R —2u(2—RJ

bulk gauge symmetry a(z) = —e’3
broken down to “ soft-wall
SU(3). X SO(4) X U(1)

linear dilaton:

W, Z,%g‘CI)(z) — ,LL(Z — R/)
SU2) X U(1)y SO(5) X U(1)x X U(w o

o 3rd generation,
top partners
light ~
SM
particles

PNGB Higgs
Ag

UV 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)

. R’
) Ar dz R
L fR ° bulk gauge symmetry a(z) = Te—éu(z—Rﬁ
broken down to “ soft-wall
SUB):. X SO(4) X U(1)

linear dilaton:

W, Z,%g‘CI)(z) — ,LL(Z — R/)

SUR2) XU()y | SO(B) X U(1)x X U(w v
e * 314 generation,
top partners
light ;
SM
particles B S
PNGB Higgs
Ag
UV IR deep IR

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



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 plr(p)tr + tr, M(p)tr + h.c.
- 2-point function <tt>1s given by

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

? \/HI (p)r(p
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¢ MCHM (Agashe, Contino, Pomarol) => continuum version
- elementary fields which mix with the composite operators and the
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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



Unparticle Spectral densities (5D model)

¢ 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

4 Old story: RS2 gives a model of continuum fermions without a gap
(Cacciapaglia, Marandella, Terning)

<€) 1 2 ['(2-d) 1

a—

1
2
AcT (% | C) (—'pz:)%_c Gan(p®) 1d—2T (d r %) N ‘.,\‘%_,-;,

= P .)
Grsp (D REx

¢ Boundary RS2 Green’s fn = 4D ungapped continuum fermion

(“unparticle™)



Unparticle Spectral densities (5D model)

L B h OW
U.C.F specitral function
if 1t 08
\
S
% 0.4¢
¢®C P
(Cac 0.2
0.0-
€
. . . . : . , ; . / . . . 4 . . :E—rl
0'8.0 0.5 1.0 1.5 2.0

p2

¢ Boundary RS2 Green’s fn = 4D ungapped continuum fermion

(“unparticle™)



Gapped Continuum

¢ To introduce mass gap, we need to modify the 5D background
¢ Introduce linear dilaton into AdS

Uuv IR linear dilaton:

------

z2=R z=R' >
¢ ®(2) linear dilaton - around the UV brane vanishing
== won’t have effect until IR (z~1/p)

¢ Linear dilaton models the details of the IR dynamics (e.g. theory

modified by dynamics of some composite mesons bellow IR scale,

leading 1into gapped continuum)



Gapped Continuum

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

. o & ! y_ R
¢ Fermion Lagrangian in “string frame” as(z) = 3

—2®(z) 5 —1 1 ,. =Y.
Ls = e **Pa3(2) lag' (2)Lxin + = (c+y®(2)) (¥x + \L’)}
4
bulk Yukawa coupling between the dilaton and the bulk fermion

¢ Kinetic term conventional

v/ ’ - 17 < 7 -
L:kin T = Z'X'U#pu)( T 'I'U'-/’O"puu‘.f TG (1,/ 0 EY —I X 0 5'1;'))

¢ Go to Einstein frame to see physics best — a(z) = ag(z)

/

o~

TN
Lg = a*(2)Lyin + a°(2) ) (¥x + x2)

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

A clc+1)+yP(2)(2c+ yP(z) + 1) — yzd'(2)
M‘ﬁ(z) — 72

—~

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,u,2

# gap will show at yu



Gapped Continuum

Csaki, Lombardo, Lee, SL, Telem

4 5D holographic model with a linear dilaton

Sy = [ et (0w + 5LEye - II0))

C(Z) — (C+IJ’(Z_R)) e%l‘(z—R)
_imh Ao ye f’i Ay el |
10" Oy x — Os9 2a?,b+ R?,b 0

/

, e a a
—10H 0, + Osx + QEX +

C
—x =0.
=X




Gapped Continuum

Csaki, Lombardo, Lee, SL, Telem

4 5D holographic model with a linear dilaton

Sf = f d’z a(2)" ¥ (mM OM + 22“;'((5)) 1\ a(z}: (z))

c(z) = (c+p(z — R)) e3r(z—R)
Ls=p a s @NG e - 1
10Oy x — 057 2aw+ sz 0

/

—ia“c‘?“d_) + O5x + Z%X T %X = 0.
X = 9(x()
— a . N ; 1
U(z) f(2)Y(z) X(Z) /4 Aa—-—-(z) W <_%’(t+ 32A2> ;
Y(z) = Ja z) W —'% f l Z\) L= -
o) = A7) W (- FLc- 5,282) 2

- profile of continuum depends

on the scaling dimension of the fields



Gapped Continuum

Csaki, Lombardo, Lee, SL, Telem

0.025¢ Fermion speclral function 4.-1 OF
Linear Dilaton

0.020}

a(z};(z))

0.005}

0.000

- profile of continuum depends

on the scaling dimension of the fields



Gapped Continuum

Csaki, Lombardo, Lee, SL, Telem

¢ Similar story for Gauge Boson

0.04} Gaugg spectrgl function Ny
' Linear Dilaton
0.03}
0N
Q 0.02}
0.01}
0.000 . 7 - as -
o
1—_ Az) 1 i |8 (1
)(s) = —limIm — Pligof /e W} gahf = &
A$) wz—0  A'(z) 27s "\2  2A "\2 2A



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 = / d'r \/gna [MiZrtr + My (qLar + qLdr) + My (qdr + qrdg) |

¢ 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



A Realistic Model

¢ To generate Yukawa couplings, need localized mass terms

SIR — / d4;II v/ Gind []\11 ZILtp + A[4 ((ILQR 1 5L(_}R) + A[b (QLC]}Q + (_;L(j}%)]

® Are
//'/\\’/ /\
/ « 0P
mass dependent 5D profile / /Y |
/ // \ 1
/ / ‘x‘ |
//// / \ \ . .
¢ Al L o1t light
yd / \
4 Chc NI WA F—————5TeV



Fermionic Spectrum

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

~R)

Fermion spectral densities. 3rd generation all very broad
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Continuum Top Partners

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

=1\ ) -
: . 3 : :
¢ Higgs Potential: V(h) = = [ dpp® |-4)_ logGy;(ip) + Y logGy,(ip)
| =1 k=1 ]
. ~ dlogv ]! I
tllIllIlg - IIl'dXidlog pz pz = {R>R)“)’r7 07 yaCQacT)CBaMl)mlla Md}
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?]
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v/f[1]

fermion continuum starts at yp = 1.75 TeV



Continuum Top Partners

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

20 4
. . 3 . .
4 Higgs Potential: V(k) = 53 | P’ |—4) logGy(ip) + ) logGy,(ip)
/o= k=1 ]
. dlog v = I
tllIllIlg > max; dlog Di Di € {R,R,/.L,T, 0) yacQacTacBaMlam4aMd}
10
 mn=125GeV
8.' vif =1/3 | Q Usual
' 1% tuning
5
” with our conservative choice of
parameters
F20 0.25 0.30 0.35 0.40
vif [1]

fermion continuum starts at yp = 1.75 TeV



Continuum Top Partners

Csaki, Lombardo, Lee, SL, Telem; to appear soon
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Continuum Naturalness?

), Lee, SL, Telenr

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

- KK gluon / colored pc

100

KK Gluon

A . EWSB
//”/>.<N..F.).g::.1 R q ) .//,./ t 10
| e\ 4 R
¢ \\/ GB’s
; y @ —
,1' P(zji, R R) Pl:],l't‘ R R) _'8_._ 1
~ 7 "’ /'/ @
L~ ,// b
0.10
i = a(z) e—31G—R) |LpMN g 0.01
E — : A MN SM Gluon

a(qgq -» G - tgig)

5 15

10
JE [TeV]



Contmuum Naturalness?

lo, Lee, SL, Telenr

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

- KK gluon / colored pc

100

) ’ EWSB ’ KK Gluon
S|ty T 10
‘.< ..""..T_/..// VV tR,
~| GB’s

"; 4 e ".' o)
/", [(PiA R R) PI']JJ‘ R R = 1

_ /". 47‘ /t/ @

|~ ,// (e
’ 0.10

1

SM Gluon

Ly = a(z) e~ 3H(—R) [—

. FMN Fy N] 0.01

a(qgq -» G - tgig)

—/‘i”(Z) o ‘/eﬁ‘(Z)/i(Z) i pQA(Z) 5 10 15
\/ngeV]
A(z) = \/ge_“(z_R) A(z)
3
eﬁ'(z) — /-l’ + . t+

42



Contmuum Naturalness?

lo, Lee, SL, Telenr

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

- KK gluon / colored pc

100

) ’ EWSB ’ KK Gluon
S|ty T 10
‘.< ..""..T_/..// VV tR,
~| GB’s

"; 4 e ".' o)
/", [(PiA R R) PI']JJ‘ R R = 1

_ /". 47‘ /t/ @

|~ ,// (e
’ 0.10

1
Ly = a(z) e~ 3H(—R) [—

FMN Fy N] 0.01

4 - SM Gluon
a(qg - G - tptr)
—/‘i”(Z) 4 ‘/eﬁ‘(Z)/i(Z) sk pQA(Z) 5 10 15
\/ngeV]
A(z) = \/g e HZ—R) A(2)
[ 3

Ver(2) = e

(2) + + 1.2

Ver(z — 00) = p?



Continuum Naturalness?

ki, ardo, Lee, SL, Telem

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

100

e KK Gluon
Sleeam ZA0 10
< T/<\/ GtBR’S
/1 E (_?iio[{e‘f?)’ ‘,"":P(p‘, i’ R g ;
/‘/./ ‘/!//// %
040 ntinuur l;r::n\}
1 :
Ly =a(z)e —3H(z—R) [ZFMNFMN] 0.01 SM Gluon
o(qg = G - tzip) :
—A"(2) + Vea(2)A(z) = p*A(2) 5 \/_1 (;r Vi J )
S [Te
1 . R —u(z—R
A(z) - \/;6 uz )A(Z)
po, 3 Az) = A,/i P("—R)W(—L.I-QA) _ A=z
Ve(z) = p* + = S (2) R N A © Ve

Ver(z = 00) = p?




Continuum Naturalness?

Csaki, Lombardo, Lee, SL, Telem

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

100
, KK Gluon
< .% <\/ GB's
P R S £ 1\
./9/ ‘,!/// % \
0.10 \—‘/ Continuum Gluon \-
1 |
Ly =a(z)e —3#(:—R) [ZFMNFMNI 0.01 SM Gluon
o(qg = G - tglr) )
~A"(2) + Ver(2)A(z) = pPA(2) 5 ° 1 ;
LIS N
Az) = \/E 1R A(2) New Physics 1s hidden 1n the tail region!!
A
3 19 z —R H . 9
Verlz) = 12 + £+ 55 A) = AR CTPW (g 1282) A= ViEp

Ver(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 (——)
2(Q) gg/R Bt a2 s % (rg)

0.093F
0.092F
0.091F

0.090F

1y > 600 — 700 GeV

a,(1.42 TeV)

0.089F
0.088F

0.087F

0.086

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



Continuum Top Partners

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

¢ Can we hide top partners at the LHC?

o(qq — xTx) =

)= (o +

- depending on profile of the spectral density

- calculate top partner production for a given

- need to calculate loop with continuum states (work 1n progress)

i/
v

same-sign / L

dileptons
Gl ImII(s)

9s

Qv
q g ) 5abin(q2)
el

9

/i




Short 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



light
SM
particles

Csaki, SL, Xue, work in progress

Continuum Dark Matter

W,Z,Higgs

usual GW mechanism to stabilize

<€

UV

>

tL tR

a(z) = Be_é“(z_m

: soft-wall
DM .
()




Summary

¢ Searches at the LHC have placed the naturalness paradigm under

pressure

¢ We provided a natural model (continuum composite Higgs model),

where top and gauge partners could be continuum states from the strong

dynamics of confinement

¢ The new continuum states in this scenario cannot be described as

Breit-Wigner resonances, drastically changing their LHC pheno

4 No bounds from bump huntings, but still bounds from running of

alpha, and pair production (work in progress).
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