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Composite Higgs

* Framework of composite Higgs strongly motivated as it can
generate large hierarchies observed.

* In these models Higgs is a confined composite state of strong
dynamics at or above the TeV scale.

 But difficult to analyze/model, because of strong coupling.

* Holographic duality provides a weakly coupled geometric dual
description.



Composite Higgs < > Warped extra dimension

Holography <
. pbrane
 Solves the (Planck weak) hierarchy “;;,.; 0)
problem Randall & Sundrum 1999
Y o—kXs
Mp,

Planck-weak hierarchy obtained with kX: ~ 30

* Flavor hierarchy: 4D hierarchy from
Grossman & Neubert 1999
5D anarChy Gherghetta & Pomarol 2000

Profile of zero-mode fermion~ e¢k *s

* 4D couplings « overlap of profiles

Majid Ekhterachian (UMD) 4



Warped extra dimension- Current status

* No new physics signals at LHC so far

* Bounds from electroweak precision tests (with custodial

Carena et al 2006

. =
Symmetry)° MKK < 3 TeV Delaunay et al 2010

* Flavor/CP violation bounds on generic new physics scale
= 10°TeV

* But much weaker with RS-GIM mechanism, Gherghetta & Pomarol 2000;

Huber & Shafi 2000; Huber 2003
’ V4
MKK < 0(10 S) of TeV Agashe, Perez, Soni 2004
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e Possible that the hierarchy problem is solved (imperfectly) at = 10 TeV
by composite Higgs, leaving a little hierarchy problem.

* With such a scale for new strong dynamics, flavor bounds can be avoided
* No on-shell production at the LHC?

e Can there be (flavor-safe) remnants of the strong dynamic surviving to ~
TeV scale?

Vestiges of naturalness, a preview of solution to the hierarchy problem

e Extended wa rped model Agashe, Du, Hong, Sundrum 2016



EXte n d ed Wa rped I\/l Od e | Agashe, Du, Hong, Sundrum 2016

* An intermediate = 10 TeV brane (Higgs brane)

* Fermions propagate only between the UV and

the intermediate brane uv Higgs brane IR
\/Electro k i1l f IR Radion
weak precision and flavor/ CP ) .
\ 151 t fermions C—
violation bounds avoided \ light fermions top, Higgs /
* Gauge bosons and gravity propagate in all of \ Gange/Gravity KK
the bulk « SM Matter, Higgs . /\/
. . Sl Gauge Fields d -
v'KK graviton and KK gauge bosons can still | e
____— T e
—

be produced at LHC energies
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Lightest BSM particles

|

[R Radion

P

* Radion Two radions here, corresponding to the two \ light fermions top, Higgs /
brane separations.
Gauge/Gravity KK
IR radion expected to be the lightest BSM particle. 1 M Matter Hioes ﬁ/
Decays dominantly to gluon pairs (usual decay modes to final SM Cauge Fields // .
states with H, t suppressed, due to sequestering of profiles) I
R —

KK gauge bosons LHC signals from resonant production of KK gauge bosons have been
studied. Agashe, Collins, Du, Hong & Kim 2016, 2017 & 2018

Decay dominantly to a SM gauge boson and radion (usual decay modes suppressed).

KK graviton Signals from KK graviton production and decay:

e Different spin, different final states and new topologies
(In the standard scenario KK Gr, KK gauge decay to similar final states)
* The hallmark of warped extra dimension
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Couplings and parameters

* Three parameters (in addition to masses and SM couplings):

Ygrav

Ygrav

ggrav: ggKK’ €

Coupling of 3 composites, one of them spin-2:

4TT k3
~ N “ Ygrav ~ M_g’

Coupling of KK graviton to two radions:

Ygrav (Rad)
~ 2~ Hﬂv T
Mgk Hv

KK Gr #

e

AVAVAVAVAVAVE

=

X Ggrav

Similarly, coupling of KK graviton to two composite vector

mesons.
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Couplings and parameters

* Coupling of composite vector meson to two composite fermions:

g 8KK

e Coupling of KK graviton to a KK gauge boson and a SM gauge boson:

ggKK A gS\/E
Sets the mixing between composite vector meson and elementary gauge
boson: SiNg g AN o 2
mixing 99xK
Y9xk

SM gauge boson admixture of elementary (mostly) and composite

%
- 9grav gsm KG
g asm \°
* KK graviton to two SM gauge bosons: o === ( M ) KK Gr
Mgk \dggk

KK graviton production o
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Couplings and parameters

* Coupling of radion to two composite vector mesons .......... oc Jgrav
Mxkk
* Coupling of radion to two SM gauge bosons:  Ggray ( . )2
72 Mgk \9g
1 Ysm FapaWL e
4 Ygrav ggKK J7AY; My
* Coupling of radion to a KK gauge boson and a SM gauge boson:
R ~ Eggrav gsm
~ € ggrav _gSM FMC%/FI?KMV _— { Mgk ggKK
9KK Mgk
* ¢ related to the parameters of stabilizing (Goldberger-Wise) field and sets the
: : Anji 1
separation between the Higgs and the IR brane: In —-8s . -

AIR €
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KK graviton decay channels

* In the standard scenario, decays dominantly to top Higgs and
longitudinal W and Z.

* These channels are suppressed in the extended model, letting new
channels (that have not been searched for) shine.

Uuv IR Uv Higes brane
-

Standard warped model Extended warped model [R Radion

| I N i W N L B N B WL S e /

\ light fermions top, Higgs

ight fermions E{le}f'H:.f",__}",__j.ﬂ.HEL{li{Zlil/

KK

SM Matter, Higes

]

- . \ SM Gauge Fields
= . Gravity /

da—-"‘“:_‘:‘:_____ —

A
Y

FExtra Dimension ) ,
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KK graviton decay channels =

* In the standard scenario, decays dominantly to
top, Higgs and longitudinal W and Z.

* These channels are suppressed in the extended
model, letting new channels to shine.

* Main decay channels:

Extended warped model

SM Gauge Fields

Gravity

SM Matter, Higgs

||.'||_ H]_\_\-\

Higgs brane

IR

KK graviton Br ratios- lighter KK gluon

% %
KK Gr

Ny RAADA

%
KK Gr
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KK graviton signals

* Decay to gluon pair: dijet resonance, are looked for in the standard searches

* The two other main decay channels result in 4 jet signal with topologies that
have not been searched for

Can have better sensitivity than standard dijet searches

KK graviton Br ratios- lighter KK gluon KK graviton Br ratios- heavier KK gluon
R,

‘F% ) 2
KKGr wars B - KK Gr &
R-. ,
g KK Gr RASDA
g g R




Antler topology

KK gluon decays to a pair of radions

Each radion decays to two gluon jets

A 4-jet resonance containing a symmetric pair of

distinct dijet resonances

Additionally, angular distribution of reconstructed
dijet resonances can be used to increase sensitivity

and distinguish spin 2 of KK graviton

R —
Photo credit: Peggy and Erv

from: https://www.uwsp.edu/wildlife/Ungulates 4\ : /Mule%ZODeer/MuIe—Deer—Ho\péaspk 5

.

The name antler for this topology have been used in Han, Kim & Song 2009
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Antler topology

KK gluon decays to a pair of radions, each radion decays to
two gluon jets

A 4-jet resonance containing a symmetric pair of distinct dijet
resonances o
Additionally, angular distribution of reconstructed dijet
resonances can be used to increase sensitivity and distinguish
spin 2 of KK graviton

R
do 2 ®
— & sin -
d cos 6 R e \ 0
For one of benchmarks can increase the significance from VVVVVVV Initial gluon direction
> 30 to> 50 R,M (in lab frame)

6 in KK Gr rest frame
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Sequential-cascade topology

 Hierarchical resonances:

An overall 4 jet resonance (KK graviton), containing a tri-jet
resonance (KK gluon) and that containing a dijet resonance (radion)
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 The only possible topologies with 4
final states arising from a sequence
of 1 — 2 resonant decays

* Both arising from KK graviton decays

-
.
Vs

—
~
~—
At P .
5 5

-
o2 TN

¥

‘credit: Peggy and Erwin Bauer, Tl
. 53 - - >
from: https://www.uwsp.edu/wildlife/Ungulates/Pages/Mite%20Deer/Mule-Deer-Home.aspx
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KK graviton signals

For heavier KK gluon, channel with antler topology dominates

(for example: My or = 4 TeV, Mgk gluon = 3.7 TeV, Myagion = 1 TeV)
For lighter KK gluon, contribution of two channels are comparable

(for example: Mg gr = 4 TeV, Mgk gluon = 3 TeV, Myagion = 1 TeV)

Can get 50 significance at HL-LHC with 3000 fb~* luminosity and 14 TeV CM
energy, in some region of parameter space for both cases

Better sensitivity than the standard dijet resonance search

See the next talk by Deepak Sathyan for details of analysis.
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Summary

* Extended warped model safe from flavor and EW precision bounds while still
accessible at the LHC.

* Two 4-jet signal channels for KK graviton with novel topologies:
Antler

Sequential cascade:

e Can be the discovery channels for KK graviton at HL-LHC, motivating new
dedicated searches for these topologies.
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Thank you!




