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Open questions of Standard Model of Particle
Physics...addressed by Composite

Why is
gravity
weak

Why is up quark
lighter than top

Composite
Higgs/top

Grand /

Unification

of forces Candidate for Dark

Matter of Universe

Range of experiments will test...
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Review of Standard
Model (SM)




Theory of interactions of elementary particles

@ Forces due to exchange of spin-

W

force carrier (Feynman | strong | EM weak
diagram)

gluon | photon| W, Z

@ Fermionic (spin-1/2) matter

Quarks (strong U C t
interactions) d. ] T e

leptons (no strong...)



Higgs boson (origin of masses...)

® EM and Weak unified into force

@ massive (short range for weak force) via
coupling to Higgs (spin-0) condensate (in vacuum)

o mass -~ (Higgs condensate is neutral)

(a la superconductor: massive via coupling to
condensate of Cooper pairs)



of Higgs condensate

dimensionless

@ Mass ~ condensate x coupling =i g )
i

Condensate M,cqr~ 100 GeV from W,Z masses and couplings

@ Fermions: (up quark) is heavy (light) due to
(small) coupling to Higgs condensate

@ Myear ~ Mass scale of heaviest SM particles 1

@ reach of current colliders (LHC) ~ TeV 1000 GeV)
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Hint for (much) mass scales
@ Quantum gravity e==>> physics at

A 51—l aald (Gravity is -weak
i \/ RN ST at low energies)

100 GeV -|------ - L




Higgs condensate — scale

@ Quantum corections (spin-0) ===>>
M year ~ 100 GeV << Mp; ~ 101° GeV IS S'I'dble

A

102 GeV -|{------- Mp,

quantum effects
(generically)

100 GeV -|- = - = = Mweak

@ Biggest mystery for past several decades!



to hierarchy problem

101 GeV-

@ New physics (NP) at

TeV scale

1 TeV -
100 GeV-

quantum
effects



Qutline

° being composite “protects” weak from
Planck scale

® Requires composite quark

® Modeling by (warped) extra dimension
— various

® Direct production

® |ndirect effects

® of 3 forces

—> Dark Matter —> Various

techniques developed here for composite Higgs/top signals have
general applicability
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Basic idea

@ Higgs boson (discovery in 2012, Nobel prize in
2013) has (new) constituents

@ a la quarks bound inside spin-0 pion (or
spin-1/2 proton)

Higgs

~1n—19
boson 10 111

@ compositeness scale/structure above ~TeV:
size~10"1 m (~10~*of pion)

® Myear not dragged up to Planck scale (like
pion mass isnt); Higgs is not point-like
above ~ TeV






Top quark [2nd last to be
discovered (1995)] is heaviest
particle of SM

@ largest coupling to (composite) Higgs boson

@ likely to be composite also: otherwise
coupling too small, like electron-pion

@ central to theory/phenomenology

Top quark




SM fermions
(mostly) elementary

@ smaller coupling to Higgs via (small)
composite admixture (sin6):

SM) = cos # |elementary) + sin 6 |composite)

(elementary-composite mixing like Y=-p£ in usual strong sector)

@ accounts for SM fermion mass hierarchy



Modeling of composite
Higgs/top

@ idea old [Georgi, Kaplan (1984)]: difficult to calculate
(just like usual strong nuclear force): constituents of
Higgs boson

@ [Maldacena (1997); Witten (1998); Gubser,
Klebanoyv, Polyakov (1998)]: weakly-coupled (calculable)
dual description in highly curved (warped) extra
dimension [Randall, Sundrum (1999)]
concrete, realistic [KA, Contino, Pomarol (2004)]
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Dual extra dimensiona

descri Ption




Intuition behind duality

@ Tower of states ( ~ excitations of
pion, rho-meson...) in 4D (= 3 space + time)
picture with strong dynamics  mass 4

Y Q r

~ TeV

composite/KK
" l excitations
\/ ~ TeV
20 SM

@ Kaluza-Klein (KK) tower from motion in a
compact extra (5th) dimension: ~modes of
particle in 1 D box (with )



snapshot

® geometrize degree of compositeness

@ overlap of profiles dictates all hierarchies (Planck-weak
and flavor)

@ explicit calculations in 5D framework vs. qualitative
summary for signals (using 4D picture)
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Originate from new,
(~TeV)com Posites
» Need to know their
lclentltg and orclermg of
couplmgs
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Identity of (heavy) composites...like real hadrons

o Higgs (EW charge) and top (color and Ew 'O (made of quarks)
: has electric charge
charge) are composites i

@ constituents also carry EW/color charges:
/SM gauge bosons (W/Z/gluon/

hoton
photon) couple to them » ¥

madgi e uark current interpolates
@ J,|vacuum) ~ composite gauge boson ; &
rho-meson (composite/

Quark current coupled to

[heavy W/Z/gluon/photon (spin-1)] heavy photon)
o
Composite (composite
gluon/W/Z/ photon)
new photon
W, Strong W, QCD

gluon/W/ dynamics
Z/photon

photon



Couplings of (heavy) composites...like

real hadrons -y
Composite
@ coupling among composites maximum gauge
(dominates decay): heavy composite with top/ 7
Higgs (including W/Z longitudinal)
@ 2 composite, 1 elementary: neither here nor by

there? Not quite in simple extensions of minimal

model [KA, Du, Hong, Sundrum (2016) and Sﬁg%ton
KA, Collins, Du, Hong, Kim, Mishra (2016-18)]: D Ty
heavy composite gauge boson to SM gauge

boson and dilaton (spin-O composite)

@ 1 composite, 2 elementary (relevant for q/1 i
production in proton/electron collision): heavy /t gauge
: : q
composite to light quarks/leptons /Np e






(1). Heavy/Composite
decays to tops

[KA, Belyaev, Krupovnickas, Perez, Virzi (2006)]

(due to top being
composite)

/

® Coupling to up (top) quark small (large)




Top identification before LHC

@ top ~ at rest (in lab frame)

@ b and W decay products well-separated



: tops from composite/KK gluon
boosted [KA, Belyaev, Krupovnickas, Perez, Virzi (2006)]

Yiop ~ Esop/Mtop ~ (3 TeV/2)/170 GeV ~ 10 ==
opening angle between b and W ~ 1/v;,, ~ 0.1

@ b and W decay products



Solution:
identification strategy

| — a5 (from W)

@ quarks manifest in detectors as spray of hadrons (jets):
top-jet (coarse-grained)

@ use jet substructure ( effort: theorists/
phenomenologists and experimentalists)



LHC search

@ ..already in boosted top regime
(bound on composite/KK gluon mass ~ a few TeV)

5D calculation

26" (13 TeV)

Expected (95% CL)

—— QObserved (95% CL)

-= KK gluon (LO x 1.3)
I =10 Expected

] +20 Expected (CMS PAS
B2G-15-002)

— tt) [pb]

< B(g,,

gKK

—h
<
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boosted fop event!

Subjet 2,

et =49 GeV
Subjet 1, eta = 1.64

et =275 GeV phi = 1.64
eta =2.08
i\ phi = 1.94

L
A ) ) \\

CMS Experiment at LHC, CERN ] ]
Data recorded: Sun Jul 12 07:25:11 2015 CEST Top Jet cancklate 1
Run/Event: 251562 / 111132974 ee(a =292

Lumi section: 122 \ :

Orbit/Crossing: 31722792 / 2253 \ ,22;: 2'17;6 GeV

Compact Muon Solenoid

N

C
>

Top jet candidate 2,
\ pt =613 GeV

Subjet 4, eta =-0.70

et =133 GeV ‘ phi = -1.46

eta =-047 \ mass = 177 GeV

phi = -1.56

Subjet 6,
Subjet 5, et =73 GeV
et =402 GeV eta=-0.18

eta = -0.86 phi =-1.30
phi=-1.44

@ Two top-jets: each with 3-sub-jets (b and 2 jets from W
merged)

@ Invariant mass: 2491 GeV




Research boosted. ..

(2) Boosted W/Z/Higgs from (colorless)
composite
| [KA, Davoudiasl, Perez, Soni (2006);
- KA, Davoudiasl, Gopalakrishna, Han, Huang, Perez, Si,
~ Soni (2007); KA, Gopalakrishna, Han, Huang, Soni
(2008)]

. * “Boost” : meet annually (from 2009)to deal
. with boosted objects (top, W, Z, Higgs...) in general
(arising from decay of heavy particle, not just
composites)







Basic idea (any heavy, new physics)

/( NP \ I:>%N

-local)
@ Energy << mass of new particle (out of direct reach)m=>>

range/suppressed force
(like low-energy weak nuclear force from W exchange)

@ modify properties of SM particles ( and fop, couple
strongly to heavy composites)

@ Sensitivity to new physics by analysis of SM
particles produced abundantly at lower energy (E < TeV)

o to direct probes
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Shift existing couplings

@ top to z/h ( ~form factor from compositeness)

composite/ KK M 7
Z (heavy) >

@ Higgs to W, Z, top



New couplings

@ (composite) top coupling shifted; charm not composite
flavor-mixing generates fop-charm-Z (unitary rotation on
-identity matrix) [KA, Perez, Soni (2006)]

g%M X 0 X (923

/

mixing

@ similarly, top-charm-Higgs [KA, Contino (2009)]

(negligible in SM: coupling matrix identity, up to tiny loop effects)



Testing at LHC ande’e ( ) collider
@ LHC

-/

g%M X 0 X (923

t

@ c¢Te (FE Z 350 GeV): via decay

N .
linear (Japan) circular (CERN/ )

/

@ eTe [FE = 250 GeV (~ Higgs factory)]:
(single top) (not for h)

Prediction: BR (t — c¢Z) ~ O (10_5) for compositeness scale ~ 3 TeV
Sensitivity: ~ 10~* at LHC; ~ 1072 (decay), 10~* (single top) at eTe™

Prediction: BR (¢t — ch) ~ O (10~%)
Sensitivity: ~ a few x 10~ at LHC



contribution to
top-pair
production at
LHC

® same diagram as
before (direct
effect), but

SM +
composite

energies (heavy,
composite gluon is
virtual)

(LHC can probe :
total E =13 TeV, but E
of constituents varies)






Havent we done that rd

@ counter-intuitive at first

@ (most) existing methods assume (in one way or
another) top(s) produced by SM processes,
e.g., compute distribution of decay product as
function of r;, ind best fit to data

Prediction (my; theory ) = data,
with theory = SM

@ new (unknown) contribution *above quite
accurate

@ need method independent of production mechanism



' MEASURING (OLD ANDNEW)
PARTICLE MASSES

[KA, Franceschini, Kim (2012); KA, Franceschini,
Kim (2013); KA, Franceschini, Kim, Wardlow
(2015); KA, Franceschini, Hong, Kim (2015); KA,
Franceschini, Kim, Schulze (2016)]




Basic goal (simple!)

@ determine mass of parent

particle by (visible) Nz
decay products (child o
particles) parent \_

@ challenges for decay neutrino dark
kinematics (only)-based matter
method (independent of

>- 4
Missing particles (can - 4 -
reconstruct decay)
known velocity (boost) / \
of parent in lab frame colliding parton

(variable energy

(depends on o)

details)



, yet Subtle idea

@ use (only) energy of decay product: variant under
parent boost :{> (Lorentz-invariant) mass??!!

parent )

@ Location of of energy (distribution) is invariant
under boosts of parent particle (even if of shape is
)!

® CMS @ LHC measured top quark mass using this
“energy-peak”






Basic set-up/assumptions

® )-body decay: one child particle

( )

B
parent (B) \A

® _.other (A) don’t care (except for its )!

® unpolarized parent (all spin orientations equal)



Energy of child particle

® mono-chromatic and function of masses in
rest frame of parent:

Erest i 2 M%_Mi
a 2M g

@ determine Mp if M ,known and E™*' measured

..but (parent )-invariant



.. simple to be practical /useful?!

@ hadron collider: parent has ;
varies event fo event ==>>distribution in Elab

number
of events

M% _fo E;‘est
2 Mp g

3 rest-frame information




Conservation of invariance!
® Show analytically (in next 2 slides!):
(of lab. distribution) still retains this parent
information... simply, precisely, robustly!

® Distribution of log of energy is symmetric
about peak (back-up slides)

r

A num bey

of events
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Rectangle (covering Er*t) for fixed, but boost

In general:

0,5 = 0= (max) E2P Sifrest Assume unpolarized parent:
a a

0.5 = m= (miEf e * = cos 0.p is flat (rectangle)
a

= intermediate 0,5 gives E;ab = >

Bp (velocity of parent)

number
of events

rest lab
1% E



(Generic) Boost distribution: “stacking” up
r‘eC'l'angles [KA, Franceschini, Kim (2012)]

@ distribution of E'2P has peak at E= (see;als St

N . "
Cosmic gamma rays” )

3 .. what is the (parent) !

@ boost distribution depends on production mechanism,
parent mass, PDFS...

A T

(to be weighted)

large OBp

N

: ] Elab
rest
Ea






Top quark mass

(almost) mass

My — My,
oM

@ Peak in measured b-jet energy distribution =~

® Assuming My, (but © need to it!), get M,



result s robust, but anyway, numerical
simulation (colliders messy)...

® bottom from top quark decay as example:
bottom mass negligible == peak is not e2xpec2:ted to
. t  M7—Mg +m
shift from Erest = = Iy NG
modified

80 -

60 -

Arbitrary Units

I
I

I

I

I

I

I

7 I
40+ :
7 I
I

I

| I
20 :
I

I

I

® ...can it be an “accident” (e.g., this collider only)?!



" Invariant” (under boost )

non-invariant (energy)distribution: subtle |
® vary collider energy oas
® vary initial state (from .

partons) radiation 000 4
e _.but, , o

even though shape $ o

changes (broadens for |

more boosted top)

0 50 100 150 200 250
Eb [GeV]



1/0-'d0'/dp7',b

...accidents don’t happen: no such invariance
for transverse momentum (P7) !

sl aNalytic guidance crucial

p-,-,jet>1 00 GeV
PT jet >300 GeV
PT jet >700 GeV

100 150
prp [GeV]

200

® peak (

1/0-.d0-/de,b

0.03-

o
=)
N

0.01:

0.00:

0 50 100
prp [GeV]

shape) change...

pp 14 TeV
pp 33 TeV
pp 100 TeV

150 200

not 68 GeV




for top (phenomenological)

(I pseudo-experiment shown)

100 * W Myop=172.6+2.8
80 x*/dof=1. dof=28
5/fb @ LHC7 E j (use only
in ebb ;
CharllaneI g blue dots)
g
m 40
20
0 50 100 150 200
E, [GeV]
° with input value

® fitting not spoiled by event selection and detector
effects (colliders even more messy!)



cut

@ implementation on run 1 data in CMS PAS TOP-15-002:

m; = 172.29 + 1.17 (stat.) + 2.66 (syst.) GeV
@ to other methods (error~ 1 GeV)
@ Sources of : Jet-energy scale; modeling of top pr

use B-decay Ieng’rh?/

CMS

Preliminary

\ higher-order

19.7 fb'(8 TeV) (theory)

Fit Results calculation [KA,

Mean=4.194 + 0.008

+

+ Uncalibrated Measurement ‘

o might not be

Epeay = 66.28 + 0.50 GeV
m, = 170.37 + 0.82 GeV

Calibrated Measurement

Epea = 67.45+ 0.71 GeV
m, = 172.29+ 1.17 GeV

far behind!

Mean=4.194 + 0. L
o rooag O Franceschini, Kim,

Schulze (2016)]



fe T applicability

« Top quark: other (notjust composite top)

new contributions to Procﬂuction

o other Particles. =

T iy e B,






Strength of forces constant!

@ 3 strengths at observed distance scales
(energies)

@ Strengths evolve with energy due fo quantum

effects:
1/ — 1/r° logr

@ ..differently for 3 forces of SM couplings meet?
Strong

3 forces unified into Weak

Grand Unified Theory
(GUT)?



GUT In SM

@ ..good...but so good given on
couplings..

not far from/close to
Planck /gravity scale

10
log : O(M/GeV)




Composite GUT [KA, Contino, Sundrum (2005)]

® Jop/Higgs compositeness * evolution of couplings

from TeV: replace top/Higgs by (

® Assume unified multiplets in strong dynamics

60 |

50 -

40

30

10

20 -

* Precise meeting

- :’
-
L . e,
top/Higgs SRRl
i g ——__——
L ————
A
- Oy
- e
-1 T
L a3 ”
% ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! | ! ! ! J
[ 4 6 8 10 12 14 16

logig F (in GeV)

coupled) constituents

*“kinks” are






“Need” stable

@ Evidence for Dark Matter: galaxy ro’rahon curves, CMB,
lensing, bullet cluster... ~ .~

/ "
\ ! > E—
| P oo
J g’
f | 4 4 7’_
) | / l /=N
f f HE
y 5o N
{ ( { \ \ ;
\ \ \ pa
\ \ 4
\
/
| 4

@ Stable (new) particle

o Weakly Interacting Massive Particle (\WIMP):
Mass~100 GeV + Annihilation rate of strength

abundance in right ballpark
(annihilate in early universe:
equilibrium, but then

cant find each other as
universe expands: )

DM SM

SM



in Composite GUT

[KA, SQI"VGI’]"’( 2004)] mass A

6 TeV

@ symmeitry imposed to suppress
proton decay* stable particle 3Tev

Typical
composites

@ “Exotic” (') GUT e
partner of top ( are 100 CeV
colored...)

0

@ Mass ~ < typical

composite scale of 3 TeV
(related to top compositeness)



(Stable) VWIMP in Composite GUT

weak

coupling

WIMP s> Dark Matter

but

’

ia exchange of 3 TeV ( >>"

ilat
scale) compos

te

Ion v

® Annih

IS a

® (Stable) neutrino”

annihilation is dominated by

iﬂnihilation 1s dominated by 7" exchangf:5 5heavy KK gauge boson exchangg:>

A
PSSP RISIIIII AN
TR A AR ASAAAA ALK
u&@&&?&?&&&(V N
CRASSKIEAKARAIAL
SIS
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&000
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(Standard) direct detection

5
10 | B O O B O O

1/"-nucleon ; ; 3 TeV
cross-section -
b
> \\\\\\\\\}}\\} 4 TeV
10 “| 2004 (CDMS:
= - } GeV)
16 TeV
. 10 W‘/
composite 7’ R \k ey
12015
0" N / (LUX
- | TeV)

* 10 - I>I | [ 111 | [ 111 | I | I | [ 111 | [ | [ 111 | I |
04 05 06 07 08 09 1 11 12

10 p /

® . .tension for model example ( by decoupling V" from Z")



-standard effects

@ Take-home :7:; symmetry (composite GUT) vs.

DM (or
bartner)

SM (1 or Ak
more) ‘

only or



(I) At (Dark Matter visible)

[KA, Kim, Toharia, Walker (2010); KA, Kim,
Walker, Zhu (2010); KA, Franceschini, Kim,
Wardlow (2012)]

time —

DM SM

partner

DM

only

or

@ New decay chain for DM in VS.



(II) Dark Matter Detection:
Dark Matter

@ only in Z5: ( ) annihilation (in Galactic Center/Sun)

(heavy, SM (light)
~at T‘€S1') aF /
DM /

@ vs. (usual) ~ at rest Dark Matter



Boosted Dark Matter

@ simple model [KA, Cui, Necib, Thaler (2014)]

@ component of dark matter A (decoupled from
SM) annihilates into (lighter, thus boosted) sub-dominant B
(weakly interacting with SM)



Boosted Dark Matter Signals

Super—K Limit and Future Prospects

® : : | N — — —Cr
usually these are indirect dcufk O MeV, 5205, 10T
matter detectors (of particles : AN
from dark matter annihilation), cf. 107 ~/"\)
directly detect (boosted) dark o f
. OO =X
matter (still from dark matter < 0%
annihilation) here N === /1111 =
IOOE % PI}:GU
* scattering off of (not ; [T, 7; -
nucleus): detected by Cherenkov 10!
C . 1072 107! 10 10! 107
radiation mg (GeV)

20 reach with 10 years data

* basic idea/technique applicable to I(DS”‘Q%GG//TAVI%GA{'; 0 Japan:

other boosted dark matter models pole)



Cosmological (de-)confinement
phase transition (PT)

(executive summary: for details, see talk (slides/video of)
by Majid Ekhterachian at Fermilab on October 15, 2020:
https://theory.fnal.gov/events/event/tbd-96/)




4D picture of composite Higgs PT

Pressure = Heat _}Ouork-Gluon

Plasma

cates pions)

temperature, /' — () : constituents bound (~hadron phase of QCD)
T > TeV: deconfined phase (quark-gluon plasma)
Confinement transition as lowered in early universe

Motivation: consider (lepto-, baryo-, DM), inflation...
at 7' > TeV; stochastic gravitational wave (GW) signals from PT

...but strongly-coupled: difficult to picture/calculate...



...on to 5D for calculability/weakly-

coupled picture (l)
1 > TeV =g

UV brane

« T = (:usual RS1 phase/warped model, with TeV brane
« "> TeV: black hole (BH) covers TeV brane

 PT: TeV brane emerges out of BH, non-perturbatively (!),
still semi-classical treatment...



5D: calculable/weakly-coupled picture (ll)

* studied earlier: Creminelli, Nicolis, Rattazzi (2001); Randall, Servant
(2006); Nardini, Quiros, Wulzer (2007); Konstandin, Servant (2011);
Baratella, Pomarol, Rompineve (2018); Megia, Nardini, Quiros (2020)...

KA, Du, Ekhterachian, Kumar, Sundrum (2020):

Tunneling

Black-
UV brane hole
horizon

 more controlled/within 5D EFT “bounce” configuration

» supercooling (dilute primordial abundances) in ( potential for

minimal model vs. (simple) modification to make it stal:l)lllzlng I
, preserve abundances (GW and collider signal/ S o By
mass term)

radion mass also affected)



CONCLUSIONS



Testable solutions to puzzles of nature
Why is gravity Why is up quark

C weak lighter than top

omposites at |

LHC: boosted LHCb; 1 — e...
top/W/Z/H

Composite
Higgs/top

Candidate for

¥ El‘aljd f Dark Matter of
nlfg:?zleczn O Universe
(Top) GUT Xenon...;:LZ;

partners at LHC boosted






to SUSY

@ Add superpartners of SM: supersymmetry
(SUSY) relates (spin-1/2...) to
(spin-0...)

@ Quantum corrections to Higgs mass/
condensate (Bose-Fermi) cancel: Higgs
elementary ftill Planck scale

@ Composite Higgs: suppression of
quantum corrections (also understood as
cancellation with other states)



Testing at LHC and e"e™
collider (FU'|'UI"€) [KA, (2005)]

@ LHC

linear (Japan)

s

@ ete(need E > 2 my ~ 350 GeV)

Prediction: ~ O(10%) for compositeness scale ~ 3 TeV
Sensitivity: ~ O(10%) at LHC, ~ O(1%) at eTe™



Resonant (no missing energy) vs. pair production
(with missing energy)

e New particles are charged under (new) symmetry s>

lightest stable (dark matter?) SM time —

pair produce other particles

" parent” decays into dark matter (missing
energy) + SM (standard model)

SUSY (superpartner of SM with spin
differing by 1/2) with R-parity is

prototype
® ..vs.no symmetry for new particles *
resonant/single production
decay to only SM (no missing energy)
e.g., composite Higgs

(Onto composite Higgs: heavy, composite particles)



(2) Boosted W/Z/Higgs from (color )
composite W/Z/graviton [KA, Davoudiasl|, Perez, Soni (2006);

KA, Davoudiasl, Gopalakrishna, Han, Huang, Perez, Si, Soni
(2007); KA, Gopalakrishna, Han, Huang, Soni (2008)]

gluon

A

Composite/

Composite/ KK graviton

o composite/KK decay to W, Z,
H(iggs) (and top)...but to ZzZ, HH

@ composite/KK graviton decays to Zzz, HH

@ .with W, Z — qq’...which merge...



hierarchy, but with precision tests
@ New physics
contributes to

precision tests )
1O BEN I — — = - NP

@ ElectroWeak
tests (gauge
bosons) sensitive

to 10 TeV 10.1eV &« ¥ gk
@ Flavor tests . R S

(quarks and 100 GeV--—- - Moe s

leptons) 100,000

TeV

@ New physics has
to be !



Generalize Protective mechanisms of SM |

+ Severe mention with flavor tests avoided:

* (Flavor-violating) Couplings of SM fermions to
heavy composites ~...to (composite) Higgs

* Flavor conversion OC quark mass
(a la GIM mechanism of SM)

| oz

o Electroweak tests (1) Precise|9 measured/

Predicted ratio of ket 139
extra SU(Q)OFSM Higgs

(custodial isospin) to strong dynamics

- - r
it e T e - = e SSEE
-ﬁ.\,;...'\r'.- - % e



Neutrino

Fermion profile very =
close to Planck...

overlap “switches” to
dominated near Planck

brane :{>

very small coupling to
Higgs/mass (Higgs tail)

-hierarchical
coupling/mass (profiles
similar size)

» "~ Signal”: only for
Dirac v/ |::> OviBo

decay!




Precision Tests (II)

@ Another problem: Zbb coupling
due to isospin partner of b (top) being heavy
(composite)

o isospin symmeftry [KA, Contino, DaRold, Pomarol
(2006)]



(3). charged particles

@ predicts charge 5/3 fermionic partner of
quark

@ decays to sign Ws/dilepton
[Contino, Servant (2008); Mrazek, Wulzer (2009)]




Dark Matter?!

® no new symmetry in (minimal) warped model ==
no dark matter (unlike SUSY)

® .. .but, Dark Matter (naturally) in to GUT



Grand unified global symmetry (G)
of strong dynamics (I) =)
“prediction” of sin? 6y

@ Another bonus of (partially) composite top
quark: running of SM gauge couplings
modified above TeV...

@ ..such that they unify (with precision
similar fo SUSY) close to (usual) GUT
scale!



GUT [KA, Contino, Sundrum (2005)]
due to different SM particles’

® Evolution of couplings

compositeness

® Higgs/top quark composite * starting at TeV, replace
by constituents: assume unified multiplets, do not modify

evolution * effectively " subtract” top/Higgs (usual)

contribution

® Top quark effect ~correct” sign/size

40
30 |
20 |

10 |

a -]

a;—as™!

10

12

14

16

meeting

(comparable
to SUSY)



Unification in picture: details

o and H = above TeV, replace running
due to /» and H by strong dynamics

® Global unified symmetry for strong dynamics =
LO running of SM gauge couplings from loops
universal = “subtract” / ;; contribution

® Add external fermions to make composite GUT
partners of '~ heavy: running =(universal —tr)

M - UV cut-
unified
SM global H+ 5+
| symmetry GUT
(anti-)GUT partners

partners of



LO: (magical!) due to
O-function: SM —2tp — H

(KA, Contino, Sundrum)

40 !
| 0’1_1 _a,2—1
30 | ]
I al_l—a3_1
20 ]
10 | ]
O \ *
4 6 8 10 12 14 16

Log,, u/GeV



Grand unified G (II) =>
Dark Matter from

@ SM singlet -partner of quark with
1/3 baryon-number (exotic RH neutrino!)
can be stable...

@ ...and WIMP!



GUT partners of tr light

@ heavy top + constraint from shift in + flavor

violation

@ tr(no! tr: partner of by )composite

v

@ GUT partners (massive) of ¢g(naturally) light (<1 TeV)
vs. composite gauge and GUT partners (~3 TeV)

@ produce at LHC (even if other composite/KK's



why GUT—parfner of Ik
IS li

@ elementary (extern g’ro strong dynamics)
(anti-) GUT-partner marries composite

weak unified
_ > U R + GUT-partners
(anti-)GUT

partners of T r

@ small mass if above coupling not strong



Stability of (colorless) GUT-
partner of iR

@ have B = 1/3 (same as top: for suppressing
proton decay)

@ no color (strong nuclear force charge)

@ cannot decay into (purely) SM state, which
has integer B if colorless, e.g., made of

proton(s), pion(s), leptons...so lightest (can
be 1) stable!

/

1% SM only
colorless colorless
B3 =001

e.g. 7, N (made of quarks, each with B =1/3); €



DM-stabilization sgmmetrg

Z3 symmetry: & — exp
with ¢g = (a« —a — 3 B)

27mq (I)

[ o (@) is number of color (anti-color) indices

and B is baryon-number }

SM (and excitations): ¢ =0 || GUT-partners of SM: ¢ = +1
u, d (1,0,1/3) v (0,0,1/3)
v (0,0, 0) o, d (1,0,0)
~. W, Z (0,0,0) X/Y (1,0,0)
g (1,1,0) and (0,1,0)

charges — (a o) B)

—_——— — el T o e e T T e e e F T R

im—— - e e

— i L



Spectrum

ma4p
6 TeV
3 TeV
0
other GUT tr GUT
SM partners partners

(not Z3-charged)  (Zs-charged) (Z3-charged)



Other-than-top flavor

@ LHCb: B, «— B, [Burdman (2003); KA, Perez, Soni (2004)]

3 u — e...project X [Huber (2003); KA, Blechman,
Petriello, (2006)]



FERMILAB-TM-2396-AD-E-TD

for
Letter of Intent

experimental
A Muon to Electron Conversion Experiment
proposa I | at Fermilab

The Mu2e Collaboration
28 September 2007

@ by MuZe
collaboration —

: MEG PDG v=0
104 — -

20 TeV

(FERMILAB-
TM-2396-
AD-E-TD)

MU—e conv X 10%*

10~ =

@ sensitive to
KK mass ~~ 20 " | BR(M+é7)x101-‘

( Figure 1.4: p+48Ti%e+48Ti rate as a function of Br(u—> ety) for the Randall-Sundrum model with one
LHC reac h) warped, compact extra dimension, in the scenario where the Higgs boson is allowed to propagate in the bulk.




Dimensional transmutation

@ conformal strong dynamics: couplings do
not evolve

@ perturbation to strong dynamics evolves
slowly/logarithmically === TeV < Mp)

@ (roughly) similar to QCD: GeV < Mp; and Agysy < Mp;






Bottomline: (in my opinion)
!

@ useful to have more techniques, especially
simpler; complementary (different
systematics, e.qg., MET or
combinatorics or assumptions about boosts)



Rectangle for fixed, but boost
e In general: Eif"b = EQGSWB (1 + Bpcosb,B)

e Assume unpolarized parent: cosf,p is flat

PR T HGJB

‘ 6 p (velocity of parent)
A

number
of events

Elab

r e 1
EaeSt\/H-gg E;est\/l_gg




Rectangle vs.

@ contains Erest(for boost)
3 El'2b gets larger contribution from given boost

than does F’°
o E'2b is contained in rectangle (e.g., 55 — 0)

® asymmetric on linear (symmetric on log...)

A

)

rest rest 1+06B
Ea Ea \/ ] -85

Eéest \/ 1;?5



(Generic) Boost distribution: “stacking” up

r‘eC'l'angleS [KA, Franceschini, Kim (2012)]

o distribution of E*"has peak at prest see also Stecker
a

N . "
Cosmic gamma rays” )

@ symmetric on log-scale about EI¢

D ..

what is the |

@ boosts depends on production mechanism, mass, PDFs...

A

(to be weighted)

\ i

large GBp

N

; s Elab
rest
Ea



prooF

@ Single Rectangle & gat

dr @(m 'yB—I—\/q/B—l)@( ac—l—’yB—}—\/’yB—l)

L
[ dx lfixed yp 2¢/7% -1

@ Stacking up rectangles:

f@) = 18 = [i{rs) n 22

@ Behavior at x = 1:

f'lr=1) x g(1) =0 = extremum or

f'(x) flips its sign at & = 1= & cusp

f(z) is positive and vanishes for both x — 0 and x — oc
= peak at Erest



Why another method for

top quark mass??!!
(Other than as for new)

@ analyses: assume matrix element, compute
distribution => M, valid only in SM!

) method is (largely) independent of
mechanism

@ New physics in production, e.g., composite Higgs/
top



Effects of

~ Shais Aomiﬂantly unPolarized ( interactions)
L, Polarized new contribution will Peak

- compare to measurements ror cliagnosis



Seesaw &

@ Warped/(partially) composite for is “hybrid”:
bottomline SM neutrino mass from exchange of TeV (mostly) Dirac

SM singlet neutrinos (called inverse seesaw), whose tiny Majorana
mass comes from usual (type I), high-scale seesaw

(most) model + signals of neutrino mass generation at TeV
Higqgs Higqs
: (&ihj) :
Ma jorana

Was3

|
|
[ |
Y :
i 1
SENE
e ‘5‘-“»7"9&' —
A ‘5,* Y 4
o st oy
ey
SR

Dirac) Uy

Com[msi&e tomposiﬁe

VL



Novel collider signals [KA, Collins, Du, Hong Kim, Mishra
(2016-2018)]...

@ New (cascade) decay channel for composite/KK gauge boson in
model: “intermediate”-strength coupling into play

SM
/ SM
Gauge/Gravity KK com F"O = E«&e \’\ A .
SM Matter, Higgs g
A e P dilaton
Gty (composite) M

o @@ke=home look for (3 and 2-particle) resonance structure!



