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ON SCALES AND MASSES

new physics (local) effective operatord  new scale

Weinberg operator! L breaking scale
Proton decay  GUT scale

Axion! PQ symmetry breaking scale
Quantum gravity  Planck scale
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THE CLOCKWORK MECHANISM

Kaplan & Ratazzi (2015); Choi & Im (2015) ; Giuidice & McCullough (2016)

M . . .
l ~ — large scale physics : large mass or tiny couplir
y.CU

We are often reluctant to introduce small parameters
(even If natural in the sense of Ot Hooft)

The Clockwork Is a possible mechanism

to generatesmall numbers
out of a theory with O(1) parameters

or large effective scaleqe.gMlp )
out of
dynamics atnuch lower energies (e.g.TeVY

@ﬁ reading experimentally accessible energie



THE CLOCKWORK MECHANISM

Grand Goal : Addressing the Hierarchy Problem

Guidice & McCullough (201€




THE CLOCKWORK MECHANISM

More prosaically, a framework for model buildersE.




THE CLOCKWORK MECHANISM

hierarchy problem cuidice & McCullough (2016)
low scale Invisible axioruidice & McCullough (2016); Farieal (2016)
INRation  Kehagias & Riotto (2016)

neutrino physics Hambye, Teresi & MT (2016); Careatal(2017); Ibarraet al
(2017)

Sugra Antoniadis, Delgado, Markou & Pokorski (2016)

dark matter Hambye,Teresi & MT (2016) (this tall——_

L



THE CLOCKWORK MECHANISM ILLUSTRATED
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Scalar Clockwork



THE CLOCKWORK MECHANISM ILLUSTRATED
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Figure 1: A schematic representation of the clockwork mechanism increasing the interac-
tion scale of a non-renormalisable operator.
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Guidice & McCullough (2016)



THE CLOCKWORK MECHANISM ILLUSTRATED
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THE CLOCKWORK MECHANISM ILLUSTRATED

(I)() !1 Ikl ei!k/f !N
| | | | | ' | |
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massless mode

N
g>1—=q >1 localized towards site k=0



THE CLOCKWORK MECHANISM ILLUSTRATED

 Sessssssassssssasses (14 q)
M N N massive modes
m?2 | ~ (clockwork gears)

i 1(1-g)°

Oione massless mode (@=3.N :20)_7
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plot from Farinaet al(2016)



THE CLOCKWORK MECHANISM ILLUSTRATED

IN Clockwork Gears
1 (K) = a" have unsuppressed
n—0 overlap (eventually coupling) at all sites!
0.4}
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-0.4 N=20
n=12

AAAAAAAAAAAAAAAAAAAAA

plot from Farina, Pappadopulo, Rompineve & Tesi (20



THE CLOCKWORK MECHANISM ILLUSTRATED

1O e e I'n N SM
! | ! | ! ! !
massless mode ON (I)(O) 3
localized towards  L! ?GG I NE GG
site k=0 9
tiny
#"  coupling!
e.g. =
N=15 ¢g=3 I' ¢YF# 10" o GeV
’ | TeV

thus large effective scale!



A CLOCKWORK WIMP ?

WIMP abundance from thermal freeze-out

n 9

T lv) ~ — mass in hundreds
é&f ) M 2 of GeV-TeV range




A CLOCKWORK WIMP ?

WIMP abundance from thermal freeze-out

n 9
o
by -

(1V) ~ mass In hundreds
WIMP stability in general protected by a symmetry

M 2 of GeV-TeV range

SUSY, SO(10), exact gauge symmetry,
accidental symmetry (like the proton),E

Q» e.g.a Majorana SU(2) 5-plet (ddanimal Dark Matter )

4

possible decay through | e A > 10°GeV
dim-6 op. 5 - .

| P M a large, difpcult

to test scale



CAN WE STABILIZE A WIMP
THROUGH THE CLOCKWORK MECHANISM ?




A CLOCKWORK WIMP - CONSTRUCTION

chiralk Ro LiR L vRy
chain ! ! | ! ! ! !

Complex { S??! (17" 1) under U(]‘)Li—l—l X U(l)Ri
scalars C; ~ (1,—1) under U(1).. x UQ)R.

basic ingredients

One chiral chain (L and R Weyl spinors)
+ 2 N complex scalars (spurions and/or dynamical)

The construction goes through 4 steps



A CLOCKWORK WIMP - CONSTRUCTION

chiral Ro LiR e L VR
chain | | | | | | !

complex { S; | (17" 1) under U(l)Li—H X U(]‘)Ri
scalars C; ~ (1,—1) under U(1).. x UQ)R.

rem: these Pelds are spurions
In the original framework

S’[ep 1: break the chiral m — Us <SI> they are dynamical in our case
symmetries mq — yc (C})

U(I)ROXU(I)Ll ><Uv(1)R1 X...XU(I)LNXU(].)RN — U(l)R

IN #one masslesanode
— L£>-m LiR_;—dLR +hc

1




A CLOCKWORK WIMP - CONSTRUCTION

RO\ LlRl LNRN
|~ ]
IN - . #
LD —m LiRi_1 —dLiR; + h.c.
=1
N ! Rg+ }Rl + iR2+ massless
g o chiral mode
| (N) | i_ Z[O(]—)Lk + O(1)Ry] N Dirac gears
N = mass ~qm

l.e. pretty much like the scalar clockwork



A CLOCKWORK WIMP - CONSTRUCTION

RO\ L 1 Rl L NRN
| | |

IN G #
B —m @iRig_ln—qgiRi + h.c.(

| =11

step 2: break the residual chiral symmetry
.e.

give a mass to they  state



A CLOCKWORK WIMP - CONSTRUCTION

L vR N
!

|!?o~\ . } R

IN " #
B'—m BR. 4" qg| Ri + h.c.
| =11
(g =10,N =15, my =0) (=10, N =15, my =5m)
My/m Mmy/m
11 10 10
L g" 1} _ g 1
8 8
6} 6f
: i ~ mpy/m
4t 4} Unry = 6.9%107"
2:' / 2:’
my =0 ot ot




A CLOCKWORK WIMP - CONSTRUCTION

Ro LiR; . L vR
[ [
LI 4 1
B —m Ei Ri_q, — qg| R + h.c." émN ESR()
| =11

clockwork mechanism (¢=10,N =15,my =5m)

mx/m

unaffected provided RS
10

my S gm | L g" 1
sk

. . : ~my/m
{ one light &localized mode ~ 4f twu=sox1o™

N gears with O(1) couplings
0..

(pseudo-Dirac iff > mnx/m )

Hambye, Teresi & MT (2016)



A CLOCKWORK WIMP - CONSTRUCTION

Ro L1 LyRy N SM
— ]
LI 4 1
B —m Ei Ri_q, — qg| R + h.c." EmN ESR()
| =11

—y(8sm HRN + h.c)

step 3. couple the chain to the SM



A CLOCKWORK WIMP - CONSTRUCTION

Ro L1 LyRy N SM
— ]
LI 4 1
B —m Ei Ri_q, — qg| R + h.c." EmN ESR()
| =11

_y(gSI\/I HRyN + h.c.)

step 3. couple the chain to the SM

i £ qiN@SMHN + he.

tiny
coupling




A CLOCKWORK WIMP - CONSTRUCTION

Ro L1 LyRy N SM
— ]
LI 4 1
B —m Ei Ri_q, — qg| R + h.c." EmN ESRO
| =11

—y(Lsm HRN + h.c.)

My Y-
8" q2N

L | q—]\);I?SMFTN +he — I(N! Ih!1ZIW)"

The N mode isunstable but lifetime ' 10*°sec (gammaQCs, etc.)

if o ! 1052' 1(;8('\'36\/ & e.g(q=10,N =26,y = 1)




A CLOCKWORK WIMP - CONSTRUCTION

Ro L1 LyRy N SM
— ]
LI 4 1
B —m Ei Ri_q, — qg| R + h.c." émN ﬁgRo
| =11

—y(Lsm HRN + h.c.)

last (but not the least)step:
abundance from thermal freeze-out?

NN — hh,hZ,1P... Dbutrate ! T
g

i.e. quite suppressedE



A CLOCKWORK WIMP - AT LAST

Ro LiRs L]YRNN SM

L= £SM + Ekinetic

@z i—1 — (@zR -|—hc ““’%&

(yLSMHRN—I—hC — = mNRCR0+hC)

N .
=" (s SIS HH + Ac ClC: HYH) A 1199S
i—1 =  portal

xS B




A CLOCKWORK WIMP - AT LAST

L D gf Sl?LjPRN h.c. N
V2 St b
Ej o\ |
hiy;,PrN -+ h.c. 'S
. 2 ' ’
with ff! \/N+1Sin<NJil)yS and ! ! s,!jS
!N
NN 881,80 hhh,... " # 120%= [15P$ 42 ("s)?
j=1

O(1) couplings, the N could be aWIMP!




A CLOCKWORK WIMP - TO RECAP

N S,
Abundance T "

YV
N S,

- - - -

N S QL
> _1)(]1 annihilation
through the
YV chiral gears
N s, h (ov) ~ 3810 *°cm’s™!
-« -X--

(secluded scenario) (Higgs portal scenario)



A CLOCKWORK WIMP - TO RECAP

N S s
Abundance e A VL annihilation
through the
Y Vi YV chiral gears
o ~ 3 ’10 26 J3a—1
N‘ __§1- N( 5_1)(_”_ (oV) a cm°s™

(secluded scenario) (Higgs portal scenario)

Stability/decay D
N ‘1 suppressed by

\ gV  the chiral chain
",

. . . I
ﬁ@ Diagonal coupling to Higgs, 5 My NCNh 1 he.

(taking into account the pseudo-Dirac nature \/_m q
of the clockwork gears)




A CLOCKWORK WIMP - TO RECAP

N S s
Abundance e A VL annihilation
through the
Y Vi YV chiral gears
o ~ 3 ’10 26 J3a—1
N‘ __§1- N( 5_1)(_”_ (oV) a cm°s™

(secluded scenario) (Higgs portal scenario)

Stability/decay h :
4] 1 suppressed by
Ro 4o ' g\  the chiral chain
1/q y

. . . I
ﬁ@ Diagonal coupling to Higgs, 5 My NCNh 1 he.

(taking into account the pseudo-Dirac nature \/_m q
of the clockwork gears)




m, [GeV]

A CLOCKWORK WIMP N SECLUDED SCENARIO

3000[

1000

msg, = 150 GeV N 51

black solid:ys required
for ! 4, ~ 0.25

blue solidl. UX16
exclusions (below lines)

red dashedXenonlT
reach

200

_#— Higgs mediatedx (! s/q)”




A CLOCKWORK WIMP N HIGGS PORTAL SCENARIO

N S; h

—pe = Y - =
\V\Uj

N S; h

black solidys! s required
for ! 4,, ~ 0.25

blue solidl UX16
exclusions (below lines)
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A CLOCKWORK WIMP N BASIC PHENO

Indirect detection p-wave annihilation, but decay into
monochromatic neutrinosV ! Al
e.g. El Aisati, Gustafsson & Hambye (2015)



A CLOCKWORK WIMP N BASIC PHENO

Indirect detection p-wave annihilation, but decay into
monochromatic neutrinosV ! Al
e.g. El Aisati, Gustafsson & Hambye (2015)

Collider searches ¥; in the hundred GeV/TeV range, coupled vie
yLgn HR N with y sizable and); O Ry
- a~—  Observable pseudo-Dirac sterile RH neutrinos!

fﬁf_x\z



A CLOCKWORK WIMP N BASIC PHENO

Indirect detection p-wave annihilation, but decay into
monochromatic neutrinosV ! Al
e.g. El Aisati, Gustafsson & Hambye (2015)

Collider searches ¥; in the hundred GeV/TeV range, coupled vie
yLgn HR N with y sizable and); O Ry
observable pseudo-Dirac sterile RH neutrinos!
EWPT: |014]° = yzvz/(Qmi) | 1073
LFV: BR(U — €y) ~ 107 2|0t |?[0p |7 < 1071

L conserving searchesn; ! 200 GeV with 300 fby
Das, Dev & Okada (2014)

L violating searchesm,, ! 300GeV with 300 fiy

My SJ My Deppisch, Dev & Pilaftsis (2015)

assuming
single state
approximation

large mixing h-S in scenario Bs < 0.3! 0.4 (direct or EWPT)
e.g. Falkowski, Gross & Lebedev (2015)




A CLOCKWORK WIMP IS POSSIBLE




CLOCKWORK MAJORANA NEUTRINO MASS

Hambye, Teresi & MT (2016)

another chainE

RO L 1 Rl L NRN N SM
| | | | | | |
Majorana SM
Mass neutrinos

.— Majorana character has to go througr}n . v
the whole chain Y M

Smaller chain than for DM stability =10, N =7, M = 1 TeV)

but need one per SM neutrino mass!

(i.e. at least 2 chains for neutrino, one for the DME)

See also Carena, Li, Machado, Machado & Wagner (2017); Ibarra, Kushwaha & Vempat



LO

OF FIELDS,WITH/ERY SPECIFIC COUPLINGSE




A CLOCKWORK WIMP FROM DECONSTRUCTION

= our Lagrangian is related to a discretiZgat 5th dimension(Z)

1) L5 9(i) $ M) = iR P+ |2 (82 RS " BR)S MER+ he

2) naive discretizatioes> fermion doubling
a. - . . . |
= add aWilson term | S! "l 2" with lattice spacinga = WR 10

3) Dirichlet condition L(0) =0 = surviving chiral modeR

4) Standard Model degrees of freedom & = R ~ Wraneworld)

N1 IN "
1- 1 _ well-debPned
| o7 a2 M LR : .
L a i +1 1 o + Rt continuum limit
7% ! v (L TBMNY
gim q = TN
1/M! 'R

Hambye, Teresi & MT (2016)



MORE ON DECONSTRUCTION

(B Clockwork (CW) scalar Linear Dilaton (LD)

Giuidice & McCullough (2016)

warped, conformally Rat 5D ds” = e3klyl (nuvdztdz” + dy®)

LargeExtraDim < CW/LD < Randall-Sundrum

hierarchy hierarchy
from volume from warping
M5! RM?

Giuidice, Kats, McCullough, Torre & Urbano (2017)



MORE ON DECONSTRUCTION

g Clockwork (CW) scalar  Linear Dilaton (LD)

Giuidice & McCullough (2016)

warped, conformally Rat 5D ds” = e3klyl (nuvdztdz” + dy®)

LargeExtraDim < CW/LD < Randall-Sundrum

hierarchy hierarchy hierarchy
from volume from from warping
M5! RMS volume
& warping

Giuidice, Kats, McCullough, Torre & Urbano (2017)



é@ Clockwork (CW) scalar

do

X BR X € [fb/GeV]

dm

0.4 F

0.0

03F
02F

0.1F

MORE ON DECONSTRUCTION

Linear Dilaton (LD)

KK graviton— yy

MM 24 Ms=6TeV

ﬂ MM k=150 GeV -

| |\ ‘}

u :

'l ARRRN 5

100 200 300 400 500 600
m [GeV]

Giuidice, Kats, McCullough, Torre & Urbano (2017)



CONCLUSIONS

We have builta clockwork WIMP

It Is accidentally stable (not protected by a symmetry)

lts decay Is mediated by the very same

degrees of freedom that determine its abundance (itOs a WIMP)

These many degrees of freedom lie in the 100 GeV-

hey could be seen @ LHC as sterile RHN

eV range

There are also (possibly) plenty s¢alars to search for @ LHC

It Is also a framework for low scale SM neutrino Majorana mass anc

potentially for much of BSM physics

The clockwork could be seen as a (discrete) spatial dimension
May lead taunusual sighatureswhich are worth being studied further






ON SCALES AND MASSES

following Giuidice & McCullough
see also Brodsky & Hoyer

new physics (local) effective operatord  new scale

M4 M M3/2
L~— — [¢]:? Y] =

92
a scalej

1 11 1 IVI
O=qigz'*" ! T
. g d—4
c-v2 Mw A | Mp Mp ~ Ms
m 2
0 Y Js
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# Loving Wives > A Clockwork Wimp

A Clockwork Wimp

by Lord_Gino_X &

A Clockwork Wimp (Book 1 of 2)

Chapter 1

I slowly slide the large window open and climbed inside without making any noise.
But there were noises. Noises that were tearing my ear drums apart. Noises that
were directly coming from my chest. I knew I have to control my breathing in order
to slow down my heart. It was becoming a distraction. A distraction I cannot afford.
Luckily, I need less than a minute to do what I am here to do.



