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‘ \

FERMION MASSES AxioNn/AlLPs

(GAUGE HIERARCHY

A\

N T& //

an Jarnestad/The Royal Swedish Academy of Sciences

APS/Alan Stonebraker o e e
Wikipedia
John Jarnestad/The Royal Swedish Academy of P
Sciences

Internet



WHAT IS CLOCKWORK?

Giudice, McCullough (2016)

A MECHANISM TO GENERATE LARGE HIERARCHIES IN MASS SCALES OR COUPLINGS

FROM A THEORY CONTAINING NO SMALL PARAMETERS...
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SUPER-PLANCKIAN EXCURSIONS
I. NATURAL INFLATION

Froose of. al. (1990 I1. REL.AXION Graham et. al. PRL 115, 221801 (2015)
Adams et. al. (1993)

A pNGB/axion inflaton naturally provides a flat The weak scale is selected by dynamical evolution of
direction: Shift symmetry 7 — 7 + ¢ broken softly a pNGB
by a potential:

oo (3)

V(H, 71') — (—A2 gA]T) ‘H‘z + VI’Oll Vb

2

l V
V.= gNm+ g*A? St %
f : SSB scale / axion decay constant e Phve 12 574 (2016 .
A\ : Soft breaking scale Vbr = A COS(ﬂ'/ f ) Rolling potential
¢
A plausible scenario requires: Freese et. al. (2004) Ty ’
f Z MPlanck In the minimal setup x has to
roll over a range |
Backreacting potential
l Ar ~ Ng > Mpyger > f
SUPER-PLANCKIAN DECAY CONSTANT ! — l

SUPER-PLANCKIAN EXCURSIONS AGAIN !
QUESTIONABLE THEORETICAL VALIDITY ?




A PROPOSED REMEDY FOR BOTH —MULTI-AXION POTENTIALS

Choi, Kim, Yun PRD 90, 023545 (2014)

Kim, Nilles, Peloso JCAP 0501 (2005) 005
)] g > 1
Choi, Im; JHEPO1(2016)149

SHIFT SYMMETRY ~ 7T; = 7, + g~ ¢ = A flat direction

Periopicrry Az, = 2my/ 1 + g*+ gt + -+ g*Nf ~ 27gN f

—_— feff ~ qu >>f f can in principle be sub-Planckian




| .LOCALIZATION ON THEORY SPACE — | HE CLOCKWORK WAY

Kaplan, Rattazzi (PRD 93, 085007 (2016))

Consider a theory of multiple copies of a complex scalar ® with nearest neighbour interactions —  Giudice, McCullough (JHEP02(2017)036)
- o N—1
_ Tdh _ 2 _ 1'A3—¢q Th4 ,
V==-) /1<c1>jc1>j f ) l A ch>jc1>j+1+h.c. W <1 A<Ff)
. =0

e N

U(1)M+! symmetric, spontaneously broken at a scale f Breaks U(1)V*! - U)oy = Z q—J'
J



| .LOCALIZATION ON THEORY SPACE — | HE CLOCKWORK WAY

Kaplan, Rattazzi (PRD 93, 085007 (2016))

Consider a theory of multiple copies of a complex scalar ® with nearest neighbour interactions —  Giudice, McCullough (JHEP02(2017)036)
N T o N—1
= — . —f2) | = J'A3¢ oy ,
Z A (cqu)j f ) l AN\ Z (I)j(Dj+1+h'C' V<, AKS)
7 . \
U(1)M+! symmetric, spontaneously broken at a scale f Breaks U(1)V*! - U)oy = Z q—J'

J

| .
Theory of pNGBs below the SSB scale [ : CI)]- — U] = \/_ felﬂj/f
2

U'U? | +h.c.

] ]+1

f \> Has a flat direction due to U(1) -,

V_ =
2

m2f2 Zl [mZ — 2(1—q)/2/1/A3—qfq—1]

L j=0 Our good old periodic potential !

VR i
=——mf Zcos



(CLOSER LOOK AT THE QUADRATIC TERMS—

/ -1 —q 0 0 0. 0 \
—q ¢*+1 —q 0 -0 0D -Am ~ 2m
: : . . : < )
PNGB MASS MATRIX Colll 0 el Bl ¢
o = o 0
0 0 — 241 —
g .4 1 q e (q . 1)m
N 0 0 = E ) -
JHEP02(2017)036
0, n=0 — 1 massless pseudoscalar a;
2 _ 2
MASS EIGENVALUES: m, = m

1 + c]2 — 2q COS(Nn—j:l>, otherwise — N massive pseudoscalars a, — m, ~ mq



With the basis transformation, a, = Z C,7; , the eigenvectors are:
J
N o jnrx (j+ Dnn
an| 7)) = Cy = —, a . olzy=C..=N |gsin sin j=0..N, n=1...N
<()| ]> 0j q] <n>0| ]> nj n_q N+ 1 N+ 1
Zero mode has exponentially small overlap with 7y, Massive modes have nearly similar overlaps with all z’s
with an effective decay constant [ ¢ = qN f>f with an effective decay constant fe(I’}f) ~ f
THEORY SPACE LATTICE —
dp| |O(1) -
| ~q N
___________ » © S — & ® @ &
Sites o oaeammmmmmmmmmTTTTT
Uy Ui U, Us Un-1 Uy
U0 >

O(1)




(COUPLINGS WITH AN EXTERNAL SECTOR:

Suppose the CW sector couples to an external operator at the N-th site.

/ E.g., GG

Y
gint =Y 7 @ext
(ag| m;)| (oW \
Zero mode localized O(1) parameter
towards the O-th site 6
ext
—N
~
; == —o— °
‘ ‘ ‘ ‘ ............... ‘ .
UO Ul U2 U3 UN—I UN
W a Al nr o a, _
In the mass basis this results in: &, =y |——0,  + 2 N ,q(—1)"sin ext
q" f - N+1f




WHAT 158 CLOCKWORK ?
® A mechanism to generate large hierarchies through localization in a theory
space of multiple fields.
® Basic requirement— near-neighbour ingeracting fields with mass terms of the
form: (JZ']- — qﬂjH)
— Leads to a correspondence with a 5D linear dilaton theory of gravity.

® Can be generalized to fermions, vector bosons and gravitons.

11



Crockwork ()CD AxioN M. Farina et. al, (2017);
S. Bhattacharya, D. Choudhury, SM, T. Srivastava, hep-ph 2409.05983
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Crockwork ()CD AxioN M. Farina et. al, (2017);
S. Bhattacharya, D. Choudhury, SM, T. Srivastava, hep-ph 2409.05983

GoaL: To have a low-scale PQ breaking

12



INTRODUCE A CW SECTOR:

N + 1 copies of a complex scalar ® — N + 1 copies of U(1)p, symmetry

N
gcw=z

j=0

N—-1

2
2 I A 3—
[aﬂCI)ja”d)j -2 (@l®,-12) ] FAY O th.c.

J j+l1

j=0

SSBatscalefpp =f — D, =

1
ﬁ(% +f)e

izlf
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INTRODUCE A CW SECTOR:

N + 1 copies of a complex scalar ® — N + 1 copies of U(1)p, symmetry

N
gcw=z

j=0

2
T 2

N—1
' A3—q TdY
A'A ZCDJ.CI)].H h.c.

SSB at scalefPQ Ef —_— (I)]. _(¢ _|_f)em/f

\/_ The usual PQ axion

COUPLE IT TO THE COLOR ANOMALY AT THE /N-TH SITE:

TN ~
-— GGy,

with decay constant
fo > [ (TeV)

a
BN __0 GAﬂvGA




How DO YOU GET THE COLOR ANOMALY ? = INTRODUCE A SET OF NEW COLOURED FERMIONS W, 5 (A 1A KSVZ)

Field SU(3)C SU(Q)L U(l)y U(I)N
Py 1 0 £ » Localized PQ charge
Wy 3 Yy §
VR 3 Yu 0
g [
AR
LLEADS TO COUPLINGS WITH ¥ AND Z, AS WELL %
— Auv A UL U7
Sfﬂvv — — 8ngg ﬂNG 3 G,m/ — Snyy ﬂNF'M F,m/ — 8nyZ ﬂNFM Z,m/
g 2N £V 4N, 520V
gﬂgg — 872'f ’ gny;f — 871'f ’ gﬂyZ _ SﬂfSWCW » 877 =

14

_ (2%
8r77 INL pr

ON st EYS

8rfszcs

V/z



WHAT’S MORE? = THE Al .Ps

P =

Auv A 177 nE uvry UL 77
TV gngg ﬂNG G,m/ ﬂNF I UL gnyZ ENF Z,uu 8n77 ENZ Z,uu

— Snyy

v
Expand 7, in the physical basis — the ALPs can couple to gluons, photons and Z g vy X (an | ”N>

with relatively small decay constant f, ~ |

\/
Possibility of resonant production at hadron colliders ?

pp = a(+X) =1y Y N/7

pp = a,(+X) = Zy e &

pp—a(+X)—>2ZZ

15



SIGNATURES S. Bhattacharya, D. Choudhury, SM, T. Srivastava, hep-ph 2409.05983

* Benchmark | - light ALPs QCD axion can be DM via misalignment

Form=10GeV, g=2, f=1TeV, N=128, =3, Yy=2/3

n(Mode number)

0 5 10 15 20 25
olof o e e .
_ 5 oS © o . _
~ ) o 10.06
2 0.08} o ° o . |
g [ o]
C o o o _ o
< 006! © . ~ Small mass splittings
T o 10.04 ==
. _ o o ° _ = Am ~ 2m/IN < 1 GeV
S 004 © o ° S]
T, o -
I o o _
D _ o . 0.02
T 002 © o,
L ® o |
i oc.).
L Q -
0_1 . . . . L . . . . L . . . . L . . . %_O
10 15 20 25 30

m, (GeV)

Masses, couplings and diphoton cross-sections over the full phase space for
iIndividual resonances <\/§ =13 TeV).
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Scenario at the \/E — 13TeVand &£ = 138fb~! LHC :

Channel

Event Selection Criteria

pp — an +0/1/2 jets

N,=21<N; <2,

1| < 2.37

Kinematic cuts
and background profile

adopted from the ATLAS
diphoton analysis

An — VY Ep(y) >22 GeV, pJ' > 50 GeV 2211.04172
140} .: I ,
Z ] Cumulative Significance = 3.38c
120r : 0.8}
> 100} _' .
| _ . s
© : : B T ] T Rl e bbb 0.50 C%
= 80 ; : S
o : : | bED
S 60 : S, I B
= | ]
40¢ . 0.4f
[ ] M
20 2 ==y SRR R U RPN UPRR 1.00
0. . Y P R T R R | -I ............. ] 1I0 ' 2IO ; 3'0 ! 40
0 10 20 30 40 50 60
m~~(GeV) Moy |GeV]

Simulated diphoton invariant mass distribution of the signal

Bin-wise significance estimate from a naive )(2 analysis
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Scenario at the \/E — 13TeVand &£ = 138fb~! LHC :

Channel Event Selection Criteria

N,=21<N; <2,

Kinematic cuts
and background profile

. - . adopted from the ATLAS
pp —r an + 0/1/2.]8"5 ‘7/’}" ~ 2'37 diphoton analysis
An — VY Ep(y) >22 GeV, pJ' > 50 GeV 2211.04172
/ A broad resonance — An axion iceberg
140} / e |
Z ] Cumulative Significance = 3.38c
120} : 0.8}
> 100} : 0
O | ] L T 0.50 £
= 80p '. g -
o : : | bED
S 60 : S, I B
= | ]
40¢ 1 0.4F
20 N S — U] 1.00
-I . ] : ] : ] )
0 et N T T P T TP
0 10 20 30 40 50 60 10 20 30 40
Moy |GeV]

Simulated diphoton invariant mass distribution of the signal

Bin-wise significance estimate from a naive )(2 analysis

17



* Benchmark Il : Form=35GeV, ¢g=2, f=1TeV, N=28, &=3, Yy=2/3

Relatively larger mass splittings Am < 2.5 GeV

Multiple closely spaced peaks

70, -
605 : / _|CGumulative Significance = 2.120
50} 1 J 1 11l n-
= I | ,
) : 1 i Q;:)
40} 1 | BT I L 1 0.250 =
| - = )
g 30f . ' | ) ol gﬂ
' u N
2|
20} l I i 1 J
L | |
: ] - 1 — JRRR N A PR NP 0.50
O: J[. N T T T S T T 0.6 ) ) \ \ I I I
40 60 80 100 120 140 30 40 50 60 70 80 90 100 110
My (GeV) M-~ | GeV]
Signal profile for\/g = 13TeVand & = 138fb~! LHC. Bin-wise significance
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T AKEAWAYS

THE cooOD:

® Clockwork is a neat hierarchy generating mechanism via localization .
® \Works for scalars, fermions, vector fields as well as gravitons.

® Many interesting applications - Axions, Dark Matter, flavour hierarchies, neutrino masses, baryogenesis, inflationary cosmology
etc.

® Most notable application — realization of a QCD axion with a small PQ breaking scale. The associated ALPs could be potentially
probed at the LHC, HL-LHC and beyond through signatures like broad resonances and multiple closely packed peaks.

T'HE BAD AND THE UGLY — MOTIVATES FUTURE WORK:

® Reliance (largely) on global symmetries —better understanding of possible UV completions needed.
® [ncompatibility with non-Abelian gauge theories.
® The CW-LD correspondence is a nice feature but not very well explored, needs caretul inspection.

e Difficult to derive robust conclusions on the evolution of topological defects for high multiplicity axion models [see
Long (2018), Higaki et. al.(2016), Lee et. al. (2025)]

19
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Identifying benchmark points —— > m, ¢q, [ ofthe CW sector are free parameters
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_ g PDG (2023)
10 , :
108
Solar v SN1987A
10~ CAST i
:
10710 RSN i [WD X-ra Globular clusters Diffuse-
I Fermi-SNe Mrki 421 B | W= - :
> 10_11 o Fermi Q\\;\‘i'“\’% - 3 ;« §-—1
¢ -2 } > WA =2
U . = % MWD % - 5
= g Polarisation 2 _—
b 10—13 ? = E %
< 10-14 S W A
g = < A
S0 10~ E
10—16 é +
= 9,
Vo S > N4
10 i & /8 ?j@
10—18 - XMM-Newton
NuSTAR .
10~ 1° INTEGRAL

st e e i = .
xfﬂx@ xo/x A0 40 40 40 40 40 40 40 1@ AQ A0 AT AT 40" 4O 40 40

m, [eV]

N
Lower limit from experimental 109 G eV S 5 1011 G eV Upper limit from acceptable axion

and astro-cosmo observations 5 abundance in Universe



D. Choudhury, SM, T. Srivastava, In preparation

Axions from a 2D Clockwork

I N, N, T ey Ne—1,N,~1 T .
— U | q q
Loy = D 0,Uf 0'U, , ; > U U, +ULUT | 4he
x,y=0 x,y=0
N,.N, 5 Ny—1,N,~1
| 2 / 9 4
> Z a/"nx,ydﬂﬂx,y | Z (th,y — qr, +1,y) + (ﬂ'x,y —q'7,, ) +0 (71' )

24



* Consider a similar KSVZ-type model, now with a 2D clockwork sector

— Auv A UL
Z aVV = T 8z2GG ﬂNx,NyG G,uv 87BB ﬂNx,NyB b Uv
0 n,=0,n,=0, > |The QCD axion
(1 + q2 — 24 COS T ) n. >0, n, = 0 Two bands of ALPs with
5 5 N+1 } suppressed couplings to gluons and photons—
m = m . n. i
M, (1 + 2 =24 cos — ) n=0.n>0 (Long-lived ALPs) /-ALPs
N +1 X y
1/ 2 o) n.m / y7t Band of ALPs with unsuppressed couplings
2[1+5(q + g )—qcosN+1 qcosN,H] n,n, #0. >

similar to the 1D case—(Short-lived ALPs) s-ALPs

25



 Phenomenology of the s-ALPs is qualitatively similar to that in the 1D model.

 What’s new is the presence of the long-lived ALPs. The dominant production channel
would be hadron collidersis 7 — a;;pa;;p enabled by the H — @, mixing terms—

7z OH — — /ICIDH Z (I))t,yq)x,yH TH

x,y=0

 Long-lived ALPs are likely to decay beyond the LHC’s main apparatus. However,

they could be sensitive to displaced-vertex detectors such as the upcoming
MATHUSLA experiment.

26



Form=15GeV, g=¢qg'=3, f=1TeV, N =10, Ny=11, E=3, Yy=12/3,

dre = 0.03

Branching fractions of the
SM Higgs decaying to two [-ALPs

0.01

A~
QW™
S
A SR
S
104

<
Qﬁ
a8

10~

wor W | [

HL-LHC (h->inv) \\ \ / /

— MATHUSLA-20 GeV

— MATHUSLA-40 GeV
CODEX-b (10 GeV)

— ATLAS-MS (LHC)

— ATLAS-MS (HL-LHC)

I I ! I I I
0.001 0.100 10 1000 10° 10’

ct(m)

Proper decay length of the [-ALP. The dominant decay mode is a;; p — g8 -
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Origins?...

Large decay constant from aligned axions

 The two axion Kim-Nilles-Peloso model —

JCAP 0501 (2005) 005

V= A‘lL 1 —cos (alﬂ + a2@> + Ag 1 —cos (blﬂ + b2@>
f f f f

Only one combination appears in the potential when

ay

b,

% b,

Alignment condition

28



Axion coupling with the topological term
of some confining sector

Dynamically generated from cC 7T\X ~
A4 ll—COS (C£>] -—— ( )FF
32n% f \

Standard axion potential

Anomaly coefficient

29



Axion coupling with the topological term
of some confining sector

Dynamically generated from cC 7T\X ~
A4 ll—COS (C‘£>] -— > ( )FF
32n% f \

Standard axion potential

Anomaly coefficient

KNP potential

1 T T -
/A IC
Al 1_COS(1=n2> - B a2 FE

_ foor) 22\ f f

29



Axion coupling with the topological term
of some confining sector

Dynamically generated from cC X ~
A4 ll—COS (C‘£>] -—sreor/ ————— el ( )FF
32n% f \

Anomaly coefficient

Standard axion potential

KNP potential

1 T T -
/A IC
Al 1_COS(1=n2> - B a2 FE

_ foor) P2\ ff

Multiple confining sectors
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Clockwork as a deconstruction Giudice, McCullough (JHEPO2(20171036)

Posit a warped five dimensional geometry of the form:

4
ds* = 3%, dx'dx" + dz?) e = (—1,1,1,1}
5D theory of a massless scalar ¢(x, 2):
» TR 1 i
S = |d*x dz/—g | ——gMNo X,7) 0np(X, Z
| | v [ 1.2 Oy, 2)
TR
Discretise (fifth )z-dimension of size zR into a lattice of N + 1 sites with spacing a = W

¢(X, Z) — ¢](X)

The derivative is now a difference

30



Clockwork as a deconstruction Giudice, McCullough (JHEPO2(20171036)

Posit a warped five dimensional geometry of the form:

4
ds* = 3%, dx'dx" + dz?) e = (—1,1,1,1}
5D theory of a massless scalar ¢(x, 2):
» TR 1 i
S = |d*x dz/—g | ——gMNo X,7) 0np(X, Z
| | v [ 1.2 Oy, 2)
TR
Discretise (fifth )z-dimension of size zR into a lattice of N + 1 sites with spacing a = W

¢(X, Z) — ¢](X)

The derivative is now a difference

, g=e¢enN The metric can be obtained from a
Linear Dilaton Theory of Gravity

30



[Antionadis et. al. PRL (2012); Cox, Gherghetta JHEP (2012)]

5D theory of gravity with a linear dilaton generates the required geometry:

1 1
Spo = Jd“x dz\/—8 {21\453 (Z‘% —8"0),S0S V(S)) }

Brane 1 Brane 2
_ \/Tg
CS)ane — = d4x dz Z ﬂa(S)é(Z o Za) a=1,2;z,=0,zR
J \/ 855 7,
1,(S): Dilaton potentials on the branes
V(S) = — e >k k: A bulk mass parameter ) e

A fifth spatial dimension on an S!/Z, orbifold,

— ,—5/3 :
A(8) = e A, A,: Brane tensions , , ,
essentially an interval of size zR.

ds* = e_%kz(nwdx”dx” + dz?)

31
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_ g PDG (2023)
10 , :
108
Solar v SN1987A
10~ CAST i
:
10710 RSN i [WD X-ra Globular clusters Diffuse-
I Fermi-SNe Mrki 421 B | W= - :
> 10_11 o Fermi Q\\;\‘i'“\’% - 3 ;« §-—1
¢ -2 } > WA =2
U . = % MWD % - 5
= g Polarisation 2 _—
b 10—13 ? = E %
< 10-14 S W A
g = < A
S0 10~ E
10—16 é +
= 9,
Vo S > N4
10 i & /8 ?j@
10—18 - XMM-Newton
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st e e i = .
xfﬂx@ xo/x A0 40 40 40 40 40 40 40 1@ AQ A0 AT AT 40" 4O 40 40
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Lower limit from experimental 109 G eV S 5 1011 G eV Upper limit from acceptable axion

and astro-cosmo observations 5 abundance in Universe
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Benchmark lll: Heavy ALPs

Channel Event selection criteria
N), — 2, NJ S 2

pp — a, n,| < 2.37 (excluding barrel-to-endcap region
1.37 < |n,| < 1.52),

a, —=>vyy ET(}'I) > 0.3m7},, ET(},Z) > O.25m},},

py > 20 GeV, |n;| < 2.5

70r
| |
60k Cumulative Significance = 1.58a
5 :
@) [ B U8 I s 0.250 ¢
= g &
& 30F Q, e go
= [ — i N
> | ”
SN
20 e 1 N R S SRR RPN 0.50
I 0.6}
10} _I_I_l_
- .. ... ] 110 300 490 680
100 200 300 400 500 m. [GeV]

m~~(GeV)

FIG. 17. Bin-wise signifi for benchmark III at the LHC
FIG. 16. BP-III: diphoton invariant mass distribution after for [ — 13 SI?biVllse SIghiticance 10T bencamat at the

applying selection cuts.



Can we get close to the current LHC sensitivities? — Motivates f ~ O(TeV)

95% CL Upper Limit on o, x BR [fb]

Simplest and cleanest channel : pp — a,(+X) — yy

30_""I""I'"'l""l""l""_l
~ ATLAS — Observed CL, limit -
25 Vs=13TeV,138fb"  _. Expected L, limt  —
E m Expectedt 1o E
el :_ Expected + 2 ¢ _:
15 —

10

20 30 40 50 60 70
m, [GeV]

—
"eeo X B8

Low mass diphoton resonance search: 2211.04172
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Low mass yy resonance search background

Events/ GeV

180
160
140
120
100
80
60
40
20
0

2I<‘|I O|3 rFr | L | I D rFr L I D I D D N
- ATLAS -
— {s=13TeV, 138 fb” —
— E;>22 GeV, Tight and isolated yy _
B p“TW >0 GeV =
- p'>10 GeV =
B T ***** **tt**** -
— = p'" > 30 GeV A thy —
— T ***¥_
- o p''>50 GeV _E
T &
N A _
— it -
- & —_
&
N = _
— * =
B ”**** .
g_.3“883333333:::::::::0ooooooooooccoooooooooooooooooooooooooooooo.......;:;
i‘ | | | 1 1 1 | | 1 1 | | | 1 1 | | | 1 1 1 | | 1 1 1 | | 1 1 | | I I I_
10 20 30 40 50 60 /70 80
m,., [GeV]

35

pp = 1Y
op—1J
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VLQs and Heavy Scalars

1

My = ——Aypf, my=1/21f

2

Ay = 2.2, yy = eyg, A= 1.8 and yy, < 0.1 withe =0.1

Branching Ratios
Channel SM BP-I & 11 BP-III
T— bW 0.5 0.44 0.47
T —tZ 0.25 0.21 0.23
T —th 0.25 0.23 0.25
T —t Q(all) — 0.12 0.05
m7 lower limit | 1540 GeV [105, 106] | 1500 GeV ~ 1540 GeV
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Linear Dilaton Gravity-Search for periodic signals
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