Heavy QCD Axions at the LHC
and Neutrino Experiments

Soubhik Kumar
UC Berkeley and LBL

w/ Simon Knapen and Diego Redigolo 2112.07720
w/ Raymond Co and Zhen Liu (in progress)

PHENO_ ()22
/A\\ | BERKELEY LAB B€I’k€1€y

IIIIIIIIIIIIIIIIIIIIII



https://arxiv.org/abs/2112.07720

Axion Solution to Strong CP Problem

- The

. 04 ~ -~ _
AV 8—39GG+ Y, 0, Hup+ Y ,0, Hd,
T

0 = 0+ arg det(Y,Y,) < 10719
Neutron EDM, Abel et. al. '20

solution: @ is a quantity
o ; 4 Peccei, Quinn 77
P . Slo+= 166 Weinberg 78
SM+Axion =g, ( " > ) Wilczek 78

V(a)
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Axion Quality Problem

D ~ f e

Gravity breaks U(1);,

a

() 5 9 a - N Na
MN_4=>V(a)z—mﬂfﬂcos ]7+6’ +MN_4cos 7 + 0

A

new axion minima,
0 ~ O(1) again,
axion no longer a
solution

V(a)

(a)lf,=—=0 to avoid, need to set

at least 4 Planck-suppressed
operators to zero by hand! 4,

Kamionkowski et al.; Barr et al.;
Ghigna et al.; Holman et al., '92
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Heavy QCD Axions

: stellar cooling
Standard QCD axions i, f; ~ A, constraints

£, > 10% GeV

However, axions with «G'G’ coupling can solve

both Strong CP and Quality Problem while being
heavy
e.g., m; f; & Nep > Aep

See e.qg,,
Rubakov 97
Berezhiani et al. ‘00
Hook ‘14 ...

avoid star, cosmo stronger coupling

“‘Heavy QCD Axions”: perfect for terrestrial searches!

m,~ 0.1 -10 GeV, f ~1-100 TeV
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Axion Coupling

Hallmark coupling ( for solving
Strong CP)
a ~ a, - a; -
Z oquge 2 C3 aGG + ¢, aWW + ¢, aBB
371f, 37rf, 371f,

0 .a _ _ 0.a
Zlepton 2 Z # (Cuily"L+ Cylytysl) + Z #Cyﬂzr”‘(l — 5

[=e,u,t I=e,u,t
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Axion Decay Modes

Prompt decay:
diphoton mode
more tractable

['(f./TeV)?[GeV]

—10 . " ’ .
10 20 10 60 30
ma|GeV]

Long-lived decay:
dimuon mode
dominates

mg [GeV]
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Diphoton Search

Knapen, SK, Redigolo 21

. Process: pp — a(j) — yy(j) at /s = 13 TeV

-+ Collimated photons from light axions

~ Y nY
My = \/pTlpTzARW One photon can spoil the
other’s isolation criterion

+ Two approaches:

- data scouting (lower p, = higher event rate
but reduced event size)

- modified isolation (photon subtraction)
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Modified Isolation

Knapen, SK, Redigolo 21

No tracking

106

v background ~7 background mq = 10 GeV
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X > i
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6\> ceQ E PT s PTye = 15 GeV
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10?2 A
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My [GeV]
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Delphes3 W/
r},yzi< Z pT,_pTy1)<O°05 mOdIﬂed
Pr AR()<5%2V ’ isolation
P = ™ module
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Reach

Knapen, SK, Redigolo 21

= {racking
=== 10 tracking
= offline

ATLAS/CMS |

My (GeV)

mqe (GeV)
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Dimuon Search

No tree level quark coupling, but non-zero aGG
coupling induces axion-pseudo scalar mixing

_u’

U
MINOS-ND

Dimuon search

- ArgoNeuT: background mitigation

work in progress
w/ ArgoNeuT collaboration
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Prospects at Neutrino Detectors

Preliminary

B > Kyl (FHED)

2 L 0 0 ey
me|GeV]

Co, SK, Liu, in progress
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Conclusions

- Heavy axions theoretically well motivated: can
address Strong CP, Quality Problem.

- Data scouting and/or modified isolation can
cover new parameter space

+ Leptonic flavor universal couplings less well
constrained: dominant constraints from meson
decays

* Di-muon decay mode dominates, ArgoNeuT,
SBND, DUNE etc. can put strong constraints.
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Thanks for your attention!



Theory Parameter Space for Heavy
QCD Axions
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Diphoton kinematics and xsec

Meyy = \/ 2p7, pr, (cosh A7y — cos Adyy) Photon invariant
mass

pp = a(j) = 1), Vs =13 TeV, fo = 1 TeV
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vi Background

- Perturbative piece
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do/dlog Ry, (pb)
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between frag. y
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All Results
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Background Validation

Vs=TTeV, pry, > 25,22 GeV

1 ~yy(+15) @MG_NLO

1 yv(+25) @MG_LOx2.8
ATLAS

Catani et al. NNLO

Catani et al. NLO
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Dimuon Lifetime and BR
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Smaller lepton
coupling ensures
sufficiently large

lifetime
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