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hen we talk about Axion-Like-Particles (ALPs)...

In the particle realm, we most of the time just talked about a pseudo scalar...

But the defining coupling is to gluons, to make some connections to strong CP.
Can we motivate that?
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Axion needs no intro

a ~ — o~ _
L > éQGG +v,0, Hup + y,0, Hdg

6 = 6 + ArgDet[Y, Y] < 10710
While ArgDet[Y, Y, ] anticipated around 6.k, ~0(1)

Strong CP puzzle of QCD
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Dynamical solution:
QCD Axion a as a pseudo
Nambu-Goldstone boson
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But a quality problem

Dynamical solution:
QCD Axion a as a pseudo
Nambu-Goldstone boson

The axion fakes a dynamical angle.
How good of an imposter is it?

4 7 @ 4 ra s 0 — i GG
V &~ —(100 MeV)* cos | § — 7 + AL ptamination €OS | € — 7 87 3
Acontamination < 0.1 MeV
There are also many other scales : 4 V
QCD
GUT, Planck, Dark matter V(a) —
Hl4 .
V = a B SN

I \ 4 \ ; "\
M;lo d=ea \ X/

v \‘\ Vplanc<(n=4=5)

Leading order gravity suppressed operators need to be suppressed by___a'/ f
10 powers of the Planck scale! (for 10”12 GeV Axion decay constant) 6 a
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Other solutions (while not excluded by experiments) to the axion quality Hook, Kumar, ZL, Sundrum, 1911.12364
problem exists, e.g., delicate UV structure, Extra dimensions, etc.

The Quality Problem and reinforced Axion potential

Copying Mirror Gauge QCD + Weak and Chiral Matter fields, relates the
Lagrangian parameters with a Z2 symmetry
one axion couples to both and solve both strong CP puzzles dynamically.

SU(2) & SU(2)’
SU(3) < SU(3)’
U1l) oU@) orU(1) & U(1)
Yo Y

o represents the Z2 transformation
X' represents the mirror sector

Softly broken by
u?HYH + y'?H'TH'
with [p"?| > |p?|

Rubakov '97, Berezhiani et al ‘01, Hook ’15, Fukuda et al “15...
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https://arxiv.org/abs/1911.12364

The Quality Problem and reinforced Axion potential

Soft Z2 breaking by giving

Mirror Higgs large VEV
massive fermions Reinforced Axion
, m,m,; m,f, decouples earlier V(a) Potential

mirror QCD run fast
and confines

(H'Y =10 GeV

1.5¢

4 Jdocp
A 3 Q@
m2 ~ Qcp’ “ 1o
a f2 4gQcp
a

\/

) =0’ aff
. . . | . 0=2~0 a
1000 107 101 1055 109
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https://arxiv.org/abs/1911.12364

Hook, Kumar, ZL, Sundrum, 1911.12364

The Quality Problem and reinforced Axion potential
Makes the Quality problem better

V ~ —(100MeV)* cos (5 — ﬁ) — (10® MeV)* cos (5 — i) Reinforced Axion
fa fa Potential
a
_I_Agontamination Cos (0, o f_) V(a)
a

Acontamination < 105 MeV

If the Higgs mass were the only thing different

between the two copies, the neutron angles are

still the same!

Flavor structure of the SM ensures that any

change occurs in very high loop orders. \ /

Not true for a generic theory! e
f=0"alfa
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The Quality Problem and reinforced Axion potential
Makes the Quality problem better

V ~ —(100MeV)* cos (5 — ﬁ) — (10® MeV)* cos (5 — g) Reinforced Axion
fa fa Potential
a
+A§ontamination Cos (0, o f_) V(a)
a

Acontamination < 105 MeV

But generates a new quality problem:

2 T FIrrt
g HH" . H'HT .
700 (Mi GG+ GG)

H' <10 GeV \«./
6=0"alla
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no axion EFT control

ma>fa

a
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1/ fa =1/(47*f,)[GeV ]
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103

10

A4

2 QcD’
m-r =
YfE
lighter than
QCD axion
Theory Land of
Opportunity

a

87 fa
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a

87 fa

(0303Gé + CQO:QLVIE; + clalBB)
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a

87 fa

(0303Gé + CQQQI’V"E} + clalBB)

referred parameter space
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G G the defining coupling for strong CP
Constraints and studies in the GeV scale
realm very minimal.

The existing studies focus on photonic,
Higgs decays and leptonic couplings.
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referred parameter space
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ong-lived Axion

a\ -
fa 87Tfayy

pp—~a+X matched, f,=100 TeV, k-factor=3

Band: Scale uncertainty -
i .:rt:;;;i, ) J
'Hﬁﬂﬂﬁ
% 105 = “"h"‘"ru,"_” . E
30 F s Inclusive
) il C R 2322 CEE P
5 & . -
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E )] - B e L s e T e P _-' .
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s F
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Y. Gershtein, 1705.04321, CMS-PAS-FTR-18-018

Displaced track trigger: crucial ingredient
e At least three pr > 2 GeV tracks within an L1 jet; Y,
/
e Amongst the above tracks, at least three of them ‘/I/l/, /
have the transverse impact parameter dy > 1 mm;:
e The pseudo-rapidity of the tracks to be |n| < 2.4;

e The event has Hp > 100 GeV.

Long-lived signals are produced and
decayed through a same vertex

Post L1-triggering Background: 10*? (at HL-LHC)

Empirical modeling fake background: S/ y
« track impact parameter (|do| < 15 cm) RaaN | / /
 track curvature (1/R « q/pT < 1/(1.8 m)) AN | ,/ >
* track eta |n| <24 Z100 I‘\ 50 \\: JI’;i 5.0; 00 10 w0 A = 50 100
* track time to (|to] < 6 ns) AV Y A\
* track z- coordinate (|zo| < 15 cm) // TN /// E o\
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alysis: 2D-4D vertexing
election

A Fitted vertex
idirection

Track3
momentum
direction

Beam spot ‘
N\

Vertex fitting in the transverse plane. Such consistency

requirement provides 8.2 X 10~2 suppression.
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1. The 2D common vertex has a minimal distance to
the interaction point of 0.5 cm and maximal dis-
tance of 35 cm, 0.5 cm < dp < 35 cm;

2. The 2D tracks fit a common vertex with standard
deviation Adr < 1 cm;

3. The 2D common vertex is sufficiently displaced
away from the interaction point, d7/Adr > 5;
Fake track vertex density (1 0'6)

5 10
Adt (cm)
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alysis: 2D-4D vertexing
election

Derived from the 2D fit results, one further imposes
the consistency requirements between the three track
in the z-direction and t-direction, providing 4.9 x 102
and 3.0 x 10~ 3 suppression, respectively.
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. The corresponding 4D vertex has a standard devi-
ation in z direction Ad, < 5 cm;

. The corresponding 4D vertex has a z-direction lo-
cation d, < 20 cm;

. The corresponding 4D vertex has a standard devi-
ation in time Ad; < 500 ps;

. The corresponding 4D vertex has a time d; <
1000 ps;
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Hook, Kumar, ZL, Sundrum, 1911.12364

1. The 2D common vertex has a minimal distance to

alySiS: 2D'4D Vel'teXiIlg Sele(:tion | the interaction point of 0.5 cm and maximal dis-

tance of 35 cm, 0.5 cm < dr < 35 cm;

2. The 2D tracks fit a common vertex with standard
deviation Adr < 1 cm;

A Fitted vertex

:=.:direction Trackl

3. The 2D common vertex is sufficiently displaced
away from the interaction point, dr/Adr > 5;

4. The corresponding 4D vertex has a standard devi-
ation in z direction Ad, < 5 cm;

Ad,

-
(fitted)
Verte

. The corresponding 4D vertex has a z-direction lo-
cation d, < 20 cm;

Track3
momentum
direction

6. The corresponding 4D vertex has a standard devi-
ation in time Ad; < 500 ps;

Beam spot

7. The corresponding 4D vertex has a time d; <

1000 ps;
Background: 10”12 to begin with (post triggering); 8. The tracks are within 0.4 in pseudorapidity of the
2D-4D vertexing reduces it to 103 reconstructed displaced jet direction |n; —ny| < 0.4
Track/jet information matching between different for all the three tracks;
subdetectors can further reduce it to <1 9. The tracks are within 0.4 in azimuthal angle of the

reconstructed displaced jet direction |¢; — oy | < 0.4
for all the three tracks;
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https://arxiv.org/abs/1911.12364

detectors the major place to look for them:
Long lifetime = low production rate

L e ——
- S5em| -7 . |1em
- yr 2¢cm

3— . 3 events R
i pT>30’ GeV

Axion Decay Constant (PeV)

Axion Mass (GeV)

Gluonic ALP

Zhen Liu

Unique singly produced LLPs making the LHC main

0.5cm -

0.2cm |7

UC-Davis seminar 2022

A displaced track trigger enables searches for axions

We employ a 2D-4D vertexing selection
for displaced jet to veto the fake track
background, demonstrating the
plausibility of this search.

See also nice discussion on “dark pion” pheno
in Cheng, Li, Salvioni, 2110.10691
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https://arxiv.org/abs/2110.10691

tis GeV, not TeV scale new physics. Can we do better?
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UNE: excellent for heavy Axions

Axion Production Axion Decay
(meson mixing, gluon-gluon fusion) (into photon pairs, hadrons)

274 m 279 m 584 m
Sanford Undergr« I VAN I I I > 2
Research Facility z=0m Distance from Target (not to scale)

Fermilab

——
—“____.—- L o
o - N

| S—



Kelly, Kumar, ZL, 2011.05995

UNE setup

1[}10 I T T Tl T T T Tl

J10 yr, 1.5 x 10% POT
T fa=1PeV

a from 7" laI‘ge ﬂUX

a fromn 7

1.47 x 10*' POT/yr.

a from ' 7

6 -
10 gg Fusion

& B 5 1 fr m?2
lE 10 T =T phys i 2 amQphys el ~ Tphys T = 6 fa g m aphys g
=
—. ‘ 1 f m = —m
- 2 - T
he;" 10 Tl =Tlphys + Oanaphys ;i ~ Tphys & o — \/— fa ( 7712 ) QAphys e g
10 1 fx [mg— gm5
77’ :']’;)hys + ea‘,’laphys + B~ n;)hys 2\/__ fa (——mg N m,2] a'phys + “ee
102
10—
1072 107! 1 10
m, |GeV]

Na.xions = NPOT X [2.89‘8&#'2‘}('(”1#1 ma.) + 0.33\9a,.n|2f(mn, ma) + O.US\QQ_.,}r\zf(mn;,ma)]

—1.6
(mm : ) if Mg > Mmeson
f(rnlmesunq Tn'a) — meson
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https://arxiv.org/abs/2011.05995

ecay via }/)Y and hadronic states

 DUNE can detect both ¥y and hadronic final states Aloni et. al. "18
eff
I I I I I T T I I I I I | L I I I ny (ma S GeV)
s Sy S Goga =192
;T 2
fa=1PeV - mg mg —m
— —{106 — C3 > > u _|_ oo
£ - mz —msimg +my,
& 1103
— B — 109
: : 10-3
: mixing resonances :
10_6 _| | | | | | L1 1 | | | | | I | | | i ]-{:}_ﬁ
10-2 101 10°
ma|GeV] auf, (c3a3GG + c,a, WW + clalBB)
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ignal and BG considerations for a — Yy

Backgrounds from neutral current 7 are
|HHHHmHHHHHHHHHHIIIH low energy (s 5GeV) and isotropic
10 " 10 il |
| l | | |
m, = 200 MeV | m, = 200 MeV
& _— b — . Liquid Argon ArgonCube Gaseous Argon MPD
: a — A,'r'; A,'r*: 8 a — n!n; Signature ) .
- ps ' D B . < D Signal Background Signal Background
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| —
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(o _— -
< 4 —; < 4= b Low-energy recoils
(] — (] Invariant Mass CClu2n Invariant Mass CClu2r
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0 0 - .
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Also see nice work on photon— Axionlike Particles at Future Neutrino Experiments: Closing the Cosmological
photon-axion coupling Triangle

Vedran Brdar (Fermilab and Northwestern U.), Bhaskar Dutta (Texas A-M), Wooyoung Jang (Texas U.,
Arlington (main)), Doojin Kim (Texas A-M), lan M. Shoemaker (Virginia Tech., Blacksburg) et al. (Nov 13,

UNE coverage

9 Published in: Phys.Rev.lett. 126 (2021) 20, 201801 » e-Print: 2011.07054 [hep-ph]

[ l"-{l I|
.
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103 High-quality
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Y)/ y | R
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ut, do we really know the gluonic ALP production?

pp—~a+X matched, f,=100 TeV, k-factor=3
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On going work
. . . Kunfeng Lyu, ZL
luonic ALP production reconsidered

Meson decays, Mixing with Mesons, Hard Scattering, Parton
splitting, Bremsstrahlung...
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Forward ALP can be viewed as an ISR

ISR from partons, proton?

*
*
*
*
*
*
*
.
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
“
*

Parton bremming Proton bremming
(~ALP PDF)
Our (preliminary) result shows that the ISR Primary contribution.

signal from gluon and quark bremming far
smaller than the parton bremming
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Splitting Function

The signal rate for emitting an b — / A dp2 dP 5 (§)
i - = NSD
axion from the proton bremming ey dp% S
“““““ k dP 1 z 1 1 5
""" = - Fg(k,p')?
“““““ dzdpg.  16m21 — z (p2 — m2)? [22‘/\/” ] s(k,p')
p P’
Form Factor
4
2 2 pp*a e
Fs(k,p') = Fi'p (") Fpp=a(p”) At (p? — m3)?
1 m2 (m?2 —k*+img,Lq,)
F1 (k) |simlike = . l - o+ a—— - 2
Nucleon Form Factor p (1= el R2)? (m2 k2)2 T T2,
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roton-ALP Coupling

Ch(m
Effective operator pq(r = Py ysp Oua
‘ 2fa
Ck qu gqb Oy g
C,(ma CO i , pp ) pp
Z mg m %: m2 —mg my, a .
Kinetic mixing Mass mixing +

1 A~ ~ ~

1 1
+ o7, [(D—l—F) <7TCL>—\/—§(D—3F)<’I’]8&>+

LD trB (z]ﬂ) B+ gtrByu%{u“, B}
2
/2 @D +3D.) (o)

F - D, -
+§trB'y,/y5 [ut, B] + 7trB'nyy5B tr u*

D ~ 0.80, F ~ 0.46, D, ~ —0.41 = 70 + (r%a)a + (7°ns)ns + (7°n1)m

h 1 1 . h k 1 78 — COS ‘97777’778 + sin 9777]’771 + <778a>a -+ <7787TO>7T0
In the massless limit, matches known results (PDG) M — — sin s + cos By + (ma)a + (g0
C, = —0.47(3) + 0.88(3)C,, — 0.39(2)Cy — 0.038(5)Cs

—0.012(5)C.. — 0.009(2)C}, — 0.0035(4)C; .
Cn = —0.02(3) + 0.88(3)Cy — 0.39(2)C,, — 0.038(5)C
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roton-ALP Coupling

Effective operator

Cp(ma) _

A

)
ZJa

"y5p Opa

Cp(ma

Ck.o™Ma g Ch,omi gg
CO + Z ; rp Z ’ pp

Kinetic mixing

2
cbm b

ALP Proton Coupling from aGG

2 _
mg —mg my

Mass mixing

(L o
"
"
*
*
*
*
"
*
"

*
(ﬁ .
*
*
*
‘0
.0

The scale-invariant part cancels with the
kinetic mixing part in LO yPT in the large

m, limit.

See the discussion in N. Blinov, E. Kowalczk, M. Wynne, 2112.09814
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https://arxiv.org/abs/2112.09814

orward ALP productions impact: LHC Forward Detectors

N o~ IR ' y 7
- I/ » L 2N y {

. o4 . &) 4 \ J
A- ! v e, & % A J
- - T " \
R 4 3 L . y . 4 L
’l " o - N .
/ &
» d : J

Y
{AdvSND |

Plan view - Cavern
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Can we do something with the existing data?

MilliQ@SLAC MiniBooNE

Millicharge search
1.0x10%° POT

ArgoNeuT |

WA Harnik, ZL, Palamara, 19°
also with ArgoNeuT Collaboration, 19
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» Dominated by 2L decay

Zhen Liu

L

goNeuT + MINOs can look for dimuons
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onstraints

« Renormalization group evolution induces flavor off-diagonal quark
couplings, and strongest constraints from rare meson decay

Meson decay bounds

Kt - 7t +inv (NA62)
Kt = 7t + up (NA48)
- —— B® — K* 4 uu (LHCb)
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=
S
Gus
= ?
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Preliminary
4

Existing data could put
constraints on gluonic ALPs

Working with S. Kumar, R.
Co, on theory studies on
different future options.

Working with ArgoNeuT

collaboration on
reconstructions and putting

Zhen Liu

Gluonic ALP

UC-Davis seminar 2022

0i9 1.0 out new results soon.
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Summary and Outlook
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ma|GeV]
LHC (including FPF) and Neutrino experiments (DUNE,
ArgoNeuT) will cover a large and unique parameter spaces of such
motivated scenarios.

UC-Davis seminar 2022

JalGeV]

Gluonic ALPs are
interesting to search for;
Can be motivated by strong
CP and the quality problem
Its production, decay and
search strategy all have
interesting
features/improvements to
explore.

Thank you!

05/02/2022




atching Procedure and Momentum Shift-Scheme

pseudo-scalar case
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