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Axion is a strong case of Physics Beyond the SM
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Strong QCD Problem: the 0 term in QCD

® QCD Lagrangian: here —m < O<nr

=~( + 1 d a, Uv a a, Uv
=q(zyﬂD”—Mq)q—ZGﬂyG da —gé’G G&H

® This @ term violates T and P, thus CP.

® Most sensitive probe of T and P violation in flavor-conserving process:
EDM of neutron

d (@) =24%x10"1°0 ecm
® Experiment: current best limit:
|d,| = (0.0% 1.1y, £0.2,,) x 107° ecm [Abel etal 2020]
® It implies
0] < 10710
Strong CP problem: why 0 is so small.



A Dynamical solution: axion field

® Dynamical solution of strong CP problem based on observation that the vacuum energy

in QCD has minimum at @ = 0
&o

\/m,l% +m?2 + 2mymg cos @
1
M, + My

€0(0) ~ X3 (my +myg) (

N _ \ [Di Vecchia,Veneziano "80;
2 = <uu> o <dd/ Leutwyler,Smilga 92]

—or -7 |lo 7 on

® If O is a dynamical field, 8(x) = a(x)/f,. Its VEV would be zero (to solve the strong CP)

® The particle excitation is called the axion.

\V z m_ m_f. \/ m,mgy

10° GeV o
The mass: m, ~ ~ 6 meV . Note if it is not the
¢ fa m, + my fa m, + ny fa

QCD axion, this mass relation does not hold.




e Because of CP-odd nature of Axion-like Particle (ALP), it can couplings to gauge bosons:
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e Lots of constraints on from astrophysical and cosmoloqical processes.
ayy g

e There are also constraints on other ALP-gauge, ALP-top couplings from colliders for
Heavier ALP.



Credit: by Ciaran O’hare :: https://cajohare.github.io/AxionLimits/
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Interpretation of excess in H — Zy by a light ALP

K.C., Ouseph 2402.05678, PRD



Motivation for this work

e Higgs decay H — Zy is one of the most anticipated modes in future measurements

® The current result from CMS and ATLAS: (showing an excess of 1.9 sigma)

B(H = 7Z¥),eacureq = 34 £ 1.1) x 1073

BUT B(H - Zy),,=(1.5%x0.1) X 107> (Phys. Rev. Lett. 132 (2024) 021803, [2309.03501].

® This can be explained by putting new particles in the triangular loop, but it needs some

fine-tuning so as not to overproduce H — yy.

e We attempt to use the a very light axion-like particle (m, < 0.1 GeV), such that

when it decays into a collimated photon pair, which looks like a single photon.



® The Higgs boson is mainly produced by gluon fusion, so that Higgs does not have a high p;

e Taking into account the massive Z boson, the energy of the ALP is

y)
1 My My

NN
ny/

0 My
a) N —
pla)~— m2, 4

® The opening angle of the photon pair from the ALP decay is

2m, L
AR ~ ~(3—7)x 10

Pr

a

For m, = 0.05 — 0.1 GeV

e It is below the angular resolution of the ECAL in CMS and ATLAS. So it appears as a single
photon.

o It is smaller than the An X A¢@ of each cell, e.qg., ATLAS ECAL: 0.025 x 0.0245.



Cells in Layer 3
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e The possible mass range of ALP mass: 0.05 <m, < 0.1 GeV

® The upper mass range is due to the angular resolution of ECAL.

e The lower mass limit comes from constraints on Cf}ff//\

o Finally, H — Za — (£7¢7)(¥V)collimaea aPPears like Zy — (£7¢7)y
® The excess requires:

B(H — Za) = B(H — Zy) —~BH - Zy),, =(19%x1.1)x107°

measured

e The effective coupling

C ~4.4%x107°TeV™! can explain the data.



Interactions

— —

® ALP-gauge, fermions:

_ 1 _
£P=> (a 0)(9"a) — 5ma® + Z S5 a frs f
OGG A v,A OWW i YA UV,G /2 OBB DUV
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o ALP-Higgs, ALP-Z-Higgs
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Consider: C:

L= C/";f ma fiysf A (0"a)(¢'iD, ¢ + h.c.)

e Why this obvious dim-5 term (a”a)(¢TDﬂqb + h.c.) does not appear?

using the equation of motion:

C , C =
f@“(ngzDugb + h.c.) = /f\f mys fiysf

e Using integration by parts and equation of motion, this dim-5 term is reduced to
(0*a)(¢p'Dp+h.c) — meafiys f

® This dim-5 operator does not appear. In another word, there exists an equivalent

basis such that this operator do not contribute to H — Za

e So far, up to now H — Za is only given by the dim-7 operator:

C
(@ Dp+hc)(@')



e As familiar tfo the Higgs Low-Energy Theorem, in theories where a heavy new particles

acquires mass via EWSB, the non-polynomial dim-5 operator can appear:

C(S)

j\ZH (@MCZ)(¢TDM¢ + h. C.) ln(¢T¢/v2) [Bauer, Heiles, Neubert, Thamm 1808.10323]

® This is a dim-5 operator contributing to tree-level ALP-Z-H coupling

e Write the effective ALP-Z-H coupling as

g

ceff — o) CaznV

aZH = “qzZH A2

e And the interaction can be written as, after the EWSB: Zi
celt oy
gdZH — azh g (0’“61)ZﬂH
AN ¢,
H
N \ §
T ~ a(p)




eWe calculate the partial widths of H — Zy and H — aa

3 Ceﬂ" 2
I'H — Za) % ( CKH) A2 (x4, 2,)

T(H B m?j{vQ CaH : 9
(H — aa) = 29— | a2 (1 —2x,)°V1 — 4ax,

e The branching ratio for H — Za:

I'H — Za)

B(H — Za) = .
(H = Za) I'(H — Za) 4+ I'spm(myg = 125 GeV)

where I, _(m;; = 125GeV) = 4.088 x 107> GeV

e Requiring the branching ratio to be (1.9 £1.1) X 107, we found
Coy/A=(4471)x 1072 TeV™!
o If the C. ~ O(1), then A ~ 22.6 TeV
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FIG. 3. The fitted values for C'g’fzf /A versus m, for my = 0.05 — 0.1 GeV. The red line and
the band show the central value and 1o uncertainty in C¢L, /A = (4.4 & 1.1) x 107> GeV~!
corresponding to B(H — Zv) = (1.9 x 1.1) x 1075,




Requirement on Cf}ff//\ due to Decay Length of the ALP

e We require the ALPs decay length < 1.5 m, making sure that it decays before leaving the ECAL.
e Decay length yct is
eft
Crr

2
y=E/m, , t=1/T,, T' =d4na’*m’ (T)

e Taking £, =~ my/2 , the decay length requirement leads to

2
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5 0.35TeV-! ( -
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FIG. 4. Decay length ycr versus the mass m, of the ALP. Values of C’sl;f/A =0.35, 0.7, 1.4 TeV 1
are used. A dashed horizontal line of 1.5 m is also shown.
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FIG. 5. Parameter space (shaded in red) in C’,eyfyf /A versus m, that can allow the ALP to decay
before reaching the ECAL (i.e. yer < 1.5 m) and consistent with all existing constraints in the
mass range of 107° — 5 GeV, including beam dump [40-44], OPAL [45], LEP [46], Belle II [47],
BES III [48], and PrimEx [49] (data extracted from the GitHub page [50]). Note that the mass
range of the fitted parameter space is 0.05 GeV < m, < 0.1 GeV.

For m, < 0.05 GeV, Cye}ff //\ is restricted by current constraints.
For m, > 0.1 GeV, the ECAL may be able to resolve the photon pair.



Possible tests

1. Z = aH* — a(bb) via off-shell Higgs. The final state will be a collimated

photon pair and a b quark pair. But the branching ratio is only 1072, which

may give a few events at Tera-Z.

2. pp — £* — aHl via the same ngH/A coupling, but the cross section is

107° fb, which corresponds to far less than 1 event for entire HL run.



Summary

P —.—,»

o H — Za, a — yy, where the ALP is very light 50 - 100 MeV, is a viable solution

to the excess, without increasing H — yy.

® It required a dim-5 vertex:
5
Caz

a

A\

which can arise in theories where a heavy new particles acquires mass via EWSB.

e It also requires the ALP to decay within the ECAL:
2

(0*a)(¢ "D, +h.c.) In(¢pTp/v?)

o , [ 0.1GeV
> 0.35TeV

AN m

A




Thank you (if time is limited)



Probing the ALP-gauge couplings at the LHC

K.C, Hsiao, Ouseph, Wang 2402.10550, JHEP 05 (2024) 324



ALP-Gauge Interactions

£:£f+£g+£BB‘|'LWW
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e Associated production of the ALP with a Z / W boson:
pp = v, 2% > Za — (7¢7)(ry)
pp = W* = Wa — (£v)(yy)

e The first process can probe g,,,, 8,7, -

® The second process probes g yw -

e In this work, we probe m, = 1 — 100 GeV, divided into two regions:

m, < 25GeV and 25 <m,6 < 100GeV

e Below 25 GeV the photon pair is close to each other. It appears as
photon-jet.

® The backgrounds processes are also different for these 2 regions:

m, < 25GeV and 25 <m, < 100GeV



pp — v*, 2% - Za — (77 )(yy)
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Figure 2. Production cross section for pp — Za (Z — 17 17)(a — ) with | = e, u versus M,,

including the branching ratios at /s = 14 TeV. Here we also show the backgrounds [[yyBG and
[[1BG.
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represents the benchmark in our study, Cyyw = 2 and Cgp = 1.



Signal-Background Analysis

e two photon selection

o m, > 25GeV e two lepton selection
1. pp — £7¢yy (llyyBG)
2. pp = £¢7yj, with f,_ ~5x10™* (lyjBG)

e 80 GeV < M;; < 100 GeV
* P, > 80 GeV

e 0.9M, < M., < 1.1M,

0.10 - | [ 1 signal [ 1 signal
| background 0.095 - ﬂ | background
0.08 -
0.020 1
35 35
5 0.06 0
2 - - N 0.015-
(V) (V)
- 3
2 0.04- 2 0.010-
0.00 — ' - ' L@ . - ' 0.000 ' . ' ' - - ' .
0 25 50 75 100 125 150 175 200 0 50 100 150 200 250 300 350 400

M (GeV) pTyy (GeV)



m, = 100 GeV

Selection Signal [IvvyBG llv1BG
Betfore cuts 151948 29728 1048
N(vy) =2 69243 12387 61.30
N(l) =2 32152 5488 2.83

80 GeV < My < 100 GeV 29584 739 0.60
Py, > GeV 24965 90 0.05

90 GeV < M, < 110 GeV 24707 13 0.02

Table 1. Cut flow for the signal (pp — Za) with Z — (7]~ and a — vy and the background process
(pp — 171~ ~) and (pp — [Tl ~vj) with M, = 100 GeV, with f, =1 TeV, Cyw = 2, Cpp = 1,
and Cy; = g,r = 0. “Before cuts” in the first row denotes the total number of events with only the
parton-level cuts with the integrated luminosity of 300fb~1 calculated by eq. (4.1). In llvjBG, we
have applied the jet-fake rate f;_,, = 5 X 10~4.



o m < 15 GeV o At least one jet

. K :
- o mzn(M) < 0.02 M, (GeV) M;et selection (GeV)
L. pp = £7¢yy (llyyBG) M 25 22.5 < Miet < 30
: : e two lepton selection 20 18 < Mier < 24
+ p— p J
2.pp > 7C7), (IjBG) 10 0 < Mo, < 12
e 80 GeV < M;; <100 GeV 5 4.5 < Miey < 6
1 0.9 < Met < 2
. j—f < 0.05

Table 2. M;. mass window for the low ALP mass region.

o M;et mass window

® The photon pair from ALP decay forms a photon-jet, the majority of energy is deposited in
ECAL.

e There are multi-jet background. A quantity £, ,/E.  is defined for each jet. We require
min(k, 4/E,.,) < 0.02

e Nsubjettiness 7, defined by

1 .
0 7 k

N

. is a useful parameter to determine if a jet consists of N substructure.

TN-1



® The ideal ALP jet consists of 2 photons w/o any initial radiation, which gives
7, =0, 7, #0. So we require 7,/7; < 0.05.

® The asymmetric jet-mass window is motivated by the acceptance of initial radiation.

m,= 10 GeV

Selection Signal vy BG [l BG
Before cuts 426413 29728 164921970
N(jet) > 1 356610 17327 139649327
min(F22) < 0.02 267532 8150 26141121
N(l) =2 88523 1169 649627

80 GeV < My < 100 GeV 81957 181 460297

2 < 0.05 62811 46 36613

9 GeV < Mot < 12 GeV 48995 0 0




Explanation of N-subjettiness

Boosted W Jet, R =0.6

2.2F— S -
ol -7 N
1.8+ /// \\\ .
p _ 16| | |
1.4} \\ | B = ,’I ' , : .. : :
" Jets with 7, = O have all their radiation aligned with
12 N r
1 O the candidate subjet directions and therefore have N
02 0 02 04 06 08 (or fewer) subjets. Jets with 7, > O have a large
(a) (b) fraction of their energy distributed away from the
Boosted QCD Jet, R = 0.6 . . . .
5.8 — candidate subjet directions and therefore have at
S8 o least N + 1 subjets.
4 : . 7,/7y < 1 is a measure of 2-jet substructure.
B> < P 5.2 ,’ - (’ ‘| ]
M " §
g/q 5t \\\ ] ;O. _ I,' 1
4.8} \\\ | /,’/
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Figure 5. Production cross sections for pp — W¥a (W* — i*1;), (a — v7v) with | = e, u versus M,

at /s = 14 TeV, including branching ratios. Here we also show [1;7vyBG and lv;jBG.




Signal-Background Analysis

e« two photon selection

e m, > 25GeV

e one lepton selection

1. pp — Cvyy (lvyyBG) . b > 50 GeV

2. pp — tvyj, with f ~ 35X 10~* (lvyjBG) . My > 58 GoV

e 0.9M, < M, < 1.1M,
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m, = 100 GeV

Selection Signal lv;yvy BG vy BG
Before cuts 1375200 28311 5268
N(vy) =2 617190 11435 152.2
N(l) =1 402521 6954 12.3

Pl > 50 GeV 372542 906 3.9

Mz > 58 GeV 232821 441 1.8

90 < M, < 110 230208 48 0.16

Table 4. Cut flow for the signal pp — W=a and the background (pp — lv;yv) and (pp — ly;yj) with
M, = 100 GeV, with couplings f, =1 TeV, Cyyw =2, Cpp = 1, and C; = g,+ = 0. “Betore cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using
eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at

L =300 fb~. In l1;vjBG, we have applied the jet-fake rate Jimy =0 X 104,



o m, < 25GeV
1. pp = Cvyy (lvyyBG)
2. pp — vj (lyyBG)

At least one jet

man($hed) < (.02

ErMm

one lepton selection

M+r > 58 GeV
j—f < 0.05

M;et mass window



Selection Signal lviyvy BG lv;) BG

Before cuts 4218000 28311 1766100000
N(jet) > 1 3289618 13415 1468625180
min(F22) < 0.02 2782193 6824 250477133
N() =1 1412608 2235 26117087
My > 58 GeV 888733 765 16493608
2 < 0.05 595160 200 665820

9 GeV < Mot < 12 GeV 461449 2 1766

Table 5. Cut flow for the signal pp — W™ a and backgrounds pp — lv;vy and pp — lv;j with
M, = 10 GeV, featuring couplings f, =1 TeV, Cyww =2, Cpp =1, and C; = g,r = 0. “Betore cuts”
in the first row denotes the total number of events with only the parton-level cuts computed using

eq. (4.1), with the signal and background cross sections given in figure 5 and the luminosity set at
L =300 fb~1.



Signal and Background events of pp — Za for m, = 1 — 100 GeV

M, (GeV) Signal lInvyBG+1lviBG 11 BG
betore after betore after betore after
100 151947 24707 12.80
80 184160 25211 12.78
65 214813 23522 7.13
50 253073 23207 30775 4.16 -
40 284456 19286 3.87
30 321176 12205 2.97
25 342005 25206 0 0
20 366568 34311 0 0
10 426413 48995 29728 0 164950770 0
5 457138 48914 0.59 165
1 472141 46175 29.43 18474

Table 6. Total number of signal events for pp — Za, followed by Z — [71~,a — vy and background
events of [[vyBG and [[jBG for the mass range M, = 1 — 100 GeV. The number of events are
calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in figure 2 and
the integrated luminosity is set at £ = 300 fb~1.

ethe signal events with j, = 1 TeV, Cyyy =2, Cpp =1



Signal and Background events of pp = W¥a for m, = 1 — 100 GeV

M, (GeV) Signal lvyvyBG +lvviBG lv; i BG
betore after betore after betore after
100 1375200 230208 48.01
80 1674900 244870 52.87
65 1992000 261151 57.09
50 2357400 245170 33579 36.57
40 2690700 220906 26.43
30 3066000 193771 21.05
25 3267000 224443 0 0
20 3555000 290799 0.57 0
10 4218000 461449 28311 1.98 1766100000 1766
4575000 522007 6.79 17661
1 4797000 469147 110 326729

Table 7. Total number of signal events for pp — W=a, followed by W* — [*v;,a — v and
background events of [v;vyBG and [v;)BG for the mass range M, = 1 — 100 GeV. The number of

events are calculated by eq. (4.1), where the cross sections of signal and backgrounds are shown in

ficure 5 and the integrated luminosity is set at £ = 300 fb—!.

ethe S|gnal events Wl'l'h](;l — 1T€V, CWW — 2, CBB — 1



Sensitivity Estimation

e So far we illustrated the signal events with f, = 1TeV, Cyy =2, Cpp = 1.

® We use simple scaling:

2 2 2 2
5 X l/fa X 8az7> gaZy’ EaWw

® The significance of the signal is
+ b)(b + o} b2 2
Z= [2|(s+b)n B+ D)O+%) )\ b7 (4%
\ b>+ (s + b)o? o7 b(b + o)

where s, b are signal and background events, 6, = 0 % and 10 % of b




100 ] '
1 —— our work, Luminosity=300(fb~!)
| —— our work, Luminosity=3000(fb~1)

photons (various)
10 -1 - Nonresonant ZZ production (CMS)
] triboson (LHC)

Our work, Luminosity=300(fb~1)

——— Our work, Luminosity=3000(fb~1)
Z width (LEP)
Z-y+ had (LEP)
triboson (LHC)

- photons (various)
Nonresonant ggF (LHC)

20 40 60 80 100 20 40 60 80 100

Ngelected
Selecle XL:,

S, b = Osp X
Nsim



Jaww (Gev~1)

T
] —— our work, Luminosity=300(fb~1)

| —— our work, Luminosity=3000(fb~1)

triboson (LHC)
photons (various)
Nonresonant ggF (LHC)

100



Simultaneous Sensitivity in Cyy, Cp

M; =10 GeV M; =100 GeV

10

2 4 6 8 10 4 6 8 10
Cww (X107%2) Cww (X1072)

Figure 8. Sensitivity plot in the plane of (Cywww,Cpp) for M, = 10GeV (left panel) and for
M, = 100 GeV (right panel). We fix f, = 1TeV. The bright region on the left panel is for the number
of signal events > 3 in case with zero background, while that on the right panel is for significance

Z > 2. Note that the signal cross section scales as 1/ f2.



Explanations for Existing Constraints

e Various collider constraints on ALP-photon coupling g,,, can be converted into 8,7, 8,7, 8.ww

using the SU(2) relations. They are labeled as “photon (various)”.

e FCNC interactions of the ALP are constrained by invisible and visible decay of Kaon and B mesons.

Invisible ALP contributes to K — mui, visible ALP contributes to DV in B — K*u™*u~.
e "Triboson (LHC)" :: cross sections of pp — WZy, Zyy, WZZ,Zyy,ZZ7, . ... 1t constrains all gs.
e Constraints on g, by non-SM Z decay I'(Z — BSM) < 2MeV, by Z — y + hadron, by Z — yy.

e Non-resonant ggF production of ALP via gg — a* — ZZ, Zy, WTW~



Summary

.. —

e Substantial improvements in sensitivity reach of g,,,, 8,7, > 8sww -

e We divide the mass range into 2 parts, less or more than 25 GeV up to 100 GeV.

® For less than 25 GeV, we treat the collimated photons as a photon-jet.
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Interference effects between ALP-gauge, ALP-top couplings

K.C., Chih-Ting, Priyanka, Ouseph 2404.14833



Interaction Lagrangian

Tmia

(bfa

Low D —— (CWWW[;VWW + OBBBWBW) | L= —iCy ™ (151,

f

a
a

1 » ~ ~
LEW D —Za (gawFWFW + ngFWZW + gaZZZ,uI/Z'uV + gaWWWWWW) y



e Consider: pp — gb — tja

e pp — gq — thja

e pp — gb — tWa

e pp — qG' — tha
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X10_5 CWW = CBB =1, fa =10 TeV

74 —— My=25 GeV
M, =50 GeV
O1 —— M;=100 GeV
5_
Q4.
34
o
3_
2_
1 =

~-10.0 =75 =5.0 =25 0.0 25 50 7.5 10.0
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FIG. 2: Production cross sections for the signal process pp — 7 t @ with a — v and

t — bW, W — [y, at the LHC (/s = 14 TeV) for M, = 25, 50,100 GeV. We fix the
aWTW ™ coupling by setting Cyyy = Cpp = 1 and f, = 10 TeV. The att coupling C,4

varies from —10 to +10.



Coww=Cgg =1, f;=10TeV, M; =50 GeV

10-2-
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FIG. 6: Production cross sections for the signal processes pp —t 7 a, pp —t 7 b a,
pp —t W a, and pp — t b a at the LHC (y/s = 14 TeV) for M, = 50 GeV. We fix the
ALP-gauge boson pair coupling by setting Cyyw = Cgg = 1 and f, = 10 TeV. The att

coupling C,4 varies from —10 to +10.



Signal-Background analysis for gb — g'ta

e Final state consists of g'ta — j(bZLV)(yy).
Benchmark: f, = 10TeV, Cyy =Cgg=1, C,, =—101t0 10

eBackgrounds: (i) pp — fyy (BG1), (ii) pp — Wjjyy (BG2)

e Signal and background event rates:

N,

selected

N, SIm

N, Ny = 0, ), X X L X (Np—tqq OF Mip)

o B-tagging efficiency: 7,_,,, = 0.75, mis-tag efficiency: #,_,, = 0.01
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Cut

BGl BG2

Signal

Cop=—10 Cap=—=5 Cas=0 Chp=5 Cay =10

NT

P > 60 GeV

8

leading

2318.39 307.36
1181.01 170.03

Iy 8 < 1.5 853.03 124.99
2.5 < |nj| < 4.7 384.44  8.92
My < 200 GeV 384.44  7.03
| < 1.5 266.20  4.68
45 GeV < M,y <55 GeV| 8.95 0.15

120.56 43.26 15.73 49.69 131.68
99.22 36.80 14.83 42.53 109.11
81.24 29.35 10.90 33.61 38.86
47.97 15.80 3.45 1'7.05 51.62
47.97 15.80 3.45 17.05 51.62
37.94 12.38 2.060 13.47 40.46
37.94 12.38 2.96 13.47 40.46

TABLE II: Cutflow table for the SM backgrounds (BG1: pp — t j v v and BG2:

pp—W 77 v) and the signal: p p — 7 t a with different C,,; couplings. Here M, = 50

GeV, f, =10 TeV, Cywyw = Cgp = 1. The number of events are calculated by Eq. (10) and
luminosity is set to £ = 3000 fb~1.
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Summary

® Interference effects between ALP-gauge ALP-top are present but mild.

e The channel can probe down to 1/f, ~5x 107> TeV~!
for m, =25 — 100 GeV



Cut BGl BG2 Signal
Cop=—10 Cop=—=5 Cap=0 Chp=5 Cuy =10

NT 2318.39 307.86  59.17 24.68 712 2753  63.69
P98 > 60 GeV 1181.01 170.03  41.28 17.96 6.04 2045  45.44
pieeding| 1 5 853.03 124.99  32.76 13.97 415 1566  35.88
2.5 < || < 4.7 384.44  8.92 19.38 7.78 1.39 8.26 20.54
My, < 200 GeV 384.44  7.03 19.38 7.78 1.39 8.26 20.54
| < 1.5 266.20  4.68 14.85 5.93 1.00 6.28 15.69
20 GeV < M., < 30 GeV| 4.08  0.06 14.85 5.93 1.00 6.28 15.69

TABLE I: Cutflow table for the SM backgrounds (BG1: p p —t j v v and BG2:
pp— W jj~v~),and the signal: p p — j t a with various C,4 couplings. Here we set
M, =25 GeV, f, =10 TeV, Cyw = Cpp =1, and C,y = —10,—-5,0,5,10 GeV. NT in

the first row denotes the total number of events with basic cuts shown in Appendix A
before further event selections. The number of events are calculated by Eq. (10) and

integrated luminosity is set to £ = 3000 fb~1. It is noteworthy that the number of events



Axion Dark Matter

Experimental hunt

* Strong motivation for current und upcoming axion DM experiments:
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Cut

BG1l BG2

Signal

Cop=—10 Coug=—5 Cap=0 Cap=5 Cug =10

NT

le? ading — 60 GeV
¥

‘n}yeading| <15

2.0 < |77j| < 4.7

My < 200 GeV

7| < 1.5

95 GeV < M., < 105 GeV

2318.39 307.86
1181.01 170.03
803.03 124.99

384.44  8.92
384.44  7.03
266.20 4.68
19.40  0.31

124.01 44.55 18.81 50.40 136.64
115.96 42.07 18.39 4'7.90 128.89
97.00 34.28 14.13 38.80 106.93
58.41 17.88 4.16 19.29 62.29
58.41 17.88 4.16 19.29 62.29
46.02 14.12 3.19 15.37 49.38
45.76 14.07 3.18 15.28 49.23

TABLE III: Cutflow table for the SM background (BG1: pp —t 5 v 7 and BG2:

pp—W 335 ) and the signal: p p — j t a with different C,4 couplings. Here M, = 100
GeV, f, =10 TeV, Cyw = Cgp = 1. The number of events are calculated by Eq. (10) and
luminosity is set to £ = 3000 fb~1.
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Axion Dark Matter

1.165
6ueV
DM prediction: Q h?* ~ f—a 67 ~ (.12 -
¢ ’ 9% 1011 GeV l

e For £, > 10° GeV, axion DM can be substantial and even 100%.

® A lot of experiments searching for axion DM:



