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ALPs quer iiber die Skalen — Suche nach axiondhnlichen Teilchen in
Hochenergie- und Flavor-Observablen:

Das axionahnliche Teilchen (ALP) ist ein pseudoskalares Teilchen jenseits des
Standardmodells. Es ein gut motivierter Kandidat fiir dunkle Materie, ein mog-
licher Vermittler zu Teilchen dunkler Materie und 16st in Spezialfillen auch
das starke CP-Problem. Die ALP-Kopplungen an Teilchen des Standardmodells
sind renormiert und laufen daher zwischen den Skalen. Sie kénnen sowohl mit
Hochenergie- als auch mit Flavor-Observablen gut eingeschrankt werden. Durch
die Implementierung der Renormierungsgruppengleichungen kénnen wir Observa-
blen aus verschiedenen Energieskalen kombinieren. Wir haben die ¢¢-Produktion,
die tttt-Produktion und die Dijet-Winkelverteilung analysiert und dadurch Ein-
schrankungen fiir die Kopplungen an Fermionen Cjf(A) und Gluonen Cga(A)
erhalten. Die Suchen nach B — KX (— [717) und B — K ¥ haben eine starke
Sensitivitét fiir die ALP-Fermionen-Kopplung Cf¢(A) und eine viel schwéchere,
aber nicht zu vernachléssigende Sensitivitéit fiir die ALP-W-Bosonen-Kopplung
Cww (A). Das Zusammenspiel der Kopplungen in den Renormierungsgruppen-
gleichungen begrenzt die Aussagekraft von Analysen fiir einzelne Kopplungen
und unterstreicht die Notwendigkeit eines globalen Fit. Diese Arbeit geht einen
ersten Schritt in diese Richtung.

ALPs across the scales — Searches for axion-like particles in high en-
ergy and flavor observables:

The axion-like particle (ALP) is a pseudoscalar particle beyond the Standard
Model. It is a well motivated candidate for dark matter, a possible mediator to
the dark sector and in some special cases might even solve the strong CP problem.
ALP couplings to Standard Model particles run across the scales and are therefore
renormalized. They can be well constrained with both high energy and flavor
observables. By the implementation of the renormalization group equations we
can combine observables from different energy scales. We analysed ¢t production,
the tttt production and dijet angular distribution, yielding constraints on the
couplings to fermions Cf(A) and gluons Cgg(A). The searches for B — KX (—
1) and B — K F have a strong sensitivity to the ALP-fermion coupling Cf(A)
and a much weaker but nevertheless significant sensitivity to the ALP-W boson
coupling Cyw(A). The interplay of the couplings in the renormalization group
equations limits the meaningfulness of fits for a single coupling and highlight the
need for a global fit for which this work provides a first step.
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1 Introduction

It is well known that the tremendously successful Standard Model (SM) has many
shortcomings. [1] A possible solution to the strong CP problem is the axion, which is
the pseudo-Nambu-Goldstone boson of a newly introduced Peccei-Quinn symmetry.
[2-5] The presence of an axion-like particle (ALP) can also bring light into the search
for dark matter: It is a candidate for dark matter [6, 7] as well as a possible mediator
between dark and regular matter [8, 9].

After previous unsuccessful searches for heavier particles beyond the Standard Model,
there is also increased research interest in the search for light, weakly coupling par-
ticles, such as the (pseudo)scalar ALP, in addition to the search for particles of ever
higher masses. [10]

The ALP couplings to the Standard Model particles are running across the scales.
Different observables at different scales therefore provide different constraints on the
ALP couplings. Our implementation of the renormalization group equations gives
us a powerful framework to combine the different constraints from high energy and
flavor observables in one fit. Thus our constraints on the ALP couplings to fermions,
gluons and W bosons are a first step towards a global fit.

This thesis is structured as following: We first give an introduction into ALPs and
the underlying Lagrangian and explain the running across the scales. Section 3
explains the treatment of statistics and our implementation of the renormalization
group equations. In Section 4 we investigate the phenomenology of ALPs: The tt
production and the ¢ttt production analyses constrain the ALP couplings to gluons
Cac(A) and to fermions Cyr(A). The dijet angular distribution analysis constrains
the ALP-gluon coupling Ceg(A). The analysis of searches in B meson decays for
displaced particles B — KX (— [*17) and for missing energy B — K} constrain
the ALP coupling to fermions and B mesons. In Section 5 we combine our analyses
to a fit and give an outlook to open questions and future work.

The research in this thesis has been carried out in close collaboration with Sebastian
Bruggisser.



2 Axion-like particles

This Section presents and describes the ALP Lagrangian and how the couplings
derive from it. Then an alternative Lagrangian with the redundant Higgs operator
is explored. The ALP evolution across the scales is described in the last part of this
section.

2.1 The effective ALP Lagrangian

The axion-like particle (ALP) is the pseudo-Nambu-Goldstone boson of a sponta-
neously broken global U(1); symmetry and is a pseudoscalar Standard Model singlet.
The ALP mass is protected by the shift symmetry a — a + ¢ which arises from the
U(1) symmetry. The small mass term softly breaks the continuous symmetry into a
discrete symmetry. Quantum corrections can only break this symmetry to a certain
degree which ensures that the mass stays light and protects the ALP from a fine-
tuning problem. Because of this shift symmetry, the ALP field can only occur as a
derivative in the Lagrangian. This results in a term of mass dimension 5 so that the
couplings are suppressed by the ALP decay constant f. It is defined by the ALP
cutoff scale A, which denotes the scale of new physics, with the relation:

A=Arxf (2.1)

Higher order terms are suppressed by (E/f)?, with the typical energy F, and can
be neglected. The general effective Lagrangian up to dimension-5 is given by: [11]

2
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with the ALP scalar field a, the ALP bare mass m,o, the fermion field ¢ for
all fermions F', the ALP couplings to the gauge fields Caeww s and the ALP-
fermion coupling Cp. The field-strength tensors of SU(3)., SU(2), and U(1)y are
GY,, Wi, and B* with their coupling parameters o, = g2/(47), oy = ¢*/(47) and
oy = ¢"?/(47). The dual field strength tensors are denoted as V* = 5 PV, 5 with



V = B, W, G. [12] The Feynman rules derived from this Lagrangian can be found
in Appendix A.

2.2 The redundant Higgs operator

In addition to the Lagrangian in Equation 2.2 there is another common Lagrangian
that is used, for example, in Reference [13]. It includes the ALP-Higgs term [12]

a;"ww) (2.3)

with the operator Oy and the ALP-Higgs coupling Cy4 to the Higgs doublet ¢. The
ALP-Higgs term (Equation 2.3) can be shifted away with the field redefinitions: [12]

CpOp = Cy

o —%F g, F e i (2.4)
Under the field redefinition the ALP-Higgs coupling becomes:
ota 1 9w o*a
—(¢'D DIM 6t h)? Z, 2.
Cy 7 (¢'D,o) — 6 term + 2(1} + h) p Cp — 7 (2.5)

The dimension-6 term can be neglected as our Lagrangian (Equation 2.2) only in-
cludes interactions up to dimension-5 order. The other term of Equation 2.5 cancels
with the Standard Model Higgs kinetic term:
2 9w ota
Z,Cy—
0s 6 I f
(2.6)

Again, the dimension-6 term can be neglected. Combining Equations 2.5 and 2.6
after the field redefinition, the ALP coupling to the Higgs vanishes and the Standard
Model Higgs term stays invariant. The Standard Model Yukawa terms are invariant
under field the transformation provided [12]

ﬂu - 5@ = _17 ﬁd - BQ = 17 Be - 5L = 1: BBQ + BL = 07 (27)

where @ refers to all left-handed quarks, u; (d;) are vectors in flavor space for the
right-handed quarks in the up-sector (down-sector) and L; (e;) is the vector for the
left-handed (right-handed) leptons.

(D"¢)' D LP — (D"¢)' D w¢+ DIM 6 term — %(v + h)

The fermion kinetic term transforms as:

ota —

— U, ¥ (2.8)
f
The additional term has the same structure as the ALP fermion term, which stays

invariant; therefore, it induces the shift:

The operator Oy is indeed a redundant operator and can be completely shifted away.

iUy D,V — iUA" D,V + Cy Br



2.3 ALP across the scales

Renormalization deals with ultraviolet divergencies by absorbing them into the def-
inition of all fundamental parameters. Because different divergencies occur at dif-
ferent energy scales, the redefined parameters are then scale dependent. [14]

This section is based on Reference [12] and describes the evolution of the ALP
couplings from the ALP cutoff scale A to the flavor scale piy, which is shown in
a schematic diagram in Figure 2.1. The ALP couplings are defined at the ALP
cutoff scale A and then evolved down to the scale of electroweak symmetry breaking
1w, where they are rotated to the physical mass basis and matched to the Weak
Effective Lagrangian (WET). Then the couplings are in steps evolved down to the
confinement scale, integrating out all particles along the way.

The gauge interactions contribute at two-loop order and the Yukawa interactions at
one-loop order (e.g. diagrams in Figure 2.2). [12]

scale
SM+a
A CVup—aligned (A)
<
5
. v
running S . QQO
< N4
% S
5 s

N SM+a SM+a WET+a

Hw Cup—aligned (/LW) C’mass basis(luW> C’mass basis(:uW>
running

1 WET+a

'uf Omass basis (,LLf)

Figure 2.1: Schematic diagram of the ALP coupling evolution from the ALP cutoff
scale A to the flavor scale piy.



2.3.1 Renormalization group evolution of the couplings down to
the scale of electroweak symmetry breaking

For small ALP masses (order of the electroweak symmetry breaking scale = weak
scale py or less) the renormalization group (RG) equations evolve the Wilson co-
efficents down to the weak scale. The coupling to the gauge fields Cgg, Cpp and
Cww are scale independent. The RG evolution equations for the ALP couplings to
fermions are: [12]

d 1
— T T
dlnuCQ('u) 327r2{Y;LY" +Yde’CQ}
1
_ T T
— (YC Y, +chde)
Bq 5
* [@X—wc Coc
302 3a? ~
420 wa—réychB}ﬂ
d 1y
atn ) = Tox =g Cu} = g Yo Ca¥a
5 202 (2.10)
+ qX+ SO OGG+ 1322033
72
d 1
— T
dln,uCL(u) 327?2{}/;}/; ,CL
I&; 3a2 302 ., ~
+[8—7f2X 20 CWW—4—7T;3)§CBB 1
d C.(u) = ! {Yl'y.,c.} —LYTCLY
dlnp ¢ 16m2t ¢ ¢ 82 © ¢

e 30‘% 2 A
+ {@Xﬁ—HJ}eOBB 1

The eigenvalue of the quadratic Casimir operator in the fundamental representation

of SU(NV) is given by: [12]

N?2 -1
(N)
= 2.11
The tilde gauge couplings are defined as: [12]
. 1
CGG = CGG + 5 TI‘(CU + Cd -2 CQ)
~ 1
Cww = Cww — 3 Tr(3Cq + Cp) (2.12)

~ 4 1 1 1
- Tr( 2 C.—2C,_ 2
Cp = Cgp + r(3 C, + 3 Cy G Co 5 CL>
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These tilde gauge couplings are used in an equivalent alternative effective Lagrangian
whith the ALP-fermion couplings written in terms of the Yukawa interactions: [12]

1 2
L5 = 5 (0,0 (0a) - “22 a2

—E(@QbYddRﬂL@GZ;ﬁLuR—FZgbeGR—f-h.C.)
! o ma (2.13)
GZVGa,uV_'_CWW_?_W:L WA

5 O
TCea g Ar f

dm f
~ a1 a ~
Cgp — - B*" B"

+ UBs ir |

The tilde Yukawa interactions are defined as follows: [12]

i (YaCq — CQYa)
i (Y,C, — CoY,) (2.14)
i (}]ece - C(L}fe)

el

X is defined as [12]

X =Tr [3CQ (Y;Yj — YY) ) —3C, Y)Y, +3C,Y]Y, - CLY.Y + C.YY,
(2.15)

which contains the two-loop gauge boson interactions and the contribution of a UV-
divergent graph, which requires the redundant operator O, as a counterterm. Both
graphs are shown in Figure 2.2. [12]

Figure 2.2: The first diagram shows the two-loop gauge contribution. The second
diagram shows a UV-divergent contribution, which cancels with the ver-
tex from the redundant operator O.

The terms in Equation 2.10 proportional to the ALP-gauge couplings stem from the
contributions shown in Figure 2.3. [12]

11
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Figure 2.3: One-loop gauge contributions to the running.

The remaining terms proportional to Yukawa interactions are contributions from
the diagrams shown in Figure 2.4. [12]

Figure 2.4: Running contributions proportional to the Yukawa interactions.

The Yukawa matrices are choosen to be diagonal in the up- and lepton sector and

all Yukawa couplings except y; &~ 1 are neglected, the RG equations simplify to the
following expressions: [12]

d 275 a? - 902 - a? -
[Co(m)],; = _ (O +38¢g | Co — —Caa — —2Cww — —=Cpp
T 2 T

dlnp 8m2 \ 2 1672 4872
d Yi .
d y7 a? - a? -
dnp [Cu(p)];; = 8_;2 (0i3 — 3Bu) Cit + FCGG + 3—7:2033
d vi oy
dIn 2 [Cu(:u)]ij = 1672 (i3 + 0j3) (Cu)z'j; i F ]
d 3y a? -

Al [Ca(p)];; = 6 ( S —5B4Cy + C’GG + 2;2 CBB)
d 3y} 9a2 ~ 302 ~
dln,u [CL(M)L] = i‘ ( : BL tt — 167 2C(I/VW - 1672 CBB

d 3 3aj
dll’l,LL [Ce(:u)]zj = 5%] ( yt 5€Ctt + _CBB>

(2.16)

with the ALP coupling to the physical top mass eigenstate [12]
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Cu(p) = [CU(N)]33 - [CQ(N)]?,:;' (2.17)

This equation can be generalized to other ALP-fermion couplings. It can be seen
from Equation 2.17 that the ALP couples to the axial vector current %%%W The
combination of the coupling to the right-handed minus left-handed top current adds
a 75 through the chiral projection operators Pr/;, = %(1 + ;) to the ALP fermion
coupling in Equation 2.2, resulting in a coupling to the axial vector current.

2.3.2 Rotation to the mass basis

At the weak scale and below a basis rotation is performed to express the couplings
in the mass eigenstates of physical particles. This basis is then maintained for the
lower scales. Therefore, the down sector is rotated by the CKM matrix V: [12]

Cp=ViCyV (2.18)
The ALP couplings to photons and Z bosons can be expressed as a function of the
Cww and Cpp coupling: [12]
Cww = Cww
O%, = Cww + Cgp
C’yZ = cos2(9w) CWW — sin2(¢9w) OBB
CZZ = COS4(0w) CWW + Sin4(9w> CBB

(2.19)

2.3.3 Matching at the weak scale

At the weak scale uy the Lagrangian 2.2 is matched to the Lagrangian of the
effective theory of weak interaction where the W, Z and Higgs boson and the top
quark quark are integrated out: [12]

1 m?2 )
L1 S o) = 5(0,0)(0"a) = =220 + Ly ()

ferm
Coc2lge Gme o 2op e 220
s " a v,a _FVFV
+GG47Tf v +7747Tfﬂ

form (1) = T (EL,z‘ (Culijypur,; + TrilCulijyutin,; + ELCD%dL
+ C_ZRCd'YudR +vCoyvr +eCryer + 5RCe%€R)

for i,j € {1,2}
(2.21)
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[Culi; ([Culij) is the ALP coupling to left- (right-)handed up-sector, [Cpli; ([Cdlij)
is the ALP coupling to left- (right-)handed down-sector, [Cgl;; ([Ce]i;) is the ALP
coupling to left- (right-)handed electron, muon and tauon. [C,];; is the ALP coupling
to neutrinos. The matching contributions to the gauge couplings are suppressed by
the mass scale m?/m? and m?2/m?, and can be neglected for a light ALP. [12] The
matching contributions to the ALP-fermion couplings are: [12]

2

3
ACF(Nw) = 8_7%20“ (T;f - QFSi) 'LLW]l

30[2 OWW MW 1
In b}
+8W2[2Sfy( mw+2+1
2C 2
+ 3 ZZQF (75 — Qrsi) (m:;_vg 42 +51) (2.22)

2 2
w W
Czz
4 -4
w W

1
4+ — (TF stfu)Q (lngl—g/—l—g—l—(h)] 1

+ 0pp ACDH(ji)

3 2
AC () = 8—?20& (_Qfsi,) 'uwll

3a? 2C 2

T 32 Q72 Qf { 627Z (1 /;LW +5 +51) (2.23)
C 2 1

- 2z <1n%+§+51)] 1

Cy

[ACD (k)i =
2
i {Vr;kwvn] [CU(Hw)]mn 5m3 + 5713)

~ 1672 (
1 ,uw 3 31—z +Inx
—In—= - -+ -——
4 mt 8 4 (1_$t)2

(2.24)
+ V5iVa5[Cu (1) 33

1. w2 1 31—xt+lnxt}

ViV [Cu (1 - - -
+ Vs 31[ (N )]33[2Hm? 173 (1—$t)2

3o — X+ o Inzy
Cww V5V
218 WW i 3J (1= ;)2

The contribution diagrams are shown in Figure 2.5. Diagram a) shows the con-
tribution to Equation 2.22 for the first term with the ALP-top couplings C}; and

14



the Z boson term T{ — Qps?. The terms in Equation 2.22 and 2.23 proportional
to the ALP-gauge couplings stem from diagram b) of 2.5. Equation 2.24 contains
off-diagonal matching contributions for the down quark sector which lead to flavor-
changing neutral currents (FCNC) even for flavor-diagonal ALP couplings at the
cutoff scale A. Its contributions stem from the diagrams c) and d) where the com-
bination of a W boson and virtual top quarks are the only non-zero contributions.
The term proportional to the Cyy coupling arises from diagram b) for a W boson
with a virtual top quark. [12]

a) b)
V
a {
I 1% o4
c) d)

Figure 2.5: One-loop matching contributions to the ALP-fermion couplings. The
diagrams a) and b) give rise to the flavor-diagonal matching contribu-
tions, the diagrams c¢) and d) and diagram b) with W bosons and a
virtual top quark give rise to flavor off-diagonal matching contributions
in the down-quark sector. [12]

2.3.4 Running from the weak scale to the confinement scale

Below the weak scale py the Yukawa contributions as well as the W and Z boson
are integrated out. The contributions to the RG evolution equations of the fermions
come from photons and gluons: [12]

d d o? - 3a? =
€yl = - Colu) = (% oo + 3503, ) 1
dl;lu dlcrllu ) 7T2 4 (2.95)
a ~
e = - = 1
dhl,u (/“L) dh’l/,l/ E(M) 477'2 C’Y'Y
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The remaining contributions stem from diagrams 2.3 and the first diagram of Figure
2.2 with photons and gluons as the only contributing gauge bosons. [12] At the
confinement scale of 1 = 1 GeV the Lagrangian can further be matched to the chiral
Lagrangian because the remaining quarks u, d and s hadronize. [12]

16



3 Methods

This section gives an introduction into the methods which have been used for all
our analyses, the treatment of statistics in the high energy observables and the
implementation of the renormalization group equations. More specific methods are
described in the individual phenomenology sections.

3.1 Statistical framework

Our aim is to constrain the couplings Cee(A) and Cr(A). Therefore, we evaluate
their influence on experimental observables. To find and justify such bounds we
apply a specific statistical treatment, which considers the experimental data, our
predictions and experimental and theoretical errors. Thus we need to be able to
calculate a likelihood ratio function A(«) for any specific point & = (Caa(A), Crr(A))
in the parameter space which quantifies how reasonable it would be to accept such
parameters. [15] By that we can then set a threshold corresponding to a specific
confidence level (CL) in a Gaussian distribution.

The likelihood function £(a|x) returns the plausibility for a parameter choice a =
(Caa(A),Crp(A)) given that an observable = has been measured. As such a function
is hard to construct by itself, we first consider the opposite, a probability density
function p(z|a) for a given model and known parameters . If p(x|a) is integrated
over an interval [z1,xs] it gives the probability for measuring some value within
the interval. Locally, p(z|a)dx describes the probability for observing a value in
the small region [z,x + dz]|. p(x|a) is normalized, so that the overall probability
[ p(z]a) dz is always 1. Starting from a known measurement z, we can use the
same values L(a|z) = p(z|a) as a reasonable measure and treat « as the variable
we scan over while keeping x fixed. This function’s integral is not normalized to 1.
15

The likelihood is most advantageously used in the form of the likelihood ratio func-
tion A(a|x): [15, 16]

Malz) = —21H<M) (3.1)

sup, L(c/|x)

Here, sup,, L(¢/|z) describes the supremum of the likelihood for any o' of the pa-
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rameter space. This equation takes the logarithm of £, so that products decompose
into sums, flips it, so that unlikely regions correspond to large values and shifts it

vertically. This shift normalizes the likelihood ratio such that A(amest|®) L0 for the
best fit(s) apest and A(a|xz) > 0 otherwise. Wilks’ theorem states that this likelihood
ratio is x2(An)-distributed with An being the amount of parameters we scan over
(An = 2 in our analysis). The theorem requires a large enough sample size, which is
satisfied in our setups. [15, 16] Therefore, in a purely Gaussian case, we can equate
the 68 % CL, corresponding to the 1o bounds for a Gaussian distribution, with the
value of Ax? := \(a|z) = 2.3. Analogly, we find the 95 % CL, corresponding to the
Gaussian 20 bounds, at the value of Ax? = \(a|z) = 5.9. [17]

Theoretical, statistic and systematic errors all lead to different types of probability
distributions and likelihood functions. The different types are summarized in the
following. [15]

Collider experiments produce a large number of collisions while each collision has
a tiny probability for an event of interest, leading to d observed events in the end.
This statistical setting leads, even in perfect reproducibility and control of all exper-
imental parameters, to statistical errors following a Poisson distribution. Thus the

observed number of events d follow the probability mass function ppoiss(d|d) with
the expected amount of events d: [15]

o
Ppoiss(d|d) = Ee_d (3.2)
The likelihood function is then the same expression Lpoiss(d|d) = ppoiss(d|d), taking
d as the variable. [15]

As any experiment relies on many parameters which can’t be measured or controlled
exactly, the number of measured events underlies systematic errors og,. These
typically contribute by creating a Gaussian distribution: [15]

pGauss(d|g) = \/%;0_ €exp <_(d2;—2d)) (33)

Sys
The probability is now written in terms of all systematic errors o4; and equated
with the likelihood. By logarithmizing it simplifies to

(d — d)?

—2 ln EGauss(Cﬂd) = 2—0_2
sys =~ d,i

+C, (3.4)

where C' = In (27r D ey a§7i> is only a constant offset. [15] This expression is minimal

for d :ﬂ where it is zero if we neglect C' and then equivalent to the likelihood ratio
)\Gauss(d‘d)- [15]

18



Theoretical uncertainties are modeled as flat distributions: [15]

~ 1 for ‘d— J’ < Otheo
,CFlat(d‘d) X (35)

0 for

d —_ (i’ > Otheo

They allow for a limited deviation |d — d| between the measurement and the model,
which are indifferently accepted. Above the threshold oye, the difference is con-
sidered significant and the model d is excluded. They can be combined with the
experimental errors into one likelihood ratio: [15]

( (J_d_l,_ )2
Ttheo ford—d < —Otheo
)\Gauss+Flat ((j’d> - AXQ - 0 for ’CZ— d‘ S Otheo (36)
CZ_d_o'theo g
— for d — d > +0theo
\ Sys

This function is a parabola that is cut open at its minimum, so that its branches
start at d — d = *oheo and in between it is constant at its minimum of A = 0. This
allows for a small deviation which doesn’t lead to an increase of \. [15]

Finally, all these distributions have to be summarized into one likelihood function.
Here we use the approximate formula: [15]

1 1 1
_ 3.7
Inf InLpoiss + In Lauss+Flat (37)

We are now able to calculate a likelihood for any point a = (Cga(A), Crr(A)) in
our parameter space. Using that, we search for the bounds of the excluded area
in the parameter space with Ax? = A(a|r) > 2.3 or 5.9, respectively. For the
sampling we use Markov Chains to be able to expand our fit for future work with
more parameters. The sampling with two parameters is also possible with a simple
grid scan. The whole process is implemented in the sfitter framework [18], which
has already been used for similar fits. [15, 19, 20]
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Hw —

1~

3.2 Implementation of the renormalization group
equations

We implemented the renormalization group equations (Section 2.3) to solve the cou-
pled differential equations numerically. This allows us to both evolve ALP couplings
down from set values at the cutoff scale A as well as evolving the bounds on couplings
e.g. at the my scale up to the cutoff scale. Thereby we can combine measurements
at different scales. We work consistently at one-loop order. A workflow diagram is
shown in Figure 3.1.

SM SM+a
C (A) Cup—aligned<A>
i
y§
. . &4
running ruanning ‘§ \’QQO
% 4
5 $
SM SM-+a NQ@ SM+ ol WET+
a a
C (:U’W> Cup—aligned('u’w> Cvmass basis (MW) C'mass basis (N’W)
running
WET+a
Omass basis (/”Lf)

Figure 3.1: Schematic diagram of the workflow of our implementation of the renor-
malization group equations from Section 2.3. The Standard Model pa-
rameters are first evolved to the ALP cutoff scale A = 47 f, and then
further evolved together with the ALP couplings.

First, the Standard Model parameters given at ;i = my are evolved to the ALP
cutoff scale A. These parameters are inputs for the ALP renormalization group
equations and this way ensures that these input parameters are always at the same
scale as the ALP model. Then both the ALP couplings as well as the Standard
Model parameters are evolved down to the matching scale uy = myz. Subsequently,
the ALP and Standard Model parameters are evolved down to the confinement scale
of 1 GeV. Here, all the particles are integrated out as soon as the scale is below their
mass. The running below the confinement scale is very weak; therefore, it was
neglected.
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4 Phenomenology of ALPs

Our analysis constrains the ALP couplings Cei(A), Crr(A) and Cww(A) and is
the first analysis to do this first step towards a global fit. As ALP couplings are
interrelated through the renormalization group equations (see Section 2.3) a coupling
which is set to zero at the cutoff scale A can acquire a nonzero value at lower
scales through running and matching contributions. To understand the connection
between the couplings it is necessary to study a set of ALP couplings. By comparing
our predictions with the ALP model to current measurements the couplings can be
constrained. Our analysis combines high energy and flavor observables. As the tt
production only constrains the product Cr(A) - Cag(A), it leaves blind directions
for low values of either of the couplings. The tttt production and the dijet angular
distribution, the latter confining only the Ci(A) coupling, are used to resolve these
blind directions. The B-meson decay constrains Cyw (A) and Cyr(A). With the
implementation of the ALP evolution across the scales (Section 3.2) the results can
be evolved to the ALP cutoff scale A and combined. We assume flavor alignment
at the cutoff scale A, which means that all flavor diagonal couplings are set to the
same non-zero value.
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4.1 ALPs in tt production

As the ALP-fermion coupling is expected to be Yukawa dependent (see Section 2.3)
it seems promising to study ALP-top processes. At tree-level in pp collisions the
ALP is produced via gluon gluon fusion. In this section we study the effect of ALP
exchange in ¢t production to constrain the product of the couplings Caa(A)-Cyr(A).

4.1.1 Theory

Figure 4.1 shows an exemplary Feynman diagram describing the t¢ production pro-
cess in the Standard Model and the additional ¢£ production process in the ALP
model, respectively.

Figure 4.1: Feynman diagrams for ¢ production with the s-channel Standard Model
process (left) and the ALP process (right).

The ALP as a color singlet couples differently than the color octet gluon which
accounts for different amplitudes.

The amplitude squared for tf production has been calculated with the Feynman
rules in Appendix A to be

3,22
s°my o

42 (mi —t) (mg — s) (m — u)

2.2

383mt O 02 (C(3’3) _ C(3,3)>2
32m2 f4 (m2 — 8)2 G \Te “

IM|” = [Msu|” + Caa (Cc(ggs) - 053’3)>

(4.1)

or, equivalently, when expressed with the scattering angle # between the top quarks

(M* = [Msu]”
S2m%O{2 3.3
s C (C( 3) C(3,3)>
* F2(m2 = s) (4m2 cos?f — scos? + 5) 0 7@ “ (4.2)
3s3m2a?

2
02 <0(373) . 0183’3)> .
3272 f4 (m2 — s)° Ge\Te
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The amplitude squared in the Standard Model is:

[Man]” =
— — [ra2(mi (32 + 14tu+ 3u2) — mf (T + ¢ + Tt + )
— 6my + tu (> +u?) ) - (18m7(t +u) — 18m; + s°
=9+ )] [35 (¢ = m2)* (u— )’
= — [202(s (9.c05%(9) +7) — 36 cos?(B)m?) (4.3)
(= 8ssin®(0)m? — 8m? (4 cos*(0)m? + s cos™(0))
+ 16 cos*(0)m; + 32m;}

+82 (cos'(8) = 1) [35 (4cos2(@m? + ssin*(0))’]

In equations 4.1, 4.2 and 4.3 the Mandelstam variables are denoted by s, ¢, u and m;
is the top mass.

4.1.2 Methods

The ALP model was implemented into Madgraph5_aMC@NLO [21] using a UFO
model file created with FeynRules [22]. The parton distribution function (pdf)
set nnpdf31_NLO_as_0118 [23] was used. This pdf set is not based on top quark
experiments so we can avoid correlations in the top-sector.

Alongside the ATLAS measurement of the production cross section of o = (826.4 +
3.6(stat) £11.5(syst) £ 15.7(lumi) £1.9(beam)) pb [24], the bins 10, 12, 14, 16 (high-
est bins, skipping every other bin to avoid the use of a correlation matrix) of the
normalized CMS measurement of the leptonic transverse momentum p; [25] were
used as measurements with which the model predictions were compared.

As a theoretical uncertainty for our LO predictions we assumed double the theoret-
ical uncertainty of the NLO predictions of Reference [25]. The experimental data,
the Standard Model predictions from Reference [25] and theoretical data and uncer-
tainties were used for our sfitter [18] analysis, the statistical framework of which
is described in Section 3.1.
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4.1.3 Results
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Figure 4.2: The upper diagram shows the normalized differential ¢f cross section as
a function of top quark transverse momentum p; for the ALP simulation
with (Ctr(A) - Caa(A))/f? = £1 TeV—? corresponding to ALP+/- and
the Standard Model NLO prediction together with the experimental data
and the experimental uncertainties, both from CMS [25]. The lower
diagram shows the differential cross section normalized to the Standard
Model simulation as a function of p;. The brown and silver area shows

the theory and experimental uncertainties added in quadrature.

The

plot shows that the sensitivity of the ALP contribution is enhanced for

large p; values.

Figure 4.2 shows that the high p, bins are more sensitive to the ALP contribution
than the low p; bins. By comparison of the scaling with s of the different contri-
butions from Equations 4.1 it is seen that the ALP contribution is enhanced by s
and the interference contribution from the ALP model and the Standard Model is
enhanced by s, which explains the enhancement in high energy distribution.

Since the ¢t production depends on both the ALP-fermion coupling Cy(A) and
the ALP-gluon coupling Cgg(A) it is only possible to constrain the product of the
couplings, regardless of the observable. Figure 4.3 shows the bounds on Cgg(A) -
Crr(A). For Crp(A) — 0, Cae(A) can take arbitrarily large values and vice versa.
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The numerical results are shown in Table 4.1. Ax? = 5.9 corresponds to a 20 bound
for a Gaussian distribution while Ax? = 2.3 corresponds to a 1o bound. [17]

Coa(N)/ f [TeV]

Figure 4.3: Bounds on Cgg(A) and Cpr(A). The dashed line shows the Ax? = 5.9
bound and the solid line shows the Ay? = 2.3 bound.

Table 4.1: Numerical values for the fit in Figure 4.3

lower bounds upper bounds
Ax? 2.3 5.9 2.3 5.9

(Caa(A) - Crp(A)/f? | —0.228 TeV=2  —0.450 TeV~2 | 0.225 TeV=2  0.451 TeV 2
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4.2 ALPs in tttt production

Another way to test the ALPs couplings Coi(A) and Cy(A) is the measurement of
tttt production cross section at ATLAS and CMS detector. As the cross section is
small, there are no measurements of the p; distributon yet which would also yield the
difference in the coupling between the scalar and color-singlet ALP and the vector
and color-octet gluon. In this chapter, we use the CMS measurements [26], [27] and
the ATLAS measurements [28], [29] of the ¢ttt production cross section as well as
our ALP model simulations.

4.2.1 Theory

The ALP can contribute to the pp — tttt production cross section through the
Caa(my) and Cy(my) couplings. We assume flavor diagonality at the cutoff scale
A = 47 TeV. As the ALP-fermion coupling is expected to be Yukawa dependent (see
Section 2.3) the ALP-top coupling is the dominating ALP-quark coupling. Figure
4.4 shows leading order Feynman diagrams for ¢ttt production in pp collisions with a
single ALP insertion, leading — with the possible interference with Standard Model
diagrams — to amplitudes with ALP couplings of order two and four. Double ALP
insertions as shown in Figure 4.5 are also possible, leading — with the possible
interference with Standard Model diagrams — to amplitudes with ALP couplings of
order four, six and eight. The large number of contributing ALP diagrams results
in complicated calculations of predictions for differential cross sections.

Figure 4.4: Example Feynman diagrams for the production of two top-antitop pairs
including a single virtual ALP.
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Figure 4.5: Example Feynman diagrams for the production of two top-antitop pairs
including two virtual ALPs.

4.2.2 Methods

The setup was the same as the one in Section 4.1.2. Here, the additional chal-
lenge was that there were not only interference and squared terms, but also double
insertions that potentially contribute significantly to the cross section, leading to
amplitudes of ALP coupling of order four, six and eight. With various simulations
at leading order (LO) in Madgraph5_aMC@NLO [21] with our FeynRules model [22]
the individual contributions for the different combinations of the couplings could be
found. This was done by setting one of the couplings to zero and setting the or-
der of the ALP coupling in Madgraphb aMCQ@NLO. The remaining contributions
with linear combinations from both couplings where found numerically. For example
amplitudes with ALP coupling order four there are contributions from terms pro-
portional to Cig(A), Céa(A) - Crp(A), Caa(A) - CF(A), Caa(N) - CFr(A), Cf(A).
If we set one of the couplings to one and vary the other one it becomes a polynomial
which can be solved numerically to obtain the different contributions.

We RG-evolved our predictions on the couplings Cag(my) and Cy(my) to obtain
predictions on the couplings Cge(A) and Cyp(A) with our implementation of the
RG equations described in Section 3.2. For our sfitter [18] analysis we used
four experimental measurements [26-29], which we assumed to be uncorrelated.
The measurements show different results: The measured cross section results of the
CMS measurements are 1373" fb [26] and 12.6725 fb [27] while the those of the
ATLAS measurements are 2477 fb [28] and 26777 fb [27]. The NLO Standard Model
prediction from Reference [30] was used. We assumed a generous theory uncertainty
of 50 % for our LO simulations as Reference [30] calculated a 21 % uncertainty for
their NLO predictions and to account for the differences between the experimental
results.
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4.2.3 Results

The tttt production cross section analysis is shown in Figure 4.6. Amplitudes with
ALP couplings up to order eight were considered.

Cry(A)/f [TeV™]

—9 —1 0 1 2
Cac(N)/f [TeVY

Figure 4.6: Bounds on Cgg(A) and Cy(A). The dashed line shows the Ay? = 5.9
bound and the solid line shows the Ay? = 2.3 bound.

The numerical result is shown in Table 4.2. The Ax? = 5.9 bounds correspond to a
95 % CL bound for a Gaussian distribution, the Ax? = 2.3 bounds correspond to a
68 % CL bound for a Gaussian distribution.

Table 4.2: Numerical values for the fit in Figure 4.6.

lower bounds upper bounds

5.9 2.3 5.9
1.049 TeV—!  1.101 TeV~!
3.860 TeV~!  4.072 TeV—!

Ax? 2.3
Caoc(N)/f | =1.049 TeV—!  —1.101 TeV~?
Crpr(N)/f | =3.860 TeV—'  —4.071 TeV~!
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4.3 ALPs in dijet production

Dijet angular distribution measurements provide a framework to constrain the ALP-
gluon coupling Cgg(A) and thus can resolve the ambiguity between Cy(A) and
Caa(A) seen in the previous top analyses.

4.3.1 Theory

In the Standard Model dijets events are produced in scattering of quarks and gluons
in proton-proton collisions, for example in the processes gg — gg and qq — qq. [31]
The angular distribution is expressed in terms of the quantity

Xjj = exp|y1 — ya| (4.4)

where y; and ys are the rapidities of the jets with the highest transverse momentum
in the event. The rapidity is given by

_ E+p.
_E_pz

Y (4.5)

with the energy of the jet F and the z-component of the momentum of the jet p,,
both in the center-of-mass frame of the proton-proton collision. [32]

The dominant dijet production processes with an ALP as a mediator are displayed
in Figure 4.7.

Figure 4.7: Exemplary Feynman diagrams for the production of two jets mediated
by a virtual ALP.

All other processes can be neglected because the ALP-quark coupling is heavily
Yukawa suppressed except for the ALP-top coupling, which is loop suppressed as it
only occurs in a top loop in the gluon gluon fusion process.

The ALP is a scalar particle; therefore, the angular distribution of the jets from a
process with an ALP as a mediator differs from the SM process with vector bosons
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(mostly gluons, but photons and Z/W bosons are also possible) as a mediating
particle. Thus, the dijet angular measurement is a way to probe the Cgg(A) coupling
individually. The ALP-gluon coupling Cei(A) is constant across the scales (see
Section 2.3).

4.3.2 Methods

The tools used are the same as in section 4.1.2. The statistical concept is described in
Section 3.1. The ALP UFO model file created with FeynRules [22] was implemented
into Madgraph5 aMC@NLO [21]. The pdf set nnpdf31_NLO_as_0118 [23] was used
to avoid correlations in the top-sector. This pdf set is not based on top quark
experiments so we can avoid correlations in the top-sector. The simulated data with
the ALP model as well as experimental data and the Standard Model prediction [31]
are used for the sfitter [18] analysis. To obtain the theory uncertainty we used
the theory uncertainty of the NLO QCD predictions of Reference [31] and added a
theoretic uncertainty of 5 % to account for the differences between these and our LO
predictions. For the fit only the lowest mass bin with the jet invariant mass 2.4 TeV
< mj; < 3.0 TeV was taken into account because it has the lowest uncertainties
and is below the ALP cutoff scale A = 47 TeV. Then every second Y;; bin starting
with bin number two was taken into account to circumvent the need to account for
correlations between the bins. Since all the gauge couplings are constant across the
scales there was no need to evolve the ALP-gluon coupling Cg from the dijet scale
to the cutoff scale A.

4.3.3 Results

Figure 4.8 shows the normalized differential cross section as a function of y;; for the
Standard Model and the ALP simulation. The ALP x;; values differ significantly
from the Standard Model, especially in the first bin.

Figure 4.9 shows the bound on Cgg(A). The Ax? = 2.3 result (68 % CL for a
Gaussian distribution) is Cqg(A)/f = £0.646 TeV~! and the Ax? = 5.9 result (
95 % CL for a Gaussian distribution) is Cog(A)/f = £0.662 TeV~!. The Ax? = 2.3
and Ay? = 5.9 are almost identical because the uncertainties are low.
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Figure 4.8: The normalized differential cross section as a function of x;; for the
Standard Model simulation together with the theory uncertainty and
the simulation with the ALP model with Cgg(A) = +0.646 (Ax* = 2.3
bound). We only used the hatched bins for our analysis.
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ng(/\) /f [Te\/"l]

Figure 4.9: Bounds on Cge(A). The solid line corresponds to the Ax? = 2.3 result
(68 % CL for a Gaussian distribution) and the dashed line to the Ax? =
5.9 result (95 % CL for a Gaussian distribution).
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4.4 ALPs in flavor observables

The renormalization group (RG) equations can be used to evolve the couplings
across the scales and therefore enable us to compare different measurements at
different scales with each other. Flavor observables like the b — s transition are
highly sensitive to new physics and can be measured in B meson decays in B-
factories. [33] In this chapter, B — KX(— [Tl7) searches from LHCb [34] and
searches from BaBar with missing energy B — K} [35] have been interpreted in
the ALP framework to obtain constrains on the ALP-fermion coupling C(A) and
the ALP-W boson coupling Cyy (A). This combination of invisible and displaced
searches provides another strong constraint on the ALP couplings.

4.4.1 Theory

In B meson decays, the ALP is produced through the effective coupling Cy,. At
one-loop level it is given by:

Cap(mg) = 7.7910 - 107* - C4p(A) — 1.19- 107 - Cyrw (A) (4.6)

which can be calculated with the use of our implementation of the renormalization
group equations described in Section 3.2. We assume flavor diagonality at the cutoff
A = 4rnf with the ALP decay constant f = 1 TeV. For the analysis of flavor
observables, at the cutoff scale all couplings except the ALP-fermion coupling C's¢(A)
and ALP-W boson coupling Cyw(A) are set to zero. Cyw(A) is constant across
the scales as it does not run. The ALP Lagrangian and the running of the couplings
down to the flavor scale is described in section 2.3. The on-shell production rate is
given by:

CZ(ma) 9. mi ’ 12,2 2 2
FB—)Ka:WWf()(ma)mB 1L —— | A/ (mp, mg,m;) (4.7)

with the kinematic function A2 (m%, m%,m?) = a> +b> +c® — 2 (ab+ac+be). [36].
The scalar form factor fZ(m?) is implemented from Reference [37].

For small lifetimes the ALP will decay in the detector, e.g. into photons or muons.
For longer lifetimes the ALP leaves a trace of missing energy in the detector as
a long-lived particle. The ALP production and the decay into leptons is shown
in Figure 4.10. In the Standard Model, a B — Kpuu decay is also possible, e.g.
through an intermediate Z boson or a photon, which couples to the top quark and
then decays into two leptons.

At a hypothetical ALP mass m, = 0.3 GeV ALPs mostly decay into muons as the
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b) Cr¢(my) coupling (left) and Cww(myp) coupling (right) that con-
tribute to the effective coupling Cy,

Figure 4.10: Feynman diagrams for the decay B — Ka,a — pu*p~.
decay into electrons is suppressed due to the lighter electron mass: [36]

Mg M? 4m?
T, 5=27|Cs(ma)l e l \1- m—; (4.8)

For small Cs(A) ALPs mostly decay into photons with a partial width given by
[36]

et 12
Fa*)’y'y = E ]C’vgma‘zp (49)

and effective photon coupling (for Cpp = 0) [306]
. «
ng(ma) ~ Cyw + O (chf> . (4.10)
For an ALP mass of m, = 0.3 GeV the decay total width is given by:
Fo=Tasyy +las yrp- (4.11)
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The lifetime of the ALP can be determined as follows:

1
L 4.12
7T, (4.12)

4.4.2 Methods

The number of BT — K™ X, X — p*u~ events increases in the ALP model with re-
spect to the Standard Model prediction, thus measurements can provide constraints
to the ALP couplings Ct(A) and Cyw (A) for the ALP mass m, < mp — mg. We
analysed constraints on the couplings C'ys(A) and Cyw(A) for a fixed ALP mass
m, = 0.3 GeV. This mass was chosen because ALP decays to pions are not yet
possible but decays to muons are. This constellation provides a high sensitivity
of the experiments. For the analysis the LHCDb data in Figure 4 of Reference [34]
provides us with 95 % CL exclusion limits for the B* — KX, X — u*tu~ decay as
a function of the branching ratio, the lifetime and the mass of the particle X. We
sample through the couplings C¢(A) and Cyw (A) and calculate the branching ratio
and lifetime for each individual data point to compare it to the measurement. For
this step we make use of our implementation of the renormalization group evolution
equations from Reference [12] at one loop level as it is described in Section 3.2.

Another bound is provided by searches for missing energy which can be reinterpreted
as a long-lived ALP that does not decay in the detector. As it leaves a signature of
missing energy, the number of events is increased in the ALP model compared to the
Standard Model. The analysis with data from the BaBar experiment from Reference
[36] is extended for an analysis for two couplings. Branching ratio and lifetime are
calculated in the same way as before and in an analogous manner compared to the
95 % CL values of the experimental data, here from the BaBar measurement [35].
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4.4.3 Results
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a) Overall view on bounds from LHCb on Cyw(A) and Crp(A).
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b) Zoom plot on bounds from LHCb on Cyw (A) and Crr(A).

Figure 4.11: Bounds from LHCb on Cyw(A) and Cjs(A), the latter is shown on a
logarithmic scale for both positive and negative values (only positive
values in the zoom plot). The red area shows the excluded region while
the green area is allowed within the current measurements. The white
region in the middle and on the sides cannot be excluded because the
decays are too long-lived /too prompt.
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Figure 4.11a) shows the excluded region from the interpretation of the muon pair
detection by the LHCb measurement. A zoom plot in Figure 4.11b) shows the white
area, where the couplings cannot be excluded due to the lifetime, and the two blind
directions, where the ALP couplings can not be excluded, in detail. The upper blind
direction is due to the interference in the production (Cys = 0). The second blind
direction comes from the ALP decay. For small Cts(A) and large Cyyw (A) couplings
the branching ratio for @ — pp has a minimum at Cyp(A) # 0 as it is shown in
Figure 4.12.

The squared ALP-lepton coupling at the ALP mass scale, which is used in the
calculation of the decay width in Equation 4.8, also contains loop-suppressed Cyry

contributio

C3(m,) = O (C2,(A)) - O (2 Oy (A) Cuow (A)

0.0
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Figure 4.12: Predicted branching ratio Br,_,,, as a function of Cts(A) for Cyyw =5

36

(—I—) and CWW =-5 (-)



Figure 4.12 illustrates the case where Cjs(A) approaches zero for a fixed posi-
tive Cyww(A) coupling. Then the decay width into photons is constant. There-
fore, the branching ratio only depends on the decay width into muons I',,. As
I'y,, < I'y,, the branching ratio is approximately proportional to the coupling
Bro . o (Cy(ma))® (see Equation 4.13). The branching ratio thus follows a
parabolic curve, whose minimum is shifted away from C;r(A) = 0 by the inter-
ference term —O (2 Crr(A) C’WW(A)IE“%) For positive (negative) Cyw(A), the
minimum is therefore shifted to Crr(A) > 0 (Cfs(A) < 0) by a value proportional
to Cww(A). The minimum of the branching ratio Br,_,,, is below the exclusion
limit of the LHCb measurement thus resulting in a blind direction. Figure 4.13
shows the product of the production and decay branching ratios (Brp_xq - Bro—suu)
and illustrates the two blind directions.
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e 6.\
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—0.010- 10712
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Figure 4.13: ALP production and decay into muons branching ratio as a function of
the couplings Cr(A) and Cyw (A).

Figure 4.14 shows the combined bound from both the LHCb and BaBar measure-
ment. The LHCb contribution to this diagram can be identified by the blind direc-
tions as thin lines and the excluded ellipse around it. The BaBar bound leaves a
band where the couplings cannot be excluded by the BaBar measurement with two
ellipses in the middle where the experiment is sensitive.

Because the BaBar search looks for missing energy, the detection depends on an
interplay of lifetime and production rate. The lifetime needs to be long enough that
the ALPs decay behind the detector and leave a trace of missing energy. For a
long lifetime, the ALP couplings needs to be small. On the other hand the Cs(A)
coupling needs to be sufficiently large to obtain a high production rate. This results
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Figure 4.14: Combined bounds from BaBar and LHCb on Cyw (A) and Cr(A). The
yellow area can not be excluded with the measurements, the purple area
is excluded by both measurements and the brown area is excluded by
one measurement.

in the two ellipses where the couplings can be excluded. Starting at both C¢s(A) =
Cww(A) = 0 the production rate is too small to set a bound. With increasing
Crr(A) even though the rate is small the lifetime is at maximum so almost all ALPs
decay outside the detector and there are enough ALPs leaving a missing energy
signature to set a bound which leads to the purple ellipses in Figure 4.14 where the
couplings can be excluded. With increasing Cyr(A) coupling the lifetime becomes
smaller and reaches a point where the interplay of production rate and lifetime is too
small to set a bound. With further increasing Cyr(A) coupling the amount of ALPs
leaving a missing energy signature becomes large enough again to set a bound. This
is the geometric bound as approximately all ALPs decay inside the detector but
because of the geometric detector coverage some ALPs still leave a trace of missing
energy. And since the production rate is large there are enough predicted missing
energy events to set this bound.
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5 Summary and Outlook

Figure 5.1: Combined fit (red) for the ALP couplings Cy(A) and Cgg(A). The plot
combines the results from ¢t production (blue), ¢ttt production (orange)
and dijet angular distribution (green). The dashed lines show the Ax? =
5.9 bounds and the solid lines show the Ax? = 2.3 bounds.

The aim of this work was to combine different ALP senstive observables to resolve
the coupling space of Cr(A), Caa(A) and Cyw (A). The results of the high energy
analyses are combined in one sfitter [18] fit (Figure 5.1). The numerical results
are shown in Table 5.1. We work in a flavor aligned model and all other couplings
are set to zero at the ALP cutoff scale A. As expected the Standard Model which
is equivalent to setting Ceg(A) = Crp(A) = 0 is not excluded.

The tt production analysis and the dijet angular distribution analysis showed that
the angular distribution of an ALP differs compared to a gluon because it is scalar
and color-singlet. The ¢t analysis also showed that the ALP contribution is enhanced
for high energy due to its scaling with s (interference term ALP and Standard Model)
and s? (ALP squared term).

39



Table 5.1: Numerical values for the fit in Figure 5.1.

upper bounds
Ax? 2.3 5.9 2.3 5.9
Caa(AN)/f | —0.680 TeV='  —0.695 TeV~! | 0.681 TeV~'  0.695 TeV—
Crr(A)/f | —3.485 TeV—! —3.775 TeV—' | 3.485 TeV~! 3.775 TeV~!

lower bounds

The tttt production analysis was challenging because higher order terms contributed
significantly and it was limited by the experimental data because there are only
measurements of the cross section yet. However, the analysis resolved the blind di-
rections of Cy(A)-Caa(A). Future measurements with observables like the tranverse
momentum p; or the rapidity y could yield stronger bounds on the ALP coupling
than the t¢ production analysis.

In the flavor sector we interpreted searches B — KX (— [Tl7) from LHCb and
searches for missing energy from BaBar B — KJF to confine the ALP couplings
Crr(A) and Cyw (A). The results in Figure 4.11a) and 4.14 show the excluded areas
and the blind directions. The flavor observables have a strong sensitivity to Cys(A).
It would have been even stronger if we did not choose flavor diagonal couplings at
the cutoff scale. The ALP production coupling Cy, is an off-diagonal entry and
thus its value at the low scale iy only arises from matching contributions. The
experimental data was only given as 95 % CL exclusion limits which did not allow
us to use it for a fit. Our flavor analysis has weaker sensitivity to the ALP-W boson
coupling Cyw(A). Additional observables like the diboson cross section (analysis
in Reference [38]) would provide an additional bound on Cyy (A).

Our analysis is a first step towards a global fit. A global fit with a more general
flavor structure, the ALP mass m, as a free parameter and bounds on Cpg(A) is
left to future work. While there are no clear hints for a presence of ALPs in the
evaluated data, the ALP model remains possible within the bounds we found. The
ALP model might then solve current open questions like the strong CP problem and
the search for dark matter.
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