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Introduction

Axion-like particle:
® BSM pseudoscalar a whose interactions respect an approximate shift symmetry a — a + ¢
® coupled to any SM field via dim-5 operators
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Y, Cayy

VHVV,LLI/ ) A (8”a)f’}/“’)/5f

® ALP-Higgs coupling for dim > 6
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Introduction

Axion-like particle:
® BSM pseudoscalar a whose interactions respect an approximate shift symmetry a — a + ¢
® coupled to any SM field via dim-5 operators

Covv

Y, Cayy

VHVV,LLI/ ) A (8”a)f’}/“’)/5f

® ALP-Higgs coupling for dim > 6

® pseudo-Nambu-Goldstone boson (often elementary but not necessarily):

® relic of spontaneously broken global symmetry (at A > Agw) of SM extension
® (explicitly softly broken by ALP mass mq,0 < A)

Jan Jerhot (CP3 - UCLouvain) Search for axion-like pa at proton beam dumps 151 March 2022



Introduction

Motivation:
® New global symmetries ubiquitous in BSM theories:

® Accidental symmetries in theories extending SM symmetry group
® Compactification in theories with extra dimensions
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Introduction

Motivation:
® New global symmetries ubiquitous in BSM theories:

® Accidental symmetries in theories extending SM symmetry group
® Compactification in theories with extra dimensions

® Dark matter:
® m, < A = DM candidates or SM-DM mediators
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Direct searches for ALPs
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Figure: Current constraints in (ga~~,ma) parameter space'

1. G. Irastorza J. Redondo, New experimental approaches in the search for azion-like particles, [1801.08127]
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ALPINIST

Axion-Like Particles In Numerous Interactions Simulated and Tabulated

e A universal framework for study of ALPs at BD experiments?

Allows:
® more efficient simulation of beam-dump
experiment sensitivity
® interpretation of results for any ALP
model

Courtesy of B. Doébrich

2]J. Jerhot, B. Débrich, F. Ertas, F. Kahlhoefer and T. Spadaro, ALPINIST, [2201.05170]
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ALPINIST

Number Nge; of expected ALPs at the detector factorizes into:

2N (mq, C)

d6,dE, X | Pdet (maa | AP aav Eav C)

Nuet = / d6,dE,

® d°N/df,dE, - ALP spectrum produced at the target
® Dot - probability that given ALP leads to an observable signal
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ALPINIST

Number Nge; of expected ALPs at the detector factorizes into:

2N (mq, C)

d6,dE, X | Pdet (maa | AP Hav Eav C)

Nuet = / d6,dE,

® d°N/df,dE, - ALP spectrum produced at the target
® Dot - probability that given ALP leads to an observable signal

ALPs can be produced via different processes:

AN (mq,C) Z d2N; (mg, C)
d6,dE, do.,dE,
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ALPINIST

Number Nge; of expected ALPs at the detector factorizes into:

2N (mq, C)

d6,dE, X | Pdet (maa | AP Hav Eav C)

Nuet = / d6,dE,

® d°N/df,dE, - ALP spectrum produced at the target
® Dot - probability that given ALP leads to an observable signal

ALPs can be produced via different processes:

d2N (my, C) A2N; (mg, C . d2; (m, Crer)
- z C Cre
d6,dE, > d6,dE, Z 1l 0 d6,dE,

® coupling affects the normalisation but not the spectrum

® we can evaluate for some reference C,ef and re-scale with f;(C, C.ef) later
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ALPINIST - production

Primakoff process (ALP photo-production):
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Figure: Primakoff ALP production differential yield for
mg = 0.5 GeV, Cy, /A = 107*, Cu dump, 400 GeV beam
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Primakoff process (ALP photo-production):
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Figure: Primakoff ALP production differential yield for
mg = 0.5 GeV, Cy, /A = 107*, Cu dump, 400 GeV beam

151 March 2022

Search for axion-like particles at proton beam dumps

Jerhot (CP3 - UCLouvain)



ALPINIST - production

Primakoff process (ALP photo-production): 10_1 10-12
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Figure: Primakoff ALP production differential yield for
mg = 0.5 GeV, Cy, /A = 107*, Cu dump, 400 GeV beam
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ALPINIST - production

Primakoff process (ALP photo-production): 10_1 10-12

d*N C2, 8e* sind,

deadEa B A? aﬂEbeam J10—13
-2 -
do,n L 10
/dptd¢a Vo ’V(Emp?) = 10~
N =
<
-15
f’Y’Y(C7 Cref) = Ciw/ciw,ref 107° 10
® clastic scattering of beam proton on 10-16
target nuclei:
® photon(-from-proton) distribution ~y 10 ;00 o 10! 102 d2N
obtained using WWA L [GeVTY

e on-shell photons from secondary m,n,n': E, [GeV] dE,d6,
Figure: Primakoff ALP production differential yield for

® m,n,n distributions from p-p collisions - I
simulated with PYTHIA mq = 0.5 GeV, Cy, /A =107%, Cu dump, 400 GeV beam
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ALPINIST - production

a-P mixing (P € {r° n,n'}) production:
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Figure: Differential yield for m, = 0.5 GeV ALP
produced in a-n mixing for 0., = 107*, 400 GeV p-beam
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ALPINIST - production

a-P mixing (P € {r° n,n'}) production: 10715 %1079
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Figure: Differential yield for m, = 0.5 GeV ALP
produced in a-n mixing for 0., = 107*, 400 GeV p-beam
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ALPINIST - production

a-P mixing (P € {7°,n,7'}) production: 1071 %1079
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Figure: Differential yield for m, = 0.5 GeV ALP
produced in a-n mixing for 0., = 107*, 400 GeV p-beam
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ALPINIST - production

a-P mixing (P € {r° n,n'}) production: 1071 ?1079
d2N 2 2 dQNp ; {
0 a0 a 0o
0,45, ~ 1Tvap(ma)l P A0pdEp | £p 5
P 0p—0q 10-10
—"1072
<
fP(07 Cref) = |611P/9(1P,ref|2 =
<

® reusing m,7n,n" distribution from previous
case

® FyMmp to account for suppression of
production cross section for m, > mp
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Figure: Differential yield for m, = 0.5 GeV ALP
produced in a-n mixing for 0., = 107*, 400 GeV p-beam
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ALPINIST - production

a-P mixing (P € {r° n,n'}) production: 1071 %1079
d2N 2 dQNp i |
— = |5 mea)|? 0 _
0,dE, — 1Ty (ma)l 2_ [Parl A0pdEp | £p—ra
P 0p—6q 10—10
= 1072
<
fP(07 Cref) = |611P/9(1P,ref|2 =
= 107"
e reusing ,7n,n" distribution from previous 107*
case
® FyMmp to account for suppression of 10-12
production cross section for m, > mp 1074 | ol
. . 10° 101 102 32N
® in general ALP has different mass than L [GeVTY
the original meson E, [GeV] dE,ds,
we require that p, ..o = Pp s and Figure: Differential yield for m, = 0.5 GeV ALP
boost back to lab 7frame ' produced in a-n mixing for 0., = 107*, 400 GeV p-beam
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ALPINIST - production

Production in rare decays:
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® B and D mesons shorter decay length 107" 10-19
than nuclear interaction length of target ; o0
10
I 107
= 10-2
R 10722
< 7 107
1 -24
1073 0 .
E 10—20
10—26
[ —o27
10+ B ! 10
10° 10! 10> 42N,
[GeV™']
E, [GeV] dFE,deé,

Figure: Differential yield of mq, = 0.5 GeV ALP produced
in B¥0 » K01 ¢ assuming BRp s k+4q = 10710,
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ALPINIST - production

Production in rare decays:
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Figure: Differential yield of mq, = 0.5 GeV ALP produced
in B¥0 » K01 ¢ assuming BRp s k+4q = 10710,
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ALPINIST - production

Production in rare decays:

® B and D mesons shorter decay length 107"
than nuclear interaction length of target ;

e ALP interaction with quarks, gluons and
electroweak bosons = FCNC decays
(b—s/c—u): B>K+a/D—m+a

® D mesons: larger production cross
section (~ 3 orders of mag.) 1073
B mesons: t in FCNC loop - larger BR i
(~ 8 orders of mag.)
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Figure: Differential yield of mq, = 0.5 GeV ALP produced
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in B¥0 & K01 ¢ assuming BRp o k+4q = 10710,
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ALPINIST - production

Production in rare decays:

® B and D mesons shorter decay length
than nuclear interaction length of target

e ALP interaction with quarks, gluons and
electroweak bosons = FCNC decays
(b—s/c—u): B>K+a/D—m+a

® D mesons: larger production cross
section (~ 3 orders of mag.)

B mesons: t in FCNC loop - larger BR
(~ 8 orders of mag.)

® d°N/df,dE, obtained from simulation
of B and D 2-body decays (B and D
distribution from PYTHIA)

fBK(07 Cref) = BRB%K+a/BRB~>K+a,ref
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Figure: Differential yield of mq, = 0.5 GeV ALP produced
in B¥0 & K01 ¢ assuming BRp o k+4q = 10710,
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ALPINIST - decay

Number Nge; of expected ALPs at the detector factorizes into:

d2N (mg, C)
Ngey = /deadEa W X | Pdet (mmra,@a,anC)

detection probability depends on ALP decay final states:

Pdet (ma,Fa,Qa,Ea, C) = ZBRa—)f(maac) X Ddet, f (ma,Fa,Qa,Ea, C) 5
f
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ALPINIST - decay

Number Nge; of expected ALPs at the detector factorizes into:

d2N (mg, C)
Ngey = /deadEa W X | Pdet (mmra,@a,anC)

detection probability depends on ALP decay final states:

Ddet (maa Iy, 9117 E,, C) = Z BRa—)f(maa C) X Ddet, f (maa Iy, eav E,, C) y
f
® BR,_ (M, C) can depend in a non-trivial way on C
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ALPINIST - decay

Number Nge; of expected ALPs at the detector factorizes into:

d2N (mg, C)
Ngey = /deadEa W X | Pdet (mmra,@a,anC)

detection probability depends on ALP decay final states:

Ddet (maa Iy, 9117 E,, C) = Z BRa—)f(maa C) X Ddet, f (maa Iy, eav E,, C) y
f
® BR,_ (M, C) can depend in a non-trivial way on C
® Ddet,f (Ma;La, 04, Eq) depends on C only through ALP lifetime (decay width)
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ALPINIST - decay

Number Nge; of expected ALPs at the detector factorizes into:

d2N (mg, C)
Ngey = /deadEa W X | Pdet (mmra,@a,anC)

detection probability depends on ALP decay final states:

Ddet (maa Fa7 9(17 Ea7 C) = Z BRa—)f(maa C) X Ddet, f (maa Fa7 9(17 Ea7 C) 5
f
® BR,_ (M, C) can depend in a non-trivial way on C
® Ddet,f (Ma;La, 04, Eq) depends on C only through ALP lifetime (decay width)
® we can re-scale with BR,_, f(m,, C) later:

(maaCref)
Nget = Zfz C Cref)BRa%f Ma, C /do dE d0,dE, pdet,f(maaraaoaaEa)

= ZMz’f(maa C) X Edet,if(maara) y
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ALPINIST - decay

dQNi (maa Cref)

do,dFE,
® Pyet,s is a complicated function of final state kinematics and detector geometry

Evaluating Eqet,if (Ma,La) = /d@adEa Pdet, f (Ma, Ta,0a, Fa) :

magnetic
spectrometer
d puin
p beam e ALP decay volume at T O \
— e~ Y |
ca ®
B
calorimeter
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ALPINIST - decay

dQNi (maa Cref)

do,dFE,
® Pyet,s is a complicated function of final state kinematics and detector geometry

Evaluating Eqet,if (Ma,La) = /d@adEa Pdet, f (Ma, Ta,0a, Fa) :

magnetic
spectrometer
d puin
p beam e ALP decay volume at_ T o
5 I Sl
@ 5}
B
calorimeter
N k
@det f(ma7ra79a7Ea;{l7a17“an} )
2 : > ran
pdet,f(mavraaeaaEa) = N )

k=1
k

ran

in k-th simulation we pick random {l, a1, ..a,}. = according to their distributions:
e [: exponential dist. p(l) = I, ' exp(—1/l,)

® 2-body decay: aj, as uniform dist.; 3-body decay: according to Dalitz-plot
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ALPINIST - decay

Dalitz plot density generally non-uniform:

® momenta of outgoing particles depending on the model (xPT and VMD framework used)

m, = 1.43 GeV m, = 1.61 GeV m, = 1.80 GeV
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1.4}
ERE:
L
<
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E —
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 02 04 06 08 10 020406081012 L4 M, o
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Figure: Dalitz plot density for various ALP masses used for the a — 77~ 7 decay.

Jan Jerhot (CP3 - UCLouvain)

Search for axion-like particles at proton beam dumps

151 March 2022



ALPINIST - framework

Putting it all together:

® Edet,if(Mq,T,) obtained numerically (CPU time demanding), distributions tabulated

® M;f(mg, C) analytic re-scaling

Pythia Lagrangian
: - A
_- \
\./ /tab_mesons = Y
decay \
\
width \
. \
calculation \
\\
\
\
v /tab_gammas /Dalitz /integrated \
\
|
K ™ ™
ALP decay ALP rescale
production | |
/tab_prod /tab_decay

>

/tab_toPlot

plots
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ALPINIST - experiments

Experiment Status FEyeam  NpoT ln,DV 2DV Qecov
GeV] 10 [m]  [m] [us]
CHARM completed 400 2.4 35 480 34
NuCal completed 70 1.7 23 64 700
NAG62 running 400 10 139 82 84
DUNE ND  proposed 120 11000 10 575 36
DarkQuest  proposed 120 1.44 13.5 ) 12000
SHADOWS  proposed 400 10 26 10 9200
SHiP proposed 400 200 50 45 4500

Table: Basic parameters for various experiments.
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ALPINIST - results

Case of couplings to SM gauge bosons:

C - C 5 C, ~
Laime = 937 aB" By, + ¢ aWH Wy + g2 =2 aG" Gy
Four different benchmark scenarios:
(i) B dominance: Cep#0; Cww =Cgq=0
(ii) W dominance: Cww #0; Cpp=0C4g=0
(ili) Gluon dominance: Cy4 # 0; Cge=Cww =0
(iv) Co-dominance: Cpp=Cww =Cyy #0
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ALPINIST - results
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Figure: 90% CL exclusions limits for scenarios (i) (left) and (ii) (right)
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ALPINIST - results
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Figure: 90% CL exclusions limits for scenarios (iii) (left) and (iv) (right), 2y decay
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ALPINIST - results
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Figure: 90% CL exclusions limits for scenarios (iii) (left) and (iv) (right), hadronic decays
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Conclusion

® Beam dump experiments are among the most promising strategies to search for ALPs
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Conclusion

Beam dump experiments are among the most promising strategies to search for ALPs

ALPs are getting more attention
- need for a universal framework covering wide range of possible UV completions

® Suggested approach for beam dump experiments - ALPINIST

® Sensitivity of future beam-dump experiments for ALPs in various models
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Conclusion

Beam dump experiments are among the most promising strategies to search for ALPs

ALPs are getting more attention
- need for a universal framework covering wide range of possible UV completions

® Suggested approach for beam dump experiments - ALPINIST

® Sensitivity of future beam-dump experiments for ALPs in various models

Thank you for your attention!
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Branching fractions - gluonic coupling?

T o | L — Too-=+ === T
«Q “ S A o - unaccounted for (dashed)

107

m, [GeV]

3D. Aloni, Y. Soreq, and M. Williams, Couplmg QCD-Scale Azionlike Particles to Gluoms, [1811.03474]
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Branching fractions - fermionic coupling*
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4H.-C. Cheng, L. Li, and E. Salvioni, A Theory of Dark Pions, [2110.10691]
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