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Axion-like particles (ALPs) motivations

m Elementary pseudoscalar suggested in many SM extensions:
(1) Solve strong CP problem (with explicit m_ vs. SM-couplings proportionality).

(2) Dark Matter candidate (for stable very light m ), or dark sector mediator.

(3) Pseudo Nambu-Goldstone boson of new spontaneously broken global symmetries
(m°-like) in high-energy SM extensions (for m ~GeV). , ,

(4) Solve (g-2)u problem (over narrow SM coupling range): A Z/:Hf\”‘
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ALPs searches at the LHC

m Elementary pseudoscalar suggested in many SM extensions:
(1) Dominant coupling to pairs of EW gauge bosons (v, Z), Higgs (H). Also g,...
(2) If long-lived (usually for m_<1 GeV): MET in LHC detector.

(3) If short-lived (usually for m_> 1 GeV): Decay inside LHC detector volume.

(4) Standard LHC searches for m_>5 GeV in di-, tri, 4-photon final states:

Exclusive diphotons, inclusive vy resonances, and exotic Z or Higgs decays:

pp,PbPb = vy = a(y7) pp = Z = al(yy)+7 pp = H = aly+Z,y
. pp = H = a(yy)+a(yy)
p.Pb p.Pb®
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m NB: Many ALP bounds not directly extracted by LHC experiment themselves
(but by subsequent pheno recasts of generic 2+, 3, 4~ resonance searches).
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(1) ALP bounds from

exclusive ~~ at the LHC
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ALPs via exclusive -+ collisions at the LHC

m Electromagnetic ultra-peripheral collisions (UPC): b_. >R +R_
m HE ions generate huge EM fields (10** T) from coherent action of Z=82 p:

Weizsacker-Williams (EPA) power-law photon flux:
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m Quasi-real photons (coherence): Q ~ 1/R~ 0.06 GeV (Pb), 0.3 GeV (p)

m Maximum ~ energies (LHC): o < @, ~ % ~ 80 GeV (Pb), ~ 2.5 TeV (p)
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ALPs via exclusive -+ collisions at the LHC

m Electromagnetic ultra-peripheral collisions (UPC): b_. >R +R_
m HE ions generate huge EM fields (10** T) from coherent action of Z=82 p:

= Z m Huge photon fluxes:
Zqe —_— O(’Y’Y) - Z4 (~5107 fOI’ Pbpb)
N n % larger than p,e*
E 2.0 m Beam-energy dependence:
voe Photon luminosities

Z increase as oclog3(Vs)

m Quasi-real photons (coherence): Q ~ 1/R~ 0.06 GeV (Pb), 0.3 GeV (p)
Y ,

m Maximum v energies (LHC): ® < ®ux & ~ ~80GeV (Pb), ~2.5TeV (p)
A/ ¥NN RA W max 'VIST:}:
System (TeV) 0% (fm) (GeV) (GeV)
pP-p 14 7455 0.7 2450 4500
p-Pb 8.8 4690 7.1 130 260
Pb-Pb 5.5 2930 7.1 80 160

[DA’E, G. Silveira,
PRL 111 (2013) 080405]
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Effective -~ luminosities at the LHC

m Thanks to Z*~ 5-107 factor, PbPb -+ luminosities are well above pp ones
up to W_~300 (100) GeV, assuming fwd. proton-taggers at 220 (420) m

required to — 03[ ————r S — ]
remove Lo PbPb, L =6 x 107 cm=2s7", /5 =552 TeV — |
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luminosities at the LHC

Effective ~-~

m Competitive mass range for ALPs (generic BSM) searches in UPCs PbPb:

WW ~ 1-100 GeV (WW”"”~O.5 GeV for ALICE/LHCb, ~4 GeV for ATLAS/CMS)

ALPs via vy in PbPb i ALPs via vy in tagged pp colls.
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Low-mass pp = p vy p search (7 TeV)

m First exclusive diphoton search at the LHC (CMS, pp 7 TeV, 36 pb):

— 2 photons (E.>2.5 GeV, |n[<2.5) with no hadronic activity over |n|<5.2
— Sensitive to central-exclusive (CEP), light-by-light (LbL), and ALPs production:

p p® p 50
g o /Y ,Y
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g Yy y ~
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7p p 7p p() ]

— NO event found. Upper CEP/LbL/ALP x-section: a(pp — pyyp)>1.18 pb (95% C.L.)
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High-mass pp = p vy p search (13 TeV)

m Exclusive diphoton search with fwd proton tagging (CT-PPS, 9.4 fb?):
— 2 photons (E;>75 GeV, |n|<2.5) with m_> 350 GeV, and low acoplanarity
— Pileup removal: Kinematic matching between m__ & m, andy_ & Yoo

m NO excess found. Upper limit on fid. x-section a(pp — pyyp) > 3.0 fb (95% C.L.)
(limits set on anomalous quartic 4-v couplings)

Elastic sefecﬁon 9.4fb (13 TeV)
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Evidence for vy - vy (PbPb, 5 TeV)

m First evidences for exclusive diphoton in PbPb colls at 5 TeV (~0.5 nb):

— 2 photons (E >2-3 GeV, [n|<2.5, m_>5 GeV) with no hadronic activity over |n|<5

— Photon pair: p.<1 GeV, acoplanarity Ay < 0.03-0.01 (coherent quasireal 7y's with p_~0)
— Sensitive to LbL and ALPs production. Backgrounds: QED e*e” and CEP.

Pb Pb® Pb Pb® pPb® Pb Pb®

T f\Q{/ﬂ :

.
5 v

Pb Pb Pb Pb® Pb Pb™ Pb Pb™

m ATLAS, CMS measure 13, 14 exclusive v counts (on top of 2.6, 3.8
backgds.) consistent (4.30, 4.10) with the (very-rare) LbL scattering:

PbPb 390 pb™ (5.02 TeV)
12

| —=— Data, 480 ub™ ATLAS 16 —=— Data CMS
1o LHE = ywMC  pb4pbs, =502 TeV 14 - LbyL Y v > v ¥ (MC)
[ vy —e'e MC GEP (gg — v ) + other bkg

o [T CEP yyMC 12 S QEDy y — e'& (MC)

Signal selection
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Events/3 GeV
o
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First ALPs limits via vy = a = vy (PbPb, 5 TeV)

m Injected ALP signals, with BR(a-~y) = 100%, on CMS m_ distribution:

PbPb 390 ub (5.02 TeV)
T T T T T T T

PbPb 390 pb™ (5.02 TeV) ™
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Observation of vv = v+ (PbPb, 5 TeV)

m Observation of light-by-light scattering in PbPb colls at 5 TeV (2.2 nb?):
— 2 photons (E>2.5 GeV, |n[<2.4, m_>5 GeV) with no hadronic activity over |n|<5
— Photon pair: p.<1 GeV, Acoplanarity cut: Ay < 0.01 to remove backgds.

B80T

LA L B B I B B
ATLAS

Pb+Pb |[Sppy = 5.02 TeV ]

ATLAS

EXPERIMENT
ATLAS-CONF-2019-00

Events / 0.005

-+ Data, 2.2 nb™

[ Signal (yy — vy) _; Observed 97 thS

[CICEPgg — vy

m. -~ 7 Expected: 45 signal
| E + 27 backgd.

¢

b b , E
' 002 004 006 008 0.1 0.12

[ATLAS, PRL123 (2019) 052001] ' As

m Combination of ATLAS (2015+2018) data, compared to LbL prediction:

. . . LA I B L 300r SO——
— LbL observation: Signif. = 8.80 Forty w5020 : T
2:::;23; o 4 Data, 2.2 nb’ -

Syst @ Stal.

##t SuperChic 3.0 $88 SuperChic 3.0

— Fiduc. x-section o(vyy—~vyv) = 120+22 nb
is ~1.5 higher than theory (80%8 nb).
Shape of differential distributions I
consistent with MC within uncertainties i

do,/dm,, [nb/GeV]
=]
do, /dicos(")| [nb]

B 0 gyl S O S :uuuluu\uu\mwluuuhuulwm\uu\uuluuf
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[ATLAS, arXiv:2008.05355] m,, [GeV] cos(e")]
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ALPs limits via vy = a = vy (PbPb, 5 TeV)

m Recasting exclusive vy measurement as ALP search on top of LbL continuum:

> E S Stmambon] 11111
» ALP signal produced using STARIight for various ma g 3000 PoAPD (o 0B TeV | |
o Limits on Orysasryy extracted :
» Cast into limits on ayy coupling (1/Aa) assuming 00k
BR(&"W)=1 10005 L
« Reco effic.: ~20% (6 GeV), ~45% (>40 GeV). S00E L /1 |
ALP width dominated by exp. resolution. TP Y "0
m,, [GeV]
= T T T 1] — T T
= i ATLAS ] H._)
T: Pb+Pb m =5.02TeV,2.2nb é
L [ — Expected Limit = - 10'F
1 C —— Observed ] < LHC
= L 20 une. - — Y-y +inv. (Pp)
i=3 : I 1o unc. :
S ]
= 10 — 10" =,
E u 3 . s PrimEx
@ C ]
-D (— —
3 i \MS v (2019) 134826]
a5
1 = E Beam-dump ATLA (this paper) ]
C . L . . . . . : |
6 7 8 910 20 30 40 506070 107 109 02 fo 00 d0 07 io°
m, [GeV] Existing constraints from JHEP 12 (2017) 044 ma [GeV]

[ATLAS, arXiv:2008.05355]

m Most stringent limits to date on ALPs over m_= 6-100 GeV
mOo(yy—a—y) >2-70 nb excluded at 95% C.L. over that mass interval.
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O(1 GeV) ALPs via vy = a = vy (PbPb, 5 TeV)?

m Wide window of unexplored
parameter space m_= 0.1-5 GeV

between bounds from Belle-Il,
beam-dumps, and CMS/ATLAS:

1A, [TeV™1

Too low-p_ photons for trigger/

(2019) 134826)

reconstruction in ATLAS/CMS... 107 Boam-dump tis papen)
109 102 07 10° 107 107 109
Existing constraints from JHEP 12 (2017) 044 m, [GeV]
m Possible measurement in PbPb UPCs below m_=5 GeV by ALICE/LHCDb?
(via direct low-p_ ~y reco or y—e*e” conversion)? [M. Kiusek-Gawenda et al.
T R PRD99 (2019) 093013]
D . of \sxy=5.02 TeV, UPC > F Syn=5.02 TeV, UPC E
Q 0 ] ALIS%BME > 200 MeV _ % " ? & ;IiCb iufS > 200 Me-é .
gz— n e ] &%1;: dess E Pheno analysis.
5 =i Should be redone
g £ ok with full detector
& & ok response sim. by
g £ 1ok ALICE/LHCb
5 < w0 experiments...
© 1k
[;.

My (GeV)
m Challenges: (i) m_ resolution, (ii) spin-0,-2 hadron decay backgrounds,...
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(2) ALP bounds from

Inclusive v~ at the LHC
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ALP bounds from pp—>X(~~)+X searches (8, 13 TeV)

m Generic spin-0 (ext.-Higgs) diphoton searches over m_ =60 GeV-2 TeV:

- e LR BLELALE B ELALRIR S S - 10 : :
% ;:;0 % E ATLAS [ ! 13
o 1035 180 B - — Observed 1001_ : EE
= F 1600 & 1k --- Expected F
g o 1400 5 F M=o 50F
_E 102k 1200 o ‘é F 20 :
- e 3 oF o
10k s s g r
= 1
(s = 8 TeV, ﬁdt=203 ' Ty { EE Vs =8TeV, [Ldt = 20.31b" g
1 E—— Data t 1‘ ‘H AL | i | | 1 | |
F — Continuum-+H fit {m, = 125 GeV) fl Tl‘l " ﬂ 10 100 200 300 200 500 600
10" ;_— Cont!nuumq-H fit (my = 250 GeV) 1 | || T my [GeV]
E - ContinuumH it (my = 500G, )L [ATLAS, PRL 113 (2014) 171801]
100 200 300 400 500 600 700
myy [GeV]
% 10‘§I T T
@ E ATLAS =z L L I R I B L B IR —
& o8 * Data 2 —— Observed CL, imt ~ ATLAS 4 ~
P c Background-only fit c ~ee Expected CL Ml {5 o 13Tev, 32 ' | _|_'>
b 102 Spin-0 Selection é 1022_ EEE::zz f;cc" NWA (T =4 MeV) 3 fo)
; s=13TeV, 3.2 b ; - Spin-0 Selection I:‘ 1
0= 1 U L “750 GeV” __ © 10 B
i " eaksaga | < LHC
AEEIN Y (op)
104? E 3‘ 15_
E 1Si _25 E\...l‘.‘|...|.‘.|...|‘..|...|...|‘.‘|_
é 12 i . :E 200 400 500 80D 1000 1200 1400 1600 ::?G?S]O 100 )
ol 3 .. ..
. 2 ‘ = (Similar upper limit plots
w —10EL ([ = H H
S B abo o b0 ioho 70 aboidoo 15 Fano for varying widths
My, [GeV] —
[ATLAS, JHEP 09 (2016) 001] I,=2-10% m,) CMS yy - (2019) 134826]
. -1 -
m Recast onto ALP bounds in (m_,g, ) plane ™ (tis paper)
m All LHC (227,37,47) searches available today, recast? m, [GeV]
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(3) ALP bounds from exotic
Z, H boson photon decays




ALPs limits via Z = ~~~ searches (pp, 8 TeV)

m Tri-photon resonance searches (pp, 20.3 fb?): [ATLAS, EPJC76 (2016) 210]
E" | | | | | 7 g _IIIIII|||||||||||||||||||||||||||||||||_ S‘ 1EIIIIIIIII|IIIIII|||||||||||||||||||||IIE
[} 1 = I — Observed local p-value ATLAS . & F — Observed upper limit ATLAS Z
E 25NN 8:-3:’:1_(”) ATLAS b _E. 1f_§g Z'- asy— 3y = = E -—Ejl(gected upper limit  Z'- a+y— 3y E
. W+ Ny+Njets ] E i . _;,wl O +20
L . 3 = E =
8 200l =f:;:; - 1o B N 9k {s =8 TeV, 20.3 i ]
LCO Bl 3 jets ] g E E’ = 95% C.L. upper limits |
Qo F [T Uncertainty, stat. + syst., signal region | C 3 1 m,, resenance search 7
T 7 Uncentainty, stat., control regions ] P 7 N107E my~dependent width —

[ —»— Data ] 102 = ; g -
1000 (s=8Tev,20315" - ; (S8 7ev, 203 fb" ; ° T j
80 GeV < m,, <100 GeV: B 30 102 =
"""" _: § m,, resonance search with § ; =
""""""""" i m,.~dependent width ] - -
3y pass/fail isolation combination m,. [GeV]
log 4—+—> linear aBB ﬁ COllplng — -3__
_ N S (also for m_=10
m Recast into ALP bounds | LEpL 2, [ CMSL30RR
1 1[)_3 . 3
with hypercharge 10
coupling: PN
! i
. . o 3
Best limits (better than Z lp w7
Pbe) for g \ .- g 103
— . | W S SN1987a
m_= 10-60 GeV: O DS <)
= |
© | “t ppys=TTeV 10-6
[S.Knapen et al., 10-5 L | == Pb-Pb /5w = 5.5 TeV | Dz:y
PRL 118 (2017) 171801] L |l L ! | | ! Cosmology
S S5 200 40 60 80 100

1077 10°° 1073 1 103

NB: Approx. bounds due to intrinsic 3~ Kin. m, (GeV) m, [GeV]

combinatorics uncertainties. Should be redone by experiment.  [Bauer, Neubert, Thamm: 1708.00443;
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ALPs limits via H - Za,aa searches (pp, 8 TeV)

20.3 .I:bl) [ATLAS, EPJC76 (2016) 210]

m Tri-, and 4-photon resonance searches (pp,

= | | | | | | | s F ' ' ' ] g~ TTTTTTTTT T T T T
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£ -3};;3 ] ] PR lE 95% C.L. upper limits
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80 GeV < m,, < 100 GeV] 0*E 528 To¥, 20311 E :
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---------------- L m,-dependent width i 104 -
B e P e Wi 30 T
PPP PPF PFP FPP PFF FPF FFP FFF 10 20 30 40 50 0 10
3y pass/fail isolation combination m, [GeV] m, [GeV]
log $«—+—— linear aB E coupling
_ C —— (also for m_= 10°-1 GeV):
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i L VT Y ATLAS, 2y ' g
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- . L T — inv. +y o 1
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L n C]
. . - - I
Comparable limits 3 5 12 A}
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E | Semmae T -6
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[SKnapen et al, 10°° L || == Pb-Pb /fsan =55 TEV__ I Cosmology
PRL 118 (2017) 171801 S ' ' ; : - . -
( ) ] S5 20 4 6 8 100 10 06 0 10°
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NB: Approx. bounds due to intrinsic 3,4~ kin. ma (GeV) ma [GeV]

combinatorics uncertainties. Should be redone by experiment.  [Bauer, Neubert, Thamm: 1708.00443
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Summary of ALP searches at the LHC

m LHC provides best ALP searches over m_=5 GeV — 2 TeV in 2-,3-,4-y final states:

p.Pb p,Pb® r:::\‘

Z
p.Pb P, Ppi
Exclusive diphotons: Z —~vyvyin pp collisions: H - 3+,4~ in pp collisions:
Best for m_= 5-100 GeV (PbPb) Best for m = 10-100 GeV Provide extra constraints

Best for m_> 350 GeV (pp tagging) (for hypercharge-coupled ALP) on dim-6,-7 operators
B All current LHC (2+,3,4+) searches recast? Target space to be covered over the 2020s:

LEF

e m We haven't yet observed an ALP peak
in the LHC data...

10'F

1/ [TeV™1]

Y=y + inv. LEP - ‘e
INSPIRE #1ep
10°Fate oyt inv. but ALPs feature
T a monotonically
rising “interest 2,618 results

Rl peak” over the

last 10 years.

AS 20 nb_l E.NN =52 TeV
(projection)

102+ ' .
Beam-dump To be continued - O
I L L L I I

10° 10® 10" 10" 10" 10°  10° for the next 15+ yrs... 1977 2010 2020
m, [GeV] Date of paper
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Non-resonant ALPs limits at the LHC

_ [M.B. Gavela et al.
m LHC bounds for NON-resonant ALPs (coupling to gluons): PRL 124 (2020)051802]
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ALPs limits from non-LHC results

m Current ALPs bounds from cosmology, astrophysics, fixed-target, e*e colls.:

[Jackel, Spannowsky: 1509.00476]
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