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Axion results from the LHC,
including future prospects
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Introduction to Axion Like Particles (ALPs)

 Axions have been postulated in 1977 to solve the strong CP problem

PADOVA

* Very light (pseudo)scalars particles
 |f no dependence between mass and coupling — ALPs!

* ALPs are pseudo Nambu-Goldstone bosons associated to
Spontaneous Symmetry Breaking

107 B 1808.10323
| LEP B |
: . S 0
e Several motivations to search for ALPs: : fom dl : ool _
1_ e e —Inv. + B g
e Could be valid DM candidate, or DM mediator _ | e || % A 2 -
T LSW < ‘
. . . > L 2, -
e Could explain g-2 discrepancies & AT ” = 5
— 1073F SUMICO >
< &
= P SN1987a <
* ALPs can couple to different sectors of the SM -6l o S P
. . - i Dece 1
« Different kind of searches at colliders! - Y
- Cosmology y o’o{/
1077 E
10‘151 1101‘121 1101‘91 llOl‘(’l ll()""l | l ll l(l)3 h 101—3 | | i | | 1(1)3
m, [GeV] m, [GeV]
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Overview of LHC results

* PP — ppYY
ATLAS »w-e-nm
EXPERIMENT * PoPb — a — yy

 PbPb — a — yy
*H — aa — yyyy

* PP — pPPYY

LHCD

1 MY
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ATLAS

EXPERIMENT
2304.10953

PP — ppPYY

e Goal: search for forward proton scattering with light-by-light
scattering

« Dataset: 2017 data, with & = 14.6 fb~! and \/E = 13 TeV

 Tag forward protons (with AFP) while detecting pair of photons in th
central detector

* Target mass range: 150 < m, < 1600 GeV

* Three possible interactions: exclusive, single (SD) and double
dissociative (DD)

» Diphoton trigger: two EM clusters with E; > 25,35 GeV 5102 """"""""""" TLAS j
 Tight selection requirements: § 10.__ + ;C:gsrgj:d;smze 1
o ET > 22 GeV, |7]| < 237 *qc'; E —— Background-only fit §
a1 E
. - + st 3
pr > 40 GeV oF r gt
» |AS| = |Sapp —Sry| <0.004 +0.15,,, where ¢ = 1 — E ,ered! Ebeam A A S N
2 -
§ 1.51?"‘4““_# +$+++ + T+T,,‘¢.o+ -
. . : . . . 0.5 t ¢ —
 Signal modeling with DSCB fitting MADGRAPH simulations 0555455500 g(')o 50500 14‘0?@ 1\/6-]00
m e

 Main background: pair of photons (or misidentified jet) in the same
bunch crossing
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ATLAS

EXPERIMENT

PP — ppPYY

. . . . Sk ATLAS ] 2304.10953
« Unbinned maximume-likelihood fit it to m,, ~ " E (5=13TeV, 146M" 3
ﬁ 10:_ Xx2/DOF = 1.11 ;
 Fit procedure dominated by statistical uncertainty I
L
1 =
e Systematic uncertainties are included as nuisance parameters $ Data :
107" —— Background-only fit =
¢ 441 events are found in the [150,1600] GeV range (e e
- Lo T
» Local p-value evaluation shows an excess at m,, = 454 GeV 5 LK. ]
Y0 400 600 800 1000 1200 4400 1600
% v ' | - mW[GeV]
S Y i WW ----- BB s A 1o ¢ Upper limits computed at 95% CL assuming a 100% BR to photons
8 . * No sighal is observed and data are compatible with SM
3 ey “ """ “ """""""""""""""""""""""""" 420
-2 - —_— oy [V =3 SN B BN B LR BN N = LR B B DAL RN BLELELE BLELEEL
10 = E % ATLAS 7 3 F ATLAS -
- = b (s=13TeV, 146" - ,l_:' (s=13TeV, 14.6 b :
- - 5 —— Observed CL; limit : — Observed CL: limit
10_3 ; """""""""""""""""""""""""""""""""""" _-': 3o g ~~~~~~ Expected CL, limit 7 § 1:_ ------ Expected CL. limit —3
E g ; 10 = Expected=1o g E Expected =1 o E
— - O = Expected + 2 o . g, i Expected = 2 o i
- - © r 1 £ | ]
- - Q.
10 ATLA$1 ~ i 1 Zol
z s=13TeV, 146" 3 : - =
hreccccccccccsccccccnccacccccccccccccctcccstcctcctcscccccsccscscsccccaccen <440 C .
-l | | 1 1 I | | | ] l 1 1 1 | ] 1 1 l 1 1 | l | | 1 1 I 1 | ] n 1EI'_ _'E B 7
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pp — d—=vy

« Goal: search for boosted diphoton resonances, with 10 < m,, < 70 GeV

. Dataset: Run 2 data, with & = 138 fb~! and \/E = 13 TeV

e Boosted topology — allows for search to lower masses

e Tight selection requirements for photons:

o Er>22 GeV, |n| <2.37

e Shape of EM showers and leakage in HCAL

* Photons are isolated
+ py/ > 50 GeV

 Signal modeling with DSCB fitting MADGRAPH simulations

 Background components: yy,y+jandj

e Data-driven technique to mode

backgrounds with analytic functions

e Main uncertainty: limited size of simulated samples

DAVIDE ZULIANI
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ATLAS

EXPERIMENT
2211.04172
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ATLAS

EXPERIMENT

pp — d—=vy

N 2211.04172
. Evaluation of 6 - 9B(a — yy) in fiducial region = o654 - B(a — yy) = 3 12000
C ) ‘g fénooo [s=13TeV. 138f5" — Background-only fit
« N extracted with a binned maximume-likelihood fit to m,, £ 10000
9000
e« Systematic uncertainties are included as nuisance parameters oo
 Highest uncertainty comes from background modelling 7000
. Co D gl
» No significant deviations from SM predictions are found 5l §§~¢\‘WMWW*WW€
77
m,, [GeV]
;105 REN ERLLEE LLLEN LARE RERRN LRLL TR, 710 @
_ o ATLAS c,=¢,=c,=10 . 3 ..
% L ' | ' ' ' £ 5 10% Vs =13 TeV, 138 fb" DB_);a S:arches _510_9 E'? e Limits on Gﬁd . @(Cl — j/}/) are recast
Z_ 1. — Observed (this paper) = Diphoton searches - j N the papametep space of ALP
o 10 ~ N _ 103 - - Expected (this paper) [ Dijet searches = P
3 = 3 Expected + 1¢ = Inclusive yy cross-section | 10 . . @
— S | 1, ‘02 Expected + 2 o 1 LHCb diphoton - * Upper limit on Oqq (a = 77/)
02k _ 2= ya(i) searches 3107 results in a lower limit on f,
S ATLAS — Observed = 10 W“"W P .
: (s =13 TeV, 138 fo" 1. Brouded oyl 1 * Large portion of ALP parameter
10°F S 1 — = . space is covered
- E youh - 10
10_4_...1|....1..1.1....1....1....— 10_1 10—4
10 20 30 40 50 60 70 E. L TN
m, [GeV] 10 20 30 40 50 60 70 80 90 100
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ATLAS

EXPERIMENT

PbPb — a — yy

 Equivalent photon flux scales with 74 Pb Pb(’) Pb Pb(*)

* Pb beams optimal source of high energy photons SN ) ﬁ

 Goal: measure light-by-light scattering based on PbPb collisions

. Dataset: Run 2 data, with Z =2.2 nb~! and , /sxy = 5.02 TeV /61

* Target mass range: 6 < m, < 100 GeV

-e-Data 2018, 1.7 nb" ATLAS
B yy — ee MC
#% Syst. uncertainty

. - —=-Data2018,1.7nb”’ ATLAS
w

g T vy > eeMC

@ ## Syst. uncertainty

Pb+Pb |s,, = 5.02 TeV Pb+Pb s, = 5.02 TeV ]

Events / 2 GeV

vy — e'e selection E yy — e'e selection ]

* Requiring exactly two photons with:
o« Er>2GeV, |n| <237

Q ®)
2 =
5 I
e m,, >5 GeV,p” <1 GeV : 3
144 T
ee
- 1 > 5000 > AAASRARERARERARS RS RARE RARE RARE RARE RERE RARE RARE
* Veto on charged-particle tracks § so0f. = Daa20te, 17" ATLAS O :
s ] MC 2 [ MC .
.S@ :(5)22 oo gg’; ::cenainty POPD |5y, = 5.02 TeV 520000:_ ;g; j:certainty Pb+Pb |s, = 5.02 TeV._:
g 3000 3 «c vy — e'e” selection W C yy — e'e selection ]

15000

e Main backgrounds: yy — ee and CEP yy

5000

e Data-driven estimation with control regions

O O 14F
= = 1.2F
-~ -~ 1"
£ S 08F =
o 0. , . . O 0.6 > . \ , \ .
0 0.5 1 1.5 2 2.5 0 2 4 6 8 10 12 14 16 18 20 22 24

p* [GeV] ES [GeV]
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ATLAS

EXPERIMENT
JHEP 03 (2021) 243

PbPb — a — yy

. . . : : vl Y2 3k
Differential cross section as a function of m,,, |yW|, (pT + Py )/2 and | cos(6*) |

» Cross-section extracted as o34 = (Ngary — Ny )/ (C - Z£)

< ) LA B BN L I B B & 160F T T ~ T T T T T T T
3 ATLAS{_ 1 = : ATLAS{_ ]
Pb+Pb |5y = 5.02 TeV — - Pb+Pb S = 5.02 TeV 1
~ A NN ‘ | > 140 NN 1 _ . . . . . . . .
2 i ¢ Data, 2200 > O ¢ oaz2me 1 ¢ Measurement limited by statistical uncertainty in all kinematic
_': 1 P [] Syst. @ Stat. - EQ 120 [] syst. @ Stat. h i
: SuperChic 3.0 = - SuperChic 3.0 :
g B Superch & F 8 sweronc ; regions
=4 | 100f :
3 . ]
80f * No sighal events are observed
L3 60f
e Cross-section limits are interpreted as limits on the ALP
: u u O n
20f couplings, assuming a 100% BR decay into photons
1 L A | - PR B | ] ] C ] ] L i
10 5 10 15 20 25 30 00 : : . :
my, [GeV] Iy_{yl — T T T T : L T T T T T
2 3
< L B LB B BNL R B BLEL L rouieA L) AN RARAS RARAE RARAE ALY RARAS RARLE RALAS RARAS RLARES g =
® 102 ATLAS 4 £ : ATLAS ] = 107k 1 s 10"k
©) Pb+Pb s, = 5.02 TeV 3 — - Pb+Pb s, = 5.02 TeV < ’ LHC = i LEP
= ¢ Data,2.2nb” - o 250 ¢ Data,22nb’ - — U — ell
E i ¢ [] Syst. @ Stat. ] § : [] Syst. @ Stat. ] Lt AL LEP (Pp)
; 1ok |4 8 SuperChic 3.0 i % 20 05_ ! % SuperChic 3.0 _
e g ] 2 E: d |
e 1 L ; 10° e e S . 100} +
i ] - ] ete~ —y+inv. : :
v_;;_ i 1 © 150 - B Frinex l LEP . L=F I(_:pC) :
82 ] 100F==ES : CMS yy — Py IPLB 787 (2019) 134826] ' CMS yy - yy [PLB 797 (2019) 134826)
10 . 50f 107" Beam-dump ATLAS ATLAS ¥¥ = ¥Y (this paper) ] 107 F ATLAS yy = yy (this paper) ATLAS E
i - 1 | 1 1 1 1 | | | | | ‘
PRI PN 500 G S VA 0 ) S Y S VA S 0 0 S W TR FRETE FETTY P PRETY FRETY FRRRY PYRTS FRewn eeey -3 -2 -1 0 1 2 3 4
5 10 15 20 25 30 010203040506 070809 1 10 10 10 10 10 10 m [1GOeV] & 0 60 80 100m. [Ge:/i?o

(" +p?) /12 [GeV] |cos(6")]
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PbPb — a — yy

 Similar study similar to the one performed by ATLAS

 Goal: measure light-by-light scattering based on PbPb collisions
. Dataset: Run 2 data, with Z =2.2 nb~! and , /syy = 5.02 TeV

e Same selection requirements and analysis procedure as ATLAS

CMS «log| linear scale —
p—
e*e -2y (OPAL) } pp—>2y (CMS)
= e*e'—3y (OPAL) pp—2y (ATLAS)
10°°
L
(1
<
@E'F
1 \,\ Y N
B o
)
S
<
~~
™
10 [Beam -
-dumps - PbPb (5.02 TeV) — vy, observed
: i PbPb (5.02 TeV) — yy, expected

10 100 1

10 20 30 40 50 60 70 80 90 100

m, (GeV)

CMS

< log| linear scale —

1

e'e

2y (LEP-) |

\

Beam
[dumps

10° 10

1

-

pp—>2y (CMS)

e*e =3y (OPAL)

—2Z(3y) (ATLAS)

— |

pp—2y (ATLAS)

vt

PbPb (5.02 TeV) — vy, observed
PbPb (5.02 TeV) — vy, expected

10 20 30 40 50 60 70 80 90 100

m, (GeV)

e Cross-section limits interpreted as limits on ALPs couplings:

e ALPs coup

e ALPs coup
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H — aa — yyyy <’

g9 00O a ’
. . . . 4 Y
 (Goal: search for exotic Higgs decay to a pair of light pseudoscalars | B
, \ ) 2208.01469
e Dataset: Run 2 data, with & = 132 tb™" and \/E = 13 TeV 9 QQQQ a <
* |dentify 4 high-energetic and well-isolated photons y
. 132 (13 Tev
§ g T IR0 g D
* Quite standard selections for at least 4 photons: I
e |n| < 2.37 for all photons T
* pr> 30 GeV (pr > 18 GeV) for (sub)leading photon, p > 15 GeV K
for remaining photons | el i B
e Electron veto AT
(m_ = My MYYYY) m,,- m,, (GeV)
L S e 3207 (13 TeV) 132 7 (13 TeV)
® 110 < my},},y < 180 GeV §1100‘:

 4-photon classifier (BDT) to distinguish signal versus background

« Background estimation using data-driven method through “event
mixing”

.......................................

0000000000

Bkg./Data

.......................................

-1 08 06 04 02 O 02 04 06 038 1 -1 08 06 04 02 0 02 04 06 038 1
v3 MVA v4 MVA
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H — aa — yyyy

« Simultaneous unbinned maximum-likelihood fit ofm},},
. . . 2208.01469
In all analysis categories

* No deviation from SM expectation is found
 Upper limits at 95% CL

 Pseudoscalar bosons ranging in mass in [15,62] GeV

CMS 132 fb (13 TeV) CMS 132 fb (13 TeV)
> L L L L L e > | et e
§ froemm + Data 1 8 fpromom + Do : range CMS 132 b (13 TeV
% [ m,=15GeV — S+B fit - % [ m,=50GeV — S+B fit - ( e )
= C 7 T e B component y C e T T e B component 4 LA ENLAL LA N S B S B B B
©  4F Etio - O 4F Bk ] : .
L E 20 i w : 20 - B .. i
- — } - — - —_ B 95% CL upper limits
o - F = = 3.5— ]
. ~ B —e— Observed _
. )
2~ ¢ ? - 2~ ¢ - ; N -- Median expected i
. ; 3 - I 68% CL expected ]
1; L J ® o L J o 00 L —:' 1 [ _ L J ® o L] L J o T : 95cyo CL expected :
0 b ﬁ 0 Ll m 2.5:— —:
AL UL L UL L L L UL N S I N m = -
4 B component subtracted 3 4 B component subtracted r T = -
3 E 3 3 . —
E i E L 2 -
2 i = ~ r _
Fobo by = * 1 - & 5 :
(O —— AP S BT PR B 0 AT m1-5_ T
110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180 X ]
)
M,y (GeV) M, (GeV) T 5
1 E
% ]
>~ 0.5 &
6 “F )
O_L 1 I | 1 | 1 I | 1 1 | l | 1 1 | l 1 | 1 1 I ~
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m, (GeV)
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PP — ppPYY

 Goal: search for forward proton scattering with light-by-light scattering

. Dataset: 2016 data, with & = 9.4 fb~! and \/E = 13 TeV, CMS+TOTEM

2110.05916

» Target mass range: m,, > 350 GeV

e Selection requirements:
o« pr.>775GeV, |n,| <2.5

9.4fb" (13 TeV)
|

. . . 7] I T
* Cut on cluster shape to ensure isolation (Ry variable) € [ CMS oco<e/~f-enn-cnea>Enncuuswew
> Incl. y + jet Incl. Wy
10* E Incl. Zy Incl. tt
o CUtS On 5}/7/! 5 - + Data LbL (yy = 77)
10°= * —— SM (x 5000) e
= — = Anomalous =
102é- I (£,=10" Gev*, g, =0) -é
* Background contributions: 10 ===
| E B
o E
Inc.luswe Yy ok . l . %
o ytijet,y+2Z, v+ W 3 ¥ | E
* Tighter requirements keep only inclusive yy g 05 :

0k l . . E

Preselect. Nonelastic Elastic Accept. £° Tight £&* 20 match.
i Y
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PP — ppPYY

e Limits on cross-section are used to probe 4-photon anomalous quartic gauge couplings 9110.05916

Lg777 — glevavaaPpa + CZFvaprpO‘FUV

9.4fb" (13 TeV)

ﬁ"’-\ 1 S_r L r 1% %] —I SRR T o 3%, 1 LS T SRR X R r EARARZN T I —l—
% o S CMS-TOTEM -
O I i
R =
e i 3
N 3
i 0.5 =
0 :
051 &
-1= & SM (pred.) 3
- —— Observed 95%CL N 5
457 Expected 95% CL 5

: { l L1l l J_ 1 1 1 3 Lol fed | J  02e] b2eC | 1 | S S l ODOE l | |

-06 04 -0.2 0 02 04 06

q (10?2 GeV™)

 This analysis provided the first limit for the SM for light-by-light production cross-section at high energies
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pp — d—=vy

e Currently, light ALPs are not reachable by ATLAS and CMS — LHCb can go to lower masses!

* Dedicated trigger lines (B, — yy) to select low-energy photons

» Limits extraction using 80 pb~! of LHCb public data

LHCb-PUB-2018-006

Variable ocv  1CVLL 1CV DD 2CV
Calo v CL > 0.3 > 0.3 > 0.3 —
Calo v p [GeV/c] > 6 > 6 > 6 —
Calo v Et [GeV] > 3 > 3 > 3 —
Converted v pr [GeV/(] — > 2.0 > 2.0 > 2.0
Converted v M [MeV/c? — < 60 < 60 < 60
Converted v x7p = > 4 >0 > 1
Y. pry [GeV] > 6.5 > 5.5 > 5.5 > 5
B? pr [GeV/(] > 3.0 > 3.0 > 3.0 > 3.0
BE X%tx - - N <20
Mpo [GeV/c?) 4.3,6.3] [4.3,6.3] [4.3,6.3] [4.5,6.1]
Fraction of signal 83.4% 4.3% 11.7% 0.6%

e Experimental analysis currently ongoing
 Analysing data from 2018, using & = 2.07 fb~!

e Currently relying only on unconverted photons
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Future prospects

1810.09452
.. C 0
* ALPs searches are generally limited by statistics e I .|/ s U A aay
) Heavy ion Heavy on | Yl 1
* Therefore, simply acquiring more data will help N  Belle 2 Yo i
I : . -1 __I; g 7YY LHCb 80 pb~"! _
* Also, different channels where different experiments can pose = OFL amA -
. . . L A
more stringent limits 2 |
_ _ . . N et > sttt
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Conclusions

 |n recent years, ALPs have been studied quite precisely and extensively

 Different mass scales
 Different sighatures probing different couplings to SM (gluons, Higgs, photons,...)

e Results so far do not show signatures of ALPs
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