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What is an ALP?

ALPs = Axion-Like Particles

* ALPs are pseudo-Goldstone bosons from breaking of BSM global symmetry

* Derivative and anomalous couplings to SM particles:
1 2 1 2 2 8 L LU
L = Lsy + =(0a)” — —m,a” | v 4 L X
2 2 fa fl,_1

Derivative Anomalous

* Approximate shift symmetry: a — a —|— 9

* Predicted by many BSM theories: axion (PQ symmetry), majoron (dynamical neutrino
masses, Lepton number), flavon (flavor symmetry), extra dimensions, string theory, etc...

* Under certain conditions, good DM candidate
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ALP effective field theory

* dimension-5 linear effective Lagrangian:

1 1 a ~ a . .. ~. a ~ d.a -
_ = 2 - 2.2 7272 ¥ V4 tpvy T a a puv M
LaLp = 5 (Oa) 5Ma®” ~ €5 B,.B cwir W W ca—+ G, G M + E fyH et
fa fa a fa -
f=Qr,LL
UR,dR,€R
* ¢ < ng X ng hermitian matrices in flavor space
Cos o EOMs
» Additional operator: z'f—c?'”’a (<I>TD,,,,<I>) — Redundant
* No tree level coupling to Higgs boson at dim-5
* Not all DOFs are independent:
dua Aua = o - 1 a ~ o~
J;LL' _ K LA —|—61 Hel ) — et !2B VB,u,y_ 2W'LUWz,uu
= n,4 DOFs can be removed via L; — fo 7P fa (L3 L + epyeh) 3272 fa (g g 7 )

= 1 DOF can be removed via B — O
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ALP effective field theory

* dimension-5 linear effective Lagrangian:

1 1 N d, _
Larp = =(0a)? — =m2a® — cy— B, B" — cW—W“ Wik _ cG—G”‘ Ganv  Iu8 > Braf
2 2 Ja Ja Ja Ja
f=QrL, L
uR,dRr,€R
EWSB

e Couplings to physical gauge bosons:

1 ] 1 7 LV
— Zga’r’}'a'FﬂvFﬁ — Zga’rzaFﬁuzﬂ
1 | P , |
— EQGZZQZ#UZ# _§gaWWaW,u,yW H G. Alonso-Alvarez, M.B. Gavela and P. Quilez [1811.05466]
Cw
with JaWw = YGary~y 5 GavyZ
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One-loop corrections to ALPs couplings

* Some loop correctiones already computed in the literature:

Corrections to g, + diagram ferm-A for light leptons Corrections to g4,z from diagram C Renormalization group equations

L— M. Baueretal. [1708.00443] L— M. Bauer et al. [2012.12272] < ' » M. Chala et al. [2012.09017]

J.B., |. Brivio, M.B. Gavela and V. Sanz [2107.11392]:

* Diagrams correcting gayy, 9agg- gayz, Gazz and gaww e Diagrams correcting c¢ (flavor diagonal final state)
V . f
R Mt
vV’ V! ' 7
A ferm-A ferm-B ferm-C
Vv 1 W/Z f U f
. S =y
V! W/z f f
D E ferm-D ferm-E

plus diagrams with would-be Goldstone bosons. All diagrams evaluated in a general R¢ gauge.

Including all finite terms
——> This is the first time this computation is done <
For off-shell ALPs
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Results: tracking ALP-top coupling

* 1-loop top-quark-induced ALPs-electron interaction:
Full results at:

2 2 2 2 https://notebookarchive.org/one-
Ceff —c Baemmt C lo A 12— 21— 4mt f 4mt loop-corrections-to-alps-effective-
e € {7252 MI%V t & m? p2 pZ couplings--2021-07-90tlr90/
w
Strongly Weakly
constrained constrained
_ arcsin —= for 7 > 1 , _ _
with f (7-) — _ VT 95%CL excluded region from constraints on ALP-electron coupling
7+ %lnij—\/— "1:7 for 7 < 1 mEm EDELWEISS (DM)
’ B LUX (solar axions)
BN PANDA-X (DM)
BB SUPERCDMS (DM)
* Relevant for electron = iﬁg:i Em;'” o
B0LlAr AX10nSs
recoil experiments XENONIT excess
(i.e. XENON) m red giants
0 solar v

e Bounds for light ALPs

1w0® 1w 10t 10 10" 10? 10?
M, [eV]
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https://notebookarchive.org/one-loop-corrections-to-alps-effective-couplings--2021-07-9otlr9o/

Results: tracking ALP-top coupling

* 1-loop top-quark-induced gg — a — tt:

2 2
of O . 1_4mt o [ 4m;
ga,gg == gagg 27Tf t p2 pQ
a
95%CL excluded region fro it
Strongly Weakly (i exchy reglon rom gq — @ —»
constrained constrained 1.21
1.0 -
with  £(7) arcsin% for 7> 1 = —
T - . I]S-
%—I—%lni",_t: for 7 <1 =
T 06
3
" 04 \
t t e Relevant for collider and 0.2
y LHC searches
a * Bounds for heavy ALPs 00 2.0 2.5 3.0 35 40 45
t / m, [TeV]

data from ATLAS search for tt resonances at LHC [2005.05138]
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Gauge invariance relations @ 1 loop
B Cw Cuw Cw
GaWw = Garyy T 5 YarZ Gaww = Gayy + = Gayz — =—Apw — Aww
28, Loo - 23w 28w
P corrections
9027 — Yaryy + 20w 5.y ga'yZ 9azz = YGavyy + 20w 5. gaf\/Z QCwa BW

where: ¥ > _%ABW aBm,Wg”” _ %AWW awﬁng v gauge-breaking operators? What is their origin?
* Proportional to gauge-breaking parameters in SM (higgs vev):
ABW; Aww — 0 for v — 0
a --- Y

e Gauge invariant formulation: corrections to higher dimensional operators:
a(®T®)"(BT0'®)B,, Wi — Apw s T3
a(®T®)" (@16 ®)(DTo? @)W\, W/ M — Apww
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ALP collider searches

e Stable ALP searches:

. M W 7 and K. Mimasu, V. Sanz [1409.4792], ATLAS [2011.05259],
ono-W, Z andy | gyvio, M.B. Gavela, L. Merlo, K. Mimasu, J.M. No, R. del Rey, V. Sanz [1701.05379]

= Mono-iet and di-iet K. Mimasu, V. Sanz [1409.4792], G. Haghighat, D.H. Raissi, M.M. Najafabadi [2006.05302],
ono-j J ATLAS [2102.10874], F.A. Ghebretinsae , K. Wang, Z.S. Wang [2203.01734]
- pp — W)/Cl, pp — tta l. Brivio, M.B. Gav.ela, L. Merlo, K. Mimasu, J.M. No, R. del Rey, V. Sanz [1701.05379],
M. Bauer, (M. Heiles), M. Neubert, A. Thamm [1708.00443], [1808.10323]

* Resonant searches:

J. Jackel, M. Jankowiak, M. Spannowsky [1212.3620], (Cid Vidal), A.Mariotti, D. Redigolo, F. Sala,

] - i
pp Yy resonant productlon K. Tobioka [1710.01743], [1810.09452], M. Bauer, M. Heiles, M. Neubert, A. Thamm [1808.10323]

. . . S. Knapen, T. Lin, H.K. Lou, T. Melia [1607.06083], [1709.07110], C. Baldenegro, S. Fichet,
] - -
|44 Yy in Pb-Pb collisions G. von Gersdorff, C. Royon [1803.10835], CMS [1810.04602], ATLAS [2008.05355]

= pp > Vla - V1V2 V3 tri-boson production J. Jackel, M. Spannowsky [1509.00476], N. Craig, A. Hook, S. Kasko [1805.06538],
(J. Ren), D. Wang, L. Wu, J.M. Yang, M. Zhang [2102.01532], [2106.07018]
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New idea: nonresonant ALP-mediated
diboson production

e Original idea: M. B. Gavela, J. M. No, V. Sanz, and J. F. de
Troconiz, [1905.12953] * Gluon fusion initiated (ggF)

e \Very off-Shell ALP mediates the process: ~s/fd ~s/fd
m, < /s ~1/s

* Cross sections independent of the ALP mass m, and decay
width I;: allow to explore large areas in the parameter space

« Suppression from /s is compensated by the derivative a
nature of ALP couplings:

G < s/fq

M. B. Gavela, J. M. No, V. Sanz, and J. F. de Troconiz, [1905.12953]
see also: S. Carra, et al. [2106.10085] and CMS-B2G-20-013

Constraints on the product g,44 X gayy
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ALP-mediated EW VBS

This work: Vector Boson Scattering
— production of a diboson pair + 2 face-to-face jets with high invariant mass
— explore ALP EW couplings with reduced dependence on the gluon coupling

EW ALP-mediated processes q;q, — q1q,V1 V5

q1 q1 q;
* In this work: reinterpretation of
' & Run 2 CMS analysis:
a1 WV, =ZZ, Zy, Wy, WEZ, W*w=
Va

CMS-SMP-20-001, CMS-SMP-20-016,

, CMS-SMP-19-008, CMS-SMP-19-012
92 92 q2

VBS s-channel VBS t-channel

JB, I. Brivio, J. Machado-Rodriguez and J. F. de Troconiz [2202.0345]
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ALP-mediated EW VBS

1 1
OALP = 0SM + ﬁ Tinterf. T F Osignal
a a

2
Tinterf. = 025 oB2 + € Owa + CECRr OBW
4 4 2 2 3 3
Osignal = Cp OB4 T Cy; OW4 T CEC OB2W2 + CCy; OB3W + C5CHz OBW3
a1 a1
* In this work: reinterpretation of
' & Run 2 CMS analysis:
a1 WV, =ZZ, Zy, Wy, WEZ, W*w=
Va
CMS-SMP-20-001, CMS-SMP-20-016,
CMS-SMP-19-008, CMS-SMP-19-012
g2 7
VBS s-channel VBS t-channel

JB, I. Brivio, J. Machado-Rodriguez and J. F. de Troconiz [2202.0345]

JESUS BONILLA: ALP 1-LOOP CORRECTIONS AND NR SEARCHES 12




wm Zy ALP EW VBS
mm Zy SM EW VBS

S s e e B I | |
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ALP-mediated processes tend
to have larger values of My, v,



ALP-mediated EW VBS

| | [ | [ | | | | I [ | | | | | | | | | | | | |
_ CMS-SMP-20-016 wmZy SM + ALP :
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o) B 4 B
= 10e ' } E
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= a B
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Result

+— —20LLR =384

E| I | T T I\l TPT T T T T T T I T T I |E
3;_ | .\\ | _;
A3 2 95% CL Exclusion Limits:
- - Wy
E B
E = e Zy and WEWT are the most
%k | W constraining channels
= oo ENT
< F | ==Combined  « QOnly Zy and ZZ can
T e = constraint the plane in the
= Sayy =0 cs/fq direction.
—2 =8z =0 — high-mass yy channel can
: \ = ==8uz =0 improve it
:I | | [ I | | | IW\I [ | | |:
15 -1 -05 0 05 1 1.5

cyw/fa[1/TeV]
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PrOJeCtIOnS Simple rescaling in
2 T | | / luminosity and V8§ — 14 TeV

- g HL-LHC:
- 1 95% CL Exclusion Limits:
= L | == CMS Run 2 Observed o
é . | = CMS Run 2 Expected * Limits on the
= 0 | wm L =300 fb~! Expected couplings decrease
% : 1w L = 3000 fb~! Expected by a factor 1.5 — 1.7
B 150 Discovery Limits: o
1 .. L=3000fb " Expected ¢ Limits on the cross
B - sections decrease by
] - a factor 5 — 8
_ - | | | | | | | | | | | :
2] -0.5 0 0.5 1

cy/ta [1/TeV]
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Dependence on the ALP mass

T T TTTT] T T TTTTT T TTTTT] T T TTTTI ° UptomassesoflooGeV
-V Zy | the variations in the cross

- Wy mZZ sections are < 10%
m WEZ mm 7y Photophobic

T T
Lol

* Exception: Zy channel, but
the resonant peak is not
visible in the histogram (first
bin starts at ~ 160 GeV)

1[I1II|

1072

o (pp— jjViV2) [pb]
o

T TTTT]
1/ Ll

Lol Lol Lol R

107" 1 10 102 10°
m, |GeV]
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Comparlson with eX|st|ng bounds

10 - | HII I| | ||II|| R || . | .. [ IIII|| =
N Bl RS - * Red: this work
L LEP = ~f _
10- \' | nd - © Green:no assumptions
. S | LHC 11|
|> 1‘ ] (various) |~ : nonresonant ggF. Depend on the
= am mps g E i —_ -1
o = Beam dumps ? i - coupling to gluons and assume g,445 = 1 TeV
— - For lower cg 3 -
N :
< 1071 Nontksonant ggF (LHO)VY S - * Darkblue: gluon dominance: g,44 > Gav,v,
- Light=by—light .
B (LHC) | . .
g For higher cz - » Orange: light-by-light: BR(a = yy) =1
1072 = -
\«m L Nl 1b|l:|)|n|n|:|5071a:rtl V}?S |(this| |‘ﬁFrk|): ’ Grey: more elaborate assumptions or
10 1072 107" 1 10 10° assumptions on the EW sector itself
m, [GeV]
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Companson with eX|st|ng bounds
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Comparison with existing bounds
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Conclusions

e ALPs are well-motivated from many BSM and good DM candidates
— Rich phenomenology
— Simple EFT with a limited number of parameters

* Experimental precision requires to look for one-loop corrections
— Relevant for ALP experimental searches

* New idea: collider searches for non-resonant ALP signals
— cross sections independent of the mass and decay width of the ALP
— large areas in the ALP parameter space are explored

e VBS channels allow measurements of EW ALP couplings with reduced
dependence on the ALP-gluon cg

JESUS BONILLA: ALP 1-LOOP CORRECTIONS AND NR SEARCHES 21




