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Axion-like particles - motivation

A spontaneously broken
continuous symmetry gives rise to 12 < 0 2
massless spin-0 fields.

V(g) = 1°0'o + A(o'¢)

6= (f+s)e! Shift symmetry
a — a—+ Qg
m3 = 4\ f? = |p|? Re¢
m?2 =

Im ¢

[Bauer (PADUA23)]
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https://indico.dfa.unipd.it/event/673/contributions/914/

Example: axion-like-particles
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https://indico.cern.ch/event/1253590/contributions/5844084/

Example: axion-like-particles
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Outline

. Axion-like particle (ALP) EFT
particle (ALP) v 3} e

Issues with 2D ALP limits -
* Higgs decays to ALPs and di-Higgs production

 Indirect effect of ALPs on Higgs physics
« ALP-SMEFT interference
* (Global analysis

-_— - (1

Coupling

SM + X

Mass
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Axion-like particles EFT with an additional light d.o.f.

and at dimension 5

* Featured in many BSM scenarios: “Higgs portal” dark matter, Peccei, Quinn (ref1, ref2)]
composite Higgs models, ... Weinberg]  [Wilczek]

» Consider a generic ALP with effective Lagrangian [Brivio et al. (1701.05379)]

[Bauer et al. (1708.00443)]
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Axion-like particles EFT with an additional light d.o.f.

and at dimension 5

* Featured in many BSM scenarios: “Higgs portal” dark matter, Peccei, Quinn (ref1, ref2)]
composite Higgs models, ... Weinberg]  [Wilczek]

» Consider a generic ALP with effective Lagrangian [Brivio et al. (1701.05379)]

[Bauer et al. (1708.00443)]
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ALPs and the Higgs

* Higgs-ALP interactions generated at one loop

Exotic Higgs decays could
be an interesting signature
of ALPs at the LHC

- - (] 7
h q h Q\A/\
- - a - - =

. and at dimensions = six h — aa h — Za
) / 0(7)
L5 = S @ua)@"a) ol + 2 it 69+ EH0") (¢1iD,0 + e ol

Breaks ALP shift symmetry
(suppressed by M0 )
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'BSM Higgs physics 1 (Tue)]

ALPs in exotic Higgs decays

Priscilla Pani]
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2D ALP bounds LHC limits
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https://arxiv.org/abs/2312.01942

ALPs in di-Higgs production

[Esser, Madigan, Salas-Bernardez, Sanz, Ubiali (2404.08062)]
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Indirect eftects of ALPs



Marciano, Masiero, Paradisi, Passera (1607.01022)]

IndireCt ALP effECtS Bauer, Neubert, Thamm (1704.08207)]

* Virtual ALP exchange induces UV-divergent one-loop graphs
* Dimension-6 operators required as counterterms

¢ ¢
G A G G W _} 1
V ,/'a a\\\ V N1/€ V
|4 |4
Requires D6 operator

as counterterm

SMEFT!
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ALP-SMEFT interference caua newer r

Sz' x (CALP) &
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https://arxiv.org/abs/2105.01078

ALP_SM EFT interference [Galda, Neubert, Renner (2105.01078)]

Si x (CALP) &

Can we use SMEFT constraints to obtain mass-
iIndependent constraints on the ALP Wilson

coefficients?

ALP running induces non-zero SMEFT
coefficients!
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Aside: different ALP bases
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Aside: different ALP bases

a

fBWBW

derivative  £{7ap = caa%GiZV@“’““ + cww%
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Aside: different ALP bases

derivative 55,0 = CGG%Ggyéa»w + CWW%W:‘VWA»MV . CBB% B, B
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Aside: different ALP bases

derivative
basis Six free parameters in the flavor-universal case
Cca, Cww, Csp, Cy, Cq, Ce
pseudoscalar Laiiiawe = Coc % Gy G'" + Cww % Wy, W4 + Cpp % By, B
basis —%(Qﬁ;&uméflzidmmg&emm)
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Yo =i(cy —c)Yy = —1C Yy, Yg=1i(cqg—cq)Ya=—1CqYy, Y.=1(ce—cp)Ye=—1C.Y,
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Exploiting the ALP-SMEFT interference

Observables used
* Low energy:

* Electroweak precision
observables (EWPO)

e Parity violation experiments

* Lepton scattering
- [Falkowski et al. (1706.03783)]
 Higgs

 fOp [Elisetal (2012.02779)]
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wwwwwww [AB, Fuentes Martin, Galda, Neubert (2307.10372)]
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https://arxiv.org/abs/2307.10372

Limits

Dominant constraints
« Cca : Higgs + Top
» Cww : LE + Higgs
« UpB:low energy

« Cy:low energy

« Cq:low energy
« Ce:low energy

[AB, Fuentes Martin, Galda, Neubert (2307.10372)]
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https://arxiv.org/abs/2307.10372

[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

LL approximation - CGG

29 s Yt Qs
Cuclss(p) D gﬂyt - CéG In” % o 21 _
2
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%, | |

: | |
CHG (Higgs-gluon coupling) and CuG (top- § ir -
gluon coupling) strongly constrained 2 L leadinglog

through gluon-fusion Higgs production : resummed

—3

LE Higgs top combi
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

LL approximation - CGG
(Small) experimental anomaly in CMS
Higgs STXS causes deviation at 95% CL
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

Comparison with direct bounds - fermions

,03
_02

1071
10~2
107°"
10-4! SN

107° ' ' ' '
10° 1072 100 1 10 10* 10°

mg |GeV]
BaBar (1406.2980)]
[Esser, Madigan, Sanz, Ubiali (2303.17634)] AB, Chala, Spannowski (2203.14984)]

[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)] Lucente, Carenza (2107.12393)]
Essig, Harnik, Kaplan, Toro (1008.0636)]

Anke Biekotter - JGU Mainz 18

Cel/ f [TeV™]

Cul/f [TeV™]
Cal /f [TeV ]

107* " Flavor
107° | | | | |
102107 1 10 10* 10°

me |GeV]



https://arxiv.org/abs/2303.17634
https://arxiv.org/abs/2110.10698
https://arxiv.org/abs/1406.2980
https://arxiv.org/abs/2203.14984
https://arxiv.org/abs/2107.12393
https://arxiv.org/abs/1008.0636
https://arxiv.org/abs/2307.10372

Caveats and future directions

What if CSMEFT at the high
scale are not zero?

Backup slides on UV model
Interpretations

Anke Biekotter - JGU Mainz
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Caveats and future directions 300 MeV ALP

[Bruggisser, Grabitz, Westhoff (2308.11703)]

500
% 200)
Sl
.
~—
=
" £-250
What it CSMEFT at the high i
Same-sign diboson
scale are not zero? —500 ~ boson width
Backup slides on UV model — - —2000 ( 2000
: : ' —1
interpretations Combination with cgB/ fo [TeV™]

direct global fit efforts
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Conclusions

* Higgs and ALPs closely related

* Higgs decays to ALPs 7:
e ALP contribution to di-Higgs production £
+ Indirect ALP limits from Higgs physics %
and other EFT analyses T o4
* Future: global analysis of direct and 0 00 1 10 102 10°

indirect ALP effects Mg [GeV]
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Conclusions

* Higgs and ALPs closely related
* Higgs decays to ALPs
* ALP contribution to di-Higgs production

* Indirect ALP limits from Higgs physics
and other EFT analyses

Cal /f [TeV™]

» Future: global analysis of direct and 0702 101 1 1
indirect ALP effects Mg [GeV]

Thank you for your attention!
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

A global analysis
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

A global analysis
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

Comparison with direct bounds i sccomation:

additional assumptions
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Bauer, Neubert, Thamm (1708.00443)] tests unconstrained parameter
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)] space
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ALP phenomenology
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ALP phenomenology
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ALPs at colliders
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ALPs at colliders

Colliders
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ALPs at colliders
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ALPs at colliders
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ALPs at colliders
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ALPs at colliders

Beam dumps
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ALPs at colliders

Beam dumps
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ALPs at colliders
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[AB, Fuentes Martin, Galda, Neubert (2307.10372)]

LL apprOXimation Strongest bound from low energy
Absent at LL order
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LL approximation - Cu

d 3o 3 A Yo" Yo"
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CHD strongly constrained from
measurement of W boson mass

Anke Biekotter - JGU Mainz

95% CLon C,/f [TeV ]

10

—10

| [
_ l I
B leading log _
B | resummed _
LE Higgs top combi

30



Reinterpreting the limits for UV axion models

Matching a UV model onto an EFT would lead to additional SMEFT
operators. What is the influence of those?
[Arias-Aragon, Quevillon, Smith (2211.04489)]

KSVZ DFSZ
[Kim-Shifman-Vainshtein-Zakharov (1979, 1980)] [Dine-Fischler-Srednicki-Zhitnitsky (1980, 1981)]
V r-lik

ecto e S.(;alar SHDM
quark singlet
Boson-philic ALP Fermion-philic ALP
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KSVZ model

[Kim-Shifman-Vainshtein-Zakharov (1979, 1980)]

Log=—y"q, HQRr + h.c.

Qr,r~ (3,1)_1/3

Lxsvz = Lsm + 0,87+ QilDQ —yo (SQLQr + h.c.)
A
+ ps|SI? = TSP~ Asu|SIP(H'H) + Log

Vol
VLQ decay
Vector-like quark @
: 1 ia(x)

ZI Q Mq =yq [/V2, M = s f?
--a
Integrate out
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KSVZ model - EFT Con— 4 2 HOn + b

¢ = —Yq 4qr,

At scale A: ALP couplings and SMEFT contributions

Limits on f can be obtained for fixed CGG and CBB from

* one-parameter ALP fit

Additional Limits on scalar parameters and portal
\e f/Asg > 2.8 TeV
e /Mg| < 0.1TeV !
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DFSZ model

Two-Higgs doublet model + scalar singlet () = £ 17 +p()]e 7,

Two options for relation to
SM Yukawas

Lorsz O |D,Hy|? + |D, Hs|? +0,8|> — (GH, Ty ur + §Hy Ty dg ++ h.c.)

A A
—m7i |H1|? — m3|Ha|? 21 Hy|* 22 |Ho|* — A3 |Hy|?|Ha|* — Ay |HY Hy|?

A
+us|S2 = 22181t = A, [SPIHL = Asa, S Hal? = Asm,, [(H]Hp)S? + e

Heavy particles ® and °
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DFSZ model - EFT

Cul/J < 1/TeV DFSZ| ¢, = -2
Cy, = —2s;, Cy = —2¢ DFSZ || C.=-24
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DFSZ model - EFT
Mixing angle &
Cul/f < 1/TeV DFSZ | ¢ =25 H H
: : ( 1> _ R(a) (q})

C.=-25,|  Ca=-2%  DFSZIl Cc=-2 o

LErT D CuH (ta[Yul?" [Quel?™ — t5 " [Ya]?" [Qau]”" — na [Ye]" [Qen]™" + h.c.)

Mg
[Yu*]sr [Yu]p 1 (1)1prst (8)1prst [Yd*]sr [Yd]pt t;Q 1 (1)1prst (8)1prst
M(% 6 [Qqu ]p + [Qqu ]p M(% 6 [qu ]p + [qu ]p
D/e*]sr Dfe]pt 77(2)4 rSs 1 T S 1 TS S T 1 rs
(@l = g (el Y (@l = V)™ [Ye]” tama [QLL, 1

C A2, f2 Yukawa
YT Y e (Queag” e ) + T Qe — S gy,
> : suppressed
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DFSZ model - EFT
Mixing angle &
Cul/f < 1/TeV DFSZ | ¢ =25 H H
: : ( 1> _ R(a) (q})

C.=-25,|  Ca=-2%  DFSZIl Cc=-2 o

LErT D CuH (ta[Yul?" [Quel?™ — t5 " [Ya]?" [Qau]”" — na [Ye]" [Qen]™" + h.c.)

Mg
[Yu*]sr [Yu]p 1 (1)1prst (8)1prst [Yd*]sr [Yd]pt t;Q 1 (1)1prst (8)1prst
M(% 6 [Qqu ]p + [Qqu ]p Mc% 6 [qu ]p + [qu ]p
[1/6*]37“ D/;]pt 77(234 rSs 1 T s 1 TS S T 1 rs
(@l = g (el Y (@l = V)™ [Ye]” tama [QLL, 1

C A2, f2 Yukawa
YT Y e (Queag” e ) + T Qe — S gy,
> : suppressed

ALP couplings and SMEFT operators depend on same parameters (¥ and f

Anke Biekotter - JGU Mainz 35



DFSZ models - results C. = 252
r3>1  T3>3 Cul/f <1/TeV
10 I \
[ DESE : S1: negligible scalar parameters
8 ! S2: profiling of scalar parameters
= o :
s
= g4l \ . .
- ) Limits on f dominated by
X SMEFT contributions
8 AN\ . /4 . / ,
@7
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