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OUtI i ne Reuse ' “ Recycle
» Axion-like particle (ALP) EFT (T 4
e ALP-SMEFT interference [Galda, Neubert, Renner (2105.01078)] Hecast

* (lobal analysis of indirect bounds on ALP couplings from the
SMEFT

* Comparison to direct bounds

Based on 2307.10372 with
Anne Galda, Javier Fuentes-Martin and Matthias Neubert
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https://arxiv.org/abs/2105.01078
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Electric dipole moment of the neutron

Peccei, Quinn (refl, ref2)]
Weinberg] [Wilczek]
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Axion-like particles

* Singlet pseudo-scalars

. QCD axion: Ma/a = const. put generally a wide range of masses is  [Peccel, Quinn (refl, ref2)
possible Weinberg]  [Wilczek]

» Generic ALP with effective Lagrangian
[Brivio et al. (1701.05379)]

* Motivation: “"Higgs portal” dark matter, composite Higgs models, ... [Bauer et al. (1708.00443)]
0,a
. | E (SM)H
. Shift symmetry @ — a + ao, Lagrangian terms: Ja
1 m; O*a . Ota , 4 4=
L2 = Z(9,a)(0"a 2.0 42 (ke co — (d'iD, ¢
it =5 Ou0)(0%0) = = f EF: PORYE oy (71 Du0) Dim-5 Lagrangian
Qs O o Auva Qo Q <, o1 Q ~
+ Caa = fG“VG’u —|—CV[/V[/47T lefVWM A—I—CBB e fBW/B’u :
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ALP Lagrangian

1 mgo o*a 0*a >
LP<5 > (0,0)(9"a) — = a’ Z VrCp Vb + g - (¢"iD,, ¢)
Qs Q ~ a2 a LA a1 a ~
Ge GHHe WA Wy, B, B*" .
_l_CGG P f n —|—CWW Ar f my _l_CBB . f L

~ a ~ a ~
[’gl\?—iALP = Coa = 7 GZV GH" Y + Cww — WA WA +Cpp = BW/ BH*Y

fom /
—%(Qﬁf/ up +QHYydr + LHY, eR+hc>

cu —cQYu), Ya=i(Yaca—cqVYa), Ye=1i(Yecc—cLYe)

cx =cx1s  Flavor universal

~ ~ ~

Yu — i(Cu — CQ)Yu — —iCuYu, Yd — i(Cd — CQ)Yd — —iCde, Ye — i(Ce — CL)Ye — —iCeYe
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ALP Lagrangian

Six free parameters in the flavor-universal case

CGG? CWW) CBB) C”Lw Cd7 Ce

a Yuv,a a 17UV a D LY
,Cgl\%SALP:CGG?GZVG’M’ -I-CWW?W:‘VWM ’A—l-CBB?BW/B“

a

f

~ ~ ~

Y =i(Yu cu — cq Yu), =i(Yacg —cqYa), Ye=1i(Yece —crYe)

(QﬁYuuR—'_QH?ddR_I_[_JH?€€R+h.C.)

cx =cx1s  Flavor universal

~ ~ ~

Yo =i(cy —c)Yy = —1C Yy, Yg=1i(cqg—cq)Ya=—1CqYy, Y.=1(ce—cp)Ye=—1C.Y,
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Axion-like particles
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Assumptions of

* Production mode
e Lifetime

* Branching ratios
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Marciano, Masiero, Paradisi, Passera (1607.01022)]
Bauer, Neubert, Thamm (1704.08207)]

ALP-SMEFT interference

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

Y ¥
L g S ' C
vV //,a a\\\ |4 "\Jl/E V
V V

Independent of ALP mass
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[Galda, Neubert,

Renormalisation group running  rove eios0ios)

« SMEFT RG running

d
CSMEFT _
dlog,u () /y] 7
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Renormalisation group running

« SMEFT RG running

d SMEFT  ~SMEFT
dlog,uci =3¢
* ALP contributes source terms for D6 SMEFT
RG running Source terms are ALP-
mass independent!
d SMEFT = SMEFT ~ASMEFT __ S’L
dlog,uci Vi C: = Unf)? for p < 4mf
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Renormalisation group running

« SMEFT RG running

d SMEFT _ . ~SMEFT
dlog,uci =71 C;
* ALP contributes source terms for D6 SMEFT
RG running Source terms are ALP-
mass independent!
d C@SMEFT o /YQSZMEFTCJSMEFT _ S’L for 1 < 47Tf

dlog (47 f)?

Non-zero ALP couplings at a high scale /\ induce non-zero D6

SMEFT couplings at a lower scale X
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Renormalisation group running

Can we use SMEFT constraints to obtain mass-

iIndependent constraints on the ALP Wilson
coefficients?

[Galda, Neubert,
Renner (2105.01078)]

 ALP contributes source terms for D6 SMEFT
RG running Source terms are ALP-

mass independent!

d (SMEFT MEFT ~SMEFT _ Si
; —

S
— A f 4
dlog 1 Vi (47 f)? or < 4rf

Non-zero ALP couplings at a high scale /\ induce non-zero D6

SMEFT couplings at a lower scale X
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Exploiting the ALP-SMEFT interference

Observables used Six free parameters
* Low-energy observables
o H|ggs Caa, Cww, Cg, Cy, Cq, C

Falkowski et al. (1706.03783)]
Ellis et al. (2012.02779)]
‘Anisha et al. (2111.05876)]
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A global analysis
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A global analysis
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Correlations

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

« Cy:low energy

« Cq:low energy
« Ce:low energy

2.
= 0. OO
S
_9 |
0.9
g0 () <> A = 4 f
0.5 f=1TeV
S
1
S 0 == O O
4 combi
_8.
—2.—1. 0. 1 —2. 0. 2 —0.5 0 0.5
Caa Cww CBB
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Correlations

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

« Cy:low energy

« Cq:low energy
« Ce:low energy
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Correlations

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

4 )

o Uy :low energy | Why?

.

« Cq:low energy
o Ce:low energy
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LL approximation - Cu

d

dln p

3 ¢ 3\ 0 V¢ (1) 0 ¢
— | | C Cru

()7 | 2
dln,u [CHq]gg — — T (V¢ Cu + - -
d
ul33|= 2 y
dln,u CH ]33 WOétCu‘|‘

CHD strongly constrained from EWPO
(measurement of W boson mass)
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Light gray bounds with
additional assumptions

Comparison with direct bounds

1n—1
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10 Flavor
1074}
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1072 107 1 10 10* 10°

meq |GeV]

Cecl/f [TeV™
Cpg|/f [TeV1]

Cwwl/f [TeV™1]

Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)]

Bauer, Neubert, Thamm (1708.00443)]
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]
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Light gray bounds with
additional assumptions

Comparison with direct bounds
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Mariotti, Redigolo, Sala, Tobiok (1710.01743)]
Bonilla, Brivio, Machado-Rodriguez, de Troconiz (2202.03450)] ALP-SMEFT interference
Bauer, Neubert, Thamm (1708.00443)] tests unconstrained parameter
Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)] space
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Comparison with direct bounds - fermions
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[Esser, Madigan, Sanz, Ubiali (2303.17634)]

[Bauer, Neubert, Renner, Schnubel, Thamm (2110.10698)]
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Conclusions

* (Almost) mass-independent bounds on ALP

couplings —
* |nteresting reuse of (Higgs) SMEFT E
analyses ~
» Complementary with direct bounds and )

competitive for high ALP masses

« Backup: interpretation in terms of UV models T2 100 1 10
Mg |GeV]
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Conclusions

* (Almost) mass-independent bounds on ALP
couplings

* Interesting reuse of (Higgs) SMEFT
analyses

* Complementary with direct bounds and
competitive for high ALP masses

Cal /f [TeV™]

« Backup: interpretation in terms of UV models T2 100 1 10
Mg |GeV]

Thank you for your attention!
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2D ALP bounds

10~
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10~4
107>
106
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10~

gay [Gev_l]

LHC limits
pp — a =YY

Mass-dependent (resonance search)

Assuming BR(a — vy) = 100 %
BR(a — ZZ)?
BR(a — Z~)7

Supernova limits
Can be changed (or invalidated) if

10° 10!? o — ete~ decay possible

[O’Hare (axion limi ma [eV]
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[Galda, Neubert, Renner (2105.01078)]

ALP-SMEFT interference

Virtual ALP exchanges contribute to (almost) all D6 SMEFT operators

ug > | pp—— > | pp——
Ga e ” '0. - .'0
ANPNNANRNN /\/\A/\;\NW wxéxlvvvw d 5 ¢ b » ¢
[ . [ .
\ / \ / \ /
N - 7 N - 7 N - 7

\ A \ Y
TSR 7
Gauge-Higgs RS
.......... O g \""’.;Q
ormion-Higgs Four-fermion
7 ¢ 0 d i é u é/ Q u ! Q
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95% CLon C,/f [TeV ]

Strongest bound from low energy
Absent at LL order
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LL approximation - CGG (

Small) experimental anomaly in CMS

Higgs STXS causes deviation at 95% CL

2598?/75048 2 2 M
C In® —

T GG A

100 o2 o 1
S 02 13_

3 GG

Cuclszz(p) D

Cra(p) D

CHG (Higgs-gluon coupling) and CuG (top-
gluon coupling) strongly constrained
through gluon-fusion Higgs production

T B

95% CL on ng/f [TeV_l]
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Can | translate these 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)]
Vector-lik

eClo e Spalar SHDM
quark singlet
Boson-philic Fermion-philic
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https://www.osti.gov/biblio/7063072
https://linkinghub.elsevier.com/retrieve/pii/0370269381905906
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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 !

Anke Biekotter - JGU Mainz
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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

3.0

[\
-

—_
-

|
—_
-

| 1 parameter

limits on C'/ f [TeV ']
|

|
o
-

Caec Cww CUpgp C. Cy4/20 C,./20
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Mixing angle &
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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
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DFSZ models - results

10
8
~ 6
2
=
=y
Y

)zl T 23
. DFSZ \
F s \
0 A m/4 /2
XY
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C, = —25°

84

Cul/f < 1/TeV

S1: negligible scalar parameters

S2: profiling of scalar parameters

Limits on f dominated by
SMEFT contributions

28



Warsaw basis

Anke Biekotter

[Grzadkowski et al. (1008.4884)]

1: X% 2: H® 3: H*D? 5:?H? + h.c.
Qc | FABCGAGEIGSH Q| (HIH)Y  Qun | (HUHO(H'H)  Qur | (H'H)(pe H)
Qs | fABCGAGErPGSH Qup | (H'D,H)" (H'D,H) Quu | (H'H)(gyu,H)
Qw | KWW IPW Sk Qan | (H'H)(gpd, H)
QVV' EIJKW’{VWI;]pW[f(u
4: X2H? 6: v2XH + h.c. 7:¢2H2D
Que | HYHGA,GA Qew | (o™ e )r!HW], ) (H'sz WH) (P
ua | HUHGA GAw Qe (I,o" e, )HB,,, Q'Y (Hti D LH)(lpT vk,
Quw | HHHWLW™™ Q.o | (g T4u,)H G2, Qe (H'i'D H) (e, )
piw | HHWLW  Quy | (ot u,)r HW], Qy, | T .H) @)
Qus | H'HBLB"™  Qup | (40"u,)H By, ) (H'iD'LH) (@77 a,)
wi | HYHB,,B™ Quc | (G0 TAd,)H G4, Qs (H'i'D  H)(a,y"u,)
Quwsp | HIT'THW/ Br Qaw | (Gpotvd,)T'HW, Qud HT?«(B W H ) (dpytd,)
pivp | HITTHW/, B Qap | (gpo*’d,;)H By, Quua + hee. | i(H'D,H)(u,y"d,)
8:(LL)(LL)

Qe (p'Yy )(137 lt)

Plus another 24 four-fermion

operators
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