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Why axion like particles (ALPs)?

MODEL-BUILDING MOTIVATIONS:

Any dynamics with a spontaneously broken approximate global
symmetry will produce light spinless particles

Analogy: QCD pions : BSM physics
AaCD e pn, . Aoy
~ Gev . > TeV
iz, - T m a

Pions are pseudo goldstone bosons of ALP is a pseudo-goldstone boson

an approximate spontaneously broken CP-odd gauge singlet

symmetry Mass much below scale of BSM physics

Many motivated explicit models: e.g. QCD axion, dark sector models, flavon models,
composite Higgs models, ....



Why ALPs2 Motivations |l

MODEL-INDEPENDENT MOTIVATIONS:

All new particles are heavy (m > v)? —> SM EFT (or similar)

One or more light (m < v) BSM particles?

+ possibly
‘ “ higher spin...
spin 0 : spin 3/2
ALP spin 1/2 spin 1 e.g. gravitino/
' composite dark
(Goldstone boson RH neutrino/heavy Dark photon/Z’ Cotor Tosonan

explains lightness) neutral lepton

-



Outline of talk

P> ALP EFT at dimension five and six

P> How ALP loops can affect the RGEs of SMEFT-like operators

P> Overview and features of new source terms for the RGEs

P> Directions for applications and phenomenology



ALP EFT to dimension 5

Don't need to know the details of the UV physics to study the ALP

heavy new physics

Here particle content is SM+ALP

1) ALP is pseudoscalar under CP, and its interactions
preserve CP

2) Invariant under ALP shift symmetry, a — a + o, broken only
by ALP mass term

/F= Q,u,d,L,e

2
L5 = L (0ua)(0a) - "0 + TO S -
d Ayy = 4xf
As A g YUV,Q a2 a A yxirpv,A al a DLV
+CGGE?G“VG'LL +CWWE?WMVWM +CBBE?BMVBM

Then the parameter space of the model depends on m,, f, @ Cyy

hermitian matrices in flavour space H 4



ALP EFT vs SMEFT

heavy new physics

Here particle content is SM+ALP

Only difference between SMEFT and
ALP EFT is the addition of ONE more

degree of freedom below A

This extra d.o.f has large effects at dim 5:

SMEFT at dim 5: ALP at dim 5:
i=5) _ : : .
ggME;T = XHHLL +h.c. + ALP couplings to all SM fields (prev. slide)

...But doesn't change much at dim 6:

SMEFT at dim 6: ALP at dim 6:

2499 parameters (for B and L + c,y(H'H)(0,a)(0"a)
conserving)



Seeing the ALP in SMEFT-like operators

Within an ALP theory, different ways of getting contributions to dim 6 operators:

1) Contributions from integrating out unknown fields at A

S 2) Contributions from ALP loops:

Source terms
quadratic in dim-5
ALP couplings

/_

d CSMEFT _  SMEFT SMEFT _ 9
dinp ° Je J (47 f)?

Galda, SR, Neubert, 2105.01078

e.g. contributions to RG of
H'H WJVWI atd




Calculating the RG source terms

We use the equivalent Lagrangian ALP vertices are of the form:

~ X -
_ ~ . ~ a
£€1\Z§-/ALP = Caa % GZV G + Cww % WL{V Wl + Cpp % BMV BH Y ///
. —f—— a _
-5 (QﬁnuR+QHYddR+EHYeeR+h.C.), Ro§ VL X
;{ CXX
Y,=i(Yye,— oY), Yi=i(Yoea—cqYy), Y.=i(Yoc.—crY,) X = {B,W,G)

Use basis of dim 6 operators which is complete before using EOM relations ("Green's Basis")

Then can calculate 1Pl diagrams to find the counterterms

In a final step, use EOMSs to get back to the Warsaw basis

Green's basis and all EOM relations: Gherardi, Marzocca, Venturini 2008.09548 H 7



1:X3 2: HS 3:H*D? 5:¢?H?3 + h.c.

x C 2 L. | FAroGiapeGen ¥ (HUH)O(HH) 34 Qe | (HUH)(lpeoH)
GG . fABCéAuGBpGC,u : Qup | (H'D,H)" (H'D, H) QuH (H'H)(gyu-H) :

.
--------------------------------------------------------------

| IRy vy e Ku
Qw Wu W Wp

2
X C 4: X2H? 6:¢2XH + h.c. 7:2H?D
BB

Qua HTHG:?VGA#V :'éeW (l_pauuer)TIHW;fy“u‘: : E‘}g (HTZ.(B> H)(l,y"lr) :~
Que | HHGAGAw Qs | (,o™e)HB., @) (H'i D! H)(l'r*y“lr)}
Q| HHWI " ue | @errtBGs, L e TG
~ lllllllllllllllllllll/_l\: llllllllllll * E - E E 'H - :
x YC Uy | HHTLWI Quo | o) BWL, g, L D)
XX {Qus | HUHBLB™ % iQus | @o™u)H B i QYy | (HUDLH) G )
....................... PCLLITTTTETITN : E '::_-_._._-_._._-_._._-_._. s mmmns M-_._._-_._._-_._._-_._._-_._._-_._.:‘
X C C Qus | H'HB,,B"W :Quc | (GpoTAd,)H Gy, { Qru (H'i D H)(upy ur) ™
WW™BE CQuws | HTHWLE " fQuy | G d ) HWE, L Qug | (D 1)
o THTHTLEE " | st B Quua v | (7D
8: (LL)(LL) 8 : (RR)(RR) 8: (LL)(RR)
- G | i 7G| e (an | e
AImOSt every Operator In Warsaw - izil)llIIIIIII:IIIIIIIIIII—IIIIIIII “ E.‘ ............... : ........... : ......... .“E E - a
b . . d b 'th ALP' 1 Wqq (QP'Yuqr)(QS’Y“qt) "Quu ( P7uur)(u87uut) FH Qlu (lP'Y;LlT)(US'YMUt)
aSIS IS Source e ! Daemnep e, 2 - - ) B
y ) | @ourle) @t Tl £Qua | (Gmd) (@) E i Qu | () (drtdy)
fQu (Lpulr) (57" qr) } Qeu (€pyuer)(usyue) F Qe (@pYuar)(esyter)
Galda, SR, Neubert, 2105.01078 "‘l(g) prrsairbarbessinsiisnnaziias P B P (ql) P
Qo | or I @ytrlaf £ Qe | @ouen)(@ytd) L EQud | (@) @)
Qg | (@) (deydy) a | @rT A ar) (@ T u
Qua | @ T )y TA: 3Qu) | (@) (dsydy)
:ng) (qP'YuTAQT)(dS’YuT dt):.:
8: (LR)(RL) + h.c. 8:(LR)(LR)+h.c
Queag | Be)(dsary) = Qg | (@ur)esp(@tdy)
QW | (@T )i (@TAdy)
Qer, (B er)ein(Tsue)
Ql(ggu (l_i;o—uuer)ejk(qgguuut) ‘ 8



Patterns and structure

P> ALP-boson interactions appear in many places via EOMs

2
Qwa = 94—2 (HT 1D IH—l—Q’yH IQ#—L%JUIL)
9
4

. e (O s (1o “ correlated
Jl — mi ( ) +4\Qpy +3Qun + ([ Hl}pp + [QHq]pp) — effects in many
. + 2 [(Yu)pr [QUH]pr + (}/d>pr [QdH]pr + (}/e)pr [QeH}pr + hC:| Operators
QG,2 = (DpGpu)a (Dwqu)a )
Qwys = (D*W,,)" (D, W), +2 [Ql(j)] — 2 [Qll} prrp [Qll} pprr [Qc(z?c})]ppw] , Also sum rules on Y contributions from
ALP shift symmetry:

QB2 = (D" Bp) (D B"). Bonnefoy, Grojean, Kley 2206.04182

P> The presence of the ALP can change conclusions c.f. SMEFT-only running

- 3 - : . Helicity argument for why:
e.g. in SMEFT, X" operators are only self-renormalised: ;.0 % &5 " 505 01544

Co = (12ca3 — 3by3) 95Ca

Cw = (12¢ca.2 — 3bo2) 95Cw
Alonso, Jenkins, Manohar, Trott 1312.2014

= if zero at A\, zero at my, (to 1-loop)

But in ALP EFT, same operators are renormalised by ALP-boson interactions:

d 87,
Ca(p) 3 g

C%. = unavoidable in an ALP theory if C; # 0

(4nf)? "T

.9 Jmn



Searching for new physics

Where will the effects of ALP-induced running be important?

P> Many SMEFT operators only generated at loop level by weakly coupled UV

Einhorn, Wudka 1307.0478
Craig, Jiang, Li, Sutherland 2001.00017

completions

e.g. dipole operators, 3 field strength operators

see Chala, Guedes, Ramos, Santiago 2012.09017 for
ALP-induced RG of dipole operators below EW scale

P> Best way to discover ALPs: when they can be produced on-shell

Constraints found in this way depend strongly on ALP
mass and decay modes/width

But contributions to SMEFT operators are
~mass independent (if m_, < my))

Maybe can use them to fill in gaps?

Other ALP mass & width independent constraints from non-resonant searches:

Gavela, No, Sanz, de Troconiz 1905.12953,
Carra et al. 2106.10085,
Bonilla, Brivio, Machado-Rodriguez, de Troconiz 2202.03450
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Pheno and applications: i,

Top chromomagnetic dipole moment

ALP . 8my o 1n47rf_25a5 o2 lnzﬂ
/ tt . v 33 contribution: "7 T (am )z [T T T T Tee T Ty,
-\‘ ﬂt — %GC’U,G
*. gS
a
—0.014 < i < 0.004 2 1 TeV]”
. : Fhi : —0.68 < (¢ Cae — 0.94CZ;) X i <238  (95% CL)
CMS, 1907.03729

~ALP mass independent bound

dBr/d¢* (B — K*ee) By — Bymixing

By — B, mixing

Caveat:

at - (1<’+1/,,

CMS bound found from
distributions of #7...

lcal/f[TeV™']

ALP emission from tf pair?

Production via an ALP?

pp — a — ft for heavy ALPSs studied in
Bonilla, Brivio, Gavela, Sanz 2107.11392




Pheno and applications: EWPTs

Z-pole measurements constrain SMEFT very strongly...

marginalised bound from

e.g. (first 2 generations): —0.11TeV~? < C};)) <0.012TeV™>  (95% CL)  Ellis, Madigan, Mimasu,
Sanz, You 2012.02779

ALP contribution:
1 TeV
OB ~ o Cyw  4nf |Cww| X [ “ | < 2.50 (95% CL)
Hq 37wsin?6,, f? My /

Competitive with LEP diphoton constraints
for ALPs between 10 MeV - 10 GeV

A combined/global fit should do much better

All these operators receive

contributions o C3,, Qw | e/ BW W lrw e w | (@m0 (@7 )

Quw ‘ HYH W], Wi Qrr \ (HTH)O(H'H) 3 (Y DL H) Ty ,)
: . _

Qen | (H'H)(lperH) Qu | (HTH)? o | @B @)

Qam | (

Ql(g) ‘ p%b l)(gs’Y”TIQt) Qu ‘ (l_p%LlT)(l_sVMlt) IE



Conclusions & thoughts

P> ALPs are well-motivated and well studied options for BSM physics

P> ALP EFT includes SMEFT-like operators, and ALP loops affect their RGEs

P> In general, very few options for a light neutral particle (RH neutrinos,
ALPs, dark photon, ...)

By including them in the EFT and calculating their effects, gain:
a) More robust/general EFT
b) New indirect probes of light new physics through dim 6 operators
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Lagrangians

— g a ~ o I % I a1 a
L87 aup = coa 2 LGa, G+ ey 22 LW VT 1 gy 912
SM+ALP AT f uv A f nv AT f

+ o' Z VrCrY U .
%

B,, B"

a

- a
D=5/ a v,a
Lonviare = Cea 7 G, G" + Cww —

f
— % (QFI}ZLUR—F@H%CZR—FZH}ZGR—FhC) ]

Wj,, Wil 4 Cls % B, B

Y,=i(Yoeu—cgY.), Yi=i(Yoca—coYs), Y.=i(Yoce—cY.). (5)

Note the important fact that the ALP-boson couplings in (3) are also affected by the field
redefinitions. One finds

S_ 1 S ~
Coa = Z—W _CGG—l— iTr(cd—kcu—ZcQ)] = Z_WCGG’
[ 1
C’WW:Z—;_CWW—iTr(NCchLcL)]EZ—;éww, (6)
_ o | 2 2 . 92 2 . 542 _ o
Cpp = o |cpp + Tr N, (Vica+Vie, —2YV5¢cq) +Vie.—2Vicp =B,



ALP atfecting dim 4 running

d\ 16g5 m3

dlnp 3 (4nf)?

Crwr + SM contribution

2

59 ({0}) = A {0)) + s e

@ (Ll = 82 (fo 81y o
G aip) = Bsn({euy) + (A )2 Cww »

D)) = 89 (fan UL
B ({aut) = Bam({eud) + (arf)2 OB




1 loop RG above EW scale

No running for d Chetyrkin, Kniehl,
g- CVV(,U) =0; V = G, ”, B Steinhauser, Bardeen 1998
gauge couplings | dIn

Yukawa interactions
caa = ng-i-TFTl"(Cu-i-Cd— NLCQ),

Fermion [ 7S N
COuplingS: ___________________________ : cww = cww — Tr'Tr (Neeg +cp),
u épn = cpn + T |Ne (V2 e, + Vica— Ny Vie) + Ve — Ny Vie
\_ S -

) w,
Gauge interactions 2 loop diagram included because it
a8 ---\( —— —— ) can be of the same order as the 1
_________ | loop diagram
Caa Z—; ? Ga G;u/a
— - ) _ —

N 1
Cca = Cqa + 5 Tr (Cu +cqg— QCQ)

d
— Y, Y +Y,Y] — Y, c,Y +Y,c;Y)
dln,uCQ(u) CW{ +YaY, co} 167r2( Culy + ¥aCa d)

‘ 5 303 3 302
623[%2 Cr e - A4m2 3 C bww = —yQ 039] L,
qg=u,d
’ B ;3% con, :
dnp (i) C67r2 1Y Yo, e0) - 87 YTCQ@+ [g ][ Cr’doa + yj C%] '

------------------------------------------------------------------------------------

------------------------------------------------------------------------------------

RGEs for the lepton couplings are highly analogous!



