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Outline:

> Matching and running for the ALP
effective Lagrangian [2012.12272]

> Amusing facts about the rare decay
K — ma [2102.13112]

> Flavor observables in eight benchmark
scenarios [work in preparation]

> ALP-SMEFT interference [2105.01078]}
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Motivation

Axions and axion-like particles (ALPs) are well motivated theoretically:

> Peccei-Quinn solution to strong CP problem Increasing mass
[PeCCei, Quinn (1 977), Weinberg (1 978), Wilczek (1 978)] Previous|y e¥pected c e
region for edrcnes Tor
> ALPs as pseudo Nambu-Goldstone bosons newipadl P B wath

> |mportance of low-energy processes Iin
constraining ALP couplings

> Light but weakly-coupled new particles are Terra incognita

an interesting alternative to heavy new
particles and might provide hints about
physics at energies scales out of the reach
for direct searches at the LHC

Searches for light
particles with small
couplings

Decreasing coupling
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Effective Lagrangian in the UV

Assume the scale of global symmetry breaking A = 4x f is above the weak
scale, and consider the most general effective Lagrangian for a pseudoscalar

boson a coupled to the SM via classically shift-invariant interactions, broken
only by a soft mass term: [Georgi, Kaplan, Randall (1986)]

, / hermitian matrices
me, o*a
L= = (8 a)(0"a) > 2 a? - Z VECrY R
Qs A . o A A “Frup A X1 CL ~
Gs, G W, Wh w B
—I‘CGG A f Y, _I_CWW A f Y, _I_CBB e f

Couplings to Higgs bosons only arise in higher orders: [Dobrescu, Landsberg, Matchev (2000);

Bauer, MN, Thamm (2017)]
/

= * (0,0)(0"a) 91 T Moo 21 - (0" (¢67iD, ¢ +h.c.) ¢l + ...
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A redundant operator

 The only possible dimension-5 coupling to the Higgs doublet

O
£§f§5 D Cy O¢ — C4 fCZ (¢T2Du¢ —+ hC)

IS a redundant operator, which can be remqved by means of the field
redefinitions ¢ — e'¢%f ¢ and F — e frcsa/f | aslong as:

BU_BQ:_la ﬁd_ﬁQzlv Be_ L:1

 Thisadds cr — cr + frc, 1 10 the ALP-fermion couplings, i.e.:

- 0"a -, i
O¢ — (f)¢ + Z 517 OF, with OF — @DF’}/M@DF
F

\ /

vanishes by the EOMs
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Alternative operator basis

A useful alternative form of the Lagrangian involves non-derivative couplings:

£055 Z 1 (9 a) (9" Map o _ @ )oY, dr + Q0Y, LoY, h
off —§(ua)( a) 5 a —? QoYqdr + QoY,ur+ LoY.er + h.c.
. Qs a N e 7 S A S S e S 1 -
C G* o GRe W WHY B, B"
i GG47Tf HY +CWWZL']Tf HY +CBB47Tf K
where: [Bauer, MN, Renner, Schnubel, Thamm (2020)]

~~r ~~r

Yo=i(Yoci—cYa), Y.=i(Yieu—coY.), Y.=i(Yee.—cLY.)

EGG — ng—l—TFTT(Cu—I—Cd—NLCQ)

6WW — CWW — TF Ir (NC CQ -+ CL)

Cpp = cpp + 1t |:Nc (373 c.+Yicg— Ny yfg CQ)
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Unknown UV theory

Effective ALP Lagrangian

Peccei-Quinn symmetry breaking in the UV Matching
AN=Arf

SM + ALP Running

Electroweak symmetry breaking Effective ALP Lagrangian Matching
after EWSB
~ 100 TeV

SM’ + ALP Running

Chiral symmetry breaking Effective chiral Lagrangian Matching

coupled to ALP

Ay =A4rfr

Hadrons + ALP
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Unknown UV theory

Effective ALP Lagrangian

Peccei-Quinn symmetry breaking in the UV Matching
AN=Anf
SM + ALP
Electroweak symmetry breaking Effectlvaeft,g:‘_lévl\_,g%anglan Matching
~ 100 TeV
SM’ + ALP Running
Chiral symmetry breaking Effective chiral Lagrangian Matching

coupled to ALP

Ay =A4nfr

Hadrons + ALP
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Evolution to the weak scale

Factoring out the gauge couplings from cvv ensures that (at least to 2 loops):

[Chetyrkin, Kniehl, Steinhauser, Bardeen (1998)]

. o
| .
--------------------------- | <v 1-loop Yukawa int.
|
\ _ e — — -
[Choi, Im, Park, Yun (2017); requires the redundant Higgs
Martin Camalich, Pospelov, Vuong, Ziegler, Zupan (2020); operator as counterterm
Heiles, Konig, MN (2020)]
—>— —p-
------- 1 Y 4 2-loop gauge int.
[Altarelli, Ross (1988); < —
Chetyrkin, Kniehl, Steinhauser, Bardeen (1998)] [Kodaira (1980); Larin (1993)]
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Evolution to the weak scale

We f|nd [Bauer, MN, Renner, Schnubel, Thamm (2020); see also: Chala, Guedes, Ramos, Santiago (2020)]

dli , call) = g {(Ya¥il YaYj, eq} 1617r2 (YicuY] + YieaYy)

: 5?7?2 X ii? c¥¢ 32‘; CD v iﬁ V2 ipp| 1
dlflu Caltt) = 16772 {YT CQ} 871T2 YchQY; T % X i} Cz(:g Celeln 3&1 y2 CBB: 1
dli . cr(p) = SQWQ {YeY, e} — - 617T2 Y.c Y+ % X i:é C'? e iil V? cBB: 1
dlfl L celn) = 16,/T2 Y'Y, c.} 8; Y e Y, + 8%2 : ij; )2 cBB: 1

with:
X =T {SCQ (YY) — YY) —3¢,Y]Y, +3c,Y] Yy — e, YY) + cewYe]
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Lagrangian at the weak scale

Effective Lagrangian in the broken phase:

2

1 Mg o e A - o a .
Lt (f) = = (0pa) (0 = 0° + Lierm (fhu - — G, GM" Y+ F, F"
w(kw) = 5 (0ua)(0%a) — —= a” + Leerm (1 )+CGG47Tf W T 7
o} a ~ 8} a ~ o a ~
F., zZ" L LF° W W=+
T 6z 2mSwCw [ ez 4182 c2, g - oww 2ms? Y
with: matrices co, cu etc. rotated to the mass basis

Ltorm(fw) = —— |urkyy,ur + arkyyur + drkpy,dr + drkav,dr

o*a ST~
7 |

+ vk, yuvr +eLkgyer + éRke’V,ueR}

In the next step, we integrate out the heavy particles t, W, Z and h.

M. Neubert Adventures in the ALPs — BNL Theory Seminar (May 13, 2021) 8



Unknown UV theory

Effective ALP Lagrangian

Peccei-Quinn symmetry breaking in the UV Matching
AN=A4nf
SM + ALP Running
Electroweak symmetry breaking Effectlvaeft,g:‘_lévl\_,g%anglan
~ 100 TeV
SM’ + ALP Running
Chiral symmetry breaking Effective chiral Lagrangian Matching

coupled to ALP

Ay =A4nfr

Hadrons + ALP
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Weak-scale matching

Matching contributions to the ALP-boson couplings are absent in the
standard basis (for a light ALP):

9,7 Y
2 2
a a ma ma
-------- Q -------@ i _2 7 2
ms; miy
9,7 Y

[Bauer, MN, Thamm (2017)]

but there are non-trivial matching conditions to the ALP-fermion couplings:

Vl —>— >
ROL (G e
L V5 <« <

[Bauer, MN, Thamm (2017);
Bauer, MN, Renner, Schnubel, Thamm (2020)]

>
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Weak-scale matching

These include, in particular, flavor-violating contributions to kp:

3 l—2,+Inz,
4 (1—$t)2
1 3 1—513t—|—11133t—
4 2 (1—uz)

[Bauer, MN, Renner, Schnubel, Thamm (2020)]
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ALP couplings at the weak scale

Results for the flavor-diagonal couplings with f = 1 TeV and p,, = m:

We find:

Cuwce(Hw) ™ Cupee(A) = 0.116 ¢ (A) — [6.35 coc(A) + 0.19 G (A) + 0.02 5BB(A)} .1073

Cadoss (Jw) ™ Caa.ss(A) H 0.116 ¢ (A) — [7.08 coa (M) + 0.22 Gy (A) + 0.005 E:BB(A)] 1073
Cu (1) = Con(A) 4 0.097 ¢ (A) — [7.02 cac(N) + 0.19 Gy (A) + 0.005 éBB(A)] 1073

Coror(fhw) = Core. (A) F 0.116 c(A) — [0.37 caa(N) + 0.22 Gy (A) + 0.05 ’éBB(A)} 1073
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ALP couplings at the weak scale

Corresponding results with f = 10 TeV:

Cunee(Mt) =2 Cunce(N) —0.350 ¢ (A) — {12.6 caa(N) + 0.84 ¢y (A) +0.10 EBB(A)} .107°
Cadoss (1) = Cagss(A) +10.353 e (A) — [16.8 coa(A) + 1.30 Gy (A) + 0.07 EBB(A)] 1073
ey (112) == () +0.294 e (A) — [16.5 coa(N) + 1.23 Gy (A) + 0.06 EBB(A)} 1073
Coror (1111) = Core. (A) 10352 e(A) — [2.09 coa(N) + 1.30 G (A) + 0.38 EBB(A)} 1073

Note that all ALP couplings enter via the matching conditions:

6GG — CGG_I_TFTI(Cu_l_Cd_NLCQ))

5WW — CWWwW — TF Tr (NC CQ + CL) ,

cpp = cgp + 1t |:Nc (Vicu+Vica— N Yocq) + Ve — NLY; CL}
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ALP couplings at the weak scale

Corresponding results with f = 10 TeV:

Cunee(TT1) = CancolA) —0.350 () — [12.6 Goa(N) + 0.84 Gy (A) + 0.10 5BB(A)} 1073
cdd,ss(mt) ~ Cdd,ss(A) + 0.393 Ctt(A) — [168 5(;(;(/\) + 1.30 6ww(A) + 0.07 633([\)} y 10_3
e (1) 2 () +0.294 ey (A) — [16.5 coa (M) 4 1.23 G (M) + 0.06 &BB(A)] 1073

Corer (1) 2 Corer (A) +10.352 ey (M) — [2.09 cac(A) + 1.30 G (A) + 0.38 5BB(A)} 1073

The one-loop admixture of ¢y into all ALP-fermion o055
couplings can have a very important effect, since an

(o : : ALP-electron coupling in the DFSZ model
It Induces an ALP-lepton coupling even in lepto- for different values of tan 8 = v, /vg

phobic ALP models

[Bauer, MN, Renner, Schnubel, Thamm (2020)]

M. Neubert Adventures in the ALPs — BNL Theory Seminar (May 13, 2021) 14



ALP couplings at the weak scale

Flavor off-diagonal coefficients with f = 1 TeV and p,, = m:

()],
()]
()],
(Hw)]i; = [Fe
o ()]s = [ (M)];; e lof-handed down quark sector
ke (mo)]i; = [kn(A)];; +0.019 ViV |eu(A) = 0.0082g6(A) — 0.0057 Gy (A)
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Unknown UV theory

Effective ALP Lagrangian

Peccei-Quinn symmetry breaking in the UV

AN=Anf

SM + ALP Running

Effective ALP Lagrangian

Electroweak symmetry breaking after EWSB

~ 100 TeV

SM’ + ALP

Chiral symmetry breaking Effective chiral Lagrangian

Ay =A4nfr

coupled to ALP

Hadrons + ALP

Adventures in the ALPs — BNL Theory Seminar (May 13, 2021)
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Evolution below the weak scale

In this case only gluon and photon loops contribute:

We find numerically with p, = 2 GeV:

Caq(110) = Cqq(my) + [3.0Caa(A) — 1.4 ey (A) — 0.6 cpp(A) | - 102

+ Q2 [3.92,(8) — 4.7au(A) — 02cu(1)] - 1077,

Ccoe(pto) = coe(my) + 3.9, (A) —4.7cy(A) — 0.2 cp(AN)] - 107° .

[Bauer, MN, Renner, Schnubel, Thamm (2020)]
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Effective ALP Lagrangian

Peccei-Quinn symmetry breaking

A= drf In the UV

SM + ALP Running

Effective ALP Lagrangian

Electroweak symmetry breaking after EWSB

~ 100 TeV

SM’ + ALP Running

Chiral symmetry breaking Effective chiral Lagrangian

Ay =A4nfr

coupled to ALP

Hadrons + ALP
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Fun facts about K — 7a




Matching to the chiral Lagrangian

Georgi, Kaplan, Randall (1986) have developed a o ‘ "“
model-independent chiral Lagrangian approach 70
valid for any ALP model

In the quark mass basis, the starting point is (at y, ~ 4xf,):

1 0 ma,() 2
Log = LQcD A : (0,a)(0"a) 5 @

« d ~

F,, FH*
A f K

Us G 0 Auv.a
-+ CGqG 47‘_ f G/u/ G,u @ C’V’V
oHa (

f

QLkQ’YuC]L + 4R kq’VuQR T . >
N\

three light quarks u, d, s
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Matching to the chiral Lagrangian

To bosonize this theory, one first eliminates the ALP-gluon coupling using
the chiral rotation: [Srednicki (1985); Georgi, Kaplan, Randall (1986); Krauss, Wise (1986); Bardeen, Peccei, Yanagida (1987)]

. a(x)
g(x) — exp | =i (8¢ + Kq75) Caa gp ) q(r)  with IrkKy =Ky + kg + ks =1
! ~A\ _

diagonal in the quark mass basis

Modified quark mass matrix and ALP couplings:

, a
m,(a) = exp (—22nq dele. ?) m,

677 — Cyy — QNC are 1r Q2 Kq
ko(a) = e'®a @/ (kg + ¢,) e~ 1P, alf

idTa —ipTa
kq(a):6¢q /f (kq_|_¢q)6 ¢q /f

} with qb; = CaQq (5q T H,q)

[Bauer, MN, Renner, Schnubel, Thamm (2021)]
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Matching to the chiral Lagrangian

* The light pseudoscalar mesons are described by ¥(z) = exp [Z}? A7 ()

* The derivative ALP couplings to fermions are included in the covariant

derivative:

1D, Y =10,X+eA,|Q, 3| a;a (I%QE — 3 I%q>

_ . . . [Bauer, MN, Renner, Schnubel, Thamm (2021)]
* | eading-order effective chiral Lagrangian:
2 2
Li =3 T D'Y (D, X)"] - 1 BoTr 111, (a) ST+ h.c.]
2 [Gasser, Leutwyler (1985)]

1 Mmyeo o . O @ ~
+§8“aﬁua 5 @ + Cryny 47TfFWFM

* Periodic potential breaks the shift symmetry and provides
a mass for the axion (QCD instantons) [weinberg (1978); Wilczek (1978)
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M. Neubert

Weak decay K — 7a

e Strongest particle-physics constraint on ALP couplings for mass range
m, < mg —m_= 354 MeV

 Despite a 35-year history, we find that even nowadays most papers on
this process are based on inconsistent equations

* The chiral implementation of the leading SU(3)-octet weak-interaction
OperatOr iS: [Bernard, Draper, Soni, Politzer, Wise (1985); Crewther (1986); Kambor, Missimer, Wyler (1990)]

4Gp .
Lweak — \/i ud

where Li{ IS the chiral representation of the left-handed current (jiwqﬂ

Vus gs [L,u LM]32

Adventures in the ALPs — BNL Theory Seminar (May 13, 2021)
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Weak decay K — 7a

Georgi, Kaplan, Randall used:

i ife e —07)a/f ij
LMJ =~ e T4 T [2 @LET}

where the phase factor results from the chiral rotation, but the Noether
theorem gives instead: [Bauer, MN, Renner, Schnubel, Thamm (2021)]

>0,xt”
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Weak decay K — 7a

Cancellation of auxiliary parameters:

N.
D> 2—8 cac (Ky — kq) (Mma —m?)
f
Ng
Ds > “6f caa (2mi +m2 —3m2) (ky + kg — 2Ks)
Ng 2 > 2
Ds 3 ¢ ca — (0 = 8 — Ka+ k) (M +m2 — m2)
+ (8y — 0g + Ky + Ks) (M3 — M2 +m?2)
+ (04 — 05 + Ky + Kq) (M5 — M2 — mg)}
N. previously omitted contributions
Dy > —78 CaGG mK ((5 — 5d)
N,
Dy > TSCGGm (5 —0 )
with:

N8 — _G_\/g Vrjdvus 98f7%

[Bauer, MN, Renner, Schnubel, Thamm (2021)]

ALP-pion mlxmg ALP-n mlxmg “direct” contribution

T

>- ..
~~‘~~

Final-state radiation Initial-state radiation  “direct” flavor-changing

ALP contribution

> Find that omitted contributions have a large

effect (parametrically dominant terms)

> Including only the first two diagrams (ALP-

meson mixing) gives an uncontrolled
approximation (except in very special cases)
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Weak decay K — 7a

Decay amplitUde: ALP-pion mlxmg ALP-n mlxmg “direct” Contributio_n
v
. N [ (1~ m2)(m — ) o
ZAK_—HT_G, — I p 166GG 2 9 9 IR
4f | 4ms. — mz — 3ms; .
) m7 — m? .
+ 6(Cuu -+ Cdd — 2683) m, 1 5 5 a3 5 ) ) T
My — My — oMy, K, & . o K‘H‘K_ T K~
+ chu + Cdd + Css m2 — m2 — m2 =+ 4Css m2 ” Y Y * ‘“
K ;s a a ‘ ) .
. a' ‘
+ (kd + kD _ ks . kS) (m%{ 4 m72r _ mg) Final-state radiation  Initial-state radiation FIavor;c;huapr;i?]igg ALP
m2 — m2 23 _ |
K 7 [k, + ko] Georgi, Kaplan and Randall have only

2f considered the axion-gluon coupling caga
and find a result smaller by a factor

with:

My,

~ (.16
2(my, + myg)

N8 — _G_\/g Vrjdvus 98f7%

[Bauer, MN, Renner, Schnubel, Thamm (2021)]
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K — ma phenomenology

Expressing the ALP couplings in terms of the couplings at the scale A = 4x f
with f = 1 TeV, and assuming MFV, we find:

/ strong-interaction phase of gs
1 TeV

ik [6”8 (858 ¢ + 1.79 cuu(A) + 1.81 caa(A))

|AK_—>7T_CL‘ ~ 10_11 GeV

+ ¢ (= 65.8 cuu(A) + 0.32 caa(A) 4 0.21 coe + 038 Eww)
/

weak phase of V4’
—1.12-10" k5 (A)} <« proportional to Vig'Vis in MFV

The coefficients refer to m, = 0, but they vary by less than 10% over the entire
allowed mass range. Two “benchmarks”:; [seee.g.: Gori, Perez, Tobioka (2020)]

. . “indirect” contribution (gs) dominates

» only ¢y # 01 “direct” contribution (from RG running) dominates
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K — ma phenomenology

More generally, one can derive bounds |c;;|/f < [Afff } - for all relevant ALP
couplings using the NA62 upper limit Br(K~ — 7~ X) < 2.0 - 1071°(90% CL),
which implies:

C;; CGG Cww Cuu Cdd kp12 kp'2/|VaVis]

NS [Tev] 61.3 6.5 1126 31.0 1.9 - 108 60 000

> very strong bounds on flavor-changing ALP couplings in the UV
> strong bounds on ALP couplings to fermions (cu or cq)

> relatively strong bounds on ALP-boson couplings
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Flavor benchmarks
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M. Neubert

Flavor physics benchmarks

RG evolution effects have a profound impact on phenomenology, for
instance in flavor physics

General lesson: no ALP couplings can be avoided !

Below we consider 8 benchmark scenarios, starting with a single ALP
coupling in the UV (at A = 4 f) and assuming flavor universality

We then calculate the contributions to various flavor observables and
derived bounds on the UV couplings as a function of the ALP mass

In this process, we carefully account for the effects of the ALP lifetime and
Its various decay modes

based on ongoing work with M. Bauer, S. Renner, M. Schnubel & A. Thamm

Adventures in the ALPs — BNL Theory Seminar (May 13, 2021)
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Flavor physics benchmarks

ALP branching fractions in the benchmarks with a single non-vanishing ALP-
gauge boson coupling at the UV scale:  Bauver, MN, Thamm (2017)]

1 CGG | CWW 1 B CBB /y,y
’[’N\\ E E A — 47Tf 6+6_
I - f =1 TeV
107 —_— T
S S
T T
S S — Tt
n 1072 n 1072
- == hadrons
n
l*\\ —
‘ 1073 ¢ -==  CC
I,“ :
I —
NN | L1 1 1INl | L1 111l | Iﬂlll/y 11111 1 L1 1111 1 | N | L1 1111l | | N 1 1L 11LLL | L L L L1l |A|||||| 1 |m||| - bb
1073 102 10 1073 102 102 10! 1 10
m, [GeV] m, [GeV] m, [GeV]
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Flavor physics benchmarks

ALP-gluon coupling in the UV

10 K; — nlete T — ~va(up)

B, — B, mixing

10°

102

s

_|_

<

& |
/l\
~

R

B — K*a(up) BT — 7T+,u+,u_ -

[
-

\

ceal/ f [TeV™']

BT — K" a(up)

10~ 1073 1072 107! 1 10
m, [GeV]
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Flavor physics benchmarks

ALP-W coupling in the UV (note change in scale):

T — v+ hadrons

104 B, — B, mixing
By — ppt
103 dBr/dq* (B — K*ee) -
_ T — va(up)
T
> Kp—mvy ISM gt o 4,
é 102 2 il
A
= B — K*a(up)
210 :
1 \ BT — K"a(up) ]
10_1 I I I I I
107~ 1077 1072 107" 1 10
m, [GeV]
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Flavor physics benchmarks

ALP-B coupling in the UV (note change in scale):

10°

(G-
-
(\®)

cgsl/ f [TeV™]

10 F

10~ 1073 1072 107! 1 10
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Flavor physics benchmarks

Impact on the chart for the ALP-photon coupling:

i
10%} | LEP : T 10* 10°
IT—>inV.+y I e
103F — | 103 103
Ik e” —inv. +vy | -
10} | . b | 10} 102}
| %
‘_lr‘—1 10 L LSW |HB stars @O : F 10k F 10k
) 1 CAST | © | ) | o 1
b + | | t t
|
= o1 SISO | AT AT
%bi | | %bii &’5052
—~ 10—2 | SN1987a | -~ 10_2 -~ 10_2
|
|
1073 : | 1073 1073
|
|
1074 | SN : 1074 1074
|
Decay I CWWwW CBB
107> R : o 1075 ] 10-3F
1o~ 10072 10° 10°% 107 1 10° 10°° 10° 10* 103 102 1000 1 10 10°° 10° 10* 103 102 1000 1 10
m, [GeV] m, [GeV] m, [GeV]

bounds from cosmology, astrophysics

. . Cyy = CWW T CBB
and collider physics b
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Flavor physics benchmarks

ALP branching fractions in the benchmarks with a single non-vanishing ALP-
fermion coupling at the UV scale:  (Bauer, MN, Thamm (2017)

CQ [ Cy " Cd " CL, Ce -
'E ot 'E " Ie Le —
C 1 - C C
: L : ; ; — cte”
i |‘ /,'i i
~ 7R .
Py 10 1; :\\\- —_ E — — — M+M
> : el = > >
T - T - T T _
S o S - S S I 7-—|_7-
s 102¢ A 1072 g 1072 m 1072
: - hadrons
10_3 = /l, - om m CE
- /
: i W _
IHEEE RN I AEEET I REETI A} I NN L1111 L1 1 111111 (R Lidll Iy NN L1 11 L1 it 11 1111l P11l [ L1111l L1 111l | Y NN N NN == bb
1073 1072 107! 1 10 1073 1072 1073 102 107! 1 10 1073 1072 107! 1 10
m, [GeV] m, [GeV] m, [GeV] m, [GeV]
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Flavor physics benchmarks

Flavor-universal ALP-ur coupling in the UV:

Bs — B mixing
10°

10?

lcal/f [TeV™]

1072

1072

107

1073 1072 107! 1 10
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Flavor physics benchmarks

Flavor-universal ALP-dr coupling in the UV:.

104 B, — B, mixing
10°
10°

10

lcal/f [TeV™]

1073 1072 107! 1 10
m, [GeV]
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Flavor physics benchmarks

Flavor-universal ALP-Q. coupling in the UV:

B, — B, mixing

col/f [TeV™']

m, [GeV]
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Flavor physics benchmarks

Flavor-universal ALP-er coupling in the UV;

T — ya(pp)
>
=
=
5
1} \ BT — K" a(up)
107}
10_2 I I I I
1073 1072 107! 1 10
m, [GeV]
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Flavor physics benchmarks

Flavor-universal ALP-L, coupling in the UV:

ek
-
N

[
-
W

W
-
(\®)

10

e/ f [TeV™]

1072 - -
1073 1072 107! 1 10

m, [GeV]
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Flavor physics benchmarks

Impact on the chart for the ALP-electron coupling:

M. Neubert

lcee/ f[TeV™']

103+

1073¢

1076-

BaBar 1035 _
8
Edelweiss 0,7 — '™ Edelweiss 1T

K > >

O . - O

= =

~ — - S~

~— ~

N S

S 107k -

Red Giants "Red Giants
1076+ Cr,
106 1072 1 106 10 | 1
m, [GCV] mg [GGV]
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ALP—-SMEFT interference

Copyright @ Julie Arlene Spencer



ALP—-SMEFT interference

It Is well-known that one-loop diagrams with virtual ALP exchange can be
UV divergent. This was first studied in the context of (g-2),:

[Marciano, Masiero, Paradisi, Passera (2016); Bauer, MN, Thamm (2017)]

Y Y

10

[ | excluded by
i | BaBary’ o, .
| | search UV finite UV divergent
o [ Z [y N a
- _ \
> | _ \
E of 0! a 0! v [ [
S
&= § i
b o m, (cup)? m?2 20x e m2
| 5&# = e Kau (,u) — 1672 hl m_/% — ? Crup Ofw In m_/% + 52 + 3 — h2 m_i
- - my, = 1.5GeV : , ,
' I ' a 1 —4s2 3
_1910 _53 0 5 10 — o 5 ¢ Cup nyZ (ln % + 09 + 5) } :
w “w A

cSh /A [TeV™'] cih /A [TeV™']

needs a D=6 counterterm not
contained in the ALP effective Lagrangian
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ALP—-SMEFT interference

A systematic treatment of these UV divergences requires an embedding of
the ALP model in the SMEFT:  [Buchmiiler, wyler (1986)

2

1 m;,
Leg = Loy + 5 (0,a)(0"a) a° + Lsyviarp + LSMEFT
where: S . ) .
ﬁé)l\j—?ALP = Ceaa ? GZV G" + Cww ? W/f,/ Wl + Cgg ? B,uy BY

a

f

Irrespective of the existence of other new physics, the presence of a light
ALP provides source terms S; for the D=6 SMEFT Wilson coefficients:

(Qﬁ%uf{ + QHi}d dR + Z_LH?;eR + hC)

[Galda, MN, Renner: 2105.01078]
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ALP—-SMEFT interference

Systematic study of divergent Green’s functions with ALP exchange:
[Galda, MN, Renner: 2105.01078]

Operator class Warsaw basis Way of generation

Purely bosonic

X3 yes direct —
X?2D? no direct
X?2H? yes direct —
X H?D? no —
HS yes — EOM
H*D? yes — EOM
H?D* no

Single fermion current

W2XD .
Y2 D3 no — o
\ - N
VX H yes direct — ‘. 7 AN
V2 H? yes direct EOM > >———> 5 ‘—é —> T
: : . u

V?H?*D yes direct ~ EOM A A A Y
Y2HD? no : : : :

4-fermion operators

(LL)(LL) yes EOM
RR)(RR yes — EOM > > >
(RR)(RR) | S e S
(LL)(RR) yes direct EOM I 3 I 3 I 3
(LR)(RL) yes direct — \\ A \\ Y ‘\ A
(_R)<ZR) yes dlreCt E— O) = '-“"’ > d Q) N ._.‘"’ > ” - > ~ -° _,"’ > O
B-violating yes — —

[Grzadkowski, Iskrzynski, Misiak, Rosiek (2010)]
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ALP—-SMEFT interference

Sample calculation: UV divergences of triple gauge-boson amplitudes

m,&,m M Elimination of the redundant operators using the

EOMs:
O%G 4 = 2 a Uv,a .
A(gg(g)) - 49, (Qa) + 3 (Qaz) = 2m, <G”VG “)| + finite @G,z =~ g7 (Q”VMTCLQ +uy, T+ CZVMTGCZ)Z
2 ~ | | 1 1
A(WW(W)) = —OVL/W [492 <QW> + g <QW,2> — sz <W,L{I/ W'LLV’I>] —+ finite — gg [Z ([Qéé)]prrp + [Qé?])}prrp) B 2—]\/'0 [Qéé)}pprr + 5 [Quu] prIp B 2—]\]0 [Quu} ppTT

1 1

2 AN
A(BB) = —CfB E (Qpa) — 2m? (BWBW>] + finite

:
Redundant operators: Qua = %Iz (H D H + Q2,0 Q + Lya'L)
Oca = (DPC, )" (DG = gy (H'H)” + 40 Qu +3Qun +2 ([Q3],, + (@],
Qwa = (D*W,,) (D, Wer)! +2[(%2),, [Qual, + (V2),, [Qun],, + (¥2),, [Qen],, +1c]
Io2 = (D" Byu) (0.5 2[00, 420~ [l + [06)),0]
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation Sq = 8¢ C'?; - [S—
= 8¢, ’ 5=
Purely bosonic Sw = 8¢5 CI%V . [ —
) %%
X yes direct —
X?2D? no direct She =0, Spa =0
X?H? yes direct — —
SHW:_29202 , S, =0
X H?D? no - S Hw
H® yes - EOM Sup = —291 Cgp, SHg =0
H*D? yes — EOM SHWB = —49192 OWWCBB , SHWB =0
H?D* no —
Sy = O ng2 (2
H = 3 92 “ww >
8
Suo = 295 Ciyw + 3 91 Vir
32
Sup = 9t Yii Cip -
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation

Sew = =192 Y. Cyyw

Seg = —2t91 (Vr + V) Y. Crp

Single fermion current

V?* XD no — o~
W2 D? no - S.a = 419, Y, Cac
¢2XH yes direct — S, = —10> ?u Cww
2H3 es direct EOM . ~
f 2 ’ : SuB = —2ig1 (yQ + V) Y., Cpp
Vv H*D yes direct EOM |
W2 H D? no — Sac = —4igs Yq Caa

Saw = —192 Yy Cww

Sag = —2ig1 (Vo + Vi) Y, Crp
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation . 6
1) _ vyt 222 2
Single fermion current Shi = A YooY + 3 1 YV Cpp 1
2 L 3 ]. ~ -~ 4
v " Siil = 7YY+ 503 Gl 1
Y? D3 no —
. l ~.~ 16
VX H yes direct — S, = -5 Yte 4+ - g% Vi), 01233 1
V2 H? yes direct EOM
. l /1~ & ~ = 16
V2*H?*D yes direct EOM | Sg; — T (Y;inT Y, Yj) 4+ = g% Vu Yo C%B 1
?*H D? no — . A
Sty =1 (V¥ + ¥ ¥]) + 5 g3 G 1
l ~. = 16
l ~: o 16
Sni=—5Y{Ya+ 5 61 YuYaChp 1
SHud — _S}JIA}GZ
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class

Warsaw basis

Way of generation

Single fermion current

W2X D
¢2D3
V2X H
¢2H3
W2H?D
¢2HD2

no
no
yes
yes
yes

18(0)

direct
direct

direct

EOM
EOM

M. Neubert
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SeH — _25}6]/;5}6 —

San = —Q?deTffd —

l & = l ., 50
“Y.Y'Y.- -Y.YY. +
2 2

l &~ = 1
—YuYuTYu——

2 2

l & o+ 1, oio
§YdeYd—§YdeYd—|—

4
3 95 C%VWYe

4

4
g 93 OI%VWY;i




ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation 5 S
2 12 2192 12
4-termion operators [ ll]pmt N § 92 CWW (25p tOsr 6p " 68t) i § 9 yL CBB 5pr O

TTNT _ 2 2 8

(LLKLL) yes EOM 8] = . g2 Ci., (5pt Osr — <7 Opr 58t> +3 91 V2 C3 5 Opr Ot
(RR)(RR) yes — EOM c
(_L)(RR) yeESs direct EOM S(g) 2 2 ~9 2 2 ~9

ST = 2202 8,,00 4+ = 2 O 6,06
(LR)(RL) yes direct — S0 L pra g e aa g u2 T ww e

TRY(T : - 16
( R)(LR) Y dlreCt [Sl(ql)]prst — ? g% yL yQ C%B 5297“ 5575
B-violating yes — —

4
3
S = o 62 iy D
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation S
_ 9 2492 2
4-fermion operators [See] prst o 3 gl ye CBB 6197“ 5815
LL)(L — 4 1 3
(LLKLL) yes EOM Su) gy = 3 g- Cé.q <5pt Osr = =7 Or 58t) +3 G2 V2 Chp 60t
(RR)(RR) yes — EOM c
(LL)(RR) yes direct EOM 4 5 ( 1 ) 8 oo
_ S = —g.C Opt Osr — —— OprOgt | + = C5 5 0pr0s
(LR)(RL) yes direct — [ dd] prst 3 Is Zaa | Ort N, Pt 3 91 Va Cpp OprOst
(LR)(LR) yes direct — 16 ;
B-violating yes S — [SGU] prst — ? g1 Ve Vu CBB 5pr 5575
16
[Sed] prst — ? 9% yeyd C%}B 6pr63t
16
[Sz(ii)]prst — 3 9% NZ C]_%?B Opr Ost

16

8
[Sl(bd)]prst — ? g? CéG 5297" 55?5
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation [ S ] _ (}N’) (]N/T) n E g% V.Y C% 5 b
€1 prst €)pt\ "€ )gsr 3 e rYs
4-termion operators
S _ 15 ViV Ctp 6,00
(LL)(LL) yos — EOM (St st = 5 9 V1.V i Opr bt
(RR)(RR) yes — EOM 16 , 5
7 » — 5 0 7“55
(LL)(RR) yes direct EOM [Sld] prst 3 91 Yr.YVa Cpp OprOst
(LR)(RL) yes direct — 16 5
_ _ S e — 5 e C 0 7“58
(LR)(LR) yes direct — [ 1 ]Prst 3 91 VoVe Cp OprOst
B-violatin es — — | ~ 16
& - [Sé?lﬁ)]prst — F (Y“J)pt (YUT)sr T ? g% y@ yu C%B 5p’r' 5815
(3) v (v 16 5
[Squ ]prst — 2 (}fu)pt (YU )sr —I_ ? gS CGG 5297“ 5375
(1) L 5y (v 16 , >
[Sqd ]p’r‘st — F (}fd)pt(yrd )sr + ? 91 yde C(BB 5]?7“5875
(8) \/ el 16 5
[Sqd ]prst =2 (m)pt (]fd )S’I" + ? 9s CGG 5197“ 5St
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ALP—-SMEFT interference

One-loop results for the ALP source terms:

Operator class Warsaw basis Way of generation
4-termion operators

(LL)(LL) yes — EOM
(RR)(RR) yes — EOM
(LL)(RR) yes direct EOM
(LR)(RL) yes direct — —
(LR)(LR) yes direct — —
B-violating yes — —

1 prst o

1 prst o

1 prst -

1 prst o

1 prst -

0

—2 (i}e)pr (i}dT) st

~

(Y.),, (Ya),,

(starts at 2 loops)

—2

0

—~ —~

2(Ye),,, (V)

(starts at 2 loops)

With very few exceptions, all operators in the Warsaw basis are generated at

one-loop order in the ALP model !

M. Neubert
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Top chromo-magnetic moment

Sample application: chromo-magnetic dipole moment of the top quark

o y a a | lat I e als) a | Zdt g a a
‘Cttg — (g (t”)/'uT tG’u | th tot'T tG/ﬂ/ | th t ot ’}/5T tGM”)
" . 1}2 A UQ
with: =22 ReC®,,  d, =2 amo

gs gs

ALP-induced contribution follows from the solution of:

d S5 150 17c Oqy sy
%033: uG | ¢ S%CBSI S CIStC
d SG 150&5

Co = | C
dlnp  © (47 f)? Ar ¢
Chg = Crc ReC
dinp H¢ ( 2r > HG T 75 g
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Top chromo-magnetic moment

At lowest logarithmic order, one finds:  [Gaida, MN, Renner: 2105.01078]

A 82 inf 9oy o o odTf
~ I In® —=
I gy [ G0 N Ty Cea
1 TeV]’

~ — (5.87Ctt OGG — 1.98 Oég) . 10_3 X fe

Combined with experimental bounds from CMS (2019), we obtain:

1 TeV]?

—0.68 < (it Cag — 0.34CL) X | < 2.38  (95% CL)
color dipole Weinberg 3-gluon
operator operator

Comparable to strongest bounds following from collider and flavor physics !
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Summary

M. Neubert

Axions and axion-like particles appear in many well-motivated extensions
of the SM, including those addressing the strong CP problem

They are an interesting target for searches in high-energy physics, using
flavor, collider and precision probes

If the scale of global symmetry breaking is far above the weak scale, it is
Important to connect the low-energy ALP couplings in a systematic way
with the couplings in the UV theory

A correct implementation of the left-handed quark currents in the chiral
Lagrangian is required to correctly obtain the K — zma decay amplitude

ALP unavoidably provide source terms for D=6 SMEFT operators
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