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A model of muon anomalies

Admir Greljo

Recent R(K) update from the LHCb experiment at CERN reinforced the tension of B-meson decays
into muons. Shortly after, the Muon g-2 experiment at Fermilab strengthened the tension in the muon
anomalous magnetic moment. Immense theoretical and experimental work is still needed to possibly
establish the existence of new physics, nonetheless, we can already ask relevant questions. Can
muon anomalies be coherently addressed in models beyond the SM, and if so, where else should
we look for confirmation? | will discuss minimal extensions of the SM based on 2103.13991.
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Hot topic in flavour physics: Muon Anomalies
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New physics?
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® Yukawa sector
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Flavour breaking + EWSB —
Fermion masses and mixings
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Mass / VEV
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Mass / VEV
The CKM mixing
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Mass / VEV
The CKM mixing
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Mass / VEV
The CKM mixing
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The Standard Model

Truncation at the [£Lo\] < 4.Valid for E << Acyiofr

IR relevance = Accidental global symmetries

GSM (Yu,d,e # O) _

global

Ul)p xU(1)e xU(1), xU(1),
[Suppresses proton decay & charged-lepton FV]

Accidental symmetries are broken by the irrelevant couplings.

Next: Irrelevant couplings. ..
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Muon anomalies: SMEFT picture
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Muon anomalies: Leptoquarks
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Muon anomalies: Leptoquarks
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Charged-lepton flavor violation
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Almost exact lepton flavor symmetry
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Almost exact lepton flavor symmetry = Gauged lepton flavour U(I)XM
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e Scalar leptoquarks are charged under U(l)XM gauge symmetry such
that they interact with muons but not with electrons or taus.

® [his ensures the accidental symmetries of the SM, even though the
leptoquark s present.
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e Scalar leptoquarks are charged under U(l)XM gauge symmetry such
that they interact with muons but not with electrons or taus

® [his ensures the accidental symmetries of the SM, even though the
leptoquark s present.
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The quark flavor structure

e The gauge symmetry fixes the lepton couplings of §; 5 but not the quark.
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The quark flavor structure

e The gauge symmetry fixes the lepton couplings of §; 5 but not the quark.
e [he SM has an approximate U(2)q X UQ2); X UQ2)p quark flavor symmetry,

® [he first two generations form a doublet while the third is a singlet.
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The quark flavor structure

The gauge symmetry fixes the lepton couplings of §; 5 but not the quark.
The SM has an approximate U(2)q X UQ2); X UQ2)p quark flavor symmetry,

The first two generations form a doublet while the third is a singlet.

In the limit of an exact U(2), only the top and the bottom quarks are massive
and the CKM matrix Is identity - an excellent starting point.
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The quark flavor structure

The gauge symmetry fixes the lepton couplings of §; 5 but not the quark.
The SM has an approximate U(2)q X UQ2); X UQ2)p quark flavor symmetry,

The first two generations form a doublet while the third is a singlet.

In the limit of an exact U(2), only the top and the bottom quarks are massive
and the CKM matrix Is identity - an excellent starting point.

The minimal breaking needed to fit the quark masses and mixing consists of

spurions: V =(2,1,1), A, = (2, 2.1) anc A, =(2,1 . 2)

V p— (‘/vtd7 ‘/ts ) il See PRISMA+ Colloquium by Fuentes-Martin
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The quark flavor structure

The gauge symmetry fixes the lepton couplings of §; 5 but not the quark.
The SM has an approximate U(2)q X UQ2); X UQ2)p quark flavor symmetry,

The first two generations form a doublet while the third is a singlet.

In the limit of an exact U(2), only the top and the bottom quarks are massive
and the CKM matrix Is identity - an excellent starting point.

The minimal breaking needed to fit the quark masses and mixing consists of

spurions: V =(2,1,1), A, = (2, 2.1) anc A, =(2,1 . 2)
V — (‘/vtd7 ‘/;S)T See PRISMA+ Colloquium by Fuentes-Martin

Let's assume the muoquark interactions & D 7, O'u S respect the same rules:

771(3)L x OV)a® 1 't o OATV) D1
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A muoguark solution of muon anomalies
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- EW and flavor opservables, LFV, LFU, magnetic

moments, neutral meson mixing, semileptonic and
rare B, D, K decays, etc.
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A muoguark solution of muon anomalies

Lot gez S3+nltgs ez S1+n'Rug ur Sy

o (lobal fit

- One-loop matching to SMEFT from 2003.12525
- 399 observables in smelli 1810.0/698

- EW and flavor opservables, LFV, LFU, magnetic
moments, neutral meson mixing, semileptonic and
rare B, D, K decays, etc.

FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
U?L — (V;fch %s, 1)77§La nzlL — (V;fda ‘/;587 1)77?1>L7 and 77le —
(0, 0, 1)77§R. The muoquark masses are set to My = M3 =

3TeV.
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A muoguark solution of muon anomalies
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FIG. 1. The preferred muoquark Yukawa couplings from
the global fit to low-energy data. Here we choose
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(0, 0, 1)77§R. The muoquark masses are set to My = M3 =
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A muoguark solution of muon anomalies
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R 7 ya——— | ® Global fit
o s | ! - One-loop matching to SMEFT from 2003.12525
| - 399 observables in smelli 1810.07698
0.150 - / - EW and flavor opservables, LFV, LFU, magnetic
moments, neutral meson mixing, semileptonic and
. 0.125 - 7 rare B, D, K decays, etc.
S
I 0.100 - A )
- ® p—
0.075 -
| By — pp lo
00501 o ¢ R 1
o5 b— suji 1o * No tension with complementary data
' g-2 lo
—— global, 10,20,30 -When varying O(1) in front of the spurions
0.0000'0 01 02 03 04 05 06 07 - Linear coupling vs mass rescaling

3L
T3

FIG. 1. The preferred muoquark Yukawa couplings from ¢ COlllder constraints

the global fit to low-energy data. Here we choose

P = (Via, Vis, DY, 0V = (Via, Vis, 1) nAF, and n® = M, > 1.4TeV ATLAS M, > 1.7 TeV ATLAS
(0, 0, 1)77§R. The muoquark masses are set to My = M3 =
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| he scalar potential

® [he spontaneous symmetry breaking
Ve = —uh|H|* — pg|®P° + s Au|HI®
+ 31 20|®|* + Aoy || H|?
e H break EW, while the SM singlet @ breaks U(1)y.
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| he scalar potential

® [he spontaneous symmetry breaking
Ve = —uh|H|* — pg|®P° + s Au|HI®
+ 12| @|* + Ao O |H|?
e H break EW, while the SM singlet @ breaks U(1)y.

® |nthe limit gy = 0 and/or vg — o0 is the decoupling of U(1)y sector.
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| he scalar potential

® [he spontaneous symmetry breaking
Ve = —uh|H|* — pg|®P° + s Au|HI®
+ 12| @|* + Ao O |H|?
e H break EW, while the SM singlet @ breaks U(1)y.

® |nthe limit gy = 0 and/or vg — o0 is the decoupling of U(1)y sector.

® [he rest of the potential:

Vis = M7|S1[° 4+ M3[Ss|* + Aa1|@1%[S11> + Aas|®[%[S5]> + $A1(S]S1)? + Mg [H[?|S1 1% + Ars|H|?[ S5
+wpsH olo? H(SY' ST) + (kesH o H(S]S1) + h.c.) + 2A3(5853)2 + Lrs(SI S)) (817 sE)
+ 303(S5 89 ) (ST ) + Ais|S112[Ss|* + k13(S]S1)(S155) + (v13(S195)(S1S5) + h.c.).
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The sca

® [he spontaneous symmetry breaking

Vs = i [HI? — |2 + g H]
+ e |®|* + Xom | PP H|?

ar potential

e H break EW, while the SM singlet @ breaks U(1)y.

® |nthe limit gy = 0 and/or vg — o0 is the decoupling of U(1)y sector.

® [he rest of the potential:

Vig = M7|S1[% + M5[S5]” + A1 |@|2[S1|* + Aas|®[%Ss* + 3A1(STS1)? + Ag1|[HI?|S1|* + Ags| H|?|Ss
+rpsH olo? H(SI'SY) + (ks H o H(S]SE) + hc.) + LA3(8185) 4 Ira(S57S9) (517 8)
+ 303(S§1 S ) (S SY) + MaalS1?[Ss* + raa(SES1)(ST95) + (v13(S]S5)(S]85) + hec.).

® [he RGE of the benchmark point

- Two loop Yukawa and quartic, three loop gauge
(RGBeta 2101.08265)

® |n this benchmark

e No Landau poles up to the Planck

® [he potential Is stable - |I-

47

1.0 1

0.8

0.6 1

0.4 1

104 107 1010 1013 1016 1019
p [GeV]



Finite naturalness
® [he Higgs mass

9 Ags + Kky3) A
_ 2 2 M
|
\ / 5
L Nea SAHL , 19 g 4 2
o + (47T)2M1 (1 + In —Mf + O(u /Mljg)

For a small RGE-induced quartic couplings 0(0.05), no tuning only if M| 5 < afew TeV
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Finite naturalness
® [he Higgs mass

9()\H3—|—/4H3) 2 'LLQ
I 512, = — M3 (1+In"22
CTN i (i)’ T
__i\_\._/_/__ un SAH1 M? 1 +1n M K + O 4/M 3)
(47)* M2

For a small RGE-induced quartic couplings ©(0.05), no tuning only if M, 3 < atew TeV

® [he muon Yukawa

e Removing the photon — correction to the muon Yukawa

3 i 1Lx, 1
,_.5\34 Wi = L) (1 +In W) Y
ot o
M M e (g —12), requires larger couplings for heavier leptoquark

e No tuning only if M 3 S atew TeV, see also the RG flow
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Finite naturalness
® [he Higgs mass

9(>\H3—|—/1H3) 2 'LLQ
S 12, = — M3 |1+ mh-M
CTN = (4m)? T
el 230 (1 ) oz,
(47)* M2

For a small RGE-induced quartic couplings ©(0.05), no tuning only if M, 3 < atew TeV

® [he muon Yukawa

e Removing the photon — correction to the muon Yukawa

3 i 1Lx, 1
,_.5\54 0Yp = — (17)? (1 +In W) m Yl n
ot o
M M e (g —12), requires larger couplings for heavier leptoquark

e No tuning only if M 3 S atew TeV, see also the RG flow

e Finite naturalness provides argument for direct searches at colliders
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Neutrino masses

The minimal type-| seesaw mechanism
2 -1 T
my = =V Yy (MR T yCI)<(I)>) Yo
The U(I)B_3LM imposes a flavor structure for 'y, , Mp, Ve

The Dirac mass matrix splits into 2x2 et block and a diagonal .

The Majorana mass matrix is entirely populated except (2,2) entry.

There Is enough parametric freedom to accommodate for:

- Neutrino oscillations data,
- The Planck limit on the sum of neutrino masses,
- The absence of neutrinoless double beta decay.

Not the case for all U(l)XM. Example is U(l)Lﬂ_LT, see 1907.04042.
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Proton decay

What U(l)B_3Lﬂ does to a leptoquark?

® |nteracts only with muons e No proton decay up to dm-6

St s 0osi#!

The U(I)B_3Lﬂ gauge symmetry and the available field content ensure

that B number is conserved also at the dim-5 effective Lagrangian.

This is not the case for e.g. L, — L. Quantum gravity Is expected to
break global charges and dim-5 diquark can be dangerous.

1
i VqSTqﬁTq, together with ¢S needed for the muon anomalies and
P

TeV-scale § mass, leads to dangerous proton decay.
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Do we have to decouple U(I)Xﬂ?

53



No!
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A minimal model example

o SMx U(l)B_3LM gauge symmetry

Greljo, Stangl, Thomsen, 2103.1399 |

Muon force

Muoquark
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A minimal model example

o SMx U(l)B_3LM gauge symmetry

Greljo, Stangl, Thomsen, 2103.1399 |
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Muon force

Muoquark



o SMx U(l)B_3LM gauge symmetry

SM

A minimal model example

Greljo, Stangl, Thomsen, 2103.1399 |
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SU3)e| SUR)e | Ut)y | Ulgs1,
Gl 9 2 /e /4
M 2 -ln, | <0,-% 04
w | 3 | 23 /4
L1 93 l -3 /3
v | 1 l 0 <0,-% 04
| | | ~ | 0,5, 0]
H l 2 I, O
D n l O 3

Muon force

* Minimal type-| seesaw
for the neutrino masses

Muoquark



A minimal model example

o SMx U(I)B_3Lﬂ gauge symmetry

Greljo, Stangl, Thomsen, 2103.1399 |

SU3) | SV | Ul)y | Ug-ar,
o3 9 2 /e /4
Lo 2 “lp, | 20,-%, 04
SM_w| 2 | 3 73 Muon force
L] 3 l -/ /4
ve | ! l 0 20,5 0%
A l - <0,-%, 07
+ ! 2 7 O
D n | 0 3
S| 9 9, /3 3/ Muoquark

<> Q, LS,



A minimal model example

Muoquark
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A minimal model example

Muon force
(&—2),: X

Ty

Iz 5 M
¥

Muoquark
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A minimal model example

Greljo, Stangl, Thomsen, 2103.1399 |

Muon force

R
f

Muoquark
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A minimal model example

Muon force
(&—2),: X

Ty

M g M
¥

Muoquark
L
R(K) : S:,,
5 M
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| — (-2, LHCb
J | Borexino BaBar

CCFR

1 e=gx/10

T AT
my [GeV]

A robust muon bound:
Ny, = Nuv,up (CCFR) my < 0.5 GeV

Electron bounds (Borexino, NA64):
- From the running of a small kinetic mixing we
observe € ~ 0O(gy). Can be tuned away.

Other constraints from DarkCast [801.0484/,

The full U(I)Xﬂ atlas, work in progress
[AG,Stangl, Thomsen,Soreq,Zupan]



Implications for Higgs physics: Muon force

Ve = —py|HI? — pg|®)° + sAm|H|*
+ e |P* + Nop |PI°|H |7

o From (g —2), we have gy ~ 10~* and my, € [10,200] MeV.

v = V2mx/|lqalgx ~ 60GeV/|qo)
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Implications for Higgs physics: Muon force

Ve = —py|HI? — pg|®)° + sAm|H|*
+ e |P* + Aop |P°|H |7

o From (g —2), we have gy ~ 10~* and my, € [10,200] MeV.

v = V2mx/|lqalgx ~ 60GeV/|qo)

e Mixing between real scalars & and @.

s X = U U Aom» Ao .
AE ey h — [0V
Ap ¢ —>XX

® [his scenario has a chance to leave observable imprints in the overall Higgs
couplings or in the invisible Higgs decays.
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Summary: Muoquark and a muon force

A sketch of a minimal structure:

Type A Type B Type C
Tree-level | R (., b — sup S3 S3 heavy X
One- o0p (g — 2)'“ Sl/RQ llght X Sl/RQ

TABLE I. Three types of muoquark models, which can ad-
dress the muon anomalies for a variety of lepton-flavored
U(1)x gauge groups.

Greljo, Stangl, Thomsen, 2103.1399 |
® \Why is the muon special?

| don't know.
The model Is an attempt to follow data, I1.e., 1t Is bottom-up motivated...
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