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Muon Anomalies

Footprints of a next layer?
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Leptoquark

[Phys.Rept. 641 (2016) [-68]
Dorsner, Fajfer; AG, Kamenik, Kosnik

g [,

adA=€,U,T

e Portoroz 2021’s favourite game

o [eV-scale LQs were not exactly a
popular game before the anomalies
=> [next slide] 3



Leptoquark
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Accidental symmetries

e Accidental symmetries emerge from:
|. Spacetime + Gauge symmetry and Field content.
2. Lagrangian(x) = infinite polynomial in fields and derivatives,
but only a finite number of IR relevant operators dim[Z] < 4

® |nthe SM,all IR relevant operators respect:

U(l)p x U(D), x U(1), x U(1),
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Gauged lepton
Leptoquark flavor U(1)y

+ 8

Muoquark
= LQ with the U(1)y charge:

Vv arS

X 1¢5.47S. qqS"
qqS"H, qqS" ¢

® The accdental symmetry is
Ul x U(1), x U(1), X U(1), and
6 the LQ charge is (—1/3,0, —1,0)

Hambye, Heeck; 1/712.0487 |
Davighi, Kirk, Nardecchia, 200/.15016

AG, Stangl, Thomsen, 2103.1399 |
AG, Soregq, Stangl, Thomsen, Zupan; 2107.07518
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The U(1)y atlas

e SU3)c x SU(2)r x U(l)y x U(1)x gauge group

¢ (Chiral fermions:

Qi ~ (3727 %7XQ7,)7 UZ ~ (37 ]-7 gvXUi)a Dz ~ (37 ]-7 _%7XD7;)7

Li~(1,2,—% X1), E;~(1,1,-1,Xg,), N; ~ (1,1,0, Xy,)

Left-handed H Right-handed

® [he symmetry breaking scalar fields:
H=(120.Xp) . 6=(110X,)

e Without loss of generality X; = 0

* By field redefinitions, shifting X, — X, — a¥;
for all fields, gives an equivalent theory.

/ AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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The U(1)y atlas

e SU3)c x SU(2)r x U(l)y x U(1)x gauge group
1
' 6

QiN (372 7XQZ‘)7 UZN (3717%7XU¢)7 DZN (3717_%7XD7;)7
Li ~ (1727 _%7XL¢)7 EZ ~ (17 ]-7 _17XEZ')7 NZ ~ (17 1707XNZ)

Anomaly cancelation conditions:

3
SUB)e x U(l)x = » (2Xg, — Xu, — Xp,) =0,
=1
3
SU@2)7 xU(l)x : Y (3Xq, +X1,) =0,
=1
3
Uy xU(L)x : Y (Xo, +3XL, —8Xy, —2Xp, — 6Xp,) =0,
1=1
3
Gravity” x U(1)x : Y (6Xgq, +2X1, — 3Xy, —3Xp, — Xp, — Xn,) =0,
=1
3
ULy x U5 0 > (Xp, — X7, —2X0 + Xp, + X2) =0,
1=1
3
UM% Y (6X3 +2X7 —3Xp —3X) — X3 — X3,)=0.
1=1
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The U(1)y atlas

* SU3)c xSU((2)r, x U(1)y x U(1)x gauge group

QiN (3727%7XQ2‘)7 UZN (3717%7XU¢)7 DZN (3717_%7XD7;)7
Li ~ (1727 _%7XLZ')7 E’L ~ (17 ]-7 _17XEZ')7 Nz ~ (]—7 1707XNZ)

Anomaly cancelation conditions:
3
SUB)e x U(l)x = » (2Xg, — Xu, — Xp,) =0,
=1
3
SU@2)7 xU(l)x : Y (3Xq, +X1,) =0,
=1
3
Uy xU(L)x : Y (Xo, +3XL, —8Xy, —2Xp, — 6Xp,) =0,
=1
3
Gravity” x U(1)x : Y (6Xgq, +2X1, — 3Xy, —3Xp, — Xp, — Xn,) =0,
=1
3
ULy x U5 0 > (Xp, — X7, —2X0 + Xp, + X2) =0,
1=1
3
UM% Y (6X3 +2X7 —3Xp —3X) — X3 — X3,)=0.
1=1

e Unification => Rational charges. Rescale gy => Integer charges.

— 10 < Xp <10 =>21'546'920 inequivalent solutions (i.e. up to flavor permutation, etc)

*to be explored 9 Allanach, Davighi, Melville; 1812.04602
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The U(1)y atlas

Quark flavor universal

—10< Xp, <10
o Y% 5re gllowed => X Q; = XUj — XDk [276 inequivalent solutions]
(XH =0)

10 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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The U(1)y atlas

Quark flavor universal

~10 < Xp, <10
o Y% 5re gllowed => X Q; = XUj — XDk [276 inequivalent solutions]
Xy =0)
® Muoquark requirement
eg. 57 LQ: XL2 + {XLL3 , —3Xq} [273 inequivalent solutions]

Y¢ allowed => vector category : Xy = Xpg [252 inequivalent solutions]

chiral category : the rest. [21 inequivalent solutions]

1 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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The U(1)y atlas

Third-family-quark

® [he'2+|" charge assignment
Xq, = Xy, = Xp, = Xg, torall 4,5,k=1,2, and
XQs = Xyy = Xpy = Xgz . Xy=0)

e The CKIVI elements (V.;,V,) at dm-5:

QH¢U3+ ZQquDg + H.c.

12 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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The U(1)y atlas

Third-family-quark

® [he'2+|" charge assignment

XQ?L — XUj — XDk — XC]12

XQy = Xuz = Xpy = Xy -

for all

1,7, k=1,2, and

Xy =0)

e The CKM elements (V.;,V,) at dm-5:

LD—ZQH¢U3—|— ZQHngg + He.

e [he ACC condritions are satisfied provided

*The quark flavor-universal
solutions can iImmediately be

L extended to the 2 + | case.
2‘)(Q12 —|_ XQS o SXC]

® [he muoquark conditions slightly change: X4, =0

cg. S3 LQ: XLQ 3& {XL1,37XL1,3

_XQ37

13

_XQ37

—2X45,—3X4,} [171 inequivalent sol.]

—10 < X <10

AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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-xample: Vector category

¢ [wo scalar LOs:

S3 — (3, 3,1/3,X53) + S] — (39 1’1/3’X51)

Z > L Q,L,8; Z o't Q,L,S, + n'RULE,S,

See the talk by David Marzocca

(*) The X, decoupling: gx — 0, my — o0

14
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-xample: Vector category

® [wo scalar LOs:

S3 — (3, 3,1/3,X53) + S] — (39 1’1/3’X51)

Z ot Q,L,S; Z D't Q,L,S, + n'RULE,S,

See the talk by David Marzocca

o U(l)y examples: i“
- U(l)B_3Lﬂ with LQ charges +8/3

- U(l)g,_s; _1; with LQ charges +7//3

37 377

15



Admir Greljo | Muonic force behind flavor anomalies

-xample: Vector category

® [wo scalar LOs:

S3 — (3, 3,1/3,X53) + S] — (39 191/39XSI)

Z ot Q,L,S; Z D't Q,L,S, + n'RULE,S,

See the talk by David Marzocca

o U(l)y examples: ﬁ‘)
- U(l)B_3Lﬂ with LQ charges +8/3

- U(I)B;;—%Lﬂ—%LT with LQ charges +//3 Quark Flavour Structure
nt(3)L x O(V) D1
nt o« OATV) @ 1

V=2, 1,1)=(V,, V)L A, =(2,2,1)and A, = (2,1,2)
under U(2)p X U(2)y X U(2)p Barbieri et al; 11052296

16
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-xample: Vector category

g S o0 AG, Stangl, Thomsen, 2103.1399 |
IPR AN A ' M; = My = ppr = 3 TeV
e’ _t * flavio
0.175 1
o ' o
FROTTUR g N
i 0.125 -
i e
* m./ "h t 5 ( ( ) ) )
m,/m, enhancement Ny
Queiroz, Shepherd;1403.2309, ‘ﬂm
Dorsner, Fajfer; AG, Kamenik, Kosnik; < i
1603.04993, 0.075 1 \ %
Coluccio Leskow, Crivellin, D’Ambrosio,
Miller; 1612.06858 — Rk & Ry lo V-A structure
’ 0.050 + N -
Dorsner, Fajfer; Sumensari; 1910.03877 By — pup 1o Hiller, Schmaltz, 1408.1627,
Gherardi, Marzocca, Venturini; 2008.09548 b sup lo Dorsner, Fajfer; AG, Kamenik,
+ i Kosnik; 1603.04993,
e 00T (g-2u 1o Buttazzo, AG, Isidor,
—— global, 10,20,30 Marzocca; 1706.07808,
0.000 ' : : ! . . Gherardi, Marzocca, Venturini:
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 2008.09548
3L
T3 \ + many more M
3L 3L
n;~ = (Vad, Vis, 1) m3 \DL\‘/ L
- One-loop matching to SMEFT from 2003.12525 :
- 399 observables in smelli 1810.07698 i 53

- EW and flavor opservables, LFV, LFU, magnetic

moments, neutral meson mixing, semileptonic and 17 é/\ML

rare B, D, K decays, etc.



Admir Greljo | Muonic force behind flavor anomalies

o

% 1
m,/m, er
Queiroz, Shepher
Dorsner, Fajfer; AC
1 603.04993,
Coluccio Leskow,
Mdaller; 1612.0685
Dorsner, Fajfer; Sul

Gherardi, Marzocc
+ many more

- One-loop matct
- 399 observables

- EW aﬂd ﬂaVOI” CJl.J.)\,I M o I

® Present collider constraints:
M, > 1.4TeV,M; > 1.7TeV [ATLAS]

o For M, ; = 3TeV the largest coupling ~ 0.4

* No Landau poles

up to the Planck
and the potential Is
stable.

- Two loop Yukawa and
quartic, three loop gauge

(RGBeta 2101.08265)

or m, due to 5 3.

1.2

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0

—0.2

e No fine tuning in my—

— 100y,

€BX
— gy

—_

U3
- 300 )\<I>H

AN

N~

T T T T T
10% 107 1010 1013 1016 1019
p [GeV]

® This is contrary to the R(D™) models which

should be

“around the corner’”,

and

sometimes even Invoke tuned cancelations to
pass complementary observables!

moments, neutral meson mixing, semileptonic and

rare B, D, K decays, etc.

18

tructure

altz, 1408.1627,
jfer, AG, Kamenik,
3.04993,

G, Isidori,

1 706.07808,
larzocca, Venturini;
3

re

M
s
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-xample: Chiral category

Backup

19
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What about the
muonic force!

AG, Stangl, Thomsen, 2103.1399 |

Type A Type B Type C
S3 S3 heavy X
Sl/RQ light X S1/R2

21
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What about the
muonic force!

AG, Stangl, Thomsen, 2103.1399 |

Type A Type B Type C

S3 S3 heavy X
Sl/RQ light X S1/R2
ff"%”\

IR
f

22
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The muonic force

(§—=2), M M LD gxuX(qy —qays)p =>

re =myg/mx

y 2 2 2 9
9x 271 9 2 9% v — 27, 4%, mx < my,
Aa, ==—=5r Iy(ry) +q31a(r,)| = —=5 < H
B gp2 # [qv V) + da La( “)] 82 %Ti [q%/ — 5q§1] : mx > my

e The right sign => mostly vector coupling => X; # 0

23



Admir Greljo | Muonic force behind flavor anomalies

The muonic force

M Lot D+ 9x (qv +9a)Vur Xvur +9x 0 X (qv — qa7s) 1

re = my/mx

2 2 2 2 92
9x 271 9 2 9% v — 27, 4%, mx < my,
Aa, ==—=5r Iy(ry) +q31a(r,)| = —=5 < H
hTg2n i Ty (ry) + g3 1a(ry)] 372 %T’a a2 —5¢%] mx > m,,

e The right sign => mostly vector coupling => X; # 0

e From the L,IDL, => neutrino v, couples to X,

=> Neutrino trident production: VMN — VMN/L+,LL_

24
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The muonic force

, b, X i Leg D+ gx (qv +qa)Vur X vur +9x B X (g — qays)
— SUU _
HH >\’\’< —l—{bX(g%sPL—kglﬁPR)s + H.C.} :

b
(1) qv,A 9x gLS(R)
N q2 — m% +1mxl x

e When my < mg — my => strong limits from B — KX where X — vv

gt < 0.7 x 1078 é”e)\(/

25



The muonic force

101 3

e
SN
102 '
— (9—2), 20
........ m?X = qfnm,maz
CCFR excl. 95% CL 10-3 k
R[}l{.1,6] lo :
e by
-my S 0.5GeV (Neutrino trident) — ™x [GeV] e G

- R(K) needs a different mediator 26 AG, Soreq, Stangl, Thomsen, Zupan; 210707518
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L, — L, kinetic mixing as implemented in darkcast

10—2

— (9—2), | NAo4
Borexino LHCb
~__ CCFR | BaBar

hep-ph/0104 141,
hep-ph/O1 10146,
1311.0870,
1403.1269,
1406.2332,

10_4 ! ! LA L L L L | T T LI B B B L A | T T T T T T
103 102 10-1 100

mx [GGV]

® Dimuon resonances: my S 0.21 GeV

e Cosmology (BBN):my 2 0.01 GeV
® FElectron bounds (Borexino, NA64):

- Depend on the Kinetic mixing.

27 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518



8 n T

L, — L., u/7-loop effective mixing

1072

— (9—2), | NAo4
Borexino LHCb

NSI | BaBar
1073 CCFR T NA62 "
é T A
.............. NA64,
T el
.............................................................. N
........ Belle-II
........ M3(2)
106 — I
1073 102 10-1
myx [GeV]

Promising projections!

28 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518



X
Ly

M § M
!

What about other U(1)y!

29 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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Gauged B — 3L,

B—BLN, €:gx/10

B S —
e V]
Neutrino NSI important for the valence quarks!
Gr

Lxst = _ﬁ — 8({45(?7#][) (vaPLV/J’)

f=Aenp,n}

30 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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‘::;;JEi.l.l;§§i<53!<:i _j!:/ _j!:l

L. — L,, e/p-loop effective mixing Le—L,, =099 gxe!

10~2
— (g—2)“ 1 NA64
NSI - LHCb
Borexino | BaBar
- CCFR [ NA62
10—3
P —_
< T 0 pl— -
10~4
10—95 - —r — —rrr — —
1073 10—2 10—t 10—2 101 10°
mx [GGV]

® [he electron induced bounds from NA64, Borexino and NS

® [he kinetic mixing can relax the first two, but not the NS

31 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518



Gauged 3B; — 8L, — L,

o 3B; — 8L, — L;, £ = gx/10

— (9—2), - CCFR
D —rnX . NAo4
~ D—-D ~ LHCb
Borexino | BaBar

107° E

106 — A N
10—3 102 10~1 100

mx [GGV]

e Third-family quark U(1)y [down-alignment]

e FCNGCs in X, interactions call for the quark universality!

32 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518
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Conclusions

|, Muon anomalies might be footprints of physics
beyond the SM.

2. Gauged lepton flavor Is an interesting direction.

3. Successful mediators:
Muoquarks and Muonic forces

33
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AG, Soreq, Stangl, Thomsen, Zupan; 210/.0/518

Example: Chiral category

® The dimension-4 muon Yukawa is forbidden by U(1)y
XL2 ;é XE2
e Introduce two scalar muoquarks S, = (3, 2, 7/6»X5i)

L D trli io2St — MR QL PR S—

* Mix them via U(1)y breaking

LD —ApS. S_
7
Charges: Example:
Xg, = —Xp, + Xy, L,_, model:
XS_ — _XE2 _I_ XQZ (XL17 XL27 XLg) — (O 77 _7)7
qu — _XS_ -+ XS_|_ (XN17 XN27 XN3) — (53378)7
(XE17 XE27 XEg) — (_3787_5)7

XQ'MD'L)U’L — 0'

35
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Example: Chiral category

® The dimension-4 muon Yukawa is forbidden by U(1)y
XL2 ;é XE2
e Introduce two scalar muoquarks S, = (3, 2, 7/6»X5i)

L D trli io2St — MR QL PR S—

* Mix them via U(1)y breaking

LD —ApS! S
®
@ yaf
e )
) S:+ S\_\\ =>m,, Aa,
Mo ¢ L MR

H: 36
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Example: Chiral category

® The dimension-4 muon Yukawa is forbidden by U(1)y
XLz a XEz

e Introduce two scalar muoquarks S, = (3, 2, 7/6»X5i)
L D trli io2St — MR GL fr S—

* Mix them via U(1)y breaking

LD —-ApS' S_
]
® 0
: Og =5/3
! EJ
/’_:‘\\ 9 6
. . _ > 6
S S my, Aa, =
/ " N é’? 4 gy = (251£59)x107"
//tL .’ o \. //lR |
R I |
o.

H 37 ms, (TeV)



Model Lagrangian

L =Lsv-vy + [Dp®* + [DpSi[* + [DpSs|* — 3 X,
(niSL—CZKQ SS+771L_CZ€231—|_771R_CZILLR31

—C1

+17; "dg vy rS1 + hec, ) + 2epx B, XM
_VHqD(H (I)) —Vlg(H () Sl,Sg)—FDﬁimVﬁ
_ (y;ijjé HVR—FMJVRVR—Fy@(I)V VR—|—hC)

® [he rest of the potential:

Vis = M7|S11? + M3|S5|* + Ao1|®[?|S1]? + Aes| @12[Ss|* + 3A1(S151)? + Am1[HI[S1)* + Aus|H|?[ S5
+rpsH o o H(SY SY) + (ks H o H(STSE) + hc.) 4+ 2A3(5553)2 4 Lra (S5 S5 ) (817 sE)
+ 2u3 (S35 (ST1SY) + AislS112[S5)% + k13(S5 S1)(STS3) + (v15(S]S5)(S1S3) + hec.).

38



Neutrino masses

The minimal type-l seesaw mechanism

my, ~ —v’y, (Mg + yq><<1>>)_1y,,T

ne U(I)B_3Lﬂ imposes a flavor structure for 'y, , Mp, V.

ne Dirac mass matrix splits into 2x2 et block and a diagonal p.
ne Majorana mass matrix is entirely populated except (2,2) entry.
nere 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)Xﬂ. Example is U(l)Lﬂ_LT, see 1907.04042.

However; in general, it is always possible to introduce additional U(1)y

symmetry-breaking scalars whose VEVs then populate the missing entries
In the mass matrix.
39



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.

40



Chiral models

102 L—-3B,=0 L, - e=0
— (9—-2), 0 CCFR
~ Borexino
1073
bt
(W)
10~4
].0_5 ' ' L | ' ' L | ' ' L ' ' L ' ' L ' ' L
1073 1072 1071 1072 1071 10°
mx [GGV]
L — 3B model: i“_"_ model:
(XL“ XLs» XL3) - (_3’8’4)’ (XEl’ Xy, XE3) - (_2’9’2)’ (XL17 X1, XL3) - (0777 _7)a (XE17 XEss XE3) - (_3787_5)7
(XNU XN2’ XN3) - (_1’3,7)’ XQi’Di’Ui - _17 (XN17 XN27 XN3) = (57378)7 XQi,Dz',Ui =0.

e + the NSI| seems difficult

41 AG, Soreq, Stangl, Thomsen, Zupan; 2107.07518



The size of the effect

® b — suu
Heavy NP:
Znp = Gyp ELYM Sy iy, = Gyp ~ tew X 10_5GF

° (§—2),

Light NP: With chiral suppression

eVew
Znp = Gyp Yu 16

= MLGM purt,, = Gyp ~ Gp

Heavy NP: No chiral suppression

€EVr

Z np = Gyp

42



Finite naturalness
® [he Higgs mass

9 Ars + Ks) 13
2 2

\
\\ // 3)\H1 2

+(4W) M? <1+1nM2>+0( */M7 )

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 Wi = L) (1 +In —Mg) 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

e Finite naturalness provides argument for direct searches at colliders
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Implications for Higgs physics

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 .
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® [his scenario has a chance to leave observable imprints in the overall Higgs
couplings or in the invisible Higgs decays.
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