JG|u

Combined explanations of B-physics Anomalies:

from

Data to New

Claudia Cornella

Institute for Physics
Johannes Gutenberg University Mainz

Physics Models



Reading the footprints of the B anomalies

If the anomalies in b — sll and b — ctv are true NP signals, which NP could be
- responsible for them, and where else should we see it?



Reading the footprints of the B anomalies

If the anomalies in b — sll and b — ctv are true NP signals, which NP could be
- responsible for them, and where else should we see it?

Usual strategy:

SIMPLIFIED
DATA — EIT — MODEL — (V' COMPLETION




Reading the footprints of the B anomalies

If the anomalies in b — sll and b — ctv are true NP signals, which NP could be
- responsible for them, and where else should we see it?

Usual strategy:

SIMPLIFIED
DATA — EIT — MODEL — (V' COMPLETION

[Sally, Eluned, Guy,]

N



Reading the footprints of the B anomalies

If the anomalies in b — sll and b — ctv are true NP signals, which NP could be
- responsible for them, and where else should we see it?

Usual strategy:

SIMPLIFIED
DATA — EIT — MODEL — (V' COMPLETION

this talk

[Sally, Eluned, Guy,]

2



Reading the footprints of the B anomalies

If the anomalies in b — sll and b — ctv are true NP signals, which NP could be
- responsible for them, and where else should we see it?

Usual strategy:

SIMPLIFIED
DATA — EIT — MODEL — (V' COMPLETION

[Sally, Eluned, Guy,] this talk ——
many other talks: Ben, Julie, Luc, Claudio, Maria, i...]
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S o ) L - Given our weekend activities, | was
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iInto a monkey.
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...too much work! Next time.
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contributions to observables. Lots to learn from an EFT analysis:

» NP Lorentz structure
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EFT lessons

EFTs provide a simplified, yet powerful, model-independent parametrization of NP
contributions to observables. Lots to learn from an EFT analysis:

» NP Lorentz structure b — clv

- Left-handed NP (=Fermi interaction) Oy, = (C.v, v (7. 7" by)

- other structures are also possible

> NP size (scale) 1
~ 40 TeV —+
\oL <L 1
_ gNP
~1072G, = ==~ Ao
N NP F A2 (1 TeV)2 ‘m\ few TeV 1
L g
tL ]

My 0 —+

» Flavor structure, correlations with other observables




Possibile common origin

SU(2); symmetry relates the structures we identified:
b — sll SU2), b — clv

09_10 — (ELy'ubL)(ﬂLy/,uuL) Corerrnrrreneen s > OVL — (ELy”bL)(z_'L}/ﬂyL)

— a minimal combined solution in the SMEFT is obtained assuming NP to affect
dominantly left-handed, semi-leptonic operators:

1 B)( /. yh b = Hra D (2 . u = 2 = H /
Z = - <Cbﬂq & y"c¢) G,y gy ¢, (Zr"¢) Gy CIL)> X — ECLL (C]LV lL)(lL}/,qu)

l % i 3 ~ )
! b sy,p,, requires C o~ C,

(automatically satisfied for U,, needs
to be enforced otherwise)

b SL

Connection between anomalies:

SUQ), RGE
Rpes = b, — ¢ ~ b a & = ACY
D™ L = CLTYL L= STt = = AG,

l l=e,/4.:




Possibile common origin

» Also, need a peculiar flavor structure: large NP couplings to 3rd family, smaller to 2nd
and 1st. Similar to the only SM source of LFUV, the Yukawa couplings!
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and 1st. Similar to the only SM source of LFUV, the Yukawa couplings!
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Possibile common origin

» Also, need a peculiar flavor structure: large NP couplings to 3rd family, smaller to 2nd
and 1st. Similar to the only SM source of LFUV, the Yukawa couplings!

@@ @
FLAVOR HIERARCHIES ?  FLAVOR ANOMALIES

O
<€ >

standard LFUYV
Y3 2> Yo >

non-standard LFUY am\
]

» Possible to describe both with the same flavor symmetry: [Barbieri et al.,1105.3396,
1512.01560...]

UQ2y = UR),x UQR),x U2),x UQ2),x U?2),
Works for SM masses & mixings... ....and also for the anomalies!

Y = < ) exact U(2)5 NP coupled only to 3rd family

minimally broken NP max for 3rd family,
Y = U(2)s suppressed by breaking terms
. for each 2nd family quark (lepton)
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Possibile common origin

0.006
) L [CC, Fuentes et al., 2103.16558]
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Possibile common origin

0.006
) L [CC, Fuentes et al., 2103.16558]
NP _ _ = ~ijop uja
gEFT ZCLL <qu l )(lLy”qL) other b — su™ 1~ observables
| | 0.004 i
» Data support a U(2)-like scaling: -
) V= ey 2
N C33TT ~ 0.1 S
T . - |0(Amp,)| > 10% for Aps =1 TeV 3
N == 0.002— ——
'C231%\ ~ € C33n €,, € ~ 0.1 C@ [ -
“ N\ ) q -
T 23 " . 1T
U 3317 =
= CLL € €l C I 0.3 ’ 0.1 ; S
0.000}= = |
» good consistency between the anomalies >
A
. . 0002 L L
» but several constraints (driven by Rp) 0.000 0.005 0.010 0.015 0.020

O =
07 ..

pp — 1T 7 LFU tests




Possibile common origin L+R

2
Lk === |G @) Gra) + (CP @ind D@ d) +h.c. ) + Cif @iy, @hrd))
0.006 ——————————
L[CC, Fuentes et al., 2103.16558]
other b — su™ = observables
» LR helps saturating Rp 0.004 1~ -
— 7 LFU and B,-B, less stringent. _
@)
o : 15(Ams,)| > 10% for Ay =1TV_ | =
» Both chiralities enter pp — 17 83 0002 T 7
NS =
iah- o G T
— stronger high-p bounds. - -
0-3 0.2
§ 0.1
0.000 = _
—0.002 TR T S S N A
0. OOO 0.002 0.004 0.006
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NP interpretation (lI):
the U1 simplified model




Which mediator can do both?

» Keeping these constraints in mind, only leptoquarks are viable tree-level mediators:

v no 4-lepton and 4-quark processes at tree level
v no resonant production in quark-quark initiated processes
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Which mediator can do both?

» Keeping these constraints in mind, only leptoquarks are viable tree-level mediators:

v no 4-lepton and 4-quark processes at tree level

v no resonant production in quark-quark initiated processes
[Sumensari et al.. 2103.12504]

» Finite number of possibilities: Model Rype Rpe [|[Rge) & Rpe
[Crivellin et al 1703.09226; a
e S, + S, Buttazzoetal 1706.07808; Ss (3,3,1/3)| v X X
1 3 Marzocca 1803.10972...] _
S1 (3,1,1/3) X v X
. R2 + S3 [Becirevic et al., 1806.05689]
- Ry (3,2,7/6)| X v X
U, ~ (3,1,2/3) Caiobiot o, 1709.00602;
o ~ alibbi et al., 1709. :
I 7 Bordone, CC, et al. 1712.01368; Ur (8,1,2/3)| v g v
Barbieri, Tesi 1/12.06844;
Us (3,38,2/3)| X X

* Three generations of 5y  celin, Schnell Fuks 2203.10111]
[Luc’s talk on Wed.]
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Which mediator can do both?

» Keeping these constraints in mind, only leptoquarks are viable tree-level mediators:

v no 4-lepton and 4-quark processes at tree level

v no resonant production in quark-quark initiated processes
[Sumensari et al.. 2103.12504]

» Finite number of possibilities: Model Rype Rpe [|[Rge) & Rpe
[Crivellin et al 1703.09226; a
e S, + S, Buttazzoetal 1706.07808; Ss (3,3,1/3)| v X X
1 3 Marzocca 1803.10972...] _
S1 (3,1,1/3) X v X
. R2 + S3 [Becirevic et al., 1806.05689]
_— Ry (3,2,7/6)| X v X
U, ~ (3,1,2/3) Caiobiot o, 1709.00602;
o ~ alibbi et al., 1709. :
I 7 Bordone, CC, et al. 1712.01368; Ur (8,1,2/3)| v g v
Barbieri, Tesi 1/12.06844;
Us (3,3,2/3) v X X

* Three generations of 5y  celin, Schnell Fuks 2203.10111]
[Luc’s talk on Wed.]

All have pros and cons:

- Scalars are “simpler” in terms of matter content (standalone)
- Tricky to accommodate b — svv and/or s — div
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Which mediator can do both?

» Keeping these constraints in mind, only leptoquarks are viable tree-level mediators:

v no 4-lepton and 4-quark processes at tree level

v no resonant production in quark-quark initiated processes
[Sumensari et al.. 2103.12504]

» Finite number of possibilities: Model Rype Rpe [|[Rge) & Rpe
[Crivellin et al 1703.09226; a
e S, + S, Buttazzoetal 1706.07808; Ss (3,3,1/3)| v X X
1 3 Marzocca 1803.10972...] _
S1 (3,1,1/3) X v X
. R2 + S3 [Becirevic et al., 1806.05689]
. Ry (3,2,7/6)| X v X
U, ~ (3,1,2/3) Caiobiot o, 1709.00602;
o ~ alibbi et al., 1709. :
I » Bordone, CC, et al. 1712.01368; Ur (8,1,2/3)| v v Y
Barbieri, Tesi 1/12.06844;
Us (3,3,2/3)| Vv X X

* Three generations of 5y  celin, Schnell Fuks 2203.10111]
[Luc’s talk on Wed.]

All have pros and cons:

- the vector leptoquark U; does not mediate b — svv, s — div at tree level
- needs a UV completion (additional heavy vectors + fermions)

- points to quark-lepton unification, can realize an U(2)> from non-universal

gauge symmetry
12



The U, simplified model

§ a (Al i (i a
Z5 —2 Ul B @) + B e +hc. UL~ 3,12/3)
0 0 g 0 0 0) A=l
lﬁLz 0 le Sl% ﬂRz O O ﬂler@(l)
0 O
\0 @é ﬁ_,f, T — py [loop] \ / L ﬁ]fﬂ ~ 0(0.1)
Ry b — stu [treg] sL/,mBé} ~ 6(0.01)
b — stt [tree]
Two interesting benchmarks: 1. f° =0
2. 1B =1pL] =1 (max RH currents)

Imodels with 3rd family quark-lepton unification]

Both give a good description of all low-energy data, with a U(2)-like flavor structure.
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The U, simplified model

g a (=l i (¢ Ji a
Z5 —2 Ul B @) + B e +hc. UL~ 3,12/3)
( ‘ 0 0 0)  A=1
pr = pr = 8 8 B~ 0(1)
\ .‘ T — uy [loop] \ ) L ﬁ]fﬂ ~ 0(0.1)
Ry b — stu [treg] éﬁﬁé} ~ 6(0.01)
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2. 1B =1pL] =1 (max RH currents)
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The U, simplified model: low-energy

Rich phenomenology at low & high energy:

~large b — stt (driven by Rp+)

1072
—~ 1073

_|_
- i
T 1074

B(B.

1071

1076

Excluded at 95% CL

LHCb (300 tb™")

0.00 0.05

IO.lOI II
ORp+

0.15

0.20

B(Bs — 77)

B(Bs — 7T)sm

B(Bs — 77)
B(Bs — 7T)sMm

14
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The U, simplified model: low-energy

Rich phenomenology at low & high energy:

> large 7/u LFV in b — stu and 7 decays

(driven by simultaneous presence of Ry« & Rg)

10—6;—

i Excluded at 95% CL
107"

107°%L
F - Belle I (50 ab™)
1077

B(t — u¢)

10—10 :_

10—11 :_

LHCb (300 fb™1)

10—12 -_

1078 1077 107° 107° 1074
B(B, — 7 ")
[CC, Fuentes-Martin et al., 2103.16558]

1073

B(B, — )~ B(B — Ktp) ~ 107" —107°

B(t — p¢) ~ 10719 — 1078

with RH currents
B(B; — i) ~1x107°
B(B— Kru)~1x107°
B(t — uy) ~1x 1078



The S, + S5 simplified model: low-energy

Similar signatures for the other simplified models, e.g. §; + 95

Model S;+S;
2
L —_——
& 600+ -
+
M L
T
+
S A
5 400, :
C A
b
+
M L
T 200+ -
+
E L
M
O_I 1 1 M ! 1]
0 5 10 15 20 25

Br(B - K 7 u) x 10°

[Gherardi, Marzocca, Venturini 2008.09548]
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The U, simplified model: high - pT

» The same interaction can be probed at high energy:

HEN LN >~ pp — 77 tails
a5l = 3 & g (Drell-Yan t-channel exchange)
i = % &}é
. E ~ Qib b > > T
30 £ @& « . - g p)
- = SIS ecas
E 5S¢ . Uy ATLAS
25__ S T — EXPERIMENT
L R N S - 2002.12223
— A —]
gu 2'0: \]?)(‘*‘0 ) ]
15: ﬁ@b@ . » pp — U;kUl — bttty
o0 o0 B
. i g Uy 4.
1.0:_ _: U — bt tv
E ] B(U, - bt™) ~ 0.5
0.5+ ]
” i I v CMS
I [CC, Fuentes-Martin et al., 2103.16558] 2012.04178
O'O 11 1 I 11 1 1 I 1 1 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 -
1.0 1.5 2.0 2.5 3.0 3.9 4.0 4.5 5.0
MU [TGV]

— HL-LHC will fully probe the vector LQ solution
(same for R, + S;, still space left for S| + 55)

» Similar enhancements in all models for R’ (drives all these “big” signatures...)
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NP interpretation (lll):
UV completing the U




UV-completing the U, : the gauge path

» UV completions of the U, point to variations of the Pati-Salam group.

U, ~(3,1,2/3) -

SU(4) ~

(w* 7,

> PS = SU@4) X SUQ), X SUQ), L5 e

YLR =

19

S
qr.r

3
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UV-completing the U, : the gauge path

» UV completions of the U, point to variations of the Pati-Salam group.

U, ~ (3,1,2/3) > SU(4) > PS =SU@) x SUQ); X SUQR)p Ejjﬁ’g’fga{?éfgygm

( ) _C]g,R_
G* U al ,
SU4) ~ wr=| PS/SM 5 U,,Z
................ al x
(U2

» The original PS does not work:
need additional SU(3) to decorrelate SU(4) from SU(3),.— 4321 models

. [Georgi and Y. Nakai, 1606.05865;
?4321 — SU(4) X SU(B), X SU(Z)L X U(l), Diaz, Schmaltz, Zhong, 1706.05033;
Di Luzio, Greljo, Nardecchia, 1708.08450....]

4321/SM 2 U,,Z',G" ~ (8,1,0)

19



Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y
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Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y

> Non-universality via mixing with exotic vector-like fermions
[Di Luzio et al. 1708.08450, 1808.00942...]

SM fields are SM-like under 321, only VLF charged under 4

SM fermions interact with U, only via mixing with the VLF:
non-universal U, interactions with SM fields via hierarchical choice of
mixing angles (— 3rd family has to be the “most composite”)

Depending on the charges of the VLF, the U1 couple to LH and/or RH SM fields.
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Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y

> Non-universality via flavor non-universal gauge interactions

[Bordone, CC, Fuentes-Martin, Isidori 1712.01368, 1805.09328,
1903.11517; Greljo, Stefanek, 1802.04274; ....]
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Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y

> Non-universality via flavor non-universal gauge interactions

[Bordone, CC, Fuentes-Martin, Isidori 1712.01368, 1805.09328,
1903.11517; Greljo, Stefanek, 1802.04274; ....]

3rd family special “by gauge”: light SM families SM-like under 321,
only 3rd family (& VLF) charged under 4

= accidental U(2)’ in gauge sector ¢ = ( 11 s [13))

S—
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Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y

> Non-universality via flavor non-universal gauge interactions

[Bordone, CC, Fuentes-Martin, Isidori 1712.01368, 1805.09328,
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3rd family special “by gauge”: light SM families SM-like under 321,
only 3rd family (& VLF) charged under 4

= accidental U(2)’ in gauge sector 1 = ( 1 s (t03))

S—

In the limit of exact U(2): - only 3rd family (L+R) couples to the U,
- no 2-3 CKM mixing
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Non-universality in 4321

How to make the U1 interactions with SM fermions non-universal?

C 5 = SU@) X SUB) x SUQ2), x U(1Y

> Non-universality via flavor non-universal gauge interactions

[Bordone, CC, Fuentes-Martin, Isidori 1712.01368, 1805.09328,
1903.11517; Greljo, Stefanek, 1802.04274; ....]

3rd family special “by gauge”: light SM families SM-like under 321,
only 3rd family (& VLF) charged under 4

= accidental U(2)’ in gauge sector 1 = ( 1 s (t03))

S—

In the limit of exact U(2): - only 3rd family (L+R) couples to the U,
- no 2-3 CKM mixing

U(2) breaking due to - subleading U, couplings to light families
VL-SM mixing generates - 2-3 CKM mixing

= nice connection between flavor anomalies & hierarchies!

21



[Selimovic et al., 2009.11296,

|mp0rtance Of |00p effects CC, Fuentes et al., 2103.16558]

»B — Kup 20-50% enhancement over the SM, in the reach of Belle Il [talk by Sally]
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[Selimovic et al., 2009.11296,

|mp0rtance Of |00p effects CC, Fuentes et al., 2103.16558]

»B — Kvr

» B.-B, mixing

20-50% enhancement over the SM, in the reach of Belle Il [talk by Sally]

-----
----------------------
. "
.....
e

L CNP —tree

b ’ ST* 2 2
U, E U Cb - ( s ) Uu(2), breakmg fixed by Rpye
b S

“,
e
]
]
wy
S ....

With the current R , need M; < 1.5 TeV not to overshoot Aniy
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[Selimovic et al., 2009.11296,

|mp0rtance Of |00p effects CC, Fuentes et al., 2103.16558]
»B — Kup 20-50% enhancement over the SM, in the reach of Belle Il [talk by Sally]
- B-B mixing ©? L s CNP —tree 2b ..... k .
- sT* 2 3
s s UIEUI o - ( i ) Mé U(2), breaking, fixed by Rp
S " by e > VL lepton mass

With the current R , need M; < 1.5 TeV not to overshoot Aniy

) 96.5 fb' (13 TeV)
— 1T 171 1T 1771 1T T 1 1T 1T 1 |

m CMS Combination of 201 and 2018 .

X | preliminary ~ Asymplotic CL. expected CMS search for 4321 VL leptons:

S10°' M 1 std. deviation : 2.8 o preference for VL lepton with m =~ 600 GeV
- - + 2 std. deviation .

I= — Theory prediction

= e Observed

(]

Q.

% a5

E LA

107 W

()

(&)

-

B %

€

3

I T [Kormier,Faroughy, Fuentes, Mikuni w.i.p.]
519500 600 700 800 900 1000

VLL mass [GeV]
[CMS Public result: B2G-21_004] 20



Coloron direct searches at the LHC

T I T T T T

0-5 1 1 I ~ T T T I T l T T T T l T T T T

Relevant collider signatures for G’
(“coloron” = heavy color-octet vector)

le <Tajj+ o

| e e —  G’-mediated pp — tt gives the strongest

2.5 3.0 3.5 4.0 4.5 5.0 constraint on the overall scale of the model!
MG’ [T@V]

\\\ |
1 a

Me ~ V2 Mg
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Even more UV complete: a three-scale picture

[Barbieri, 2103.15635,
Bordone, CC, Fuentes, Isidori 1712.01368

. . . , Panico, Pomarol, 1603.06609 Dvali, Shiftman, '00, ...]
B anomalies might hint at a three-scale picture:

BSM A
energy ‘I dynamics | | | , A, L
involving New, non-universal interactions (for us: gauge) acting 3
AT on the i-th SM family switch on at A; > A, > A; > my,

~U((2)
symmetry

A @@ Yukawa couplings are different because they originate
2 at these different scales.

Ay New Physics is flavor non-universal; universality is a
low-energy accident.

MyH
mW,t,H S A3 Can be aS IOW aS feW Te\/.

24



Non-universal Pati-Salam unification

> PS3: 4D three-site model » 5D construction [talk by Ben tomorrow]

warped compact extra dimension with

._f}_-_. _?1_{_1_2_?_%_1_2___ __(_I_)_I_{_%%__(_I?E??__ _1_51_%__;_1_3_‘ multiple 4-dimensional branes
le Q23

)

PS, PS, PS,
Y, '
A>E>A, Sm PS,
o] @) |
AIZ >E> A23 SMD PS3
<(I)L,Rf3>
A 4
A >E> A, [SUM),<SUG),,*SU@), <U(1) |
<Qf3> — fl_zl
A 4

‘ SM |
[Fuentes-Martin, Isidori, Pages, Stefanek, 2012.10492]

[Bordone, CC, Fuentes, Isidori 1712.01368] [Fuentes-Martin, Isidori, Lizana, Stefanek, Selimovic,
2203.01952]
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NP interpretation (IV): g-2 in 4321 models

[inspired by Ben Stefanek’s Virtual Seminar @ Peking and Beijing Flavor Anomaly Seminar Series on
June 17, 2021 & Anders Ellen Thomsen’s talk @Panic 2021]
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NP in (g — 2),: considerations about the scale

The discrepancy is roughly the same size as the SM electroweak contribution:

2
m: 4G
__ _exp SM o (., SM ~_ M ro -9
Aaﬂza — d N(Clﬂ )EWN X NSXIO

# # 1672 \/5

To explain it, need NP light ( < vgyw) & weakly coupled or heavy & “strongly” coupled.
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NP in (g — 2),: considerations about the scale

The discrepancy is roughly the same size as the SM electroweak contribution:

2
m 4G
Ag = g®P — gSM (a/f’M)EW N—— X —— 3% 1070

H H H 1672'2 \/5

To explain it, need NP light ( < vgyw) & weakly coupled or heavy & “strongly” coupled.

No light candidate in 4321 — stick to heavy option.
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NP in (g — 2),: considerations about the scale

The discrepancy is roughly the same size as the SM electroweak contribution:

2
m 4G
Ag = g®P — gSM (a/f’M)EW N—— X —— 3% 1070

H H H 1672'2 \/5

To explain it, need NP light ( < vgyw) & weakly coupled or heavy & “strongly” coupled.

No light candidate in 4321 — stick to heavy option.

How heavy?

m2

2
AaEP ~ 19(15\1132 v 2# gnp ™~ 1 and no chiral enhancement w.r.t SM = MNP ~ VEwW
T NP

AGNP o gip mymy  With chiral enhancement = Myp ~ 1 — 0(10) TeV
H 1672 Mgy (e.gmy = m,)
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NP in (g — 2),: considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

(H)™, Y

/ 1% .
,CEFTD 167 2\/_ng (fLO'lwf F’u’) | . |
24 £/
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NP in (g — 2),: considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

LepT D —Cyy (Crouwly ")

162\/_

‘
*
1“’
&

£ = " Magnetic & electric moments
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NP in (g — 2) ,- considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

LrpT D

167 2\/_ng (fLO'/W F’uy)

‘
*
4
o ‘e
" ....
& ">
-

‘L

¢ = - Magnetic & electric moments ¢ # " cLFV, in particular £ — 'y
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NP in (g — 2) ,- considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

(H)"
L D C’ 01,0, 0 FHY
.0. KL
£ = " Magnetic & electric moments £ # " cLFV, in particular £ — 'y

(g — 2)/4 wants large Re(C,):

Re(C,,) ~ (4 —7)x 107> TeV~?
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NP in (g — 2) ,- considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

(H)"
UV
LepT D 16 5 \/—Cee (LLou R FH) ,-
‘1
é"“"“ ’."-.._9
¢ = - Magnetic & electric moments ¢ # " cLFV, in particular £ — 'y
(8 — 2), wants large Re(C,,): p—eyandt — eywantC,,C,, <C,,

Re(C,,) ~ (4 —T)x 107> TeV~> c.C, 35107, C,/C,<05

pp
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NP in (g — 2),: considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

(H)"
LerT D 16 5 \/_ng (fLO'/W F/W) |
‘1
4--""" ’....,....9
¢ = - Magnetic & electric moments ¢ # " cLFV, in particular £ — 'y
(g — 2), wants large Re(C,,,,): p— eyandz > eywant C,,,C,, <C,,
Re(C,,) ~ (4 —7)x 107> TeV~? c.C, 35107, C,/C,<05

...much smaller than what naively expected from Yukawa-like flavor structure:

Cooe!Cpy ~ 1 me/m, = 0.07, C,/1C,, ~4/mim, =4
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NP in (g — 2),: considerations about the flavor structure

To address the (g-2) and be consistent with cLFV bounds, NP models need to fulfil
strong flavor alignment conditions in the lepton sector.

(H)"
LErpT D 6 5 \/_ng (KLO';W F/W) |
. ‘L
é_.‘-"" ”"~....>
¢ = - Magnetic & electric moments ¢ # " cLFV, in particular £ — 'y
(g — 2), wants large Re(C,,,,): p— eyandz > eywant C,,,C,, <C,,
Re(C,,) ~ (4 —7)x 107> TeV~? c.C, 35107, C,/C,<05

...much smaller than what naively expected from Yukawa-like flavor structure:

Cooe!Cpy ~ 1 me/m, = 0.07, C,/1C,, ~4/mim, =4

—> Not easy to reconcile (g — 2)ﬂ with both B anomalies.
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Uy for both anomalies and (g — 2),?

The U1 leptoquark works for B-anomalies. Can it do also the (g — Z)ﬂ?
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U+ for both anomalies and (g — 2) u?

The U1 leptoquark works for B-anomalies. Can it do also the (g — Z)ﬂ?

The simplest way to get a sizable (g — 2),, would be to have a large U1 coupling to
Ur, bp, and have the chirality flip in the bottom loop:

m. m 2
Nc uW'"'b 84
o) Aa

0 2 ~ 471.2 MI%Q 2 SﬂLSﬂR
| RH  camenks

2
My / ~ 107° 5 Tev S\ (e
KL > ¥ > KR mLQ 0.2 0.2
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U+ for both anomalies and (g — 2) u?

The U1 leptoquark works for B-anomalies. Can it do also the (g — Z)ﬂ?

The simplest way to get a sizable (g — 2),, would be to have a large U1 coupling to
Ur, bp, and have the chirality flip in the bottom loop:

m. m 2
Nc uW'"'b 84
o) Aa

u H ~ 471.2 MI%Q 2 SﬂLSﬂR
‘ RU  camedks 2 )
w2 T AL W TR W T
luL > A > IuR mLQ 02 02

m
But RH currents generate the scalar operator O ~ —thS (ELI?R) (/ZR//{L>
m
U
....would give too large a contribution to B, — u™*u™!
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U+ for both anomalies and (g — 2) u?

The U1 leptoquark works for B-anomalies. Can it do also the (g — Z)ﬂ?

The simplest way to get a sizable (g — 2),, would be to have a large U1 coupling to
Ur, bp, and have the chirality flip in the bottom loop:

m. m 2
Nc uW'"'b 84
o) Aa

u H ~ 471.2 MI%Q 2 SﬂLSﬂR
‘ RU  camedks 2 )
w2 T AL W TR W T
luL > A > IuR mLQ 02 02

m
But RH currents generate the scalar operator O ~ —thS (ELI?R) (/ZR//{L>
m
U
....would give too large a contribution to B, — u™*u™!

= 4321 as it is does not work. Need something else.
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U+ for both anomalies and g-2?
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U+ for both anomalies and g-2?

Try adding other VL fermions &:

E g~ (411, = 1/2) x:(%) o (D) PN

)(L,R ~ (4919270) ’

coupling to the ys with a large Yukawa: L D = ygHER — ¥RV HE;

30
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U+ for both anomalies and g-2?

Try adding other VL fermions &:

D
Ga~@ll-12) 12 (%) (D),
)(L,R ~ (4919270) ’

coupling to the ys with a large Yukawa: L D = ygHER — ¥RV HE;

2
N. m,m, g2 4 TeV s s
Ag ~—S_F tg“yHS s ~3x107° © M Hr YH
W Ag2 M2, 2 TR mq 02/ \005/ \ 1

/ for yy, i ~ 1, get large chiral enhancement in the loop!
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U+ for both anomalies and g-2?

Try adding other VL fermions &:

D
oo~ @11, —1/2) x> <%> £5 <E> PN
)(L,R ~ (4919270)9

coupling to the ys with a large Yukawa: L D = ygHER — ¥RV HE;

2
N, mm; gz 4TeV (S0 \ ( Su
Ag ~ C uot g4 yHS g ~ 3% 10—9 C ML H > <y_H>
WY A . 2 JHm mo ) \02/)\005)\'1

/ for yy, i ~ 1, get large chiral enhancement in the loop!

But this doesn’t work either:
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— need ~ 1% tuning to keep y, ~ 6 x 10~
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/ for yy, i ~ 1, get large chiral enhancement in the loop!
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X SM- VL mixing gives large tree-level correctionto y, 1 8y™ ~ yys, s, ~ 1072
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U+ for both anomalies and g-2?

Try adding other VL fermions &:

D
oo~ @11, —1/2) x> <%> £5 <E> PN
)(L,R ~ (4919270)9

coupling to the ys with a large Yukawa: L D = ygHER — ¥RV HE;

2
N. mm, g2 4 TeV s s
Ag ~—S_F tg“yHS s ~3x107° © M Hr YH
WA M2 2 my g 02/ \005) \ 1

/ for yy, i ~ 1, get large chiral enhancement in the loop!

But this doesn’t work either:

X SM- VL mixing gives large tree-level correctionto y, 1 8y™ ~ yys, s, ~ 1072

— need ~ 1% tuning to keep y, ~ 6 x 10~

XHO control for cLFV. Main problem is 7 — uy: C’W - L ~5> 0.5
C S
M 13

—> again, need something else.
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A possible solution within universal 4321

[Fuentes-Martin, Greljo,
Stefanek, Thomsen, in progress]

A better idea is to enlarge the scalar sector: double the scalars breaking 4321 (€2,) and

add a Z, symmetry softly broken by the scalar potential.

Field | SU(4) | SU3) | SU(2)L | U(1)x | Z2 | Flavor
qt 1 3 2 1/6 | + | 34
uly 1 3 1 2/3 | + | 34
di, 1 3 1 -1/3 | — | 34
v 1 1 2 -1/2 | + | 3
el 1 1 1 —-1/2 | — | 3
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A possible solution within universal 4321

[Fuentes-Martin, Greljo,
Stefanek, Thomsen, in progress]

A better idea is to enlarge the scalar sector: double the scalars breaking 4321 (€2,) and
add a Z, symmetry softly broken by the scalar potential.

Field | SU(4) | SU3) | SU(2)r | U(1)x | Z2 | Flavor
q 1 3 2 1/6 | + | 34
ug 1 3 1 2/3 | + | 3.
dzR 1 3 1 —1/3 — 34
’ 1 1 2 —-1/2 | + | 3
el 1 1 1 —1/2 | — | 3,

X%.R 4 1 2 0 + | 3¢

& r 4 1 1 -1/2 | + 3,
H 1 1 2 1/2 | + 1
QF 4 1 1 -1/2 | £ | 1
Q5 1 3 1 1/6 | £ | 1
Q15 15 1 1 0 + 1

31

(g — Z)ﬂ via scalar loop, enhanced by
hierarchical choice of the vevs for scalars of
opposite parity (~ 2HDM with large tan /).
soft Z, breaking (_Sf
QF .. Q7
fL ,’ X 5 ‘\ eR
, H . ,
m, 4 m,m 1 TeV
Aa, ~ —- ﬂx sz3><10‘9< e)
oo 16m2 M3 1672M3 o



A possible solution within universal 4321

[Fuentes-Martin, Greljo, Stefanek,
Thomsen, in progress]

A better idea is to enlarge the scalar sector: double the scalars breaking 4321 (€2;) and
add a Z, symmetry softly broken by the scalar potential.

Field | SU(4) | SU3) | SU(2)r | U(1)x | Z2 | Flavor
qy 1 3 2 1/6 | + | 34
Up 1 3 1 2/3 | + 3.
dzR 1 3 1 —1/3 — 34
' 1 1 2 ~1/2 | + | 3
el 1 1 1 —1/2 | — | 3

X%.R 4 1 2 0 + 3,

& r 4 1 1 -1/2 | + 3,
H 1 1 2 1/2 | + 1
QF 4 1 1 -1/2 | £ | 1
Q5 1 3 1 1/6 | £ | 1
Q15 15 1 1 0 + 1
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Yukawas for charged leptons; 5ymlx
suppressed if tan ; > 1.

forbidden by Z, suppressed i

vii/vi_=tanf; > 1



A possible solution within universal 4321

Thomsen, in progress]

A better idea is to enlarge the scalar sector: double the scalars breaking 4321 (€2;) and
add a Z, symmetry softly broken by the scalar potential.

Field | SU(4) | SU3) | SU(2)r | U(1)x | Z2 | Flavor
qy 1 3 2 1/6 | + | 34
Up 1 3 1 2/3 | + 3.
df 1 3 1 ~1/3 | — | 34
' 1 1 2 ~1/2 | + | 3
el 1 1 1 —1/2 | — | 3

X%.R 4 1 2 0 + 3,

& r 4 1 1 -1/2 | + 3,
H 1 1 2 1/2 | + 1
QF 4 1 1 ~1/2 |+ | 1
Q5 1 3 1 1/6 | £ | 1
Q15 15 1 1 0 + 1

= Explaining (g — 2)ﬂ

Z, forbids potentially dangerous tree-level
Yukawas for charged leptons; 5ymlx
suppressed if tan ; > 1.

forbidden by Z, suppressed i

vii/vi_=tanf; > 1

, b — sll and b — c7v in 4321 is possible, but with additional

ingredients. This boils down to the different flavor structures these obs. hint at.

[Fuentes-Martin, Greljo, Stefanek,



A possible solution within universal 4321

Thomsen, in progress]

A better idea is to enlarge the scalar sector: double the scalars breaking 4321 (€2;) and
add a Z, symmetry softly broken by the scalar potential.

= Explaining (g — 2)M

Field | SU(4) | SUB)" | SU@)r | U)x | Z2 | Flavor | 7, forpids potentially dangerous tree-level
7 1 3 2 1/6 | + | 3, mix
uly 1 3 1 23 | + | 3, Yukawas for charged leptons; dy,
dp 1 3 1 -1/3 | = | 34 | suppressed if tan 5, > 1.

A 1 1 2 ~1/2 | + | 3
e’ 1 1 1 -1/2 | — | 3y

XiL,R 4 1 2 0 + 3¢ mix loop
& r 4 1 1 -1/2 | + 3, —/"‘ oy + 5y
H | 1 1 2 /2 |+ | 1 forbidden by Z, |
03 4 1 1 —-1/2 | £ 1 suppressed if
Q5 4 3 1 1/6 | + 1 v, /vi_ =tan f; > 1
Q15 15 1 1 0 Sl 1

, b — sll and b — c7v in 4321 is possible, but with additional

ingredients. This boils down to the different flavor structures these obs. hint at.

“Easier” to think of models for (g — 2)ﬂ and b — sll only

[Fuentes-Martin, Greljo, Stefanek,

[Greljo, Stangl,Thomsen, 2103.13991,  [see Anders’ talk last week]

E.g. "Muonic forces Greljo, Soreq, Stangl,Thomsen, Zupan; 2107.07518]
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Conclusions

B anomalies could be the manifestation of a new interaction

violating LFU. In the coming years, on-going experiments will
have the final word about their nature.

» Taken together, they point to TeV-scale leptoquark(s) coupled dominantly to the 3rd family.

» 4321 models are an interesting direction
— flavor non-universal gauge interactions”?
— multi-scale picture at the origin of flavor?
Explaining also the (g-2) is possible, but requires additional ingredients.

» Consistent picture, but present data in b — ctv require NP to be quite close: if Ry
stays, we NP effects must show up soon, at low and high energy.

Need experimental corroboration to guide us.
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