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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A = Mpianek ~ 10" GeV)

Praobe more generic new physics

sa|eds saIsfyd mau Jaybiy o1 yoeey
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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A > Mpianek ~ 10" GeV)

» Test (approximate) accidental symmetries of the SM

Baryon Number: e.g. proton decay

(A ~ Agut ~ 10" GeV)

Lepton Number: e.g. neutrinoless double beta decay
(A ~ Aseo-saw ~ 10'2 GeV)

Flavor: e.g. flavor changing neutral currents

(A ~10% — 108 GeV)

CP: e.g. electric dipole moments
(A ~10% = 10® GeV)

Praobe more generic new physics
sa|eds saIsfyd mau Jaybiy o1 yoeey
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Promising Indirect Probes of New Physics

» Test bedrock assumptions of particle physics A

Lorentz invariance; CPT invariance; ...
(A > Mpianek ~ 10" GeV)

» Test (approximate) accidental symmetries of the SM

Baryon Number: e.g. proton decay

(A ~ Agut ~ 10" GeV)

Lepton Number: e.g. neutrinoless double beta decay
(A ~ Aseo-saw ~ 10'2 GeV)

Flavor: e.g. flavor changing neutral currents

(A ~10% — 108 GeV)

CP: e.g. electric dipole moments
(A ~10% = 10® GeV)

Praobe more generic new physics

» Test “ordinary” Standard Model processes

sa|eds saIsfyd mau Jaybiy o1 yoeey

Higgs precision program; Electroweak precision
Y observables; muon anomalous magnetic moment; ...
(A ~10° GeV)
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The Standard Model and Beyond
Vacuum

stability?
Lsy ~ AN + N2H? + AH?

Hierarchy
problem

Strong CP
problem

+ WPV + (D.H)® + (F..)? + F.F*

+ Y HOW

SM flavor
puzzle
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The Standard Model and Beyond

Hierarchy
CC problem

problem
Lsw ~ N + NPH + \H

Vacuum
stability?

Strong CP
problem

+ WPV + (D.H)® + (F..)? + F.F*
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Neutrino
masses
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The Standard Model and Beyond
Vacuum

stability?
Ly ~ A? -|—I'A2H2 -{-AH4

Hierarchy
problem

Strong CP
problem

+ WPV + (D,H)? + (F.)® + F.F™
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2 dimé
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Neutrino
masses

+ light new physics

SM flavor

Flavorful new
puzzle
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Flavorful
portals?
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Two Basic Flavor Questions

T ! 2 ! dimé
+YHurw + 4 (LH? + 5 go,m + -

Neutrino
masses

+ light new physics

SM flavor

Flavorful new
puzzle

physics?

Flavorful
portals?

Q1: What is the origin of the hierarchical flavor structure of the SM?

Q2: Are there new sources of flavor violation beyond the SM?
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The Standard Model Flavor Puzzle

Why are there three flavors of quarks and leptons?

What is the origin of the hierarchies
in the fermion spectrum?

What is the origin of the hierarchies
in the quark mixing?

A

Is lepton mixing anarchic?
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Addressing the SM Flavor Puzzle

extra
dimensions

flavor
symmetries

loop
effects
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Addressing the SM Flavor Puzzle

recent years have a seen
a revival of symmetry based
flavor model building

extra
dimensions

flavor
symmetries

loop
effects

revisiting horizontal symmetrie
flavor deconstruction;

modular flavor symmetries;
generalized symmetries; ...

WA, Greljo arXiv:2412.today (invited review for Annual Review of Nuclear and Particle Science)
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Flavor Violation in SMEFT
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Flavor Violation in SMEFT
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Flavor Violation in SMEFT
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Guidance from Flavor Symmetries

Flavor blind SMEFT

Flavor anarchic SMEFT
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Guidance from Flavor Symmetries

Flavor blind SMEFT

Classifiy the flavor
+ symmetries of the SMEFT

SMEFT with Minimal Flavor Violation
1 Use the flavor symmetries

and their breaking pattern to
SMEFT with U(3) or U(2) flavor symmetries  effectively structure SMEFT

studies
1
SMEFT with U(1) Froantt—Nielsen e.g. Faroughy, Isidori, Wilsch, Yamamoto
! 2005.05366;

Greljo, Palavric, Thomsen 2203.09561;
Greljo, Palavric 2305.08898; ...

Flavor anarchic SMEFT
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B(B* — K*ptp~) [1.1,6.0]
B(B* — K*tete ) [1.1,6.0]
B(B* — K*vi)|

1]

B(BY — ¢ptp~) [1.1,6.0
B(B! — ptp)

B(B" = )=

PUB® = K*Outp~) [2.5,4.0]

PYB" = K™t ™) [4.0,6.0]
Ri [0.1,1.1]

R [1.1,6.0]

Ry [1.1,6.0]

Ry [0.1,1.1]

Ry [1.1,6.0]

R+ [0.045,6.0]

Ry 0.1,6.0]

Muon g — 2 (W )
Muon g — 2 (BMW)
R(D)—

R(D*)

R(J /)

R(A)

B(Bt =1 I/)

patrick.koppenburg@cern.ch 2024-06-07
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Lepton Flavor Universality Tests in b — sé¢

_BR(B> K*'u'u™) _ BR(Bs = ¢u'u”)
" BR(B— Krete )’ ' BR(Bs— pete)

BR(B — Kutu™)

A = BR(B— Kete )’

Ry

LHCb 2212.09152, 2212.09153, 2410.13748; CMS 2401.07090

1.4r LHCb Ry low-g? = 09947091
9 ﬂ)_l Ry central-g* = 0.949700%

R low-¢> = 0.927705%

b2 0.077

Ry central-g* = 102775075

)
< Lof —L
S + IR i
0.8F
i DI\d[td =16, p=0812 ¢ =02
0.6F S

Ry low-¢* Ry central-¢> Ry low-¢> Ry~ central-¢*

Everything consistent with SM expectations.
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New Physics in b — suu?

Many other experimental results on b — s don’'t agree well with SM predictions.
“Anomalies” both in branching ratios and angular distributions (Ps).

LHCb 2003.04831 CMS 2411.11820
CMS 140fb™' (13 TeV)
i‘n :“‘\“‘\“' T TTTTT
1f —tDaa
EL'n 1 T T T 1= E []ascomn
LHCb Run 1 +2016 { 3 =
[7] SM from DHMV ] Z 055
05 ERN E %
u -
19 of
TF 5 B
o B 2 s o e =%
—+ = +7 _ H= :
W, 7 iE 5
. L 1 3 5 _1;_ ! | ! | I
0 5 10 15 0 8 10 12 14 16
g [GeV¥ ! q? (GeV?)
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Fits of b — s¢¢ Data to Lepton Universal New Physics

By — pp
b spp flavio i _
—— lepton universal fit, Winter 2023 (& «
159 weee Io:non universal fit, 2040 A Cg (S'Ya P, L b ) (£7 14 )
N ACTG " (8va PLb)(fy " yst)
1.0 N\
/
/ . .
4 » LFU ratios don’t give

univ.
A Cl()
=

constraints (by construction)

0.0

-, |
\< ) » Bs — up~ branching ratio in
agreement with SM

» b — suu observables

—0.5

/ : . .
/ \ (Ps and semileptonic BRs)
/ \
o’ / prefer non-standard Cy
‘—2,(] =15 -1.0 =05 0.0 0.5 1.0 . .
ACHmY- » our fit finds a ~ 3o preference

for new physics in Cg
WA, Gadam, Profumo 2306.15017

ACS™ ~ —0.80 +0.22
(also Greljo et al. 2212.10497; Ciuchini et al. 2212.10516;

Alguero et al. 2304.07330; Guadagnoli et al. 2308.00034; AC%“V- ~ +0.12+0.20
Hurth et al. 2310.05585; Bordone et al. 2401.18007; ...)
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New Physics or Underestimated Hadronic Effects?

NP -

It is very difficult to distinguish lepton flavor universal new physics in Cy from a
long distance hadronic effect (“charm loops”)

ACS™ (7 PLb)(E7*€)

Lot’s of activity to better understand the “charm loops”:
lattice QCD, QCD factorization, dispersion relations, unitarity bounds, data driven
methods, generic parameterizations, models, ...
Ciuchini et al. 2212.10516; Gubernari, Reboud, van Dyk, Virto 2206.03797, 2305.06301;
LHCb 2312.09102, 2405.17347; Isidori, Polonski, Tinari 2405.17551 ... many others
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Probing Hints of New Physics From All Directions

hadeon col( ider

care b okco.gs

<

IS p*

<G

muon collidee

December 9, 2024
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Sensitivity of a Muon Collider

WA, Gadam, Profumo 2203.07495 and 2306.15017
10 TeV with 1 ab™" 10 TeV with 10 ab™"

Cio
Cio

If there is new physics in b — suu, a 10 TeV muon collider would clearly see
it, and one does not need to worry about long distance QCD.

...but hopefully things get sorted out earlier...

(see also Huang et al. 2103.01617; Asadi et al. 2104.05720; Azatov et al. 2205.13552)
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Beyond Anomalies

» “Bread and Butter”: continue to improve well established probes:
e.g. mass differences in meson mixing; B — Xgv; Bs — putu™; ...

@ requires high precision hadronic matrix elements from the lattice

o requires high precision CKM input (— need to sort out V, and V,,!)
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Beyond Anomalies

>

Qo
Qo

“Bread and Butter”: continue to improve well established probes:
e.g. mass differences in meson mixing; B — Xsv; Bs — putp™; ...

requires high precision hadronic matrix elements from the lattice

requires high precision CKM input (— need to sort out V., and V!)

Explore new processes where O(1) NP effects are still possible.
obtain qualitatively new information on a new types of processes

Examples for the near future / now:

B — KM®ui  (new intriguing results from Belle 1)

CP violation in D° — D° oscillations

rare kaon decays (observation of K+ — 7w by NAG2)
b — d¢¢ decays
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Evidence for B — Kvi

Belle 11 2311.14647

.49

S\l ﬁ\;gmg,u

200 - + Belle II preliminary g B * —K ' viv
Ldt =3621b" 0t
Belle IT (362 fb, hadmmo} J = 8B
11411 This analysis, prelimi B - + mm B'B
150 . Cout
Belle 11 (362 fb 1, mdnsne) Sontimuun

27407 This analysis, preli

Belle IT ’» b1, inclusive)
19415 PRLIT, 151802

Belle (711 fb!, semileptonic)
10406 PRDIS, 091101

Belle (711 fb‘ , hadronic)
03

29416 PRDST,1

BaBar (418 fb !, semileptonic) 0

02408 PRDSZ,1

{ Data

100

Candidates/(1 GeV?/c*)

BaBar (429 ﬂJ ‘, hadronic) =
15413 PRDS7, 112005 = 0
! a8
b . . .
6 8 10 0 5 10 15 20
5 t (i
10°x Br(B"—K " vi) g%, [GeV?/c?

» Evidence for B — Kvr at 3.50 above background and 2.70 above
the SM prediction.

» Excess of events is particularly pronounced around g° ~ 4 GeV?.
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A Hint for Light New Physics?

» Instead of fitting the excess with a continuous 3-body spectrum from
B — Kvi one gets a better fit with a new resonance B — KX

WA, Crivellin, Haigh, Inguglia, Martin Camalich 2311.14629
1.0

—— Best fit
+20
*lo

4
)

105 x Br[B - KX]

0.0 0.5 1.0 2.0 2.5 3.0
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» Instead of fitting the excess with a continuous 3-body spectrum from
B — Kvi one gets a better fit with a new resonance B — KX

WA, Crivellin, Haigh, Inguglia, Martin Camalich 2311.14629

1.0

—— Best fit
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o
\
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my [GeV] (58 + gPm /%) x 108

» Could be for example a Z’ or ALP with mass around 2 GeV

» Constraints from B — K*v& narrow down couplings

see also He, Ma, Schmidt, Valencia, Volkas 2403.12485; Felkl, Giri, Mohanta, Schmidt 2309.02940;
Ovchynnikov, Schmidt, Schwetz 2306.09508 ...

December 9, 2024
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B —- Kvvand B — 7K

WA, Roy 2411.06592
» There rare long-standing puzzles in B — 7K decays
» ALP with mass around the pion mass that decays to vy can mimic a
neutral pion and contribute to B — 79K decays

» If the ALP lifetime is ~ 1m, an order 1 fraction of ALPs decay inside
the detector (helping with B — 7 K) and an order 1 fraction of ALPs
decays outside the detector (giving a B — Kvi signal)

e=1

5% 1070

131070

Sx1070

Br(B' — aK")

11070 F

A TR L - L P
500 1000 1500 2000 2500 3000 3500 4000

ALP effective lifetime in its rest frame (in mm)
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The Future of Flavor

Indicative scenarios of future = Proton collider mmm— Construction/Transformation
1 1 Electron collider :
colliders [considered by ESG N Preparation / R&D
[ Y ] B Muon collider Original from ESPP by Ursula Bassler

Updated July 25, 2022 by Meenkshi Narain
FCC tunnel length corrected by F. Zimmermann

2038 start physics

& [ ILC: 250 GeV/ 500 GeV 1Tev
8 YOS e tunnel 2ab? 4abt =4-5.4ab"
®

31km tunnel 40 km tunnel

2035 start physics

©
£ CepC: 90/160/240 Gev.
g 100 km tunnel [ERRSE SppC: 75-125 TeV, 10-20 ab!

LHC HL-LHC (14TeV, 3 ab™)

(13.6TeV, 450 fo')

2048 start physics

91 km tunnel, installation installation

FCC-ee: 90/160/250 GeV
-150/10/5 ab

FCC hh: 100 TeV = 30 ab™?

S ~3 km of SRF
2048 start physics
CLIC: 380 GeV 1.5TeV ERY)
holding L1 km tunne 2.5 abt 5 ab!
29 km tunnel 50 km tunnel
2020 2030 2040 2050 2060 2070 2080 2090

[Karl Jacobs @ 2nd ECFA meeting on e" e~ Higgs, electroweak, and top factories
Oct 11-13, 2023, Paestum, ltaly]
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Circular e e~ Colliders are Flavor Factories

Running on the Z pole allows one to probe the
flavor structure of Z couplings with extreme precision.
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with large boost in a clean environment.
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with large boost in a clean environment.

Running at higher /s can probe e.g. FCNC single top production or
lepton flavor violating 4-fermion contact interactions

Can measure V,, from W decays!
(Marzocca et al. 2405.08880, Liang et al. 2406.01675)
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Circular e e~ Colliders are Flavor Factories

Running on the Z pole allows one to probe the
flavor structure of Z couplings with extreme precision.

In addition one gets very large samples of all b hadrons, ¢ hadrons, 7’s
with large boost in a clean environment.

Running at higher /s can probe e.g. FCNC single top production or
lepton flavor violating 4-fermion contact interactions

Can measure V,, from W decays!
(Marzocca et al. 2405.08880, Liang et al. 2406.01675)

= unique sensitivity to a large number of flavor
processes that are not accessible at LHC(b) or Belle Il
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b Hadrons from 10'® Z bosons

FCC-ee Snowmass Whitepaper 2203.06520

Particle production (10°) BY/B’ B+*/B- BY/B. BY/B. A/N, c& 771
Belle 11 27.5 27.5 n/a n/a n/a 65 45
FCC-ee 620 620 150 4 130 600 170

» FCC-ee/CEPC vs. Belle II:

o order of magnitude more B* and B°, unique opportunities for Bs, Bz,
ar_1d Np.
o bb from Z decays are highly boosted.

» FCC-ee/CEPC vs. LHCDb:

o lower yields at e* e~ colliders, but cleaner environment.
o much easier access to final states with neutrals (°, ~, neutrinos).

Bs—»71r, B>K'tr, Np—>Nv, Bg—7r,...
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Ay — Avv with Polarized Ap’s

WA, Gadam, Toner 2412.?7????, in preparation

o A, baryons from Z decays are longitudinally polarized
— polarization leaves an imprint on the angular distribution

Wolfgang Altmannshofer (UCSC) Theoretical Developments in Flavor Physics December 9, 2024 24/30



Ay — Av with Polarized Ap’s

WA, Gadam, Toner 2412.?7????, in preparation

@ Ay baryons from Z decays are longitudinally polarized
— polarization leaves an imprint on the angular distribution

dBR(A, — Avi)  dBR(A, — Avi) <1

dEnd cos by dEn 3+ /s cos 0“)

0.25

0.20f
o angular distribution is OL5p
characterized by a 0.10f

FB

new observable: o0
05F

the forward-backward asymmetry
with respect to the angle between
the Ap spin and the A momentum.

0.00.

-0.05f

-0.10
0 5 10 15 20

q* [GeV?]
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Ay — Aviv as Probe of New Physics

WA, Gadam, Toner 2412.????7?, in preparation

@ Branching ratio and forward backward asymmetry are
complementary in probing new physics

_4GF (0%
V2 4r
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Probing Lepton Flavor Violation at FCC-ee/CEPC

mu{k-cal. wmuow~tomon coll;dar

= >
< c

rare taw olo.cobs

<

P et
<

electron-pasitom machines
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Characteristic Dependence on /s

LEP
— = = FCC-ee/CEPC
—_— e T
— e s (C%”)
i
)

e s

— e

o [ph]

 photon dipole
7

= B _Z_\hpule |
1074F

6 (-
10 50 60 70 80 90 100 200 300 400 500

Vs [GeV]

WA, Munbodh, Oh 2305.03869
(in the plot Ayp = 3 TeV, C; = 1)

Wolfgang Altmannshofer (UCSC)

Theoretical Developments in Flavor Physics

717~ background falls
like 1/s

7 production
increases linearly with
s for 4-fermion
operators

7 production is flat in
s for dipole operators

7 production falls like
1/s for Higgs current
operators

resonance at s = m%
if Z-mediated
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Sensitivity Projections for FCC-ee/CEPC

WA, Munbodh, Oh 2305.03869

0.4
A=30TeV = 91.2 GeV(Z — pole)
W5 = 87.7/93.9 GeV
0.3 -5 = 125 GeV(my)
= 160 GeV(WW)
0.2 N N(ZH)
W Combination
0.1
= = |
£ 00
S E——
-0.1
—0.2
—0.3
—0.4

—0.4 —0.2 0.0 0.2 0.4

» The Z-pole searches and the high-/s searches are complementary.
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Sensitivity Projections for FCC-ee/CEPC

WA, Munbodh, Oh 2305.03869

0.4 .
- - 0.20
A =30TeV s =912 4 i poie g A =30 TeV ‘ [
BR(r — piee)
0.3 0.15] | mm BR(r = 1) |
e 7edecay proj ]
0.2 [INU: |
||
|
01 0.05 I ‘ ‘
= = ' I q
t i
500 S 0004 ‘ ‘ o ) ‘
—0.1 —0.05 ( ‘ g l ‘
—02 ~0.10]
~0.3 ~0.15 ‘ ‘
~04 ~0.20 . ‘ - A ;
—0.4 —0.2 00 02 04 =03 —02  —01 00 01 02 03
(C),e(A) (C)e(B)

» The Z-pole searches and the high-/s searches are complementary.

» Expected FCC-ee/CEPC sensitivity rivals the one from current and
future searches for L=V 7 decays.
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» In the era of precision, flavor takes center stage.

» Anomalies need to be followed up in every way possible.

» Beyond anomalies, one can expect qualitatively new

insights into flavored new physics from a number of
processes in the near future.

» In the far future, circular et e~ colliders could enable a very
impactful flavor program.
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Tight Lines!
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Back Up
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b — st¢ Amplitudes

2mpM M
AR = A {(@ F Cio)Fa(d?) + % [Cyfl(qz) > 167r2m—i%(q2)} } +0(?)

» Local (Form Factors):  F(g%) = (MA(R)|3T’ b|B(k + q))
» Non-Local : Hi(q”) = ipj/d“x T (M (R)|T{jtn (), C; ©:(0) }|B(q + R))

(talk by Javier Virto at Flavour@TH workshop, CERN May 11, 2023)
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Parameterization of the Local Form Factors

(g
h‘((\ lwww.l\
resonomce cut
\X o~ Relq)

(Mg-mg)” (mg m“)z

(Mg

N\f\w\ e{ ;“J(en-d

» The form factors can be parameterized by a power series in z

with bounded coefficients.

Boyd, Grinstein, Lebed hep-ph/9412324; Caprini, Lellouch, Neubert hep-ph/9712417;

Bourrely, Caprini, Lellouch 0807.2722; ...

Flynn, Juttner, Tsang 2303.11285; Gubernari, Reboud, van Dyk, Virto 2305.06301

1

F(g?) = m;akfﬂf(z) ) ; o 2 <1

Wolfgang Altmannshofer (UCSC)

=

lwn ()

5 Rel®)
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Parameterization

of the Charm Loop

() )
00 b
3[1'\ H2s) [ cr\:d\
oo o ‘ & KXo > &w;) = 1 Kdi)
fheor: m(tMms ¢
ot o et T
(memgt  (eom)”
» Proposed parameterization analogous to the local form factors.
» Works for g below the DD branch cut.
Bobeth, Chrzaszcz, van Dyk, Virto 1707.07305; Gubernari, van Dyk, Virto 2011.09813;
Gubernari, Reboud, van Dyk, Virto 2206.03797
H(?) = B pi(2) BFP < 1
By 2)¢> (2) Z ’ Z
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Additional Charm Loop Effects?

» The charm loop also gives “triangle diagrams” involving e.g.
intermediate DsD states
Ciuchini, Fedele, Franco, Paul, Silvestrini, Valli 2212.10516

5 B K*

» E.g. decay B — DsD* followed by rescattering DsD* — K(*)~*

» How disruptive are they to the proposed parameterization?

Wolfgang Altmannshofer (UCSC) Theoretical Developments in Flavor Physics December 9, 2024



Cartoon Picture of the “Charm Loop”

\ [Note: This is highly

hig) LHCh ddta — 5 oversimplified]
Fit the charm loop
parameterization to

data and/or theory

I I 1 I calculations

11t R
0 m"' -
/ iy (r‘-
theory
calcutechons
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Cartoon Picture of the “Charm Loop”

\ [Note: This is highly
h(g) LHCh dofe — oversimplified]
Fit the charm loop
parameterization to
- data and/or theory
calculations
I
H\Anr"(\
+O‘*Q(L7 O(.-(,? .
How reliable are the
theory calculations?
11t R
0 m"' -
/ Iy (r"
theory
calcutechons
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Cartoon Picture of the “Charm Loop”

[Note: This is highly
oversimplified]

\

]\ How reliable are the
—I—ﬁ/ \ theory calculations?

7

J/ ° "k 7"
theory
calc WS

Fit the charm loop
parameterization to
data and/or theory

new r\r\:\s‘-cs ]
calculations

n hastt 2
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Cartoon Picture of the “Charm Loop”

\ [Note: This is highly
h(e) LHCl ddta — oversimplified]
al Fit the charm loop
":;C ":( ¢ parameterization to
. { i _ data and/or theory
womts +s calculations
do this
How reliable are the
theory calculations?
y S
/ 0 M o Is the parameterization
' 1 robust / sufficiently
eovy .
calcutahions generic?
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