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FLAVOR IN THE SM

e neutral currents are flavor conserving (at tree level)

® photon, gluon, Z: have flavor (generation) universal
interactions

g
i % q;

T e e D s ———— s \

® Higgs has flavor diagonal interactions o

® proportional to quark mass W

e charged currents are flavor changing —— %77
® W couplings are flavor S Z /V- .
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TWO FACES OF
FLAVOR PHYSICS

|
I

e no flavor changing ntl
currents in the SM

e = flavor transitions

sensitive probes of new

of quark and lepton masses
and mixings?

e = flavor model building

Fermilab, Aug 8, 2024
J. Zupan Flavor@MuC 3 ermila ug



SEARCHING FOR
OFF-SHELL NEW PHYSICS

e FCNC processes only at loop level in the SM

Nt

e can search for off-shell new physics
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HEAVY NEW PHYSICS

e compare exp. and SM prediction

e does it agree? = place bounds

e for gyp ~ O(1) = probe high scales
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FLAVOR @ MUON COLLIDER

e searching for NP through precision probes
e off-shell NP coupling to muons:u™u~ — tu
® Higgs as a probe of flavor
h — tu,te, ue
h — bs, cu
e production of new states

e flavor structure of these = learn about the
solution to the SM flavor puzzle?

Fermilab, A 2024
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PRECISION FLAVOR
PROBES @MUC



T — 3U

e assume NP is heavy = SMEFT

e focus on t — 3u couplings
The Muon Smasher's Guide, 2103.14043

® dimension 6 operators

LDOVH (27" Pop) (Ty, Prp) + vk (27" Prp) (7v,Prps) + (L <> R) + hec.,

C7'3,u

A2

T3 __ YyT3N YT YyTIN
VLL _ VLR o VRL _ VRR o

e indirect probe from (Belle)
Br(t — 3u) <2.1x1078%=> A > 15TeV

e gain for MuC: o(upu — 1) s/ A
® can probe indirectly much higher scales than Belle II

Fermilab, Aug 8, 2024
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| CT3H | The Muon Smasher's Guide, 2103.14043
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e indirect probe from (Belle)
Br(t = 3u) < 2.1 x107%=> A > 15TeV

o gain for MuC: o(up — i) x s/A*
® can probe indirectly much higher scales than Belle II
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T — 3U

| T3 | The Muon Smasher's Guide, 2103.14043
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e for uu — pe bounds from y — 3e much more stringent (A 2 270 TeV)
e relation between 7 — 3u and y — 3e model dependent
e similar analysis for yu — ze

Fermilab, A 2024
J. Zupan Flavor@MuC ? ermilab, Aug 8, 20



up — bs

Azatov et al, 2205.13552

e the /,ﬁ,u‘ — bs +5b a probe of B — K(*)//t,u
anomalies

® assume that dim-6 EFT operator

(50.Yabr)(RLY*1r)

® MuC could probe interesting parameter
space

e other flavors could be explored as well
pp — tc,tu, cu, bd, (sd?)

F ilab, A 2024
J. Zupan Flavor@MuC 10 ermilab, Aug 8, 20
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® MuC could probe interesting parameter
space

e other flavors could be explored as well
up — tc, tu, cu, bd, (sd’?)
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HIGGS AS A
PROBE OF FLAVOR



HIGGS = NONTRIVIAL
FLAVOR STRUCTURE

e generation of masses in the SM through the Higgs

mechanism

e implies Higgs
has hierarchical
couplings to
fermions

¢ in the SM
yr = V2my /v

e we want to test
this

J. Zupan Flavor@MuC
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TESTING THE FLAVOR OF
THE HIGGS

Yy = V2my/v

Nir, 1605.00433; JZ 1903.05062

e several questions

I
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NEW PHYSICS CORRECTIONS
TO HIGGS COUPLINGS

e in SMEFT, the Yukawas get corrected by higher dim. ops

ALy = (foR) (H'H) + h.c. + - -
"v——-—-"—f e

e there could be other sources of EWSB

NP in general misaligns mass and Yukawa matrices

Ly = —mi; f1 ff — Vi (FLfi)h + hoc. + -+
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NEW PHYSICS CORRECTIONS
TO HIGGS COUPLINGS

e in SMEFT, the Yukawas get corrected by higher dim. ops
Loy = — [Nj(fLfR)H +hc]
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CPV AND FV HIGGS
COUPLINGS TO SM FERMIONS

= 0 0 *
m=v |0 @ O Y=|® H B
0 0 [* x % %k
NP contribs in general lead to Harnik, Kopp, JZ, 1209.1397

Blackenburg, Ellis, Isidori, 1202.5704
e flavor violating Higgs decays

e CPV Higgs decays

e different models lead to ditferent patterns of flavor
diagonal and flavor violating Yukawas

e note: large Yukawas for light fermions require
significant tuning in contributions to fermion masses

Fermilab, Aug 8, 2024
J. Zupan Flavor@MuC 16 ermilab, Aug



OTHER CONSTRAINTS

e both CPV and FV Higgs couplings face severe
indirect constraints

e CPV from EDM y
® FV from low energy t
FCNC processes h o 1.2
I > -
® wide open for ‘ ‘ ‘ h

B g vt

HL-LHC & future colliders:
h — tu,te and t — he, hu T TViR v \i:wz? :

® h — bs, cu with some tuning y

Fermilab, Aug 8, 2024
J. Zupan Flavor@MuC 17 ermilab, Aug



Y,, YUKAWA

CMS 18.7 o™ (8 TeV) ATLAS, 1909.10235
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Y .Y , YUKAWAS

T

CMS, 2105.03007
ATLAS, 1907.06131
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h — bs,cu

* V.., V., bounded from meson mixing

o for Br(h — gq’) ~ 107 direct searches
become more important

—% — Bj_ps = 9.6 X 104
_______ Bh_>b3 — 5 X 10_3

J. Zupan Flavor@MuC
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' jounded from meson mixing

o for Br(h — gq’) ~ 107 direct searches
become more important

Kamenik et al, 2306.17520
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STANDARD MODEL
FLAVOR PUZZLE



TWO FACES OF
FLAVOR PHYSICS

e no flavor changing neutral 'SM flavor
currents in the SM

e = flavor transitions

sensitive probes of new

physics

e

- * why the observed structure |
of quark and lepton masses

and mixings?

Fermilab, Aug 8, 2024
J. Zupan Flavor@MuC 23 ermilab, Aug
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see, e.g., JZ, 1903.05062
Altmannshofer, JZ, 2203.07726

FLAVOR MODEL BUILDING

Cosmological QCD electroweak GUT Planck
constant scale scale scale mass
107 °GeV 10~° 10 10° 10’ 10" 10% 10"

\ |
-3 107"

0 00

* dynamical explanations
e horizontal flavor symmetries
® warped extra dimensions
® partial compositness
® radiative fermion masses
e common to all: extra states, new sources of flavor violation

e generically above the reach of MuC

Fermilab, A 2024
J. Zupan Flavor@MuC e ermilab, Aug 8, 20



SM FLAVOR PUZZLE @MUC

e if SM flavor puzzle has a dynamical explanation

e = same dynamics would control flavor couplings of NP
states

e for instance, if squarks are produced
flavor violating decays g; — ¢; 7" in principle possible
(squark mass degeneracy would avoid indirect
constraints from FCNCs)
e the NP spectrum and couplings carry more information

o e.g., for squarks, mass terms are g;.g;; and g5 gg; instead
of g,qg; tor SM quarks

Fermilab, A 2024
J. Zupan Flavor@MuC 25 ermilab, Aug 8, 20



MORE FLAVOR @MUC

e other examples/possibillities
e other LFV SMEFT operators through yZ — th, uy — th,... poster by H. Bagherian
e CP violating h — 77, htt couplings
® Y, coupling from p*u”™ — fc + X or p"u” — fch + A Y, in Liu et al, 2308.06323
e probes of (g —2), UV physics  see, e, Buttazzo, Paradisi, 2012.02769

o V., V. from W decays (so far analysis only for FCC-ee)
Marzocca, Szewc, Tammaro, 2405.08880

e exotic Z decays
e flavor violating Z — tu, 7e, ue decays
e Z decays that could gain from boosts, e.g., Z — 7(7 — ua)
e TeV muon beams to produce flavor violating ALPs in yA — tAa

Batell et al, 2407.15942
L
o Y eu frome u" — h thanks to Zhen Liu

F ilab, A 2024
J. Zupan Flavor@MuC 26 ermilab, Aug 8, 20



CONCLUSIONS

e two ways flavor may become important for physics
at Muon Collider

e probe off-shell new physics from precision flavor
probes

e example: higgs FV decays
h— tu,h — te,h — ue
h — bs,h — cu

e flavor structure of new physics states produced
on-shell

® extra heavy Higgses, SUSY partners, ...

F ilab, A 2024
J. Zupan Flavor@MuC 27 ermilab, Aug 8, 20
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EDM CONSTRAINTS

Brod et al, 2203.03736

e CPV dim. 6 ops contribute to EDMs through loops

- Z —fL( CfH) Jrthe, Crmyij = Craij + 90 H— 5
f=u,dt
B AR

e

e 2-loop electroweak mixing=>lé{rge logs= leading log
QCD resummation

e if single flavor dominates = in general stringent
constraints

® two extreme cases: top and muon

* if more than one flavor important

e cancellations in EDMs possible but not in LHC constr.

e the parameter space for CPV couplings opens up =FCC

J. Zupan Higgs and Flavor 29 FCC, Krakow, Jan 25, 2023
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e CPV dim:6 ops contribute to EDMs throughloops

hoz (su_ v
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=u,a,

e 2-loop electroweak mixing=large logs= leading log
QCD resummation

e if single flavor dominates = in general stringent
constraints

® two extreme cases: top and muon

* if more than one flavor important

e cancellations in EDMs possible but not in LHC constr.

e the parameter space for CPV couplings opens up =FCC

J. Zupan Higgs and Flavor 29 FCC, Krakow, Jan 25, 2023



| TRAINTS

Brod et al, 2203.03736

1 EDMs through loops
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® two extreme cases: top and muon

* if more than one flavor important

e cancellations in EDMs possible but not in LHC constr.

e the parameter space for CPV couplings opens up =FCC

J. Zupan Higgs and Flavor 29 FCC, Krakow, Jan 25, 2023



2D t-scan (A =1TeV)

° al stringent

cor LHC s FEDMs+LHC

® two extreme cases: top and muon

* if more than one flavor important

e cancellations in EDMs possible but not in LHC constr.

e the parameter space for CPV couplings opens up =FCC

J. Zupan Higgs and Flavor 29 FCC, Krakow, Jan 25, 2023
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4D ¢, b LHC scan (A =1TeV)
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cLFV experlments in the world
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EXPERIMENTAL PROGRESS

e steady experimental progress since

1940s
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CPV AND FV HIGGS
COUPLINGS TO SM FERMIONS

= 0 0 *
m=v |0 @ O Y=|® H B
0 0 [* x % %k
NP contribs in general lead to Harnik, Kopp, JZ, 1209.1397

Blackenburg, Ellis, Isidori, 1202.5704
e flavor violating Higgs decays

e CPV Higgs decays

e different models lead to ditferent patterns of flavor
diagonal and flavor violating Yukawas

e note: large Yukawas for light fermions require
significant tuning in contributions to fermion masses

Fermilab, Aug 8, 2024
J. Zupan Flavor@MuC 32 ermila ug



CPV AND FV HIGGS

Bishara et al, 1504.04022
C Model K:ct(tc)/K't K:ut(tu)/":t K:uc(cu)/mt

GL & GL2 e(€?) e(€?) €3
MFEV Re(CumiVCb ) \/_mt(c) Re(CumiVub ) \/_mt(u) Re(CumgVub(Cb)V&;(ub)) \/ﬁmc(u)

A2 "W A2 YW A2 vw
RS ~ )\( )2 M (c) Y2 'UW ~ /\( )3 Mt (u) Y2 ”W ~ /\( )1 Me(u) Y2 ”W

vw KK vw M i vw M
pNGB O(yzgx AL(R), 2)]\\5(21{) 3mw) O(yz ?V‘t/ AL(R), 1>\L(R) 3m%V) C’)(yf ;nmi AL(R), 1?\;(21%) 2m%/v)
NP contribs in general lead to Harnik, Kopp, JZ, 1209.1397

Blackenburg, Ellis, Isidori, 1202.5704
e flavor violating Higgs decays

e CPV Higgs decays

e different models lead to ditferent patterns of flavor
diagonal and flavor violating Yukawas

e note: large Yukawas for light fermions require
significant tuning in contributions to fermion masses
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FLAVOR VIOLATING
YUKAWAS

Harnik, Kopp, JZ, 1209.1397
Blackenburg, Ellis, Isidori, 1202.5704

e FV Yukawas induce other FCNCs
e D,B,B; K mixing = constrain FV quark Yukawas

o these very poor for top =Y, Yukawas from
LHC, HL-LHC, future coll.

e Y, , Y maybe in reach of future coll

e i — ey,u — e, ... = stringent constraints on
Y, lessonY Y

ue’ Te’

e "model independent” = not easy to suppress in
concrete models
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