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high energy vs. flavor 
experiments

• at low energies probe  
off-shell states 
 

• at high energies on-shell production

• s-channel  
 

• other options: t-channel, pair production, ....

• probe different combinations of couplings and masses*
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*small print: at high eng. could also still be off shell, which  
couplings depend on which prod/decay channel, etc
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high energy vs. flavor 
experiments

• flavor experiments:  
may probe much 
higher scales

• an impressive  
progress on  
flavor bounds  
in last 10 years 

• in D, Bs mixing

• also from εK
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UTFit 0707.0636, 1411.7233 
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2007→~now

for latest charm see also Bazavov et al, 1706.04622  
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outline

• b→s"" and b→cτυ anomalies

• theories of flavor and (HE-)LHC

• Higgs and flavor

• electroweak baryogenesis and flavor
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B anomalies vs. high 
energy
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present experimental 
situation

• many different transitions measured

•  two quark level transitions show  
~4σ deviations from the SM*
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b ! c⌧⌫ b ! sµ+µ�

⇤NP ⇠ 30 TeV⇤NP ⇠ 3 TeV

* there are other interesting deviations, e.g., ~3σ deviation in ε'/ε, see, e.g., Buras et al, 1507.06345;  RBC-UKQCD, 1502.00263
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what kind of np?
• only a finite number of viable single mediators

• b→s!!: two classes of models

• tree level: Z', leptoquarks S3,V1,V3

• can be heavy,  
10s of TeV  

• loop level: need to be light ≲TeV

!7
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what kind of np?

• only a finite number of viable single mediators
• b→cτυ: needs to be tree level

• has to be light, up to few TeV  
 
 
 
 
 
 

• for both anomalies: coupling to quarks need to be present (b,s or b,c)

• LHC searches should lead to relevant constraints
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bounds on simplified 
models

• all the four tree level mediators couple to LH quarks and 
leptons 
 
 
 
 
 
 
 

• the qL flavor struct. that roughly  
minimizes constraints

• only coupling to

• then b→cτυ is Vcb suppressed
!9

Q3 =

✓
VubuL + VcbcL + VtbtL

bL

◆

Freytsis, Ligeti, Ruderman, 1506.08896

Faroughy, Greljo, Kamenik, 1609.07138
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direct searches in ττ
• b→cτυ implies a 1/Vcb  

enhanced bb̄→τ+τ-

• severe bounds  
from LHC

• for instance for vector triplet: W', Z' 
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Faroughy, Greljo, Kamenik, 1609.07138

for b→cτυ need:

all
owed

excluded
excluded

allowed?
unitarity bound
mW 0 < 6.5TeV

di Luzio, Nardecchia,  
1706.01868 
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models with right 
handed neutrino

• experimentally RD, RD* above SM 

• no interf. between NP and SM
• NR not part of a doublet

• the constraints from  
charged leptons are absent
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Robinson, Shakya, JZ, 1807.04753

Bernlochner et al, 1703.05330
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models with right-
handed neutrino

• 5 possible tree-level mediators

!12

Robinson, Shakya, JZ, 1807.04753

excluded from Bc→τν 

excluded from B→Kνν 
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• RD(*) directly probed in pp→τυ

!13

direct searches in τυ
ATLAS, 1801.06992; CMS, 1807.11421

Greljo@CERN Oct.24.2018
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• RD(*) directly probed in pp→τυ

!13

direct searches in τυ
ATLAS, 1801.06992; CMS, 1807.11421

Greljo@CERN Oct.24.2018

preliminary

U
1 l

ep
to

qu
ar

k

preliminary

Greljo@CERN Oct.24.2018

RH W'

preliminary

S1 leptoquark
Greljo@CERN Oct.24.2018



Nagoya, Nov 16 2018J. Zupan   High-energy vs. flavor

the Z' models for b→sμμ
• similarly the b→sμμ get bounded by ATLAS, 

CMS from  pp→Z'→""

• flavor structure  
important

• e.g., for MFV ansatz 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Greljo, Marzocca, 1704.09015

Greljo, Marzocca, 1704.09015
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top-philic Z'
• top-philic  Z' avoids contraints from dimuon  

resonance searches 

• b→s due to SM  
W in the loop

• automatic (sb̄)V-A  
chiral structure

• MFV structure: all FV due to CKM

• there is a correlated signal in K→'νν
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Kamenik, Soreq, JZ, 1704.06005 

B(K+ ! ⇡+⌫⌫̄) ' (8.4± 1.0)⇥ 10�11 ⇥ 1

3

X

`

���1 + 0.11(C`,NP
9 � C`,NP

10 )
���
2

cf. NA62 reach:  
10% of the SM

SM value

X

see also Bordone, Buttazzo, Isidori, Monnard, 1705.10729
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direct searches
• contraints from dimuon searches: loop production or assoc. tt ̄

• depends on Br(Z'→"")

• below tt̄ threshold:

• coupling to "L       ⇒ Br(Z'→"")=0.5

• coupling to "L,τL ⇒ Br(Z'→"")=0.25

• interesting possible searches at LHC

• pp→tt̄(Z'→""), tt̄(Z'→ττ), tt̄(Z'→tt̄)
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Kamenik, Soreq, JZ, 1704.06005 
Camargo-Molina, Celis, Faroughy, 1805.04917



flavor models and 
(he-)LHC
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models of flavor

• SM flavor puzzle: the origin of hierarchies between SM 
fermion masses?

• several solutions

• extra dimensional RS models

• Frogatt-Nielsen models

• partial compositness

• clockwork flavor model

• in all cases important constraints from flavor observables

• some predict states at ~TeV

!18

Alonso, Carmona, Dillon, Kamenik,  
Camalich, JZ, 1807.09792
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clockwork flavor
• the hierarchy from clockworking

• chiral fermion coupled to a chain of vector-like fermions  
 
 
 
 

• zero mode overlap with  
0-th node exponentially  
suppressed 

• if Higgs on 0-th node → hierarchical masses

!19

f ⇠ 1/qN

Alonso, Carmona, Dillon, Kamenik,  
Camalich, JZ, 1807.09792
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CW vs FN
• clockwork flavor very reminiscent of Froggatt-Nielsen
• if clockwork from horizontal U(1)

• in FN: λ=⟨φ⟩/m~0.2

• in CW: λ=m/⟨φ⟩~0.2

!20

FN: chiral vector-like chiral
CW: vectorlike chiral vectorlike

Alonso, Carmona, Dillon, Kamenik,  
Camalich, JZ, 1807.09792
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CW gears
• minimal field content: just vector-like fermion "gears"

• CW protection against FCNCs from overlap suppressions
• the bounds from flavor require them to be above few TeV
• have relatively complex decay chains

!21

Alonso, Carmona, Dillon, Kamenik, Camalich, JZ, 1807.09792
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how to search for 
gears?

• from low energy observables

• Bs, Bd, D, K mixing; rare meson decays b → sll, b → sνν̄ and s → dνν̄ 
• from on-shell production at LHC

• pair production with tW+X, tH+X, tZ+X decays

• vector-like searches: several lightest gears contribute 

• modified hemisphere clustering could reveal individual gears

!22

Alonso, Carmona, Dillon, Kamenik, Camalich, JZ, 1807.09792



higgs and flavor
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higgs - a new probe of 
flavor 

• in the SM all flavor structure due to the Higgs 
Yukawa couplings 
 

• implies Higgs has  
very hierarchical  
couplings to  
fermions

• how well have  
we tested this?

!24

plot due to E. Stamou

yf =
p
2mf/v
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testing the flavor of 
the higgs

• several questions

• proportionality  

• factor of  
proportionality  

• diagonality  
(flavor violation)  

• reality (CP violation)

!25

Perez, Soreq, Stamou, Tobioka, 1503.00290

ySMf =
p
2mf/v

yii / mi

yii/mi =
p
2/v

yij = 0, i 6= j

Nir, 1605.00433 

Im(yij) = 0
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hierarchical couplings?

• does Higgs couple to the first two generations?

• tough: couplings are small

• more modest question: can we show that the 
couplings are hierarchical?

• yes, but for quarks with some assumptions 
 
 
 

!26

direct  
measurements

global  
fit

pT  
distrib.
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muon yukawa
• the SM Higgs muon 

Yukawa accessible at 
high-luminosity LHC

• the only one among the 
first two generations of 
fermions

• could significantly 
deviate from the SM

• could even be zero

!27



Nagoya, Nov 16 2018J. Zupan   High-energy vs. flavor

flavor violating 
couplings

• in the SM Higgs couplings flavor 
diagonal

• discovering flavor violating couplings 
means New Physics

• for h→τ", h→τe the best probe is LHC

• for h→"e the best probe are indirect 
searches

!28
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flavor violating 
couplings

• accessible directly for charged lepton 
final states

• from h→τ", h→τe

!29

⇤µ⌧ > 5.5 TeV

⇤e⌧ > 4.4 TeV

for �̂ij = 1
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flavor violating 
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see also Blankenburg, Ellis, Isidori, 1202.5704

indirect bounds on h→τ!
• also indirect bounds from charged 

lepton FCNC transitions

• τ→"γ

• τ→3"

!30

Harnik, Kopp, JZ, 1209.1397 
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indirect bounds on h→e!
• indirect bounds especially severe for h→e"
• Br(h→e")<10-8  

required to surpass  
the bound from  
Br("→eγ)

• caveat: could be  
cancellations  
in the loop

!31

Harnik, Kopp, JZ, 1209.1397 
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bounds from edms

• stringent constraints from EDMs
• recently NLL resummation  

for bottom and charm for  
hadronic EDMs

• most stringent bounds  
from electron EDM

!32

Brod, Stamou, 1810.12303

ACME collaboration, Nature 562 (2018) 355–360

Brod, Haisch, JZ, 1310.1385

̃b < 0.4 ̃c < 1̃t < 1.2⇥ 10�3 ̃⌧ < 0.30



flavor and 
electroweak 
baryogenesis
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baryogenesis and 
varying Yukawas

• in models of flavor Yukawas have dynamical origin
• viable EWBG if Yukawas change during EW phase transition

• strong 1st order phase transition

• large Yukawas at early times,  
thus enhanced sources of CPV

• models: two flavon FN, RS with  
Goldberger-Wise, composite Higgs

• searches at LHC: searches for flavons,  
radion/dilaton, other states part of complete models

• searches at Belle II: all the classic flavor observables - B mixing, etc, 

• sometimes model dep. modes, e.g. decay to axiflavon, a: 
B→Ka,D→'a, etc 

!34

review: Servant, 1807.11507

Calibbi, Goertz, Redigolo, Ziegler, JZ, 1612.08040
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baryogenesis from  
B mixing

• viable baryogenesis with only SM CPV

• dark particle ψ carries baryon number

• search at Belle for B→baryon+MET

• needs a colored mediator, Y,  
search for it at ATLAS, CMS

!35

Elor, Escudero, Nelson, 1810.00880
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conclusions

• nontrivial constraints on b→cτυ and 
b→s"" anomalies from high pT 

measurements

• many other interesting interplays

• a sample: clockwork flavor, Higgs 
and flavor, baryogenesis and flavor

!36
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baryogenesis from  
B mixing

• viable baryogenesis with only SM CPV

• dark particle ψ carries baryon number

• search at Belle for B→baryon +MET

• needs a colored mediator, Y, search for it at ATLAS, CMS

!38

Elor, Escudero, Nelson, 1810.00880
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models with sm neutrino

• 8 simplified models

!39

Freytsis, Ligeti, Ruderman, 1506.08896

2 color singlet 
 mediators

6 leptoquark 
 mediators
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direct searches in ττ
• vector leptoquark: U"

• bounds depend somewhat on flavor 
structure assumed

!40

Faroughy, Greljo, Kamenik, 1609.07138 ATLAS, 1709.07242
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direct searches in ττ
• vector leptoquark: U"

• bounds depend somewhat on flavor 
structure assumed

!40

Faroughy, Greljo, Kamenik, 1609.07138 ATLAS, 1709.07242

?

gU
3

allowing O(Vcb)q̄
2
L�⌧LUµ

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808
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Buttazzo et al, 1706.07808

leptoquark for both 
b→cτυ and b→sµµ 

• in EFT possible to explain all anomalies  
 
 

• with MFV-like flavor structure

• predicts Br(b→sττ)~O(100)x SM

• if NP contribs.  
dominated by one field

• only one option:  
vector leptoquark

!41

Buttazzo, Greljo, Isidori, Marzocca, 1706.07808
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models with right-
handed neutrino

• 5 possible tree-level mediators

!42

2 color singlet 
 mediators

3 leptoquark 
 mediators

Robinson, Shakya, JZ, 1807.04753
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models with right-
handed neutrino

• 5 possible tree-level mediators

!43

Robinson, Shakya, JZ, 1807.04753

excluded from Bc→τν 

excluded from B→Kνν 
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models with right-
handed neutrino

• left with three simplified models: W', U1,S1

• couplings of U1,S1 further constrained 

• potentially too large contribs.  
to neutrino masses  
at 2 loops

• net result: all three match predominantly onto 
EFT operator

!44
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'3221' gauge model
• straightforward to UV complete W' model
• '3221' gauge model: SU(3)c × SU(2)L × SU(2)V × U(1)′ 

• SU(2)V × U(1)′ → U(1)Y  breaking, e.g., via SU(2)V doublet, HV

• extra vector-like fermions  
 
 
 
 
 
 

• large mixing with bR, cR, τR,νR (λvV/M≫1)

!45
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right-handed neutrino
• the NR in b→cτNR is Majorana, mostly from LR' 
• for single generation neutrino mass matrix  
 
 
 
 
 

• for vEW = 0, SM neutrino νL′ decouples 

• for " = 0 a massless Majorana  neutrino is the state  
 
 

• for λνvV≫ML the massless RH neutrino has a large 
admixture of NR′

!46
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LHC constraints

• assume minimal flavor structure needed for 
the anomaly

• large couplings to b,c,τ
• LHC constraints from pp → W′ → τNR, pp → 

Z′ →ττ searches
• if only the SM channels open Br(W′ → τNR) : 

Br(W′ → cb) ≃ 1:3

• reduced, if vector-like fermions light enough

!47
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