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New Physics, where are you?

Despite convincing motivations for NP at the TeV scale,
we are still lacking a discovery!

Where is everyone?

/ N\

too heavy to be probed by direct searches, too weakly coupled to leave a visible imprint
EWPT & Higgs physics on these observables
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New Physics, where are you?

Despite convincing motivations for NP at the TeV scale,
we are still lacking a discovery!

Where is everyone?

/ N\

too heavy to be probed by direct searches,

too weakly coupled to leave a visible imprint
EWPT & Higgs physics

on these observables

Needed: indirect probes of new particles and interactions > flavour physics!
that are sensitive even to very small NP effects phy J

also (g —2), EDMs. ..
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Flavour changing neutral current processes

FCNCs are strongly suppressed in the SM
@ loop factor @ chiral structure of weak interactions
@ CKM hierarchy @ GIM mechanism (CKM unitarity)

> unique sensitivity to NP contributions — probing scales far beyond the TeV range

Crucial:
high precision in > measurements of flavour violating decays
> predictions of the SM contribution
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Precision determination of CKM elements

Tree level decays: flavour changing charged current interactions

Vud Vus Vub
> Vekm = | Vea Ves Ve
Via Vis Vi

@ direct sensitivity to relevant CKM element
@ small impact of NP contributions expected

o four independent measurements needed to fully determine CKM matrix

> model-independent determination of CKM matrix as a standard candle of the SMJ
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BN
Implications for the CKM Unitarity Triangle

@ ideally determined solely through tree-level measurements: |Vis|, |Veb|, |Vaub], v
> Ry ~ |Vup|/|Vep| not well known due to persisting |V,,,| problem

@ currently: need to rely on B meson mixing data (sin2/3)

@ 20 tension in Ry determined from tree-level ~ vs. AM,;/AM, which hints for

flavour non-universal NP contributions to By s — Bdﬁ mixing
> will become significant with 1° precision aimed for at LHCb and Belle |l
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MB, BuURras (2018); see also MB, Buras (2016); FErRmILAB/MILC (2016)
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Recent anomalies in LFU-violating B decays

Rittes [+

| ! spom@?' |

Sauerkraut

erfrischend sauerliche Note

5

© 3.10 anomaly in semi-tauonic B decays, exhibiting lepton
flavour universality violation

@ various consistent 2 — 3o deviations in b — s¢T ¢~ transitions
leading to a ~ 60 pull in the global fits
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L
The R(D®™) anomaly

Test of lepton flavour universality in semi-tauonic B decays
BR(B — D™rv)
R(D™) = l=e,
P =8 pomy T

éﬂﬁ-‘""‘“‘”*‘ - somn @ theoretically clean, as hadronic uncertainties largely cancel
“57 3 w1 in ratio
wETTT /O = @ measurements by BaBar, Belle, LHCb (so far R(D*) only)
sk T E @ recent Belle result (semi-leptonic tag) in good agreement
b N % with SM prediction
F (D*) - 0.25% 0,005 o2 ]

*D) > 3.10 discrepancy with SM  HFLAV (2019)

Model-independent prediction for A, — A.7v > experimental consistency check
R(Ac) = Rsm(Ae)(1.15 £0.04) = 0.38 £ 0.01 £ 0.01

MB, CRIVELLIN, DE BOER, KITAHARA, MOSCATI, NIERSTE, NISANDZIC (2018), (2019)
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BN
Effective Hamiltonian for b — c7tv

New Physics above B meson scale described model-independently by

HYF = 2V2G RV, | (1 + CF)OF + CEOE + CEO + 101 ] J

with Of = (ey" Prb) (T, Prv-) O§ = (cPgb) (T PLv,)
Or = (o™ Ppb) (70, Prvy) 0% = (ePpb) (FPLv,)

Popular BSM scenarios:

@ charged Higgs contributions > Cg’R #£0 Karivowsk1 (1990); Hou (1993)

CRIVELLIN, KOKULU, GREUB (2013). ..
(4] charged vector boson W' > C‘e 75 0  He, Vatencia (2012); GRELJO, ISIDORI, MARZOCCA (2015). ..
@ (scalar or vector) leptoquark > various C; # 0 (depending on model)

see e.g. TANAKA, WATANABE (2012); DESHPANDE, MENON (2012); KosNIK (2012); FREYTSIS ET AL (2015)
ALONSO ET AL (2015); CALIBBI ET AL (2015); FAJFER, KOSNIK (2015); BECIREVIC ET AL (2016),(2018)
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MB, CRIVELLIN, KITAHARA, MOSCATI, NIERSTE, NISANDZIC (2019)
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Re[ C5]=4Re[ Cr]
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see also MURGUI ET AL (2019); SHI ET AL (2019)

Main results

W' solution disfavoured by LHC direct

searches FAROUGHY, GRELJO, KAMENIK (2016)

significant improvement possible with
various leptoquark scenarios

charged Higgs scenario predicts very large
BR(B. — mv) ~ 50%

see ALONSO, GRINSTEIN, MARTIN CAMALICH (2016)
AKEROYD, CHEN (2017); MB ET AL (2018)

constraints from LHC mono-7 constraints

FRELJO, MARTIN CAMALICH, RUIZ-ALVAREZ (2018)



L
More flavour observables to test NP in R(D®™)

Direct probes of NP structure
e B — DMty differential distributions, angular and polarisation observables
NIERSTE ET AL (2008); CELIS ET AL (2016); BECIREVIC ET AL (2016)
IGURO ET AL (2018); MB, CRIVELLIN ET AL (2018); ALONSO ET AL (2018; BECIREVIC ET AL (2019)
Additionally: implied by SU(2); symmetry
o large impact on B — K(*)VI?, Bs —71777, B— K®7t7=  CriveLuy, MiLLer, OTa (2017)
@ contributionsto ¥ — 777 and ¢ — 777 ALONI ET AL. (2017)

Complementary probes in high-pr searches
@ strong constraints from bb — 77 and mono-7 at ATLAS and CMS

FAROUGHY, GRELJO, KAMENIK (2016); ALTMANNSHOFER, DEV, SONI (2017)
GRELJO, MARTIN CAMALICH, RUIZ-ALVAREZ (2018)

s NP explanations can unambiguously be testedJ

in both high-p7 and flavour observables
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Anomalies in b — sf1t¢~ transitions
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deviations from SM predictions seen in

e angular distribution of B — K"y~ (mainly PY)

BR(B—K ™)yt pu—)
BR(B—K () ete™)

@ less significant tensions in other observables, e.g. BR(Bs; — ¢u™ ™), BR(Bs — putp™)

@ lepton flavour universality ratios Ry« =
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New Physics in b — sfT4~

. _ . . 4Gp ., e? 1yl
Effective b — s¢1T£~ Hamiltonian: Her = — 3 Vip Vis 162 Zi:(CiOi + C;0;) + h.c.

with the operators most sensitive to New Physics

br(w) electromagnetic dipole operators O;')

oY = % @ govern inclusive and exclusive b — s+ transitions
SL(R) @ enhanced contribution to B — K*/T/~ in low ¢ region
bum br semileptonic four-fermion operators 0§, O\

O = @ loop-suppressed in the SM, but potentially tree level in
SL(R) lr the presence of NP

M. Blanke
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Status of global fits

AEBISCHER, ALTMANNSHOFER, GUADAGNOLI, REBOUD, STANGL, STRAUB (2019)
see also ALGUERO ET AL (2019); ARBEY ET AL (2019); KOWALSKA ET AL (2019)

—— NCLFU observables 20

Main results
@ best 1D fit solutions (~ 6o pulls):
o OO ~ —0.97

b— spp & corr. obs. 1o flavio.®

L59 —— global 10, 20 /

1 o CYPM = OV ~ —0.53
%3 0 e non-zero CVS"" preferred by deviation in
BR(Bs — utu™)

@ some tension between b — su™p~ data and
LFU observables
> small flavour-universal contribution to Cy
possibly generated by RGE effects

71.5 —i.U 7ll).5 (ITU l):.')
Cbs;m |
9 see also CRIVELLIN ET AL (2018)
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BN
Popular NP models

Variety of NP models on the market

@ tree-level flavour changing A ALTMANNSHOFER, STRAUB (2013); GAULD ET AL (2013)
ALTMANNSHOFER ET AL (2014); CRIVELLIN ET AL (2015). ..

] Ioop—induced NP BELANGER ET AL (2015); GRIPAIOS ET AL (2015); ARNAN ET AL (2016)
KAMENIK ET AL (2017)

@ leptoquarks HILLER, SCHMALTZ (2014); ALONSO ET AL (2015); CRIVELLIN ET AL (2015)
FAJFER, KOSNIK (2015); BECIREVIC ET AL (2016). ..

Most popular (subject to personal taste): SU(2)-singlet vector leptoquark U,
@ least constrained by complementary data (e.g. Bs mixing, direct searches)
@ potential common origin of b — sup and b — ¢Tv anomalies
@ naturally contained in the Pati-Salam gauge group SU(4) x SU(2)r, x SU(2)r

> plenty of model-building effort for UV-complete model

BARBIERI, MURPHY, SENIA (2016); D1 Luzio, GRELJO, NARDECCHIA (2017); CaLIBBI, CRIVELLIN, LI (2017)
BORDONE, CORNELLA, FUENTES-MARTIN, ISIDORI (2017); MB, CRIVELLIN (2018)
GRELJO, STEFANEK (2018); BaraJi, Foor, SCHMIDT (2018). ..
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Complementary tests

B decay observables
o LFU violating angular observables ); = P,i(ﬁ — P,LE/C) CAPDEVILA ET AL (2016)
e B — K(*)Vﬂ, B — K(*)T+T’, By — 7~

@ LFV meson decays like B — K" r®,F B, — 75,F

CRIVELLIN, MULLER, OTA (2017)
BORDONE ET AL (2018)
Lepton flavour violating decays
CRIVELLIN ET AL (2017); MB, CRIVELLIN (2018); BORDONE ET AL (2018); BARBIERI, ZIEGLER (2019). ..
O T — Uy, T pud, T — 3

® L — ey, ;t — 3e, [L — e conversion

High-pr tests

@ direct production of mediating leptoquark or partner states BAKER ET AL (2019)

@ non-SM effects in tails of di-muon distributions GRELJO, MARzZOCCA (2017)
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Beyond B physics

NP sensitivity of flavour observables governed by

@ experimental & theoretical precision UTHIT (2018)

<,

@ suppression of SM contribution

rare & CP-violating kaon decays are unique probe
> of very high NP scales > 100 TeV g
e.g. K — nww, (Kp — w%107), ek, €' /e. .. "E

NP scale A (TeV)

also CP-violating effects in the charm sector 1
provide important tests of NP L
(only meson system testing up-quark FCNCs!) 7
e.g. |g/p|, Acp(K K, mm), 3-body decays. . .
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Flavour physics from the top

@ FCNC top decays extremely
suppressed in the SM

@ new flavour-violating interactions
involving third generation may have
observable impact on decays like
t— (c,u)H, t — (c,u)y, t — (c,u)Z

@ HL-LHC and in particular FCC-hh will
have greatly increased sensitivity

> start to test parameter space of
motivated NP models

M. Blanke

FCC Stupy Group (2018)

Detector B(t—uy) Bt —cy)

CMS (19.8 fb~1, 8 TeV) 13x 1075 170 x 107°
CMS Phase-2 (300 fb~!, 14 TeV) | 2.1 x 1075 15 x 10~°
CMS Phase-2 (3 ab™!, 14 TeV) | 0.9 x 107° 7.4 x 107°
FCC-hh (3 ab™!, 100 TeV) 9.8x 1077 129 x 1077
FCC-hh (30 ab™!, 100 TeV) 1.8x 1077 24 x1077
Detector B(t— uH) B(t— cH)

CMS (36.1 fb~1, 13 TeV) 4.7x 1070 4.7x 1073
ATLAS (36.1 fb™1, 13 TeV) 1.9x 1072 1.6x 1073
FCC-hh (3 ab™!, 100 TeV) 84x107°  7.7x 1077
FCC-hh (30 ab™%, 100 TeV) 48 x107% 43 x107°
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Flavour violating top partner decays

Many NP models predict the presence of

CHAKRABORTY ET AL (2018)
top partners around the TeV scale see also MB, GIUDICE, PARADISI, PEREZ, ZUPAN (2013)
e.g. SUSY, composite Higgs, Little Higgs. . .

SE

E E * E te+EPS
) ':2 & ms= 50 GeV ] 300 ':,: prospect
> couplings generally flavour-violating @ ' 17 s aberosec
H . - —— te+Er< 361"
> impact on high-pr pheno 1 36w pospect
| tE+ET [1711.11520]
maximal mixil;'q ] S8 rcast
H n aaE;."‘“ [1805.01649]
ex. SUSY: stop-scharm mixing 1« remmne
_ . ] 36 fb" exclusion
@ bounds from ¢t + Fr and cc + Fr 3 ¥ oo psosoress
7 36 fb* exclusion
significantly affected by flavour mixing .
@ large mixing scenario 0y, ~ 7/4 best o e ]
. 7 1 1 12 1 14
covered by dedicated tc + Er 600 700 800 900 11000 1100 1200 1863, 1490

search
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Summary & outlook

In the absence of direct evidence for New Physics
flavour violating decays remain one of our best bets
for observing physics beyond the SM:

> interesting hints for NP contributions in B decays
(“anomalies”)

> sensitivity to very high scales in K decays

> high-pr potential for flavour physics (rare top decays,
flavour-violating NP interactions) yet to be explored
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Summary & outlook

In the absence of direct evidence for New Physics
flavour violating decays remain one of our best bets
for observing physics beyond the SM:

> interesting hints for NP contributions in B decays
(“anomalies”)

> sensitivity to very high scales in K decays

> high-py potential for flavour physics (rare top decays,
flavour-violating NP interactions) yet to be explored

A priori not clear which route leads to a discovery!
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Backup slides
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A closer look at AM,; and AM,

using FLAG2019 averages MB, Buras (2018)

o (AMg)sm > (AMg)exp due to large v and |Vepline
(+O(30%)!)

@ smaller enhancement in AN/ (independent of )

@ smaller |V| cannot cure AMy/AM; & introduces
tension in €x see also MB, BURAS (2016); BAILEY BT AL (2018)

> emerging anomaly in b — d transitions?

AMd.s/(AMd‘s)exp

v I[°]

> required NP pattern:
e flavour non-universal NP contribution: |ASy| > |AS|

@ destructive interference with SM contribution > new source of CP-violation?
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A word on AB = 2 hadronic matrix elements

mwu:yfm\/g fa\\/a
R o FLAG 2019 averages

@ based on 2+1 dynamical flavours

—
i

e HPQCD 09 o]

wocoosa r @ dominated by FrrmiLas/MILC (2016)

> implying a 20 tension in AM,

180 220 260 220 260 300 Me\

Recent 2+1+1 flavour lattice result HPQCD (2019)
@ different extraction to continuum limit (bag parameters vs. matrix elements)

@ obtained matrix elements lower by ~ 10%

> no tension in individual mass differences AMg ¢

However, 20 tension between ~ and AM;/A M, consistently implied by lattice data
FErRMILAB/MILC (2016), HPQCD (2019), RBC/UKQCD (2018) & QCD sum rules King, LEnz, RAUH (2019)
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g’ /e — an opportunity worth the challenge

Measure of direct CP violation in K — 7w NA48, KTEV (2002)

(6'/€)exp = (16.6 £2.3) - 1074 J

o reliable SM prediction difficult due to large cancellation between QCD and EW penguin
contributions

@ recent progress by lattice QCD (update coming soon!) RBC/UKQCD (2015)
> current SM prediction (¢//c)sy = (1.9 +4.5) - 10~* in apparent tension with data

BURAS, GORBAHN, JAGER, JAMIN (2015); KITAHARA, NIERSTE, TREMPER (2016)

@ anomaly claim supported by dual QCD calculations BURAS, GERARD (2015FF)
but not seen by chiral perturbation theory methods GISBERT, PIcH (2017)

> future more precise lattice QCD results will be able to clarify the situation J
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K — mvv decays — a glimpse at the zeptouniverse

Mz = 500 TeV

Golden modes KT — wtvw and K — n%vi _ 2

@ complementary probe of NP in &’/e o 15}
see e.g. BURAS, BUuTTAZZO, KNEGJENS (2015) -

MB ET AL (2015); KITAHARA ET AL (2016) > 10r
E

o theoretically extremely clean and very rare é 5t
@ sensitive to NP contributions from scales @

0 A
well beyond 100 TeV BURAS ET AL. (2014) 0 5 10 15 20 25 30

B(K*=n vy (1071
Bright future

o NA62 (KT — mvw) and KOTO (K — m¥vi) to release new results soon

e KLEVER: new proposed experiment to measure K7 — 7’v with 20% precision

M. Blanke
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