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Preliminaries...

® Asked to give “a general overview of upcoming prospects at LHCb and Belle I, ...
anomalies but we're more interested in general prospects”

® Many reviews of key measurements, sensitivities, discovery and exclusion limits:

— “Physics case for an LHCb Upgrade II” [1s0s.08865)
— “Eol for Phase-ll LHCb Upgrade,” LHCC-2017-003

— B2TIP workshop report (Belle 1l Physics BooK) (arxiv:1808.10567
— “Impact of Belle Il on flavor physics,” BELLE2-NOTE-0021

® [f you like impressive large tables of sensitivity projections, this talk will disappoint

(Very significant improvements shown in the links above!)

® Experiments have the potential to discover unpredictable things; manifestations
of NP may be unexpected, with more imagination we may find signals soon

~
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https://arxiv.org/abs/1808.08865
http://cds.cern.ch/record/2244311
https://confluence.desy.de/display/BI/B2TiP+WebHome
https://arxiv.org/abs/1808.10567
https://confluence.desy.de/download/attachments/34042032/belle2-note-0021.pdf

Outline

® /L:
Some past surprises
Future improvements, some extrapolations, possible directions

Many areas connected to flavor, left for discussions: higgs, charm, top, EDMs

® Clara Murgui:
Two exciting avenues
Bottom-up: EFT perspective on b — ¢ anomaly, prospects & implications

Top-down: Observable predictions from quark-lepton unification

® (Can’t see raised hands)
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What is particle physics?

® What are the elementary interactions and degrees of freedom?

Standard Model
of cosmology:

Standard Model of
particle physics:

Inconsistent: Two very successful theories, but this cannot be the full story
— Dark matter

— Baryon asymmetry

— Neutrino mass

Michelson 1894: “... it seems probable that most of the grand underlying principles have been firmly established ..

Before 2012, 30-year “anomaly”: certainty that LHC would say something about electroweak symmetry breaking

~
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Why is C' P violation interesting?

® SM cannot explain baryon asymmetry
— Electroweak baryogenesis? (testable at LHC?)
— Leptogenesis? (connection to neutrinos?)

— Something else? E.g., B-mesogenesis? [1810.00880, 2101.02706]

® SM: one C'P violating parameter in quark sector

(Neglecting strong C' P phase, negligible in flavor changing processes)
— Many predictions, correlations, zeros

— Stringent tests of the standard model

® NP: many sources of C'P violation (CPV) possible

— Higgs, neutral currents, new sectors

~
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https://arxiv.org/abs/1810.00880
https://arxiv.org/abs/2101.02706

C P violation involving known particles: 2, 3, 5?

® Gauge symmetry: SU(3). x SU((2)r x U(1)y param’s (CPV)
8gluons W=, 7% ~ 3 (+0qcp)
® Particle content: 3 generations of quarks and leptons

Qr(3,2)1/6, ur(3,1)2/3, dr(3,1)_1/3 10 (1)
Lo(1,2)_ 19 Cr(l,1)_, 12.(3) or 10 (1)

u c t V1 Vo Vs
quarks: < > leptons: ( )
d s b e W T

® Symmetry breaking: SU(2);, x U(1)y — U(1)gm
¢(1,2)1,o Higgs, with vev: (¢) = (v/?/i) 2 (0)

W L.Li ¢ violates lepton number

Not known: £y = —Y7 LL ¢pep, — ¢ & 57
YLt ¢vp.  requires v fields

® We do not know what is the Lagrangian that describes the observed particles!

~
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Brief history of C'P violation

1964 — 1999: C'P violation discovered in K decay, “¢” [fitted w/ CKM phase, not a test]
1999: second C'P violation measured in kaons, “¢’ /¢’ [notoriously hard to calculate]

1999 — 2010:;
etTe~ B-factories, BaBar and Belle, measured dozens of CPV observables

® 2009 —2019:

LHCb: improvements 4+ C'P violation in B, decays with comparable precision

® 2019:

LHCb: discovery of C'P violation in D meson decay (Ay+;— — A, +,-)

® One CP violating parameter (KM phase) can account for it all so far

C P violation in itself is no longer automatically interesting, only if sensitive to NP

~
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1964: C' P violation was a surprise

® History can differ from what may seem “obvious” later:

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,I YV L. Fitch,I and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

® Must be a new interaction:
VIOLATION OF CP INVARIANCE AND THE POSSIBILITY OF VERY WEAK INTERACTIONS*

® After 8 years:

L. Wolfenstein
Carnegie Institute of Technology, Pittsburgh, Pennsylvania
(Received 31 August 1964)

CP-Violation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)
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The experimental proposal

PROPOSAL FOR KOZVDE'CAY AND INTERACTION EXPERIMENT

J. W. Cronin, V. ‘L. Fitch, R. Turlay
(April 10, 1963)

I. INTRODUCTION

The present proposal was largely stimulated by the recent anomalous

results of Adair et al., on the coherent regeneration of K. mesoms. It

1

is the purpose of this experiment to check these results with a precision

far transcending that attained in the previous experiment. Other results

to be obtained will be a new and much better limit for the partial rate

+ -
of Ko2 * 7w + 7 , anew limit for the presence (or absence) of neutral

+ —
currents as observed through K, + u + p . In addition, if time permits,

2

the coherent regeneration of Kl's in dense materials can be observed
with good accuracy.
II. EXPERIMENTAL APPARATUS

Fortuitously the equipment of this experiment already exists in

operating condition. We propose to use the present 30° neutral beam at
the A.G.S. along with the di-pion detector and hydrogen target currently
being used by Cronin, et al. at the Cosmotron. We further propose that
this experiment be done during the forthcoming u-p scattering experiment
on a parasitic basis.

The di-pion apparatus appears ideal for the experiment. The energy
resolution is better than 4 Mev in the m* or the Q value measurement.
The origin of the decay can be located to better than 0.1 inches. The 4
Mev resolution is to be compared with the 20 Mev in the Adair bubble
chamber. Indeed it is through the greatly improved resolution (coupled
with better statistics) that one can expect to get improved limits on

the partial decay rates mentioned above.

IIT. COUNTING RATES

We have made careful Monte Caglo calculations of the counting rates
expected. For example, using the 30% beam with the detector 60-ft. from
the A.G.S. target we could expect 0;6 decay events per 1011 circulating
protons if the K, went entirely to fwo piéns. This means that one can

2

set a limit of about one in a thousand for the partial rate of K2 > 2m

in one hour of operation. The actual limit is set, of course, by the

number of three~body X, decays that look like two-body decays. We have

2

not as yet made detailed calculations of this. However, it is certain-

that the excellent resolution of the apparatus will greatly assist in
arriving at a much better limit.
If the experiment of Adair, et al. is correct the rate of coherently

regenerated K. 's in hydrogen will be approximately 80/hour. This is to

1
be compared with a total of 20 events in the original experiment. The
apparatus has enough angular acceptance to detect incoherently produced
Klws with uniform efficiency to beyond 15°. We emphasize the advantage
of being able to remove the regenerating material (e.g., hydrogen) from
the neutral beam.

IV. POWER REQUIREMENTS

The power requirements for the experiment are extraordinarily modest.

We must power one 18-in. x 36-in. magnet for sweeping the beam of charged
particles. The two magnets in the di-pion spectrometer are operated in

series and use a total of 20 kw.



A near miss: factor-of-2 improvements matter

ANNALS OF PHYSICS: b, 156-181 (1958)

Long-lived Neutral K Mesons”
M. Barpox, K. LANDE, axp L. M. LEDERMAN

Columbia University, New York, New York, and Brookhaven
National Laboratories, Uplon, New York

AND

WiLLiam CHINOWSKY

Brookhaven National Laboratories, Upton, New York

set an upper limit <0.6% on the reactions

+
w4+ et
K —<{et +¢
+ -
bt u
0 + -
andon Ky —> 7" + 7 .
VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS

VoLuME 6, NUMBER 10 PHYSICAL REVIEW LETTERS May 15, 1961

DECAY PROPERTIES OF K,° MESONS™

D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov
Joint Institute of Nuclear Research, Moscow, U.S.S.R.
(Received April 20, 1961)

Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3 % for the rel-
ative probability of the decay K,°~7-+7+. Our

“At that stage the search was terminated by administration of the Lab.”
[Okun, hep-ph/0112031]

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T
J. H. Christenson, J. W. Cronin,¥ V. L. Fitch,! and R. Turlay$

Princeton University, Princeton, New Jersey
(Received 10 July 1964)

We would conclude therefore that K,° decays to
two pions with a branching ratio R = (K,~n*+77)/
(K,®—all charged modes) = (2.0+ 0.4)% 10~* where
the error is the standard deviation. As empha-



The quest for K — v

® Theoretically clean: K, — n'viv is CP violating, K — 7w is dominantly so
50 years of searches, sensitivity O(100 TeV) (‘waiting longer than for Higgs” — Mary K Gaillard)

\ % v Camerini ' o
= | A 4 Experimental upper limit @ 90 % CL
% 10_5 ? [ Experimental measurement
+M 6 - Klems | ] Theoretical prediction
E 10 g_ Wy Cable
= 1 0_7 i_ V Asano
; \ 4 E787
107 v
_9 - v
107 = E787+E949  NAG62
1070 ? £
10—11 : 1 | 1 | | £ | | 1 | 1 ‘ | | | | | | | |
1960 1970 1980 1990 2000 2010 2020

® NAG2: B(KT — ntuvp) = (10.6150 £ 0.9) x 10711 — at SMlevel (2103 15389
® KOTO: 4 K; — m%w events in 2019; then 4 — 3, w/ 1.22 4+ 0.26 BG  [2012.07571]

® Exciting prospects, plenty of room for new physics

~
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Past surprises exploring b quarks

® 1977: Y diSCOVGry — after 6 GeV “OOpS-Leon” in 1976 [Lederman et al. @ Fermilab]

® 1983: Long B meson lifetime = |V,| is small [MAG & Mark Il @ SLAC]

If |Veo| ~ [Vus|, NO time dependent measurements, no B factories...
® 1987: BY—B" mixing discovered, ARGUS [pLs 192 (1987) 245]
r = 0.21 + 0.08 = (decay, after mixing) /(decay, no mixing)

Few months earlier, CLEO: r < 0.24 (90% CL) (pRL 58 (1987) 183]
(Then 2 more years to confirm ARGUS — can be rather different to set limits vs. observe signals)

Implied: m; > my (bound was 23 GeV) = no top hadrons, maximal B, mixing

= SM predicts large C' P violation, and large FCNC B decay rates

® All above required to be able to test KM mechanism of C'P violation at B factories

~
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https://doi.org/10.1103/PhysRevLett.36.1236
https://doi.org/10.1016/0370-2693(87)91177-4

Prospects in 1981

CLNS 51/505
CLEO 81/05
JULY 1981

CORNELL HARVARD ROCHESTER RUTGERS SYRACUSE VANDERBILT

WHAT CAN WE HOPE TO LEARN
FROM B MESON DECAY?

Proceedings of a
CLEO Collaboration Workshop

“... the nature of C' P violation. This violation, observed so far only in KV decays, must show up some other place.

Our theoretical advice is that the size of the effects expected in B decays is very small, unobservably small.”

“Where are the Higgs’'? Nobody knows. If they are in the 5-10 GeV range, there will be observable effects in B decay.

<~
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BaBar and Belle: testing C P violation

11 [-3BABA

Physics  Book

ST

!
|
{
|
i
r
5
|
i
o
|
!

® No executive summary, no list of killer apps, no gold-plated measurements...

S
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C P violation in B — 1y K by the naked eye

® (P violation is an O(1) effect: sin25 = 0.699 + 0.017

| T[B°(t) - ¢K] — T[B(t) — ¢ K]
Her TTBY(t) — ¢K] + DB (t) — ¢K]

= sin 23 sin(Am t)

450

o
o
wh

Events /(0.4 ps )

(0,0) (1,0)

Raw asymmetry
1

o
—
-~

1

1

At|ps|

® ('P violation in K decays is small because of small CKM elements, not because
C'P violation is generically small — it is O(1) in numerous B decays

~
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CPV in b — sss “penguin” decays

® Many modes, close to Sy x in SM; recall earlier (2—4)o tensions, e.9., S¢x, Sy i

sin(28°™) = sin(20™) vs Cp= -ACP% | |
Cep = -Acp Probe NP in decays domi-

nated by 1-loop amplitudes
0.4 f !
0.2

B factories were also responsible
0 r for proliferation of blind analyses
-0.2 -
0.4 .~
T K
i KTK-KO | | | |
-0 0.2 0.4 0.6 0.8

1
sin(2p°") = sin(25")

Contours give -2A(In L) = sz =1, corresponding to 39.3% CL for 2 dof

® Some of these uncertainties will be reduced by nearly an order of magnitude

~
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2003: D?,(2317) and X (3872) discovery

® BaBar's 2nd most cited, hep-ex/0304021 (Apr 12), 91/tb, 2 |
903 cites (detector papers aside, citations on this page: 3/31/2021) 2%55 3 ;fh*#*"”#ﬁ
Quark model predicted above D K, isospin viol. decay to D m 2' T m
CLEO could have discovered it years before g ’
hep-ex/0305100 (May 28), 13.5/fb, 632 cites gii;tﬂi +++ *HH iﬂh o
g 40 :* th t
Belle, hep-ex/0307021 (Jul 9), 65/tb, 375 cites ° T I
[ T
® Belle’s most cited, hep-ex/0309032 (Sep 8), 1919 cites ol dea ]
+ + — .
Narrow state above ¢’, decays into 77~ J /4 3 B Kt 19
CDF confirmation 120, hep-ex/0312021 (Dec 5), 863 cites 5 = | .
BaBar hep-ex/0406022, 685 cite; bounds in hep-ex/0402025 = | é
it

0.40 080 _ 120
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Spectroscopy at the LHC

® | HCb’s most cited paper: pentaquark 1507.03414, 1175 cites (> Ry paper in 2014)
Number of particles (width/mass < you pick) discovered by LHC: hard to count

[plot credit]

T\

11000
P
msooi o*” 59 new hadrons at the LHC X
1
_ .
70007 B.(25)* B:(25)* Teee
o° B(2s)r @
Q,(6350) -
- _ M(6152)° (6340
, 2p(6227) /\b(6146) m ( )_b(5227)0
4 As(5920)° B,(5970)* M=,(6100) -
6000 . A(5912)0 - W @5 (5840)*° 5,(6097)*  A,(6070)° B,(6114)°
5,(6097)~ B.(6063)°
v
= 5000 o
o e bb X(4700) X(4685)
= o P.(4450)* :X(4500) P.(4457)* @X(4630)
P ® bg [~ | X(4274) Pc(4440) (4220)*
3 o ciqd) o140 p (a380) P.(4312)* 27 4000
4000 ccc X(3842) ®
° C?t —tt o
® —-cc
cqqq 0
: bag D,(3000)*° . . chgéég) Z:(2939)°
3000 - D,(3000°@ D, (2860) A(2860)* | Qc(3066)° X1(2900)
o, G R
z (2740) D;(2760) % Z ° .
CcC 3
W ccqqq D/(2580)° Ds0(2590)
1 1 1 1 1 1 1 1 1 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Date

® How complex the spectrum of strongly interacting theories can be...
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https://home.cern/news/news/physics/59-new-hadrons-and-counting

More surprises in 2003 — 2004: « and ~

® . B* - DK+ and D — K S [Bondar, 2002; Giri et al., hep-ph/0303187; Belle, hep-ex/0406067]
® o: B — pp, large pTp~ & pTpY rates, mostly longitudinal, p°p® small  [ep-exios0a02e]
® Critical for testing the SM by comparing tree- and loop-dominated processes

Neither of these methods were anticipated in the BaBar book, just 5 years earlier
Tons of data always stimulate new developments (both theory and experiment)

® The (to me most serious) K« puzzle became significant:

Apv.0— Ag+.— = 0.124 +£0.022 (tension with SCET / factorization)

Direct CPV can also be O(1) — many since

~
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® Spectacular progress in last 20 years

® The CKM mechanism dominates C'P 1.0
violation & flavor changing processes

® The implications of the consistency of
measurements are often overstated & o0

The B-factories money plot

1.5

0.5

IIII|IIII|IIII¢IIIIIIIIIIII
excluded area has CL > 0.95 |

Y

3
%
S
X
5
N

3 g & Am

»

\

Am,

® |arger allowed region if there is NP 05 ]
-1.0 L Y e EK _
- % i sol. w/cos28<0  —
- Summer 19 E (excl. at CL > 0.95)
1.5 I B AT BTN B A SR BRSNS AT A
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p
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The B-factories money plot

® Spectacular progress in last 20 years

® The CKM mechanism dominates C'P
violation & flavor changing processes

® The implications of the consistency of
measurements are often overstated

® |arger allowed region if there is NP

® Compare tree-level (lower plot) and
loop-dominated measurements

® | HCb: constraints in the B, sector
(2nd—3rd gen.) caught up with By

® (O(20%) NP contributions to most loop-level processes (FCNC) are still allowed

0.7

0.6

0.5
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0.3
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0.1

0.0 A 1 1 i

0.7

0.6

0.5

0.4
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0.2
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0.0

has CL > 0.95]

[ excluded area
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Y Am,

€

has CL > 0.95]

[excluded area

2,

o

-0.2 0.0

0.2
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Future




Reasons to seek higher precision

® Expected deviations from the SM, induced by TeV-scale NP?

Generic flavor structures ruled out; can find any size deviations, detectable effects in many models

® Theoretical uncertainties?

Highly process dependent, under control in many key measurements

® Expected experimental precision?

Useful data sets will increase by ~ 10%, and probe fairly generic BSM scenarios

® What will the measurements teach us if deviations from the SM are [not] seen?
Complementary with LHC high-p, LHC program; the synergy can teach us what the NP is [not]

Summarizing, we have no guarantees that B decay will provide us with

the answer to any of Nature's deep mysteries. However, we do have some

reason for optimism. [Same 1981 CLEO workshop]

~
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LHCb — LHC |

Run 1 Run 2 Run 3 Run 4 Run 5+

(2010-12) | (2015-18) | (2021-24) | (2027-30) (2031+)
ATLAS, CMS 25 fb?! 150 fb1 300 fb1 —_— 3000 fb?
LHCb 3 fb1 9 fh1 23 fb1 50 fb1 *300fbt

* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2x1034 cm=2s1

® Major LHCDb upgrade in LS2 (raise instantaneous luminosity to 2 x 1033 /cm?/s)
Major ATLAS and CMS upgrades come in LS3 for HL-LHC

® LHCDb plans to upgrade in LS4 to take data at 2 x 103*/cm? /s

ATLAS & CMS will be competitive in some B physics measurements

~
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Belle ll — SuperKEKB

—
(e

~

(@)

—Lpeak Before IR upgrade || ——Int. Luminosity

- 60
= 8 Lpeak After IR upgrade
ol
c -150 §
(8] H
w6 c
o RF 40
2 [partial] g
= IR (QCs*) 30 2.
g & <
£ M
< 2 B
© 10
o]
a

0 (Tuning) 0

2019/1 20211 202311 202511 2027/1 2029/1 2031/1
® First collisions 2018 (unfinished detector), with full detector starting spring 2019
Goal: 50 x the Belle and nearly 100 x the BaBar data set

® Discussions started about physics case and feasibility of a factor ~ 5 upgrade,
similar to LHCb Phase-Il upgrade aiming 50/fb — 300/fb, after LHC LS4

~

ZL-p.20 /\I A
frrereeqr
BERKELEY CENTER FOR

|||‘
THEORETICAL PHYSICS BERKELEY LAB




New physics in B mixing

® Assume: (i) 3 x 3 CKM matrix is unitary; (ii) tree-level decays dominated by SM

General parametrization of many models b W d LA T L |_’i
by two real parameters (in addition to SM): Uk Up ”k? ? Un
' = — - d X; b
h62’%0:ANP(BO%BO)/ASM(BO—)BO) d W b Xi
NP parameters sm: M np: NP
m%/v A2

What is the scale A? How different is the Cnp coupling from Cqy?
® |sh=0(1) If not, the CKM mechanism dominates

Redo CKM fit w/ NP param’s: tree-dominated unchanged, loop-mediated modified

Importance known since 1970s (Amg /my ~ 7 x 10~ '), conservative view of future progress

<
p- recccec| |

BERKELEY CENTER FOR /_\

THEORETICAL PHYSICS | [CERKEREVIEAE



Future sensitivity to NP in B mixing

0.20 p-valu% .0
excluded area has CL > 0.95 —
0.9
. @ What NP parameter space can be probed?
015 =
0.7 9
7777777777 0.6 . |C7,| 4.5 TeV
) ® h,. < NPscale: h ~ J [2006.04824]
2 o010 0.5 ’ |V*‘/t|2 A
1
0.4
0.3 GRS NP loop || Sensitivity for Summer 2019 [TeV] | Phase I Sensitivity [TeV] | Phase II Sensitivity [TeV]
0.05 R order Bg mixing B mixing Bg mixing | Bs mixing | By mixing B mixing
0.2 |Cijil = [VaaVi5] | tree level 9 13 17 18 20 21
0.1 (CKM-like) one loop 0.7 1.0 143 14 1.6 1%
[Cii] =1 tree level 1x10° 3 x 10 2:%10° 4 x 10% 2 x 10° 5% 102
09900 005 010 015 020 025 030 035 040 00 (no hierarchy) | one loop 50 20 2 x 10° 0 2 x 107 -l
hd
0-10 T T T { T T T { T T T { T T "_,]" T T T - 0-10 T T T { T T T { T T T { T T { T T T -
i | excluded area has CL > 0.95 - — i | excluded area has CL > 0.95 =
0.08 ; — 0.08 —
e 1 Big improvements in 2020s
0.06 — 0.06 —
< 1 1 Complementary to high-pr searches
0.04 — 0.04 |
1 1 Then theory improves or progress slows
0.02 — 0.02 -
Belle LHCb] Belle  LHCb
000 . O0@b § 0§ ' 250/ab & 300/fb |
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
h, hy (hypothetical)
~
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Example of discovery potential

® Discovery significance at Phase | and I, if central values remain as in current fit

(Assume future measurements have the central values corresponding to current best fit parameters)

p-value p-value
0-20 T T T T ‘ T T T T T T T T ‘ T T T T 1.0 0-20 T T T T ‘ T T T T T T T T ‘ T T T T 1.0
[~ | excluded area has CL > 0.95 - [~ | excluded area has CL > 0.95
EEm | Boo 1 Bos
Phase | a Phase Il a
,,,,, a 0.8 a 0.8
0.15 — —] 0.15 — —]
B 0.7 B 0.7
1 o6 41 o6
2 o0 — 0.5 2 o010 — 0.5
B 0.4 b 0.4
Lo . 0.3 : . 0.3
0.05 — — 0.05 — —
F B 0.2 F B 0.2
B 0.1 B 0.1
0.00 Lt b 0.0 0.00 Lt L 0.0
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
hd hd

® |f new physics contributes to semileptonic decays, as hinted at by the R(D™))
anomaly, then things get more complicated, may still isolate sources

~
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2012, 2014: emerging hints of LUV

® 2012: BaBar, charged current

® 2014: LHCDb, neutral current

® “Who ordered that?”

Nearly no discussion in the literature before the measurements ; SN

The simplest models to accommodate the data do not (trivially) connect to DM
and the hierarchy puzzle

® Forced both theory and experiment to rethink program, discard some prejudices:
broader searches, previously neglected measurements

New directions: model building, high-p; searches, lepton flavor violation searches

~
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The current B “anomalies”™ ‘

® | epton non-universality would be clear evidence for NP o

1) R and Rk~ (B— Xptu™)/(B = Xete™) ~ 20% correction to SM loop

2) R(D)and R(D*) (B — Xr0)/(B — X(e,n)v) ~ 20% correction to SM tree :#

Scales: R,y Sfew x 101 TeV, R(D™) <few x 10°TeV  Would bound NP scale!
® Theor. less clean: 3) P! angular distribution (B — x*u*u™)
4) By — outu rate

(NP)/ (SM)

Canfit 1), 3), 4) with one operator: C —0.2, Oy, = (57 Prb)(y*p)

® Viable BSM models... leptoquarks? No clear connection to DM & hierarchy puzzle

Attention to many BSM scenarios previously less explored

® \What are smallest deviations from SM, which can be unambiguously established?

~
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Ry and Rg~: theoretically cleanest

B — K®utu~ . - -
® | HCb: Ry = PP 1 both ratios ~ 30 from lepton universality
B — K®ete—
" T T T T T l T T T T T T T 1.6
- . BaBar 14— i ’ 1
: 0.1 < ¢*><8.12GeV?/c*
1.2+ ——
n , Belle %< 0 T
10 < g% < 6.0 GeV¥c* ' E » T
s ] ) . o LHCH17
3.10c i 1 ir i i y
et | LHCb9 fb! vol 520 11 2 o0 HH  Belle’19
1.1 < ¢*<6.0GeV/c* : I-}-l BaBar'12
bt 04 1 I T I I T
0.5 1 1.5 0 2 5 8 10 12 15 18
Ry ¢’ [GeV?/c']

® Combined fits only by theorists (some include P! and/or By — ¢u*u™)

® [Viodifying one Wilson coefficient in Heg gives good fit: 6 Cy ,, ~ —1  [see 3/29 discussion]

~
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The B — D™ riv decay rates

I'(B— Xt9) & [ Lo o
® BaBan, Belle, LHCb: R(X)=r B( > 75‘) - A bz
— e/ n)v L LHCbIS

035 - - st
3.10 from SM predictions — robust due to heavy i

I|Illlllll||l||

. E R
quark symmetry + lattice QCD (only D so far) s B _— L E
. F A £ SM predictions HFLAV E
many channels: R(D™) with 7 — v3w [1708.08856]  *F +§§B’f°5§28°2°835 e
B, — J/¢ 1D [1711.05623] T IRI(D)

® Imply NP at a fairly low scale (leptoquarks, W', etc.), likely visible at ATLAS / CMS

Many models Fierz (mostly) to the SM operator: SM-like distributions and + polarization

® Tree level: three ways to insert mediator: (bv)(ct), (b7)(cv), (be)(TV)
overlap with ATLAS & CMS searches for b, leptoquark, H=*

® Models built to fit these anomalies have impacted many ATLAS & CMS searches

~

ZL—-p.27 /\| Q‘

BERKELEY CENTER FOR
THEORETICAL PHYSICS BERKELEY LAB



Exciting future

® L HCb: R, (. sensitivity with existing Run 1-2 data can still improve a lot

® HCb and Belle II: increase pp — bb and ete~ — BB data sets by factor ~ 50

® |LHCDb
10 ——————— Belle Il (50/ab, at SM level):
E_ The unc.ertainti'es of ground and excited o/ D*) _E
95 states will be highly correlated. ...RED) : 5R(D) ~ 0.005 (2%)
i3 LHCb «RD) 3
TE preliminary o R(x)" OR(D*) ~ 0.010 (3%)
6 E (A*) 3
5E F
4E E
3E c
2 E E (Even if central values change, plenty of
1E phase [ upgrade phass 1l ‘ room for establishing deviations from SM)
$h20 2025 2030 2035

® Competition, complementarity, cross-checks between LHCb and Belle |l

~
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Some key measurements, done much better

- 2001 e = HFLAV §
014 posro (LM | 7| NS $ Ot wicrmt
5 68% CL contours L > v 0.8 B GLW |
. (Alog £ =1.15) 0 /N e Theory > 10 i 2222 ]
cMs19.7f0 | | | N\ T World average 0.6 [ Combined |
CDF 9.6 fb @ ,
-0.01— 3% |
D) Dy N -
muons [ ':, B{L, - DM’uX % : \ i
2 -0.02— /aDvZ)rage _ % oteae \ ’@\\ :
0.4 -0.2 -0.0 0.2 0.4 HFLAV B factory 10(\)\
6% [rad] i | e |
-0.02 -0.01 0 0.01 %.02
Ag (BY)

CP violation in B, — ¥¢ Agr,: important, indep. Measurements of ~ crucial,

now consistent with SM of D@ anomaly LHCb is now most precise

Breadth crucial, often the combination of many measurements is most useful

(“The interesting messages are not simple, the simple messages are not interesting” [exceptions!])

Uncertainty of predictions < current experimental errors (= seek lot more data)

<~
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Another example: add one vector-like fermion

® Add one vector-like fermion: mass term w/o Higgs, hierarchy problem not worse
11 models in which new particles can Yukawa couple to SM fermions and Higgs
= FCNC Z couplings to leptons or quarks [ishiwata, zL, wise, 1506.03484; also 1609.04783, 2103.05549]

Upper (lower) rows are current (future, 50/fb LHCb & 50/ab Belle Il) sensitivities

Model Quantum Bounds on M /TeV and A, A for each ij pair
numbers iy = 12 iy = 13 iy = 23
AF — 1 AF — 2 AF—1 AF-2 | AF=1 AF-2
V (3,1,-1/3) | 66%[100]° {42, 670}/ 309 25/ 21" 6.47
280 {100, 1000}/ 60! 617 39% 147
VIl (3,3,-1/3) | 479 [71]¢ (47, 750} 219 2gh 15¢ 7.2
2004 {110, 1100}/ 42! 68" 28k 167
Xl (3,2,-5/6) | 66%[100] (42, 670} 309 25N 18k 6.4
2804 {100, 1000}/ 60! 617 39k 147

Strongest bounds arise from many processes, nominally 1-2 generation most sensitive, large variation across models

® A 50-fold increase in data sets will raise mass scale sensitivity by ~2.5 ~ /50

~
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D — D mixing and C P violation

® (P violation in D decays:
LHCDb, Nov. 2011: Adcp = Ap+ - — A+, - = —(8.2+£2.4) x 1073
LHCD, Mar. 2019: AAcp = —(1.82 +0.33) x 10—3 N\ (a stretch in the SM, imho)

® | think we still don’t know how big an effect could (not) be accommodated in SM

(=)

e m \CPV allowed
> 1 Moriond

2019 | ‘

® Mixing generated by down quarks™
or in SUSY by up-type squarks 4" =

N (2] B
o

o

Arg(q/p) [degrees]

-
o

[
[=)

Connections to FCNC top decays o«

® Value of Am? Not even 3o yet o_ o .
B no mixing

0.2
® SM allowed range of |(]/p‘ — 17 02 0 0z 04 06 08 s ha Z03 202 204 0 04 02 03 04

x (%) lg/pl-1

® SUSY: interplay of D & K bounds: alignment, universality, heavy squarks?

~
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B — ptu: interesting well beyond HL-LHC

® B, — ptp~in SM, 1071%: LHCb expects 10% (300/fb), CMS expects 15% (3/ab)
SM uncertainty ~ (2%) @ f2 B, ® CKM eovein, Frcr1s) and may be further reduced

ATLAS CMS LHCb - Summer 2020

S
o)

1.7 | ~ o~ T ]

T 5 //‘ e ~ Preliminary ATL AS ]
2 oskE 7 2011-2016data  __cps | =
P i A .
T/ /S esrTTTTTSs.L_ --LHCh
’:; 04 :_,/'/ VA ~~<. — Combined *;
p03f E
2 : L
S 0 2 » \\\\ —]
Q - N
0.1F A
ok L

1 5

BB — p*w) (107)
® Theoretically cleanest |Vy| | know, use isospin: B(B, — £0)/B(Bg — pp™)

® A decay with mass-scale sensitivity (dim.-6 operator) that competes w/ K — wvo

~
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Many complementary CLFV processes

® SM w/ m, = 0 = lepton flavor conservation

Given m, # 0, no reason to impose it as a sym. m - M

TeV-scale loop-level NP may be observable

SM predictions incredibly small

My,

n

® Many interesting processes; NP-dependent which is most sensitive:
ey, p—eee, u+N —-e+ N u=pp—etnn, 7 — uy, 7— ey, T — puu,
T — eee, T — upe, T — pee, T — um, T —em, T — uKg, eN - 1N

® 7 decays: u — ev,eee VS. T — 7Y, [hjilL

% F TS IV° i Ihh Ah j
i TP 1 g 10°F T a =Emas

Either can “win”, huge NP model depen- © ]

L 10°% * E

dence: B(t — ury)/B(p — ey) ~ 1043 2 ¢ , I

'-U—) 10-7§_A Vv oy L v . v —— . g,

® Belle Il: improve 2 orders of magnitude 3 ¢ 3
® Any discovery = broad programtomap ¢ § - :
8 0l L L L e L L L P L

out the detailed structure

e
‘Diwimiwimiwﬁms_ ©'s @1®3‘w3—®®111® ggxxxgxwxmimimiﬁ By X

iiiiiiiiiiiiiiii tili t:]:',!x

= CLEO
v BaBar
+ Belle

LHCb

e Belle ll
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® Machine learning tools are also heavily used by B-physics experiments

Aside: many innovative uses of ML

E.g., “full event interpretation” (FEI) at Belle 1l [1807.08680]

[ Tracks j [Displaced Verticesj [Neutral Clustersj

Improve on boosted decision trees using deep learning

Optimize tagging in purity / efficiency, the full reconstruction (B-beam) technique

Ongoing work on many directions, e.g., graph neural networks
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Final remarks




Many “exotic” searches at LHCb and Belle |

Better tests of (exact or approximate) conservation laws

Exhaustive list of dark / hidden sector searches

LFV meson decays, e.g., M° — u~e™, BT — hTpu~e™, etc.

Invisible modes, even baryonic, B — N +invis. [+mesons] [1708.01259, 1810.00880, 2101.02706]
Hidden valley inspired scenarios, e.g., multiple displaced vertices, even with £/~
Exotic Higgs decays, e.g., high multiplicity, displaced vertices (H — X X — abab)
Search for “quirks” (non-straight “tracks”) at LHCb using many velo layers

Hot topics 10 years from now are probably not what we have thought about yet
(Whether or not NP is discovered by then)

~
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What are the largest useful data sets?

® No one has seriously explored it! (Recall, Sanda, 2003: the question is not 10°° or 10°°...)

® Which measurements will remain far from being limited by theory uncertainties?
— For v = ¢3, theory uncertainty only from higher order EW
— B, 4 — pp, B — pr and other leptonic decays (lattice QCD, [double] ratios)
— A%° — can it keep scaling with statistics?
— Lepton flavor violation & lepton universality violation searches

— Possibly C'P violation in D mixing (firm up theory)
® Very broad program

® |In some decay modes, even in 2030s we’'ll have: (exp.bound)/SM Z 103

E.g., Bys — e"e”, 7777, etc. — can build models... (Please prove me wrong!)

® Sensitivity to NP would improve with data > LHCb & Belle Il

~
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FCC-ee would have huge flavor program

® Very large and clean samples of B decays (~10° x LEP)

Production yields at tera-Z compared to Belle Il (from CERN-ACC-2018-0056)

Particle production (10°) B°+ B B* B+ B Ay+Ay, cc 7t

Belle Il (50ab™*) 27.5 27.5 — — 65 45
FCC-ee (5 x 10'* Z) 400 400 100 100 550 170

Most often this is the sole focus of flavor @ FCC

WW threshold: W — be can give a qualitatively new determination of |V,
Estimate 0.3% uncertainty using 103 W/, independent of B measurements

[See: |Schune, 3rd FCC Physics and Experiments Workshop, Jan 2020, |Azzurri, 4th FCC Physics and Experiments Workshop, Nov 2020]

tt threshold: improvements in FCNC top decay searches, t — {H, Z,~} q

~
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https://cds.cern.ch/record/2651294
https://indico.cern.ch/event/838435/contributions/3635812/attachments/1971221/3279502/FCCee_17Jan2020_v2.pdf

Some conclusions

Flavor physics probes scales > 1 TeV; sensitivity limited by statistics, not theory
=- New physics could show up any time measurements improve

In FCNCs, NP/SM = 20% still allowed; any discovery = upper bound on NP scale
Precision tests of SM will improve in the next decade by 10— 10*

Few tensions with SM; some of these (or others) could soon become decisive
Discovering lepton universality violation would focus even more attention on LFV
Many interesting theoretical questions relevant for optimal experimental sensitivity

| cannot imagine a scenario in which there is no complementarity between flavor
and LHC searches of new physics, and hopefully understanding it

~
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Anticipated increases in sensitivity

® Scales of dim-6 operators probed — various mechanisms devised to let TeV-scale
NP obey these bounds (Pattern and orders of magnitudes matter more than precise values)

mesons leptons higgs  top
> " [hatched: MFV]

107§ ¢ N = 3107
6. & L . = 106
_10°: o & g L X ~ 10
LA T
= 104 IS ? $ € 104

= - - < N Q S 9
- C §\ ‘3 NN ] 3
3 10°; m - T 7 s 210
n: < = 5 N e
10 : = = = ? S N K ;10
101 1 S f 1117 110!

B N N hicd
of N N R N 109
W B HER SIS 10

SOEERENNENNN S
Observable [European Strategy Update 2020, arXiv:1910.11775]

® N — eN may be the largest increase in mass-scale sensitivity in next 10—15yrs

~
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https://arxiv.org/abs/1910.11775

Electric dipole moments

® SM + m,: CPV can occur in: (i) quark mixing; (i) lepton mixing; and (iii) fqcp
Only observed dxn # 0, baryogenesis implies there must be more

® Neutron EDM bound: “the strong C'P problem”, 6qcp < 10719 — axion?
fqcp is negligible for CPV in flavor-changing processes il

W A\
® EDMs from CKM: vanish at one- and two-loop | bgwi%
large suppression at three-loop level B

® E.g., SUSY: quark and lepton EDMs can be generated at one-loop

Generic prediction (TeV-scale, no small param’s) above cur-
rent bounds; if mgyusy ~ O(10TeV), may still discover EDMs

> L >
O — X —
Y D'

Discovery would give (rough) upper bound on NP scale
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The LHC is a top factory: top flavor physics

l
® FCNC top decays not yet strongly constrained b L
t >cZ, ¢y, cH, uZ, uy, uH M
w
t
T . —12
SM predictions: < 10 T
. —4 l
Best current bound: < few x 10 [ATLAS, CMS] t , /

® Sensitivity will improve ~ 2 orders of magnitude

® [ndirect constraints: ¢, «+ b;, = tight bounds from B decays

— Strong bounds on operators with left-handed fields

— Right-handed operators could give rise to LHC signals

® |f top FCNC is seen, LHC & B factories will both probe the NP responsible for it

~
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The LHC is a Higgs factory

® Rich physics: many production and decay channels (fermion couplings crucial)

gg Fusion

tt Fusion E 1 M I WW ] é
2 - 1z
5 f 12
5 | 8
=
+ 401 ag -
% 10 . E
%) N
o =
2
I —

10 E
Y Z"{ :
1 0-3 ) PR A PR T S T : NN
100 120 140 160 180 200

M, [GeV]

® Higgs flavor param’s: 3rd gen: k¢, Ky, k-, 2nd gen: k., k,; dO K¢, k-, Vanish?

® Thoroughly test Higgs paradigm = seek much higher precision
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Higgs flavor prospects

1

" " 10 % T TTTII T TTTIT T TTTI T TTITI IIIIIIII| IIIHIII| | Illll'g
® Higgs couplings to gauge bosons, 7, t, (b) have E -
10" =
been constrained with some precision, O(10%) ¢ L E
E = =
. _ Z 0t E
® ICHEP 2020: Evidence for H — u+u .. :
¢ 0 F E
i CL . E 107 -
® Reducing uncertainties is a key long-term goal = = -
107 =
10_6: L] lIII| 1 HIIIII| | IIIHIII | IHIIIII | lIIIIII| 1 IIIllII| 1 Illlli
. . . . . . .0001 .001 .01 1 1 10 100 1000
Future precision of flavor-diagonal couplings [Heinemann & Nir, 1905.00382] Particle mass [GeV]
Observable| Current range |HL-LHC ILC250 ILC250+500 CLIC380 CLIC3000 CEPC FCC240 FCC365 LHeC
oy/y (%)
¢ | 102032 [3§] ,
Gl | e 3.4 = 6.3 - 2.9 - - - —
1.0519:15 [36]
11+0-17 -
/U 0'91—3-}3 35] | 57 1.0 0.60 1.3 0.2 1.0 1.4 0.67 1.1
0.8575:33 [36]
L 35 19 1.2 0.77 27 0.9 1.2 1.4 0.78 1.3
0.95 & 0.13 [36]
ve/ySM | <6.240,41] | <220 1.8 1.3 4.1 1.3 1.9 1.8 1.2 3.6
sm | 0.72X5:75([35] ‘ 2§ c @ . A :
Yu /Y K 4.3 4.0 3.8 - 5.6 5.0 9.6 3.4 —
< 1.63 [36]
ye /yM < 611 [42] — — — — — - <16
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Theory challenges / opportunities

® New methods & ideas: recall that the best « and v measurements are in modes
proposed in light of Belle & BaBar data (i.e., not in the BaBar Physics Book)

— Better SM upper bounds on S,/ — Sy kg, Spxg — Sykg and Srox, — Sy kg
And similarly in B, decays, and for sin 23, itself

— How big can C'P violation be in D°— D mixing (and in D decays) in the SM?

— Better understanding of semileptonic form factors; bound on SKgr0y in SM?

— Many lattice QCD calculations (operators within and beyond SM)

— Inclusive & exclusive semileptonic decays

— Factorization at subleading order (different approaches), charm loops

— Can direct C' P asymmetries in nonleptonic modes be understood enough to

make them “discovery modes”? [SU(3), the heavy quark limit, etc.]

BERKELEY CENTER FOR
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Roadmap: 1981

Fig. 3. A Program to Understand B Decay

1. Search for exotic B decays. ) ) .
= dark sector searches, violation of symmetries
If found, explore details;

-otherwise-

2. Search for flavor changing neutral currents.

If found, measure (b + dz°)/(b » s2°); = important part of current/future program
-otherwise-

3. Measure semileptonic decay branching ratio. = important part of current/future program

4. Measure ratio (b » uW )/(b > cW). = | Vun/ Vep|: essential to constrain NP

5. Measure ev:uv:TV ratio in semileptonic decay. = On|y pOSSib'G recenﬂy: prophecy of R(D(*))'?

Non-b-Decay Features of B Decay

6. Look for lifetime difference between Bt and Bo.

= Seems less important now
7. Look for B°-BO mixing. = Was the first item discovered
[8. CP violation?] = Became a central focus of the field

<
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Baryogenesis

Neutrino mass
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“You are perhaps indeed a searcher,
because, striving for your goal,
there are many things that you don’t see,

which are directly in front of your eyes”

-Siddhartha. Hermann Hesse.

(Embrace unpredictability)




Bottom-up approach

[Based on Refs. 1904.09311 and 2004.06726, in collaboration with

Martin Jung, Rusa Mandal, Ana Pefiuelas and Antonio Pich.]



Anomalies in b — ¢ transitions

Pattern of deviations in B-meson decays involving b to ¢ transitions

pointing to “the same direction”

> R = SO D) c
() = — .1 0
b B(B — D™){i) \3
HFLAV, up to date
? i® 1 I 1 1 1 1 I || 1 1 1 l 1 1 1 1 I 1 T T |
e/ [ HFLAV average sz =1.0 contours ]
04— _ _
[ LHCb15 . U¢
- ___ BaBarl2 3
0.35 =
i LHCb18 1
03 = —
0.25 = et _/ Bellel5 5
~  Bellel?7 -
02— + Average of SM predictions HFLAV
- R(D) = 0.299 +0.003 | Spring 2019 | -
i R(D*) = 0.258 £ 0.005 PO =27% ]
1 I 1 1 1 1 I L 1 1 1 I 1 1 1 1 I 1 1 1
0.2 0.3 04 0.5

R(D)



Anomalies in b — ¢ transitions

Pattern of deviations in B-meson decays involving b to ¢ transitions

pointing to “the same direction”

B(B — D™ rp,)
= 210
> Rpe B(B = D@ i) 3.10 b C
HFLAV, up to date
W 2
B(B. — J/VYTu,)
= =0.71+0.17%£0.1
> Ryu BB > J/ U, 0.71+0.17 £ 0.18
LHCb, 2017 - —
1.70 )

Ry gy, ~ 0.25 — 0.28

> PP =_-0.38+£0.51702]
Belle, 2016
Po(D*) gy, = —0.499 £ 0.003

9> FP" =0.60+£0.08+£0.04 39
Belle, 2019




Theoretical Framework

e Most general effective dim 6 Hamiltonian:
4G
\/§ cb

HOZ A = (1+ Cy )Ov, + Cy Oy, + Cs Og, + Cs, Os, 4+ Cr O] +h.c.

Vector LQ Scalar L(Q)

Vio

[Ov,|= (4" PLb) (£, Prug), Oy, |= (€~ Prb) (£, PLv),
\Og,|= (¢ Prb)({ PLuy), Os, |= (€ Ppb) (7 Pruy),
Ol = (EJ“VPLb)(gO'MVPLVQ),

g



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hboety _ TQF 21+ Cy )Ov, + Cy Oy, + Co Og, + Cs, Os, 4+ Cr O] +hec.

e Assumptions:

o> EFT @
AQeplk = = = = = -
Ov,|= (Ev"PLb) (L~ Prvy), Ovy|= (E~4" Prb) (L, Prvy),
= (¢ Prb)({ PLvy), [0, |= (€ PLb) (£ PLuy),

o]

Ol = (EJ“VPLb)(ZO'MVPLVg),



Theoretical Framework

e Most general effective dim 6 Hamiltonian:
4G

Hle)f?cﬁl/ _ W cb[(l -+ CVL)OVL + CVR OVR + CSR OSR -+ CSL OSL -+ CT OT] + h.c.

e Assumptions:

o> EFT @&

I:> New physics only in the third generation
NP effects negligible in b — c(e, u)v, ,) analysis [Jung, Straub, 1801.01112]

Ov,|= (e PLo)(T v PLvs), Ovy |= (7" Prb)(T v PLv-),
OSR — (EPR[))(’T' PLI/T), : (EPLb)(?PLVT).

= (co™ Prb)(T o, Prv,),



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hle)f?cﬁl/ — TQF cb[(l + CVL)OVL + C/MVR + CSR OSR + CSL OSL -+ CT OT] + h.c.

e Assumptions:

o> EFT @&

I:> New physics only in the third generation,
I:> Cvy, lepton flavour universal = Cy, ~ 0

,04
Y, ECVR+O<A4 )
NP

Assuming SMEFT and no significant effect from NP in b — c(e, )y, [Jung, Straub, 1801.01112]

OVL — (E/VMPLb)(% /Y,MPLVT)a OVR — (E’VMPRb)(% 7#PLV7)7
Os,|= (€Pgb)(7 PLv,), [Os, |- (¢ PLb)(7 Prvs).

= (co™ Prb)(T o Prv,),



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hle)f?cﬁl/ — TQF cb[(l + CVL)OVL + C/MVR + CSR OSR + CSL OSL -+ CT OT] + h.c.

e Assumptions:

o> EFT @&

I:> New physics only in the third generation,

I:> Cvy, lepton flavour universal = Cy, ~ 0
I:> CP conserving W.C.

Fitted complex W.C. without significant improvement

OVL — (E/VMPLb)(% /Y,MPLVT)a OVR — (E’VMPRb)(% 7#PLV7)7
Os,|= (€Pgb)(7 PLv,), [Os, |- (¢ PLb)(7 Prvs).
= (co™ Prb)(T o Prv,),



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hleof?cﬁl/ — TQF cb[(l + CVL)OVL + C/MVR + CSR OSR + CSL OSL -+ CT OT] + h.c.

e Assumptions:

o> EFT @

I:> New physics only in the third generation,
.0.1.

I:> Cvy, lepton flavour universal = Cy, ~ 0

I:> CP conserving W.C.

OVL — (E/VMPLb)(% /Y,MPLVT)v OVR — (E’VMPRb)(% 7#PLV7)7
Os,|= (€Pgb)(7 PLv,), [Os, |- (¢ PLb)(7 Prvs).

= (co™ Prb)(T o Prv,),



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hgf?cey — TZF enl(1+ CVL)OVL + CSR Osp + CSL Os, + CrOr| 4+ h.c.

Belle
BaBar

(o]
o

S
o

e Inputs:

P Ry
P Rp-

=> (B — DYri,)

ny
o

o

[Belle, 1507.03233]
B-Drv (events)

+++++++++++++ lifivae

12

B
(o)}
(o]
=

S 8 8

['(B — D™ 710 )pin
> all bins L(B = DY T )i,

I'(B — DWri,) =

[BaBar, 1303.0571]
B-D’tv (events)

i

5 6 7 8 9 10 11
q° (GeV?)
Image borrowed from [Celis et al., 2016]
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Theoretical Framework

e Most general effective dim 6 Hamiltonian:

41Gp
\/§ cb

b—cly
Heﬂ" —

e Inputs:

P Ry
P Rp-

5> (B — DYrp,)

(1+ Cy)Ov, + €5, Og, + Cs, Og, + CrOr] +hec.

e Bc lifetime:

= Br(B. — 70;) < 30 — 40%
[Alonso et al., 2016]

e Bound LEP Z peak:
|Akeroyd et al., 2017]

= Br(B. — 7v,) < 10%




Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
\/§ cb

Hgf?cey — [(1 T CVL)OVL + CSR OSR + CSL OSL + OTOT] + h.c.

e Inputs:

I:> RD » First measurement of D* polarization in B°(§°) — D*rv

FP* = 0.60 + 0.08(stat.) + 0.035(syst.)
5> Rp-
5> (B — DWrp,)
|:> B, — U,
D> FP




Fit independent analysis

0.10F

0.051

0.00

AR p+

-0.05}

-0.10




Fit independent analysis

5> Rp- = Rp-[(1+ Cy, — Cy ), (C5, = C5 ) ,Cr]
—— N————

axial=C 4 pseudo-scalar=Cp

e Inputs:
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Fit independent analysis
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Implications of new measurements?

-1.0 -0.5 0.0 0.5 1.0
Cp

Cr = 0.08 Cr = —0.04
0.4f 0.4j—4_ iy
o\ o | I
S Y |
~0.4 S 04 !
e EEE < i
—O.Srl\ \ I N ‘ -0.8 |‘|‘ l: ; \ l 3
-1.0 0.5 0.0 0.5 1.0 -2 -1 0 1 2 ~1.0 0.5 0.0 0.5 1.0
Cp Cp CP
i pP” dr'/dg? [ FF Riisn B(B. — Tv)
Belle-11 5ab ! 50 ab™"
R p+ (£3.0 + 2.5)% (£1.0 +2.0)%
pr” +0.18 £ 0.08 +0.06 + 0.04



Implications of new measurements?

Cr =0.04 Cr = 0.08 Cr = —-0.04
0.4f 0.4f 041 [\ A
Of Of ".| Of = “.
S : 3 S
-0.4 17 S 0.4 | B S _04f
0.8~ T —0.8'3_ "- ~0.8t
-1.0 -0.5 0.0 0.5 1.0 -2 -1 0 1 2 -1.0 -0.5 0.0 0.5 1.0
Cp CP CP
i P dT/dq’ FY” Rop- B(B. — Tv)
0.06}' """"""""""""""""""
(@ 0.025— ]
T o R p- (£3.0£2.5)%  (£1.0+£2.00%
—0.025— ] pDD*
_ P +0.18 £ 0.08 +0.06 + 0.04

ARp



Theoretical Framework

e Most general effective dim 6 Hamiltonian:

4G
Hle)f?c&/ = — ebl(1+ CVL)OVL + CSR Osy + CSL Os, + CrOr] + h.c.

V2

e Inputs:

I:> RD » First measurement of D* polarization in BO(BO) — D*rv

FP" = 0.60 + 0.08(stat.) + 0.035(syst.)

=> T'(B — DYri,)

2 2 2
_ = -+
I:> B. — T, X Xexp XFF
|:> Fl i Rp, Rp+ 2 d.o.f.

'(B — D) 58 d.o.f.
FLD* 1 d.o.f.



Global Fit

o SM: x%,=655/57 d.ot.

e New Physics: )(nzzinl = 34.1 /%,30,]5 )("2”'"2 - 37'5/%.30.f.

% &

2 _ a- 2 _
Ymintp = 3141 24 | Xmin2b 40.1/ dS.éI.f.

10%
0.91 | | |
0.67 | | .| m= Min 1
0.3_ o0 | | | . N
O II : .:ll :“.. -Mlnl,w/FL
I | | 1 Min 2
0.3 | T ! )
—0.6F ® | | 1 Min 2 ,w/F;
-0.9] | | | == Min 3
—1.27 | S |
—1.5r . I I | |
CVL CSR CSL CT



Global Fit

o SM: x%,=655/57 d.ot.

e New Physics:

10%

0.91
0.6]

—-0.31
—-0.67
-0.91
—1.271
—1.5¢C

e s B Min 1, Pre-Moriond "19
m Min 1, Post-Moriond 19




What is going on?

e Theory assumptions:

=> EFT

I:> New physics only in the third generation
I:> C'y,, flavour universal

I:> CP conserving W.C.

e Experimental measurements

An unidentified or underestimated systematic uncertainty...



What is going on?

e Theory assumptions:

=> EFT

I:> New physics only in the third generation of leptons

I:> C'y,, flavour universal

No significant improvement of y?
=> CP conserving W.C. 5 prov X

by promoting the W.C. to be complex

e [ixperimental measurements



What is going on?

e Theory assumptions:

=> EFT

I:> New physics only in the third generation of leptons

EW breaking is non-linear?

I:> Cy, Hayeut universal

I:> CP conserving W.C.

e [ixperimental measurements



What is going on?

e Theory assumptions:

New light d.o.t.

I:> New physics only in the third generation of leptons

I:> Cy,, flavour universal

I:> CP conserving W.C.

e [Ixperimental measurements



What is going on?

e Theory assumptions:

=> EFT  New light d.o.f.
|C. Bobeth et al., a week ago)

I:> New physics only in the third generation of leptons ??

I:> Cy,, flavour universal

I:> CP conserving W.C.

e Eixperimental measurements

An unidentified or underestimated systematic uncertainty...



What is going on?

e Theory assumptions:

=> EFT  New light d.o.f.

I:> New physics only in the third generation of leptons

I:> Cy,, flavour universal

I:> CP conserving W.C.

e Eixperimental measurements

An unidentified or underestimated systematic uncertainty...




Implications of new measurements?

Speculating...|
Cr =0 Cr =0.04 Cp = 0.08 Cp = —0.04
A S ab v . ply,  mEEmes
0.3] I ’ ‘ t-4xi-4 VA iy o gnune= !
wass @000 S U I DR Y 00w Usaing ‘+‘|r'| : < a ! |‘
Of Or Or I“. {' = O \
N N S |} i__j__. N \
5 0.3 S S ! wa S .4}
—0.6y P 4 : @ \ X \
\ —0.8f | L | —0.8} '., N —0.8} \
~0.0p | = L D | W N\ % | T | N el A
~1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -2 -1 0 1 2 -1.0 =0.5 0.0 0.5 1.0
C'P OP C’P Cp
15?* dI‘/dq2 F’IIJD* R p+ B.(B — 1v)
Belle-11 5ab ™t 50 ab™*
R p~ (+£3.0 £ 2.5)% (£1.0 +2.0)%
PTD +0.18 £ 0.08 +0.06 £ 0.04

My guess: FP£ ~15% I:> 5%



Bottom-up approach

J&2

N

‘ LFU in e and u 77

D*
FI

<




Top-down approach

[Ongoing work with Pavel Fileviez Pérez and Alexis Plascencia]



Unification of Matter

SUB)c|®SU2)r @ U(1)y



Unification of Matter

®L ®~L ®L ': QL )
3 X {‘LU\ ba Mg ;-0‘_‘ \
‘ da  dr dr ) & ‘

SU4)c @ SU2) @ U(1)r

[P. Fileviez Perez and M. Wise 2013]



Unification of Matter

U1 V1

V2 RN
MD:Y1”U_1 M_Yv_l
1% \/5 e 3\/§

H ~ (17271/2) SM

SP(1). @ SU@)L @ U)r 5> SU)e® SPR)L @ Uk)y 5> SU(3

SU4)c @ SU2) @ U(1)r

[P. Fileviez Perez and M. Wise 2013]



Unification of Matter

For ~ (4,2,0) (u V> [ Pam (0 vy~ (112
QLN ) Ly p— =
d e/, ‘ Fd:(dc eC)LN(4,1,1/2) ‘

Ly =Y ForF . H+Ys H' ForFy+ Yo ForFy® 4+ Y, ®'For Fy+ h.c.

U1 1 V2 1
M, =Y —+ —=Y, — My =Y- 4+ —Y
\/_ 2/6 \/_ 3\/_ 2v/6 4\/_
U1 3 V2 3
M =Y —=——=Y, — M, =Y3—= — —_Y,
1\/§ 2v/6 2\/5 3\/§ 21/6 4\/_

d~ (15,2,1/2) = (q)gzv %”) +TyHy, H~ (1,2,1/2)sym

SP(1).® SUQR)L @ UMR 5> SUB).® SPR2)L @ Uk)y 5> SUE3).

SUM4)c @ SU((2)r ® U(1)g

[P. Fileviez Perez and M. Wise 2013]



Unification of Matter

FQL~(4,2,0):(d

Lr D g—szL(QL%@L + URYuVr + dryuer) + h.c.

V2

naive bound!
I + F 3
e Though constraint: K — u™e |:> My ~ 10° TeV

VA ~ (15,1,0) = ((Uf()iu/ /s Ut éﬂ) T B

\ _ SU4)e @ SU(2)r @ U(1)x

[P. Fileviez Perez and M. Wise 2013]




Unification of Matter

N ‘ F, = (u VC)LN(ZL,l,—l/2)‘
FQLN(4’2’O)_(d >L | Ri= (@ ), ~ (112 |

U1 1 V2 1
M, =Y —+ —=Y, — Myg=Y- + —Y
\/_ 2/6 V2 3\/_ 2v/6 4\/_
U1 3 V2 3
M =Y —=——=Y, — M, =Y3—= — —_Y,
1\/§ 2v/6 2\/5 3\/§ 21/6 4\/_

D~ (15,2,1/2) = (q)gzv (IE)?’> +TyHy, H~ (1,2,1/2)gm

SUM4)c @ SU((2)r ® U(1)g

[P. Fileviez Perez and M. Wise 2013]



Unification of Matter

e The theory predicts scalar LQs:

(1)3 ~ (37 27 _]-/6)SM (I)4 ~ (37 27 7/6)81\/[

—EY D Yo QL(I);;(VC)L + Y5 €L¢4(UC)L + Yy QL(I)Z(QC)L + Yy gL(I);r))(dC)L + h.c.

U1 1 V2 1
M, =Y —+ —=Y, — M;=Y- + —Y
\/_ 2/6 \/_ 3\/_ 2v/6 4\/_
U1 3 V2 3
M =Y —=——=Y, — M, =Y3—= — —_Y,
1\/§ 2v/6 2\/5 3\/§ 21/6 4\/_

D~ (15,2,1/2) = (q)gzv (IE)?’> +TyHy, H ~ (1,2,1/2)gm

SUM4)c @ SU((2)r ® U(1)g

[P. Fileviez Perez and M. Wise 2013]



Unification of Matter

e The theory predicts scalar LQs:

(1)3 ~ (37 27 _]-/6)SM (I)4 ~ (37 27 7/6)81\/[

—Ly DY, Qr®s3(v)r + Yol ®y(u®)r + Vi QL(I):E(QC)L + Yy KLCI)};(dC) + h.c.

U1 1 V2 1
M, =Y —+ —Y, — M, =Y- +—Y
\/_ 2/6 \/_ 3\/_ 26 4\/—
U1 3 V2 3
MP =Y —=——=Yy— M,=Yy—= ——Y
1\/§ 21/6 2\/5 3\/§ 2/6 4\/_

D~ (15,2,1/2) = (q)gzv (IE)?’) +TyHy, H~ (1,2,1/2)gm

SUM4)c @ SU((2)r ® U(1)g

[P. Fileviez Perez and M. Wise 2013]



b — sfT¢~ transitions

e Motivation: the theory allows us to understand the 3 ¢ in R !

I:> Will tell us about some parameters of the theory (mass LQs, Yukawa couplings)

Ry and Rk +: theoretically cleanest

g B — K®yutyu~
~< |® LHCb: R _o= il 1 both ratios ~2.50 from lepton universalit
o KO T B R Mete ' i 4
+
0p) r T T T T T T T T T T T T 1.6
- BaB g
(av) - : ) ma < ;121'< 8.12 GeV¥e? "
ﬁ 1.2 e
NO Belle < 10 | T
1.0 < 2 < 60 GeVi/ct K- _|=T= I

= o os- ] : F LHCL1T7
8 o LICb 9 fb! w2 I 200 HH  Belle'19
= . 1.1 <¢*<60GeVic! : '_I_‘ BaBar'12

L 1 L L . s | L L N 2 1 N L
= ok
p—{
@)
+—
75
*

® Modifying one Wilson coefficient in Heg gives good fit: 6 Cy,,, ~ —1 (NP or QCD?)

ZL-p. 26 /’\ /
BERKELEY CENTER fror ‘_\

THEORETICAL PHYSICS [BERKELEY LA®




b — sfT¢~ transitions

e Motivation: the theory allows us to understand the 3 ¢ in R !

I:> Will tell us about some parameters of the theory (mass LQs, Yukawa couplings)

e Clean observables:

310 REP(11 < ¢® < 6.0 GeV?/ch) = 0.84610042+0.013

(0.66+8:(1)% (stat) 40.03 (syst)  for 0.045 < ¢® < 1.1 GeV?/c?,

2.1-2.50 Riyx =«

10.6970:07 (stat) +0.05 (syst)  for 1.1 < ¢* < 6.0 GeV?/c?,

2.10 Br(Bs — ptp™ )P =2.697037 x 1077

Br(B, —eTe )™ <54 x107°

Paper today by G. Isidori et al. I:> 3.90




Scalar LQ: @5~ (3,2,-1/6)

1/3
<1>3=< 32/3> L2 = VP (¢r Py v Hyetdb (52 ) et |+ huc.

3

o O 253 contributes to b — s transitions!

—2/3 4GF
£¢ D)
V2

03 (V02 %
D> Cloy = ~Cpor = | i | )
Gr ‘/tb‘/til; 8 4M2—2/3

Vin Vi

t34 [Cslw (57, Prb)(Uv"L) + C' 1 (57, Prb) (ZV“75€)]




Scalar LQ: @4~ (3,2,-1/6)

—2/3
o ¢3

Br(Bs — £747) = f2(C' o)

contributes to b — s transitions!

6 Os ~ (3,2,-1/6) O ¢, °
. | | — R+ 1o
10 L BTBS +,,—\exp o
H|1.4_— (Bs = prp )™+ 1
E L
X |
|r\1.2—
O |
i |
) !
0 1.0t
&
= 0.8
0.62' . .2:5 TR —

/ /
ClOM — _09%

Cf/
RK(*) _ f2( lO,u,u)

f2( iOee)
Oy~ (3,2, —1/6) D ¢
0.85 3(/)% .....
0.80]
0.75]
2% 0.70f
& |
0.65]
[ S Ri?f central value
0.60} - R + 10 :
[ mmm R, £ 1o, Br(By — ptp™ )™+ 1o |]
05§80 \ O.82 X 0.84 ...........

0.86 0.88 0.90
R%‘LG}



Scalar LQ: @4~ (3,2,-1/6)

+ h.c.

ab b —2/3\x _a
Y, dR( 3 ) €L
/ . /
Chore = —Coyy

e ¢;*7 contributes to b — s transitions! (also to other processes...)

Y, = y2! Y22 Y23




Scalar LQ: @4~ (3,2,-1/6)

YPdl (652 ) e+ h.c.

/ - /
C(1066 — _09%

e ¢;*7 contributes to b — s transitions! (also to other processes...)

t:

K.~ .-

J/




Scalar LQ: ®5~

1/3
Oy = ( 32/3> L2 = VP (¢r Py v Hyetdb (52 ) et |+ huc.

3

e ¢;*7 contributes to b — s transitions! (also to other processes...)




Scalar LQ: @5~ (3,2,-1/6)

1/3
%:( /) L Y05 Vit Vit dR(057 ) el + huc.
3

e ¢;*7 contributes to b — s transitions! (also to other processes...)

& ) menj Wyj]

/\} 3"“’(*,

( o Y4ue S Y4ue b \

— v, v,b
Y ’ Y, Y,

\ : 7 )




Scalar LQ: @4~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2)*de b h.c.
4

f/ 3 contributes to b — s transitions!

2/3 4G p « _ _
LG =~ 1 [CoulEnPLb) (&3 0) + Cuo (57, PLb) (0" 150)]

C _ B 7-‘-\/5 }7436(17425)*
|:I|> 1000 — L9pp — GF V%b‘/tﬂ; o 4M§2/3
4



Scalar LQ: @4~ (3,2,7/6)

Choee = Copy
f/ 3 contributes to b — s transitions!

C
Br(B, = (T07) = f2(Clow) Ryctn) = S2(Chop)

f2(ClOee)
Oy~ (3,2,7/6) D ¢2/° 2/3
1.6 ——m————— 4 G 4 (I)4 ~ (37 277/6) ) ¢4
oD 09 ——>—mmm—m—m—m——r—— -
|| — Ry £lo
2 gl BB o 0.85|
=~ ' ;
X | 0.80}
o | 2L 0.75]
+ 1.0p & |
o | O N R
3 0 8 [ - - REY central value
n 065 — R +1lo, Br(Bs — pp )™ £ 1o |4
! i REP + 10
oo o~ ... ... |||
2 2.9 3 3.9 4 0 600.80 0.82 0.84 0.86
Br(By — ptp~) x 1077

088  0.90
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Scalar LQ: @4~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2)*de b h.c.
4

e ¢;" contributes to b — s transitions! (and also to other processes...)

2-"(5/4/8

Y




Scalar LQ: @4~ (3,2,7/6)

5/3
Oy = ( 3/3> L2 5 v eb (¢33 ut HY 2 el (¢2)*de b h.c.
4

27 contributes to b — s transitions! (and also to other processes...)

vo=1 O O
O



Scalar LQ: @4~ (3,2,7/6)

5/3
q)“:(%) Ly DY ER(@)) ul - YiP eh(0)%) dE + he,
4

27 contributes to b — s transitions! (and also to other processes...)




What about (g —2),7

—Ly DYy QL(I)Z(GC)L + Yy qu);(dc)L + h.c.




What about (g —2),7

—Ly DY, Qr®l(e%), + Yyl ®L(d°) + h.c.




What about (g —2),7

—Ly DY, Qr®l(e®), + Yyl ®L(d°) + h.c.




What about (g —2),7

—Ly DY, Qr®l(e®), + Yyl ®L(d°) + h.c.

(H)
V5 Tr{HTCIDHTCI)} |:> —2/3 2/3 |:> gbflf _ —2/3 N 2/3)*]

0
0 - lon-going work.
0 Stay tunned!]
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Thank you!



