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Much of the Flavor Physics today is focused on
the search for footprints of New Physics (NP):

1980’s- 2000’s -B factories
CKM verification’ —

> It is (so far) our sole source of observed CP Violation effects

> Provides access to very high energy scales through Flavor Changing
Neutral Current processes (FCNC)

Today- LHC, SuperKEKB, Rare Kaon exp,..

Search for NP &
new sources of CPV

Flavor puzzle: Interpreting the current data
in the language of effective field theory,
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Some of the Recent advances

> The CKM picture continues to be sharpened:
» Improved precision of Unitarity angle Yy

> Improved measurements of time-dependent CPV in B: g

> B-Anomalies: a few measurements are in tension with SM

> Tests of Lepton Flavor Universality in B decays involving charged
and neutral currents

> A new source of CPV found: Charm Decays
» The quark sector (K, D, B hadrons) remains the sole source of CPV

> Era of Super-Flavor Experiments has arrived:
> Belle-IT had its first physics run (March-June, 2019)
» LHCb upgrade I (50 fb-!) being installed:2019-2020
» LHCb upgrade IT (300 fb-1) in conception/design (-2030)
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Sharpening the CKM picture

tree level processes: V,, & v
Free of New Physics effects

Observables involving loop diagrams
(K and B’ oscillations) are sensitive

to New Physics
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Sharpening the CKM picture

Observables involving loop diagrams

(K and B’ oscillations) are sensitive
tree level processes: V,, & y to New Physics

Free of New Physics effects
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Sharpening the CKM picture

Recent progress :

» Improved measurements of y at LHCb
» Improved measurements of ¢; at ATLAS and LHCb

» Improved|V | and |V, | measurements. Persistent
tension between measurements using exclusive and
inclusive decays. New measurements of |V,,| at Belle
and BaBar. |V,,| measurement at LHCb using A, decays

exactly the
same (though | .
unliKQIY)... f sol. wicos2f <0 :

a1 5 0.1 a2 o3 04 0.s (excl. at CL> 0.95) -
Emi Kou- FPCP 2019) 3.50 eFFeCf (=SM???) Lo o b By 4y
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Reminder: How we access the CKM phase
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Reminder: How we access the CKM phase
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Vts Vt*b)

Improved measurements of ¢s = —2arg(—-=>=
¢s¥cb

Og

> Iy KK

From Time-dependent CPV in:
BY>J/y KK~ [¢>K+K-, s-wave (K+K-)] Or,
BY > J/y K*K- -high-mass region

B >J/ynt fM = —36.8 t%)'.?; mrad
Bd >y(2s) KK From CKM fit



Improved measurements of ¢; = —2arg(—

From Time-dependent CPV in:
e BY>J/y KK [¢>K+K-, s-wave (K+K-)]
o B2 >J/y KK -high-mass region

Vt S Vt*b)
VesVep

Og

Ory

> Iy KK

o BSQ >T/y LHCb-paper-2019-013
* B >y(2s) KK St | we
Z 14000 F — Total
12000 F
. g 100002_ — — Signal
Mixture of CP odd & CP even states- : s - Background
. . B =
Angular analysis required fo extract CPV = sl L
info S S ) W
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The decay is described in terms of four
helicity amplitudes

m(JK*K™) [MeV/c?]

»QObservables: (I)s

AI'=I'y—T"
Am=my-mg



Improved measurements of ¢ = —2arg(—-2—t)

VesVep

Recent major improvements from ATLAS and LHCb

AT, [ps 1]

0.14] DO 8 fb!

0.12

o

SM
0.08, A Cb 4.9 fb!
| |
fb-!

HFLAV

68% CL contours
(Alog £ =1.15)

CMS 19.7 fb !

ATLAS
d=-76+39 mrad
AI's=0.068+0.005 ps -

LHCD
ds=-41+25 mrad
AI'¢=0.0816+0.0048 ps -

0.06 ATLAS 99.
-0.4

HFLAV average
¢ =-—55 % 21 mrad

AT_=0.0764 4+ 0.0024 ps—*

Consistent with SM- but a long
way to reach the theory precision

fM — —36.8 iﬁ'_% mrad
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Improved Measurement of y = arg(—3 VZ:)

Yet another interferometer but w/o mixing:
Interference of tree level b->c & b->u amplitudes

W ,
4 g B ->D'Kk" phase

o A}\.3 8c

A[B —> (De f)K-]= AAfé.(ac+6f)+AJA?ei(5u+5?—y)
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Improved Measurement of ¥ = arg(— Vcd

Most significant recent advances have come from
LHCb Analysis of Run 1 and part of Run 2 data.

LHCb-2018-002

) 1_ ' | ' T — 11 — ‘ T ] ] 1_ HFLAV ]
¢ | LHCb Y it
— 0.8 | Preliminary | Y— 0.8 L 7] B decays _|
= : = i . [ B° decays i
osF (740730 B | . 06 A= e
04 -_ ., _— :_ i _:
E 68.3% i 041 68.3% -
0.2 ] : —_ 02 27N gf .
05.5% : i i 7255\ . _
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BaBar: Belle: LHCDb: combined:

v=(69117y0  y=(73113)0  y=(74.0729°  v=(71.01%3)°

13#



)

Improved Measurement of ¥ = arg(— Vcd

Most significant recent advances have come from  combined:
LHCb Analysis of Run 1 and part of Run 2 data. v=(71.012%)°

1

FJ L ' I I | I I I T <|
r LHCb ! | ——
0.8 i - J HFLA v —
i T : 5 g:zz: B
0.6 06 ] [ B decays i
C /4.0 . — Combined—]
0.4 ) ]
i 0.4 = | 683%
02F /
- 95.5% / ,
ol 1 0.2H/
50 6 o
::‘:“‘/“ y [o]
0
0

Still the less well measured angle of CKM unitarity triangle-
Super-flavor experiments aim for <1° accuracy
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Status of CKM (2018)

The CKM picture in 2019:
Still no major inconsistency

Direct (deg) CKM fit (deq)

@ = 86.4145 91.9139

B =12214%3%9  23.90%17

y = 71%%8 65.8119:22

Implication for New Physics effects?
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New Physics Through Mixing

New Physics may affect either leg
of the interferometer

M°(t) > f

p

Through new loop
diagrams in mixing q)
m
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New Physics Through Mixing

Fit the data allowing departure from (B)|HY'| B,
SM in BY mixing amplitude Cp, 7" = 01 L7SMI DoN
'\B«"H(?ti ’B( /
From the UT 1 4

I /
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1
e e g Cpg =105 £ 0.11 Cps =1.110 % 0.090

¥pg =—2.0 £ 18 @ps =0.42 + 0.89
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New Physics Through Decay

Through new loop
diagrams in the

q) decay amplitude:
d &

New Physics loops can lead to
deviation of CPV from sin23
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Penguin dominated B° decays:

Measurements of “sin2p", “o."

New addition from B¢ to this program

ds from B> (penguin dominated
process)-Analog of B)~>¢K,

=-73%x115 £27 (mrad)
X 0.99+0.05%0.01

Consistent with SM:
M — _36.87L% mrad

Naive average of “sin2"_pnguins:
0.648 + 0.038
From (b—>ccs): 0.70 =0.02

Sln(ZB )_ n(zq)iff) mmmmm 2018
PRELIMINARY

b¥>cés :Wo;rIdZAvéragje : I 50:70 zooé
o KO Avérage 0.74 8};7
WK Average | | 0632008
KoKsKsAverage i —f— i o072:018
m K°7 Averagewrmﬂwiimw”m’ 77757057 017
pK 7 Average””m””;m””m’ 0.54 8;?7
0 Ks Average ”77?7071 021
fKs Average | i 06971
’{ k’  Average  ———*—— 048:053
K Average 1 0202088
nnK Average””m’”lm””mr 7”?7066 0.28
qm K Average””m””:m”7”'” 097 8227
n nK NAverager”m””’:m””m’ 0.01= 033
K K K° Averageij77_77”_7”,mj”_im_’_ _068_ 8?87

-16 -14 12 -1 -08 -06 -04 -02 0 02 04 06 08 1 12 14 16

not well defined.

Current results are consistent with SM.
Caution: theoretical uncertainties are




Footprint of New Physics in FCNC Processes

@ « Offers several observables sensitive to NP:
X ”JJJJ] W Rate, CPV, polarization of photon(Soni et al)
R \N/
N\

’ \ SL « All measurements consistent with SM- Precision

bLU_’_ measurements expected from Belle-1l and LHCb

SM :Br(B? — u*u )= (3.66+ 0.23)x 10~
PRL 112, 101801

Finally seen (LHCb, CMS & ATLAS) — consistent

b:[W:’ZZI:w with SM — sets severe constraints on BSM
Bgld teulg I'lv
dis W 4
" a I« Precision of observables significantly

, . improved with the LHCb data

v I W w  Angular distributions & Lepton Flavor
b s b t s

w
q g a

Universality tests are in tension with SM

q
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Tests of Lepton Flavor Universality (LFU)

Lepton Flavor Universality (LFU) is enshrined in the SM:

The three lepton flavors couple with equal strength to gauge bosons.
Interaction outcomes differ only due to the effects of lepton masses .

v Current Data — some very precise- is mostly consistent with LFU.

Observable Measurement Expected
B(Z—ptu~)
BZ T 1.0009 + 0.0028 1.0
B(Z—7tr—
T 1.0019 + 0.0032 1.0

; : T
RY (tpe) = — 1.077 +0.026 0.999

BWZE Sexi, ) +B(WE Sputv,)

(K# )_ F([\'+—)e+u)

(2.488 £ 0.009) x 10—5

(2.472 £ 0.001) x 10-5

— T(KFf=utv)
R L(n7 e v) 1.230 +0.004) x 10~4 | (1.2354 +0.0002) x 104
(Tpe) = TaFoato) (1. .004) x (1.235 . ) %
(gp/ge)w 1.0021 £ 0.0015 1.0
(9u/ge)r (from R(7ue) = %:—“J%”;) 1.0018 + 0.0014 1.0
+
(9r/gu) (from R(re) = W 1.0011 % 0.0015 1.0
(9 /9u) (from R(rg,) = B T KTvr) 0.9850 <+ 0.0054 1.0

B(Kx—)yiul_t

(DI —=71v,)
BDsm) = £ oF T

(10.9F1-3) x 102

(8.65+71-93) x 10-2

R(Y(1S),,) = % 1.005 + 0.0255 0.992
(D*)ep _B(BD — D*~e w.)/B(B’ —» D*~n~v,) 1.01 +0.03 1.0
(D) = B(BY = Db, )/B(BU — D%u=w,) 0.440 + 0.42 0.299 + 0.003
(D*)=B(B’ - D**r~u,)/B(B" - D*tpu~ i) 0.332 +0.182 0.258 + 0.003
(J/¢) = B(BF — J/?,Z)T+I/7—)/B(B+ — J/YuTvu) 0.71 £0.25 0.297 &+ 0.007

>20 effects in B » K ¢+¢-

Hints of non-LFU
effects in the 3
generation first

emerged at BaBar
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Tests of Lepton Flavor Universality
in B>KOee

LLw €
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Tests of Lepton Flavor Universality: B->K)te

TEE ) dg? Within SMiR 9 =1+0(<1%)
f dI"(B—)He"‘e )dq

Ry =

» Measurements performed in g2 bins
» Region of g2<6 GeV? avoids charmonium resonances &
has clean theoretical predictions L

» Resonance regions provide powerful checks on the BY - K
analysis

[amiey) - ¢
 LHCb and recent Belle Measurements performed as

B(Bt— K*tpty~) B(Bt— K*tete)
BBt = Ji(— ptpu )K¥)/ B(BT= Jip(— ete )KT)

RK =

T rops = B(B* = Jf (= whu™)K*)/B(B* = Jpo (= e*e)K*)= 1

 Check that | | | ‘
pres) _ B(BT 2 v(25)(— #*#‘)Kﬂ/B(B*% Y(2S) (= ete ) KT, _ 4
K= BB*= JW(=ptpu)KY) | B(BY— Ji(— ete”)K™)
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Tests of Lepton Flavor Universality: B->K®)te

fdl"(B—>Hu p )dq

f dF(B—)He"‘e )

dq*

w 20 i
= i
1.5
) S e — ..
[ ———
» BaBar
0.5 + Belle
e LHCbRun | #2015+ 2016
0 0 ................... | P—
a 5 10 15 20

q° [G'CVZ/C“] )

R[(tl)

1.5

1.0

0.5

00 1 1 11

Within SM: Ry =1

=

@® LHCH 7]
B BaBar -
A Belle 7

] ] T TR NN TR NN T N B |
5 10 15 20
¢ [GeV?/c!]



Tests of Lepton Flavor Universality: B->K)te

f fﬂ“(B—>H# 7 )dq2

Ry = dI“(B—>He+e PE Within SM: Ry =1
q
w 20 2.0 T T T
& Ot -
=
15F sk —
I | ) o |
| 0 [r—— [r— L0 [ b .
- » BaBar @_EJ;' :L | ~
051 + Belle 0.5 ® LiCH ]
- e LHCb Run 1 + 2015 + 2016 E LHChb : g:l[f:r E
a 0'00 e ; PR TR T Y ll()‘ P Y 115. Al .21(). Al 0'00 . I . . E[) . \ I . 1|O I " " I 1|5 " | ! " 20
¢ .[G'eVZ/(,”] ] ¢ [GeV?/c
b e Hints of departure from LFU in LHCb data s
- T 0.110
LHCb: Run1+2015 82016 R = 0.660'5g0 + 0.024 low- ¢
|
Ry = 0.846 10084 (stat) T00i6 (syst) RK* = O685+8(1)233 + 0.047 high- qz
Within 2.5 o of SM Within 2.1-2.3 ¢ & 2.4-2.5 c of SM

JHEP 08(2017)055




Tests of Lepton Flavor Universality: B->K)te

ffﬂ“(B—>H# K )dq

Ry = [EE i Within SM: Ry =1
New Belle Measurement over full g2
, compatible with SM & LHCb- still precise
= 20f than LHCb
= | LHCb N [arXiv:1904.02440]
15k | 1
: | @
10 s prmmm—— [r— 1
s crof b ] 1
! BaBar = ; 1
05 Belle
L 05} i
- e LHCb Run 1 + 2015 +2016 i zsﬂta fOL.B(_] and B modes
i PURT VT ST T ST T ST S T (N T ST S S W T S S T W T " pre iction
2 00 5 10 15 20 00l - - - o
q*’.[G'eV'/C”‘] ) ¢ (GeV2/cY)
| Hints of departure from LFU in LHCb data
LH Cb-PAPER-2019-009 0.110
LHCb: Run1+2015 82016 R = 0.660"55p = 0.024 low- ¢
I
. +0.113
Ry = 0.846 10084 (stat) T00i6 (syst) RK* = 0.685 0060 E + 0.047 high- qz
Within 2.5 ¢ of SM Within 2.1-2.3 ¢ & 2.4-2.5 ¢ of SM

JHEP 08(2017)055 26§




Tests of Lepton Flavor Universality
in Semileptonic decays: B>H_ ¢ v

T U/e
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Tests of Lepton Flavor Universality: T vs 1L

B B>H.tv B
b e ¢
\
W N (NP-e.g.via HY)
\ I In SM, decays to u & t differ only
( + due to the lepton mass differences
Vi v

*Ratio of Branching ratios are theoretically and experimentally
very “clean” probes of LFU
» Most hadronic uncertainties & CKM dependences cancel
» Many experimental uncertainties also cancel

B(B— D"tv)
B(B— D"uv)

R(D(*)) _

B(B: — J/yt*v)

R(J /)=
)= BB T vy
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Tests of Lepton Flavor Universality: T vs 1L

B B>H.tv B
b e ¢
\
W N (NP-e.g.via HY)
\ I In SM, decays to u & t differ only
( + due to the lepton mass differences
Ve Vy

*Ratio of Branching ratios are theoretically and experimentally
very “clean” probes of LFU
» Most hadronic uncertainties & CKM dependences cancel

> Many experimental uncertainties also cancel Current Status

| 3.1c from LFU

g EELENS EEL RN AN DL : .
— S [ [ HFLAV average Ay*=10contours ]|
" B(B— D"rv moer E
R(D( )) - B((B . D(*)Mr\_/)) 0.355— 3q' T _f
sE T e =
B(B; . J/l/JT+\_/) 0_252_ F Beielg, — _i
R(J /w ) - + = 02 :_ s -} Average of SM predictions HFLAV ]
B(B; — J /yu’v) o ORI R

o2 0 _o0s o5 _




How well do we know the SM predictions?

Adopted from Dean Robinson (DPF2019)

Coll. Approach R(D) R(D*) corr.
1607.00299 [FLAG] Lattice 0.300 £ 0.008 = —~
1606.08030 [Bigi, Gambino]  Lattice + Belle/BaBar | 0.299 £0.003 —_ —
B [FJ;]K”’“ Cont.+ Belle = 0.252+0.003 | —
1703.05330 [Bernlochner, Lattice + Belle + 0.299 + 0.003 09257 +0.003 | 0.44
Ligeti, Papucci, & DR] HQET NLO

1707.09509 [Bigi, Gambino, ~ BGL + BLPR + 1/m?
Schacht] error estimate

1707.09977 [Jaiswal, Nandi, ~ BGL/HQET + 1/m?
Patral parameter

— 0.260 £ 0.008 —

0.299 £ 0.004 0.257 £0.005 | ~ 0.1

HFLAV Arithmetic average

0.299 +0.003 0.258 4 0.005 -

R(J/y): 0.290+0.007
Preliminary Lattice result

Uncertainties dominated by the scalar
Form-Factor - significant only for the
tau channel & unconstrained by data




Experimental measurements

Semileptonic decays are usually analyzed in the B rest frame kinematic variables:

B2>Hc¢v, [ =e u,t(witht = pvv, T = 31y, ...)

Events/(0.25 GeVZ)

He —T1

C"D) D*/J/}t - )

[ LAT™

i MK
N . e o

-———
-
-

/l/e.,chmo

G

Large
D*—= D
feed down

T = Uvv

o
A

Arbitrary units
[=]
=

<
[

INE

m2;, (GeV/c?)?

0 1 X X ; 1 1 X
10 500 1000 1500 2000 2500 0 5 10
E,* (MeV/c2) @ (GeVic)?

Equivalent/alternative kinematic variables for

T — 3V

e
WDtV

B D*tv

EDlv Free
EmD*v yields
BD**]y

---Bkg_ Fixed
o J

Note:many contributors to the
distribution- some can be
constrained/determined along
with signal, others need
theoretical input on Form Factors
and rates.




Candidates / (03 GeV%/c?)

ulls
o wn

<

LI LI A
% S 2017 = B — J/wfv%
.

o -

> 4000 — —|—I:‘HCb

2 E W B - Tyuy,

< 3000 — B: > x(IP)'Y,
~ C B J/ v +4 comb. bke.
- C Mis-ID bkg.

$ 2000 —

= -

= -

2 1000 —

< L

O

n2, [GeV/e

BB Uy,

Bl B: - y(2S)I"v,

B B —>J/yH
[ J/ @ comb. bkg.

L 120, 12180

2015 LHCb and Belle measurements 2017
el S e .,...__
n 935<q < 1:60 GeV: /*C_ ) LHCb Data 60 + Dae LHCbH
- B —-Dt'v, B B Dty —— Total model
o T > UV B B — D*H (= MX)X 50 BB =Dt
u B B - D™l B—=D"T"v,
L I B —» Duv 40 -
— Combinatorial B — D‘ D; (X)
S 2 e  a ! Misidentified p mms =D -D (X)
= 30 B — D“‘?XX
u B B — D" D(X)

20F  gam Comb. bkg

T — TtV

4 6 8

¢* [GeV’/c*]
PRL 120, 171802

0 2 10

= LN L L DL BELL L BN B
8 150 Belle-2019 .]
S SL-tagged
g 100
@
50
0
0 02 04 06 08 1 12
Eec, (GEV)
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R(D*)

L T T BaBar (2012), had. tag
sz = 1.0 contours

0.332+0.024 +£0.018 . —
Belle (2015), had. tag
0.293£0.038 £0.015

Belle (2017), (had. tau)
0.270 £0.035 £ 0.0Z7

Belle (2019), sl.tag
0.283+£0.018 £0.014
LHCb (2015), (muonic tal
0.336 £0.027 £0.030

LHCb (2018), (had. tau)
0.280+0.018 £0.029
Average

0.295£0.011 £0.008 -

|
:
i

035

03

Illllllllllllll[lll

SM pred. average
0.258 £0.005 B

PRD 95 (2017) 115008
0.257 +0.003 |

—} Average of SM predictions O ” JHEP 1711 2017) 061 ¢
ST Cspmazoi | verall: S
R(D*) =0.258 = 0.005 —21% ] 1
| 1 1 1 1 | 1 1 1 1 |P(X1|) 1 1 0.257 +0.005 -

02 03 04 05 LD 3.1 o tension
1 1 | 1 1 L L |

with LFU/SM 0.2 03 04

R(D*)

025 iﬁ_éﬁiéw_ -

Bellel7 HFLAV

1 L1l

02

Illllllllllllllllllllll[lll

»All results exceed SM predictions N

0.440 +0.058 £0.042

> Latest Belle results consistent with SM & others ||eengme |

Belle (2019), sl. tag

»No single measurement is yet at or beyond 3 sigma | |;o."

0.340£0.027 £0.013 — T

fro m S M g%g;egb%\éerage |

PRD 94 (2016) 094008

0.299 +0.003 T
PRD 95 (2017) 115008
0.299+0.003 T

» Extensive literature on theoretical interpretations: P 1712 00000

FNAL/MILC (2015)

»New Spin-1 states, W’, Z', or leptoquarks are favored. ||o»zo +

HPQCD (2015)
0.300 +0.008 T

»New scalars (incl. charged Higgs) disfavored by HFLAY

constraints on B;2>1tv R S

R(D)

IR(//¥) =0.71+0.17 + 0.18
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EVENTS/(0.333)

Near Future:

Improved precision of measurements with Belle-ll and LHCb data:
« Simultaneous R(D) and R(D*) from LHCb
« R(D*) (with hadronic tau decay), R(Ds), R(Ac), R(J/psi)

Much Later: Additional observables that may help distinguish new

physics sources of LFU:
« D* polarization FL(D*)
* Tau polarization:P;(D*) =

Belle 711fb-

— Fitwith F.°=0.6

~ 1 SMm

FETRI FURTE FETRI RUNTE FRTEY FERTE PR ST PR S|
1 -09-08-07-06-05-04-03-02-01 0

cosO,

r(,r)\=+1/2)_r(7.)\=—1/2)

r(TA=+1/2)+r(TA=—1/2)

« CPV in angular distributions of B=>D*(-=>Dn)tv

P(D")

FP™ = 0.60 + 0.08(stat) £ 0.04(sys)

035

~0.40f

~0.50L

~0.55L

M(FA=+H1/2\_r(+A=—1/2
P.(D) = r§7A=+1/2§+|—ET,\=—1/2§
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arXiv: 1811.09603

~——
~—
~ -
~
~d

;

(Re [Ck =4 Cr), Im [CE = 4 Cr)),

03

04 05 06
P+(D) ;



Search for new Sources of
CP Violation:

CPV in charm decays
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Within SM: CPV in charm decays is very small

»CPV requires contribution from all three
generations:

< _ dssey o
»>CPV in DO mixing: , j l_% ¢
Dominant contributions are from the Is"two o  Jd,¢,, <
generations > negligible CPV in DO mixing
. . ZB ) T/*
»Direct CPV from interference of Treeand ¢

penguin diagrams- also dominated by the

:'\C.‘
1s* two generations; >negligible direct CPV = Jiy .
l4 (] (&
: T
loops with some b-quark contributions can induce A % /i _
small CPV ~O(| Vo V" e/ VgV cal) ~14 <<10-3 C——)



CP Violation in D° mixing
Mixing is firmly established but no evidence for CPV in mixing

D1 9) = p|D°) + q|D°) CPV if:

Am AT lg/pl=1 arg(qg/ p)=0
X=— y=—
T I
—_ = HFLAV Bio
S CPV allowed g OM 2o
— 1-2{ woriond 2019] — B 30
3 o » 40
15 3 40 B50
1 >
0.8 < |
; 20+
0.6 -
0.4 0
0.2 5
o
04 Hio -40— |g/p| is consistent with 1
g 20 -
-0.4 30 - arg(a/p)_consistent with 0
T 40 -60° A
n::::::::::::::::::::::::‘.50 e 08 4 19 12 18
05 6-04-02 0 02 04 06 08 1 1.2 0.6 0.8 1 1.2 1.4 1.6
X (%) la/pl



Direct CPV in the charm system

'(D— f)-T(D— f)
%"= Her(D— F)

Searches performed in a large number of channels: No evidence for CPV
Precision in some channels at ~O(10-3) level already:

Channel A, (%) (From 2017 HFLAV averages)

D> rtn- +0.00 = 0.15

DO>KO n0 —0.20= 0.17

DO>K+K- —0.16x 0.12 -
oo 11 0.09 >3c Expect A~ -0.33%

D2 KO%m 0. ' induced by indirect CPV in K°

D*>KO.K~* —0.11 = 0.25

D*. DK, K+  +0.08= 0.26
D', DKot —0.38 = 0.48
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Direct CPV in the charm system

'(D— f)-T(D— f)
%"= Her(D— F)

Searches performed in a large number of channels: No evidence for CPV
Precision in some channels at ~O(10-3) level already:

Channel A, (%) (From 2017 HFLAV averages)

D> rtn- +0.00 = 0.15

DO>KO n0 —0.20= 0.17

DO>K+K- —0.16x 0.12 -
SO 041% 0.09 >3c Expect A~ -0.33%

D sT — ' induced by indirect CPV in K°

D*>K’. K+ —0.11 = 0.25

D*.>KO.K* 1008+ 026 | The LHCb data (Runs | & Il) enables yet

D" S>KO_ 038 = 0.48 another maijor step in precision >0(104)
s s . - Y
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Observation of Direct CP violation in charm decays
at LHCb

AAcy = Araw(K+K_) — Araw(ﬂ+ﬂ_)=Acp (K+K_) - ACP(7T+7T_)

The idea is that: A, (D>h+h-)=A_,(h+h-)}4A(det)+A(prod

Common to both channels

Flavor of D° is tagged via: D™*>D%* or from B>D pfv X

CP violation observed at 5.3 sigma B Cul S o
. _4 s élm‘ gg
AACP = (—154 + 29))(10 5 000t 538‘.;2

(t)

A(t) . ~ ~ 10\)—11
~ dir ind 2 N3
AAcp =Aacp | 1 +—ycp |+ —acp 3 3l
gL a1

: :

S S

Aadl = (—15.6 + 2.9)x 10 %] Licopa
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Observation of Direct CP violation in charm decays
at LHCb

AAcy = Araw(K+K_) — Araw(T[+7T_)=Acp (K+K_) - ACP(7T+7T_)

The idea is that: A, (D>h+h-)=A_,(h+h-)}4A(det)+A(prod

Common to both channels

Flavor of D° is tagged via: D™*>D%* or from B>D pfv X

LHCb  j

Bo s

CP violation observed at 5.3 sigma
AAp = (—15.4 + 2.9)x1074

prompt
Candidates / ( 0.1 MeV/c?)
HCEEEH S

2010 2015 202
m(D°*) [MeV/c?]

"'a LHCb ]

} Data
| Y

t At) .
Acp = Aaly (1 + — ) ycp) + —< >ag},d
Tpo Tpo

semileptonic

Candidates / ( 1 MeV/c?)
FEEEEE-EEE

|AaZr = (—15.6 + 2.9)x107*|

(D) MeV/e?]

m(D°) [MeV/e?]

Not too far from SM (~10-3) . Specific mechanism yet to be determined: (Soni 2019),
(Silvestrini et al 2019), Grossman & Schacht. Too soon to invoke BSM observation.
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Toward precision Flavor Physics-O(1%

CKM and Rare Decays & much more

Last century
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Experimental Landscape

LHCb phase-1 Upgrade i
HLLHC e
2019 2021 2024 2027 2030

S RunsS &
un Run 3 Run 4 beyond

LHCb LHCb Upgrade T & Belle-IT LHCb-Upgrade IT
~8 fb-1 50 fb-1 50 ab-1 —->300 fb-1
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Belle-IT at SuperKEKB

Tom Browder at Lepton — Photon 2019

SuperKEKB, the first new collider in particle physics since the LHC in
2008 (electron-positron (e*e) rather than proton-proton (pp))

Super
KeKB

collision point

Phase 1:
Background, Optics
Commissioning
Feb-June 2016.
Brand new

3 km positron ring.

[ Positron ring ] _

—

L= — s

l Electron ring

Belle Il detector

Belle Il online luminosity

Exp: 7-8 - All runs

Integrated luminosity [fo1]
WEm Day per Day
= Total

Total [ £ dt =6.49 [fb™1]
[0.83 fb! recorded below the 4S]

Linac fire
incident

Total integrated luminosity per Day [fb~!]

1

osity [fb~

Total integrated lumin

Phase 2: Pilot run
Superconducting Final Focus,
add positron damping ring,
First Collisions (0.5 fb-1).

7

. | Electron-Positron PE S
[L | linear accelerator | ||

Belle/KEKB recorded ~1000 fb1. Now have to
change units on the y-axis to ab!

35—-10 L S N N S N B 1R R VA
April 27-July 17, 2018 el | | /
N 8-— 150
Positron damping ri 5 1 ] o
Phase 3: > Physics run (March | e ng nngl :6:_ o3
27-June 301, 2019) oo Jse™
ok
=T |
a ol [ Ly L g

2019 2021

2023



LHCb Upgrade-TI in installation

High Luminosity
running requires

Tracking system: :

. . . *

removal of hardware New VELO (Si strip = Pixel) Muon System
level trigger- detector New upstream tracker (TT) (Si) Remove Mi

New downgtream tracker (Sci Fiber)

readout at LHC beam

. M2-5 fine for 1x1033
crossing rate of 40 MHz

May need upgrade of
inner region at 2x1033

ECAL HCAL
SPD/PS

Vertex /&
‘Locator” £

[/F S B o e o B )
| /

RICH1&RICH 2 Calorimeter:

HPD-> MaPMT New 40 MHz R/O

New 40 MHz R/O Lower PMT gain to reduce anode current

RICHI: new optics Remove SPD & PS

remove aerogel 46#



LHCb Upgrade-II: Physics Goals

LHCb phase-1 Upgrade =
HLLHC e
2019 2021 2024 2027 2030

Expression-of-Interest & Physics Potential documents
submitted for LHCb Upgrade-I|

DO mixing & CPV

6.x10710 ——— tOday

s T T T T T T T T
C HFAG World Average Jan 2017
5.x10710 ] 0.4 - [l HFAG WA Jan 2017 + LHCb 300/fb —
# NP models r ]
_ 4.x10710 . B C — ]
. 1 02f >
*:_ W/ 300 fb_ /’/ //
T 3.x107° . - P =
= or = = ]
B 5 x10710 r -~
02 / —
1.x1071° I L — N v
P [ L1 . 1 L
o 04 0.8 09 1 1.1 2
0 2.x10 4.x107 6.x10 8.x10 Iq/pl

Br( Bi-u'u7)
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Upgrade-II: Challenges

LHCb phase-1 Upgrade =
HL LHC e
2019 2021 2024 2027 2030

Maijor challenges for LHC & LHCb at peak Luminosity of 2x1034 /cm?/s:

» Current studies indicate 2x1034 is possible with changes to IP optics (*
reduction) & shielding. Triplet lifetime may limit integ. Lum. to ~ 300 fb"'

» At Int/crossing ~50 (vs 1.1 now) & Track Multiplicity as high as 3500:

»Will need a new tracking system & thinner pixels with finer granularity & time
measurements in VELO

»Improved PID & Calorimetry (with fine granularity- e.g. SiW)

»Will need innovative solutions to enormous increase in data rate ( >>ATLAS &
CMS)

»Next: narrow the space of solutions and develop TDR
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Summary comments

» Flavor physics remains one of the primary drivers of
the search for the physics beyond SM, as most
scenarios of New Physics are expected to leave a
footprint in flavor processes.

» The current data is consistent with the Standard
Model, setting severe constraints on scenarios of
New Physics, but many stones remain unturned.

» There are some areas of tensions with SM, waiting for more
precise measurements. Lepton Flavor Universality is under

the microscope.
> The next phase of the flavor physics program with
Belle-IT and LHCb upgrades I & IT will result in a much
sharper picture of the physics of flavor- will resolve or
solidify some of the current anomalies with potential to

reveal solid evidence for new physics.
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