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BES Flavour Physics

Study the properties of
the three families of quarks and leptons
and their interactions

Played a crucial role in establishing the Standard Model
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Played a crucial role in establishing the Standard Model

“Holy Grail” of Flavour Physics today:
Search for signatures of physics
Beyond the Standard Model

{ “Indirect Searches for New Physics” ]
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BES Flavour Physics

Study the properties of
the three families of quarks and leptons
and their interactions

Played a crucial role in establishing the Standard Model

“Holy Grail” of Flavour Physics today:
Search for signatures of physics
Beyond the Standard Model

{ “Indirect Searches for New Physics” ]

@ LHC: “Flavour Physics” = mostly heavy quarks
“Searches for BSM physics” = mostly b quarks
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BES Flavour Physics

Study the properties of
the three families of quarks and leptons
and their interactions

Played a crucial role in establishing the Standard Model

“Holy Grail” of Flavour Physics today:
Search for signatures of physics
Beyond the Standard Model

{ “Indirect Searches for New Physics” ]

Many interesting and important measurements of SM physics,
but no time to discuss these here ... sorry !l
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%{9’ Indirect Searches For BSM Physics

Most BSM physics models predict additional heavy particles

— Can cause additional amplitudes in processes with internal loops
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%{9’ Indirect Searches For BSM Physics

Most BSM physics models predict additional heavy particles
— Can cause additional amplitudes in processes with internal loops
— Can lead to sizeable modifications of observables

Rates, angular distributions, CP violating phases
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%{9’ Indirect Searches For BSM Physics

Most BSM physics models predict additional heavy particles
— Can cause additional amplitudes in processes with internal loops
— Can lead to sizeable modifications of observables

Rates, angular distributions, CP violating phases

Goal: uncover deviations from Standard Model expectations
by comparing precise measurements with precise predictions

_ ) o+
b / \ S ~
. BSM - i ]
S )
? B’ K™
_»\ k d - d
S b >

18 May 2017 LHCP 2017 — Flavour Reach After Upgrade (8/52) O. Steinkamp



% Indirect Searches For BSM Physics

Indirect searches can be sensitive to much higher mass scales

than direct searches for heavy particles
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Direct searches

The pattern of observed deviations
can hint at the structure of the BSM physics at work

[A.Crivelin @ La Thuile 2017]
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https://indico.cern.ch/event/580860/contributions/2534178/attachments/1447735/2231033/10_Crivellin.pdf

BES Upgrade
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LHCD

Upgrade
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BES Upgrade
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fes in flavour physics,

Opportunities in
and beyond, in the HL-LHC era

Expression of Interest

18 May 2017 LHCP 2017 — Flavour Reach After Upgrade (12/52)

O. Steinkamp

[CERN-LHCC-2017-003]


https://cds.cern.ch/record/2244311
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(LHC Run 3 - 4)
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LHCD

Upgrade
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[arxiv:1011.0352]
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http://inspirehep.net/record/875348

BES CKM angle y

0.7

“Unitarity Triangle”: Wbl R RN

from unitarity condition of CKM matrix - E
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Over-constrained fits test Standard Model @ "+ = o e I
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BES CKM angle y

0.7

“Unitarity Triangle”: ks o, amgam e -

from unitarity condition of CKM matrix os ‘E . K o E
0a 2 R, N

All angles and sides related to " wb iy N « -
observables o2 u | E

|| IR M

Over-constrained fits test Standard Model R T T T T T

So far good consistency

Current measurement precision allows for BSM contribution at 10-20 % level
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BES CKM angle y

0.7

“Unitarity Triangle”:

from unitarity condition of CKM matrix o ‘5
All angles and sides related to -
observables o2
Over-constrained fits test Standard Model Yo

So far good consistency

Current measurement precision allows for BSM contribution at 10-20 % level

Least well determined from direct measurements:

vud v:;b
vcd v;k:b

y = arg [ v(LHCb) = (722793 |

[JHEP 12 (2016)087]
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http://inspirehep.net/record/1496635

BES CKM angle y

0.7

“Unitarity Triangle”:

06

from unitarity condition of CKM matrix os E
. -
All angles and sides related to 03
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Over-constrained fits test Standard Model ™
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[JHEP 12(2016)087]
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http://inspirehep.net/record/1496635

BES CKM angle y

“Unitarity Triangle”:
from unitarity condition of CKM matrix

All angles and sides related to
observables

Over-constrained fits test Standard Model

“Clean” measurements of y from

Decay rates for tree decays
Bt — DK* and B — DK*

Time-dependent CP asymmetry in
B°’—D_ K

Small Branching Fractions:
Results limited
by statistical uncertainties
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[JHEP 12 (2016)087]
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http://inspirehep.net/record/1496635

BES CKM angle y
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1
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1
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2 1 ]
1 : 1
0 - ! :

Belle Il expect 6 (y) =1.5° from 50 ab*
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[Nucl.Part.Phys.Proc.263-264(2015)15]

Run1 Run 2 Run 3 Run 4 Run 5

[LHCb-PUB-2014-040]
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http://inspirehep.net/record/1513241
http://inspirehep.net/record/1396424/

u [ | n 0__ 0 n [ |
%{9’ CP violation in B °—B ° mixing

b - /;\ - 5
CP violation from interference of ' \z.¢7) |
box diagrams with different CKM phases . - i i - -
probability B.° — B_ # probability B.° — B_° N
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R CP violation in B_°-B_° mixing

b - /21\ - 5
CP violation from interference of ' \z.¢7) |
box diagrams with different CKM phases . - i i - -
probability B.° — B_ # probability B.° — B_° N
s > : \”,/ : > b

Can be measured in rate asymmetry for semi-leptonic decays

45 — [(B;»> D, ' X)-T(B,» D, p” X)
ST (B »D_u'X)+T(B> D u X)

Predicted to be very small in the Standard Model

A. Lenz

[az, (SM) = (19 + 03) X 10_5] [arXiv:1205.1444]

Sensitive to possible BSM physics contributions in mixing
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https://inspirehep.net/record/1113760
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http://inspirehep.net/record/1466441

u [ | n 0__ 0 n [ |
%{9’ CP violation in B °—B ° mixing
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[LHCb-PUB-2014-040]
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http://inspirehep.net/record/1513241
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rHch CP violation in B — Jhy ¢

CP violation through interference —¢

D
between mixing and decay amplitudes o/\
B J/
CP violating phase s Vo
¢s — (I)M o 2¢D m S D
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LaCh CP violation in B — Jhy ¢

CP violation through interference —¢p
between mixing and decay amplitudes o/\«
B J/
CP violating phase S we
q)\‘ EO/(I)
(I)s — (I)M o 2¢D v ° P

Predicted to be very small in the Standard Model:

BSO—ESO mixing phase ¢,, very small (as discussed above)

Decay amplitude dominated by a single tree diagram — ¢, very small

[ ¢.(SM) = —38=1mrad | (s

Sensitive to possible contributions from BSM physics in B_°-B_° mixing
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LaCh CP violation in B — Jhy ¢

CP violation through interference —¢p
between mixing and decay amplitudes 0/\
B J/
CP violating phase S we
4:\\\\5.; E;o"””é:r
¢s — (I)M o 2¢D v ° P
Run-1 measurements from 0.14] DQ’B“’/
ATLAS’ CMS and LHCb — 0.12 071 68% CL contours
L (Alog L =1.15)
oY -1
| ¢,(LHCb)=—-10+39 mrad | = o0 [CPFE6T
~
[PRL 114 (2015)041801] < 008
o o . 0.06¢ ATLAS 19.21b™"
Limited by statistical uncertainty | | , , ,
-04 -0.2 0.0 0.2 0.4
ICHEP 2016 (b SCES [rad]
ATLAS CMS
[JHEP 08 (2016)147] [PLB 757 (2016)97]

[HFAG]
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http://inspirehep.net/record/1327481
http://www.slac.stanford.edu/xorg/hfag/osc/summer_2016/BETAS/hfag_Summer2016_DGsphis_zoom_final_ICHEP.png
http://inspirehep.net/record/1415119
http://inspirehep.net/record/1385111

rHch CP violation in B — Jhy ¢

CP violation through interference —¢p
between mixing and decay amplitudes 0/\«
B J/
CP violating phase s\ o ve
=1
o, = Oy — 2¢p Pu 5 ®o
— 0.06 -
}3 . now inputs from LHCb-PUB-2014-040
— 0.05
LHCb expect e :
L 0.04 :
c(9,.) <10 mrad 0.03 :
from 50 fb-" 0.02 : | :
1 I 1
0.01 : | '
R — :
Run 1 Run 2 Run 3 Run 4 Run 5

[LHCb-PUB-2014-040]
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http://inspirehep.net/record/1513241

rHch CP violation in B — Jhy ¢

CP violation through interference
between mixing and decay amplitudes

CP violating phase

¢s — (I)M o 2¢D
0.14
LHCb expect 501
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0 —
LECD BS N W L

Flavour-changing neutral current + helicity suppressed . o+

BF_, (B —p*u-) = (3.60+0.18) x 10°

Bobeth et al. Altmannshofer et al.
[PRL 112(2014)101801] [arXiv:1702.05498]
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http://inspirehep.net/record/1263386
http://inspirehep.net/record/1514260

0 —
LECD BS N W L

Flavour-changing neutral current + helicity suppressed

BF,,, (BL—u ) =(3.60£0.18) x 10° B, B0 }\NP<
NP

Large deviations possible in some BSM models s,d e
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LHCD

BS° — U

Flavour-changing neutral current + helicity suppressed

BF, (B —p*u) = (3.60+0.18) x 10°

Large deviations possible in some BSM models

1.0

0.8 4

0.2 4

All limited by statistical uncertainties

x10—"

————— ATLAS 2016

-——- CMS 2013

—— LHCb 2017

—— our LHCb + CMS combina
*  SM prediction

—— SM uncertainty (lo)

tion

Measurements so far in agreement with SM predictions

CMS+LHCb, Run 1
[Nature 522 (2015)68]
ATLAS
[EPJ C76(2016)513]
LHCb, Run 1+2
[arxiv:1703.05747]

plot from Altmannshofer et al.
[arXiv:1702.05498]
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http://inspirehep.net/record/1446983
http://inspirehep.net/record/1517782
http://inspirehep.net/record/1328493
http://inspirehep.net/record/1514260

LHCD

BES Bs0 —uu-

Flavour-changing neutral current + helicity suppressed

BF,,, (B — " I) = (3.60£0.18) x 10° B, B

Large deviations possible in some BSM models s.d -

— Constraints on BSM models, e.g.

MSSM U, Leptoquark

7,

05 10 15 20 25 30 35 40 010

500 1000 1500 2000 2500
my (TCV) mLQ [GeV]

BR(B; - pp)

Altmannshofer et al.
[arXiv:1702.05498]
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http://inspirehep.net/record/1514260

LHCD BS0 — WL

Flavour-changing neutral current + helicity suppressed u
BF,, (B —u u)=(3.60+0.18)x 107 BY, B°

Large deviations possible in some BSM models s,d e

— Constraints on BSM models, e.g.
LHCb expect
o (BF)/BF =5 % J; Leptoquark

from 50 fb~ o

4

[LHCb-PUB-2014-040] 0.000 -

1 —

2 %r: —0.002 A
= &
CMS expect ~0.004 1
—0.006 A
o (BF)/BF =12 % oo
_1 ¢ BR(B; - py)
from 300 fb 05 1.0 15 20 25 30 35 4.0 70'010500 10'00 15'00 20'00 2500
n a (TCV) mLq [GeV]

[CMS-PAS-FTR-13-022]

Altmannshofer et al.
[arXiv:1702.05498]
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http://inspirehep.net/record/1513241
http://inspirehep.net/record/1260891
http://inspirehep.net/record/1514260

S B’ —prp

Even stronger suppression dueto V., < V,_ . +

BF, (B°— p* ) = (1.06£0.09) x 10-°

Bobeth et al.
[PRL 112(2014)101801]
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http://inspirehep.net/record/1263386

LHCD B° — Tl

Even stronger suppression dueto V., < V,_

b i
BF,, (B°—u*w) = (1.06£0.09) x 10-° B0 B it ol
t
Not observed yet s,d \ o

Goal for upgrade: measure the ratio of the Branching Fractions
(theory uncertainty = 5 %)

LHCb expect CMS expect
0 + - 0 + -
BF (Bo-> u+u_) ~ 40 % BF (BO'>M+M_) ~ 47 %
BF (B;»p'n’) BF (B;»p'u’)
from 50 fb-' from 300 fb-"
[LHCb-PUB-2014-040] (21 % from 3000 fb-1)

[CMS-PAS-FTR-13-022]
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http://inspirehep.net/record/1513241
http://inspirehep.net/record/1260891

LECD B° —, K*0 Thilie

f+
Flavour-Changing Neutral Current Decay y,Z < )
W 2
Angular distributions of final-state particles B o
f,c,u K}
sensitive to possible contributions Ob - T
from BSM physics v KoK
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LI‘{Cb BO N K*O u+ u_

f+
Flavour-Changing Neutral Current Decay v, Z < )
W+
Angular distributions of final-state particles ~ i
t,c,u K
sensitive to possible contributions Ob - N
from BSM physics ’ KoK
Eight independent S
angular observables : LHCb ]
1= SM from DHMV —
LHCDb find deviation H- ) ]
in the central g2 region O; +—+—+ s ]
for the observable P,’ 1F .
_2:— -
Local significance = 3.6 ¢ S T I
from LHCb Run 1 7* [GeV?/ct]

LHCb Run 1
[JHEP 02 (2016)104]
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http://inspirehep.net/record/1409497

LI‘ICb BO N K*O u+ u_

f+
Flavour-Changing Neutral Current Decay y,Z < )
W 4
Angular distributions of final-state particles ~ ]
t,c,u K
sensitive to possible contributions Ob - N
from BSM physics v KoK

ATLAS, CMS, Belle follow up, a1
but uncertainties larger than in LHCb

e LHCbdata © ATLAS data
= Belledata © CMS data
"""" 1 SM from DHMV

%% hdﬁDnlAS

©
N
@
At
IIIIIIIIII

e
B

_{15;- —_— T(A? ?
I = e R N * _______ ]
_1_. A P B ]
0 10 15
q* [GeV?/c4]
LHCb Run 1 CMS Run 1
[JHEP 02(2016)104] [CMS-PAS-BPH-15-008]
Belle ATLAS Run 1

[PRL 118(2017)111801] [ATLAS-CONF-2017-023]
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http://inspirehep.net/record/1409497
http://inspirehep.net/record/1518992
http://inspirehep.net/record/1589906
http://inspirehep.net/record/1504055

LI‘{(jb BO N K*O u+ u_

f+
Flavour-Changing Neutral Current Decay y,Z < )
W+
Angular distributions of final-state particles _ o
f,C, u K
sensitive to possible contributions Ob - R e
from BSM physics ? ;o

. . . e LHCbdata o ATLAS data
but uncertainties larger than in LHCb = Belledata © CMS data

B DSMfromDHM
LHCDb expect to reduce uncertainties

. . — %% hdﬁonlAS
by = factor 2 by the end of Run 2 O 7 I _

ATLAS, CMS, Belle follow up, A" 1@; RN N
:'T

g

*%

I = e R N * _______ ]
_1_. T ]
0 10 15
q* [GeV?/c4]
LHCb Run 1 CMS Run 1
[JHEP 02(2016)104] [CMS-PAS-BPH-15-008]
Belle ATLAS Run 1

[PRL 118(2017)111801] [ATLAS-CONF-2017-023]
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http://inspirehep.net/record/1518992
http://inspirehep.net/record/1589906
http://inspirehep.net/record/1504055

LI‘ICb BO N K*O ],l+ u_

f+
Flavour-Changing Neutral Current Decay y,Z < )
W+
Angular distributions of final-state particles _ o
f,C, u K
sensitive to possible contributions Ob - R e
from BSM physics r ;. T

ATLAS, CMS, Belle follow up, O |
. . . : e LHCbdata o ATLAS data ]
but uncertainties larger than in LHCb - « Belledata © CMS data :
0.5H[ [ SM from DHMV ]
= g ;r MfromAS ]
LHCDb expect to reduce uncertainties o ]
by = factor 2 by the end of Run 2 : 1 I 41—
' . 2 _ 1
—0.5[ . 2 | —
We should be able to know then, : = = T/” -
] ] ] PN e N EE T S .*. ....... -
whether this is just —10—. SNELA
another statistical fluctuation 7 [GeV¥/c*]
LHCb Run 1 CMS Run 1
[JHEP 02 (2016)104] [CMS-PAS-BPH-15-008]
Belle ATLAS Run 1

[PRL 118(2017)111801] [ATLAS-CONF-2017-023]
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ngcl‘o B° —, K*0 u+ s

f+
Flavour-Changing Neutral Current Decay y,Z < )
W3 ¢
Angular distributions of final-state particles _ o
f,C, u K
sensitive to possible contributions Ob - R e
from BSM physics ? ;o

Optimist’s view point

R <
St i
L/’\»..//\L/\./\\_/
4
by "

Pessimist’s view point

If the deviation is “real”:
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LI‘ICb BO N K*O u+ u_

f+
Flavour-Changing Neutral Current Decay y,Z < )
W+
Angular distributions of final-state particles _ o
t,c, u S
sensitive to possible contributions Ob - R e
from BSM physics r ;. T

If the deviation is “real”: _Optimist's view point

S

i

With 50 fb', LHCb should be able to

perform unbinned amplitude fits b .
over the full g2 range
and distinguish between the two Pessimist’s view point
hypotheses ) é
oo (Nes

[N.Serra, priv.comm. ] 0 N
BO"-;' T I S
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mu‘fdeg Ry Ry

Testing Lepton Flavour Universality: 2 (p (e
B ” e Gl
W 4 pje
_ T(b>spp’)
R = ¥ - b 7, C 1 5
I'b>se’e) - = -
BO K*O
d d

A

expected to be very close to unity
(after phase-space correction)
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LHCD
\ \)

R,R,.

Testing Lepton Flavour Universality:

L(b>su'p’)

R = —
I'b>se'e)

expected to be very close to unity

LHCDb find 2.6 ¢ tension
in central g2 bin for

L(B'>K'u'n’)

R, =
K I'B'»>K'e'e")

- Ty
v, Z < _
W+ f u'_
b B f,C,u B Ky
B’ K0
d - d
-o-LHCb —m-BaBar - Belle
M 2_ L I B L B
=~ LHCb 1
1.5_— - —
1: +. + SM
0.5 —
0' N N B B S
0 5 10 15 20
q> [GeV?/c4]
LHCb Run 1 BaBar Belle

[PRL 113(2014)151601] [PRD 86(2012)032012] [PRL 103(2009)171801]
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Lach R R

Testing Lepton Flavour Universality:

L(b>su'p’)
I'b>se'e)

R =

expected to be very close to unity

b 7,C 1 5
B’ K"
d d

A

2.0 T
= |
LHCDb find 2.2-2.5 ¢ tension Lor
in low and central g2 bins for mi

R = ['(B>Ku" ) L —

@® LHCDL 7]

K T(B"»K"e'e’) 051 e
L LHCb Belle 7
OO AR TN SN T AN NN TN NN NN (N WA M S WA MU S N S
— 0 5 10 15 20
\“EW ¢’ [GeV?/cY
\ LHCb Run 1 BaBar Belle

[arXiv:1705.05802] [PRD 86(2012)032012] [PRL 103(2009)171801]
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BES R(D*) etc.

Another test of Lepton Flavour Universality: /T
(%) o+ b .
R(D") = LB~ D(*)1:+v,) ; Wt
r'(B>D"n"v,)
D*
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BES R(D*) etc.

- - + ot
Another test of Lepton Flavour Universality: W
(%) o+
R(D(*)) _I(B>D"1'v,) b W NV
= ]+ B
r'(B->D"n vu) )
D*

BaBar and Belle find s - |
both R(D* and R(D) S sl PR O70L401%) A= 1.0 contours ]
. 0.45 — LHCb, PRL115,111803(2015) ——— SM Predictions ]
Iarger than pred|Cted - Belle, PRD94,072007(2016) R(D)-0.300(8) HPQCD (2015) .
C Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015)
0.4~ O Averge R(D*)=0.252(3) S. Fajfer ct al. (2012) —
LHCb also find W :
2.1 ¢ tension for R(D*), F
: 0.3 =N =
using t—>pv, v, o SN ]

_ CD e ceamentt
LHCb Run 1 025 n e &E
[PRL 115(2015)111803] 022 o IP(xlz):lﬁM"I/o ]
0.2 0.3 0.4 0.5 0.6
R(D*), R(D) combined: Belle R(D)

[PRD 92 (2015)072014]
3.9 ¢ tension [PRD 94 (2016)072007] BaBar

[arxiv:1612.00529] [PRL 109(2012)101802]
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http://inspirehep.net/record/1380182
http://inspirehep.net/record/1115826
http://inspirehep.net/record/1382593
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BES R(D*) etc.

Another test of Lepton Flavour Universality: /T
(%) o+ b .
R(D") = LB~ D(*)1:+v1) ; Wt
r'(B>D"n"v,)
D*

Other LHCb analyses underway, e.g.
R(D*) usingT—>TRT TV,
R(D), R(D,™), R(JIy), R(A)
With upgrade statistics,

might become sensitive
to angular distributions
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BES Summary

Holy Grail of Flavour Physics

“Indirect” Searches for BSM Physics

“Classic” benchmark observables
so far in agreement with SM predictions

Measurement uncertainties limited by statistics
and much larger than those on theory
— Expect significant improvements from upgrades

Some intriguing deviations in observables testing
Lepton Flavour Universality

Again, measurements limited by statistical uncertainties
Upgrade statistics will help to show,
whether these are fluke coincidences
or part of a consistent pattern
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BES Summary

/ These Indirect Searches need to be complemented\
by Direct Searches at the “Energy Frontier”

(e.g. L' —>1'1)

Close interaction between Experimentalists
and Theorists is mandatory
to derive consistent interpretation of data,

\ to develop new observables /
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BES Summary

What if, by the end of Run 2, ...
... BSM signal is found in “direct searches”

— Precision measurements
to characterize the flavour structure of the BSM physics

... BSM signal is found in “indirect searches”
— Follow-up measurements
... ho clear signal for BSM physics found anywhere

— Continue to push highest mass scales with
precision flavour measurements
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LHCD

Prospects @ LHCDb

Type Observable LHCb 2018 | | Upgrade Theory
(50 b~ 1) uncertainty
BY mixing 2B85(BY — J /) 0.025 0.008 ~0.003
2B, (BY — J /v fo(980)) 0.045 0.014 ~0.01
al; 0.6x10~* || 02x107* | 0.03 x 107"
[G]uonjc penguins EﬁfH(BE — ) 0.17 0.03 0.02
28%(B? — KK 0.13 0.02 <0.02
21 (B° — ¢KY) 0.30 0.05 0.02
Right-handed currents 28%(BY — ¢y) 0.09 0.02 <0.01
t(BY — ¢y)/po 5% 1% 0.2 %
Electroweak penguins S3(B° > K*0utu—;1<g?<6Gev?/c*)| 0.025 0.008 0.02
s0Ars(BY = K*0ut ) 6 % 2 % 7 %
Al(Kutp=:1 < g? <6GeV2/ch) 0.08 0.025 ~0.02
BBt —->ntutu )/BBT =K 'utu") | 8% 2.5% ~10 %
Higgs penguins B(B? — putpu) 0.5 x 10~° 0.15x 10°°|] 0.3 x10°
B(B° - utu~)/B(BY — utu) ~100 % ~35 % ~5 %
Unitarity triangle angles  y (B — D™ g %)y 4° 0.9° negligible
y(B® - DyK) 11° 2.0° negligible
B(B® —> J/¥KQ) 0.6° 0.2° negligible
Charm CP violation Ar 040x 103 ] 0.07x1073] -
AAcp 0.65x1073|] 0.12x 1073} -
. —————
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LHCD

Prospects LFU@LHCDb

Observable Run 1 result | 8fbh™" || 50"
Yield B'— K*%u*p~ 2398 £ 57 |63] | 9175 70480
Yield BY— outp~ 432 + 24 64 1653 || 12697
Yield BY — K u*p~ 4746 = 81 |71} | 18159 || 139491
Yield Bt —» n#tutu~ 93 £ 12 |72 355 2725
Yield A9 — Aptp~ 373+ 25 [73] | 1426 10957
Yield Bt — Ktete™ (1 < ¢* < 6 GeV?/c?) 254 4+ 29 |65 972 7465
dB(B* — ntutp=,1.0 < ¢* < 6GeV¥c?) /dg?[107 GeV2¢Y] 0.91 £0.21 £ 0.03 |72 0.11 0.04
dB(B* — ntptp=,15 < ¢* < 22GeV¥ ) /dg?[1079 GeV 3¢t 0.47 +£0.12 £ 0.01 |72 0.06 0.02
App(B"— K u* . 1.1 < ¢* < 6 GeV?/c?) —0.075 £ 0.034 £ 0.007 |63] | 0.017 || 0.006
App(B’— K*%u* =, 15 < ¢* < 19GeV?/c?) 0.355 & 0.027 £ 0.009 |63} | 0.014 || 0.005
S5(BY— K*Outp—, 1.1 < ¢* < 6GeV?/ct) —0.023 £ 0.050 £ 0.005 [63] | 0.026 || 0.009
S5(BY— K*utp=,15 < ¢* < 19GeV?¥c?) —0.325 £ 0.037 £ 0.009 [63] | 0.019| 0.007
S5(BY— Kutp—.1.1 < ¢ < 6GeV¥c?) - -1| 0.087
S5(BY— Kutp~.15 < ¢* < 19GeV?/c?) - -1 0.064
Ri(1 < ¢* < 6GeV?/c?) 0.745 + 0.090 £+ 0.036 [65] | 0.046 || 0.017
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%]‘Qi Belle 2

70— _ _
z O KEK |
P P Goal of Belle I1/SuperKEKB | Phase 1 (completed)
§ bt 14 ] !
E . F » Circulate beams
2% 40 .
2 F (no collisions)
% W0 _ = Phase 2 (2017-2018)
g 20 § R * First collisions
- C i © ®
— . = » 9 hs/ | ° I I
105 ?E P 20"’:;';;%!31?; Physics without
a5 OfF——— L. | vertex detector
> Phase 3 (2018-2025)
$~ °F - Physics with
Ed 4 full detector
3 |
x& 2~
] ol . e
a 2016 2018 2020 2022 2024
Calendar Year
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BES CKM angle vy

0.7 | T T -

“Unitarity Triangle”:

06 4

from unitarity condition of CKM matrix 0s B2 3
0.4 [/ =ge —

. 1= - -

All angles and sides related to 0s ~ E
observables " | E

5 i\ b E

Over-constrained fits test Standard Model "+ < e e ee e s

DK
“Clean” measurements of y through / \

Decay rates for tree decays
Bt — DKt and B’ — DK*

Time-dependent CP asymmetry in /\

B'—D_*K- B’ D! K-
- R
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i S
Sh Systematics a_

Statistical Systematic

Source Value uncertainties uncertainties

AL w 0.11 0.09 0.02

—Aack (KTK™) 0.01 0.00 0.03

—Agack (771 ") 0.01 0.05 0.04

—App —0.01 0.02 0.03
—Ayig(hardware)  0.03 0.02 0.02
—Ayig(software)  0.00 0.01 0.02

—fbkg Apkg 0.02 o 0.03 —
2/(1 —fbkg) 2.45 o 0.18 X
a, 0.39 0.26 0.20

[ as = [3.9+26+20)x10° ]

LHCb Run 1
[PRL 117(2016)061803]
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http://inspirehep.net/record/1466441

GEES Systematics ¢_

A

Source O, (ps™') A (ps™h)  |AL? Ag|*> 8 (rad) S, (rad) | ¢y (rad) | |A]  Amy (psTh)
Total statistical uncertainty 0.0027 0.0091  0.0049 0.0034 07 ol 0.049 | 0.019 o
Mass factorization ce 0.0007 0.0031 0.0064 0.05 0.05 0.002 | 0.001 0.004
Signal weights (statistical) 0.0001 0.0001 e 0.0001 o o e K e
b-hadron background 0.0001 0.0004 0.0004  0.0002 0.02 0.02 0.002 | 0.003 0.001
B/ feed down 0.0005
Angular resolution bias - e 0.0006 0.0001 992 0.01 e = =
Angular efficiency (reweighting) 0.0001 e 0.0011  0.0020 0.01 o 0.001 | 0.005 0.002
Angular efficiency (statistical) 0.0001 0.0002 0.0011 0.0004 0.02 0.01 0.004 | 0.002 0.001
Decay-time resolution e e e e o 0.01 0.002 | 0.001 0.005
Trigger efficiency (statistical) 0.0011 0.0009 fe e e e e fe fe
Track reconstruction (simulation)  0.0007 0.0029 0.0005 0.0006 J_Fggé 0.002 0.001 0.001 0.006
Track reconstruction (statistical) 0.0005 0.0002 e e e e e e 0.001
Length and momentum scales 0.0002 e o o e K 0.005
S-P coupling factors e e K e 0.01 0.01 e 0.001 0.002
Fit bias e e 0.0005 e e 0.01 e 0.001 e
Quadratic sum of systematics 0.0015 0.0032 0.0036 0.0067 J_Fgg? 0.06 0.006 | 0.007 0.011

[ 9,=—0.010=0.039 rad |

LHCb Run 1
[PRL 114(2015)041801]
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e Penguin Pollution in Jiy ¢

|vcb v:s

o )2

vcb
-4

—
0 {
Bs v:s
-

S

€ Jly

C
S ¢
S

* penguin decay amplitude suppressed by smallness of CKM matrix element
(A=sinB,=0.23)

* but effects from hadronic form factors not easy to estimate

« derive constraints on possible penguin pollution from B *— Jhp K*° and

B°— Jhp p°, where penguin and tree amplitudes have similar magnitude

’vcb V4l A’ |thv;kd o« N c
_ vcb _ u.c.t J'"< J/w
b—<——=<—°¢C J /I i 55 c
0 i c b—¢— —<— ¢
B, Vea d K*° Bg Vo Vu K*°
S > S S > S

 for B'— Jy p°, assume that effects from SU(3)-breaking can be neglected
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e Penguin Pollution in Jiy ¢

[PLB 742 (2015)038]
[JHEP 11(2015)082]

« 18'000 B*— Jhp t*®~ and 1'800 B_*— Jh K*O a0 I
signal candidates from 3 fb"! o CEm.,
a0 - :ZEEEZE" :

« time-dependent angular analyses to extract
polarisation fractions and CP asymmetries in
each polarization state

)
o0

p—

N

S~

&

o r 3 — p(1450)
= 600 i~ — p(1700)
=i - [

e

g

5)

O

() [GeV]

2a. sinf; sin
A.CP: i i Y (iE{O,”,J_}) o 2000

i o 2 < 1800 3
1-2a; cosO, cosy + a; % ek LHCb 3
> = 3
— 1400 =
= 1200f 4 baa =
= = = gt . — Total PDF E
« derive constraints on fraction a, and strong 5 1000 Fugml 3
1 = 800:_ ,,,,,,,,,,, B()Si 1 _:
o E s signa
. . . 3 600;_ - -+ Combinatorial bkg_;
phase 0. of penguin contributions 5 aof Ao
200 A =
0 R Rl duln el ol oA L ., T
H H H 5200 5300 5400 5500 5600
- translate into constraints on phase shift on ¢_ Mg MEVICY
Y a; = 0.047 4 ‘ wm C (B — J/vp") — E ' ' I
0‘95 0, = (38%52)° = S1(BY = J/vp") g0 15 LHCb E
0.8z 39% C.L. ‘ — AT(B! — J/pK™) s, 1E
()'T;:I 68 % (:.L. = Hl(”“*)»]/(f'/)“) S é
0.6 0 WNFECL. HL(B) = J/yK") .gﬁ TE
£ S =
S 0.5 H HC — -
0418 | < 05k
0.31 o ﬁ B:
SEI “/ /N =)\ E
1).2: . . . H oon. 15F 4
01k e = N S
O o o0 50 e 0 100 , 200 300
0 [deg] 0-0 [deg]
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BES CP violationin B’ — ¢ ¢

Similar to B — Jhy ¢, —dp

but decay amplitude dominated by 0/\\
penguin diagram B, ¢

\ EO/

Sensitive to possible BSM contributions in decay p s ¢p
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GEES CP violationin B’ — ¢ ¢

Similar to B — Jhy ¢, —dp

but decay amplitude dominated by 0/\\
penguin diagram B, ¢

\ EO/

Sensitive to possible BSM contributions in decay p s ¢p

LHCb Run-1 measurement:

[ 9%*(LHCb) = — 0.17 = 0.15 + 0.03 rad |

[PRD 90 (2014)052011]
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GEES CP violationin B’ — ¢ ¢

Similar to B — Jhy ¢, —dp

but decay amplitude dominated by 0/\\
penguin diagram B, ¢

\ EO/

Sensitive to possible BSM contributions in decay p s ¢p

T oss snow  inputs from LHCb-PUB-2014-040
-, Y I
-, 1
LHCb expect £ 1 2018
0.1 . 1
0] ( (I)Sq)q)) ~ 0-02 rad 0.08 : 1 ' 2030
from 50 fb-! 0.06 ’ =
0.04 1 ! .
' |
0.02 : I :
0 ] - 1

Run1 Run 2 Run 3 Run 4 Run 5

[LHCb-PUB-2014-040]
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1rch Systematics BF (B — p* -

Measure BF relative to
B*—>Jy(pp)K* and B°— K*m-

_ N (Bl»u"n”) e (ref)
BF (B»n* = BF (ref) Xx s X X
( S “‘ u’ ) ( ) N (ref> c (Bg'épfu_)

Systematic uncertainty dominated by
relative uncertainty of = 5.8 % onf /f ,

[LHCb-CONF-2013-011]

[ BF (B»p*n") = (3.0 +0.6 %) x 10°° ]

LHCb Run 1+2
[arXiv:1703.05747]
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LHCD
\ \)

BS0 — U

Upgrade statistics will also give access to additional observables, e.g.

T(B]»>p'n”)-T(B>p'p)
[(By»>p'u )+ T(B~p*u’)

A,r =

Standard-Model:
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LI‘IC]‘? BSO S u+ u_

Upgrade statistics will also give access to additional observables, e.g.

I‘(Bg->u+p,_)—I‘(B';->u+u_) De Bruyn et al.

AAI‘ = F(B:I_)u+u_)+ F(Bl;_)u'+u_) [PRL 109(2012)041801]

Standard-Model:
AZt =
Extract A, from measurements of the “effective lifetime”
} [ tx <‘;’j—f(32 > u+u_)> dt

J <°:,—f(32 sup’)

Teff
dt

(1-y3) Ter — (1+y3) Tpo
Vs (21732 o (1_y§) Teff)

=  Apr =

: AT,
with  tg I‘is and y¢ = 2T
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LHeh B " — ptu- effective lifetime

LHCb

—— Effective lifetime fit

T

[ ! ! ! ! ! ! ! ! |
0 5 10
Decay time [ps]

S

Weighted B’ - Ui candidates / (1 ps)

First proof-of-principle measurement by LHCb

[ .. = 2.04 +0.44 + 0.05 ps ]

LHCb Run1+2
[arxiv:1703.05747]

Compatible with A, _=1at1c,with A _=-1at1.4c
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LHCD B° — Tl The

Even stronger suppression dueto V., < V,_ . +

BF, (B°— p* ) = (1.06 £0.09) x 10-1°

Not observed yet

)
>

— T —
—4— Data ]
— Signal and background
B> wiw

[ B whw

=+ = Combinatorial background _7
----- Semi-leptonic background |
— — Peaking background -

N »
TTTTTTTTT

Candidates / (40 MeV/c?
5
TTTT

3.0 ¢ significance
from LHCb+CMS Run 1

[Nature 522 (2015) 68]

o [N EN [} @
TWT [T T T TTT[TITrT

ENELAR SEER 80 IR ARC
5600 5800
Mo [MeV/c?]

35F —— Total =
LHCb — = B
--- Bo—)u+u,'
------ Combinatorial
........... B— h*h"

i By~ n(K) u*v,
R BS‘*)

30 E

1.9 ¢ significance
from LHCb Run 1+2

[arxiv:1703.05747]

S wtw

Candidates / ( 50 MeV/c?)

II+ ] 4]
L1 T e anilid
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Lk g° Regions

i
“IOW” J 15 “high”
<1 GeV?c* /w( ) > 14 GeV?c*
“central”
1-8 GeV?/c* A
h(25)
dI’
dq?
(1) ~(1) (/) (/)
T C, " Cy Cg” and (1
interference Long distance
contributions from CC
above open charm
threshold
4[m(u)]* 2
)] —>{
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LHch Systematics P,’
Source I, S3—Sog  Az—Ag | PI-P}| ¢5 GeV?/ct
Acceptance stat. uncertainty < 0.01 < 0.01 <0.01 |<0.01 0.01
Acceptance polynomial order < 0.01 <0.02 <0.02 |<0.04| 0.01-0.03
Data-simulation differences | 0.01-0.02 < 0.01 < 0.01 |< 0.01 < 0.02
Acceptance variation with ¢ | < 0.01 < 0.01 <0.01 |[<0.01 —
m(K*tr~) model | <0.01 <0.01 <0.01 |<0.03 < 0.01
Background model < 0.01 < 0.01 <0.01 [|<0.02| 0.01-0.05
Peaking backgrounds < 0.01 <0.01 <0.01 |<0.01l|] 0.01-0.04
m(KTn ptp~) model | <0.01 <0.01 <0.01 |<0.02 < 0.01
Det. and prod. asymmetries — — < 0.01 |<0.02 —
[Py (11<q?<6GeV/c*) =~ 0.049° 017 = 0.014 rad |
(swEP 02 (2016) 104,
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LHCD

b— su*u- Branching Fractions

LHCb measure differential Branching Fractions as function of g*:
consistently lower than predicted in the central g region?

B+ N K+ u+ u—

LHCb Run 1
[JHEP 06 (2014)133]

B’ — K*u*p~

LHCb Run 1
[JHEP 04 (2017)142]
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LHCb Run 1
[JHEP 09(2015)179]

A,—ApTpe

LHCb Run 1
[JHEP 06(2015)115]
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LHCD

b— su*u- Branching Fractions

LHCb measure differential Branching Fractions as function of g2:
consistently lower than predicted in the central g region?
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Significant theory uncertainties from hadronic form factors

B’ — K*u*p~

LHCb Run 1
[JHEP 04 (2017)142]
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%Iei Systematics R,

The dominant sources of systematic uncertainty are due to
the parametrization of the BT — J/y(— eTe” )K" mass
distribution and the estimate of the trigger efficiencies that
both contribute 3% to the value of Rg.

N /

| R (1<q<6GeV?/c*) = 0.745 "2 = 0.036 |

LHCb Run 1
[PRL 113(2014)151601]
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LHCh Systematics R,

low-g2 central-g?

Trigger category LOE LOH LOI | LOE LOH LOI
Corrections to simulation | 2.5 4.8 39| 22 42 34 )

Trigger 0.1 12 01| 02 08 0.2

PID 02 04 03] 02 1.0 0.5

Kinematic selection 21 21 21| 21 21 21

Residual background - — - 0.0 5.0 5.0 > %

Mass fits 14 21 25| 20 09 1.0

Bin migration 1.O 10 10| 16 1.6 1.6

T flatness 16 14 17| 07 21 0.7
Total 40 61 55|64 75 67 )

| R, (0.045<¢"<1.1GeV?/c*) = 0.660 331 = 0.03 |

| R, (11<q*<6GeV?/c*)=0.685"¢1 + 0.05 |

LHCb Run 1
[arXiv:1705.05802]
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BES R(D*) etc.

Another test of Lepton Flavour Universality: /T
R(D"Y) = r(B-»D"t"v,) b N v
r(B->D"u*v,) B
D*

Tree decays with BF of about a percent

But Tt reconstruction
challenging at hadron colliders
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LHCD
\ \)

Systematics R (D*)

Model uncertainties Absolute size (x10~2)
Simulated sample size 2.0
Misidentified i template shape 1.6
BY — D** (7= /u~ )7 form factors 0.6
B — D**H.(— prX')X shape corrections 0.5
B(B — D*r~v.)/B(B — D*u"1,) 0.5
B — D**(— D*mr)uv shape corrections 0.4
Corrections to simulation 0.4
Combinatorial background shape 0.3
B — D**(— D**m)u~ v, form factors 0.3
B — D**(Ds — Tv)X fraction 0.1
Total model uncertainty 2.8
Normalization uncertainties Absolute size (x102)
Simulated sample size 0.6
Hardware trigger efficiency 0.6
Particle identification efficiencies 0.3
Form-factors 0.2
Bt = p v,vy) < 0.1
Total normalization uncertainty 0.9
Total systematic uncertainty 3.0

| R(D")=0.336 = 0.027 + 0.030 |

LHCb Run 1
[PRL 115(2015)111803]
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LHCD

B° — K*0 @+ @-

- [P 1 i | T | T T T T | ]
N - SM from DHMV )
L ® LHCb Run 1 analysis 7
0.5 _ )| 0 Bellee'e arXiv:1612.05014 ]
10 O Belle p*u” arXiv:1612.05014  _
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0 5 —— |
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_1 B | | ] | ] 1 1 1 | ] {I) 1
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q*> [GeV/c?]
LHCb Run 1 Belle
[JHEP 02 (2016)104] [PRL 118(2017)111801]
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%{9‘ Vub and Vcb

B—=D*1lv

W

A [ 1]
'g - 5Dl Inclusive
JE asf SRR ——
n n . —_ | | | Average 68% C.L. _
Long standing discrepancies [ B Average =1 ]
between exclusive and inclusive e -
determinations of V, and V_, 35 =
E P(x?) of 7.4%. E
3 i
-
B
L P(*)=74% _|
25 | I M I T T H L l | T T R I SR S S
34 36 38 40 42 44
IV_ I [107]
Inclusive analyses assume LFU to estimate
backgrounds from BF (b— X 1tV )
Taking central values from R(D) and R(D*) measurements:
BF (b— X, _tv_) =20 % larger than expected from LFU
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% Global Fits

20 3 o R R o : o
—— ATLAS : 68% CL : Branching Ratios 1
7o Qs 0'4 : 95% CL :___ AngularObservabIes Py ]
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Y 02 ' --  20%PCerr !
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SM=(0,0) ~0.6 E —of
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Alaw o w020 -0.8 ! -3 L o - . -
SR | ~0.6 -04 -02 00 02 04 3 2 1 o 1 2 3
=20 —14 —-10 -4 oo os 10 1.4 NP
Re C3F 6Co/C5M c3
Altmannshofer et al. Mahmoudi et al. Descotes-Genon et al.
[arxiv:1703.09189] [NPP Proc. 285-286(2017)39-44] [JHEP 06(2016)092]

Taking into account up to 90 observables from different experiments,
including B— pp and b— s €€ transitions
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