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Flavour Physics

Standard Model

6 quark and 6 lepton flavours

most of the 18 (28) free parameters are related to flavour

probe for BSM: indirect searches

examine flavour processes involving loop processes

virtual contributions with new particles/couplings

sensitive to energy scales beyond the collider energy

in this talk: b-quark system: B*, BY, B, A\,
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Stress-testing the SM with flavour physics 138

Y (AN

» What to do?

- get precise theoretical predictions
- get precise experimental measurements

- search for discrepancies!

CP violation
—
(very) rare decays

Julian Wishahi | LHC flavour physics results | Stress-testing the SM | KITP, Santa Barbara | May 2016 4



Flavour Physics = Outline

CP violation and CKM unitarity

CKM matrix elements |V,;| and |V./ V.4l
CP violation in BY and B mixing

mixing-induced CP violation and CKM angles

rare decays

tests of lepton flavour universality

Julian Wishahi | LHC flavour physics results | Stress-testing the SM | KITP, Santa Barbara | May 2016 5



CKM Unitarity

CKM triangles, CP violation & meson mixing

—
(@\
O
=
|

>_
ap
- e
)
%
i
(o1))
£
(go!
=
4
€D
pEN
@
=
=
(go!
@)
<


https://www.flickr.com/photos/kristin-and-adam/15790307112/in/photolist-q4ksbm-pxD5dd-86x3Ew-p7pQrC-8ezGVj-aufudM-e4KRat-bhTheM-8BYbsZ-anDTSH-dRnbiv-7PCshU-fyezAE-7VuLin-aavg7Y-eXSLSd-uVqy8q-vcukPY-8oUeHY-goXXdY-5pJ6n-edkWo5-32y5z-68FffG-9tTzJG-nzDhrW-7U6fP2-nS94yK-nzDjDw-bBqXQB-7TLQsf-nzCyBK-bzfEJE-mD9S1-e52692-8i4mzj-iFvNCB-bw8zAe-bUa5y6-aLhWuT-oTF2Mb-dHHbgZ-p1ZNj5-6ozPDk-bVfePW-ASVMC-gX6ydF-q568d-8znV32-85E8Bm
https://creativecommons.org/licenses/by-nc/2.0/

CKM matrix — basics U
(&S

k k -
» unitary quark mixing matrix VudVy + VeaVep + ViaVi =

Pl e I . 12
Vud Vus Vub E \ §
B m >
VCKM — Vcd Vcs Vcb 1'03 d %
V;id V;fs Vub 05 :_ g
e, I
- 3 Euler angles I =
- 1 phase = the source of CP violation in the SM i 5
05 -
» unitarity = stringent tests of the SM 1ol 1293
+ BSM particles/couplings can enter loop processes | | .

. . | | | | | | | | | i | | | |
-1.5 ‘
-> measurement # SM prediction . o 05 0.0 0.5 10 I 5 20
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CKM matrix — status

I H

Vudvjb -+ Vcd‘/:l; —+ V;gd‘/;g =0

current picture 1s consistent il
still interesting? 0_55_
experimental uncertainties :
> theoretical uncertainties e :
require precision measurements! _0_5;_ :
-1.03—

IIII|IIII|IIII®|IIII|IIII|III
excluded area has CL > 0.95

’c‘ae
K
o
'Y o
Q
«
N

3 Amg& Amg
sin 23

Am,
B ?\\

/) BISN
oL :

‘Vub‘ 4
2015
€K

Y

‘ fitter I sol. w/cos 2B <0

EPS 15 : (excl.'at CL > 0.95) —

-1.5
-1.0

-0.5 0.0 0.5 1.0 1.5

Julian Wishahi | LHC flavour physics results | Stress-testing the SM | KITP, Santa Barbara | May 2016

2.

(S007) LEL-L LD "[dT 4814WMD


http://ckmfitter.in2p3.fr

CKM triangle sides

0°C AN-DN-A9 DD ",II ¥23124p039,, SIID|N UBA J10Y

T

SR

________;rl

m N 4



https://www.flickr.com/photos/vanmelis/15354952718/in/photolist-poS9u7-poSSFR-6kME7t-iZYXA5-tcsRB-5YjYbD
https://creativecommons.org/licenses/by-nc-nd/2.0/

Measurements of |V,,| and |V,

long standing issue

Inclusive determinations
Vcb‘ = (422 T 08) X 10_3 (inCl. béClV[)
V.ol = (4.49 + 0.23) x 1073 (incl. b>ulv,)

theo. Input: extrapolate to full phase-space

exclusive determinations
V| =(39.2 +0.7) x 1072 (from B-~>D™v,)
V.| =(3.72 + 019) x 10~ (from B->T1lv))

theo. iInput: form factors

PDG

version [

2004
2006

2008
2010

2012
2014

Exclusive

M3IADJ D(d

! I !
0.003
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http://pdg.lbl.gov/2015/reviews/rpp2015-rev-vcb-vub.pdf

|Vub/\/cb| wWith /\b%p,u‘vu / /\b%/\c,u‘vu

18000 ——————————————

LHCDb: use b baryons instead of mesons

] I 1 1 -l
' ] C(?m.bmat.(n.‘lal LHCb E
15000 M(}S-l(}(iltlfled 7
BN Dpuv

here: branching ratio A,>pu v, [ Ap=>A™v,

can deduct CKM element ratios from

B(Ap — pu~vy) AT 25 G(Ap — ppVy) E
:Z;(/«t>""l/\c/1__c§1) \<ét>:2:<:;(/\t>""A/\cll__cyl):

Candidates / (50 MeV/c?)

8€0L (GL0T) 0L Sa1sAyd ainieN

theory input: Phys. Rev. D 92, 034503 (2015) 3000 4000 ~ 5000
: : Corrected pu mass [MeV/c?]
exploit displaced vertex to reconstruct corrected mass

Mecorr = \/Pi + Mgu + pL

measured branching ratio for g*(uv) > 15(7) GeVv?/c*
B(Ao — pu V)

B(Ap = Acp™vy) e P ;

= (1.00 + 0.04 (stat) + 0.08 (stat)) x 1072
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http://arxiv.org/pdf/1504.01568v2.pdf

|Vub/\/cb| with /\b%p,u‘vu / /\bé/\CIJ_Vu

» resulting CKM-matrix ratio

‘Vub‘

‘Vcb‘

confirms discrepancy between incl. and excl. meas.
6 | I I I 1 I I

cn
-)
—
5 i
T 0
=
>

PDG 2014 +
CKM fitter +

MILC 2015 +

— A,—puv (LHCbD)

40

— 0.083 + 0.004 (exp)

3

7

| % 10°

L
ub

'V
@)

2

+ 0.004 (lat)

distavours NP models with right-handed currents

tu
s

0 A,—puv (LHCb)
| = | combined

2 44 04 02 0
V.| x 10°
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http://arxiv.org/pdf/1504.01568v2.pdf

V] Vil from Amg/Am.

» mixing of B” and B. mesons

d U, c

B° W

U, c b

)
; i,c

ot b S
éw ]BO Bg’[ wg
t ] p

u,c S

b
§W BY
t

)
)

- angular frequencies = “mixing frequencies”

¢ Amd/AmS ~ ‘th/

Vis|

» mixing frequencies constrain UT side V,,

Am, precisely known

Am, = 17.768 -

- lImitations from

- 0.023 (stat)

- lattice calculations

- 0.006 (syst) ps~

- oscillation frequency Am , of B” meson
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# candidates / 0.2 ps

1=

0-7 I I I I I I I I I I

0.6 EPS 15

has CL > 0.95

0.5

0.4

excluded area

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

el

e Tagged mixed
e Tagged unmixed
— Fit mixed

— Fit unmixed

decay time [ps]
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http://iopscience.iop.org/article/10.1088/1367-2630/15/5/053021/meta;jsessionid=F3BEEAE6C761AD0F641CD70B12534B8D.c4.iopscience.cld.iop.org
http://ckmfitter.in2p3.fr

|Vig/ Vis| from Amg/Ams

LHCD
N\

» LHCb measurement of Amy » result
Amy = (505.0 & 2.1 (stat) £ 1.0 (syst)) ns™}
*)— d U L 2. L L.ULBY
- use B°> D™ty decays ( (stat) % 1.0 (syst)
I | I I | I | I 1 I I | 1 I |
. ; ALEPH (3 analyses)
- corrections for reconstructed mass — ; SIS anatyses)
SN e = 519+ 18+ 11
.3 (3 analyses)
444 + 28 + 28
] : OPAL (5 analyses)
- — N — B 479+ 18+ 15
s alll i ; CDFI1 (4 analyses)
. ‘ — ® — 495+ 33+27
. 4 ; DO (1 analysis)
. — A — 506 + 20+ 16
- . BABAR (4 analyses)
1 o 506+ 6+ 4
:: : ?()%lj_rllti(j analyses)
4 LHCb (3 analyses)
e 514+5+3
: This measurement
S "*E 505.0+2.1% 1.0
q‘ Average (w/o this meas.)
4 T 510+ 3
0.5F (¢) b (d) : §
PRI B P N T N TR NN SN T NN NN SN SR SN N SN S S
’ 0 ; 0 450 500 550
f|ps) _
¥ Am, [ns d
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CP Violation
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CP violation 1n neutral B mesons

» measure: absetttephases, phase differences

- Interference of contributions with different phases

» neutral B mesons: BY and B. oscillate

- different paths can interfere B()
q
T
' B ]BO BO [ |

u,ct
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CP violation In mixing

CPV In mixing related to semi-leptonic asymmetry ag %
P(B— B)+P(B— B) 2 -
[ 2 u,ct q ] Bq D IJ X

measure raw asymmetry

N(f,t)—N(lE,l’) B - asl ag|
NG+ N D) = Ap - > (Ap > )cos(Amt)

A(t) =

uonesedaid Ul ‘€L0-9L02-43dVd-GOHT
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041601

CP violation In mixing a.k.a. ay

S
R
Q
O
O
an
—

preliminary

LHCb D®uvX
DO D®uvX
BaBar D'lv

BaBar [/
Belle ]

<
N
=
Q
-
A
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041601

CP violation: interference of mixing and decay

simplest case: single dominant decay amplitude R0 —
= phase difference ¢, = ¢, = 2 P !
phases are related to CKM angles io —gbd/
“golden” modes (dominant b - ccs tree decays) T
BY > J/wKs (g =2p) T
B. > J/w h™h™ (¢ = —2.) Bg' W} {W ]Bg

other measurements + CKM unitarity = precise constraints ¢

+0,017 )

SI N qbd 0 771 0,047 J. Charles et al. b Jiy
+0,0013 arxiv:1501.05013
SIN ¢s = —-0,0365 -0,0012 B [
excellent probe for BSM contributions q
X
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http://arxiv.org/pdf/1501.05013v1.pdf

sin2B from B° = J/y K«

decay time dependent asymmetry

/_(E(t) — f)—T(B(t) > f)

A(t) = —=
[(B(t) = )+ (B(t) - f)

~ sin2BsinAm t

(5L0Z) LO9LED ‘SLL THd

LHCb measurement reaches precision of B factories

04:|||

j? 03E LHCb —é BaBar \ || .| 0.662 + 0.039 + 0.012
g 0.9 3 E PRD 79, 072009 (2009) " ¢ "

= - Bell | | 0.670 + 0.029 + 0.013
i 0.1 é—{%{'\ /\—: P:L TOS, 171802 (2012) S
< 0 \ / E LHCb . 07314 0.035 % 0.020
S - TN / : Run | AR
.a —8; é— S — —é /:avﬁfiﬁ . . 0.688 + 0.018
T@ —VU.2 & B | | | | |
5 —03F E 0.5 0.6 0.7 0.8 09
5. — 0.4t S T R B SIﬂZﬁ

5 10 15
‘(ps) prospects: world best with Run II!
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BR(B — v)

sin2B vs. B(B*>T'v;) E:%

» discrepancies between indirect fit and direct measurement get smaller

3 -value 3 value
0-30 X1lo | 1 § || ] || || | | || I 4 || 1 1] I 1 1 | 1 I || | || lp 1.0 0.20 xl1ol L I | I | | ' | I T 5P 11 I L | ] Pr P ] L lp. 1.0
- . 0.9 - - 0.9
0.25 — . _ )
i . 0.8 3 : 0.8
: 1 e 0.15 .
- . {0.7 - - 0.7
0.20 —_— 3 —~— - . .
_ - 0.6 B = - 0.6
0.15 — -1 o5 0.10 - Mos
} i} % - :
_ 4 =04 - - 0.4
— — ;— m — — .
0.10 - - 0.2 : - 0.3
3 B 0.05 —
- 2012 - 0.2 - 2015 . 0.2
0.05 — — _ _
o CKM 1 Mo | O 1 Mo
- wnter 12 - 5 EPS 15 ~
0.00 B T T T T T N 0 o o.m MEERER S AN RR AR NS BN AT TSN BN AT A SN AN AT S SN AN N AT S SN AN TN AN AN SN AN A AN AN . 0.0
0.5 0.6 0.7 0.8 0.9 1.0 ’ 050 055 060 065 070 075 080 0.8 0.90
sin 23 sin 2[3
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¢ from B: > J/w h*h”

analysis of *96000 B.~J/w KK decays

decay-time dependent and flavour tagged
angular analysis in 6 bins of KK~ mass
describe three P- and one S-wave contribution

distinguish CP-even and -odd P-wave contributions

LHCD
N\

Y /1Yo + S-wave

(SLOC) LOBLYO HLL THd
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¢ from B: > J/w h*h”

LHCD
NCO

As THCH
analysis of 96000 B.~>//w K'K decays Ay

Candidates / (0.05 rad)

- 4 =

decay-time dependent and flavour tagged / ]/ + Swave =

Bt »

angular analysis in 6 Bins of K'K~ mass 5

. . . ¢mix =

describe three P- and one S-wave contribution B. S

distinguish CP-even and -odd P-wave contributions -

3500 p——T——————T 1 " - 3500
3000 LHCb = ; S 30008
ZSOOMW *q—':f % 25005
20002_ //--\ CP even /'\\ _é c:; :C:; 2000;
1500 .~ ~No_ -~ ~4 O O 1500F
- CP odd . -
1000 - _ Lo = 1000
5002_ o \_,/// S-wave \\\\___/’// _E SOO;
| h—— oot i )
¢ [rad]
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¢ from B: > J/w h*h”

LHCD
As m
analysis of 296000 Bs~//y K'K” decays %ﬁg
: A
decay-time dependent and flavour tagged i | \J /¢ + S-wave
angular analysis in 6 Bins of K*K~ mass 8
. . . ¢mix
describe three P- and one S-wave contribution B.
distinguish CP-even and -odd P-wave contributions
) ] . %3500:— """"""""""
combine result with B = J/w m'n = o0 | o
% 2500;— +
¢s = —0.010 £ 0.039
= 1000;—
" o I '''''''''''''''' 'I'I:::I':'“.' """ L re] o I f)
"""""""" O T S R

m(mttn’) [GeV]
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¢. from LHC & Tevatron

S — T T T T T T T L — |

DO 8 fb~

0.14¢
| b. = —0.034 + 0.033
— 012 —2,35 = —0.0363 +

'. SM
0.067 ATLAS 19.2 fb™

“MS o 68% CL contours

| S— T | S— T | S

HFAG

Summer 2015

" (Alog £L=1.15)

—04  -02 00

02 04
¢ $°° [rad]
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http://arxiv.org/abs/1601.03297

CKM angle y

» least well constrained CKM angle

» unique role

- only CP violating parameter that can be determined from tree diagrams
- nearly insensitive to NP

. theoretically clean, y/y < 0(107)
» goal: compare tree measurements with loop predictions

L :a T T T T ' 2 T ! T T 12 I 12 12 Y T T 12 T I T T T I T T — 0.7 - - I - - - 7 - - - I - r r ' | ' ' ' | ' ' -
@ ' - Mo - -
= ' - A -
05 .._—g - 05 _'__§ —
m - mL ."i&"‘ :x‘éa.a: 595 o
04 :_—‘g — 04 :—g - —:
= E5 = = -
03 [ — 03 'E -
02 = 02 — =
01 = el loop =
on 1 1 1 1 1 1 A L A L L L L L 2 L 2 - oo L L L 1 L L L A A A A A A 4 A A 4 ~
04 -02 0.0 0.2 0.4 0.6 0.8 1.0 04 -02 0.0 0.2 0.4 0.6 0.8 1.0

P P
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[HCb y combination tu
e

» various observables in B- DK decays sensitive to y

» single measurements not very constraining = combine them

ol — 4 lIr T
Q[ e LHCb | < | - LHCb -
Y— 0 & - M B decays Preliminary _| — 08K . Preliminary _ |
— [ Combination — : :
- - - 7.1 y
0.6 0.6~ g's ~
NI T e P 683w L E
0.2 0.2} -
........................................ PSP
0 ol——
0 50 100 150 40 60 20
o

v L] v € 162.4,78.0]° @68% CL, v []

v € [51.0,85.01° @95% CL.
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http://cds.cern.ch/record/2138454?ln=en

Global CKM fit

» SO far: consistent

1 -5 I | I | I N BN PN | I I I
: excluded area has CL > 0.95 | %’% :
- y o3 :
107 S Amg& Amg  _
~ _
0.5
1= 00 i LS
- QL 2
-0.5
n e _
-1.0 Y K
B % sol. w/cos28<0 -
— EPS 15 | (excl. atCL>0.95)
_1 .5 i [ I | [ . | | 1 1 | | | 1 | | | | 1 1 | | [ I |
-1.0 -0.5 0.0 0.5 1.0 1.5

P
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By—up 0.91

2 0.65

! 0.91

o 0.84

sin 23 1.66

€ 0.05

Amg 1.21

Am, 1.29

B(B—-1tv) 1.22

Volmes  0.89

IV o) s 0.88

BOSW  1.83

B(D,—uv) 1.08

B(Ds—’f V) 1.64

B(D—-KIv) 0.01

B(D— nlv)  0.04

IV lootiace  0.00

I vcdlnot lattice 0 43

B(ty.) 2.22

B(K ) 0.03

B(K,) 1.44

B(K,y) 0.00

Vs 0.04 . . .

TP T PETT PR PP PErT IET
0 05 1 15 2 25 3 3.5
Pull (o)
May 2016
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Rare decays

and very rare decays

0'Z AN-DN-Ag DD “B1SAey U1 o]PSBUSUIPU! 1, Weiny IABYpeYy
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https://creativecommons.org/licenses/by-nc-nd/2.0/

The rare decays B> u 'y~ and B> u-

heavily suppressed in the SM

searches in the past 30 years

LHCD
N\

-
A
M
FCNC - loop processes . e N
qc3 E>K v ' Q S
. . L. — NGO =
helicity suppression TR va [ewswre— 3
% 105 v op two % o S
. o I — . - - : N
highly sensitive to BSM e F A 2
% 106 ;_ .......................................................... *; ......... >+<20122013 ...... 2004 .
theoretically clean = F A A
) : O mrm—————— o e
7)) — - O E kB0 Am
BB, - pu u)=1(3.66+0.23) x 10 i v oy
; ) " S 10 ié — T TORRURRRN. .. S L.
B(B — U U ) = (1 .06 + 009) X 10 e q: v Si?us .D. S:z:r SM: B, — u'u %
Ewllly T [ il
: : — = [V Ls { ATLAS : ®
clean experimental signature ol [AAoo  @®cwsanco | SM:B o
1985 1990 1995 2000 2005 2010 2015
Year
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801

The rare decays B.~>u*u~ and B> u*u- -t

combined CMS & LHCDb

first observation of B.~>u*u™ (6.20) first evidence for B°->u*u~(3.00)
BB - ptp)=(2.8+9L)x 1077 BB° - utu)=(3.9+,%)x107"°
CMS and LHCb (LHC run )
L L L '
60 —e¢— Data
— Signal and background
50 Bg— w'u”
—4- B’— w'u”
- - = Combinatorial background

N
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W
o
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N
o
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http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

The rare decays B> u 'y~ and B> u-

CMS and LHCDb (LHC run 1)

0.9 o | [ VA | I I | I I I I rFr I N I I N I I
0.8 /

B(B® — ut u) [107°]
()
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N\

0 1 > 3 4 5 5 7 8 9 0 02 04 06 08
B(Bg — ut 1) [1077] B(B® — ut ) [1077]

0.1
d
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http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html

The rare decays B~ u 'y~ and B>y

> T T T T T T T T
.. . B oo den
preliminary result from ATLAS with Run | = s amas REEATE
% 168 | \s=7Tev, 49" ggrrétcn;t(orial bkg
— 1.1 -9 € 148 \s=8Tev,20fb" -SV bkg E
BB - utu™)=(0.9+ 1) x 10 g BB o
S "~ — 0.8 IR :
0 Lo ~10 o 10F | 0.446 < BDT < 1 E
BB > u u)<4.2x10 at 95% CL 8F- 3 =
6 | E
o | E
2 oyl ) S
%800~ 5000 5200 5400 Ba00  s00
AT LAS reSU ltS Dimuon mass [MeV
s~ 0817 IS LI S B L B
compatible w. SM at 20 level = Nl / o N\ aen
. . i 0'6 is=8TeV,20f0" -
B~ u*u- compatible w. CMS+LHCb result - [ G[OMS&LHCH | ) B
2 °
a

not as sensitive as each CMS and LHCD, yet
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http://arxiv.org/abs/1604.04263

The rare decays B> u 'y~ and B> u- Eﬁt—é

» strong constraints on various BSM models (in particular MSSM)

Modified from [D. Straub, Nuovo Cim. CO35N1 (2012) 249]

SM4: Standard Model with a sequential fourth generation
Left-handed currents only (MSSM-LL)
Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

LHEBEEINVIS combination
0ov0, 959 . L.

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

10° x BR(By = u*u™)
®© © 006 0 0

Agashe and Carone (MSSM-AC)

0 10 20 30 40 50
10° x BR(Bs — utu)
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Full angular analysis of B> K u*u-

B°>K u*u~is another ideal testbed for NP searches
b->sll FCNCs only via loops in SM

BO f K*O Ve Q K
B —(—9—(—?—(— S B
— DN =
\\ W_I_ ’ B\
R B \
ZO’ v j'ﬁ\ 4
T \

NP sensitivity In decay rates, angular distributions, asymmetries
experimentally clean signature

many observables with clean theoretical predictions
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Full angular analysis of B> K u*u-

full angular description in g2

A E . 2 2 Ax
32—7T|:Z(1 — S111 HK —I—COS (9[{ -+ \ 9! *
B
Az

+(1 — sin® O cos 26,
COS2 05 cos260; + Ss sin? Ok sin? 6; cos 20

+54 sin 20 i sin 26, cos ¢ +in 20 sin 6; cos ¢

forward-backward
asymmetry of t
dilepton syste

-|—%Sin2 0 cos0; + S7sin 20k sin 0; sin ¢

+Sg sin 20k sin 26; sin ¢ + Sq sin® O sin” 6, sin 2q5}

observables depend on B->K form factors

additionally: use observable basis in which form factors cancel at leading order

l ) f — S5
example: P ATy
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Full angular analysis of B> K u*u-

In general: observables compatible with the SM expectations

except for Ps' observable S
local 2.8 and 30 deviations 7 w1 e
Belle confirms LHCDb . I SM from DHMV 1"

0.5H ® LHCb Run 1 analysis —

"""_+_I O Belle arXi1v:1604.04042 ]

. O_ —— -

theory work ongoing I -- ]

NP or hadronic effects? 05 | | -

_1_ | ] | . | _

0 5 10 15

Julian Wishahi | LHC flavour physics results | Stress-testing the SM | KITP, Santa Barbara | May 2016 37


http://link.springer.com/article/10.1007/JHEP02(2016)104

Full angular analysis of B> K u*u-

» by now, many measurements from various experiments

—a— CDF CMS —»— BaBar —=— Belle

—— CDF CMS —»— BaBar —=— Belle
, —+— LHCb Bl SM from ABSZ —e— LHCb Bl sM from ABSZ
_] i 1 | | | 1 | | | I 1 1 | | I 1 | | l E 1 i I I I
- {1 <t -
0.8 - i
i - i 0.5
b= - - i
0.6 |l i n -
N - - 0
0.4 — i
02 L | 14 O°F -
- — :
() 1 1 1 1 | 1 1 1 1 | 1 | 1 1 | 1 1 1 _ - 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1
0 5 10 15 0 5 10 15
P
q* [GeV7/c?] 72 [GeV? 4]
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B->X u*u~ differential branching fractions

other b->s branching ratios in bins of g2

= 1.8
;f 1.6
Np=> A pr - [CIRE]
= 12F
additional observables due to baryonic system T 1f
. , - 08
statistics too low for angular analysis =06k : - E
+, ,— 1\_0 0.4:— —E
Bs~>¢ Ul 5 0.2?— | -+ LHCb -

T
BR for 1< g*< 6 GeV?/c*deviates from SM by =3.30 o s 10 15 20 G
¢* [GeV?/ct] o

angular observables consistent with SM

consistent picture between channels

branching ratios overestimated in low g-

- N WA W NN 00O
LRARR AR

angular distributions consistent with SM

dB(B’—@uu)/dg? [10°GeV-2c4]
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http://link.springer.com/article/10.1007/JHEP06(2014)133
http://link.springer.com/article/10.1007/JHEP09(2015)179
http://link.springer.com/article/10.1007/JHEP06(2015)115
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Lepton universality in B*>K*[*["

SM expectation by Bobeth et al.
BB > K'u'u)

— = 1.0003 + 0.0001
B(B* — K+ete™)

Rk

LHCb sees deficit for 1< g% < 6 GeV?/c*

- LHCb -wm-BaBar —a—Belle

Rk = 0.745 + 0074 = 0.036 A S R I
: - 00@ < LHCDb -
(small) tension of =2.60 with SM 1.5F | 1
| '
IF ‘ A
Lo _ | SM
more statistics needed : #I
0.5 o
look at other modes! ;
e.g. BO— D)= [*y, % 10 15 20
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.151601
http://iopscience.iop.org/article/10.1088/1126-6708/2007/12/040/meta;jsessionid=B5F665CE715F1C3EAFC0262BF0105141.c3.iopscience.cld.iop.org

Lepton universality in BO>D%)[*y,

sensitive to BSM at tree level

-

AN

theory predictions W—/H—//:/ﬁr
Sb—>—»—< » »C
B(B® — D 1tv;) B{ % Q@’ c§9 }D(*)

Rp = = V. + 0. q - q

D BB = D-1"v)) 0.300 + 0.008 g — - i <« @
B(BO — D" 17v;) % 0.5 - I—IBaBlar, II’RilOé,lOiSOé(20|12)I | .
Rp = B(BO = D*[*v)) = 0.252'+0.003 - - — Belle, PRD92,072014(2015) Ay*=10 -
/ ~ 0451 LHCb, PRL115,111803(2015) -
- Belle, arXiv:1603.06711 -
. 04 _ —— HFAG one.rage,P(Xz) = 67% i
experimental results TR T SMprediction :
combination of LHCh, Belle, BaBar 0'35;_ _
(Rp, Rp+) tension with SM =4.00 03 E
RD ~ 1.90, RD* ~ 3.30 0.25 :_ R(D),PRD92°,054510(2015) i
- R(D*), PRD85,094025(2012) ot it 21 N
0o —
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onclusion & Outlook



https://www.flickr.com/photos/121476474@N04/22917759019/in/dateposted-public/
https://creativecommons.org/licenses/by-sa/2.0/

Conclusion & Outlook

flavour physics Is a perfect testbed for the SM

a multitude of observables linked to a small number of SM parameters

cross-check and cross-validate the measurements

LHC experiments have added many new aspects to the picture

no “smoking gun”, but several discrepancies
LFV w. Ry and Rp+ (incl. BaBar + Belle)

P-'in BY=>K*u u-

BF(B%-> u*u-)

[V,,| inclusive vs. exclusive
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Conclusion & Outlook

but: LHCb alone has published >300 papers

some discrepancies expected

overall picture (still) looks pretty consistent

LHC Run Il ongoing
LHCb will collect 5 fb™ at 13 TeV until 2018

bb cross-section increases by a factor of 2 w.r.t. 7/8 TeV

corresponds to =4x statistics of Run |

CMS and ATLAS contribute with many flavour physics results
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HCb Prospects

Type Observable Current precision LHCb 2018 Upgrade Theory
(50 fb_l) uncertainty -
-
BY mixing 2B5(BY — J /Y ¢) 0.10 [139] 0.025 0.008 ~0.003 -
2B5(BY — T /v f5(980)) 0.17 [219] 0.045 0.014 ~0.01 =
)
a’, 6.4 x 1073 [44] 0.6x107>  02x107°  0.03x 1077 -
Gluonic penguins 28S(BY — ¢¢) — 0.17 0.03 0.02 g
2B (BO — KK _ 0.13 0.02 <0.02 =
28 (BO — ¢KY) 0.17 [44] 0.30 0.05 0.02 %
Right-handed currents 28 (BY — ¢y) - 0.09 0.02 <0.01 N
(B — py) /750 _ 5 % 1 % 0.2 % ™
Electroweak penguins S3(BY > K*0utpu=:1<g?<6GeV?/c*)  0.08 [68] 0.025 0.008 0.02
soArg (B = K*9ut ™) 25 % [68] 6 % 2 % 7 %
Ar(Kutu=: 1 <qg? <6GeV?/c?) 0.25 [77] 0.08 0.025 ~0.02
BBt - ntutu)/B(BT - Ktutu™) 25 % [86] 8 % 2.5 % ~10 %
Higgs penguins B(BY — utu) 1.5 x 1077 [13] 0.5x107°  0.15x107° 03 x107°
BB — utu™)/BBY — utu) - ~100 % ~35 % ~5 %
Unitarity triangle angles  y(B — D™ K ™) ~10-12° [252, 266]  4° 0.9° negligible
y(BY — DyK) — 11° 2.0° negligible
B(BY — J/YKQ) 0.8° [44] 0.6° 0.2° negligible
Charm CP violation Ar 2.3 x 1073 [44] 040 x 1072  0.07x 1073 -
AAcp 2.1 x 1073 [18] 0.65x 107> 0.12x 1073 -
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https://www.flickr.com/photos/121476474@N04/24308646335/
https://creativecommons.org/licenses/by-sa/2.0/

The LHCb detector

Tracking System Muon System
Vertex Detector momentum resolution

vertex reconstruction Ap/p = 0.4%-0.6%
decay time resolution: 45 fs
|IP resolution: 20 ym

Dipole Magnet

warm, normally conducting
integrated field strength: 4 Tm
regular polarity switches

RICH Detectors

K/1/p separation
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The LHCb detector U

LHCD
NCO

— e

———

Tracking Syste . . - .
Vertex Detector At ehde ) Drecision measurements in b/c-hadrons

vertex reconstruction Ap/p =0.4%-0.6%

decay time resolution: 45 fs |
IP resolution: 20 pm

|

» Run | (2011+2012)

‘ ‘ » dataset of 3fb™" at 7/8 TeV
o o+ =2-10" bb pairs in LHCb

» > 300 publications

Dipole Magnet |

warm, normally conducting :
integrated field strength: 4 | } RU N | | (SI nce 201 5)

regular polarity switches

RICH Detectors

K/mt/p separation
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