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Quark mixing & CKM
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EWSB & diagonalisation of Yukawa mass matrix
= CKM quark mixing matrix

= VCKM
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L.Wolfenstein PRL 51 (1983) 19/45

n #0 = complex matrix element
= CP violation (CPV) in weak interactions



Where we are with CKM

http://ckmfitter.in2p3.fr http://www.utfit.org
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Very successful to describe collider data. However,
» CPV from CKM short by 107° to explain the observed matter
—antimatter asymmetry

» Dynamic origin of patterns of fermion masses and mixing unclear

New physics (NP) beyond standard model (SM) at higher energy scale «



Opportunities in flavour sector

Flavour as a window to NP, complementary to direct searches

» Exploring NP scale >> TeV
»  Distinguishing NP models
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Generic bounds on New Physics scale (for gx~1)

NP could have significant effect in processes where SM contribution

is suppressed and well understood

» Mixing processes O
» Rare loop decays M
> SM forbidden decays §

Decay rates
CP asymmetries
Angular correlations



LHC: a flavour factory

proton - (anti)proton cross sections

33 -2 -1
107 cm”s

Huge numbers of beauty and charm R AR

hadrons produced Ctevawon  the 4

10:;— : / —%10:

o, ~ 1% of total pp cross section |~

- A fewx108 beauty pairs/hour _wp T e

generated at LHCb luminosity R §

- All species: BY, B*, B, B, A, ... ///

About 20 times more charm! o =
Detectors Eev)

LHCDb: forward single arm detector for study of heavy flavour physics
ATLAS, CMS: general purpose, covering some flavour physics topics

This talk will be mostly about LHCDb results on B physics

events / sec for £



LHCDb spectrometer

CorLisioNns ~12 MHz _
@ 40 MHz VISIBLE ¢ TWO-LEVEL TRIGGER:
INTERACTIONS — IRACKING SYSTEM - LO hardware (12 — 1 MHz)

(2012) momentum resolution - HLT software ( 1 —> 0.005 MHz)
Apl/p = 0.4% —0.6%

VERTEX DETECTOR

reconstruct vertices ¥ Very good £(u)
decay time resolution: 46 fs Good g(h)
IP reconstruction: 20 um

. “' ‘_

<.l
x 2 .

om v DIPOLE MAGNET

y~10m B 4Tm

x~13m normal conducting

S polarity MUON SYSTEM

CALORIMETERS
RICH DETECTORS energy measurement
K/wr/p separation particle identification

Excellent tracking, vertexing and particle identification.
Powerful trigger at low transverse momentum.



Run 1 pp data—taking at 7/8 TeV

Integrated Luminosity (1/fb)

T T P Sy N TTTIN

5 > Delivered in 2012 (4 TeV): 2.194 /fb : : : 4
\; ...... . Recorded in 2012 (4 Tev): 2.069 Im i, ..................... E, ..................... ; ................. e
: . Recorded in 2011 (3.5 TeV): 1.107 /fb : : : :
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Recorded in 2010 (3.5 TeV): 0.038 /fb

2.2

1.8

1.6

Ry e S s SR S I T T T T T TT T TR AU

14

0.8
0.6
0.4

12

0.2

i : : : : i
L I I I I I } 11 I I L ) 1 I | | 1 I_ i i 1 1 1 1 l 1 1

0 01 /04 01/05 31/05 30/06 30/07 29/08 28/09 28/10 271N

Results of this talk are based on run 1 data: 3 fb1



CP violation




Neutral B mixing

Weak states mix via box diagram: flavour oscillation

b S
‘BQ>=‘bq> ‘§q>=|bcj
S b
Mass eigenstaes B§> = p‘Bq> + ‘1‘ _q>
Am,= my-m_, Al'y= I'\- Ty Bg,>=p‘Bq>—q‘Eq>
CPV observables §° Ddec > f
e CPV in mixing: a, °
e Mixing-induced CPV: ¢ ¢4=2f Q%X‘ ) — Dec
B

a%y, ¢, and Am, are very sensitive to NP in mixing 0
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IN2p: a milestone in particle physics
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Babar, PRL 87 (2001) 091801
sing =sin2p =0.59*0.14x0.05

Belle, PRL 87 (2001) 091802
sing4 =sing, =0.9910.14x0.06

First observation of CPV in B decays
confirms SM prediction!
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LHCDb result of sin23
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LHCb, PRL 115 (2015) 031601
sin2p = 0.731 0.035+ 0.020

Indirect fit in SM:
sin2p = 0.771*9017 .,

sin(2f) = sm(2¢1) e

LHCDb precision approaches that of B factories

PRELIMINARY
BaBar 0.69 +0.03 + 0.01
PRD 79 (2009) 1072009

BaBar i 0.69+0.52+0.04+0.07
PRD 80%%0@112001 A A

BaBar J/y (hadronic) K, : 1,56+0.42+0.21
PRD 69 (2004):052001 ° :

Belle : q 0.67 +0.02 + 0.01
PRL 108 ( 2012) 171802 :

ALEPH : L 0.84*922+0.16
PLB 492, 259 (2000) *

OPAL ; D 3.20 *280 +0.50,
EPJ C5, 379 (1998) o

CDF : 0.79 ‘041
PRD 61, 072005 (2000) —— o
LHCb ., ; 0.73+0.04 £0.02
arXiv:1503. 07089 :

Belle5S : : : 0.57 +0.58 + 0.06
PRL108 (2012) 171801 '

Average : ; 0.69 +0.02
HFAG : :

-2 -1 0 1 2 3

12



¢4: a crucial goal of LHCb

10% of b-hadrons in pp collisions are B, mesons!

Measuring B, CPV is LHC(b) territory.

W For b—ccs decay such as B,—J/pd
= _
alp |z cp T B q AF
0%% (I)S = —arg(nfcp E . AfCP )
Bs AfCP CcP
/;/A‘ ™
¢, is precisely predicted in SM At \

B ‘ w

$.5M = -0.038 + 0.001 rad VAN \*
Wi

(up to small correction for penguins)

N

é 13
b

(o]

¢ IS very sensitive to NP in mixing

0, = M+ A S éw

N
t
t




Analysis strategy of B,—~JAhp¢

r(Blof) T
Acp = ——; — ~ 11y sin dssin(Amyt):
DBl f)+0 B )

Requirements
» Good performance to tag initial flavour of By

» Good time resolution to resolve fast B, oscillation and
determine Amg

» Angular analysis to separate CP eigenstates

14



Tagging the initial flavour

Opposite side (OS): using charges of decay products of the other B
hadron LHCb, EPJC 72 (2012) 2022

Same side (SS): using charges of particles produced in association
with the signal B LHCb, JINST 11 (2016) P05010

category Effective oSp
e(1-2w)?2 (%) OSe
only OS 1.19 +0.06 OSK
tagged Opposite Side
only SS 0.84 = 0.11
tagged
OS&SS 1.7 £0.08
tagged

Total 3.73 +0.15

15



Decay time reconstruction

B—Jp(un) ¢(KK)  Calibration with prompt events

LHCb Preliminary
es_\s=7TeV

Events/0/05 ps

P |
. 1 1.5
decay time (ps)

c.f. oscillation period ~ 350 fs

Impact of decay time resolution, Am =~ 17.7 ps’!

» If o,= 45 fs, dilution factor exp(-Am0,2/2) = 0.73
> If o,= 90 fs, dilution factor exp(-Am20?/2) = 0.28

16



Method to measure Am,,

Choose a flavour specific decay mode B? — f

e.g., BO—>DO-u*v, B,— D m* BO —4~ f
\ BY J

For each event
— ldentify the initial B flavour (at production point)
— Reconstruct the decay time t

Measure the decay rate as a function of t, and determine
the oscillation frequency Am,q

N™™X(t) = N (B° — D(*)_,Lt-l_l/HX) (t) o< e T4 [1 + cos(Amygt)]
N™X(t)=N (B* - B° — D(*)+,LL_I7#X) (t) o< e T4 [1 + cos(Amygt)]

B Nunmix . Nmix
o N unmix + Nmix

A(t) = cos(Amygt)

17



Amg,y measurements

B,—D, n* (1fb7) BO—DMuv (3 fb) \i@

LHCb, New J.Phys. 15 (2015) 053201 LHCb, EPJC 76 (2016) 412

o Tagged mixed

o Tagged unmixed

candidates / (0.1 ps)

400 Fit mixed
o e Fit unmixed
2001
oLl I
0 1 2 3 N

decéy time [ps]

Amg = (17.768 4+ 0.023 4 0.006) ps—"  Amy, = (0.5050 + 0.0021 & 0.0010) ps ™
SM: Am,=16.3 + 1.1 ps’T SM: Am = 0.566+0-0% . ps

SM predictions suffer large uncertainties in Lattice QCD

calculation of hadronic parameters a



Time—-dependent angular analysis
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¢, results

re—— ' LHCDb, PRL 114 (2014) 041801
_ HFAG |
B —Jhvd , Jpar
CMS

— 0.12} _ 1 68% CL contours | —
3 @ swcLemions | ¢ = -0.010 +0.039 rad
2 910l [CDF9.61b .
- o0 In agreement with
T oos ¢.SM = -0.038 + 0.001 rad

0.06} S19.20 )

e | | LHCb result most precise but
oY ) still statistically limited

Exp. Mode Dataset P AT, (ps7?) Ref.

CDF Jo 9.6fb~" [-0.60, +0.12], 68% CL +0.068 £ 0.026 = 0.009  Phys. Rev. Lett. 109, 171802 (2012)

DO JRé 8.0fb~' —0.55703% +0.16373983 Phys. Rev. D85, 032006 (2012)

ATLAS Jio 49fb' +40.12+0.25+0.05 +0.053 = 0.021 = 0.010  Phys. Rev. D90, 052007 (2014)

ATLAS Ji¢ 14.3fb7!
ATLAS above 2 combined

CMS 10T 197fh1

—0.123 £0.089 +0.041 +0.096 +0.013 £0.007  arXi

v:1601.03297

—0.098 +£0.084 £0.040 +0.083 +0.011 £0.007  arXiv:1601.03297
=007530007 40031 200054+ 00134+ 0007 __Phee Tott R757 97190 (9016)

LHCb JWK*K~ 3.0f7!
LHCb Jintn~ 3.0
LHCb above 2 combined
LHCb __ DfD; 3.0fb"!

—0.058 + 0.049 £ 0.006  +0.0805 + 0.0091 + 0.0033 Phys
+0.070 + 0.068 +0.008 — Phys
—0.010 + 0.039(tot) = Phys

+0.02 £ 0.17 + 0.02 — Phys.

. Rev. Lett. 114, 041801 (2015)
. Lett. B736, 186 (2014)

. Rev. Lett. 114, 041801 (2015)
Rev. Lett. 113, 211801 (2014)

All combined

—0.033 £ 0.033 +0.084 £ 0.007
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More b—ccs modes for ¢,

B, — D.*D.: supplementary mode

¢, =0.02 £ 0.17 + 0.02 rad LHCb, PRL 113 (2014) 211801
B, — w(2S)¢: supplementary mode \@
¢s=0.23 £0.29 £ 0.02 rad LHCb-PAPER-2016-027, in prep.

B, — Jiyn: CP-even mode, lifetime measured so far

T(JAym) = 1.479 + 0.034 + 0.011 ps

B, - D! D; i

LHCb-PAPER-2016-017 \i@ B> }_.ﬁ

Avg. (CP-even) 1.42 +£0.02 e
More analyses underway
HFAG 2015 (B, > J/y ¢) [
B.—JApK*K- above ¢(1020) region, BoK K e
B.— n.$, B, — JApp with JAp — eter, ... | IO DN B 1 SO -
21

Adding these modes can improve ¢, precision by ~20%



Semi-leptonic asymmetries

Semi-leptonic asymmetry a9, quantifies CPV in mixing.

ad, is precisely predicted to be tiny in SM: “O(104),

can be enhanced by NP BY— f
q

. _ N(B—B — f)— N(B—B — f) B_0q74 f

T N(B=B > f)+ N(B=B — f) \ng

(1) Measure time-integrated raw asymmetry

N(Dgp") — N(Dgp~)
N(Dzp*) + N(Dfp~)

Araw —

(2) Correct for detection asymmetry and background effect

2
a’:l = —(Araw - Adet _ fbkgAbkg)
1— fbkg

For B, also correct for production asymmetry

22



B.—D.,uv:

LHCb results of a9

as, = (0.39 £0.26 = 0.20) %
sl ( ) \@
LHCb, PRL 117 (2016) 061803 | '

B,—D™ v : ady = (-0.02 £0.19 + 0.30) %
LHCb, PRL 114 (2014) 041601

\

1 L) T L L) l 1 L T T I T 1 L) L] I L] L
- I Standard Model
-
e
- 3
-1 ¢ 2
— M a)
e
=2 l ;
- 3 LHCb D®uvX ' -
- Q DO D®uvX e i
-3 2 BaBar D'lv - -
- BaBar Il ———
_ Belle 1] —
_4 1 1 | 1 1 1 1 | 1 1 1 n |
-3 -2 -1

Consistent with SM prediction
& CP conservation

In tension with DO dimuon
asymmetry

Absl =Cy @8% + Cy a%
= (0.957%0.251£0.146)%

DO, PRL 105 (2010) 081801
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Constraints on NP in B mixing

q — asrSM,q
M12=M12 ‘Aq

ImA,

No sign of NP. Data still allow NP contributions in B mixing up
to 30-40% at 3o level

24



CPV in loop decays

B;—9¢ b—s decay. Weak phase 1¢|<0.02 in SM.
- Can be affected by NP in decay and/or mixing.
b g };» ¢ =-0.17 = 0.15 = 0.03 rad
B’s } LHCb, PRD 90 (2014) 052011
s 3 4
1fb-1 CPV results K+K- Tt
B,—K*'K’, By—w'n Direct CPV 0.14+0.11 |-0.30 +0.05

Mixing induced CPV | 0.30 +0.13 _0.66 + 0.06
s ; —é AIIowing 50% U-spin breaking, using y from B—Dh
=-0.1 2+0.14_ 016 rad

LHCb, PLB 741 (2015) 1
ConS|stent with tree-level determination

. b—ces = -0.033+ 0.033 rad .




Observation of B,—K*K"

Highly suppressed decay, test of QCD computation

b 54 ©
u S 1500— N
% 3 LHCb
w _ o B %100 | W
ds s, d E g |n . i;;:K"
Penguin Annihilation (PA) Q 1000— T ¢ & soffu i Cget - K
3 S
b « « u T
s, d ©
< O 500
w
5d
d s > o u
W-Exchange(E) 0z
el
B(B,—K*K") = (7.80+1.27+ 0.21)x 108 ne

The rarest B decay into hadronic final state ever observed!
(5.80 significance) LHCb-PAPER-2016-036, in prep.
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Unitarity triangle

Measurements from “loop”

Measurements from “tree”

07 T T T T T - VT T T T e/

a A - 3 -

2 A £y E ; : o -

08 o pea— - 06 d - @) FFCP13 ]

[} \ \ - ) N -

0s 3 sing| — 05 % =

H 2ol \Wi3ca 2B - - -

o | ""'-"’F" os) - o -

04 g W\ 04 3 -

3 N\ = i 3

03 eK -] 03 —

E a -

0.2 — 0.2 —

0.1 ~—: 0.1 —

B g T -

1Y) S B | PRI R SR A R— o8 e L L. | | -
-04 -02 00 02 0.4 0.6 0.8 10 04 0.2 0.0 0.2 04 0.6 0.8 1.0

P p

Need significant improvement of y and IV | precision
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Events / ( 10 MeV/c?)

CPV in B—Dh for y measurement

Large CPV if r;is small

0 - o f
e.g. with DO—K+r /D : \
sensitivity to vy & /fu K-
N(B')- N(B") 1 DK
= =——2r,(2F. -1)sin(d, )sin
N(B )-I-N(B ) ACP+ RCP+ B( + ) ( B) (}’)
100 LHCb
50 L - B—[xK | K"
| X . e i N i,
5100 5200 5300 5400 5500 5100 5200 5300 5400 5500

m(DK*) [MeV/c2]

Suppressed ADS mode B*—[nK],K* with DO—K*n-
Acp=-0.403 £0.056 +0.011  LHCb, PLB 760 (2016) 117 28



1-CL

y combination at LHCDb

Determine y from CPV measurements
- inmany B & D decay modes
— using external inputs of D decay parameters: r;and ¢;

LHCb-PAPER-2016-032

p=ooty  EEW

BaBar: y = (70£18)°
Belle: y=(73"13_5)°

Used D decay modes

1 T I T T
: LHCb |
0.8 Preliminary _|
0.6F
041
0.2f
O B .
0 50 100 150
y [°]
I B, decays
) GLW: D— K*K-
B” decays .
I B* decays

B Combination | GGSZ D— Ksz'n

Ks KK

ADS: D—-x K quasi-ADS D aK'n'n
w Kn’

quasi-GLW D—- nr'man
KK’ GLS D— KsK=n*
'’ KsmK*
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Partial reconstruction of A,—pu™v and A,—A_ uv

IV | from A,—puv

18000
9 B Combinatorial
5 15000 Mis-identified LHCb
S WD
o 12000 AT ey

WAy 05.!!2- .
< Nuv s 4
> 9000F WEpuV %
= 6000 o
o]
g
& 3000

5600

4000 _ 5000
Corrected pu™ mass [MeV/c?]

Signal: 17687 + 733 Normalization: 34255 + 571

Determine IV |2/IV |2

4500

5000

4000 —~————————
§ - LHCb
() - ALY
S 3000 A uv
g [ I Combinatorial
N’
"% 2000
2
2
2 1000
(3]
O [
4H00

5500
Corrected pK m*u” mass [MeV/c?]

-

-

| Vis|? . B(A)— DU V) g2 15 Geore

Val*  B(A)— AFp=0u) 160

N

form factor ratio
5% uncertainty

on |Vub|

J
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LHCDb IV, | result

Using PDG exclusive average of |V |

1V, 1=(327+0.15,,+0.17,,,, +0.06,,)x10™

theory

LHCDb, Nature Physics 11 (2015) 743

Consistent with previous

——— PDG 2014 exclusive measurements
Tercs arXiv:1501.05373
(Bomlv) —e—  arXiv:1503.07839
(FNAL/MILC)
LHCb arXiv:1503.01421
( A%—)pu\/) —_— (RBC/UKQCD)

PO [N SN TN TN W (NN TRNY NN TN TN Y N ST TN W ST TN S T 1
0.003 0.0035 0.004 0.0045 0.005
IV, |

31



Baryon decay A, — prth'h-

CPV has never been observed in baryon sector

Acp~ 20% expected in charmless A, decays in SM

Y. K. Hsiao et al., PRD 91 (2015) 116007

A, — pxh*h~has comparable tree and loops contributions

g(s)w"(h’*) z(S)"H (K*)
d(s i d(s) ;-
f‘\ u(s)ﬂ.{(ﬁt»-) % i ™ (K )
u Y
b - U b .
v 000000 -
_ d __ b d ™
w i T Vit yy Vudedtd
Tree o< |V, p| ~ A3 Penguin o< 35, Vix Vig ~ A2

V,, has large phase y
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Triple product asymmetry

Search for CPV using triple product asymmetry (TPA)

Triple products in the Ay rest frame:
Cf = Pp - (Pp— X Pp+) cxsin®
Cs =By (Bp+ X By—) x sin®

T-odd asymmetries:
e NAg(C?>0)—NAg(C?<0)
T Ao(C* >0)+N O(C«<0)
N—o( C+>0)— N—o( C4+<0)

As =
T Nﬂ’,,( T>0)+Nﬂ’),( C4+<0)

CP-violating observable:

T—odd
acp °* = (At — Ag)

P-violating observable:

T dd =~
ap P 2(A +Af)
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A, — pzh'h: signal yields

x
LN

— 3 . : -i] — +3E . -
a 0 1"....0. ) .".... w.’ov$ﬁ~ vo' .o ~. ; . '\0‘. C a O ,__'.‘.. ’.~$.‘.. S > ho:’ QOQ.QO ’.'“..:.:.."O.::;
BE—— . - -3 * E—
C/\l-\ B e B (',\l-\ i UL DL L DL DL B :
% FLHCb — Full fit 1 & 500[ LHCD — Full fit -
% () Partrec.bkg. 4 % [ (b) Part-rec. bkg. |
S 1500 : ..... Comb.bkg. 1 = ok Comb. bkg. ]
) g B'—» Kttt ) - -~ B’ K KK ]
2 : A}—= pK Tt £ 200l ---By—» K K7 ]
g 10001 —Aqprmm | 9 S 4 Ay— pK'KK -

3 4 = - TRy - Ap— pK T
] 200 - — A pr KK

E 100
U TS T PR st . i Iy rigt W
9.2 54 5.6 5.8 6 9.2 54 5.6 5.8 6
m(pn ') [GeV/c?] m(pn KK ) [GeV/c?]
N o=t = = 6646 1-105(stat) Npo_,pr—kk— = 1030 1 56(stat)

(full run-1 sample) LHCb-PAPER-2016-030, in prep.
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CPV in baryon decays

Measurements integrated over phase space

— No significant CPV
AY decay As [%)] Az (%] T'Odd (a Trodd) (%]
pr—wtrT  —2.56+2.06+0.45 —4.86+ 2.06 4 0.44 1.15( 3.71) + 1.45 4 0.32

pr KKt +2.68+6.76+0.85 +4.55+6.07+0.52 —0.93(+3.62) +4.54 +0.42

Local Measurements — [ LHCb | (©) -
- Binning in |l S 20¢ .
- 3.30 significance of localized CPV 8 _2835 """ T
in Ay, — pr . Q _ -0 alod y2ndf=20.7/10 _

- Compatible with SM ‘@ - ol L @
LHCb-PAPER-2016-030, in prep. R PRI T T gt
20k ¢ o

First evidence of CPV in baryon decays! Feafp xPndf=30.5/10
1 2 3

|®| [rad]
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Rare decays and lepton universality
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Motivation

b — sl*I- transitions are FCNC processes where
» SM contribution is suppressed
» NP effect could be pronounced

Lepton universality

» In the SM, ratio like I'(B*— K*u*u™ )/I'(B*— K*e*e™) differs from
unity only because of phase space difference
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A key physics goal of flavour sector
- Dominated by short distance interactions
- Very rare in SM (~10° with CKM, GIM and helicity suppression)

- Particularly sensitive to NP in scalar sector
38



Needle in haystack

b
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1 01 0 J/ 'LP [ LECb Preliminary ]
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LHCb selection of B,y = urw

Signal and background separation
< Combine various kinematic and topological variables using
boosted decision tree technique (BDT)
< Simultaneously fit u*u invariant mass distributions in
different BDT bins

f ! vt | ' | ' | | (\l\: 16:— T T —-
! E 147 LHCb E
- 3 12F BDT>0.7 3
10 —o— 2 < 1of 3 b7 -
o © 3 ]
S —o— E sp .
5107 —O— E R ]
F LHCb —Q— : 3 OF E
= . @) n N
10'3!5— W Signal '—é—' 4F -
" O Background } % 2F =
10_4 PR TR SR [N SN WA T SN T -~ T T [ T n

0 0.2 0.4 0.6 0.8 1 0 . :
BDT My [MeV/c?]

LHCb, PRL 111 (2013) 101805 .



Weighted candidates per 40 MeV/c?
n (] S 1% (2]
o o o o (=]
IIIIIIIIIIL'III||||| TTT

-
o

o

LHCb+CMS combination

s sratneownewd o o e+ CMS+LHCDb, Nature 522 (2015) 68
B —4— Data |

E] Swggn—a’li:ji—backgvomd B —_— + —_

ﬁin—»!l'll' S M M

- - - Conbinatoral around first observation,6.20 significance

----- Semi-leptonic background

— = Peaking background

lIII[[III]IIIIIIIIlIIlI'lll

s By = uw
+ 3.00 significance
ST E— P SM expectations:
B(B] = u*p”) = (28%5¢) x 107° B(B® = ptu”) = (3.66+0.23) x 107
B(B” = ptp™) = (3.9%74) x 1077 B(B® = ptp) = (1.06+0.00) x 10720
o 09 CUSEILHOD LHC ) S |
=08t E
S 07f B
m0.5;— = 2 496*,8_
0.42_ —i\,m B(BY — ut p7) [10°79)
03F 55&
0.2F =
= SM = 4F
0.1 E_ —E of i
a 00I ICISI I;“”él 9c00 Ot2 0.4 0.6 0.8
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ATLAS result of B,y = utu

ATLAS published run 1 search result: no significant signal

Events / 40 MeV

BBY - ptu7) = (0.954) x 107°

BB - ptp) <4.2%x 10719 (95% CL)
P-value of 4.8% for compatibility with SM predictions

—— ' ———r——

ATLAS —4—2011-2012data -

— Total fit |

Vs=7TeV,4.91b" Combinatorial bkg -

fs=8Tev,20fb" =" SS-SV bkg g

BB, — ' E

0.446 <BDT <1 g

pregergeeses R A L4 L] . _Z
%00 5000 5200 5400 5600 5800

Dimuon mass [MeV]

BB - u* u)[107)

0.81

0.4}

arXiv:1604.04263

0.6}

0.2}

\s=7TeV,4.9f" |
\s=8TeV,20fb"

R N
/ \ATLAS
|
I -
|

0 P e \ . \ — N
ATLAS Contours for -2 len(L) =23, ]

-0.2 6.2, 11.8 from maximumof L |
Allll...l.Al.x;l.JAki..’

0 1 2 3 4 5 6 7

B(BS — u* w)[10°]
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10° x BR{By = p~ ¢t~}

NP model killing

Before the LHC results
[D.Straub arXiv:1205.6094]

20 o

109 x BR(By =+ u"u™)

0 RSc 10 20 0 40
10° x BR(B, — u*tu™)

Run |l and upgrade goals
— Br(B,—u*u) /Br(By—u*w) to test MFV
— Effective lifetime and CP violation in B;.—u*u-

After the LHC results

Cartoon of plot from
[D.Straub arXiv:1205.6094]

Pre LHC limit—

109 x BR(Bs — ptu™)
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Angular analysis of B — KO uru

d d
0 *0
B B f K A
b - 5
W L —>
AR g |
ut
B? — K™ I'- described by three angles (8, 6,, @ ) and di-muon mass squared, q*:
1 Br+0) 9 ., —_ . i N2
AT AE a5 -~ %or [3(1 — Fr)sin® Ok + F, cos® O + (1 — Fy,) sin® Ok cos 26,
— F1, cos® Ok cos 20p + Sz sin? Ok sin? 6 cos 2¢
+ S, 8in 20k sin 26, cos ¢ + S5 sin 20k sin 6 cos ¢
+ 4 App sin® O cos 0 + S sin 20 sin 6 sin ¢
+ Ss sin 20k sin 26y sin ¢ + So sin® O sin® f sin 2¢)]
Observables: Acg, S;, F| g
. [ P’ — .7=4’517a8
Or different notations, e.g. i=4,5,68 =

VEL(1— FL)
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Candidates / 11 MeV/c?

2

B—K* utu” update

LHCb, JHEP 02 (2016) 104
Update: 1fb-1— 3fb-"

N
S
L | ——

I
1 1 I | 1

Ny = 2398 + 57

N e oo
m(K*n wu) [MeV/c?]
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B—K* utu” update

LHCb, JHEP 02 (2016) 104

Basically consistent with SM, except S; ...

e - :
i . < 05F -
08 LHCb > i Ly ——
; M SM from ABSZ ] I ]
0.6 4 = I !(’—
: 0 T
04 . =
L LHCb
02 3 I ]
B SM from ABSZ
0.5f -
% 10 15 0 5 10 15
q* [GeV¥c? q* [GeV¥c?
0.5 4 “ osF -
LHCb : ! LHCb .
I W SM from ABSZ | W SM from ABSZ |
a2 &
L N L + ——
05 - 05 -
0 10 15 0 5 10 15
¢ [GeV¥c* ¢ [GeV¥c*
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P anomaly

theoretically clean variable

VFL(1— Fy))

3 fb-! LHCb, JHEP 02 (2016) 104

F;

LHCb
preliminary ]

SM from DHMV i

o4 T

—
1

1 fo-1 LHCb, PRL 111(2014)191801
. I T . . - 1
* og LHCb SM Predictions 7 ~ A
0.6} - L
0.4 —+—Data _ 0.5
- 1y
o ==~ — — — — — ok
-0.2}- ¢ -
vl -
o8l _+_ i
d \pe o FT] ]
-1 [P pE, P e e W | -
15 20 -
’ " / 10 g2 [GeV¥/c? 0

Tension with SM prediction remains (3.4c local discrepancy )

47



Puzzles in differential rates

LHCb, JHEP 06 (2014) 133, JHEP 09 (2015) 179

BNLCSR Lattice —e-Data

BNLCSR Lattice -e-Data

G T — 20
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-c lO 15 20 'c 00 PR T {; .- .’- i ll0 kbl 115 PR " 210 P
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BRLCSR Lattice —e-Data
e ———————

Q) L= T 9~ — r T T T T T T T
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Q LHCb - I Hsvprea.
T ; £ 3307y
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A ) ERE A B o
:\]_‘ * * + § 3:_ \_+_._+_.
g | SRS = 2 2— ‘<. _.7
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Differential rate of BO—K* u+u

LHCb-PAPER-2016-012
3 b7, including Kt S wave

_oqsxlo
> f LHCb :
B! :
= 0.1I -
N ]
E . -
= :
0.05 +  EEEE
I —
; P B SR B

% 5 10 15

g* [GeV?%/c4]

Good agreement with SM predictions from

Bharucha et al., arXiv: 1503.05534
Horgan et al., PRD 98(2014) 094501

\@
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Lepton universality in B'— K*I*

_ (BT K*p*p™)

Ry = [(BF=K¥teTe)

SM lepton universality: R,=1 within O(10-3)
— hardly affected by hadronic uncertainty

Experimental Challenge: bremsstrahlung effect for the electron mode

B"— K'uu
> 10
©
& 10°
10°
10

<.
A s
5000

s

04800

5200 5400 5600
m(K*u*u”) [MeV/c3

Bt — Ktee
v-:25 R 10°
-~
>
O,
&, 10°
10
R . & A P 1
4800 5000 5200 5400 5600 50

m(K*ete™) [MeV/c?]



Ry result

~ N T 1 ] 5.. —
Nb 40 1 & 'é
> LHCb 1 o 5300
> 30 i =
g B'— K'ee | & 200
% 20 . ‘5 5
3 =3 '5100
5 10 & 2
g 3 =
“ 0 % “ %00 5400 5600
5000 5200 5400 5600 3 m(K* ) IMeV/e]
m(K"e*e”) [MeV/c?]

-o-LHCb -m-BaBar -—a—Belle
2 | I T o]

i LHCb 1 LHCb, PRL 113 (2014) 151601
15F ! -

- o +0.090 /.4, o

Ry = 0.7457 074 (stat) £ 0.036(syst)

Consistent with SM within 2.60

0-....1....1....1....1..
0 5 10 15 20

¢ [GeV¥cH] R(K*), R(¢) and others are coming
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Lepton universality: B — DOlv

W=+ (H"?) .~

T
< 0 R(D(*)) _ B(B — D(*)TV)

B(B — D®™)(u or e)v)

b/\c

Belle 2007
BABAR 2008
Belle 2009
Belle 2010
BABAR 2012

SM SM
— H—e—4
41— 1 ®
H—o—H 2.00 H—e—H 2.70
L PR | T T N T SR T | Y PR Y P TS T T T |
0.2 04 0.6 0.8 0.3 04 05 0.6

R(D) R(D7)
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B® — D**t-v partial reconstruction

“u >

Leptonic mode: t— uv, v,

Kinematic variables estimated assuming

(pB)z — mn:io (preco)z-_
M- INVariant mass of the invisible part

E,*: uenergy in B rest frame
g?: squared 4-momentum of v

0.18p

C 0.6_—
016 [
e LLHCbH Simulation
0.12

Signal

osf

04f

03f

background

o
[e? TN
-
o
o
o

N




Candidates / (0.3 GeV’/c*)

LHCb R(D*) result

935 <q? < 12.60 GeV/c* LHCb

8 10
(GeV¥/ic®)

6
m?2.
miss

—— Data
B B — D*tv
I B — D*H (= X)X
B B - D"
B B — D'uv
Combinatorial
W Misidentified u

R(D*) = 0.336 + 0.027 + 0.030
LHCb, PRL 115 (2015) 111803

2.10 above SM prediction
R(D’) =0.252 + 0.003

Candidates / (75 MeV)

9.35 < g < 12.60 GeV2/c*

0_5 T T L} T 1 T T T L] I T T T T I T ]
—— BaBar, PRL109,101802(2012) 2
—— Belle, PRD92,072014(2015) Ay =1.0
0.45 LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711
= HFAG Average, P(x?) = 67%
0.4 = SM prediction
0.35 - —
03-= =
(=]

0.25
R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

T T

HFAG i
| Aot tareve |

[T TR TR TN TR [ T T S 1
0.4 0.5 0.6
R(D)
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Photon polarization

e Photons in b—sy are predominantly - s&
left-handed since W boson couples i uot o5 oy
to left-handed quarks ——é é—
W- R
e New particles in the loop can enhance W |
right-handed contribution j_
b .. o ’,‘ s, d
H, .8, x°..

Wilson coefficients C,and C, are related to related to left- and
right-handed photons

/

4Gr

Hott = — ——F Vi Vi CO; + C O, J+h.c.
ff \/i tb V¢ Z( ) ,
I left-handed right-handed ﬁ SM O E
) o2 Cr (mb)
of) = mb 50, Pri1yb] F*

1672
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Results of photon polarization

Up-down asymmetry in B*—K* 'y

C,12% IC,I2 at 5.20
LHCb, PRL 112 (2014) 161801 L.

Angular analysis of B®—K*?e*e™ at low g2

2 Re (C7C/*) @)
AP (g* - 0) = 4 A® = _0.23+0.23+0.05
tl@ 2 0= ler e T
. A — 10.14 4+ 0.22 4+ 0.05
_ 2Im(C:C77)

AT (q* — 0)

=GR 1ICP Compatible with SM (~ 0)
LHCb, PRL 112 (2014) 161801
Time-dependent analysis of BO—K* (Kgn®) y

S(K®y)= -2IC,/C,l sin2p S(K*y)=-0.16 £0.22
Consistent with SM (= 0)
HFAG, average of Babar+Belle
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Candidates / (25 MeV/c?)

Photon polarization in B,— ¢y

First measurement of photon polarization in B, decays

New observable in untagged time-dependent rate
Muheim, Xie, Zwicky, PLB 664 (2008) 174

M50 () 0 €1 [cosh (AT,t/2) — A" sinh (Al'st/Q)]

- LHCb

—+- Data
N 0 — Model
— B — ¢ .\ - Signal
- 4000 candidates L I Peaking

100+ 3

...........................

Missing kaon

— A 2Re(e_i¢5C7C;) .,
1 4 T T arricr ‘*@

A® = —0.98 T05 (stat. i%‘é%(syst.)
LHCb-PAPER-2016-034, in prep.
Compatible with SM within 2o

D0 A = 0.04710%

m(dy) [MeV/c?]
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Re(C™)

0.3

Constraints on right-handed NP

0.3

02F T~

01F

0.0

0.1F

02 F

0.3

0.2}

0.1}

0.0

Im(C7)

—0.1

—-0.2 |-

-0.3

0.3 6.2 6.1 OTO Ojl
Re(CT")

— global

—— branching ratios

— (P)(B" = K""e™)
—  Aar(Bs = ¢v)

' Sken

(A (B° - K="e¢*e)

0.2 0.3 -03  -02 -0l 0.0 0.1 0.2 0.3
Re(C7™)

Paul, Straub, arXiv: 1608.02556

Preference for non-zero Re (C.’) by
A,r(B—dy) at 20 level
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Forbidden decays

Some 1 fb' results on lepton flavour/number violation

LHCb, PRL 111 (2013) 141801 LHCb, PRL 112 (2014) 131802

BY — e*uT Expected 15x107% 1.8x 1078
Observed 1.1 x107% 1.4 x 1078

B® - e*u¥  Expected 3.8x107° 4.8x107° >
Observed 2.8 x107% 3.7x107°

LHCDb run 2 can improve these limits
B(BT - KTe*u¥) < 9,1 x 1078
(B+ — Kte*7r7) < 3,0x 107°
(BY - Kt7*uF) < 4,8 x 107°
(B*
(
(

(IS(B

B(Bt — K*(892)+ *uF) < 1,4x107°°
B(B — K*(892)%*uT) < 5,8 x 1077

BB—)Ke/,L)<2,7><10_7 ¥



Summary and outlook
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Picture after LHCb run 1

LHCDb has studied CPV and rare B decays with
unprecedented sensitivity in a wide scope

¢ Overall picture is SM-like

¢ Some anomalies await

clarification

f (theoretical cleanliness)

-

e e o mm ===

DOupCPgsy_m_ -
S===- 7 B N
~ -

_— am =

’_———-~

C Bs>Kyyrangular >

¢ TVl incl/e‘xcE ------
= = V| incllexcl
T ~
{ B

- - =

g-2
€le
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. Ligeti, arXiv: 1606.02756




Run 2 data-taking at 13 TeV

Assuming 33% LHC availability
Prediction for 72 bpi

: e — Prediction for 96 bpi

= — Prediction for 144 bpi =

‘g, — Prediction for 60% avail. (96 bpi) 0.33 fb-1 In 201 5

< 5 — Prediction for 60% avail. (+AGK) =

E — Actual ’ 1-04 fb-1 thls year-

o

é 1.0 -

2

c

%

E 05-

: oy, (13 TeV) ~ 2 o, (7/8 TeV)
0.0 - ! ! ! !

i O° o 2° \\\010*6 \\\\10\’6 N\Qm@’b 66910\’6 0530@ o 2

Expect 2 fb-1 in 2016 and 6 fb-! data in run 2

Improve measurement precisions by factor of two in run 2

New results may appear in early 2017
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Upgrade

LHCDb detector upgrade during LS2 (2019-2020)
— 40 MHz readout of all sub-detectors and software trigger
- 10 times higher luminosity

Expect 50 fb' in run 3 and run 4
— 6 times precision improvement compared with run 1
— Much wider scope of study than now

Some crucial goals of upgrade

- CPVin B,— ntw

— Precision measurement of photon polarization in B,— ¢y
— Precision measurement of CPV in B;— ¢¢
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Backup slides




Powerful trigger

40 MHz bunch crossing rate B hadrons are |Ong—|ived

. .

9 - well separate PV and SV

LO Hardware Trigger : 1 MHZ

readout, high E;/P: signatures B hadrons have large masses

— decay products with high pT

[ Software High Level Trigger
29000 Logical CPU cores

trigger time constraints

Mixture of exclusive and inclusive

o Level-0: hardware

offline reconstruction tuned to > h|gh pT ObJeCtS (Ca|0, Muon)

S

\__selection algorithms

O o High-Level: software

5 kHZ Rate to storage

2 kHz
Inclusive/
Exclusive

Charm

2 kHz

Inclusive
Topological

1 xEs > HLT1: add vertex info
“DiMuon » HLT2: global reconstruction

Trigger efficiency: ~90% for dimuon events

~30% for hadronic final states
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LHCDb luminosity leveling

Reduce the peak luminosity on purpose by
» Offset leveling

Constant at ~4x103%2 cm2s-1, 2 times
design luminosity, an order of magnitude
lower than ATLAS and CMS

Timeseries Chart between 2012-11-25 19:08:02.097 and 2012-11-26 06:04:08.945 (LOCAL_TIME)

[ CMS:LUMI_TOT_INST [0 LHCB:LUMI_TOT_INST

7000 | 7
6000

ATLAS/CMS

Fill 3330/ 2012

{

LLLLLLLLLL

66



Control of penguin pollution

Penguin contribution small but hard to quantify from theory

» Use SU(3) flavour symmetry: s —d
B,—JApd B,—J/pp

c c
.-‘(\', colour ginalet .,/-.-_ .T.' j i . /‘f\.' colour singlet “ “ ]/
C/-' l I .]'_. h exchange -".A | | ;o '8 / ‘ I -],""L{’ xchang A ‘ ‘\
. | ! K .—. I.v.l / i ’ . ¥
/ b G / b ‘
(P / (A , . f— v “ |
L, /€ o | L. e, BN i ', /C BY A
L ¢ g H,- | o TN g BY | ' W T | " wd
N \ h W od ¢
L4 \\

d

N \,x. s AN N S » d A‘\
.\\\ [ ) - .\\\ I. ‘-\_\“ I e . [ ] pO
; ..,\‘.l. ) ) ‘m V \ PN :| [ a || o ‘M V \ d J
Hoah - | W

1 a Me'rgit A a rerelt

Measure Aqp(B,—JApp) to constrain a and 6, and put limit on shift of
¢, due to neglecting penguins in By—Jhpo:

19| < 0.018 rad@95%CL LHCb, Phys. Lett. B742 (2015) 38



Adding constraint from B .—JAipK*©

LHCb, JHEP1511 (2015) 082

@ Results dominated by B? — J/pp? (SU(3) flavor symmetry broken by 20% — 30%):

Q= ﬂ.(”.’,“”
8, = —(83'%)°

an C\(B° = Jjbg)
o S\(B7 = /")
= A(B] = JWK")

------ - Cl (B:’ - J,”‘,':"p:']
e Su(B° = J /)
= AT (B! - JfuK")
o H(B = JfYg)
H (B = JwK™)

TaL = 004708
g = (atlity

a

‘)'—Olm -150 —120 -9 -6 -3 0

8, |deg

[LHCb, PLB 742 (2015) 38-49] [LHCb, JHEP 11 (2015) 082

0 _ +0.009 +0.004
dp = 0.000 T¢o11 “o'000 rad

5l = 0.001 2919 + 0,008 rad

6 = 0.003 *291% +0.008 rad

Penguin pollution in ¢S is small and under control!
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Signal yield asymmetry

CPV in B,~D*Dr

Measurement of CPV in this b—ccd transition can help
control penguin effect on the ¢, measurement in B.—D_*D

+ -

06 . . O%CP 1 . ‘PRELIMINARY
0.4F LHCD E 3 I BaBar

) . : Belle
0.2F - ‘ [l LHCb

'3& Average -

P I T S NS T S IR S S R R S T 041

/
t' (ps) ‘ .
-0.8 1 1 1 L 1 1
-1.2 -1 -08 -06 -04 -0.2 0 0.2

L H C b_ PA P E R'ZO 1 6'037 y | n p re p . Contours give -2A(In L) = Ax” = 1, corresponding to 39.3% CL for 2 dof SCP

_ +0.17
S : 0.54 ;812 (stat) 4= 0.05 (syst) SCP/M — _sin(q + A)
C = 0.267;7 (stat) & 0.02 (syst)
— 0.56 +0.16

sin(¢q + Ag) —0.17
\@



CPT& Lorentz violation

Is there a mass difference between B, and §0q?
- Fit the time-dependent decay rate to see if z is nonzero

|Br) = pV1 - 2|B°) + ¢V1+2|B") §m — 16T /2
By) =pV1+2B®) —qv1—2B°  ° 7 Am _iAT'/2

om = (Myy — Mag)/2 6T = (T'y1 — [z2)/2

Does the mass difference vary due to Earth’s rotation?
— Check for periodic dependence of z on sidereal time

70



CPT& Lorentz violation

g-;§ B'—>J/yK? LHCb |1
o %M ‘@
L s + |

E ol T kK T LHCb, PRL 116 (2016) 241601

No periodic variation of mass difference.
Average mass difference consistent with zero.

Stringent constraint on CPT violation.

Re(z%) = —0.022 £ 0.033(stat) £ 0.003(syst),
Im(z%) = 0.004 + 0.011(stat) & 0.002(syst). 7



Inputs to y combination

n

Four new papers

Constraints on the unitarity triangle
angle v from Dalitz plot analysis of
BY - DKt#n~ decays
Measurement of CP observables in
B* - DK#* and B* — D with
two- and four-body D decays

LHCb-PAPER-2015-059
arXiv:1602.03455

LHCb-PAPER-2016-003

Model-independent measurement of
the CKM angle ~ using B —» DK*0,
D — Kdntn—, KIKTK~ decays
Measurement of the CKM angle ~
using B — DK*? with
D — Kg'tr""n'_ decays

which add to five published papers,

A study of CP violation in B*—DK* and B*—Dz* decays with D—Ks"K*z* final states
Phys. Lett. B733 (2014) 36 arXiv:1402.2982
Measurement of CP asymmetry in B,"—D;*K* decays
JHEP 11 (2014) 060 arXiv:1407.6127
Measurement of CP violation parameters in B°—DK"’ decays
Phys. Rev. D90 (2014) 112002 arXiv:1407.8136
Measurement of the CKM angle y using B*—DK* with D—Ks"z*n", Ks’K'K~ decays
JHEP 10 (2014) 097 arXiv:1408.2748
A study of CP violation in B¥*—Dh~ (h=K,r) with the modes D—K*z*z’, D—n'n z’ and D—K'K =’
Phys. Rev. D91 (2015) 112014 arXiv:1504.05442

LHCb-PAPER-2016-006

LHCb-PAPER-2016-007

B'—[K*K-]Kn
B'—[n'n K=

B[l ]h*
B*—[K'nn'n Jh*
B*—[n"'nnnJh*

B’ —[Ks’h*h JK*

Bl > [Kn*n JK*

B*—[Ks’K*n Jh*
Bs—D;sK
B'—[K*n*]K™
B*—[Ks’h*h]K*
B*— [h*h*r’]h*
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Angular analysis of B* — K'utuw

x
.

1 dI' 3 2 1
Tdoost — Z(l — Fu)(1 —cos®6;) + §FH + Arp cos b;

Consistent with SM SM predictions: R,=1 & F,; ~ 0
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Angular analysis of B* — K*ete not possible yet e



Properties of the Higgs

ATLAS and CMS
LHC Run 1

-8- ATLAS+CMS
- ATLAS

-+ CMS

— =10

— 20

Parameter value

w

[ ATLAS and CMS
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CJH—=w
"LHC Run 1 H—2Z
[(JH-ww
O+
i H—-bb ]|
| —68%CL + Bestfit * SM expected |
L . 1 L L 2 | 2 L " L | L . L L
0 1 2 3
uf
ggF+ttH

e Couplings to heavy particles consistent with SM: mass generation of

heavy particles roughly understood

e Not much information about light fermions
— Little sensitivity from ATLAS/CMS data
— Study quark mixing to test Yukawa interactions
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