LHCDb: Precision beauty physics
and the emergence of flavour anomalies

Johannes Albrecht (TU Dortmund)
3. September 2018

Emmy
Noether-
Programm

Deutsche
Forschungsgemeinschaft

OFG




i

N
TTTTT

* Proton collisions at 7-13TeV:
huge heavy flavour production cross
sections

— In LHCb acceptance: 75kHz bb
and 1.5MHz cc

— ~1/10 events contains b or ¢ signal
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Mar ™ May — dd sep T TNov
Month of year

Experiment [£dt [fb™] 0.,y [Lb] End of life
BaBar 530 (total) 0.001 [e*e” at Y(4S)] 2008
Belle 1040 (total) 0.001 [e*e” at Y(4S)] 2010
CDF/DO 12 (total) 100 [pp at 2 TeV] 2011
ATLAS/CMS 55 (so far) 250-500 [pp at 7-13 TeV] 2035 (?)
LHCb >8.5 (sofar)  250-500 [pp at 7-13 TeV] 2035 (?)
Belle 2* >(0.25 (so far) 0.001 ~2025

* 2018 run w/o vertex detector




LHCDb’s physics in a nutshell

« Classic, broad range measurements
— CKM Physics, search for very rare (forbidden) decays

« Measurements in specific sectors, where anomalies are
emerging in recent years

— b — s ¢f¢ transitions, specifically issues with
lepton-flavour universality

— Issues with lepton-flavour universality in b — ¢ transitions

« Spectroscopy:
better understand QCD in the low energy regime

— Many striking measurements with four- and five-quark states
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Classic, broad range measurements
— CKM Physics, search for very rare (forbidden) decays

Measurements in specific sectors, where anomalies are
emerging in recent years

— b — s ¢f¢ transitions, specifically issues with
lepton-flavour universality

— Issues with lepton-flavour universality in b — ¢ transitions

Spectroscopy:
better understand QCD in the low energy regime
— Many striking measurements with four- and five-quark states
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flavour # mass eigenstate: B, & B, # B, & By

Observables:

* Amg = mixing frequency
« AI'y = decay width difference B, & By
« ¢, = CP-violating phase

nCP



.~ MeasuwementofB,mixing

New J. Phys. 15 (2013) 053021

LHCb *¢ Tazged mixed
o Tagged unmixed

—— Fit mixed

candidates / (0.1 ps)

Olllliill2llil3illi4
decay time [ps]

Mixing frequency from B,— D n* :
Amg = 17.768 + 0.023s%t + 0.006sYst ps-

Standard Model: Amg = 20.31+£1.34 ps™'

(2016: A. Lenz: arXiv:1603.07770)

nCP



. CPvomtngphaseq,

» Measure CP violating phase in BO
B, — JAp ¢ decays* ’ .\
P I o

« Standard Model prediction:

| ¢, =004=001 | 3 ._/

A. Lenz, arXiv:0705.3802

-1
0.14| POBID HFAG B
CMS .
* Measurements: FIT 0.12} 1071 68% CL contours |

(Alog L =1.15)

& 0.10l | CDF 9.6 fb!

(i8S E
¢ = 0.0100.039 '
PRL 114(2015)041801 0.06|

ATLAS 19.2 fb™!

consistent with SM! wwws 04 0200 o2 RE o

More precisely: B. — ccs, in total 5 final states
*L@Cb



B decay D decay Method Ref. Dataset’ Status since last
combination [3]

Bt — DK* D — hth™ GLW [14] Run 1 & 2 Minor update

Bt — DK* D — hth™ ADS [15] Run1 As before

Bt — DK* D — htr rtr| GLW/ADS  [15] Run 1 As before

BT — DK* D — hth~r° GLW/ADS  [16] Run1 As before

BT — DK* D — KWt h~ GGSZ [17] Run1 As before

Bt — DK+ D — K%h*h~ | GGSZ 18] Run 2 New

BT — DK* D — KK*n~ | GLS [19) Run1 As before

Bt — D*K* D — hth™ GLW [14] Run 1 & 2 Minor update

Bt — DK** D — hth™ GLW/ADS  [20] Run 1 & 2 Updated results

Bt — DK** D — htr~rtn~| GLW/ADS  [20] Runl& 2 New

Bt — DK*rtn= D — hth™ GLW/ADS [21] Runl As before

BY — DK*° D— Ktr ADS [22] Run1 As before

BY— DK*m~ D — hth™ GLW-Dalitz [23] Run1 As before

BY — DK*° D — Kt~ GGSZ [24] Run1 As before

BY — DFK* Df— hth~nt | TD [25] Run1 Updated results

BY— D¥x* Dt — Ktr—nt | TD [26] Run 1 New

nCP
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.~ CKMmatix@fstThomasFest

Tree Loop
(phase and magnitude of V) (phase and magnitude of box diagram)
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‘ B, & B,:
s b s b (o) .
t ~20% room for new physics

U. Nierste

Precision measurements of CP violation in the B-System continues..
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l Measurements in specific sectors, where anomalies are
emerging in recent years

— b — s ¢f¢ transitions, specifically issues with
lepton-flavour universality

— Issues with lepton-flavour universality in b — ¢ transitions




.~ Testigbosecwansions

b — s utu- base diagram

* Purely leptonic
s — "add nothing”

T
b )
v/\?\< '  Semileptonic

wt — add d quark as spectator
-2 B— K0utu~
— add s quark as spectator
2 Bi— ourw
— add u quark as spectator
-> B*"— K+ wru”

e Ratios:
— Compare muons to electrons

ncp



h | Golden channel:

Theory prediction: Standard Model

Standard Model +

decay | sv_ LTS o n
B,— uw 3.5£0.3 x 109 t k Z _
B0 1.1£0.1 x 1010 s - !

SM: Buras, Isidori et al: EPJC72(2012) 2172 Left handed couplings
Mixing effects: Fleischer et al, PRL109(2012)041801 - helicity suppressed

Discovery channel for New Phenomena

=>» Very sensitive to an extended

scalar sector
(e.g. extended Higgs sectors,

SUSY, etc.)




h | Golden channel:

Theory prediction: Standard Model

_decay | sM______

B,— uw 3.5£0.3 x 109
B— wtu 1.1£0.1 x 1010

SM: Buras, Isidori et al: EPJC72(2012) 2172
Mixing effects: Fleischer et al, PRL109(2012)041801

Discovery channel for New Phenomena

=>» Very sensitive to an extended
scalar sector
(e.g. extended Higgs sectors,
SUSY, etc.)




LETTER First observation of B.— utw OPEN

doi:10.1038/nature14474
CMS and LHCDb (LHC run I)

& 16 1 T T T T T T T T T T T T T T T ——
= [ ]
° = —4— Data .
= = = Signal and background -
g oH Py ]
~ [ P Ty -
8_; 10 Fe~ =« = Combinatorial bkg. —]
s B | A\ e Semileptonic bkg. .
2 8 fr\~ — — Peaking bkg. 3
0 —1. «\ :

I|Ill|l||||

|__)_+_'
.._+_.
1
H-

5000 5200 5400 5600 5800
m.,- [MeV/c?]

Z))(BS —uu)= 2-832 107 6.20 significance > first observation
- compatible with SM at 1.20
BB’ —=uu)=397-10" 3.00 significance - first evidence
' - compatible with SM at 2.20

5. Oktober 2018 Johannes Albrecht 14/30 454



© BowwiNewsfommn2data

PRL118(2017)191801

LHCDb has recently published a first run 1 + run 2 analysis (3+1.4fb")
updated analysis with improved background suppression

9]

« 7.8 c_signal & first si.ngle- D 35 I B B B -
experiment observation ! E, 20 LHCb B E

: o = BDT > 0.5 ===« B’ > pu .

* Precise measurement 1= S (R Combinatorial E
of branching fraction DA S S 4 (N B —h'h ]

9 *q-'c; 20 - =temees B, > (K)utv, S

B(B! — p*p~) = = I5F s B s e 3

( +0.3 o & F e A S U, E
(3'0 + 0-6—0.2) x 10 © 10F S B - Tty E

* No evidence yet of the

- O ' - 4 P " | N n n | L 1 1

correspond:r;g B :jecay 5000 5200 5400 5600 5800 6000
(<3.4x10 " at 95% CL) m. . [MeV/c?]
Tt

No sign of 15t order New Physics effect!
B— utu becomes a precision test

nCP



b — s utu- base diagram

0
7/bZ\‘L< « Semileptonic

—| add d quark as spectator
-2 B— K0utu~

— add s quark as spectator
d d -2 B,— ¢utu
W K* — add u quark as spectator
-2 Bf— Kfutu”

v/ Z°

u e Ratios:
— Compare muons to electrons




. Puzlingdeviations: B K ww

« 2013, LHCDb has observed a deviation in angular
observables in BY — K™ u*u” decays

LHCDb, Phys.Rev.Lett. 111 (2013) 191801

L] I L] L] L] L] l m 1__ T T T T
SM Predictions |.

LHCb

[ SM from DHMV ~

* Full Run 1 analysis confirms effect

L | L
15
g* [GeV?% ¢4

[LHCb, JHEP 02 (2016) 104]




. Puzlingdeviations: B K ww

« 2013, LHCb has observed a deviation in angular

observ in B — K0 ytu-
Belle still has a word to say |

i 1) I 1.5 T T T I ]
L o8l LHI;| Belle preliminary i This Analysis )
06k ' LHCb 2013 o Ct ]
0.4 i ;:'Acfb 2015 ) sMffrom DHMV ]
— 44— romDHMV | ]

0.2} SE 12

-7 N
T we e - @ -
0.2} -—+ == S
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A——— e L b 15
. . 15, 5 10 15 20 &> [GeV?/ 4]
q* (GeV?/ct)
Lower statistical power, but very consistent
+ Full Rur) power, but very




. Puzlingdeviations: B K ww

« 2013, LHCb has observed a deviation in angular
NI~ PP

observ

L 1ir——r—r—r ~
0.8} LHI .

0.6}
0.4F

e
0.2
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-0.6'—

-0.8'—
——— L
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e Full Rur

AmYA) 17 %)

... recently ATLAS and CMS joined

0.5

1_

e LHCbdata © ATLAS data
= Belle data

o CMS data
[T SM from DHMV
SM from ASZB

HCb

SM from DHMYV 7]

Jy(18S)

Y(2S)

0 5

10

PR T [ TR
15

q* [GeV?/c4]

[ATLAS-CONF-2017-023, CMS-PAS-BPH-15-007]

Situation unclear.... If real, expect discrepancies in other b — s decays ..

rach
\3 ,\)



« Decay modes with same

effective Feynman diagram b j
accessible 772\"<

- different spectator quarks ut
« Test for same new effects v u d d
- expect suppressed B~ W K- BY W K
branching fractions ’ ’ b .
I 1
v/ Z° v/Z°
> 7
S 7! ud ud
B W ¢ A W A0
b s b S
I 1
v/ Z° v/ 2°




— LGSR Latficc eData : Lattice ~e-Data
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ol —_ — + E N
3 2 S ] =
E o E 3 RN
ae] S m . w
15 202 ()0' .IIOHHIISHHJ'U M N BN . W

2 [GeV2/ct 10 15 20
a I ¢ [GeV/ct] ¢ [GeVYct]
5.5 " LHCD APRI3 # HKRIS B FNAL/MILCIS — 16 : :
- — g e M R —
0N LHCb 3 = f — T ul 4B | <
' — . i + T % = -7 QeV 2 T
E . BS (pIJ “ Bsvped. 3§ 2 2f B —>'IT|J “ LHCb 4 m & 12F  deg? (107 GeV™] . m
* £ -Data ] - 1 7% 1w g Y
=) o L 4 a = o
= + o 15F 1 O %% s} + - o
) ~ T 1~ I =
2 ST 18 3 ° o
N S s 192 7 b > NVH K N
Qt “F R 8 é: 2 | | | 8
g, s THa— G: , ) 15 3 5 10 15 0 ©
® ¢* [GeV%/c4] 0 10 20 g* [GeV?]

2
q* (GeV/c) Phys. Rev. D 93, 074501 (2016)

* Analysis of large class of b — s,d u*u decays
— Several tensions seen, but individual significance is moderate

— Tendency to undershoot prediction of differential x-sections
- intriguing hint or TH issue in prediction?

- We need cleaner tests ...




Lepton universality

In the SM, leptons couple universally to W* and Z°
—> test this in ratios of semileptonic decays

electrons / muons [b — s ] tau / muons [b — ¢
u,d — ud T
bv ) W—/Hj,4i Ur
t S b d c
,. p MESNCAC S (*)
“.f'-Z"ZIZ< B{  —<e—twFe—TIea( }D
}

N
_BR(B"—=K'uu")

_ ~ BR(B" = D* 1t7v)
BR(B® — K'e"e”

R = -
BR(B’ — D*" u™v)

R

D>l<

K

Ratios differ from unity only by phase space
—> hadronic uncertainties cancel in the ratio
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LHCb measures with 3fb

PRL 113 (2014) 151601

BR(B* =K 'u u
R, =SRB =K u i) 6745 0990 (G40 20.036(syst)
BR(B"—= K'e"e") -0.074
(SM JHEP12(2007)040: R,=1.0, consistent at 2.60)
——]HCb —*=BaBar —*Belle
Q:M L L L ]
. LHCb :
1'5__ » __
1k —
3 SM A
S :
0.5 LHCb [PRL113 (2014) 151601 ] ]
! BaBar [PRD 86 (2012) 032012]
- Belle [PRL 103 (2009) 171801] ]
(R TN TR T NN SN TN AN NN NN SN T S S SN S T S T .
OO 5 10 15 20

g* [GeV?%/ c4]



.. and Ry.: Mass distributions

 Great efforts to check efficiencies from

data with B?— J/p K™

_ BB = K (& )
"W T BB KOOI (< eten))

= 1.043 £ 0.006 (stat) £ 0.045 (syst)

« Similar cross check with y(2S)

« Attention paid to partially reconstructed
region & potential Jhp leakage

 Measurement performed in two

regions of g2 = m(u+u")

5. Oktober 2018

Johannes Albrecht

JHEP 08 (2017) 055
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~ .andReMeasuement

Reconstructed event yields

BY— K*0¢ty—

low-¢?> | central-¢?

BY— K*9J/p (— 0707)

ptp 285 718 | 353 T &

274416 * 522

ete” (LOE) | 55 3| 67115
efem (LOH) | 13+ 2| 19F ¢
efem (LOI) | 21F 5| 25+ 7

43468 + 222
3388 = &
11505 © 113

Measurement intension with SM
— Low-g?/ mid-g?: 2.40/2.20

JHEP 08 (2017) 055
LFU measurements summary
SM precéiiction
Re ow ¢ — B
RK* (middle qz) —e— I
Ry (middle ¢2) i I
1 I 1 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1
-1 -0.8 -0.6 -0.4 -0.2 0 0.2

LHCb_pSM
R™-R




.. and Ry.: Measurement

« Reconstructed event yields

BY— K00 B = K Jp) (= £707)
low-¢*> | central-¢?
ptp= | 285718 | 35372 274416 * &
ete” (LOE) | 55+ 9| 67 +10 43468 * 337
efem (LOH) | 13+ 2| 19F ¢ 3388 = &
ete” (LOI) | 21+ 5| 25+ 7 11505 * 113

« Measurement intension with SM
— Low-g?/ mid-g?:2.40/2.20

* Interpretation?

JHEP 08 (2017) 055

LFU measurements summary

RK“ (low ¢%)

R, (middle ¢2)

Ry (middle ¢2)

SM pre&iction

l

A

1 ; 1 1

-0.4 -0.2

0

0.2

RLHCb_pSM

— Typical approach: global analysis of all observables & fit to Wilson coefficients

— Intriguing: a coherent picture seems to emerge
some analyses: large significances (e.g. arXiv:1704.05340 > 5¢0) which has

lead to excited discussions of Z’s, leptoquarks etc
— Experimentalists view: Hypotheses non fingo

Excitement premature: we need significant individual measurements

5. Oktober 2018
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Surprises possible in tree-level analyses

B°— D®¢v Measuresratiot / w R
— Multiple experiments: Belle, Babar, LHCb

D*

_BR(B—>D* t7v)
BR(B’ — D*" u"v)

— Multiple D-modes: D, D*
— Multiple tau final states: u~v, 1-prong, 3 prong

Challenging Analyses

— Missing neutrino, complex backgrounds (e.g. B— D** u )




Measurements from BaBar, Belle, LHCb show anomalies

BaBar had. tag
0.332+0.024 £0.018

Belle had. tag
0.293£0.038 £0.015

Belle sl.tag
0.302£0.030£0.011

R(D*)

0.45

Belle hadronic tau
0.270 £0.035 +0.027

LHCb muonic tau
0.336 £0.027 +0.030

LHCDb hadronic tau
0.291 £0.019+£0.029

Average
0.306+£0.013 £0.007

SM Pred. average
0.258 +0.005

PRD 95 (2017) 115008 S
0.257 £0.003 o

JHEP 1711 (2017) 061
0.260 £0.008

JHEP 1712 (2017) 060
0.257 £0.005
HFLAV

0.4

S 0 3 5
- .
/- ™, .

.
pOYEE

_____

0.3

Cd

o

0.25

Average

0.2

BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, PRL120,171802(2018)
Average

SW, 4.00

Ax* = 1.0 contours

== Average of SM predictions

R(D) = 0.299 +0.003
R(D*) = 0.258 +0.005

40

HFLAV

Summer 2018
P(%) = 74%

S
&}

0.2

R(D*)

R(D)

R(D) from FLAG working group [EPJC 77 (2017) 112].
R(D*) from S. Fajfer et al. [PRD 85 (2012) 094025].

Combination yields 3.8c tension ...
.. heed more data for conclusion

rach
nCP



. WUinBdecays

PRL120 (2018) 121801

« Test the same effective Feynman diagram

in B, decays: e, T
o _BRB —=JIyTv) , ”:wA e e s
"UBRB =Ty vy e

R(J/IP)SM =0.25-0.28 PLB452(1999)129, arXiv:0211021,

PRD73(2006)054024, PRD74(2006)074008

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

|
3

=S rf.zm [GeVzlc“ljo o ! ljdccay time Ips] Lo 6Z(q2,£':)
. 3D templated binned ML fit to EM“” E:IZ
m2miss’ Ty and Z=(Ew q2) -g :}Z/ygpg,v' -t e
« Shapes derived from control
samples or simulation R =0.71x0.17(stat) £0.18(syst)

J

validated on data T o—
Compatible with the SM at ~2c

ncp



Summary
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Instead, Thorsten borrowed
me his magic looking glass

 No summary needed

THCh
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arxiv:1709.10308

[Charles et al., 1309.2293]

1.5
T 1T T 17T T 17T l T T T I T 1T | T 17T
. I~ | excluded area has CL>0.95 | N
1.0} flavio vo.22.1 B | Y M g
- 2028 | o -
1.0 - L v(a@) —
0.5 B ! i
0.5 [ IVubl | -
0.0 o T S —~
—05 o5 T&v(@) & V| M -
- = o T j
1.0 v(o) 0.30F _
—1.0 B : : i
- i 0%05 010 015 020 025
! 1 1 1 | _1 .5 B 1 | e | | I I | I I | I I I | | | I I | | | I I | |
-20 —-15 -10 -05 0.0 0.5 -1.0 -0.5 0.0 0.5 1.0 1.5 20
NP ru _
9 P

Flavour anomalies (b — s and LFU)
very significantly measured by the
LHCb, CMS and Belle2 experiments

All CKM angles tested below
1 degree. Lots of room for
new effects to be uncovered




arxiv:1709.10308

] 50
028 — . —
- () —
i 90—
026 — . LHCb . Belle 1T ]
_ SM Future WA [ | SM prediction -
024+ '

03 035 04 045
R(D)




 Expectedsensitivity: LFUInb s

arxiv:1709.10308

Effective Hamiltonian:

flaviovo.22.1

1.0}

H = Ei(ch +C,.NP)0

l

0.5+

1=7 Photon penguin

1=9,10 Electroweak penguin

1=S Higgs (scalar) penguin 8

i=P Pseudoscalar penguin S 0.0r

[§)

Global fit to b — s data: —05}
Current data well consistent

20 —15 —10 —05 00 05

If current tensions persist, they e
will will be established with >50

by LHCb (Run 2),

and then also by Belle2

uoneJsn||i Joj payiys sanjea [enua)




U

Time dependent B physics
— CPVinB,— JAp ¢, B,— ¢¢

B, —uu”

LHCD
—
&<
e
D

<O

Belle 11

CKM angle y

CPVin B,

B — X, ¢t¢ (exclusive) 2 LFU
B — X,y (exclusive)

Charm physics

Semileptonic B decays
B—-Dtv,B—>D'tv

Dark matter

T — physics: LFV

B—-1tv,B—>uwv

B— K*vv,B— vv
B — X, ¢*¢ (inclusive)
B — X, y (inclusive)

“BS &
charged
tracks”

Important
overlap:
sporty
competition!

“inclusive &
neutrals ”




