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 Indirect searches for New Physics

* High energy:
“real” new particles can be produced and
discovered via their decays
— Discovery of the Higgs boson at the LHC - completion of the SM
— Tested scale : <10TeV

* High precision:
“virtual” new particles can be seen in quantum loops
— Higher mass scale reachable (up to ~100TeV)

Direct and indirect searches are both needed,
both equally important,
and complement each other

ncp
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Reach of Flavour Physics

Flavour physics: Search for new heavy particles
in precision measurements of quantum effects
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Precision data is sensitive to new particles of masses up to ~100TeV
[A. Buras et al, JHEP1411(2014)121]
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. Bamplesfomthepasti

GIM Mechanism (1970)

Observed branching ratio KC—upu

BR(K, = pu"u")

- (7.2+0.5)-10"° K°
BR (K, — all)

In contradiction with theoretical
expectation in the 3-Quark Model

M ~ sing, cos @,




. Bamplesfomthepasti

GIM Mechanism (1970)

Observed branching ratio KC—upu

BR(K, > #17) _(79405).10- K®
BR (K, > all) -

In contradiction with theoretical
expectation in the 3-Quark Model

! 1

M ~ sing, cos @,

—-sing,

Glashow, lliopolus, Maiani (1970): yzi
Prediction of a 2"d up-type quark, K°

additional Feynman graph cancels

the “u box graph”. cos @ ut

M ~ —sing, cos 6,




. Bampesfomthepastii

« The way to the Higgs Boson:
— You know all the details!

800

600 —

Pre-discovery (2011)
my = 94+ ,, GeV

Higgs mass [GeV]
=
=
|

200 | ATLAS & CMS (2016):
—‘/‘/&/,/4»/4* my = 125.0910.24 GeV
O905 i9L6I - i9|97| - i9|98| - i9|99l - éolml " 2001

year
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Beauty quarks: ideal for precision studies

* The beauty quark ...

— |Is the heaviest quark that forms hadronic bound states
—> high mass: many accessible final states

— Must decay outside the 3" family
» All decays are CKM suppressed
* Long lifetime (~1.6ps)

* Beauty-decays:

— Dominant decay process: “tree”
b->c transition

— Very suppressed “tree” b—>u transition

— FCNC “penguin” b-> s and b-> d transitions
— Flavour oscillations (b—>t “box” diagrams)

— CP violation

Focus of todays seminar
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1999 — 2010
& from ~ 2018

1999-2008

Asymmetric e*e - collider experiments
pp and pp collider experiments







.~ LHCbandbeauyproduction

LHCb Integrated Luminosity in pp collisions 2010-2016

- e 2016 (6.5 TeV): 1.56 /fb 2012 L p—o
o © 2015 (6.5 TeV): 0.32 /fb /

18F ® 2012 (4.0 TeV): 2.08 /fb

16E * 2011 (3.5TeV): 1.11 /fb

2010 (3.5 TeV): 0.04 /fb

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

Integrated Luminosity (1/fb)

! 16—
Cross sections §: 2011
— In LHCb acceptance: 75kHz bb
and 1.5MHz cc L 2015
— ~1/10 events contains b or ¢ signal -
Oar =

Experiment [£dt[fb™]  Opeayy [Ub] 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] > 2030
LHCb* >5 (sofar)  250-500 [pp at 7-13 TeV] > 2030

nCP



Updated: 18:23:21

- ATLAS/CMS lumi
-~ falls exponentially

£ 1000- - LHCb lumi continually leveled
~

/!

1 1 1 1 1 1
08:00 10:00 12:00 14:00 16:00 18:00
— ATLAS — AUCE — CMS — LHCb

This is (current) best choice for precision b-physics measurements. }




 Testoffundamentalinteractions

» A few selected highlights

CP violation Rare decays Future outlook

Bs

B, mixing and
CP violation

(Semi-) leptonic
beauty decays




CP violation

-

O

Bs

B, mixing and
CP violation
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LR R Vislation

CP violation (CPV) — difference in behaviour between matter and anti-matter.

First discovered in the kaon system in 1964, opportunities of study were limited
until colliders arrived that could make lots & lots of b-quark hadrons, e.g. the LHC

A recent example from LHCDb - look at B meson decaying into a pion & two kaons...

400

NQ : 'l""l"'—: — e p e -',:
= 350F BT LHCb = 1 g* A e
& 300f S [ T
i ;gg E_background signal : ;
: decays &
g PO / : B
iﬁloo -; 2
O 957757 53 354 55 51 52 53 54 55

m(m K'K) [GeV/c?] m(TK'K") [GeV/c?]

...the decay probabilities are manifestly different for B- & B* ! In the Standard Model
CPV is accommodated, but not explained, by an imaginary phase in the CKM matrix

nCP



. Theuniarytiange

The Unitarity Triangle is a geometrical description of CP-violation within the
context of the Standard Model, which in the flavour sector is the CKM mechanism.

We must check its consistency through precise measurements.

The B factories did a fantastic job and showed that the CKM paradigm dominates
the picture, but New Physics contributions can still be lurking at ~20% level.

I= F Let’'s see how the LHC is advancing

this programme. ..

Vub / Vcb

Summer14

0.5

0.5

e

...through three key measurements.

rach
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© Uniarity Trangle:sin2p

Measurement on 8 was the legacy of the B-factories, and helped pave way for

2008 Nobel Prize for Kobyashi and Maskawa. Now LHCb has entered the game !

This measurement requires time-dependent
measurement & flavour tagging, which is trickier
at a hadron collider than at an e*e- machine.

'%

Y T e Y =i A B LI B B 04 T 3 Py

b POL LHOb 1 £ s LHCb i~

ﬁzooo— signal: prellmmary-g g 02 \_ o

- PO 1 s o 1IN -

s 12 S—= 13

o E S 37 L02F 3 S

| \ OHiTTRe 280 300 3330 04 Bttt T T

0s A \\ _E M (MeV/cr) t(ps) —

02 | “*fi}_:::::“_é . _

-f | By N sin2B.4= 0.731 £ 0.035 (stat) 4= 0.020 (syst)
oo R o E g s R (BaBar stat error = 0.036, Belle stat error = 0.029)

Precision obtained by LHCb with B°—J/WKj is very similar to that of the B-factories.

nCP



sin(2B) = sin(2¢,) &

PRELIMINARY

BaBar : : | : 0.69 £0.03 + 0.01
V Y, PRD 79 (2009): 1072009 ;
BaBar : : . 0.69+0.52+0.04+0.07
ub cb PRD 80"(%05) 112001 ' —
BaBar J/y (hadronic) Kg : 1,p6£0.42+0.21
PRD 69 (2004) 1052001 5 ;
V Belle : ; | 0.67 +0.02 + 0.01
| PRL 108 (2012; 171802 | ;
ALEPH : o L 084122 +0.16
PLB 492, 259 (2000) = il )
OPAL ; : D 3.20 35 +0.50,
EPJ C5, 379 (1998) ; o ! o
CDF : : : 0.79 5
n PRD 61, 072005 (2000) | ‘" * o
‘ LHCb : : , - 0.73 £0.04 +0.02
n2 PRL 115 (201 5) 031601 ! ;
: Belle5S : 5 ; 0.57 + 0.58 + 0.06
2 I~ PRL 108 (2012) 171801 Y *—
Average | : : ( 069+0.02 >
02 / HFAG ; : :
-2 1 0 1 2 3

+0.020 CKMfitter
To be compared to prediction of 0.740 _y 95 summer1s

Some tension. Vital to keep improving the precision
of this very important parameter. A long-term goal !

tat error = 0.029)




Y B

Measurement of V, long thought essentially impossible at LHC. Challenging
to separate b—uuv and b—cuv processes without any beam energy constraint.

But it can be done! Very precise result:

Use baryon decay A,—puv and benefit V| = (3.27 4 0.15 £ 0.16  0.06) x 102
from RICH & vertexing capabilities.

Brings new insight to long-standing

o /‘\18000 T T T T T T T T T T T T
o0} a . .
™ Q I Combinatorial . . . .
S S 5000l M Misidenified LHCb 3 ‘inclusive vs exclusive’ V,, puzzle.
o 3 W Dpu v ;
L= -
S g 12000 — L o
= 9000 7 Inclusive —e— PDG
2 L 4 . .
2 = 1 signal tension !
% -g 6000 E —_— PDG 2014
= £ ] 51 arXiv:1501.05373
g S /| o
Z T ENADMILO)

0

3000 4000 5000

Corrected pu mass [MeV/c?]
Normalise to A,— A, uv and use

: . 0.003 0.0035 0004 00045 0.005
lattice QCD to interpret result. V.|
ub

nCP



Y B

Measurement of V, long thought essentially impossible at LHC. Challenging
to separate b—uuv and b—cuv processes without any beam energy constraint.

But it can be done! Very precise result:

Use baryon decay A,—puvand benefit i, 5974 0154 0.16 + 0.06) x 10~
from RICH & vertexing capabilities.

Brings new insight to long-standing

o /‘\18000 T T T T T T T T T T T T
(e 0] a . .
™ Q Combinatorial 4 . . .
S S ioof M Nvidetied LHCb : ‘inclusive vs exclusive’ V,, puzzle.
o § W Dpu v ]
éalzooo 3 e
- E 9000 _E Inclusive ——— {’(L]’I(j
» O 4 . B .
PR 1 signal tension !
% :g 6000 —: [ — PDG 2014
5 8 ] Exclusive e arXiv:I50105373
z O 3000 / (B-Tlv) e a0
Z (FNALMILE LHCDb result
0
3000 4000 5000 :
Corrected pu mass [MeV/c?] I(_),HCb arXiv:1503.01421 agrclaes_ with
Nopuy) | — (RBC/UKQCD) exclusive
Normalise to A,— A, uv and use 0] Tesls
. . 0.003 0.0035 0.004 0.0045 0.005
lattice QCD to interpret result. V|
ub

nCP



Rare decays

Bd,s I_ ) g
_ 7

1) Leptonic decays
2) Semileptonic decays

12. Mai 2017 Johannes Albrecht 22/60



CUR Raremenu

b — s utu- base diagram

* Purely leptonic
— "add nothing”

« Semileptonic
— add d quark as spectator
-> BY— K*0 Tl
— add s quark as spectator

2 Bi— ourw
: t — add u quark as spectator
> x‘ >~ *\ — S > B — K* uu
W\ o, \W

< in‘ e Ratios:
+ — Compare muons to electrons




h | Golden channel:

Theory prediction: Standard Model

Standard Model +
| decay |  SM_ | b . i
W
B,— uw 3.5£0.3 x 109 t k Z _
B0 1.1£0.1 x 1010 s - !

Left handed couplings

SM: Buras, Isidori et al: arXiv:1208.0934
-> helicity suppressed

Mixing effects: Fleischer et al, arXiv:1204.1737

Discovery channel for New Phenomena

=>» Very sensitive to an extended

scalar sector
(e.g. extended Higgs sectors,

SUSY, etc.)




.~ Boww:Pogessthoughun1

Invariant mass in signal region (high BDT)

No 3--- ™ T T
> 0.75<BDT<1 . .
E S£2010 LHCb If there is a signal, we should see a peak
&
Q
>15
D
g 1 ¢ ¢ ¢
205 \ <
S NN SENNNNSENN SN .
g300 5320 5340 5360 5380 5400
m,,,(MeV/c?)

[PLB 708 (2012) 55]

2010: nothing




.~ Boww:Pogessthoughun1

~ L . Invariant mass in signal region (high BDT)
> 0.75<BPT<1 '! . .
e I If there is a signal, we should see a peak
N L L L
X S LHCb
2 26t BDT>0.5 _
[72] Bo_> + -
% g s—H M
2
3 - 0?
c
(<]
T
[PLB 70¢ ~ 2
0 L PR N . L.
5350 5400
m,,(MeV/c?)

[PRL 108 (2012) 231801]

+2011: maybe??
But not significant enough for any claims




.~ Boww:Pogessthoughun1

~ T i Invariant mass in signal region (high BDT)
S AO< < . .
E o HIEP If there is a signal, we should see a peak
g NU L L L
N S LHCb
g. °6_ BDT>0.5
@ E o0 (.+.-
§ N a~ 1k l ' ' ' ' | N
= 2 = R LHCb -
S 534' y % 12 E + early 2012 1.0 o {(7TeV) +1.1 {6 '(8TeV) 7]
s = E BDT=07
u>1 < 10+ —
PLB 706 2 - .
— 8 L1 —
75 = ]
L n 3
5 6f -
cﬁj A + ]
2F T ]
[PRL Sl I e . | +JF
RTTITL e - | | 1 1
05000 5500 6000

m,. - [MeV/c?]
[PRL 110 (2013) 021801]

+ early 2012: First evidence of B, — utu!
Shown at HCP in Kyoto




.~ Boww:Pogessthoughun1

K T T T Invariant mass in signal region (high BDT)
> 0.75<BPT<1 i _ _
S Foornees If there is a signal, we should see a peak
o~ T T [ T T T T T T T T
3 S LHCb
o o0 ...+,.-
2 <
© o~ —_ I : . ' . | .
= o © 4F i
g 2yt ;> B + earlv 2012 ___ . LHGb
© 2 22 12h 4
q=) E E é\ 16 : | T T T T T T T T T =
.z s w3 F :
PLETO: Do = bl 2 1ty +all 2012 LHCb E
5 N T 12 BDT>0.7 =
E; 6__ 1 :0- 1 .
A T E— :-9 — ~ 10 - 3 fb 7
0 = N V » - -
s 4T 2 -
s EIY.,Z SH E
opl CO2E TTE B+ :
| | ——— OB e
5000 AE. E
+ all 2012: The signal emerges 2 =
Anomaly in B® — u*u-or o B

fluctuation ?7? 5000 5500
[PRL 111 (2013) 101805] " (MeV/<’]




LETTER First observation of B.— utw OPEN

doi:10.1038/naturel4474

CMS and LHCDb (LHC run 1)
&: 16 — | I T T T I T T T | T T T T T T T T ]
% — —4— Data .
= b :_ = Signal and background _:
g HH Py =
S E P Ty .
D 10 Fe~ =« = Combinatorial bkg. —]
g E ----- Semileptonic bkg. E
g 8 :_:.,... - - == Peaking bkg. —
(@) 6 — .'*\ _
- 5
4= ’ —

5000 5200 5400 5600 5800
m.. [MeVic?]

Z))(BS —uu)= 2-832 107 6.20 significance > first observation
- compatible with SM at 1.20
BB’ — u'u)=39"9-10""  3.00 significance > first evidence
' - compatible with SM at 2.20
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. AASjoinsthegame

And now ATLAS have joined the game [arXiv:1604.04263] !

o"_' 0.8 1 1 Ll 1 I Ll I 1 1 1 l Ll I‘ I | 1 1 1 1 I 1 1 1 1
o [ \ATLA :
= 0.6 \s=7TeV, 49" -
S§ . ,

- - \s=8TeV,20fb™" -

T o4 .
Q i
o _

Contours for -2 Aln(L) = 2.3,
6.2, 11.8 from maximum of L

11 Il 1 | I I lllll\l 1 | | - I\l | I
0 1 2 3 4 5 6

B(BS — u* 1) [107]

\llllll

No signal evidence in either mode... but lower intrinsic sensitivity than LHCb/CMS




~ BowwiFisthewsfomun2

arxiv:1703.05747

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

I T T T I T L] T | T | T I T T T I
Total

LLHCb — =B > uu

e 7.8 o0 signal & first single-
experiment observation !

(O8]
)

30: === B>
 Precise measurement 256 e Combinatorial
of branching fraction NN | pom
= m— B, — m (K )u*v,

0 -
SHETI : U S TR}

B(B! — ptpu~) =

3.0+ 0.6793) x 107
( 0.2

[am—
()]

== Ay D PUY,

‘

Candidates / ( 50 MeV/c?)

[S—
O
|

= B! = J/yu'v,

llllllllllllllllllllllllllllllllll

9]

* No evidence yet of the

- O ' ' - ¢ NP L | 3 | L | L 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



~ BowwsFisthewsfomun2

LHCDb has recently published a first run 1 + run 2 analysis (3+1.4fb")

arxiv:1703.05747

updated analysis with improved background suppression

This is not the end of the story !

Vital that these branching ratios
are measured ever more precisely
- a key goal of the LHCb Upgrade.

In addition, we may start to probe
| over observables associated with
the decay, e.g. the effective lifetime.

eighted B(: — u*u candidates / (1 ps)

LHCb 7]

—— Effective lifetime fit

-

5 10
Decay time [ps]

Proof-of-principle measurement

[3

3

5600 5800

6000

my.., [MeV/c?]

No sign of 15t order New Physics effect!

B—

becomes a precision test

i\



CUR Raremenu

b — s utu- base diagram

« Semileptonic

—| add d quark as spectator
-> BY— K*0 Tl

— add s quark as spectator

2 Bi— ourw
: t — add u quark as spectator
” ‘\ ” *\ —° 2 B"— K*uru”
W\ o, \W

< iu‘ e Ratios:
— Compare muons to electrons




[%(1 —@ sin? O g -|-(3082 Ok +

—I—i(l —@ sin? 0 cos 26,

fraction of longitudinal |
polarisation of the K* —F1, |cos2 05 cos 260, + Sz sin® O sin® 0; cos 2¢

+.5, sin 20k sin 26; cos ¢ —|—in 20k sin 0; cos ¢

forward-backward
asymmetry of the
dilepton system

_|_%sin2 O cos O + S7sin 20 sin 6; sin ¢

+.S5 sin 20 i sin 20; sin ¢ + Sy sin? 0y sin? 6; sin 2¢

Observables depend on B->K* form factors and on short distance physics

ncp



Angular analysis of B — K™ yu*u~

LHCDb published the first full angular analysis of the decay
— Unbinned maximum likelihood fit to Kruu mass and three decay angles
— Simultaneously fit Kr mass to constrain s-wave configuration

— Efficiency modelled in four dimensions JHEP02(2016)104
— Binned in O T s Y BT T T T T T tHes ]
2 o) % 0.10 < g2 < 0.98 GeV%/c* | B C 0.10<q2<0.98GeV2/c4:

q° = mMM E 401 - = 30- + +%

E S 10f + j:F i

© | | i .

Example fit 95200 5400 5600 T R A
m(K*w utu”) [MeV/c?] ¢ [rad]

projections in
low g2 bin

L I B N R | T T T T T T T

LHCb
0.10 < 2 < 0.98 GeVZ/c* |

—— -
——

I I T T T FESST T JESY! T T T I T T n n YANNYJ

LHCb
0.10 < ¢> < 0.98 GeV%/c* |

T

30

201

Candidates / 0.1
Candidates / 0.1

T

10

THCh
ITRHCH
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CUR T Resuits

—+— CDF == CMS  —¥ BaBar —# Belle —+— CDF =~ CMS  —¥ BaBar —# Belle

—e— LHCb Il SM from ABSZ —e— LHCb Il sM from ABSZ
: - 71—

N B E
o H =
ST Do
AL 5 o e

0 i 1 1 1 |
q* [GeV?*/ c4] q* [GeV?*/ c4]

References:

LHCb [JHEP 02 (2016) 104],
CMS [PLB 753 (2016) 424]
BaBar [arXiv:1508.07960]

CDF [PRL 108 (2012) 081807]
Belle [PRL 103 (2009) 171801].




TR Resuits

—— CDF —=— CMS —¥— BaBar —#— Belle —— CDF —=— CMS —¥— BaBar —®— Belle
—o— LHCb I sM from ABSZ —o— LHCb Il SM from ABSZ
/m [ L B L L = /7T ]
< f ] = ;
G+ oy B n |
: e I }— [ 1
=S - L
0.5F . I ]
IF'] BN B B B ol—— M N R U R |
]O 5 10 15 0 5 10 15
q? [GeV?*/ ¢4 g* [GeV?/c4|
References:

LHCb [JHEP 02 (2016) 104],
CMS [PLB 753 (2016) 424]
BaBar [arXiv:1508.07960]

CDF [PRL 108 (2012) 081807]
Belle [PRL 103 (2009) 171801].




. Puzlingdeviations: B K ww

« 2013, LHCDb has observed a deviation in angular
observables in B’ — K™ utu~ decays

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

SM Predictions

—4- Data




. 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%— K™ p+u-
Belle still has a word to say

: 1 ——r—r—r—

2 o8l LHI;I
0.6

o.4+

ookl 71

0— — —
-0.2p= '_+
04
-0.6—

-0.8f=
| —— Lk
0 5

+ Full Run

1.5

Belle prelin]‘iinaly

??

I
HH  This Analysis
“ LHCb 2013
4 LHCb 2015

s SM from DHMV

—— T -

! + 4 T

1 i | ; |
— T T

[20¥0° 7091 :AIxIE ‘Bllog]

Il Il
5 10

q* (GeV?/ct)

|
15

20

Lower statistical power, but very consistent

Ch
SMffrom DHMV ]




. Puzlingdeviations: B K ww

« 2013, LHCb has observed a deviation in angular
observ

0.8
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

AmYA!

NEIDY PPN

... very recently ATLAS and CMS joined

_...I.-Hl aﬂln

Full Rur

1F — T T T ]
- e LHCbdata o ATLAS data i
B = Belledata © CMS data i
0.5 [1SM from DHMV
N SM from ASZB 1
o :
N %) . i
0 SN & it
- S = T
-1 N N B

0 10 15

q* [GeV?/c4]

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

—————]
\HCb ]

SM from DHMYV ]




. Puzlingdeviations: B K ww

« 2013, LHCb has observed a deviation in angular

HCb

SM from DHMYV 7]

. * .
observ T s ——
... very recently ATLAS and CMS joined
CL I l im 1_ T L L DL,
0.8} LH - e LHCbdata o ATLAS data i
0.6 z = Belledata © CMS data i
Zard [ SM from DHMV ]
0.2} - 2 SM from ASZB -
ob—/ —| — n -
-0.2}- — - .
0.4 N . -
-0.6}- '_ % A _
l = S
-0.8}= - = =
L N - . l ]
0 5 _ : , —
0 5 10 15
¢? [GeV?/c4]
° Fu” Rur [ATLAS-CONF-2017-023, CMS-PAS-BPH-15-007]

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

rach
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EmI.CSR Lattice —e-Data Em].CSR Lattice —e-Data
E——— SO A SNtk S

(\’._‘ T & T — —
0 0 - 4> 1 & = _ 1 <
% B'—K'wu 173 1 T 2 B'»K'wu 1 T
= LHCb 3 5 I MmO LHCh 4 ™
% 1= 4 ©v F ’ )
% 1% ] - % 1 o
o % - X o))
= ~N % ~
= S + o
N - + —
<) 2 2
E [ I N
- 2 R w
15 % S > S re—T e R RN S S I . X: O
2 [GeV o4 0 5 10 15 20

a I ¢ [GeV/ct] ¢ [GeVYct]

*LHCb [S APRI3 & HKRIS B FNAL/MILCIS = ——— T —————T—]
B e - A - £ ] —
Q « % = [

Q LHCb vb o . SM prediction /\ A =
5 8 RN q + T % v — i I
E 7 . BS (pIJ “ fsm pred. % B _)-ITu “ LHCb =] m (ﬁ - Daa b u “ = %
S o o 39 12 ¢ 1o
= o 10 % 4 ©
Sk + < 195 3 N

T 4E a 1NN 3 -
3 3E <} 12 = E =

] <

% 2F £ 12 4 ER
o 1 7] © & i 2
o E r SN, 5 = o
g 0E ] > * et G' I 1 ‘E. % LHCb E g

= 5 10 15 R 0~ 10 20 | 1 L

¢ [GeV?/ct] 2 (GeVY/ch 10 15 20

q* (GeV7/c?) ¢? [GeV¥/c?)

* 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
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* 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 ...
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Lepton universality

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

electrons / muons tau / muons
u,d — ud —
b RS _
( ] S W_/H_/,é 7
t = b i’ c
¢ z ‘m" (%)
Y ZZIZ< B{ q —= < < S— }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

g, -BRE =K w i) 745 009 i1 0.036(syst)
BR(B®™ — K"e"e") -0.074
(SM: R,=1.0, consistent at 2.60)
——LHCb ~—*=BaBar —=*Belle
Q:M —r 1 T ] L B
- LHCb .
1.5_— I -
fr SV
1 :
0.5 LHCb [PRL113 (2014) 151601 ] ]
I BaBar [PRD 86 (2012) 032012] A
- Belle [PRL 103 (2009) 171801] ]
T s 10 15 20

g* [GeV?%/ c4]
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An analogous measurement has now been performed with BO—K*|*I-
[LHCb-PAPER-2017-013]

B(B°— K*utu™) B(B?— K*%c¢te)
B(B°— K*Jp) (— M*M'))/B(BO% KXJ)(— ete))

RK*O -

This double ratio, involving the control mode B°—J/wK*, ensures that all 15t order
systematics in efficiency cancel — robust ! Nonetheless, great efforts are made to
understand these efficiencies from data, and also to check that B(B°—J/wK* )

IS measured to be the same in both muon and electron channel — a stringent test !

~ B(B°—= K*Jpp (= ptpT))
"I T BB KO (— ete))

= 1.043 £ 0.006 (stat) & 0.045 (syst)

Similar cross-checks performed with e.g. w(2S).

Attention paid to partially reconstructed region & potential leakage from J/y region.

nCP



~ Anayssregons

‘Comic of di-lepton spectrum

Measurement performed ] T % t
in two g2 regions: g T /e
g
Low: 0.045<q2< 1.1 GeV? o2 ’/’?5)
dr
Central: 1.1 <g%2<6.0 GeV? G
t | coco CO) s L)
(high g? region, above resonances, i s e
is certainly of interest, but this / u sbove open charm,
presents different experimental | \/
challenges, and requires a
separate analysis) 4 [m(p))? >q?

For K*e*e", three exclusive trigger categories are used, depending on whether
triggered on electron(s) (LOE), K* candidate(s) (LOH), or not on signal (TIS)
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2.2-2.4 0 and 2.4-2.5 o away from SM at low and central-g?, respectively.
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S nepretor?

Already much theoretical interest in b—(s,d)I*I- sector prior to latest result.

Typical approach — global analysis of all 3f
observables and fit to Wilson coefficients. of
What is intriguing, and undeniable, is that 1
a coherent picture emerges. The Ry. result :

fits this picture well (certainly, at central-g2). %;3 0;

One example [arXiv:1704.05340]. o -1
These fits can give >50¢ pulls w.r.t. SM, & have

led to excited discussion of Z’s, leptoquarks efc. ;
| T S D S S
The experimentalist’'s view: -3 -2 -1 0o 1 2 3
NP
« Hypotheses non fingo ! Coy

* Recall, for several of observables there is no consensus on the theory errors.
« Excitement premature: we should wait until we see highly significant deviations
in one or more LFU observables. Wait for run-2 updates on Ry, Rg- & indeed R,
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Combination of measurements paint an intriguing picture...

*ﬁ\ 0.5 | T Ll T 1 I I 1 T I I I T T I I Ll I Ll T _
| = BaBar, PRL109,101802(2012) 2 -
e - ——— Belle, PRD92,072014(2015) Ax”=1.0 contours -
R 0.45F— - LHCb, PRLI115,111803(2015) ——= SM Predictions —]
= Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015) ] LHCb
0.4 — [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) —] { result
0.35 = —
= = a more
03 ; P recent
- - Belle
o S
— Moriond EW 2017 |
[ P(x%) = 67.4% ]
0.2 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1
0.2 0.3 0.4 0.5 0.6

R(D)

...3.90 away from SM predictions. New measurements will come from LHCb,
including (very soon) a determination of R(D*) using r— v, which will be
rather precise. If the central value remains stable, we may well have a ‘crisis’ !

nCP



Heavy Flavour Future

M D

o

Belle II



Our knowledge of flavour physics has advanced spectacularly thanks to LHCb.
Maintaining this rate of progress beyond run 2 requires significant changes.

The LHCDb Upgrade
* Allows effective operation at higher luminosity

1) Full software trigger Improved efficiency in hadronic modes

2) Raise operational luminosity to 2 x 1033 cm2 s

Necessitates redesign of several sub-detectors & overhaul of readout

Huge increase in precision, in many cases to the theoretical limit, and
' the ability to perform studies beyond the reach of the current detector.

Flexible trigger and unique acceptance also opens up opportunities in other
topics apart from flavour (‘a general purpose detector in the forward region’)
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RICH detectors Muon system
new photon detectors (SiPM) new off-detecor
improve RICH1 optics electronics

VErtex LOcator

new (silicon pixels)

L8
L}
&

| \ 7
interaction
point

Tracking system Calorimeters
new (silicon strips, scintillating fibres) new readout electronics

* 40 MHz readout — replace sub-systems with embedded front-end electronics

« 5 x higher luminosity — adapt detector technology where needed to maintain
excellent performance

nCP



LHCb upgrade DAQ

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate Upgrade software trigger
(full rate event building)

‘O’ ‘O’ ‘C!' Full event information — much improved efficiency
Full event reconstruction, inclusive and ; O S B B S B L ]
exclusive kinematic/geometric selections 3 0 8: ]
= [ e ——
= i B 4
=t — :
0.6} .

Run-by-run detector

o
hI

calibration Run 1 efficiency

0.2F S LHCD
Simulation

Add offline precision particle identification %20 40 60 80 100
and track quality information to selections TOPO Rate [kHz]

> I 7

2-5 GB/s rate to storage

NB: many of run-2 innovations can also be
considered as R&D for the Upgrade trigger !

« Detector readout and trigger at 40 MHz + higher rate to storage will be
the drivers to handle 5x luminosity and collect larger samples

« Based on new front-end electronics, large PC-based event-builder
network, and large expansion of online CPU farm

 Real-time data calibration and reconstruction
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~ Complementarity LHCb-Belle2

« Time dependent B, physics

_ CPVinB,— JAp ¢, B.— b B, &
. B.—ptu charge”d
« CKM angle y tracks
« CPVinBy a
« B— X, ¢ (exklusive)
« B— X,y (exklusive)
« Charm physics Importarlmt
: : overlap:
« Semileptonic B decays sporty
« B>Dtv,B->D'tv competition!
« Dark matter .
* 1t - physics: LFV
e B>tv,B—->uwvw
e B—>K*vv,B—vv “inclusive &
« B— X, ¢¢ (inclusive) neutrals ”
« B— X,y (inclusive)
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Global fit to b— s data
Many such fits around - essentially consistent results
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Wilson scan: S. Reichert, D. Straub, F. Bernlochner, J.A.
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.~ Exectedfuturesensitiiies

Global fit to b — s data

Many such fits around - essentially consistent results
Project sensitivity to final Belle2 & LHCb dataset
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U summany

« The Standard Model is tested in a variety of channels

- many measurements consistent with predictions
-> significant deviations in of b — s ¢'¢- channels,
lepton flavour universality is currently a hot topic

- need for data to conclude

* Interesting flavour data coming soon
— LHCDb Run 2 - tripling the dataset (~factor 2 already!)
— LHCb Upgrade — record data with ,Trigger-less Readout”
— Belle2 in the starting blocks




