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Two Roads to New Physics

Direct observation Effects of virtual particles
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This approach is sensitive to particles far heavier than those directly
produced in a collider. It is what flavour physics is about.
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Flavour physics as a tool to discover New Physics

- Quark Flavour physics is the precision study |
of quark transitions. at atime K

when only

these had
- Sensitive to new particles that can be muchfbeen seen...

heavier than those directly produced (i.e. li
beyond the energy frontier).

...these were
inferred from
flavour physics

* Very successful in the past:

C ‘discovered

1974

0 discovered

b «—1977

d
« Charm quark predicted based on the t <1994

suppression Flavour Changing Neutral
Currents (FCNC).

« Top/bottom quark predicted based on
the observation of CP violation.
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Flavour physics as a tool to discover New Physics

* Quark Flavour physics is the precision study Nobelprize.org
of quark transitions.

i) The Nobel Prize in Physics 2008

* SenS|t|Ve to new parthleS that can be mUCh "for the discovery of "for the discovery of the origin of the
heavier than those dll’eCtly produced (| e I|e the mechanism of broken symmetry which predicts the

spontaneous existence of at least three families of
1 broken symmetry in quarks in nature"
beyond the energy frontier). ot

* Very successful in the past:

- Charm quark predicted based on the
suppression Flavour Changing Neutral

Photo: SCANPIX Photo£ Kyodo/Reuters Photo: Kyot(ﬁjhiversity
. Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa
Currents (FCNC)
@ 1/2 of the prize @ 1/4 of the prize @ 1/4 of the prize
USA Japan Japan
H Enrico Fermi Institute, High Energy Accelerator Yukawa Institute for
° TO p/b Otto m q u ark p red ICted based O n University of Chicago Research Organization Theoretical Physics
. . . Chicago, IL, USA (KEK) (YITP), Kyoto University
the observation of CP violation.
b. 1921 b. 1944 b. 1940
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CKM matrix, CP violation

U C {
a 1 A Ne W
Vokm= S —A 1 A
O Ne 1 —)\? 1
d S b where \=0.22
structure of the quark mixing matrix

« Elements of the CKM matrix = transition amplitudes between quarks.

« Operation of CP corresponds to complex-conjugating these -> need complex
elements to get CP violation.

 Turns out: Only possible with at least three generations of quarks.
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Unitarity triangle

ratio of Bq, Bs mixing

(semi) leptonic B frequency, Ama/Ams

decays

CP Violation
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Constraints on the apex of the UT
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CP violation and New Physics

« While there is O(10%) agreement between the SM description of CP violation,
and recent measurements, there are several orders of magnitude disagreement
between CPV in the SM and CPV in the universe.

(the SM provides enough CP
violation for only about 1 galaxy)

equal amounts of . 1in 10°
matter and aﬁlrt. matter left
antimatter anninriation over

* There must be new sources of CP violation.
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FCNC and New Physics

« The suppression of FCNC is an “accidental” symmetry of the SM. There is no
fundamental reason why it should exist in models beyond the SM.

« Many NP models predict new sources of FCNCs.
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* NP can affect up and down-type quarks differently. Study both, beauty & charm!
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Sensitivity of FONC to NP mass scales

Ann.Rev.Nucl.Part.Sci.60:355,2010
plot from M. Neubert at EPS-HEP 2011

+ “Simple” NP models ; L.=Ly, +—0,, take ¢, = 1
ruled out up to PeV- 105k A,

scale, by Flavour [
Physics. 10
2> ]

- Flavour physics =03t . -
Imposes severe < :
constraints on the e I
structure and mass :
scale of NP .
10'

(s—d)  (b—d  (b—s)  (c—u)

Amg, exg  Amg, sin28  Amg, Adp D-D
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Outline

CP violation & mixing (much of which probes FCNC)

Rare decays, probing FCNC and other New Physics. '

... leaving out many other exciting measurements ...

Future prospects
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proton - (anti)proton cross sections

10° 2 — T 10’

. 10° £ ‘ 4 10°

Flavour physics at the LHC "¢ L T 1
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 Huge b cross section, even huger 10° / - 40
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(20x) charm cross section. 10' [ ° : 0o e
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- All types of b and ¢ hadrons (like s F T 3%

BO, Bs, Bc, /\b, ) £ 10 ;‘ gw : : 4 10

© 10 ;'ciet(ETiEt >100 GeV) 310

* The world’s largest heavy flavour 0 3 Eld

samples, and a dedicated flavour 0 3 10°

physics detector (LHCb). 10° F 1 10°

10* [ 4 10*

5[ M =125 GeV 1 405

- Best place to do heavy flavour : { 10

physics, today. 10° - o 3
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10

Vs (TeV)

Eur.Phys.J. C63 (2009) 189-285

33 2 -1
events/secfor - =10"cm " s

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html
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Heavy flavour physics at the LHC

LHCb

(the dedicated flavour physics
experiment at the LHC)
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The LHCb Detector
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Direct CP violation

« Define
—0
_ N(Bp,)) = N(B(y))
AC’P — 0 —0
N(B(S)) + N(B(S))

. For B°=K*m, B°=KTT*:
Acp =—0.080+0.007+0.003

. For Bs=K*, Bs—= K+
Acp =0.27+0.04+0.01

* First observation of CPV in
Bs decays!
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Mixing in neutral meson systems

—0
M 2) = p|M°) £ q|M")
Al = FQ — Fl Ke

Am = mo — my

-0.02-0.015 -0.01-0.005 0 0.005 0.01 0.015 002 -10 8 -6 -4 -2 0 2 4 6 8 10
ps’ ps’

P(M® — T1°)(t) = % ‘%

2
e !t (COSh (%t) — cos (Am t))
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Phys.Rev.Lett. 97 (2006) 242003.)

‘ (1st observed by CDF, Phys.Rev.Lett. 97 (2006) 0620083,

Bs oscillations at LHCb

e Tagged mixed

o Tagged unmixed

400

Q — Fit mixed

............ Fit unmixed

candidates / (0.1 ps)

Ollllllll2llll3llll4
1 decay time [ps]

Amg = 17.768+0.023 +=0.006 ps

world’s most precise measurement of Ams
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world’s most precise measurement of Ams
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Nobel Mixing

"for the discovery of violations of fundamental symmetry
principles in the decay of neutral K-mesons"

 For neutral meson systems:

Mixing = CP violation — Nobel Prize (~20 years)

* For 2 out of 4 mixing meson systems, we only just
got started: %> Nobel Prize in Physics 2008

"for the discovery of the origin of the
broken symmetry which predicts the
existence of at least three families of

+ Bs: Mixing discovered in 2006 (no mixing-induced quarks in nature’
CPV, yet).

- DO Mixing discovered in 2007 (no CPV, yet).

© The Nobel Foundation © The Nobel Foundation

’ |n bOth SyStemS’ the prize iS in finding non_SM CP Makoto;:::;:;h;:ntan Toshihid:,hlc\’l:::sLIJ(.aI\::l:mn
violation (in the case of D°, this is any CPV)
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Bs—=J/{ KK for ¢s

Need to disentangle

CP even and CP odd
amplitudes

J/P KK = J/p o+ S-wave

Precisely predicted in SM ¢s = (—0.036 & 0.002) rad
Hope to measure a different value!
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Bs—J/P KK for ¢s

LHCb: Phys.Rev. D87 (2013) 112010

Fit projections™

—~ 10* T 3~ 1400 — T T . )
a, 3 =2 C ]
i LHCb 1 & 1200f LHCb 4
S 10° ERS C + ]
9' E % 1000 |~ -] o .
7 0 13 sobHt f Fit done in 4-D
- C ] N _— ~ 7] . . .
£ o} 1 & wof T SN S (not just projections)
5 - 3 400 5 9
'E 00 T 3
L | C — R — R ]
10 03 0.5 0 05 1
cosH,
5 1400 o) 1400 pr—r——————
= 1200 o 1200F LHCb 4 -I-O_tal
g g IOOOW
= 4 o + 4
=l S ol e 1 CP-even
8 600 5 el - e TN
© 5 = - CP-odd
400 S 400 U =
=] B SN ,// \\\ /// 7]
200 S 200F o e T ] S-wave
0 Y — N i R ]
g 2 0 2
cos By @, [rad]

background-subtracted data
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Slnce then: |
Corl | Updated LHCD results for /o, Bs—J/ rrt |
* ds = 0.070+0.068+0.008 rad |

o Phys.Lett. B736{{2014)186 827931(232)%)
2 0.20 f'.' ;
T B {But
<] 0.15 T New Chaﬂnell Bs_’Ds-l_Ds_
0.10f} Ps = 0.02+0.1 ‘ rad
arXiv:1409.4619{2014)
005 f S sive
o]
SM: M = —0.036 £0.002 __ plenty of room
Experiment: ¢s = 0.00 £0.07 left for NP

SM: http://ckmfitter.in2p3.fr
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Loops vs Irees

« Expect no New Physics in Trees

B* D°
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Can penguins be bad?

They can.
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The “Unitarity Triangle” represents key parameters of
the Standard Model description of CP violation.

If the Standard Model is correct, we should get consistent constraints on the apex of the triangle.
Shaded areas identify constraints from different sources (95% CL). (Yellow: “loops”, others “trees”.)

0.7 F | 7
i Are we looking at New Physics in
N loops (e.g. B mixing) without seeing £
[ it?
04 Need precision measurement of the jCS
03 SM-value of y to find out. Y
0.2 =
0.1 |- [Vub|
00 & | y | | l
-0.2 0.0 0.2 0.4 0.6 0.8 I
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1, (GLW), Gronau, London Phys.Lett.B253:483-488,1991 (GLW) Atwood, Dunietz and Soni Phys.Rev.Lett.
elle Collaboration Phys.Rev. D70 (2004) 072003

Gronau, Wyler Phys.L ett.B265:172-176,199
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan Phys.Rev. D68 (2003) 054018 B
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«hH BN

CP violation is an interference effect




«“hH I

CP violation is an interference effect

* For D—3-body
decays, the
interference takes
place in a 2-D
Dalitz plot

« Analysing the
Dalitz plot of the D
decay, in D’s that
come from B*’s,
gives access to y

Gronau, Wyler Phys.Lett.B265:172-176,1991, (GLW),
78 (1997) 3257-3260 (ADS) Giri, Grossman, Soffer and Zupan.B

) Atwood, Dunietz and Soni Phys.Rev.Lett.
ration Phys.Rev. D70 (2004) 072003
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LHCb model-independent y from B*— (Ksrtr)pK and
B*— (KsKK)pK

« Binned, model-independent
analysis using CLEO-c input.

Phys. Rev. D 82 112006.

* Plots show LHCb 2012 data

* Result of combined analysis
(2011 & 2012 data, Ksrrt &

KsKK):

v = (62

Jonas Rademacker (Bristol)
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)

m2 [GeV?/ ¢4

LHCb |

D from B* |

m2 [GeV?/ ¢4

—_
@)}
T T

1

CLEO-c input:: Phys. Re’\q/?%D[g?Ylg(ﬁﬂ

m2 [GeV?/ 4]

_
00
T

—
~

_
o
T

LHCb |
from]

.t c_’.
D v
o

P R
1 1.5

JHEP 1410(2014

v

: D from B~

LHCb |

12 14 1.6

P R
1.8
m2 [GeV?/ 4]

Model-independent method: Giri, Grossmann, Soffer, Zupan, Phys Rev D 68, 054018 (2003).
Optimal binning: Bondar, Poluektov hep-ph/0703267v1 (2007)
BELLE’s first model-independent y measurement: PRD 85 (2012) 112014
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technique & 2011 data: Phys. Lett. .,
| HCb’s Y 2013 combination 2012 data: LHCb- CONF201306)

« LHCb combines inputs from

B— (hh’)pK* " e maoos T
£ (KsTTrT)pK* -
1.0 —
——’(KsKK)DKi L Amy & Am
== (Krrm)pK* B ]
0T Amy \
* Result: = oob . JA WSS E
o)
v = (67.2 £ 12)
-0.5 : —
1.0 - €
) ' sol. wcos 23 <0 :
FPCP 13 (excl. atCL = 0.95) -
_1.5 L L L[l I L1 1 i I S l | I - | I | I l | I S -
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

previous world average ~ — ]° 4 19° LHCD: V=7 20112 _ 68o+8 OZ
(Moriond 2012): K Cb: y=67.2+ T 8.5
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technique & 2011 data: Phys. Lett. -_
|_|—|Cb g 20‘] 4 V Comb|na’[|on2014 combination: LHCB-CON .f '

« LHCb combines inputs from
B=—DK#*, B*—Dm*, BY—DK*, —

LHCB-PAPER-2014-028 LI) 12

where D—Ksrm, KskKK, KsKrt, K. 1
JHEP 1410 (2014) 97 arXiv:1402.2982 (2014)

* Also: Bs—DsTK* (time-dependent)

robust

full
I T T T T I

LHCb

Preliminary

arXiv:1407.6127 (2014) 0.6
. Combined reSUIt: 0-4 ...............................................................................................................................
_ 0+5.8° 021 -
- all modes v = 78" "~ 4, - :

50 60 70 80 90 100 110
« “robust” (only B*—DK* modes, v [°]

theoretically cleanest)
619° Expect substantial progress in
=73 _10° Run I, and <1° with upgrade.
(Theory error negligible).
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y with loops from BO—’T[T[, B KK  arXiv:1408.4368 {2014

d
woSs, T

If there were only the tree-contribution,

AVA,
BO— it would measure 2B + 2y, b — " u
Bs— KK would measure -¢s + 2y. B q _ g
lelng gﬁ-% p\hase from b—su
But there are penguins. They ’ N -
complicate things, but provide g g'dc {g
sensitivity to new physics. W W
: b BN g gt
u
Disentangle Penguin and Tree B W u —
contribution. Assumes U-spin (d < s) d > d
symmetry of strong interaction. AllOWS  theory: Fieischer, Phys. Lett. B459 (1999) 306;
for up to 50% U-spin breaking. Ciuchini, Franco, Mishima, Silvestrini: JHEP 10 (2012) (
mpar
v = (635112)° | _ptm e e
p— . o
—6.7 = 73°"1po OF ~=7812%,
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Cha

numerator: mixing amplitude
De—De—K*m~ significant
I'(D° —» K—n+) (t) " denominator: for normalisation
(mixing negligible)

i - e Tagged mixed
. v ¢ 3. o Tagged unmixed
4001 v 1 % — Fit mixed
: R Fit unmixed
200
0 L L L L L L L L L L L L L L L
0 1 2 3 4
decay time [ps]
v 2 4 o 2

First single measurement with >50 observation of charm mixing.
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numerator: mixing amplitude

(D% - Ktr) De—D°—K*1r significant

[(D° — K~ m+) (t) denominator: for normalisation
(mixing negligible)

A
o
N—
4 -
[

B~ )]
\_H
=
o
Q
on
L Lo laay

r )
6 - I
5 —— CPV allowed =
R e — No direct CPV ]
e No CPV 3

—
«w

—R [10

R+

tt
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Impact on world average for CPV in mixing &
iInterference between mixing and decay.

Average by HFAG

3 Sep 2013.10

2 Sep 2013

=
Q April 2013 : CHARM 2013
2 60F
0O B
e«
o
_2:
-40-
—6:
i | T . |_|||J||||l||'|||'| A :
02 04 06 08 1 12 14 16 1.8 0.2 04 06 038 1 12 14 16 18

lg/pl lg/pl
Again, no evidence of CP violation or new physics - but a
very impressive improvement in our knowledge
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D° Mixing as input to y from B=—=DK*

/_\ / DR~

P n‘n*n— ﬁK*n nm)pkK-
- CLERQ-c can measure th t so can we (so far smuh@ anly)
(65— P K
'eg €

r

This process is sensitive to the same D-D
interference effects that pollute this
measurement.

Phys.Lett. B728{(2014}1296-302
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B (K't ' )pK
Mixing as input to y from S~

Use interference effects in charm mixing as input to y

F(B_ — (K+37T)D K_) X 1% + (7“53”)2 + 2R3, BTET - COS((SB + 083 — ’y)

from D-B Input from charm Combination:CLEO-c
superpositions mixing. Toy simulation a”?‘ mixing simulation
at CLEO-c with 8M CF+DCS events (with real data, soon).
, S
!

2 0.4Rf0.6 0.8 1 0 02 04 f0.6 08 1

D I:{D F{D

CLEO-c input theory: Atwood, Soni: Phys.Rev. D68 (2003) 033003

CLEO-c input: Phys.Rev.D80:031105,2009, update
LHCb/mixing theory: arXiv:1309.0134 (2013) Phys.Lett. B728{

4$$296-302
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Searches for CPV by comparing binned Dalitz plots
3.1M D*—=rminrt in 1/fb

- Compare yields in

CP_Conjugate bins Phys.Lett. B728 (2014) 585-595
- ;E‘ 3__' L EL L L AL B L AL AL LB +4m%
SCP — NZ _ Oé]& (\% 255_ - © +3 .
o(N; —aN;) 2t g 2 )
R 2:_ .
Ntotal d - I . — 1)
f— — 1_5__ I I 0 )
Ntotal = -1
1F —— )
L -2
- Calculate p-value for no- 05 < LHCb .
CPV hypothesis based on OO g
2 _ [STRY: | Sow [GeVHe] %2=89.1 for 100 bins -
: ; ( CP) §10_ ] Compa’[ible with CP
- Model independent. Many s conservation at
production and detection °

—_— o)
pP=75%
(other binning schemes lead to
similar result)

effects cancael.

4
2F
0

L. 1
-4 -2 0 2 4
S
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More CPV in charm.

Compare D—f yields with D—1.

Looking for tiny signals. LHCb uses
huge data samples, and data-driven
methods to control systematics.

Looked at hundreds of millions of
clean signal events in various singly
Cabibbo suppressed decay channels
(the ones with penguins).

Sadly, no evidence for direct CPV.

2 MeV/c?)

Candidates/(0

Phys.Lett. B728 (2014) 585-595
Phys. Lett. B 723 (2013) 33-43

LHCb-CONF-2013-003 (2013)
JHEP 1306 (2013) 112

Phys.Lett. B726 (2013) 623-633
PhysRevD.84.112008 (2011)

LHCb charm data are amazingly
clean.

Example below: 330k D**—=D°m,
De—mnirirt in 1/fo for CPV.

This is a Cabibbo-suppressed
decay. We have to reconstruct a 5-
pion final state at a hadron collider.
And we see hardly any background.

T

—¢4— Data ( ) _:
ﬂ I:I D’ — nmntatm ]

|:| Random soft pion -

- Combinatorial A

.
m 4
Q
o 4

20000

15000

10000

5000

lllllllllllllllllllllll

0 140 145 150
Phys.Lett. B726 (2013) 623-633 Am[MeV/c?]
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Photon polarisation in b—sy

But: why repeat Madame

Sz Sz :
S ¢ Y Wu’s experiment”?
> T I [ — % o
P P 17
bTSz R 11
P P
Y S A
Sz *Sz i §J

IIIIII

OK wrong helicity, e
highly suppressed  phys. Rev. 105. 1413 (1957)

Photon from b—s transitions in the SM are, up to 0(ms/mp)?
corrections, left-handed.
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Photon polarisation in b—sy

- Mme Wu studied a tree-level decay: But: Why repeat Madame

— Y Wu’s experiment?
E e

d >

* b—syis a loop-mediated FCNC in
the SM:

oS e gL AN

b
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LHCb: arXiv:1402.685 (\20‘1‘4)
Photon polarisation in b—sy with B*—=K* 11" 11" v

/ B+ Up-down asymmetry relative

57: fast to (oriented) K* 11~ it decay
’ ; plane is proportional to
\ 4 p mslow photon polarisation A
ﬁn,slow X ﬁn,fast /v' > Y-
TL. PK 5 (K A +
restframe cos f = sign(charge) B~ cos 6
Y (: in bins of (K* i~ t*) mass

~

1/N x dN/dcosO

p—
T T

: red noy polarlsatlon

[1 6 1 9] GeV/c2
0 05 i

First observation of P violation in radiative decays.
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Bs—pp

* Helicity-suppressed
FCNC - very rare in
SM!

Events / GeV

« SM prediction [1]*:
BF(Bs—p*p) =

(3.56 + 0.30) - 10~° 10° - .
BF(Bd_’IJ+U_) _ - m u
E
(1.07 £ 0.05) - 10710 = CMS N
S Y
05 s=7Tev
- Large enhancements 1= L, ,=40pb b L 0
in many SUSY ST R 5 7 i
models, «tan®p 1 S SO B
S %°

[1] Eur. Phys. J. C72 (2012) 2172 and Phys. Rev. D 86, 014027 (2012)
) this BF refers to the time-integrated value, which differs from the one at t=0 due to the lifetime
difference between the two Bs mass eigenstates. See Phys. Rev. D 86, 014027 (2012).
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Be—=uty-

Candidates / (44 MeV/c?)

Phys.Rev.Lett. 111§ 201’3)‘01 804

CMS-L=5fb"{s=7TeV,L=201b" |s = Slahpids

Phys.Rev.Lett. 111] 013

16— . S .0
u [ | —— data
«1 LHCb Lhoy - ¢ I S
12 E BDT>0.7 — 3 I I B B T ?or_rl)t;nilorial bkg
v 1 n ~ N P € N LR semileptonic bkg
10 : 3 fb _: _,g o- L\ peaking bkg
n . g
8K - % 8
C ] 2
6_ ~ -53 6
- . o °f
4p-- 3 E -
C . E 4
2_ =] (2]
O_ I ) 1 ll 1 1 w 2
mwa[MCV/CZ] 29 5 51 52153‘ 5.4 ‘55 56 57 58 59
m,, (GeV)
0 + _ +1.1+0.3 -9 0 +,,—) — +1.0 -9
B(B) = p p™) = (2.9515507) x 10 B(B] — ppu~) = (3.755) x 10
0 + - +2.440.6 ~10 0 7)) = +2.1 —10
B(By — ptu™) = (3.775110%) x 10 B(Bg — pn'p~) = (3.5575) x 10

%f—/

[LHCb-CONF-2013-012] [CMS-PAS-BPH-13-007]
B(B) = ptu™) =(29+0.7) x 1077 SM:(3.240.2) x 10

B(Bg — M+M_) = (3 611 4) x 10710 SM:(1.0+0.1) x 10710
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2014 Combination of CMS & LHCDb

MS and LHCb
T | T T T

. (6.’20 (1sY) observation
pected for SM: 7.20)

[é))
o

N
o

Q)
i FNEE EEEE f AN

W (o))
o o
IIL'|IIIII|IIII|IIII|II O

) T
.
L4
.
.
*
L4

N
o
IIII|IIII|I
4
'
.,

.20 (1%Y) evidence
pected for SM: 0.80)

]
T

S/(S+B) weighted cand. / (40 MeV/c?)

—_
o

5000 5200 5400 5600 5800
m... IMeV/c]

BR(B, — putp~) =280 x107?
BR(Bg — p p~) =3.971% x 1071
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10° x BR(By — pu* ™)

adapted from
D.Straub arXiv:1205.6094

< BRI,

MSSM-SU(5)

-1.0 -a5 ao 05 A p K|
107 x BR(B, = pFp™) Sua L

(OK, SUSY is not really dead, but it's definitely
looking a bit under the weather)
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Electroweak penguins with B2K*utu-

sensitive to New Physics in loops, e.g.

u
S b —p—a—Pp—ap— 5

b F 1 F 1 F S b == » ==
I t I \ i
H_I 1 H+ . :\ /I _
1 %4 X’L S~ ~ Xz
A N
H
x o~
Higgs box V/aa Gluino loop 0 Chargino loop 0

Jonas Rademacker (Bristol) Beyond the Energy Frontier with Precision Flavour Physics at LHCb Colloquium, Brookhaven, 28 Oct 2014 49



B-K*utu—: Forward-backward asymmetry

« Forward-backward asymmetry as
function of g = m?(up)

u* CMS L=52fb " . Ys=7TeV

E1E 1IIIIII|III|III|III.|!II|IIIIII|III|III£
0 . < 0.8<( 08 ATLAS Preliminary

/ K* 06 06

Y- Forward: 6 < /2 0.4 0.4

h- 0.2 0.2
/ !

|

+
+

o

/9/ K> 02 02
p* Backward: 0 > /2 -04 -04 - Tov
-0.6 -0.6 Theory
f Ldt = 4.9 fb" —e— ATLAS
-0.8 -0.8
GOOd agreement Wlth SM 1:| 1 1 | 11 1 | 11 1 | | I | | | I | | 111 | 111 | 111 | 11 1 | 1 1 IT
) 0 2 4 6 8 10 12 14 16 18 20

¢ [Gev?] )
- First measurement of zero-crossing point: qo°=4.9 + 0.9 GeV?/c*
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* — D! J—
BKp ™ P'S Phys.Rev.Lett. 111{2013)191801

N\
N\

1 ) )
— — —(1 — F}, )sin“ @ F7 cos“ @ —(1 — Fy )si 0 20
F dCOSGE dCOSGK d¢ 3211' 4( L) K + L S K + 4( L)ﬁln K COS ¢

2 1 (2) .2 Y .
— Fy, cos” @ cos 26y + E(I_FL)AT sin® 0 g sighf 3

V/FrL (1 — FL)P} sin 20 sin 26, cos ¢ + 1/ Fp, (1

(1 — F) AR, sin® 0 cos 6 + y/Fp(1 — Fy) P} sk

\/FL(l — FL)Pé sin 20 i sin 26y sin ¢ + (S/A)g sin? 0 i sin? 6y sin 2¢ ]
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BoK'utu™— P’'5

LHCb: Phys.Rev.Lett. 11€{2013)91801

Theory: JHEP 0872013)%37

« Might seem an abstract Yy 77
variable but it is theoretically & 0.8 LHCDb S Predict -
better understood than A, 0.6 redictions _
as it is less sensitive to form 0.4 :+— _+_ Data N
factors. ookl T _

0_ — — — — — ) — o — ) — 1 — —

-« 3.7 o discrepancy in the -0.2|- + -
region 4.3 < g° < 8.68 GeV? 0.4 _

|

* 0.5% probability (2.80) to -0.8 7
observe such a deviation -10 —— ; el 1'0 T 2'0
given 24 independent ' ' | q2 [GeV¥c]
measurements (several other 1]

variables probed, each in several bins of g°).

Possible explanations include models with flavour changing Z’. Or that non-

factorisable QCD effects are more important than thought. (See JHEP 1305 (2013) 043)
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Lepton (non”?) Universality with B*—=Ktutu-, Ktete .
Phys.Rev.Lett. 1134 1 51601
F(B+ K*u*u )/ T'(K*ete™) for > € [1GeV, 6 GeV]

— 25
v@ I I-"l;. ?ZS'I"'I"'I"'I"'I'_ 103
~~ | e 1‘_. e i .."-' o | . - ]
T ZO;LHC" @ I 10° T [LHCb () :
e S R > 0k |
N_‘ B 103 g
AR __ ........ >
10°
10
o IR o : i i : 1
m(K"uu) [MeV/c] m(K*e*e”) [MeV/c?]

In SM: Rx = 1.000(1) 5 6
At LHCb: R = 0.74570 073 (stat) £ 0.036 (Syst)§ -00
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utu mass distribution in BX =Kty

Phys.

P(4160)

S LHCb © daa | |

5 150 tota 7 A bit of a surprise.

= 1 L o nonresonant

\ interference |

< 100 ----resonances - Two 1st observations:

> background of B+ = K+ (4160),

L

5 sob it | and of p(4160)—ptu)

:_'é -‘ """"""""""""""""""""""""""""""""""""""""" T

S R o L2 BR higher than expected.
) o T T i A i— 1 Constructive interference

1 | | |
3800 4000 4200 4400 4600
between resonance and

2
m,.- IMeV/c?] o rgsonant component.
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And there’s much more!

New resonances and quantum numbers
of recently discovered ones, e.g. X(3872),

Z(4430), several D,*.

Precision measurements of masses,

lifetimes, branching fractions.

Production measurements in p-p and p-A

collisions

...and many, many more.

Jonas Rademacker (Bristol)

Phys.Rev.Lett. 111 (2013) 112003 (2013)

. d'ata
- LHCb — total -

........... nonresonant
interference
——— resonances .

background

150

100k

N
40

Candidates / (25 MeV/c?)

0 lx ..... o T T-f.lx‘ X I X 1 X
3800 4000 4200 4400 4600

My [MeV/c?]

8
L

Number of candidates / (2.5 MeV)
@
3
|

bt &

Phys.Rev.Lett. 110 (2013) 222001

I
200)

000p

800f

600f

400f
200p

| v(2s)

Lepton charge asymmetry

o
~

0.2

-0.2

-0.4

-0.6

600

800 1000 1200 1400
M diy) - M(Jly) [MeV]

Beyond the Energy Frontier with Precision Flavour Physics at LHCb

— p'T>ZOGeV/c

r —art—

— e —

e

B ¢

- ——

T e LHCb 2010, W— uv extrapolated 1

C ATLAS 2010, W— uv, W— ev

I R AU R AFEN R AP BT R
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
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The flavour puzzle

- The measurements shown are %Yér{:} QW%@%{@@ Iﬁ;ﬁ§

highly sensitive to New Physics thIS

* If there really are all these new
particles at O(TeV), the Standard
model description should fail.

« Why is the flavour structure not
much richer and more complex
than predicted by the SM?

* New symmetries that enforce an
“alignment” of SM and NP
phases (MFV)? Unnaturally tiny
couplings between NP and SM?
Or no new particles at O(TeV)?
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Historical Note

A historical note (from L. B. Okun: “Spacetime and vacuum as seen from
Moscow”,

A special search at Dubna was carried out by E. Okonov and his group.
They have not found a single K — 777~ event among 600 decays of K?
into charged particles [13] (Anikina et al., JETP, 1962). At that stage the
search was terminated by administration of the Lab. The group was unlucky.
Approximately at the level 1/350 the effect was discovered by J.Christensen,
J.Cronin, V.Fitch and R.Turlay [14] at Brookhaven in 1964 in an experiment...]

- Don’t give up once you’ve excluded New Physics at the few% level.

A successful past is no impediment to a successful future.

* Discrete symmetries are usually broken (C, P, CP.... MFV?)
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How Precise is Precise enough”?

* Increasing precision pays off as long as it significantly increases our
understanding of physics.

There are two scenarios when we might argue that we have reached
sufficient experimental precision:

« We have seen New Physics, fully understand the theory
underlying it, and have measured all its fundamental parameters.

» When precision is limited by the precision of theory calculations. -
Improving fast through faster computers and cleverer algorithms. m

« We need to identify theoretically clean measurements with high
sensitivity and discriminating power for New Physics models.
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A selected list NP-sensitive flavour variables

Type Observable Current LHCb Upgrade Theory
SVTAVSTSTAEE ANES Ol uncertainty
B, mixing Plenty of theoretically clean channels with high ~ 0600013
sensitivity and discriminating power for New Physics 5 0.03 x 10-?
Gluonic models 0.02
penguins < 0.02
0.02
Rl%ii‘iiﬁjed Theoretical uncertainties in many cases far better than Eg'%l
Electroweak 4 current experimental sensitivity (and improving). 0.02
penguins 7%
~ 0.02
| 1+ Lots of room for New Physics to hide - and opportunity ~10%
Higgs . L] 9 0.3x107°
penguins to find it! ~ 5%
Unitarity negligible
triangle negligible
angles Need (even) better experimental precision to fully exploit . negligible
Charm -

OP violation flavour physics’ sensitivity to physics beyond the SM. .

Eur.Phys.J. C73 (2013) 2373

Jonas Rademacker (Bristol) Beyond the Energy Frontier with Precision Flavour Physics at LHCb Colloquium, Brookhaven, 28 Oct 2014 59



The LHCb upgrade

: . . _ Scintillating
Higher luminosity = higher . Fibre
L Silicon Tracker
precision = better NP reach!. Si strips Tracker Muon MWPC

(replace all) (almost compatible)

Trigger is at the heart of the
upgrade. Current trigger would
“choke”, the signal yields would
not increase in line with luminosity.

For upgrade, read out the entire I RICHes: New

detector at bunch-crossing rate of photodectors, newﬁ et 2 v

40MHz, fully customisable s/w R/0, optimised sainreplace BO)
trigger, with full event information. RICH 1 geometry

Doubles the trigger efficiency for .
hadronic modes. Most flexible/ Replace all electronics

customisable triaaer at the LHC.
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LHCb event yields in the future (rough estimates)

(LS1) 3/fb » (LS2) 8/fb » (LS3) 23/fb » (LS4) 46/fb » (LS5) 70/fb

/ L dt 100fb™ N
14 TeV running

Obb
L- dt
/ o (8TeV) pgrade

had
/ r. Obb . etrig
O’bb(STGV) had(2012)

Etrig

you are here N

1 Ofb‘1\\

12 13 14 15 16 17 18 19 20 21 22 23 24 25

iz
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Conclusions

Flavour physics is sensitive to physics at very high mass
scales.

The LHC is the world’s most copious source of heavy
flavour. LHCb, designed to exploit this, has huge, clean
signals in a cornucopia of final states - unprecedented
precision. ATLAS, CMS contribute in di-muon channels.

So far we have used that sensitivity to rule out many NP
models. But we know there must be NP.... and there are
intriguing hints.

This is just the beginning.

Jonas Rademacker (Bristol) Beyond the Energy Frontier with Precision Flavour Physics at LHCb

0.25 LHCb 1.0fb™ + CDF 9.6fb ™'+ D@ 8fb™ + ATLAS 4.9
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7 L 68% CL contours
—~ C \ (Alog £ = 1.15)
<] 0.15[ i LHCb -

ot T :}@Qombined ]
r COF M
0.05 F SM L aTLAs
O
-1. 10 05 00 05 1.0 1.5
¢cés [rad]
"o ir-————T————7—rrTr7 T
a _

O'BE LHCb SM Predictions

0.6 _

0.4F —4- pata .

0.2} —

o e e — e e e— e e— — — u—
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P I T (A RN |
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BBC, http://www.youtube.com/watch?v=9di\Wzp/rYR4
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Backup
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CPV in charm. Looking for tiny signals.

- CPV is an interference effect - need =2 i ;’jﬁ<
amplitudes, ideally of comparable magnitude - /o° K'\
effects most likely in SCS decays. ’

\ “ KK
* Looking for tiny effects (in SM up to fewx1073). W

Careful with systematics!
Araw — ACP + Aprod + Adet

 Typical analysis measures AAcp in decays to
similar final states:

AACP - ACP(D — fl) — ACP(D — f2) ~ Araw(D — fl) — Araw(D — f2)
Production and detection asymmetries cancel

to first order. Could be a CF decay with Acp = 0 or another SCF decay
A SCS decay as in f1=KK and fo=mtrt where Acp(D—KK)= —Acp(D— i)
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Direct CPV in D—=KK, D=1t

F(D0 = KK ) — (D" kK5 I =
— ) — — ) ® March 2013 Acp BaBar
Acp(KTK™) = ( ) <_0 'S 015 D 4 ke
r(DO _> K+K_) + r(D _> K+K_> @AACPLHCbpron:lptprel
001 X g iA(I,-PHLCI-LCb semil.
A:BaBar
_0 . A Belle prel.
+ . MO —=atr)—T(D —7tmr) 0:005
Acp(n™n™) = 0 e

(D0 — wtm—) + F(BO — o)

-0.005 |-
 Tag initial state as D° or D° using 0.01E
either ; 0015
*k — N — >I<+ 0 —|— _ :.............k A e e
D =D s D" =D Mg 003 62 -0.015 -0.01 -0.005 0 0005 001 0.015 0.02
aind
orr p— DV 4+ ... « LHCD results: CP

AAgp = (—0.34+ 0.15 (stat.) + 0.10 (syst.)) %
AAcp = (+0.49 + 0.30 (stat.) £ 0.14 (syst.)) %
AAcp = (—0.15 + 0.16) %

b DUt + ...

 Measure

AAcp = Acp(KTK™) = Acp(m™m7) . world average:

AAEY = (—0.329 £0.121)%
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5555 AA(p LHCD prompt prel
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[ j A LHCb 2010
E=X1 A BaBar

CHARM 2013

0.01 No EEV
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Searches for CPV by comparing binned Dalitz plots

PhysRevD.84.112008
330k D*—=K"K*1t* in 35/pb

- Compare yields in

CP-conjugate bins @ =T mTmTT277T 11 *F 1|/
3 [ | LHCb fasE LHCb
SZ B NZ . CkNZ §1oooo— N 2_ :
CP T E 5000 |- H1sf
N, 0; [ 17 __
o — _total o\ DL Eo -
Ntota| 1800 1850 mK-l ,Q:?MeVIc: )950 2000 0.5 n11 . (Gev2/c1".)5
*4 o) o) '

+ Calculate p-value for 330k D**—=D°m, D pUUIULY 1/fb
no-CPV hypothesis LHCb 1be arXiv:1308.3189 (201 3)
based on s e, G4 s

= D 5-dim. | -

2 ) 2 %15000;_ Random soft pion _; ' 205
=) (St = 1| “Dalitz” plot, | |
K ok ‘| binned.

- Model independent. |, | 1 J
Many production and m MeVic?

detection effects cancel. g|lso 57k D*+—D°m, D°—= KKt in 1/fb (p=9%)
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Bs—J/P KK for ¢s

d*T(B® — J/YyKTK")

10

dt dS2

CPV-related parameters:

X Z hk@) fk(Q)

k=1

hi(t) = Npe ' [aj cosh (%AFst) + by, sinh (%AFSt)

C 9

rect CPV and CPV in
mixing (very small)

S ~ —sin ¢,

. N
+ ¢ cos(Amgt) + dj, sin(Amyt)]
D =*— cos ¢,
 (no such approximation
k SO, 0K, 1) N ak b, Ck di, A < madep!% the fi) |
1 2cos? O sin? 0, | Ap|? 1 D C =S|
2 | sin? 6k (1 — sin? 0, cos? ¢y,) |A) 12 1 D C -S
3 | sin? 0k (1 —sin? 0, sin? @) |AL |2 1 —D C S
4 sin? O sin? 0, sin 2¢py, | A ALl sin((SJ_ —0)) | LSkcos(dL —9)) sin(01 — &) || Dlcos(dL — )
5 %\/isin 20 sin 20,, cos ¢y, | Ao Ay cos(d)| — do) Djcos(d) — do) cos(5|| —d0) || =S cos(d) — do)
6 —%\/isin 20K sin20, sinp, | |AgA ]| sin((SJ_ —00) || Slcos(d, — do) sin(d, — do) E 0s(0; — do)
7 25in240, | Ag|? 1 —D
8 % 6 sin 9K sin 29# COS @Yp, ’ASAH| COS(5|| — 53) in H — 55) COS(5|| — 55) E Sin(éu — 53)
9 —% 6 sin 6 g sin 26,, sin ¢, |As A | sin(d, — ds) m sin(d — dg) sin(éJ_ —ds) ||.Sksin(6, — ds)
10 % 3cos Ok sin? 6, |As Aol cos(50 —ds) | | Skin(6p — ds) cos(dp — Js) E sin(dp — Jg)
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arXiv:1308.1048 (2013)

— U[D;u*] —T[Dfp~] af N { sl] [ = e Tt cos(AM, t)e(t)dt
meas — — I ap —
U[Dyp*t]+T[Dip=] 2 [ e st Cosh(%)e(t)dt
»=0.02
o
 CP violation in mixing - tiny in the SM
in both Bs and Bg ok
(T IJIJUI\IJI\IJIWIM
« There were some recent hints of non- :
zero Asl at DO.
-0.02 LHCH :
il DO |
« Latest LHCb results: =,
Ay = ( 0.06 = 0.50 £ 0. 36)07 -0.04+ E(()“S) HFAG ,
are (sadly) compatible with the SM. T — 4
-0.04 -0.02 0 0.02
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VELO

+ The VELO gives LHCb the best Vertex resolution (vs
vertex resolution at the LHC. number of traCkS)
. . . . '—'0.04_'|""""""|""|""|""|""|'_
 This is crucial for our trigger, that E : - ]
. B mm 0.101 = 0.001
selects B lde.cays based on t.helr = 0.035, X {B 0591 = 0013 ]
characteristic detached vertices. % 0.03F C (mm) -0.002 = 0.000
LHCD is the only experiment at S f A(mm)  0.094 = 0.001
the LHC whose B trigger can & 0.025} y{lé - 3(5,32 * ggzﬁ .
efficiently select fully hadronic B 0 025_ T
decays. F :
0.015- -
 Also important time-dependent 0.01§—LHCb eliminar =
measurements (see later). 0.005 P Y :
YOSE (s=8TeV E
0:.I L [ | | P I:

Ll | L1l | | L1l L1l Ll | | Ll |
S 10 15 20 25 30 35 40
N
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Long-lived Majorana neutrinos in B* =TT U Wxiv: 1401 5361

~ 10 L L ot I et
" s ~ F LHCb i
) §> = -
S Q8 sk (a) ]
S = [ )
SR I . ]
U"’O',nnn.n ”M J,.mﬂ -

1000 2000 3006 B 4000
m(rt' ) [MeV]
n mass-dependent limit

mass-dependent limit For different lifetimes

(assuming prompt neutrino decay)

- AL AL IR L L
= -6 — 1ps ---+-200 ps
g 10 LHCb
©A6"I""I""I""I"" 5
c [ LHCb 2
= T =)
o p— 4_
E 't
: -
2 ol A
o, R
2 L
O-..I....I....I....I....
1000 2000 3000 4000 5000
. M BT B RS T
Neutrino mass [MeV] 1000 2000 3000 4000 5000
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LHCDb

ca 100,000 b-bbar pairs per second at 14

TeV. Produce all types of B-hadrons (B, 1

Bs, B, B¢, No,...). Even more c-cbar pairs
for charm physics.

- Special geometry to capture as many of
them as possible.

 Vertex detector INSIDE the beampipe for _s.

Sm

‘ T1T2 |_|_’|_

B

extra precision

 Ring Imaging Cherenkov detector (RICH)
that provides particle identification.

* Trigger on displaced vertices - captures
all types of B decays.
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Photon polarisation in b—sy with B*—=K* 11t v

3000 F

S SBS0OF T T T T T
> Q - ]
§2500E % 300 {{'hl I I -
%2000;,_‘ ozo 250} # I ILHCb -
E 1500 = 2000 | | | =
= é 150f- # I*#H#{%##ﬁ I E
:% 500 % 100%— +# I I H’}#ﬁ;}aﬁﬁi *}H-l; ol —
04500 5000 5500 6000 . 6500 O 50@ ll#t# I I A ﬂ*#*#%
M(K7ry) [MeV/c?] - i ! S

| | o < f 40025@310 240 7

- First observation of P violation in 0-15‘ ) E

radiative decays. 0.05F | + LHC =

of .

- Need more theory input to turn this 0.05F { -

into a precision test of the SM. 0 15_ E

1200 1400 1600 1800 i
« Future: B— ¢y (time-dependent) very M(Knrr) [MeV/c]
promising, theoretically clean.
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CPV in charm - time-dependent measurements

CP even Phys. Rev. Lett. 112 (2014) 041801
Z g S
4.8M D—’KK/ = ’ Preliminary _?;’“ﬂd :
S _ e ccondary ]
1.6M D—mum g0 DI =KK™ —feme
= D’—K7n® 3
34 1M D —>§1‘[ k= T b ke
10°
control channel

signal purity > 90% of
for all modes

Ap(rm) = (+0.33 £ 1.06 & 0.14) - 1073 £ Zin"”ﬁh""""'“"“““""l‘“"l"""“""""'"‘”i

- 2 4

Ar(rm) = (—0.33 £0.62 £0.12) - 10~ (e

Results are consistent with no CP violation, and with each
other. They are by far the most precise results for this quantity.
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B K*utu- at ATLAS, CMS and LHCb

200
180

Events / 40 MeV

220

Trrr[rrrr[rrrr[rrrr[rrr [ rrr o rrrr oot
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—e— Data
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5200 5400 5600

m(K*'nwhu") [MeV/e?]

Candidates / ( 10 MeV/c?)

0 CNIS L=521h" f§=7TeV
3 181 0% 8.68 - 10.09 GeV* -+ Data
8 6L Signal yield: 47148 + 272 — Totalft
o I - - Signal
& - -~ Comb. bkg
212k
210
c r
S o
w r
b
i
2
0 ................
5 51 52 53 54 55
MK’ K1) (GeV)
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* o4y o—a | : Descotes-Genon, JMatias,
B_’K U U - |ﬂterpretatlon Virto: arXiv:1307.5683 (2013)

10
- Combining the K*up +o—\ — * . _
observables, and . :H(b _>S€€ ) NG sVt Z Cil)Oilp)

oo 19T oo 05 =1

other flavour
(P1)(4.3,5.68) 036793 01171398 415
0.39 0.04
(Pi)pe 0.155057 —0.0551001  +0.5 [Tyl rrrr oot LN AL L BN LR LB RN I
. :
h SICS Pa)o12) 0.03;:2:-[})3 0172;%%2:}] ~10
P23 0.50%, 0.234% +2.9 4
p y é&;i;ﬁm Brgiess O s £ By BGGREE L E e L L e R P L EEE PR R SEEE 68.3% CL -
I h (Po)ine 033701 008500 41s | ’ | r 5. R
observables suc (o D00 —DsT 07 :1t's the faint broken'
(Piaay 074 0569700 403 L 1 [ 95.5% CL
(Pi)a.3,8.68 1.18%0:35 1.003%0:03  +0.6 ' ' :
as B — U {Fina A s L lines that matter i wsce
. Ploaz 0.4579:21 0.533%00%  —0.4 H :
S Pz ponts - Bt ) R RS EE . 4 i
%) 2, 202030 334+ . .
(P)ia.3.5.68) —0.197008  —08725000 440 1_+ Includes Low Recoil data
(Pl 0217020 —0.34970% 425 !
(Pé)0.1,2) 0.247930 70.084f35’,3; +1.6 I:l Only [1,6] bins
(Pé)iz.a.3 —0.15105%  —0.098700%  —0.1
(P6)(1.3,5.68 0.041018  —0.027100%8  +0.4
0.21 +0.042
. * (Pé)iel 0187320 —0.08979:%2 113
- 3.70 difference
[0.1,2] 12 0 56 U3 _0.030 -
- Pi.as —0.3079% 0.0707942 06 Ay O
it i st Z o
(P)a.3,8.68) 0.58+5:31 0.02079%21 415
from SM C
9 (ArB)0.1,2) —0.02t§-;§ —0.136t§'§;§ +0.8
(ArB)p2.a.3 —0.20550% —0.08170085  —1.1
(ArB)a.3,5.68 0161002 022075155 ~0.5
(ArB) 16 —0.17100%  —0.0357003  —2.0
(Pr)14.15,16) 0075038 —0.3527058 0.6
(P 16,19 —0.71%038 06031030 —0.2 _2 L _
(P2)14.18,16] —0.5010 0% —0.449%9 ,‘,;‘;’ —11
. (P2)j16.10] —0.32400%  —0.37470150  +0.3
® evera t eorIStS (Pi)(14.15,10) 70.184‘;%3% 1_161;%%%2 21
(P1)116.19] 0.707055 1.2637058  —1.1
PL)n 0797030 0779708 +0.0
7 Ll
suggest a flavour gt serd e W
(Pf)1a.18,16] 0187533 00005000 +0.7
. ; (Pi)o o) 0314038 0.000790% 0.8 —4 J -
changing Z’ gauge &= 8 b
(P 16,19] 0.12793% —0.00850005  +0.2
(ArB)[14.18,16) 0.51750% 040475757 +0.5

boson as a possible F——rme—re— —015 —010 —005 000 005 010 015

10°Bg oy, pepe 1604050 1594011 +0.0
H 107 Bp, ity 2.9+0.8 3.56+0.18 038
eX p I a n at I O n Ar(B— K*7) 005240026 004140025 +0.3 NP
Sk 0164022  —003£001 0.6 C7

) Even 4.60 if we consider only the low g region, which is the theoretically best understood.
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The Future: LHCb upgrade

- We need (even) more precision. Need: More luminosity, better trigger.

- Trigger upgrade is crucial as the current trigger would “choke”, the signal
yields would not increase in line with the increased luminosity.

- For the LHCb upgrade we will read out the entire detector at the bunch-
crossing rate at 40MHz, and then use a fully customisable software trigger.
Effectively, the trigger will use the same information as the offline selection!

 This doubles the trigger efficiency for hadronic modes, and provides the
most flexible trigger at the LHC - we’ll be able to react quickly to any new
discoveries. This will be fantastic for flavour, but go far beyond it - we will
have a true general purpose detector for the forward region.

Jonas Rademacker (Bristol) Beyond the Energy Frontier with Precision Flavour Physics at LHCb Collogquium, Brookhaven, 28 Oct 2014 78



Changing the trigger is not al

Silicon Tracker
Si strips _.ubes
(replace all) (replace R/O)

Muon MWPC
(almost compatible)

‘‘‘‘‘
R L RN w0 A= i O N OB OB Ml 0 N D N N R ste s ata omom 'y e oahe omosow b

i RICHes: New Calo 1
photodectors, new M PMTs (reduce PMT 20m :

R/0O, optimised gain, replace R/O)
RICH 1 geometry
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' ' ' + Hr e
Majorana neutrinos in B* =y e arxmm_m@

control channel J/LI)K

- > 600001~ 1 pie .
a = signal window (for
St short-lived N)
% i 15— A
k= - | LHCb
= L (b) ]
SN . . Lo §
0 5200 5300 5400 [ %
N m(JAp K) [MeV] | l l}
T SH ]
Rt it )]
:»:ﬁl TT 4 »II«l IJ|T<

0 5200 5300 5400 5500

m(rpp) [MeV]

CLEO BR(B-
Babar BR(B-
LHCb (0.41fb BR(B-
LHCb 3 fb BR(B

Additional results are available for long-lived N, and as function of N mass.
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¢s from other Bs decay modes™

o0

S

S
I

_OI T . I_
-- By— D; Dy
=0 -
B,— D{ K K'n~
=0 Lo
B;— Dy Dj
=0 e
B — D" D
Bl A~ AlD;
- Combinatorial

600| (a)

400

Candidates / (5 MeV/c?)

\}
o]
=]

?300 5350 5 N 5450
M(D; D;) [MeV/c?]

¢s = 0.02 £ 0.17 (stat) £ 0.02 (syst) rad
arXiv:1409.4619(2014j

) Although closely related, there are subtle differences in the definitions of these ¢s. They share
that they are ~0 in the SM, and sensitive to the same NP effects in the Bs mixing box diagram.
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gamma combination

1-CL

Jonas Rademacker (Bristol)

1.2

0.8
0.6
0.4

0.2

BT — Dh*, D — hh, GLW/ADS, 1fb~! [3]

Bt — Dh*, D — Krrm, ADS, 1fb~! [4]

Bt = DK*, D — K2hh, model-independent GGSZ, 3fb~" [5]
Bt - DK*, D — KKr, GLS, 3fb™" [6]

B°— DK*®, D — hh, GLW/ADS, 3fb™" [7]

B? — DFK®*, time-dependent, 1fb~" [8],

robust

full

LHCb

Preliminary
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The Z(4430) question:

Is this peak in the PY(2S)rT invariant mass, seen first
BELLE in 2008 when analysing B2 (2S)rm K+,
ly a resona

30 ]

Big thing - charged 4-

® quark state
© ®
d)

The problem is that this
Is just the 1-D projection

of a 4-D distribution... 3 s« e s
M(P2S) m)/GeV

Events/0.01 GeV
N
o
T I T
|

-
o

T T T
|

BELLE, Phys. Rev. Lett. 100 (2008) 142001, arXiv:0708.1790.
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The 2-D illustration of this 4-D question

D°— KsTTrt I

resonance
near 2GeV?2?

o / + Data

(% 6000 — . Fit Function

© — Background

o

S 4000

[0

o

n

[0)

3

5 2000

C

4]

O

0 |
0 1 2 3

CDF PHYSICAL REVIEW D 86, m 2( ) / G V2
032007 (2012) (no claim of any r[r[ e

such thing is made in this paper,
it’s a paper about CPV in charm).
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The 2-D illustration of this 4-D question

Structure due
to angular
distribution In
D—=K*(Ksr)rt

— Background

l Fit Function
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7(4430)-p(2S)T in B—(2S)T K+?

10?

[GeV?]

2
Y

plus
" helicity
angles

7(4430)7?—

0.5 T 115ﬁ1

K*(893) K*2(1430) "
...and many other K* resonances
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7(4430)-p(2S)T in B—(2S)T K+?

Belle 2008 BaBar 2009 Belle 2013
1D model-independent (..ﬁvle% egion’

i (K veto reglon) .
PRL 100 142001 (2008)

Z(4430)- N

N

PRD 88, 074026 (2013)

| PRD 79, 112001 (200b.) v

e — 28K o
Sl wew T moments

rrected

With Z(4430)

Events / 0.17 GeV4c*
o

Evers/D 00 Gev

Bkg. subtracted efficiencyoo

AL, i 5: : H & v'~' 3
- : - . T T O ——— 10 16 17 18 19 20 21 22 23
mEvioey 38 4 42 44 4.6 4.8 My =), GeVie

M(y'n) GeV

Coe
T

M(Z)=4433+4+2 Mey  Takes Kt mass distribution asis ~ V(#)= 44855, i MeV
[Z)= 45 mey  (NOK"model) and attemptsto ~ I'2) = 2005 2 MeV
reproduce structure in P(2S)r.  6.40 (5.60 with sys.)
from angular momentum effects.  JP=1+ preferred by >3.4c
Works within statistics.

significance 6.50
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LHCb’s evidence for the Z(4430) in B2p((2S)mK*

Amplitude fit:
>13.90 in amplitude fit for Z(4430) (and
>9.70 for 1+ relative other JP assignments)

!H data”)

Model-independent
Model-indep. description of K* resonances (w/o 2)
incompatible with data, clear excess in Z(4430) region

—_ T T T T T T T 1T | L | T ‘\<' %1600-"'I"'I"'I“"I."
L1000 = - -@-data ' 0.2 = - L JO. .
E | | —=—total fit E I 8 14000: LHCb ':"'¢“
N . S 12000 »pt
< i K'(892) 0 o F
P I ——K S.wave I > 10000 . . e
3 B C ST 3
*é B —— backgrounc 5 8000, ’,-"
= 500~ - K (1410} g so0ok- = LAl :
Sl K (1680) [ ° F4 .~ Efficiency corrected data

L K(1430) 4 g 4000F [ . .

i 5 F|: with model-independent
- I S 2000f [ . .
e — b ... 48 7} descriptionoveriaid
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~ I I I M ' ! I !
1000 -

Phase Motion

Fit where K* amplitudes are allowed to
float, but Z amplitude is described
model-independently by complex
numbers in 6 bins of M(P(2S)n) confirms
resonance-like phase motion

0 S P e = —as D MRS S M

16 18 20
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Tetraguark candidate travels around the world:

LHCb confirms emstence of exotlc How CERN'’s Discovery of Exotic Particles May Affect
Astrophysms

KRB 58 Fxf ) i3 Bl Bk T Z (4430)

LHChZ=EEB&{T> TWSEEFRAF— AN, 4BDTx —IMESUIERITTES 12(4430)7] #ERULIEERSE

SRR T IS s TFERTE L LTz. Z(4430) EUTR. FIRENS7EEICLTES P BIOMETF — ANVEEREILIZBICRB.
UnA&ndfiuduwuaninsaugavaitngasnausiainn Nowa forma materii: potwlerdzono istnienie
MATTY_SCI Aand, Ivmaiaad

egzotycznych hadronow

o - - = g a - - -
atda wias LHOb laiinmsdnunianadiuazlddayaayniasinmdasiaoassuiwns i uaihmimaiiamsiwnsisdyaaguel TO TRZECI RODZAJ HADRONGW, DOTYCHCZAS WYRGZNIANO BARIONY | MEZONY

- - - 4 - . - 1 vy vam - [T} & 1 a - = -
Ufiidnisiiumaduas BaBar anld ddasiasznsianuasiuoulafiudundiin Z(4430) 1iuiiaziage uas exotic hadron Al
agasaaisn

J2UT WM AT 20 TN M WD 2T — anao 13.9 TingY — nanTa (Z (4430 7w NIMINT Ninamn”
JPEIN TAND AT '3 NN DO 0920 7Y TATAND Y0 T qun LHCh -0 DM 90 “awmnee LHCh
11 I

UDIMIN W TN N30T A SKCHGPMMGHT LHCb okoHuaTenbHoO gokasan
peanbHOCTb 3K30TU4YecKoro mesoHa Z(4430)

@ PISTOLA FUMANTE DI UNA PARTICELLA A QUATTRO QUARK I

LHC Beauty Tangkap Z (4430)
Mungkin Tetraquark

SU professors test boundaries of 'new
physics' with discovery of four-quark

LHCb kinnitas tetrakvargi olemasolu
Mystisk partikel udfordrer fysikernes kvarkmodel hadron

Physicist Tomasz Skwarnicki confirms existence of exotic hadron with
two quarks, two anti-quarks

Cac nha nghlen ctru tai LHC xac nhan sw tctp tai cua hat Apr 10, 2014 | Article by Rob Enslin
Tetraquark: tO hop tao thanh twr 4 quark De LHCD heeft ‘t bevestigd: er bestaan exotische hadronen
10 APRIL 2014 DOOR ARIE NOUWEN = REAGEER
ISNA - )
('ﬂ el ’wﬁ-{lf’d /’Jk’ Ay LHCb confirma la existencia de la particula
Iranian Students' News Agency -t P i Z(4430) formada por cuatro quaTkS
il i W] Ol caagmgn 04 b cogmen pw g OIS0 RS 5 29y m8hly Jlosis Sady 2007 Jlos jo Z(4430) 835 wniS weasSh Napaokeun, 11 Ampthiou 2014
el 3gzg0 (sdhio W3y aigd s Slsle LHCh jLWJIS_;t-fJI aslasnl b ayd _pigsS uils O LHCDb empeforcvel Tnv vmepin Lokt copetidiov, LHCb
confirms existence of exotic hadrons
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Event type Etag | 0] Eett |J0]
OS-only  19.80 & 0.23 1.61 + 0.03 £ 0.08
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y Total 67.53 5.07
& 400
2 LHCb —+ Data
2350 Signal B] — DJK*
> 300 I Combinatorial
Z B Ay — ASKLT)
> 250 C A= Dp
2 [ B, - D" (',p")
8 150 [ B, =Dl K™
: ,
100y
S50E
s R i e g
| C ] ~ C T ] I
206 LHCb - odt N R R
=g ] o OO ] - 8
Z 0.4 - e 04b 3 4 . . . :
B : < 7k i 5300 5400 5500 5600 5700 5800
02% + 020 E m(DK*) [MeV/c?]
020 3 3 14 I ]
_04%14? ““““““““‘J““““ ] -0.25 + 1 ('n) i ]
S oaf LHCh 4 1T 08 .
-0.€ [ ] - L 4
I 4 2s0f el - ]
08 a4 200F 1 0.6 7]
3 1 1s0F ’ 4ps] I §
0.6 5 1
s ] s ] 04~ —
0.4 4 100F E B ]
02 4 0f E 02 .
:\ el b b b b b by Ly \: 0 } ‘N { : :
0O 20 40 60 80 100 120 140 160 180 SOé ’ LHCb E - 95, -
ver by 00720 40 60 80 100 120 140 160 180
0 50 100 150 200 250 300 350

Jonas Rademacker (Bristol)

Beyond the Energy Frontier with Precision Flavour Physics at LHCb

Y [°]

7 [°]

Colloguium, Brookhaven, 28 Oct 2014 92



Heavy flavour physics at the LHC

- LHCb: Dedicated flavour physics experiment at the LHC:
« Optimised geometry

RICH particle ID (K/1t separation)

Most precise vertexing at LHC

Dedicated heavy flavour trigger (incl B—hadrons)

Best mass resolution at LHC (for heavy flavour).

- ATLAS, CMS’ heavy flavour skills:
« good u coverage,
- efficient di-muon trigger,
« maximal luminosity. —

|||||||||

- ALICE: Cleanly reconstructs heavy flavour decays,
focussed on using this to study quark-gluon plasma.
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