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Two roads to discovery
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New particles = New planets
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ESA/Hubble .



Direct searches

Reach limited by amount of fuel
ESA/Rosetta/NAVCAM



~ Indirect searches @

Look for subtle deviations
in known processes

D. Kipping et al.
Ap] 795 (2014) 25
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Flavour physics:
Fast-tracking discoveries

K’

o K- mixing and smallness of K-y

= GIM mechanism predicts charm quark in 1970
® Kaon CP violation
= KM mechanism predicts bottom and top quarks in 1973
® Charm & bottom quarks discovered: |974+1977
B

L BO- oscillations discovered in 1987

= Requires m, > 50 GeV to deactivate GIM cancellation

® TJop quark discovered: 1995
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Flavour physics:
Fast-tracking discoveries

o KK’ mixing
= GIM meck t
® Kaon CP vio ‘ > :
= KM mech: B v v B
b < < d
\ £
® BO-§O oscillations discovered in 1987

= Requires m, > 50 GeV to deactivate GIM cancellation

® TJop quark discovered: 1995
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SS  Indirect searches

® [wo routes to success

= Rare processes

Small new effects can cause

large relative changes

= High-precision measurements

of well-known processes
Small new effects can cause

large changes w.r.t.
precision of prediction




¥ Flavourful experiments
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Outline

® CP violation
= Selected highlights of small and large asymmetries
® The needles in the haystack
= Rare decays
® A brief visit to the particle zoo
= Other physics areas
® Future directions

= Upgrade programmes



CKM matrix

® Unitary matrix combining flavour and mass eigenstates

d/ Vud Vus Vub d
s’ — Vcd Vcs Vcb

s
b’ Via Vis Vi b m

Down Strange Bottom

® Unitarity relations lead to triangles in complex plane

VudViy ViaViy
ub 41 - =0 i
VoV VoV B4 triangle




CKM matrix

® Unitary matrix combining flavour and mass eigenstates

d’ Via Ve Vb d . . ‘
s/ — Vg V.o Vo S TB%%& l
b’ Via Vis Vi b | v =

Down Strange Bottom

® Unitarity relations lead to triangles in complex plane

VudViy ViaViy
ub 41 - =0 i
VoV VoV B4 triangle

V’U,S r(;kb WS t>ll<)

-1 4 =0 ’
Vv VoV Bs triangle
Vud tl Vub >l(<) o
C I 1 I C — O
VoV VoV D triangle

9 + 3 more



CKM and beyond

Summer 2001
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® Huge success for BaBar and Belle
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o CKM today

e 2010-2020
= Enter LHCDb

® | ooking for these N "
. . 05 - ' y
little ripples caused ; _
by particles beyond " pm m
the standard model gl L



Beauty CP violation
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Measuring Y vl

® Essentially measuring the phase of V,

® | east well measured CKM angle R T E
. . . 05 :—§ sin 28 . -

® Measure CP violation in Wi Bt
= g W, g

B(s)_’ D(S)hX decays “E / %

® CP violation requires the e VN IS
interference of two amplitudes R

® Many different methods CP violation in B-— D(K*TT-T10)TT-

e

S el LHCb 11 LHCb i
s 0 5.30

' i ~.\N‘:irst observation i
’ I{ B'*ln'K’:f’ll)n' 1L B’—’[n’K':t"]Dn' |
- ° -o - { * -

Time mtegrated L O ***%w% ba b gt b ] oot W‘WWM ]

- 5200 5400 5600 5800 5200 5400 5600 5800
an d tim e-d epe n d ent Phys.Rev. D91 (2015) 112014 m(Dh) [MeV/c?]

= Combinations of B
and D decays

Events /( 10 MeV/c?)
o =
I o
_F-"‘—

13
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A multitude of methods

Methods for B*”?—Dh (h=11,K,K ) decays
= QObservables are time-integrated ratios of rates and rate asymmetries

ADS

= Measure favoured B decay with doubly Cabibbo-suppressed D decay and
vice versa

GLW

= Measure favoured/suppressed B decays with D decaying into CP
eigenstate

GGSZ

= Measure favoured/suppressed B decays with D decaying into multi-body
final state including Dalitz analysis

In addition using B;— DK decays

= Need to perform time-dependent measurement of rates and asymmetries



Improving Y precision

® Combining LHCb measurements of B(s)—>DK(*) decays

%

® BaBar average : 3 P ]
- 08k LHCb_‘

= (70+18)° :
¢ 0.6_— —

® Belle average : :
O esdn A i
= (73+£14)° 0ok -
. - 955% AR

® | HCb improves by factor 2 e T T

arXiv:1611.03076 y [°]

® All based on tree decays
= SM measurements

= Access to beyond SM particles through loops in Yy
measurements using B—hh(h) decays

*CKMFitter Summer 2014 15



CP violation . .. .,
IN MIXIiNg L
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® Look for B—I" decays

= Forbidden directly, requires B—B oscillation
® Measure asymmetry of B=1" and B—| rates
= CP violation in mixing
® SM expectation far below current sensitivity
® (Can measure this separately for B4 and B; mesons
= Separate access to Ag(Bd) & Asi(Bs)
e Alternatively look for same-sign lepton pairs and compare I'I" with T

= Measures combination of Ag(B4) & As(Bs)



MANCHESTER

® DO dimuon measurement differs from
SM by about 30

= Difficult to motivate by non-SM
physics

® Direct measurements of ay(B,) & ay(Bs)
show agreement with SM

® Possible differences in SM contribution
to observables!?

® |HCDb has best single measurement of
a5(Bg) and a(By)

= Latest: a (B.)=(0.39£0.26+0.20)%
PRL 117 (2016) 061803

ag [%]

| atest results

I 1 1 1 I 1 1 1 1 I 1 1 1 1 I| I L
'[ 7, Standard Model | ]
ok | = e e E
s i
B 3 '
—1__ y Q : ]
= e :
- Q
B T |
2F s = i ]
HES | :
[ 3 LHCb D®uvX o
- DO DOuvX |
-3 o BaBar D*lv - i
- A BaBar [/ ————
B Belle /I —
_4 1 1 I 1 1 1 1 1 1 1 I I
-3 -2 -1 0 1
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Charm CP violation

ViaV VbV :
C I 1 I C — O
Vv VoV D triangle

~ | | ~0.002 _ /

Hardly a triangle




Charm: hardly a triangle

® Only up-type quark to form D

weakly decaying hadrons } I
. . L 1000 TeV
= Unique physics access Probing highest scales
.. — [sidori, Nir, Perez, ARNPS 60 (2010) 355
® Mixing

= Huge cancellations

= Theoretically difficult
® CP violation

= Predictions even smaller
® Need highest precision

® Huge LHCDb dataset

= Blessing and a curse



EE= Mixing-related CP violation

corr (1)

A

AGi ()

0.04 F
0.02 F
0.00
—0.02 F

0.00 E- -

0 2 4 6 8 20

Measurements based on D' —=KK and D =111 decays
Measure asymmetries of effective lifetimes of decays to CP eigenstates:
= Ar=a,ycosP + xsind = -acpind
Measures ability of both mass eigenstates to decay to CP eigenstate
Prompt D*+-tagged, 3fb" [Preliminary, LHCb-CONF-2016-009+010]
= Ar(KK) = (-0.30 ) ; Ar(TTTT) = (0.46+0.58+0.16) % IO'3
D from semi-leptonic B decays, |J+-tagged, 3 b [JHEP 04 (2015) 043]
= A(KK) = (-1.34+0.77+0.30)x [ 0°; Ar(TTTT) = (-0.921.45+0.29)% 10~
E LHC) prehmmary LHCb-CONF-2016- 009 ;%0-01_— ; FDiEt"ta ~ LHCb Preliminary o +
- | —— Prompt signal
e | T o AN
3 + 2011Up + 2011 Down E ~0.01 ! ﬁ
—8.81_ —— L s —: —0.02— Unbmned LHCb-CONF-2016-010 ]
0:02 f LHCb preliminary Binned_":; 1 ' — ) ' — ' 3 ' tl[ps]
_W_y‘?”#%+___$::::iiiiiii _E % (5)
—8-82 3 + 2012 Up + 2012 Dovn. E ~ 5 \



The Aacp saga’

® What is Aacp?

Aacp = CICP(K—K+) —an(Jr_n'+) = (lmw(K_KJr) — (ll-aw(ﬂ'_ﬂ+).
e e— - - ———————

® |nterplay of CP violation in decay and mixing

. B\ = Al
Aacp = A(lg‘l;, (l +'\'CP<T>> +/\r¥.

® |ndividual asymmetries are expected to have
opposite sign due to CKM structure
AD° = nta, KTK™) = :F%(‘L~s"* — VedViy) (T £6S) — Vo Vi (P F %(51’) .

us ud ub

“after A. Lenz @ CHARM 2013, arXiv:1311.6447 ,, EPJC 73 (2013) 2373



Results

® D*-tagged (201 1+12 data)

Aacp = (—0.10 = 0.08 (stat) £ 0.03 (syst)) %
PRI -~ ————

PRL 116 (2016) 191601

® muon-tagged (201 | +12 data)

Aacp = (+0.14 +0.16 (stat) £ 0.08 (syst) )% .

.”—- ———ttemecet

JHEP 07 (2014) 014
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@ Individual asymmetries
aran(KK?)| = acr( ) + [ap(D) #2017

measure / want /

23



@ Individual asymmetries
aran(KK?)) = acr(k ) + [ap(D) #2017

measure / want /

DO— K-1t*

23



& ndividual asymmetries
aran(KK?)) = acr(k ) + [ap(D) #2017

measure / want /
DO— K-1t*

ap(K11%) /

23



BT ndividual asymmetries
aran(K'K*)| = lacp(K'K*) +aP(D aD(Tl"")

measure / want /
DO K-Tr*

ap(K117) /
k D+ —) K--I-l-+—|-l-+

23



S8 ndividual asymmetries
araw(K'K™)| = lacp(K'K") +aP(D aD(1T+)

measure / want /
DO— K-1T*

ap(K11%) (j

k D+_> K--I-l-+-n-+
20(D*), ap(TT") «—

23



S8 ndividual asymmetries
araw(KKT) | = Tacp(K'KT) +aP(D aD(1T+)

measure / want /
DO— K-1T*
ap(K117) (j

k D+ —) K-.I_l.+_|_l.+

20(D*), ap(TT") «—
R D*— K<t

23




& ndividual asymmetries
aran(KK?)) = acr(k ) + [ap(D) #2017

measure / want /

D= KT assume no CPV in

/ CF final states
aD(K 1T+) /

D+—>KTr Tt

ap(D™), ap(TT%) </
. D+—'K -+ acpi(Ks)

23




S8 ndividual asymmetries
araw(K'K™)| = lacp(K'K") +aP(D aD(1T+)

measure / want /

D= Ke1T? assume no CPV in
CF final states

A (ﬂn)[‘?]
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CP violation

CP violation in decay

o no CPV

0.015 w T
’ o o Autumn 16 E:ﬁ:r I BaBar
® World’s best precision on 0.010 | coFkcer: [ selle
. . LHCb SL KK+77 |~I CDF
charm CP violation b prompt ki 1 et
¢ 0.005 |
4
Approaching 10 precision 35 ) 000 00
o : <
® | HCb dominating the picture 0005 |
57 ¢
® Agreement with CP violation o010 a2
hypothesis at 9% level =
—0.015 1 : :
—0.015 —0.010 -0.005 0.000 0.005 0.010

ind

(? acp
M

ixing-related CP violation

24



S CP violation in multi-body final state

® An unbinned approach

® Need to compare each event with every other
= Computationally challenging for O(IM) events
= Use GPUs to exploit massive parallelisation
= Applied to D’ =TT TT° decays

® Energy test (M.williams, PRD 84 (2011) 054015)

= Test statistic (T) comparing pairwise

weighted distances in phase space

= Compare
DD’
D°<D’
Do

= Expect T~0 (no CPV) or T>0 (CPV)

DO

25

S

e = QD
;.L’ ’ LHCb 140 8
> O =
o]
& D 120 =
& 2 100 ©
+
' 80
= 160
1_.
40
.
I . 20
0- " .4 1 g N o o . PO | O
0 1 2 3
m(n1°) [GeV?/c4]
R | 1 b v b | 8
L7 LHCb |40 3
Q
) D 120 =
& 2 100 ©
B 80
= 460
1_
40
.h”-‘-‘
I ' 20
00 2 2 " 2 l 3 M 3 2 2 " M 2 3 0

PLB 740 (2015) 158 m(n*n°) [GeV%/c?]




S CP violation in multi-body final states

. — "
® An unbinned approach L0 LHCb 14@%
: > D() 0TS
® Need to compare each event with every other ) 4 5
=~ 2| 8100
. . r -
= Computationally challenging for O(1M) events T 80
£ 60
= Use GPUs to exploit massive parallelisation 1 .,
. 0 -0 “
= Applied to D" =TT 1T TT° decays _ 1720
c 05 =0
® Energy test (M.Williams, PRD 84 (2011) 054015
gy ( (2011) 054015) mA(n1°) [GeV/c?]
= Test statistic (T) comparing pairwise ' B .
weighted distances in phase space } 3T LHCb 140%
c B 2
= Compare ) DO Z 1205
DO<—>DO o';\ 2t y 100
A — £ 80
D <—>D = 260
— 1—- -
DO<—>DO [ 1540
: 120
- ~ > 2 PP | P (P | _
Expect T~0 (no CPV) or T>0 (CPV) Us : : =0

PLB 740 (2015) 158 m(n*n°) [GeV%/c?]

25




S CP violation in multi-body final states

—_ T Ty w
® An unbinned approach L0 LHCb 14@%
: > D() 1202
® Need to compare each event with every other o | s
o~ 2= - ]00
. . LI
= Computationally challenging for O(1M) events ¢ | 80
E | =60
= Use GPUs to exploit massive parallelisation 1+ .,
i y
. 0 -0
= Applied to D" =TT 1T TT° decays : ‘ 1720
E 00 PR T i PO S T ;lz ed b :; _O
® Energy test (M.Williams, PRD 84 (2011) 054015
&) test (201D 04015) mA(n %) [GeVZ/c?]
= Test statistic () comparing pairwise ' ' | .
weighted distances in phase space L3 140%
% W20
= Compare O | ] k.
0 O ~ !
D <_)D & 2_ [ 100
=0 =0 N 80
D <—>D = | =60
—_— 1 —
D’<D? - 17740
20
= Expect T~0 (no CPV) or T>0 (CPV) 05— 0

PLB 740 (2015) 158 m(n*n°) [GeV%/c?]

25
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MRS CP violation in multi-body final states

® An unbinned approach

® Need to compare each event with every other
= Computationally challenging for O(IM) events

= Use GPUs to exploit massive parallelisation

. 0 -0
= Applied to D" =TT 1T TT° decays
® Energy test (M.williams, PRD 84 (2011) 054015)

= Test statistic (T) comparing pairwise
weighted distances in phase space

= Compare
DD’
D°<D’

DD’

= Expect T~0 (no CPV) or T>0 (CPV)

25

LHCb

/

A adlaa ol
1 Y.
m?(n n°

o
)/[GeVz/c“]

idates

140

120 2
q¢]
100 ©

80
M0
40
20
0

mX(x 1°) [GeV?/c?]

N w
] T 1] ]

—
1 1] ]

0 A
PLB 740 (2015) 158 m(n*n°) [GeV%/c?]

dates

140
120 =
100 ©

1

and

80

40

20




LHCb-PAPER-2016-044
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No-CPV hypothesis ﬁ’ IBARAREREPRNEE
from permutations with Eso:— LHCb Prehmlnary (@) 3
randomised flavour tags ~ 70F 3
60F E
s0F ;
(S sl P-even :
® D=1 1T T 1T wE
p-value
: : OF (4.6£0.5)%  °
= >-dimensional phase-space % |
2 0 2 4 6
- — I value [10
= Split D and D° (P-even) T ]
BooET ~ T T T T T
: E..E LHCb Prellimina (b) 3
= And by sign of decay 50 R
T0E =
planes (P-odd) 6o
SOF- :
ar P-odd -
202— p-value —
10F- j (0.6£02)% 3

T value [10°]
26



More CP violation



arXiv:1609.05216

B CP violation in Baryons

p
O e ) 1 e )
d () }7+ (KT) d (3) }WJF (K) Tl
. . & .
Ay qd > d P . ¢ > d (P - LHCb Scheme A
b > T U Ab< U = 20*4% ]
" T d } - t v @ } - = ) S— S N [E _____ ]
Vil z = [" | —e - e " ks 20 O 5 TS
. . § 0alol yndf=27.9/12 -
® CP violation has never been measured in baryons =
>ﬁ -
: : < 20¢ TR ;
® Study local triple-product asymmetries o~}----:----§----§- --------------------- gty
20} :
= in bins of phase space e agp ndf=21.1/12 -
5 10
N Ph bi
= in bins of decay-plane angle 5% Space DIl
. . . - LHCb Scheme B
® Triple-products are robust against systematic < 20f E
inti = O E-gggg
uncertainties 5 0 - :
= =20 ]
. - 4 - o S|l 52ndf=20.7/10 E
® Angular bins for A,=pTT TT TT show 3.30 deviation S e ;
. 2 i ]
from no-CPV hypothesis Z 20} : :
O :"i """ i """ i """""" é"""; """ ; "i """ ! """ i":
® Weaker signals in phase-space binning and smaller -20} ;
A—pTr KK | e agp y?/ndf=30.510
b P sample ; ; :

28 || [rad]



arXiv:1610.03666

Strong CP violation

dw 1E \ é

® Look for n® in ¥ e
+ + + — 7l Expected CL,_ = 1 o =

D(S) _}-rl- -rl- 1-[ decays 82 Expected CL 2 & é
05 —]

. -27 04| E

® BF IN SM SIO 03 =
02 —]

: 17 0.1

® Constraints from nEDM =10 O ; 5
B(n—wtn) [x 107]

® Achieved world’s best limit on - .
— 1 =

1" and comparable to best I e e

1 1 0_7; Expected CL::lo E
Ilmlt On n 0.6; Expected CL_+2 o é
0.5 E

® Based on 20| [+12+15 data o
including reconstruction at o !
trigger level for 2015 dat - P
rigger level fo ata (o) [ 10

29



MANCHESTER

1824

Needles in
the-haystack

Precision
needle stack
physics

Rare decays

whoabang.tumblr.com
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® Flavour-changing neutral current decay
= Particular sensitivity to electromagnetic penguins
® Angular analysis can unravel contributions from different physics processes

= Forward-backward asymmetry of muons,

*

= [ ongitudinal polarisation fraction of K,

= Further angular observables,

= Derived observables with reduced

form-factor dependence, o00

Full run-1 data:

400 ~2400 candidates

200

Candidates / 11 MeV/c?

T
+

05200 5400 5600

N JHEP 02 (2016) 104 m(K*w" utu) [MeV/c?]



MANCHESTER
1824

- " 1I——T——T
O o8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8

+

A—_— .
0 5

PRL 11 (2013) 191801

Bs— K'U*U results

® Some slight surprise in Ps’

32
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Bs— K'U*U results

4 —————————r ——————————] o ————r——————————————————
o _
N LHCb i

- SM from DHMYV —

B 0
O o8
0.6

0.4

0.2

0

-0.2
-0.4
-0.6

-0.8 2 —
0 5 10 15 20 0 5 10 15
PRL |11 (2013) 191801 g2 [GeV?/c*] JHEP 02 (2016) 104 ¢ [GeV?/c*]

-I__I+_I.I
;
T

I

|

|

@

|

I

|

|

|

I

F
_{._
+

—f— $

® Some slight surprise in Ps’

® Now measured at higher precision
SM prediction from Descotes-Genon, Hofer, Matias, Virto, JHEP 1412 (2014) 125

32



- v v - { 1
B—= K'utp
B, = opu™ z £ 05
B~ K™ b & 0.0
\
3 l\ - O S . O Fo !
1.0 T | |
f i e ____ e ————————— )
- 1.5 =

Z still possible within indirect ° ’ 10 'S 2

. . q (GeV?)
and direct constraints Descotes-Genon et al., JHEP 06 (2016) 092

Theory perspective

2.1 1.5
ReCM

Straub, LHCb Implications 2016
Re(

® “All [New Physics model] consistency tests™ we
have done so far are nicely fulfilled with 3 fb™
showing robustness of data.” (Matias @ Moriond EW 2015)

® “q” dependence indicates that (unexpectedly) huge
charm effect mimicking Cy'" < 0 at intermediate q°
could solve the tensions as well.” (straub @ Moriond EW 2015)

* Relevant Observables included: B — K*u*pn~ (P12, Pises Frinall 5 large-recoil + low-recoil),

BY - K*utp~ and B° = K%u*pu—, Bg_,x.~, Bg ix.u+u-+ Bssp+p-. AI(B = K*v), Sk« \‘

33 Many more LHCDb results adding to the picture!



Theory perspective

-o-LHCb —m-BaBar —a—Belle

Q:M " Phys. Rev. Lete. 113 (20|4; 51601 LH(I:b

ek
n
I 1
L1 1 1 I L1 1 1

b

0.5
Lepton universality violated?
O PR S SR T (N T ST TR T NN T TR RN S I TR U SR S R
0 5 10 15 20

g% [GeV?/c4]

* Relevant Observables included: B — K*u* (P12, Pices, FLin all 5 large-recoil + low-recoil),
BY - K*utp~ and B = K% u~, Bg_,x., Bg_xu+u-+ Bs—sp+pu-+ Al(B = K*v), Sk= }

33 Many more LHCDb results adding to the picture!
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® Very rare decays
= Precise SM predictions and high sensitivity to BSM physics
: : B(By - ptp™) = (281§ x 1077
® Joint analysis by CMS and LHCb (B =) = —?g) S
N BB —=utn) = (3.9 +]:~1) x 10
® First observation of B.—~ U U _ CMS and LHCb (LHC run I) | ]
+ - % 60 [ —— Data —
o . C — Signal and background :
® First evidence for B4—u M S wof 2
. . é 40 E - - go_n:;nl;tor.ial bkg. _E
® No disagreement with SM S T i e ]
£ 30 =
® Now measure B4/B; ratio, 2ol + ‘ E
lifetime, ... S 1o . ] f
- odh g - bt E
0 o it B 0 —
= Need much more data 000 w200 400 w0 vy

34 CMS and LHCb, Nature 522 (2015) 68
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Bs)— 77T can be enhanced
w.r.t. U\"U~ due to greater

IMAaSSEeS

No existing limit for Bs

Use T* = TT*TT'TT™ decays

B(Bs—T*T7)<2.4%10-3
B(B4— T T1T)<1.0%x103

35

at 90% CL

p-value

1

LHCb-CONF-2016-01 |

0.9
0.8F\%

075 \ &

0.6
0.5
04
0.3
0.2
0.1
0t

LHCDb Preliminary

0 0.001 0.002 0.003 0.004 0.005 0006 0.007

B(B,—~t'1)



LHCb-CONF-2016-012
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A
:
o=
+
-Cl

é 10> E LIHCbI Prellimilnaryl —;
= - Ks—=T1"1T1” double mis-ID £
® Updated limit based on = Tmb-bacl<grou|nd :
201 1+12 data E MWWM mumuh I
® Factor ~50 improvement over o (M)
previous 40-year old limit
= 5.8%107 at 90% CL 5
. - 0.95 : LHCb Preliminary —:
® Headline result of a growing
programme of strange physics :
at LHCDb 0.85 .

1 1 1 1 1 1 ]
0.8 5 m s
B(Kg—uw) x10’
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A brief visit to the particle zoo

Other physics areas
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| HERA PDF
Exotica - measurements

X(3872) Central exclusive
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shower counters

P Associated ¥

O DI Elect k bhysi W/Z production
Spectroscopy ectroweak physics

Ridge analysis violation

Forbidden decays e
Heavy ion collisions M T decays

p-Pb collisions
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MANCHESTER

WSS Tetraquarks and Pentaquarks

Phys. Rev. Lett. I |5 (2015) 072001 PRL 117 (2016) 082002
C\'J_' [T | | | i 103 >~
E 26r E §Ft( A(-2InL) 1 H )
-—-\% 24 ;_ _; 102 = Bif. Gaussian fit
A B ;
i : LLHCb
20 10
- data
18 ]
16 -_I | 1 | ' _- 1
2 3 4 5 6 217 4 42 44 46 48 5 LAl 1 . 1 . 1 . 1. 1.1
mip [GeV?] 220 0 20 40 60 80 100120 140160 180

® Jwo pentaquark candidates

discovered in 2015
arXiv:1606.07895

. S\ -
= Model-independent 2 f + _
confirmation in 2016 % 00
Z% 805— .
® Four tetraquark candidates oF S
observed decaying to J/Pd T
0 R &
E ‘-"ofi A "’;';-
. . . 0 [ 3
= First full amplitude analysis 410T4200 430WZ3°¢ MeV]

= Three new states plus one known suspect
D:Ds" cusp? NEW

39



arXiv:1610.02230

Charm production

® [atest addition: 5 TeV < "
O 1
® Complements measurements at 1 =
q 10
/TeV and |13 TeV X g
< 6
® Powerful constraints of gluon :
PDF at IOW X (}()*’ 107 | 104 - 1)0(‘

O<pT<I8GeV/c,2I<y<4.5 | LHCb ® AISO imPrOVGS

Vs =5TeV .
LHCb D° —— atmOSPheriC %
= neutrino ©
~ background

FONLL

prediction at

U S very high
0 500 1000 1500 2000 | |
o(pp — ccX) [ub] energies 10° 10° 10* 10° 10° 107 10° 10° lo'ém“ 10"

[GeV]

POWHEG:NNPDF&OL
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—+— Data(u*)
W+bb
tt

- W+cc

B Background

arXiv:1610.08142

Top production

New measurement of tt production in forward region

Based on Y + b-jet reconstruction

b and c jet tagging

= 2 BDTs, secondary vertex detection, corrected mass JINST 10 P060I3

Combined with W+b,c production (asymmetry) measurement

Uncertainties comparable to theory

0

05 1
j, BDT(blc)

~20

R ;
{1 S 16f
eV 7 214:— S

j &12F

0

0.5 1
j, BDT(blc)

LHCb, {s=8 TeV e MCFM CT10 [JData ,
[ Data
o(W*+bb)
o(W +bb) — —
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1L I 1L 1L 1L I 1L 1L 1L I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
o [pb]
o(W*+cT)
O(W+CT) e - : | |
o 0z o3 i
o [pb]
o(tt)
I 1 1 1 I 1L 1L 1L I 1L 1L 1L I 1 1 1 I
0.02 0.04 0.06 0.08 0.1
o [pb]

41



LHCb-CONF-2016-006

Higgs production

® Can LHCDb see the Higgs!?

= One day maybe

® Searches in decays to bb and

cC

= bb has potential with

LHCDb upgrade

= cC in SM will be
challenging

42
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Future directions

Upgrading flavour experiments



A flavourful decade

Nov :20 |6

2019

2020 2021 2022 2023 2024 2025 2026

LHC run-3 LHC run-4
LHCDb Phase-l upgrade

| ATLAS &
CMS
upgrades

2011 2012 2013 2014 2015 2016 2017 2018

LHC run-1

LHC run-2

ATLAS & CMS

Belle |l

BESIII

® Plus lots of activity on charged lepton flavour

= MEG, mu3e, mu2e, COMET, g-2, ...
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LHCb upgrade

‘ 012 2014 J 2027

LHC run-1 LHC run-2 LHC run-3 LHC run-4
LHCb ' 1 LHCb Phase-l upgrade

Nov 2016 "

® With increased luminosity hadron channels would saturate

2024-2

r)\

Q\

1S

M

2020 2021 2022 2023

= Limited by hardware trigger
® Upgrade to allow full detector readout at 40 MHz and increased luminosity: collect ~8fb” per year

= Requires several new detectors (all tracking plus RICH)

and new readout electronics otherwise design today

24 L) ¥y

® Full software trigger

'_é ‘ Y B J/yo

% B xx
= Massively improved trigger efficiencies € 1si | A B oY

§ ® B8-»DK

= Offline quality reconstruction in trigger

9

)

>
(R LB R R

® Major construction project
= Vertex Locator and RICH built in UK

® Maintain/improve current level of detector performance

\

o -
o . "

-
e -

3 s N a5 :
Luminosity [x10 “ecm“s )

Phase-1b consolidation and Phase-ll upgrade planned in LS3 and LS4

U\‘I)]‘ R CORNSTRUCTION



Conclusion

e LHC(b) now taken over‘le' ng role - physics

e No smoking gun S|gnal fo ,E ' SM

plementary
theoretical side

(1’:./' 4

 with run-2

= Several hints dema Fﬁ
measurements as w%%

® Good chance that strong
= Stay tuned for latest updz e
e Need LHCb upgrade to probe to Standard Model | sion

® Next decade will be flavourful

= Belle Il, BESIIl, COMET, g-2, LHCb run-2, LHCb upgrade(s),
MEG, mu2e, mu3e, NA62




Conclusion

,'r,v ;";
e | HC(b) now taken over leading role in flavo

e No smoking gun signal for physies be

= Several hints demand more p!'g sea
measurements as well as advances oNn the theoretical side

® Good chance that strong S|gnals wﬂl"‘emerge with run-2
= Stay tuned for latest updates 2t CKM

® Need LHCb upgrade to probe to Standard Model leveli

® Next decade will be flavourful

= Belle II, BESIll, COMET, g-2, LHCb run-2, LHCb upgrade(s),
MEG, mu2e, mu3e, NA62



