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; Neubert
Introduction

~3.50 (g-2),anomaly
~ 3.50 non-standard like-sign dimuon charge asymmetry
wesp ~3.50 enhanced B — D™rv rates RD(*)
~ 3.50 suppressed branching ratio of Bs — ¢y u~
~ 30 tension between inclusive and exclusive determination of | V|

~ 3o tension between inclusive and exclusive determination of | V|

!

2 —30 anomaly in B —+ K*u™u~ angular distributions P5,
2 — 30 SM prediction for €' /e below experimental result

~ 2.50 lepton flavor non-universality in B — Kutu~ vs. B — Kete~ RK

!

~ 250 non-zero h— 7u
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Introduction

® A good number of often-cited tensions
® Some will be statistical fluctuations

® But if uncertainties can be trusted some should evolve
into real anomalies

= Worth having a closer look

= Should investigate broadly even if some seem more
attractive than others

® Huge potential for flavour measurements to reveal BSM
physics

= Will not cover all of these today

Theoretical Advances in Flavor Physics January 14, 2016 18/34

(Wolfgang Altmannshofer, Aspen Winter Conference on Particle Physics 2016)

M. Neubert: Heavy Flavour Physics (Introductory Talk) 2
Pippa Wells Moriond QCD Experimental Summary 30
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Spectroscopy

A brief visit to the world of many states



&8 Tetraquarks and Pentaquarks
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® Two pentaquark candidates
discovered in 2015 decaying to |J/Yp

= P (4380), P.(4450) PRL 118 (2017) 022003

= Model-independent 120F + * LHCb

. . 100
confirmation in 2016 3

Candidates/(10 MeV)

80F

® Four tetraquark candidates 60F

.........

i 40f- “
observed decaying to J/PYd N
= First full amplitude analysis L bt
41004\ 4200 (MeV]
= Three new states plus one known suspect o

= X(4140), X(4274), X(4500), X(4700) DDy’ NEW
4 rescattering?



B8 Towards further confirmation

& 200 T TTT T '
. = 1g0E LHCb Preliminary .
o P.(4450) just above 1o ;
2 1oE A=z, oK
Xc1p threshold g M
= 80
. . 260 :
® First observation of 5 o [ &y
Ab—Xc1p and Xca2p R L

LHCb-PAPER-2017-01 |

= Can be used to test exotic nature
of P

® Strangeness hidden charm pentaquark
state predicted to decay into J/PA

= Observed =y — J/PAK decays

® Phase-space analyses to follow

5

40

Candidates/(6 MeV/c?)

m(x  PK ) [MeV/c?]

| 4 Data j
| — Total fit ' LHCb _

- E, signal
- JI 3K LL
- - Comb. bkg.

5700 5800 5900
m(J/p AK) [MeV/c?]
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(). gets excited

VN L | I | | | | | | | | | | | | | _
® 5 new narrow states % 400 | LHCb _
observed in =.K spectrum E I | # + 2K ]
[ — Full fit i
= m = 3-3.12 GeV = I - Background 7
,.q_.c'; 300__ 1 11 Feed-downs
=» [ =[-10 MeV g - H 5 sidebands '
= i . 1 I
= New excited Q. states § 2000 | v i L W Ly
SN T LSRR At i
® Expected feed-down seen (o W | * !
and taken into account 100-§g¥ B
® Sidebands and same-sign I
combinations show no 0

3000

3100 3200 3300

structures m(Z.K ) [MeV]
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CP violation

3 quark generations or more!



CP violation . .. .,
IN MIXIiNg L

C

o

® 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 Ay(B4) & As(Bs)
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| atest results

— — T T | T T T T | T i L=

S I Standard Model i -

%T” L I ....................... L ~.._ \ _'_ ....................... ]

® DO dimuon measurement differs from SM by about 30° O - = -

: : L | = ! ]

= Difficult to motivate by non-SM physics ik = | -

-1~ ¢ : ]

® Direct measurements of a_(B,) & a (B;) show - S .

agreement with SM oF . T ]

F S * | y

® Possible differences in SM contribution to observables? [ LHCb D®uvX -

® LHCDb has best single measurement of a (B,) and a (B,) s Egggﬁg v _.__ﬁ §

_ Belle /] — ' i

- Latest: asl(Bs)=(O'39io'26io'20)% _4 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 ] 1 1

PRL 117 (2016) 061803 -3 2 -1 0 !

el af [%]

® ATLAS now contributing constraints on potential Data (10~?) Mg(lo‘z) Existing limits (20) (107?) Sl"llopr;dicm’n(”[’l‘;z
) L Qo AS |07 +08 005 =023 . <10°

dlreCt CP VIO|atI0n COﬂtI’IbUtIOnS A0S 0.4 ios -0.03 +0.13 _ < 10—2 [19]

. Ab | 25 £28 02 07 <0.1 [951 <103  [96][95]

= Using top decays A 05 +05 —003 +0.14 <12 [94] <107  [19][94]

A% | 10 £10 -006 %025 <60  [94] <107  [19][94]

= No firm conclusion on D0 anomaly yet Ag | -10 11 007 +029 - <107 (971

JHEP 02 (2017) 071
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® Combined BaBar and Belle analysis (I.Iab'l)

® Time-dependent analysis of
= B°— D%’ with D’ = KTTTT decays
e First evidence for cos(23)>0

® Excludes second solution of unitarity triangle fit
20

rrJjrilryrrTrr—

(error XZ.F)):

40 |
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Improving Y precision

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

b S

® BaBar average : 3 ' R
- 08l LHCb_‘

= (70+18)° :
* 0.6~ —

® Belle average : :
R KT i

o
= (73t14) 02 -
. LHCb ° b f 2 L 955%—
improves by factor 0 e e

JHEP 1612 (2016) 087 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 ¥
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& CP violating phase @

® First measurement in
Bs—]/WKK with mkk
above @ resonance

® Preliminary results:

b, = 119 -

:107:

- 34 mrad

Yields/ (0.1 ps)
- 3 2 =

o
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HFAG
DO 8 fb!
68% CL contours
(Alog £ =1.15)
. CMS 19.7 fb !

LHCb 3 fb !
ATLAS 19.2 fb !
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Nature Physics 13 (2017) 391

= CP violation in Baryons-" -+~

f(s) }71'_ (K—) f(s) }7_(_ (K_) :’,

dG) |+ g+ dG) |+ st _ ' -

mt (K1) T (KT) Tslow Ttas

u Aﬁz - ") -

Ay 4d - d P d -~ d P Aa—— .

{b _ } A9 ¢ " } - LHCb Scheme A
Vo VW : }W gL, }W < 20}% @ @ ;-
3 et s (etrrryError
® CP violation has never been measured in baryons E Calo ndf=279012
= F— ]
. . 2 i 1
® Study local triple-product asymmetries 2 20} P s :
0 }ffii """"" by
= in bins of phase space -0 ]
e alpM ’mdf=21.1/12

. : 5 10
= in bins of decay-plane angle Phase space bin
® Triple-products are robust against systematic — ol HO Scheme B -
uncertainties = Olgz g
2 20 : ]
. - +___- o L. D S N - ]
® Angular bins for A,=pTT TT TT show 3.30 deviation “é Coap (*/ndf=20.7/10 -
from no-CPV hypothesis 7 20/ ; ]
. . . . O ;i """ é """ i """""" ii """ i 'i """ § """ if
® Weaker signals in phase-space binning and smaller 20} ;
"Wt~ o gT0dd n2/n qf— ]
No—pTT K'K™ sample pedcp =050 -

1 2 3
13 || [rad]



g 1 2% CPV allowed
MANCHESTER C PV o - |
IN CNarm - —
The University of Manchester 0.8 P :
06 4 Q
0.4f : : ."‘x_
0.2
o
-o.2§ o
-0.4; 30
- . . O A 05 0 08 04 08 08 T 2.
® Mass difference of eigenstates still 0
A ‘.10
60 20

unknown

Arg(a/p) [deg.]

® No sign of indirect CPV

= How long will super-weak constraint
remain valid!?
-60
) -4 06 o 11z 14 e
— Ar now constraint to 3X 10  .xwi7020s40 = T
8 20 SRR
® Some low p- values in tests for CPV in

multi- bOd)’ (D _’41-[) CIGC&)’S arXiv:1612.03207

= Too early to make a claim -
2

02 04 06 08 1 12

X5 (%)



MANCHESTER
1824

Rare decays

Plenty to learn from the not so plentiful



arXiv:1703.05747

LHCb — = B} = u'w
BDT>0.5 S :

BY—

—_ DN
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Candidates / ( 50 MeV/c?)
= > 3 &
I:!III TrrryrrnrtT III| LU 1
oy =
! =)
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=
Ll

e LHCb update with Run 2 data £ AT

: i N T = = - o
5000 5200 5400 5600 5800 6000
m..- [MeV/c?]

® First single-experiment observation
of Bs— yp (7.80) Zosk |/ _— O ho

X
1=
NS

® No significant signal for B4— U
(1.60) 0

® SM looks very healthy here oELLLL

® First measurement of effective
lifetime

= T(Bs—™ U+t ™)=2.04£0.44£0.05ps

—_—
8 LHCb ]

— Effective lifetime fit ]

Weighted B’ — p*u” candidates / (1 ps)

o ! ! ! ! ! ! ] !
0 5 10
Decay time [ps]
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® First direct limit on Bq
decay

= BB, = T'T)<68x%|0"

® \World best limit on B4
decay

= BBy = T T)<2Ix107

® Both at 95% CL

% 10* ==
< [ LHCb
2 10° £
=l
S . — Data |
© 10’ — Total
- = —1 x Signal
10 ¢ — Background
1 :I 11 I IIIIIIIIIIIIIIII I 1 111 I IIIIIIII I IIIIIIII
_ 5
'E‘ -—_____—_—__
g 0
5 1111111111111111111111111111111111111111

arXiv:1703.05208

1824 B _> TT
ity of Manchester S

0 010203040506070809 1

Neural network output
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® | HC analyses based on full Run | L T
data e LHCbdata o ATLAS data i

i = Belledata © CMS data ]

.. 0.5 | SM from DHMV ]

= Awaiting Run 2 updates Tl DAsMfom ASZB -

® |HCb performs full angular analysis °F :
® Belle, ATLAS and CMS use angular ~05F r —}:__’ jm;/?/;
folding, differences in observables, 3 A | E
background treatment and control o s 10 15—
modes > [GeV?/c4]

LHCb: JHEP 02 (2016) 104
Belle: BELLE-CONF-1603
ATLAS: ATLAS-CONF-2017-023
CMS: CMS-PAS-BPH-15-008

DHMV: JHEP 12(2014)125
ASZB: EPJC 75 (2015) 382
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& K*UM and friends

® | HC analyses based on full Run | Lo T
data - e LHCbdata o ATLAS data i
B = Belledata © CMS data ]
.. 0.5 .| SM from DHMV ]
= Awaiting Run 2 updates : B DAsM from ASZB -
® |HCb performs full angular analysis °F :
® Belle, ATLAS and CMS use angular -0.5F r _'17:_' J}W?éﬁ
- - - i 7% ] 1
folding, differences in observables, I e | | ;
-, 1
background treatment and control 0 5 10 15
modes q* [GeV7/c]
LHCb: JHEP 02 (2016) 104
Belle: BELLE-CONF-1603
T 9E I T LB L B
. L T B LHCb 2 ATLAS: ATLAS-CONF-2017-023
Also investigating g .8,_ Mpred. 3 CMS: CMS-PAS-BPH- 15-008
related b—sll channels = £} S
- SE =
T F -+ ++ DHMV: JHEP 12(2014)125
S SE L E ASZB: EPJC 75 (2015) 382
e.g. slight tension in TE E
\mh é | 1 1 1 1 1 1 1 1 1 1 1 1 1 é
BF(B.— z Y BE 10 15
(Bs—=duK) JHEP 09 (2015) 179 & [GeV/ct]
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® Fits with different phase
hypotheses for long-distance
contributions

® Minimal influence on short-
distance branching fraction

= Found to be below SM

= |mproved modelling shows no

significant change w.r.t.

previous analysis of these data

® Scan of Wilson coefficients
disfavours SM solution

® Analyses of other channels
underway

= More complex if hadron not
pseudo-scalar

V/c?)

/
8 852

Candidates / (44 MeV/c
8

g

(44 Me
2 3

Candidates

EPJC 77 (2017) 161
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Lepton flavour universality

A basic principle under attack



Lines of attack

® [ree-level processes
= b—clv:R(D), R(D"), ... in beauty
= c—dlv: R(K), R(K"), ... in charm
® Penguin/FCNC processes
= b—d/sll: R(K), R(K"), ... in beauty

= Charm FCNC remain to be observed

21



R(D), R(D¥), ...

~ T T I T T T T T I T T T T
% i
BaBar, PRL109,101802(2012) 2 N
2 Belle, PRD92,072014(2015) Ax” = 1.0 contours =
o s 045 LHCb, PRL115,111803(2015) == SM Predictions —
® SM disfavoured by 3.90 Bele PRDOTINTONG oo praco@s
Belle, arXiv:1612.00529 R(D)=0.299(11) FNAL/MILC (2015)
0.4 [ Average R(D*)=0.252(3) S. Fajfer et al. (2012) —

® New Belle measurement 035

on R(D*) 03

0.25
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Moriond EW 2017 |

® Many related measurements R
in the making b2 '0|.3' — 'o|.4' 05 06

R(D)
= R(J/psi), R(D**), baryonic 035 [ -

————
- ~<
~

IIIIIIIIIIIIIIII\\IIIIIIIIIIIIII

® Form factors show no strong | N
impact on discrepancy with SM 031
= e
= Bernlochner, Ligeti, Papucci, Robinson, = | (2@)
1703.05330 025 |

——- HFAG (2016) |
L1 SM (others) |
3 SM L=

® Plenty of room for BSM | — o

2 |  R(D)



LU tests in charm

B(Doe Tev,)

® So far only measurements of e
branching fractions

B(D'— K (892) ¢ v,)
B(D'— K (892) u v) B

= All ratios above unity

® Direct measurement of ratio  JG-few | | _
can exploit cancellation of
S 0.9 | 1.1 1.2 1.3 1.4
uncertainties based on latest BF PDG averages Re/M
o Further insight through
q -dependent measurement
® Jo what degree will this be = o =
limited by knowledge of = o
form factors!? |
w . Sfaifer etal,PRD 91 (2015) 094009
¢*[GeV?]
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. :
Moderate tension "o LHCh .= BuBar 4 Belle

W|th SM R L A e L L
a I LHCb :
= LHCb Run | | sb | _'
result l | :
I | :
® VVould be clear S I SM 1
theoretical 055 _'
sighature i Lepton universality violated? i
O- T

® Updates eagerly 0 5 10 5 20
. g% [GeV?/c4]

awaited...
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Riceo =

® Measuring double ratio

B(B°— K*utpu™) B(B°— K*%te™)
BB Koot} BB Koo 205

® Measuring in two bins of q2

= |Low:0.045-1.1, central: |.1-6 GeV/c2
® Using full Run | data

® Veto mis-ID and partially reconstructed
background

® Fits separated by trigger three categories for
electron mode

= Results in good agreement

® Main systematics due to simulation corrections
: 2
and residual backgrounds (for central q bin)

® Cross-checks with various control channels

25

interference

LHCb-PAPER-2017-013

1 S. Bifani
J/c--l'(lb) CERN seminar

i 30’ ago |
P (25)

Long distance

contributions from CC
above open charm
threshold
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® Measuring double ratio

Riceo =

B(B°— K*u*u™) B(B°— K*%te™)
B(B°— K*Jp (- u*#‘))/B(BO% KJpp(—eter))

Candidates per 10 MeV/¢?

1 IIIIIIIIIIIIIlIlIIIIIIlIIIIIlIIIIIII

. , 2
® Measuring in two bins of g )

PACARE MR T A R YR -

Pulls
(=

5200 5400 5600 5800
m(Kmuw) [MeV/c?]

= |Low:0.045-1.1, central: |.1-6 GeV/c2

P;j: I:HCb Preliminary _g

. = 2 lowags t+ @ o Signal —;

® USIng fUII Run I data % s -Combinatorial 3
g B'-X(~YK e 3

® Veto mis-ID and partially reconstructed - E
background T it :

':; 0yt ++++#+++H-++ <|:p+ +++ +t LA § -

® Fits separated by trigger three categories for 3300 3500 5000
m(Kmee) [MeV/c]

electron mode

LHCb Preliminary
----- Signal

I Combinatorial
B A, —pKify
B B K" Ty

K*)/psi(ee)

= Results in good agreement

® Main systematics due to simulation corrections
: 2
and residual backgrounds (for central q bin)

| IIIIIIIIIIIIlllllllllllIIIIlIIlIlllllllIl

Pulls Candidates per 34 MeV/¢?

—
o4t

T TSAC RS U T¥T 7%, LOU.. +"++¢+ PR

0F-# ¥ *+++++ AR R

® Cross-checks with various control channels : T 500 =oon
m(Kree) [MeV/c?
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]..2 B I I I I I I I I I I I I I I I I | I I I I | | 1 I I | | 2.0 [ I I I I
% i ] % -
10 TR S SIS _|
& :If*# : & 150 ]
0.8 . : i
- ) , I | i i N ]
0.6 - _: 1.0 __'f ...................................................... .
i @® LHCh i T 1 B | ]
0.4 B SM from CDHMV - I | ]
N A SM from EOS ] 0.5 B @® LHCb 7]
0.2 ¥ SM from flav.io T . o M BaBar -
- LHCDb Preliminary & SM ;ZE Jca " - LHCDb Preliminary N B:Hear :
OO I i Y i B A S A B R A B S e OO ] ] ] ] | ] ! ] ] | ] ! ] ] | ] ! ] |
0 1 2 3 4 5 6 0 5 10 15 20
q2 [G6V2/C4]  PRD 86 (2012) 032012 q2 [GGV2/C4]

 PRL 103 (2009) 171801

® Preliminary results for R(K*)

low-q* central-g*
R | 0.660 = 31104 0.024 | 0.685 = 3113 +0.047
95% CL 0.517-0.891 0.530-0.935
99.7% CL 0.454-1.042 0.462-1.100
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Outlook

Towards a flavourful future



A flavourful decade

Apr 2017

2017 2018 2019 2020 2021-23 2024-26 202729 et

LHC run-3
LHCb Phase-l upgrade Phase-II

ATLAS & CMS upgrades

LHC run-2

ATLAS & CMS

Belle |l

BESII

NA62

® Plus lots of activity on charged lepton flavour

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

28



R | HCb upgrade

Apr 2017

20112012 2013 2014 2015 2016 2917 2018 2015 2020 202123 202426 202729

LHC run-3

LHC run-4

LHC run-2
LHCb 1 LHCb Phase-| upgrade Phase-I

® With increased luminosity hadron channels would saturate

= Limited by hardware trigger
e Upgrade to allow full detector readout at 40 MHz and increased luminosity: collect ~8fb™ / year

= Requires several new detectors (all tracking plus RICH) design  today
and new readout electronics otherwise 24} -

[ [ |
221y By— J/yo |

P
/

Sq-- e

Trigger yield [rel. to 10 *)

® Full software trigger a3l |
18| A B> oy | 4
5 g . . . - ®@B—-DK | /
= Massively improved trigger efficiencies - i/

= Offline quality reconstruction in trigger
® Maintain/improve current level of detector performance N

LA

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

N =

MENEEERNINANEAENENON ST NS a TN s W)

25 3 35 4 45 5
Luminosity [x10 “cm?s]

UNDER CONSTRUCTION



Future potential

® Pure software trigger will significantly 1200

improve efficiencies, S e
2 | Mot st ettt
= Particularly for soft final states s
= Benefits exceeding increase in luminosity e
® Healthy competition with Belle Il during Ty
LHCb Phase'l Upgrade 100:_NA62 Preliminary K*—>n*n’
12015 Data | /" signal regions
® | HCb Phase-ll upgrade will boost yields by [
. "~ N. Lurkin,
another order of magnitude of Moriond EW 2017
5 5 O 5 40— K*>n'v
= The ultimate precision frontier T ko
20_— \\\\ K* st O (©
® Don'’t forget the kaons... I A [N
A -0.05 0 0.05 0.1

m2,. [GeV?/c?|
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Conclusion

LHCDb has taken over the leading role in flavour physics
No smoking gun signal for physics beyond the SM

Several hints demand more precise and complementary
measurements as well as advances on the theoretical side

*
= New result shown on R(K)
Good chance that strong signals will emerge with Run 2
= First results shown today

Need LHCb upgrades to probe to Standard Model level
precision

Next decade will be flavourful

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