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WHY FLAVOUR? tu

» Flavour sector enables many null

tests of Standard Model (SM) [HFLAV summer 2018]

o C T T T T T T T — T T ]

» e.g. CKM triangle unitary? O 05 T L bty Ax’= 10 contours E

as N LHCb, PRL115,111803(2015) ———= Average of SM predictions _

: 0.45 £ Bl PRLIISALIOIG0L)  RD)=0299 0003 E

> SM SuppreSSIOnS SUCh as CKM u LHCb, PRL120,171802(2018) R(D*) = 0.258 = 0.005 ]
) 04 :_ [ Average _:

and GIM lead to a variety of | :

. . 0.35 mall EPte —
interesting rare decays : l | :
03~ ]

— excellent probe for NP : l E
0.25F -

» Anomalies have been observed 0oE merrrab
B c 1 | . R T

. . . 0.2 0.3 04 0.5 0.6

» inb — cfv with tvs. light R(D)

leptons and .
P Difference between world average

> inb — s¢¢ decays (p vs. e) and SM predictions at 3.8¢

See talks by D. Bardhan and G. De Nardo

Stefanie Reichert, TU Dortmund 2



https://hflav-eos.web.cern.ch/hflav-eos/semi/summer18/RDRDs.html

DIRECT AND INDIRECT SEARCHES

» So far, no sign for new
physics (NP) in direct
searches e.g. leptoquarks

» Indirect searches allow to
probe NP models to
much higher mass scales
than currently accessible

1.5
1.0

» NP could aftect 0.5

» angular distributions,

» branching ratios, ...

Stefanie Reichert, TU Dortmund
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-029/index.html

WHERE TO LOOK FOR NEW PHYSICS b

» QOver-constrain CKM triangle to ensure its unitarity;
mixing and CP violation in B decays
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» Mixing and CP violation in charm decays

» Rare decays as strong SM suppression could be lifted by NP

Stefanie Reichert, TU Dortmund 4


http://ckmfitter.in2p3.fr/www/results/plots_ichep16/ckm_res_ichep16.html

CKM and CPV

See talk by M. Alexander il See talk by J. Garcia Pardinas



CKM TRIANGLE AMBIGUITY tuU

» Measurements of sin(2f3) from

0 0 .
B” — JlyKg decays allow to infer [arXiv:1804.06153 [hep-ex]]
20 with a two-fold ambiguity: ———
2P and -2 - 120000 (A ———— W(782)
~ o0l |\ e £>(1270)
» Resolve ambiguity in CKM C\% 00000 4\ ] 5(1450)°
triangle by measuring cos(2f) O 8000- — T 7 7w 5-Wave
[ arXiv:1804.06152 [hep-ex], =
arXiv:1804.06153 [hep-ex] ] 3 60001
0
> Time-dependent Dalitz plot = 4000
. O (*) O . c
analysis of B® — D'’h” with W 50001
D — Kntn~decays

_ | 7=
(notation includes D° and D") ). 2.0

» Combined BaBar and Belle
datasets of 1.1ab-1 at Y (4S)

Stefanie Reichert, TU Dortmund 6


https://arxiv.org/abs/1804.06152
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sin(2f) = 0.760 = 0.034 [JHEP 11 (2017) 170]

Compatible with world average

sin(28) = 0.691 + 0.017 [HELAV]
and LHCD result

Stefanie Reichert, TU Dortmund

KM TRIANGLE AMBIGUTY C U

» Results in

sin(2f) = 0.80 = 0.14 + 0.06 = 0.03
cos(28) = 0.91 +0.22 + 0.09 + 0.07

» Significance of cos(2p)> 0
exceeds 3.7¢0

> Alternative fit yields
p=0225£44+1.2x0.6)
— observation of CPV at 5.1¢
in B - DWhY decays

» Excludes ambiguous solution
7/2 — B = (68.1£0.7)
at level of 7.3¢


https://arxiv.org/abs/1804.06152

CKM CONTINUED tuU

» Extracty from B* - DK* withD — Kz"z~and D — K’KTK~
decays [arxiv:1806:01202 [hep-ex] With 2fb-1 LHCb data (Run 2 update)

> Fit to extract cartesian parameters x, = rzcos(dz £ y) and

v+ = rgsin(dgz * y) using external input from CLEO

_H
@ T [

0.1 LHCb ‘ _

» Non-zero opening angle between
(x,y.) and (x4, y+) equals 2 y

» Maximum likelihood fit to extract
underlying physics parameters

[arXiv:1806:01202 [hep-ex]

0.1 BY

il I ! ! I _]

» For 0° <y < 180r 0.1 0L,
o +11° 0.013 — 101°+11°

Stefanie Reichert, TU Dortmund


https://arxiv.org/abs/1806.01202
https://arxiv.org/abs/1806.01202

CKM COMBINED tu

— - | g i B decays
S LHCb H )
— 08 L Preliminary _ | - B decayS
i 1 P B decays
0.6 B Combination
TR Y e B
0.2 -
N
0 50 100 150
I y [°]
_ +5.0\° . . -
y = (74.0%5%) y is becoming a precision
measurement

Stefanie Reichert, TU Dortmund 9


http://cds.cern.ch/record/2319289/

ROOM FOR NEW PHYSICS? tuU

» Quantify new physics (NP)

contribution in terms of 5=
] m-o = =
complex amplitude 2 F UTrit
i summeri6
0| z7SM+NP | R0 B - o
2 _ (B |Hee " | Bg) 51 2:""‘ =
B - — _
: (By | Hei' | Bg) : i
oF T
I =
: i s
> Fit result [UTfit for ICHEP 2016] 5F s
E 5
Cp, = 1.03+0.11 10f-
= (-1.8£ 1.7y
¢Bd ( ) 1500 T e T e e
compatible with SM expectation CBOI

Stefanie Reichert, TU Dortmund 10


http://www.utfit.org/UTfit/ResultsSummer2016NP
http://www.utfit.org/UTfit/ResultsSummer2016NP

MIXING AND CPV IN CHARM hJ

» Update of charm mixing and CPV parameters in D° - K*z~
decays [pr D97 (2018) 0311011 on 5fb-1 of LHCDb data

No CPV in Charm
observed yet!

» Wrong-sign (WS) and right-sign (RS) decays

Suppressed Favoured
DO WS K+ P DO RS K~ 71'+
Mixing Favoured Mixing Suppressed

» (CP-averaged time-dependent ratio of WS to RS

X +y ’
R(1) ~ D"‘\r}’ | <_>

T

Stefanie Reichert, TU Dortmund 11



http://dx.doi.org/10.1103/PhysRevD.97.031101

MIXING AND CPV IN CHARM hJ

s mmm™@™@™m™—™——@m™——————r 77| |77 ]
L LHCb (a) CPVallowed } (b) No direct CPV } () NoCPV ] ©
S i T 1 =
: ‘\ €~ ‘\ o ()
L oF ' T “s N ‘3\ ] 0|
— L . . L . —
— ) [ ] o
- 3 L 3 - N
~SF T y 1
[ +99.7% CL ] o~
B --Dles3% L 1 --p%683%cCL I o955 CL 1 A&
| — D68.3% CL } —DY68.3%CL } —683%CL ] &
3' M BRI I T RENPIU ST NN ST S T N T T S N N A MNP R R R —
~0.1 0 0.1 ~0.1 0 0.1 ~0.1 0 0.1
x[107]
CP symmetry no CP symmetry
x?=3.9+27)-107 Ap,=(=0.1%£9.1)-107°

y' = (528 £0.52) - 1073 1.00 < |¢g/p| < 1.35
R, = (3.454 £0.031) - 1073

Stefanie Reichert, TU Dortmund ‘NP could enhance mixing parameters| |,



http://dx.doi.org/10.1103/PhysRevD.97.031101

CPVIN RARE CHARM

» Short-distance contributions to inclusive DY — Xu*u~ decays
(FCNCs) sensitive to NP

» Distinguishable from long-distance contributions by studying
kinematic correlations and CP asymmetries [arXiv:1806.10793 [hep-ex]]

» Measured on LHCb’s 5fb-! dataset

I'(cos Hﬂ > 0) —I'(cos Qﬂ < 0)
Arp = ['(cos6,>0) +I(cosb, <O0)
A ['(sin2¢ > 0) —I'(sin2¢ < 0)
29 ['(sin2¢ > 0) +I'(sin2¢ < 0)
Ay = (D — h*h~ptu™) - F(IEO — h"h™p"u™) [Negligible Acp expected
I'(DY - hth—utu—)+I'(DY - h*th—utu-) |in SM but sizeable in NP

Stefanie Reichert, TU Dortmund 13


https://arxiv.org/abs/1806.10793

CPV IN RARE CHARM tu

» Short-distance contributions to inclusive D° — Xu*u~ decays
(FCNCs) sensitive to NP

» Distinguishable from long-distance contributions by studying
kinematic correlations and CP asymmetries [arXiv:1806.10793 [hep-ex]]

» |Time- and phase-space integrated:
Apg(D® = 7tn utu™) = (+3.3+£3.7+£0.6) %
A2¢(DO —>atnutu ) =(-06£37£0.6)%
Ap(D° = wtnutu™) = (+4.9+3.8+0.7)%

Arg(D’ > KYK utu ) =0+ 11+x2)%
A2¢(DO > K'Kutu)=0x11£1)%

Negligible Acp expected
Acp(D’ - KK putpu ) =011 £2)% in SM but sizeable in NP

Stefanie Reichert, TU Dortmund 13


https://arxiv.org/abs/1806.10793

Rare decays

See talk by M. Ranos Pernas See talk by J. Albert See talk by C. Lazzeroni
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L AVOUR ANOMALIES tu

» Tensions seen in differential branching fractions and angular

dB/dq? [107 x ¢*/GeV?]

observables in b — suu decays

Courtesy of Tom Blake

B .CSR Lattice -o-Data —
—r 1 11 1 111

e [[HCbdata © ATLAS data

+ o= i

b"—K uu i = Belledata © CMS data ]

4 LHCb - [ SM from DHMV ]
. V) SM from ASZB ]

3 —: B — -
=+ +++++ . ~ B
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N ] ;34}; % J@
1= — ~ i
- [JHEP 1406 (2014) 133] - -
T T T B B L
% 5 10 15 20 10 215 '
qz [Gev2/c4] q [GeV~/c?]

[arXiv:1805.04000 [hep-ex]] [JHEP 02 (2016) 104]

[PL B781 (2018) 517] [PRL 118 (2017) 111801]

Stefanie Reichert, TU Dortmund 15


https://arxiv.org/ct?url=http://dx.doi.org/10%252E1007/JHEP06%25282014%2529133&v=9b66f77c
https://www.sciencedirect.com/science/article/pii/S0370269318303149
https://arxiv.org/abs/1805.04000
https://link.springer.com/article/10.1007/JHEP02(2016)104
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.111801

FLAVOUR ANOMALIES

» Further tensions observed in related tests of lepton flavour

universality

-o-LHCb —mBaBar —a—Belle
e B L

1 1 1 I 1 1
[ PRL 103 (2009) 171801, ILLHCDb
PR D86 (2012) 032012 ]

. &
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[PRL 113 (2014) 151601]
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» 2.60 iIn Ry and 2.1-2.30 (2.4-2.50) for low (central) g2 in Ry

Stefanie Reichert, TU Dortmund
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.032012

FLAVOUR ANOMALIES tu

» Further tensions observed in related tests of lepton flavour

universality
As of beginning of 2018, T S oo :
CMS saves ~1010 B decays by SR
triggering on other B , _HP I _— _
In event to measure LFU ratios. o A BP
Aims for competitive oF woos
measurement. [LHCC 134] OOLHCb UHEP05 (201700351 ¢ jo

0 1 2 3 4 5 6
> [GeV?/c]

» 2.60 iIn Ry and 2.1-2.30 (2.4-2.50) for low (central) g2 in Ry

Stefanie Reichert, TU Dortmund 16


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.151601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.103.171801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.86.032012
https://indico.cern.ch/event/685792/contributions/2812971/subcontributions/243416/attachments/1657829/2654688/lhcc_may_2018.pdf

FLAVOUR ANOMALIES

» Anomalies in b — s£¢ decays show conclusive pattern

] Angul%ar Qbservables Py

2’|:|A1I

LHEP 06 (2016) 092]

Stefanie Reichert, TU

........ ' Branching} Ratios
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https://arxiv.org/ct?url=http://dx.doi.org/10%252E1007/JHEP06%25282016%2529092&v=642aa465
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.055008
https://arxiv.org/ct?url=http://dx.doi.org/10%252E1103/PhysRevD%252E96%252E095034&v=fe58f748
https://arxiv.org/abs/1704.05447

FLAVOUR ANOMALIES tu

» Anomalies in b — s£¢ decays show conclusive pattern

st Branchlng Ratlos “““ - . 68% CL
<=ty 02 [
SN y =5 0. 1
S |
= 0. - OSM
) ‘
= 3 -o. | [PRD 96 (2017) 055008]

Various approaches to global fits all prefer lowered Cy value
- great interest in further measurements of b — sff decays

. [N
_37 \\\\\\\\\\ [ L fL | ).JJI 1 1 |k 01%71; 003+(§)1166 :
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Co N [ 8—‘
It =,
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== l <
© : : $ —0:5 —— LFU observables
1o O ----- b — suu global fit
H < 10 all
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\
VY Q x > fl, — T T T T T T
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https://arxiv.org/ct?url=http://dx.doi.org/10%252E1007/JHEP06%25282016%2529092&v=642aa465
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.055008
https://arxiv.org/ct?url=http://dx.doi.org/10%252E1103/PhysRevD%252E96%252E095034&v=fe58f748
https://arxiv.org/abs/1704.05447

NEW CMS ANGULAR ANALYSIS hJ

» Angular analysis of BY - K u*u~ decays [arXiv:1806.00636 [hep-ex]] ON
20.5tb-1 CMS data recorded in 2012

» One-dimensional differential decay rate allows to extract Agg
(forward-backward asymmetry) and Fy (contribution of
(pseudo)scalar and tensor amplitudes to decay width) in g2-bins

CMS 20.5 b (8 TeV) , sCMS 20.5fb' (8 TeV)  —

[==] = m * | ?
< 04 4 Data N} + Data P
§ - a,

R - — DHM v
02 1= Y =,

B l + 0

0 —— —+— -+ - ©

B 0.5 — 8
-0.2 O
: T FUNNE
_0.4 -_ 0 e L PR S—— i—‘—l =*= "_.;
B | T T T e T TN T | | | T T T e T TN T S| | I T T T o

0 5 10 15 20 0 5 10 15 20 <

q* (GeV?) q* (GeV?) <

» Compatible with more precise LHCD result [jHEP 05 (2014) 082]

Stefanie Reichert, TU Dortmund 18


https://arxiv.org/abs/1806.00636
https://link.springer.com/article/10.1007/JHEP05(2014)082
https://arxiv.org/abs/1806.00636

NEW CMS ANGULAR ANALYSIS tu

» Angular analysis of BY - K u*u~ decays [arXiv:1806.00636 [hep-ex]] ON
20.5tb-1 CMS data recorded in 2012

» One-dimensional differential decay rate allows to extract Agg
(forward-backward asymmetry) and Fy (contribution of

(pseudo)scalar and tensor amplitudes to decay width) in g2-bins
CMS 20.5 b (8 TeV) CMS 20.5 b (8 TeV)

n — DHMYV

[arXiv:1806.00636 [hep-ex]]

» Compatible with more precise LHCD result [jHEP 05 (2014) 082]

Stefanie Reichert, TU Dortmund 18


https://arxiv.org/abs/1806.00636
https://link.springer.com/article/10.1007/JHEP05(2014)082
https://arxiv.org/abs/1806.00636

b — dZ¢ TRANSITIONS

» Due to b —» s£¢ anomalies,

)
-

(@]
)
. . . S 25
increased interest inb — df?¢ =
= 20
» Similar patterns observable < <
In b — d transitions? >
210
» Evid for B® > B0yt~ E
vidaence 10r b, — u u S s
(v}
O

[arXiv:1804.07167 [hep-ex]] Feported
by LHCb on dataset of 4.6{b-!
with a significance of 3.4¢

» Branching fraction determined
to be
BB - K %utu)=29+1

Stefanie Reichert, TU Dortmund
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[arX1V 1804 07167 [hep ex]]
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LFU TESTS IN RARE CHARM DECAYS Preliminary hJ

» Hints towards violation of LFU in b — s¢# and b — ¢£v decays
» What about LFU tests in rare charm?

» LHCD published first observation of D’ - K~z*u*tu~ with
RBDt > K ntutu™) =(4.17+0.12+0.40) - 107 [PLB757 (2016) 558]

» BaBar reports electron final state observation on 424{b-!
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7
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https://indico.cern.ch/event/686555/contributions/2986951/attachments/1682198/2703903/fwilson_ICHEP2018_FCNC.pdf
https://www.sciencedirect.com/science/article/pii/S0370269316301022

LFU TESTS IN RARE CHARM DECAYS Preliminary hJ

» Hints towards violation of LFU in b — s#¢ and b — ¢£v decays
» What about LFU tests in rare charm?

» LHCD published first observation of D - K=zt~ with
RBDT - K ntutu™)=4.17+0.12+0.40) - 107® [PLB757 (2016) 558]

» BaBar reports electron final state observation on 424{b-!

— branching fraction measured to be
BDT - K ntete™) =(3.95+0.53£0.16 £0.08) - 107°
in 0.675 < m(ete™) < 0.875 GeV/c?

» Branching fractions of both final states agree
— no hint at violation of LFU in this channel

Stefanie Reichert, TU Dortmund [Talk at ICHEP 2018] 20


https://indico.cern.ch/event/686555/contributions/2986951/attachments/1682198/2703903/fwilson_ICHEP2018_FCNC.pdf
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LFU TESTS IN NOT SO RARE CHARM DECAYS hJ

> Measurement of D — z=©u*y decays and test of lepton
flavour universality [arxiv:1802.05492 [hep-ex]] at BESIII in b — ufv

» Signal/background discrimi-
nation with missing mass 600

i R e
: :
» Branching fractions 400~ "
BD° — 7pty,) = (0.267 £0.007 0000 % < 299 = .
BD* - 2%uty) = (03420011 £0010% = | ]
. : O | ] e e e s e * = =
combined with results on S D' nlutv, D* — °z*K
_ < 300
DM — 7z=O¢ty  decays g
=

2
[PRD 92 (2015) 072012 (PRD 96 92017) 012002) ] 00

to test for LFU 100

(arXiv:1802.05492 [hep-ex]]

-0.2 0.0 0.2 04
Stefanie Reichert, TU Dortmund Mlzniss (GCVZ/ 04)
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LFU TESTS IN NOT SO RARE CHARM DECAYS hJ

> Measurement of D — z=©u*y decays and test of lepton
flavour universality [arxiv:1802.05492 [hep-ex]] at BESIII in b — ufv

» Signal/background discrimi-

nation with missing mass 600
. 400}
> |Results on LFU ratios: ~ I
"é 200} =
R’ =0905+0.027+0.023 |5 L
S =
R* =0.942+0.037 £0.027 |2 300f 2
2 20 X
— compatible with SM 100k 5
C <
at 1.9(0.6)c of 508 . £
-0.2 0.0 0.2 04

2 2/, 4
Stefanie Reichert, TU Dortmund Mmiss (GeV7/cY) 1
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SUMMARY tu

00000000000000000000000000000000000000000000000

» Rich flavour physics
programme at LHCb, BESIII
and B factories - increased
interest of CMS and ATLAS

» Anomalies in b — s£¢ follow
consistent pattern
— lowering Co by around 25%
with respect to SM

FL AVO U R » Tensions with respect to SM

expectation also seen in b — cfv

Stefanie Reichert, TU Dortmund 22



BELLE 11 IS RAMPING UP AND HAS ‘REDISCOVERED" B MESON hJ

llllllllllllllllllllllllIlllllllllllllll
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https://twitter.com/belle2collab

OUTLOOK tu

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» LHCDb upgrade scheduled in 2019-2020

. . . . _2 _1
— increase in luminosity after shutdown by factor 5 to 2 - 10*3cm™?s
2017 2018 2019 2020 2021 .
Q1 EQ2503504 Q1 5025Q3EQ4 Q1 EQ2503504 Q1 5025Q35Q4 Q1 EQ2503504 ,Jé
' ' &l
Belle I Start of Data taking period ~5ab q)‘
*
LHCb ~ 8 fb-1 E
o0
2022 2023 2024 2025 2026 %
Q1 5025Q35Q4 Q1 EQZEQSEQ4 Q1 EQ25Q35Q4 Q1 EQZEQSEQ4 Q1 EQ25Q35Q4 2
n o
Belle Il ~50ab' End of Data taking period )
A D~
LHCb ~ 22 fb o
2
2027 2028 2029 2030 >§
Q1 EQ2EQ3EQ4 Q1 EQ2EQSEQ4 Q1 EQ2EQ3EQ4 Q1 EQZEQSEQ4 —
*
LHCb ~ 50 fb-1 End of Data taking period

» With Belle II, upgraded LHCDb detector and increased interest of ATLAS and
CMS in flavour physics, much more data to analyse!

» Upcoming years will shed light onto nature of anomalies!
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https://arxiv.org/abs/1709.10308

Thank you
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WILSON COEFFICIENTS

p-ph iE

» Effective Hamiltonian for b—sll processes

arXiv: 1606.00916 [he

4G g
Mo = =5 Ve gy Z“ /
Wilson coefﬁc1ents \
Oy = (5%, PLb)(I"0)

O10 = (57, PLb) (Iy"v5¢)

» New physics modify Wilson coefficients C; = C?M + CNP
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WILSON COEFFICIENTS
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Spectrum

Photon pole / .

enhancement J/w(éS) S;)?cl)natcehdarbrzon' m

(no pole for / W u
resonances.

B Fes decays) w (|2 S) (vetoed in data)

Cé/) and 01(8

Long distance
contributions from CC
above open charm
threshold

Cé/)cg(/)

interference

Form-factors

com LCSR Form-factors from

. ~7 Lattice QCD
calculations parameterisation
9 Dimuon mass
4 [m(:u)] ﬁQQ squared
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https://indico.cern.ch/event/353906/contributions/2255560/attachments/1328292/1994893/tblake_flavour.pdf

