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Introduction

* Rare decays: suppressed in SM.
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Introduction

e Rare decays: suppressed in SM. New Physics?
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The LHCb experiment

Dedicated to precision study of b/c-hadrons
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LHCb luminosity prospects

Integrated Recorded Luminosity (1/fb)
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Upgrade!! Upgrade!? Upgrade??
* See Prof. J.C. Wang’s talk on Sunday for the LHCb upgrades
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Bremsstrahlung corrections
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Rare decays at LHCb

* Radiative

— BY - ¢y, A) > Ay, BT > K'ntny
 Rare charm

— D° = putuT, AL - putu”
* Rare strange

— K§ = utu=, 2t = putps
* Very rare decays

— By = utuT, Boy = vt Bl = utu e
* Lepton flavor violation

— B&) >ty B?s) Setu=, v > utu—ut
* Electroweak penguin

— B > K*%utu~, LFU

RD & LFU Jibo HE (UCAS)



[PRL 118 (2017) 021801]

Photon polarization in BY — by

* Photonsin b = sy mainly left-handed .
b

 Time-dependent signal rate >
P(t) oc e "*"{ cosh (AL'st/2) — A% sinh (ALst/2)

with -I— CC’COS (Amst) — ( S'sin (Amst)}
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[PRL 118 (2017) 021801]

B) — ¢y, untagged analysis

* Assuming equal mixture of 3 LHCb -
0/RO0 1 1Fi C‘E B —K*y
B /B, simplified 2 ol i
P(t) < e "**{ cosh (ATst/2) — A® sinh (ATt /2)
10° E
* Measured | .
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— L e
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B) — ¢y, tagged analysis
* Same dataset, with flavor-tagging
P(t) oc e " cosh (AT4t/2) — A% sinh (ATt/2)
+ ( C cos (Amgt) — ¢ Ssin (Amt) }
Re(e™sC,Cy) .n _ Im(e™'%sC,C7)
GR+1C1E " 161 +1GI3
e First measurement of S/C in radiative BY decay

Sy = 0.4340.30 +0.11
Cpy = 0.11+0.29 +0.11

AZ = —0.6710T £0.17

RD & LFU Jibo HE (UCAS) 10
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Observation of A}, = Ay

* Baryonnic b = sy not observed yet. Upper limit
set by CDF, B < 1.9%10°3 [CDF, PRD 66 (2002) 112002]
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* First observation, BR: m(p7y) (MeV)

B(A}, » Ay) = (7.1 £ 1.5+ 0.6 £ 0.7)x107°
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[LHCb-CONF-2019-002]
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K§ = ptu~

* SM predicts: B = (5.2 + 1.5, 5)x 10717,

can be enhanced by up to factor 100
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B?S) — utu~, latest results

* BY > utu~ observed in single experiment(s)
LHCb (4.6 tb1): 7.80, ATLAS (26 fb1): 4.60, CMS (61 fb): 5.60
. St| I compatlble with SM, start to be interesting

x10~10

By David Straub // S ATLAS
(prehmmary) ——- LHCb
0 e s 1 CMS
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BY - utu~ effective lifetime

* BY mixing = effective T
Tp, 1+2y A,; +yS2 N
Cup = 2 t
(l_ys) 1+ySAAF %
Ay=1in SM )

Ys TBSAFS/Q
* First measurement, not
yet sensitive to A,

[PRL 118 (2017) 191801]

t(BY = putp~) = 2.04 4+ 0.44 +0.05 ps
1.70%3:5% ps
[CMS-PAS-BPH-16-004]

RD & LFU Jibo HE (UCAS)

Weighted BS — WU candidates / (1 ps)
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0.4} ”

0.2 / Scaldr NP (C(S'))'
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00 ] \
—0.2 Non-scalar
_ o) ()
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_10 ! wp = /2 = p free; |S| =0;|P| =1+ 10% ||
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06 08 L0 1Lz 14 16 L8 20 22 24

R= BRexp(Bs — /-L+ﬂ'ﬁ)/BRSM(Bs - llﬁLﬂi)

[De Bruyn et. al., PRL 109 (2012) 041801]
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By = T

* LFV, highly suppressed in SM, B ~ 0(107>%),
may be enhanced by NP models
— 7', upto 1078
— Leptoquarks, 1072 — 107>
— Pati-Salam gauge model, 10~% — 107

[arXiv:1905.06614]

* Best limit given by Babar
B(B® - ttu7) < 2.2x107° at 90% CL

[Babar, PRD 77 (2008) 091104]



[arXiv:1905.06614]

By = T

. —_ T

* Using Tt~ — 3mv,(a;) mode By -

oy
: 0 —

* NormalizedtoB" - D™« .
QoasF T T g g BT ' ' ' I
= - LHCb 1 > "F =
2 02F O b o h Eo N 1 & wE LHCb 3
O Yt —— BT (rrrvut 1 v WE BDT bin 4 =
- - simulation {1 < = 3
S 0.15F 4 S efF =
= - Same-sign data . ; = 3
2 0.1;— - S“ 202— —z
8 - ok w2 SO “HE SR
2 005 — 3 : .

Té’ n = 1
— N ] AR S
s % 3 4 5 6 7 . 2
My [GeV/c?] 4.6 4.8 5 52 54 5.6 5.8

M, [GeV/c?]

B(B® - ttu™) < 1.4x107° at 95% CL
B(BY - ttu™) < 4.2x107° at 95% CL
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BO N K*O‘u+'u—

* Rates and angular distributions sensitive to NP

L —
wh W
i :H_ o
ut ut
d(T +1P)/dq'2 da(gg D) = 33ﬂ [3(1 — F1)sin® @k + F, cos® Ok + 3(1 — Fy,) sin® Ok cos 26,

— F1, cos? Bk cos 20¢ + Sa sin? Ok sin? 6 cos 2¢
+ 5S4 8in 26 sin 26, cos ¢ + S5 sin 20 sin 6y cos ¢
- %AFB sin? @ cos By + S7 sin 20 sin f; sin @

+ Ss sin 20k sin 260 sin ¢ + So sin® fx sin® f¢ sin 20|
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Branching fraction of b = s £~

* Some tensions seen

JHEP 11 (2016) 047 JHEP 06 (2014) 133 JHEP 09 (2015) 179

S0 _MSLCSR __Latice +Daia__

—0.1 T T T P L 39 ! ! [ 3
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2 Q LHCb 8 7 i
= 0.1 - % 3 B \
3 mm] 2 i 5%+
A = +* ] 3 3F wSMpred. 3
e 4,,_ﬂ_—'— e & ; S R
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P PPN PP P h‘ § L 2 . L §
| P S S 3 10 15 20 g’ G 10 15
0 5 10 15 g [GeV¥c4 ¢ [GeV?/c*]
¢? [GeV¥c4]
JHEP 06 (2015) 115 JHEP 06 (2014) 133 JHEP 06 (2014) 133
o e e LR _ WELCSR  Lattice -Data _ — 20 BLCSR WSLatticc *Data
j |'6;— SM prediction Ab - Aﬂ” -; h.> 5 B[) K() + - = ‘\‘> B+ﬁK.+ + —:
g HE . 3 2 2RUHR B ]
% 12E E o LHCb 4 O 15 LHCb
T e 8 B 1 [ E © ] RS ]
oA R g F I L "t + :
T 0.45—_*_ 3 o _+_ —  f 1
< F ] S 51 .
g 02F + LHCb 4 o 5 [ ]
ol 0 ST S oad B A S | 4t
0 h 10 15 , [Gevl;:ll e o 5 10 15 20 % 00 PP 51 PP 110 PP T N Azlo P
o q2 [GCVZ/C4] qz [Gevz/ C4]
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B° - K*°u*tu=:P:

S
e P = > |ess form-factor dependent
VFL(1-FL)
* Also measured by Belle, ATLAS, CMS
~ 0 e LHCbdata o ATLAS data 1
E = Belledata © CMS data ]
0.5 || SM from DHMV ]
) SM from ASZB T

[Belle, PRL 118 (2017) 111801]

[LHCb, JHEP 02 (2016) 104]
[ATLAS, JHEP 10 (2018) 047]
[CMS, PLB 781 (2018) 517]

!
i

10 15
q? [GeV?/c4]
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New physics, or QCD?

Charm loop effects? [Lyon, zwicky, arxiv:1406.0566]

» Large non-factorisable effects (or NP) required to have consistent
picture between BESII e" e~ — hadrons data and the LHCb result
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L} 8
&
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et A = A = e o
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b ¥
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w(28)
L w(3770)
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v q*’y‘(:(‘\'

Pessimist’s view point
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Lepton flavor universality

* Three lepton families (e, u, T) have identical
couplings to the gauge bosons

q < q q < q
b > > C h —»
W~ A
V¢

— which means, e.g.,

r - B(BT > K'utu") 4
K B(Bt* > K*tete™)

* Lepton flavor universality violation? New Physics!

10/10/18 22



Experimental test of LFU

* Well established in SM, e.g. W->lv

. W Leptonic Branching Ratios
— Some tension P J

ALEPH 10.78 + 0.29
DELPH 10.55 + 0.34
[LEP, PR 532 (2013) 119] L3 10.78  0.32
OPAL 10.71 + 0.27
BW — uv,)/BW — ev,) = 0.993 + 0.019, =~ W—ev 10.71+0.16
B B ALEPH 10.87 + 0.26
BW — 1tv,)/B(W — ev,) = 1.063 £ 0.027, EELPHI 10.65 + 0.27
3 10.03 + 0.31
BW — tv,)/BW — uv,) = 1.070 £ 0.026. OPAL _ 10.78 + 0.26
LEP W—pv ol 10.63+ 0.15
- | ALEPH o 11.25+ 0.38
=T, _ DELPH e 11.46 + 0.43
BW —eve)+B(W—pi,) 1.066 £ 0.025 (2.60) |5 e 11.89 + 0.45
OPAL e 1114 + 0.31
LEP W—tv o 11.38 £ 0.21
xoindf = 6.3/9
LEP W—lv , 10.86 £ 0.09
; x°/ndf = 15.4/ 11

””‘1IO'”‘|I1””‘112””I
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LFU in B system, pre-LHCb
« R(D")), Babar reported deviation of ~¥3.2 o

X B(B — D(*)Tu) [Babar, PRD 88 (2013) 072012]
R(D™) =
B(B — D™)/(v)

Belle 2007 t g

BABAR 2008 - H——+

Belle 2009 . e

Belle 2010 . 4 —e

BABAR 2012 H—+ H—e-tH

02 04 06 08 03 04 05 06

R(D) R(D")
* No deviation seen in FCNC b->sll decays
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[PRL 115 (2015) 118003]

R(D®) using munoic t decays

e Measure R(D") using munoic t decays
— Pros: ‘B(t->uX)~17.4%, B vertex rec’ible

— Cros: no Tt vertex

Signal (B®— D*t77 ;) Normalisation (B® — D**pu~7,)

RD & LFU Jibo HE (UCAS) 25



[PRL 115 (2015) 118003]

R(D*), results

e 3D fits, Rp- =0.336+0.027 +0.030
— Signal yields: 16 500 £+ 1 670

—
3
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=)

2" 70000 BARARRARARRAS ;7 I
& ——Daa 2 30000
T) 60000 - B — D*tv . -
< B B = D'H, (= VX)X r~
) I B - D”lv g
S ] B — D*uv @
= Combinatoric g 20000
5 I Misidentified p =
5 E
04 &
= o
=
'ﬂ
7

— J "] 4 i
(=] =] (=] (=] (=}
(=] (=] (=] (=] [=]
(=] (=] (=] (=2 (=3
(=] (=] = (=] (=]

1 Al d
¢ 2, & 500 1000 1500 2000 250
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(S}
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(=)}
o=}
—
(=]
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Candidates / ( 3.25 GeV?/c*)

q? (GeV/eh)
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[PRL 120 (2018) 171802]

R(D") using 3-prong t decays

e Measure R(D”) using 3-prong t decays
— Pros: ‘B(t->31t*X)~9%+4%(>1r°), B/t vertex rec’ible

— Cros: soft ¥, bkg; different from norm. decay

L 10 E T ' T ' T ' T T T ' T ——
s LHCDb simulation &

Prompt (D*w7w7X) ]
B Double-charm (D*DX) 3
B Signal (D*7v)

10° 3

o] : ¥
() ;‘I
)
e
|
w*
_,
=
<
Candidates / 0.1

_ 10°

D‘ ........... K :

B° T 10 E

— +
PV Az>40 Az T
JU
p p .7-["' 1
%.: -8 4 0 4 8 12 16 20
Az/G Az
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[PRL 120 (2018) 171802]

R(D*), results

e Normalized to B° — D*3r

* B BO—> D*_T+I/T 0 *—, 4+, — _+
Riyaa(D*) = ( ) B(B"— D* ntr—n™)

BB = Darnnr) 1P = BralD) X =prms i oS
e 3D fits, R(D*)=0.286 + 0.019 + 0.025 + 0.021
— Signal yields: 1273 + 85
c.f. muonic: 16 500+ 1 670

)
)

eVt
1]

Candidates / 0.1
. e n = o

Candidates /(0.2

Candidates /( 1.375 G
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R(J/P) using munoic Tt decays

* Measure R(J/P) using munoic T decays
— Pros: 3, B(t->uX)~17.4%

LHCb-PAPER-2017-035 ——
0.71 = 0.17+ 0.18

SM predictions

+ LB 452 (1999) 12
— Cros: small o(B.*), no tvertex  miwam,
IRD T Cro 20
Range 0.25 - 0.28

* Run-l, 1400 = 300signal (30) .. b

R(J/W)

[PRL 120 (2018) 121801]
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R(D*)

Summary of LFU in b->clv decays

* Deviations from SM seen by Babar/Belle/LHCb

L] I L) L] L] L] I L] L] L L] I L) L L] L] I L] L] Ll
[ HFLAV average sz = 1.0 contours 7 }‘lel(ih}l\‘(ilf']ﬂ
~ = _HCb-PAPER-2017-035 bt
04 = - 0.71+0.17+ 0.18
: : SM predictions
C S PLB 452 (1999) 129
arXiv:hep-ph/0211021
- BaBarl2 - Ilﬁ;{]!)‘?;];f)zg(}()) 054024
035 3 — PRD 74 (2006) 074008 20
B 2J - - Range 0.25 - 0.28
: 1”(1’)]1\' : | 1 1 1 1 1 1 1 1 1 1 1 1
03 = ‘ 4 -0.5 0 0.5 1
= " - RJ/Y)
0.25 -_ .f BeHel9. = —T— _-
02 ==New SM prediction +Avcrugc of SM predictions
- RSM = 0297 £ 0,003 R(D) = 0299 =0003 Spring 2019 |
~ RM = 0.250 + 0.003 R(D*)=0.258 = 0,005 P(.xl) =27% ]
L I L L 'l L I 'l L L L I L 1 L L l .I L L
0.2 03 0.4 0.5
R(D)
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[PRL 122 (2019) 191801]

R(K), introduction

* Double ratio to control systematics

(NK+#+IF ) NJ/W(9+9_)K+ EKtete-
Re=\n N
Ktete Jy(utu)K+ ) \ EKtputu-

EJfy (utu—)K+

— 25 10° —25

3 L I LHOD
:q>g 20 % 20}

SN S

NQN (‘\I®| =

[e—
)
[FS)
—_
n

15

—
o

10°

50 52 54

EJ/I;/(eJr e )K+t

56 58 6.0 46 48 50 52 54 56 58 6.0

m(K utu) [GeV/e?] m(Kete") [GeV/c?]
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[PRL 122 (2019) 191801]

R(K), new results

< 2.0
R
* Include 201542016
Ry = 0.8467002270014
~ 2.50 from SM 1.0
0.5
0.0

If instead the Run 1 and Run 2 were fitted separately:

— +0.083+4-0.017
- 0'717—0.071—0.016’

new

RK Run 1
old

RK Run 1

Compatibility taking correlations into account:

. LHCb
o I
i BaBar
B » Belle
E e LHCb Run I + 2015 + 2016
I B B RS R
0 5 10 15 20
g2 [GeV?/c4]

— +0.089+0.020
RK Run 2 — 0'928—0.076—0.017’

= 0.745739%0 +0.036 (PRL113(2014)151601) ,

» Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1 ¢;

» Run 1 result vs. Run 2 result: 1.9 o.
RD & LFU

Jibo HE (UCAS)
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R(K™), results with Run-I data
* Deviations from SM seen by LHCb (~ 2.40)

2.0
et

1.5 -

1 —. S S ——
o :

0.5 ® LHChH -
N BaBar -
i LHCb Belle ]

0.0 A S T NN AN N TN TN NN NN SR NN SN T S S N MR
0 5) 10 15 20

« JHEP 08 (2017) 055 q2 [GBVQ/C‘ﬂ
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Prospects

* LHCb upgrades (2025: 23 fb1, Upgrade-Ii: 300 fb!)

Observable Ct’;f;t LHCb 2025 Belle-Il Up:::dbe_" QTCLG:
Ry (1 < g? < 6GeV) 0.1 0.025 0.036 0.007
Ri+(1 < g% < 6 GeV) 0.1 0.031 0.032 0.008
Ry, Ry 0.08, 0.06 0.02, 0.02
ig; = Z :Z :i 90% 34% 10% 21%
TR0+ i 22% 8% 2% 4%?
R(D*) 0.026 0.0072  0.005 0.002
R(/Y) 0.24 0.071 0.02




Summary

* LHCb performed the world-leading measurements
of rare decays and LFU:

— Radiative, e.g., BY = ¢y, A) > Ay
— Rare strange, e.g., K - u*tu~
— Very rare decays, e.g., B&) - utu”
— LFV, e.g, By = tFu~
— Electroweak penguin, e.g., B = K*°u*u=, R 0)
— LFU in semi-leptonic decay, Rp+
* Your suggestions are always appreciated!



