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b — s¢¢ decays

* b — sff decay processes are very rare in the SM
- Why?

« FCNC - only occurs at loop level
e GIM - would vanishif my = m, = My,

e CKM - since m; > my, My, final result ~ V;;, V.,

- Overall: Br~10~"



Enhancing b — s¢¢ decays

* Great place to look for new physics effects, since
if NP is not suppressed by any (or all) of loop/
GIM/CKM, we would expect a much larger
signal
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Enhancing b — s¢¢ decays

* Do we expect NP to be suppressed like the SM?

 FCNC — accidentally forbidden at tree level in
SM due to gauge structure

e GIM - accidental due to observed masses

e CKM - accidental due to observed CKM
structure
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Enhancing b — s¢¢ decays

* Great place to look for new physics effects, since
if NP is not suppressed by any (or all) of loop/
GIM/CKM, we would expect a much larger
signal

* Naive example: tree level mediator ~ 1 TeV,
O(1) couplings =>BR ~ 107° - 107°
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 Maybe

Do we see anything?
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( Aside on EFTs
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EFT forb — sb¢

* \WWe use an effective field theory to describe the
b — sf¢ transitions

- (Why? ag log(My, /my) is large, can't do QCD
expansion)
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EFT forb — sb¢

 Effective Lagrangian looks like:

—1(1 {"’2 ) ) ' g 5
oM F E ' E E : % ¢ ~bgll ~bgll thqll ~tbglt
He[f_ Heﬂ - ]_671'2 Hbﬂq((—: ()5 + (;Ti ()L ) + h.c..
g=s,d f=e,un1=9,10,5,P

The semileptonic operators of interest are defined as

05" = (g, PLb) (14"0) Oy = (g7, Prb)(4"0)
Oy = (@ PLb)(r*50). 05" = (@ Prb) (1" 5t)
()E;f"% = my(qPrb)(£0), ()g’qf' = my(qPLb)(¢F) ,
O = my(qPrb) (fsh) , ORI = my(gPLb) (fys) .
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EFT forb — sb¢

 Effective Lagrangian looks like:

* Inthe SM, only the coefficients Cy and Cg are
non-zero

SM SM
- CSM 5 _CSM x4
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bsf¢ anomalies

e Since 2013 there have been deviations in
b — sup decays
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bsf¢ anomalies

e Since 2013 there have been deV|at|ons in

b — sup decays . 0;‘ """""

_'—'+—"
i

Optimizing the basis of B — K*("(~ observables

in the full kinematic range -0.6
-0.8

SEBASTIEN DESCOTES-GENON®, TOBIAS HURTH?, JOAQUIM MATIA -1
and .J: \I[R\[RTO

1303.5794 1308.1707

o
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bsf¢ anomalies

e Since 2013 there have been deviations in

b — sup decays

Understanding the B — K*u"p~ Anomaly

Sébastien Descotes-Genon®, Joaquim Matias” and Javier Virto®

1307.5683

4-

W 683%CL
[ 955%CL
[J 99.7%CL
i Includes Low Recoil data "]

Only [1,6] bins

NP
C7
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bsf¢ anomalies

e Since 2013 there have been deviations in
b — sup decays

* For a while we thought these were muon
specific
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Different leptons in bsé/¢

2 dl[BT— Ktputu~]

o "Iﬂ(_t’gﬁl; (1q2 dqz
° — |
Look atthe ratio fx=— e v 2
J P dg? 4

e In the SM, leptons only differ by mass, so expect
this ratio to by close to 1

— Call this lepton flavour universality (LFU)
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Different leptons in bsé/¢

e In 2014: Ry+ = 0.745 £ 0.090
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Different leptons in bsé/¢

e In2014: Ry+ = 0.745 + 0.090

e INn2017: Rig+o =0.67+£0.10

* By Spring 2022: Rg+ — 0.846 £ 0.042
Rg+«+ =0.70£0.15
Ryo = 0.66 £ 0.17
R,x = 0.86 4 0.12
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Different leptons in bsé/¢

In2014: Rxg+ =0.74540.090

In2017: Rg+0 =0.67+0.10
By Spring 2022: Rx+ — 0.846 £ 0.042

Lepton flavour Ry.+ =0.70+0.15

universality Ryo = 0.66 +0.17
violation (LFUV)! fipx =0.86 +0.12
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Global fit Spring 2021

2.0 i
B, = pu lo ,’/ /
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https://arxiv.org/abs/2103.13370

Global fit Spring 2022

. - S 5 All LFUV
;L%_ @ :I @ ;Q_: @ ?lf) Hy |-1. Best fit Pullgyy p-\-ah.u.- Best fit Pullgy; | p-value
e = £ (/ (Chr.ciip) || (-0.92,+0.17) | 68 | 25.6% || (-0.16,40.55) | 47 | 71.2%
! = €iF.c) || (-1.02,40.01) | 6.7 22.8% || (—0.88.-0.04) | 4.1 37.5%
(NP, Con) || (—1.12,40.36) | 6.9 | 27.4% || (—1.82,+1L09) | 45 60.2%
_ eot (€SP .Crory) || (-1.15,-0.26) | 7.1 31.8% || (-1.88,-0.59) | 5.0 | 88.1%
e T ST E o o e X%, e3Py || (-111,-026) | 67 | 238% [ (-052,4031) [ 40 | 35.3%
Hyp. 1 (-1.01,4+0.31) | 67 | 24.0% || (-1.60,+0.32) | 45 | 62.5%
Hyp. 2 (—0.89,+0.06) | 5.4 8.0% | (-1.95,+0.25) | 3.6 | 204%
1 Hyp. 3 (—0.45,+0.04) | 6.2 15.9% || (-0.39,—0.14) | 4.7 | 70.2%
i i Hyp. 4 (-0.47.40.07) | 6.3 16.8% | (-0.48,+0.15) | 4.8 | 79.6%
- I Hyp. 5 (-1.15,40.17) | 7.1 311% || (—2.13,40.50) | 5.0 | 89.4%
e [— Fvbaa) ”: [— LFUV Data 5 —— LFUV Dam] )
| 5 Table 2: Most prominent 2D patterns of NP in b — spge. The last five rows correspond to Hypothesis 1: (C}F
—Cory, C}Y, = Crorp)s 2 (CRIF = —Corpi, CYY, = —Cror)s 3: (CHF = —C Cory = Crorn)s 4 (CRF = —CF, Cor,s
—Ciory) and 5 (€RF,Cory = —Crory)-
c:é‘l‘ H H 3 e 2 1 C'{“" H 2 3 3 2 1 c&f' 1 3 3
2104 .08921v4

Figure 1: From left to right: Allowed regions in the {CEE,C%‘;"), (CSLP._CQ:” = —Cyg,) and (CQLP._ CNF) planes for ( A -Lg u e r é 4 Cap d eVl -La 14 De S C 0 t e S -
Genon, Matias, Novoa- Brunet}8

O =

]


https://arxiv.org/abs/2104.08921

LFUV in bséd?

e Butin Dec 2022:
=Pr-L

Measurements of Ry and Ry: with the full
LHCb Run 1 and 2 data

Renato Quagliani
Ecole Polytechnique Fédérale de Lausanne (EPFL)

On behalf of the LHCb collaboration

LHCb-PAPER-2022-045
LHCb-PAPER-2022-046

Renato Quagliani LHC Seminar, CERN 20/12 /2022
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LFUV in bséf ? No!

* ButinDec 2022: | - —
4L LHCDb Ri  low-¢> =0.994700%
I 0fh—L Ry central-g> = 0.9497)0%
i Rg+  low-¢® = 0927100
= G Ry central-g> = 1.027) 0%
L T . }
< 1.0
ol t |
0.8 F N
[ t Data X2 =16,p=0812,0 =02
s — SM

Ry low-¢> Ry central-¢° Ry low-¢° Ry~ central-¢* 30




bsf¢ anomalies

SO what is the current status?
 Isthere anything?
* Hopefully!
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Global fitin 2023

1.00
1l —— ABCDMN 3 T
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0.50-
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CY' Bernat Capdevila (FPCP 2023)


https://indico.cern.ch/event/1166059/contributions/5305415/
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0.0
—0.54
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-1.5
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(2206.0379

bs/¢ anomalies

$?boud, van Dyk, Virto
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bsf¢ anomalies

x 1010

e By — pp

o T o ATLAS
| e ~== LHCb
— Seemed to be belOW — '--..,,___/'/'r'__ TN — :111\;:011113.
e 4] i === (vaussian comb.
S M _|_: o, SM prediction
T 5. \Q
 Favoured positive 2,
M \
NP 1
Olo o X ._ '
- And hence Cy = —C'g ;
it !

BR(Bs — putp™)

1903.10434 (Aebischer, Altmannshofer 34
Guadagnoli, Reboud, Stangl, Straub)


https://arxiv.org/abs/1903.10434

bsf¢ anomalies

° BS %/,L/,L 6

- Seemed to be below
SM

F
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. I

- And hence Cg = —C'ig °7

2 3
BR(Bs — putp™)
2103.13370 (Altmannshofer,
Stangl)
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bsf¢ anomalies

* Bs = pp

- CMS 2022 was
above the SM

« (9 abetter fit than
Cg = —Olo NOW

—10
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*  SM prediction
= ATLAS 2018
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2212.10497 (Greljo, Salko, 36
SmolkoviC, Stangl)


https://arxiv.org/abs/2212.10497

bsf¢ anomalies

SO what is the current status?
 Isthere anything?
* Hopefully!

— But it has to treat leptons the same
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LQs for bst/

e Qs are natural
models for bsé¢

e 10-25% deviationin
bsl/

b —> ; >

10

|
54'4;["
Diagrams from Luca
di Luzio @ CKM 2018
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LQs for bst/

* Qs are natural e But <5-10%
models for bsé/ deviation allowed in
. e AM, b—>—7>—>F°
* 10-25% deviation in o
bstl e
== i ind S —< ! < ! <)
1Q

|
S —€——= pf"
Diagrams from Luca 39
di Luzio @ CKM 2018


https://indico.cern.ch/event/684284/contributions/2952444/

LQs for bst/

e Qs are natural
models for bsé¢

e 10-25% deviationin
bsl/

b —> ; >

10

|
54'4;["
Diagrams from Luca
di Luzio @ CKM 2018

* But <5-10%

deviation allowed in
AM, 0> >35

1 10

P I R R b
 And they turnup in
many BSM models

40


https://indico.cern.ch/event/684284/contributions/2952444/

LQs for bst/

* LQs are natural models for bsé¥

- But a LQ coupling to multiple lepton generations
generally leads to lepton flavour violation (LFV)

S (S*) ,g.. S (S*)

/ // : 4
- o S
piagram from 1603.04993 ¢ (q%)
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bscc — bstl

e Oldidea: NP inbsce?

e In the SM, about half of the C, coefficient
generated through charm loops
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bscc — bstt

ql <7

(4
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bscc — bstl

-

ql <7

(4
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bscc — bstl

e In the SM, about half of the Cy coefficient
generated through charm loops

 What if some NP modified bscc operators?

Charming new physics in rare B-decays and mixing?

Sebastian Jiger and Kirsten Leslie
University of Sussex, Department of Physics and Astronomy, Falmer, Brighton BN1 9QH, UK* ; E
Charming New B-Physics
Matthew Kirk and Alexander Lenz
IPPP, Department of Physics, Durham University, Durham DHI1 3LE, f.-"z‘\‘_‘:[!
(Dated: January, 2018)

Sebastian Jager, © Matthew Kirk,” Alexander Lenz® and Kirsten Leslie®

1 7 O 1 . O 9 1 8 3 & 1 9 1 O . 1 2 9 2 4 * University of Sussex, Department of Physics and Astronomy, Falmer, Brighton BN1 9QH, UK

b Dipartimento di Fisica, Universita di Roma “La Sapienza” & INFN Sezione di Roma, Piazzale
Aldo Moro 2, 00185 Roma, Italy
“IPPP, Department of Physics, Durham University, Durham DHI 3LE, UK
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bscc — bstl

e In the SM, about half of the Cy coefficient
generated through charm loops

 What if some NP modified bscc operators?

* Potential for large bst¢ effects, plus correlated
effects in various precise B meson observables
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bscc — bstl

e Correlated effects in various B meson
observables

- Width difference in B, meson mixing (AT',, ~15%
precision)

- B meson lifetimes (7(Bs)/7(Bg), ~1%)
- Radiative B decay (B — X v, ~5%)
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UV - bscc

* What kind of NP can generate bscc after being
integrated out?

— Size of anomaly suggests tree level effect

e If tree level band s interactions, need to avoid

tree leve

- Big pro

. B, mixing

olem for Z's, or heavy gluon type field

48



UV - bscc

* Charged Higgs is one option
. Kumar 2212 .07233
 Has been re-examined recently &Iguro2302.08935

e But parameter space is quite constrained
(Mg+ <200 — 250 GeV)
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1

e Consider the S;:(3,1,—1/3)

* In addition to lepton-quark interactions, can
write down quark-quark interactions

* Onlygetu —d — Sy terms,notd —d — 57 or
u —u — 51, SO safe from meson mixing
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S1 LQ without leptons

* In general, having both lepton-quark and
quark-quark couplings leads to tree level
proton decay

* S0 often people drop the diquark term

* But instead we drop the lepton-quark term
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S1 diquark

. ()\LQCQ + )\Rﬂcd)Sl
° - fL_LC(ALPL -+ )\RPR)dsl
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S1 diguark
It will turn out that we need the S, to be quite
light — Mg, ~ 500 GeV
» Integrate it out along with top/Z/W

* Loop calculations give (extra) constraints from
B, mixing, B — X v, D mixing
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Results

My = 500 GeV

B AM; (20 allowed)
" Cry, Gy, fit (20 allowed)
- ATl (2 0 excluded)

AMPF < 2AMpP

R _
A].2_

1 1 l 1 1 1 I 1 1 1 I 1 1 1 | 1 17

————— AR < 0.025

-------- A < 0.05

e[S (O 0 O O | o O O ol O |
|
2
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Results

e Interestingly, we 7,
: = 016
pred|Ct an '3,(_] _— " =T1h§i;yfgsg$r;; 3% CL contours
increase to Al o1z{ _ Ch

0.10

¢ From 90 x 10_3 pS_l 0.08(

3 1 .| Hebaom | - |
e Combined”
- 1 1 O X 1 O pS *I's errors scaled by 2. \TLAS 99.7 fb~1
0.04 1 ATs errors scaled .
CDF 9.6 fb!

0'%2.640 0.650 0.660 0.670 0.680




e CMS di-di-jet
analysis (2206.09997)

- Hints for 500 GeV
scalar?

Results

o X B x A [pDb]

138 fb™ (13 TeV)
l_ | I | | | I 1 1 I I 1 ) 1 1 I 1 1 1 1 | 1 I 1 1
. CMS XX = (Dan
10 E
95% CL Limits
—e— Observed
102 B Expected + 1s.d.
------- Expected + 2 s.d.
------ Top squark: T t* — (d S)(ds)
103 RPV coupling 1, B(ds)=1
10%E
_5 | | | | 1 | | 1 | | I \JI\" | 1 1 | 1 1 1 1 | 1 | 1 1
0051 15 2 25 3

Dijet resonance mass [TeV]
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Results
hep-ph/0011258

Some comments on the missing charm puzzle

e Missing charm

Universitit Regensburg, D-93040 Regensburg, Germany

p u Z Z l-e 7 E-mail: alexander.lenz@physik.uni-regensburg.de
°

Abstract. In this talk we summarize the status of theoretical predictions for the
average number of charm quarks in a B-hadron decay.

— Inclusive b — ccs
rate

New physics in inclusive decays? Il

Motivation for a re-analysis of inclusive decays:

B Old analyses at least 15 years old - input parameters (my,, m., Verar. ...) are
now much better known
Missing charm puzzle; semileptonic branching fraction, e.g.
Bigi et al '94; Bagan et al. '94; Falk, Wise, Dunietz '95, Buchalla et al '95; Neubert '97; Kagan
'97,98,... A.L.,hep-ph/0011258
® Theory is now much more reliable! e.g. b — eés
B Many rare decays were neglected, e.q. b — sg, b — wiis, ...

B Some NLO-QCD contributions are still missing

Alex Lenz ( SM@ LHC 2013 ) B Experimental improvements - latest number from BaBar; hep-ex/0606026

® This gives model and even decay channel independent bounds
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Thanks!
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BACKUP
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Explicit GIM suppression

A ~ Z Nif (mi/Mw ), Ni =V Vi

t=q.c.l

~ Al f(me/Mw) — f(mu,/Mw )]
I )\C[f(mC/MW) - f(mU/MW)]
~ Al f(me/Mw) — f(0)]
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bspp
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- —C
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-
(=P

AC,

More bsll global fits

—1.0 7 o L flavio
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I| f
—0.41 F— iva
—0.2 T [ — \BV/
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0'2 i \
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—0.6 1
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b— sup lo, 20

flavio

rare B decays lo, 20, 30 /

0.4

=1.

d —1.0

—-0.5 0.0 0.5 1.0

Cuniv. __ __tuniv.
9 — 10

2212.10497 (Greljo, Salko,
SmolkoviC, Stangl)
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ATLAS di-jet

I I I I I I [ 1 I I I I I I I I 1 I I I I I [ 1 I I I I I I I

ATLAS 95% CL upper limits
/s = 13 TeV —— TLA Observed

..... TLA Expected (£ 1-20)
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. 1804.03496 > 02
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0.06
0.04

R B e
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