Possible hints for minimal
RPV3-SUSY in flavor anomalies
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- Babar (2012): RD(*) => SM + TYPE-Il 2HDM

e BELLE (soon thereafter) => no clear confirmation of
Babar (2012)

« LHCb (2014) : RK => FV 0O(2) sigma

* ADS’ (2017) => minimal RPV3 => addresses RD(*) in
a highly motivated theoretical framework

Overview &

SCO pe * Belle (2019) : RD(*) not 4 sigma but at best around
3sigma

* LHCb(2019) RK=2.5sigma  § LHC [ (2019) omafly X ¥

 LHCb(2021) RK™ 3.1 sigma! ; FNAL(2021)[+BNL'04]:
(g-2)_mu => 4.2 sigmal!

* FX et al(2021) : Collider signals of RPV3 /

> 4
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s
muon g — 2 and the B-physics anomalies in RPV _gm"),:,g,tx

supersymmetry and the discovery prospect at LHC
and future colliders

Altmannshofer, Dev, A'S, Yicong Sui, arXiv:2002.12910 PRD 2020
Altmannshofer, Dey, A. S, arxiv: 1704. 06559; PRD 2017




RD(*) anomally

BR(B — D*)7v)

Rpw =

BR(B — D*){v)

(with £ = e, )

Thet—

Levif_

DDRESSING Ry, Ry MUON G -2 AND ..

PHYS. REV. D 102, 015031 (2020)

TABLEL  Summary of the anomalies in the observables Ry, Ry, Ry, and (g—Z)ﬂ.Listed are the pulls of
various subsets of observables. The pulls are combined assuming the observables are Independent from each other.

The values in parentheses exclude the BABAR results for R_DM.
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PHYSICAL REVIEW D VOLUME 56, NUMBER 9 1 NOVEMBER 1997

Improving constraints on tan/my using B—D7v

Ken Kiers* and Amarjit Soni’
Department of Physics, Brookhaven National Laboratgry, Upton, New York 11973-5000
(Received 12 June 19@

We study the ¢* dependence of the exclusive decay mod%m type-II two Higgs doublet models

(ZHDM’s) and show that this mode may be used to put string n tanf/my. There are currently rather
large theoretical uncertainties in the ¢* distribution, but these may be significantly reduced by future measure-
ments of the analogous distribution for B—D(e.;)v. We estimate that this reduction in the theoretical

MHQS —--ﬁdl.éd “\v\j V’wi‘z.t,’(  fa q j‘m A r& s
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LHy S~e 0 3014

BR(B — K™ pu*u™)
BR(B — K(* ete~)

Ry =

RK(*)
anomally

@ Flavor Changing Neutral Current— loop- smmy d in the SM

@ Recent update on Rx measurement from LHCb:
= 0.846"% %5 0otz [2103.11769]
0.846* %00 254 [1903.09252 (PRL'19)]

@ 3.40 net discrepancy. &‘2 g(




B. Muon g -2

Another interesting observable that has hinted towards
BSM physics for a long time is the anomalous magnetic
moment of the muon. The existing BNL experimental

result [59] for the (g—2), reads [S1] —“Semm—
a;? = (11,659,209.1 & 5.4(stat) + 3.3(sys)) x 10719,

Rele dnivenr Ap ol - .

Combining the 1 ted above leads to a dis-

crepancy between experiment and SM prediction at the
33g C.L. [90L N
Qg

R, =g —ag = (28] 79510 1(20)
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ALTMANNSHOFER, DEV, SONI, and SUI

The (g —2) experiment at Fermilab [87] is expected to
improve the experimental®dCcuracy ctor of about 4 in
the next few years. m—
The SM prediction for a, can be decomposed into
contributions from QED, from the electroweak interactions,
from hadronic vacuum polarization and from hadronic
light-by-light scattering:
aM = g + aV + a)F + alPt. (15)
The QED and electroweak contributions are known with
high accuracy [88,89]

ad™® =(11,658,471.897 & 0.007) x 10~'°,  (16)

g =(1536+ 01n) k10, (17)

The hadronic vacuum polarization contribution can be
determined using e'e”™ — hadrons data and dispersion
relations. A recent such analysis gave [90] (see also

Ref. [91])

aV? = [(693.9 £ 4.0) — (9.9 £ 0.1) + (1.24 +0.01)]
x 10710, (18)

whlcre the first, second and third terms correspond to the
ading-, next-to-leading-, and next-to-next—to—l%ading—



Recent experimental
developments



Marco Santimaria (INFN-LNF)
on behalf of the LHCb collaboration
LHC Seminar 23/03/2021, CERN (Virtual)




Today: Rk with the full LHCb dataset

fﬁ 0GeV? dB (BT>K*tut ;r._)d 2
1.1 GeV? dg? q
fﬁoeev"‘ dB(B+—>K+e+e—)d >

1 GeV?2 dg? q

Measurement performed in 1.1 < g2 < 6.0 GeV?/c*

Rk =

» Previous measurement [PRL122(2019)191801] used 5fb™! of data.

3fb~ ! of Runl

2fb~ ! of Run2 in 2015 and 2016
» This update:

— Add remaining 4fb~" of Run2 in 2017 and 2018 .
— 9fb™ " in total.

— Doubling the number of B's as previous analysis.

e
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Rk with full Runl and Run2 dataset %

[LHCb-PAPER-2021-004]Submitted to Nature Physics

—
BaBar
.1 812 GeV/c*

PROSGE324017]

Belle.
1

Rk = 0.846 “5g30 (stat) “glor3 (syst)

LHCh 9 b
11 =g < 6.0 GeV e
[LHCH-PAPER-2021-004]

» p-value under SM hypothesis: 0.0010 A S :
— Evidence of LFU violation at 3.1¢ ' . Ry

[
» Compatibility with the SM obtained by
integrating the profiled likelihood as a
function of Rk above 1

> Taking into account the 1% theory
uncertainty on Rk [EPJC76(2016)8,440]

-
¥
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Y
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=
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K.A. Petridis (UoB) Test of LFU at LHCb March 2021 18 / 20




Rk with full Runl and Run2 dataset %

[LHCb-PAPER-2021-004]Submitted to Nature Physics T T T !.i- -
a xr
£12

 GeVoiet
I I?lehI 912

13 ”L
I|||| 20313105

[ Ric = 0.846 1398 (stat) 1991 (syst)

LHCb 9fh’ |
< g? < 6.0 GeV it
[LH(‘LPAPH‘L -3021-004]

» p-value under SM hypothesjss

» Using Rk and previous measurement of
B(BT — Kt pu"ju~) pHEPOs(2014)133]
determine B(BT — Ktete™).

dBldg? [10° x HGeV?]

muo

I 20
/', ¢ [GeV¥/ct)

dB(B+Tﬂ>qK;e*e = (28.6 T15(stat) =+ 1.4(syst)) x 1072 ¢*/ GeV>.

> SuggesMPtrons are more SM-like than

K.A. Petridis (UoB) Test of LFU at LHCb March 2021 18 / 20




LHCb efforts to control the
systematics



Cross-check: Measurement of r;,, M

[LHCb-PAPER-2021-004]

» To ensure that the efficiencies are under control, check

. _ BB = KT /¢ pT)
T BBY = Kt J/yp(ete))

=1,

known to be true within 0.4% [Particle Data Group].
— Very stringent check, as it requires direct control of muons vs electrons.

» Result:

riw = 0.981 %0020 (stat + syst)  mm

» Checked that the value of r,/,, is compatible with unity for new and previous
datasets and in all trigger samples.

HET Lunch 061121; minimal RPV3-flavor anomalies

K.A. Petridis (UoB) Test of LFU at LHCh ‘March 2021 13 /20

15



Cross-check: Measurement of Ry (2s)

[LHCb PAFPER-2021- 004]
Measurement of the double ratio

(s

B(BT = KT(28) (™ pu— )/B(B+ — K*(2S)(ete™))

Rues) = B(B+ = K+J/¥(utp—))

Fit to new BT —

B(B+* — K+J/¢(ete™))

w(25)(£T €7 )KT data

—25000 -

LHCb
—t— Dara 4 b
= Total fit
e B (28) (g po )R

Combinstorial

=
< 20000 -
=
E.tscm-
» Independent validation of - p—
double-ratio procedure at g® away “
5000 p=
from J/
51:}0 5300

» Result well compatible with unity:

| L
5400 5500 5600

g KTy ,u -) |IMeV/ic?]

Use 1(25) constrained m(K* ¢ ¢ )

f;:IDODG
“‘) Ry(2s) = 0.997 4 0.011 (stat + syst) 3
) 000
— can be interpreted as world's best LFU E 6000
test in ¥(2S5) — €T~ T o~ 3 oo

E
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LHCh
—4— Datn 4 "'
Total
........ Bt — yri28Nete)K*
Bl 5 vy 25t k™

B =l piete K

Br— e K
R 5 — y 25 Wy XpK©
R 5 —X (g XIHKX)
Combinatorial
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Cross-check: ry/y, as a function of kinematics %

[LHCb-PAPER-2021-004]

» Test efficiencies are understood in all kinematic regions by checking r,/,, is
flat in all variables examined.
BT = Ktete™ BT = Jip(ate KT

— = 0.30
% \[ LHCb E bl A LHeD
- 1.1 —~ 025 _‘E,:' \ simulation
3 _h'.' - f‘\r 'I"' A 3
= + t....; .20 \I , "':..
g E L
i ++ +—f—+ 0.15F | TN

| 0.10F

0.9 0.05F

[ Y S (N NN N A N (NN (S NN NN (N N GO o by ey o 1 v a4 4 B
1 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 Q.00 4.0 4.5 5.0 5.5

max(p(IM), p(I")) x a(l”, I") bin number l{)gm(max(p(.”], p(l))

» Flatness of r;/, 2D plots gives confidence that efficiencies are understood

across entire decay phase-space.

— If take departure from flatness as genuine rather than fluctuations
(accounting for rare-mode kinematics) bias expected on Ry is 0.1%

K.A. Petridis (UoB) " Test of LFU at LHCb | March 2021 14 /20
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Systematic uncertainties

[LHCb-PAPER-2021-004]

Dominant sources: ~ 1%

» Choice of fit model
>> Associated signal and partially reconstructed background shape

» Statistics of calibration samples

> Bootstrapping method that takes into account correlations between
calibration samples and final measurement

Sub-dominant sources: ~ 1%o0
» Efficiency calibration

— Dependence on tag definition and trigger biases
— Precision of the g% and m(K*e*e™) smearing factors
— Inaccuracies | erial description in simulation

Total relative systemati é~
— Expected to be statid

K.A. Petridis st o J at LHCE March 2021




Muon (g-2): Fermilab seminar
04/07/21
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e

f a,(FNAL) = 116 592040(54) x 10~"*  (0.46 ppm),

where the statistical, systematic, and fundamental con-

stant uncertainties that are listed in Table II are com-

bined in quadrature. Our result differs from the SM value

by 3.3 0 and agrees with the sult. The com-
»d experimental (Exp) average[68] is ’

L siLp Lanp
xp) = 116 592061(41) x 10~ (0.35 ppm).
A T
The difference, @ (EXp) u”[SBE) = (251+59) x 10141,

has a significance of 1.9 5. Those results are displayed in
Fig. 4. —
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VOLUME 86, NUMBER 11 PHYSICAL REVIEW LETTERS 12 MarcH 2001

Precise Measurement of the Positive Muon Anomalous Magnetic Moment

H.N. Brown,> G. Bunce,> R. M. Carey,' P. Cushman,’ G.T. Danby,” P.T. Debevec,” M. Deile,!' H. Deng,'!
W. Deninger,” S.K. Dhawan,!! V.P. Druzhinin,’ L. Duong,” E. Efstathiadis,! F.J. M. Farley,!! G. V. Fedotovich,?

S. Giron,” F. Grayf D. Grigoriev,3 M. Grosse-Perdekamp,“ A. Grossmann,® M.F. Hare,'! D. W. Hertzog,7 6N L
V. W. Hughes,!! M. Iwasaki,'? K. Jungmann,6 D. Kawall,'! M. Kawamura,'? B.1. Khazin,? J. Kindem,? F. Krienen,'

I. Kronkvist,” R. Larsen,” Y. Y. Lee,” I. Logashenko,'? R. McNabb,” W. Meng,? J. Mi,? J.P. Miller,' W.M. Morse,’ 6#7]
D. Nikas,? C.J.G. Onderwater,” Y. Orlov,* C.S. Ozben,? J.M. Paley,! C. Polly,” J. Pretz,'' R. Prigl,> G. zu Putlitz,® f &L aH M'
S.IL Redin,!' O. Rind,! B.L. Roberts,! N. Ryskulov,® S. Sedykh,” Y. K. Semertzidis,”> Yu. M. Shatunov,’
E.P. Sichtermann,'! E. Solodov,> M. Sossong,” A. Steinmetz,!' L.R. Sulak,! C. Timmermans,® A. Trofimov,’
D. Urner,” P. von Walter,® D. Warburton,> D. Winn,> A. Yamamoto.? and D. Zimmerman®

(Muon (g — 2) Collaboration) 2 00 \

'"Department of Physics, Boston University, Boston, Massachusetts 02215
2Brookhaven National Laboratory, Upton, New York 11973
3Budker Institute of Nuclear Physics, Novosibirsk, Russia
4 Newman Laboratory, Cornell University, Ithaca, New York 14853
3 Fairfield University, Fairfield, Connecticut 06430
S Physikalisches Institut der Universitit Heidelberg, 69120 Heidelberg, Germany
"Department of Physics, University of lllinois at Urbana-Champaign, Urbana, Illinois 61801
8KEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
?Department of Physics, University of Minnesota, Minneapolis, Minnesota 55455
OTokyo Institute of Technology, Tokyo, Japan
" Department of Physics, Yale University, New Haven, Connecticut 06520
(Received 8 February 2001)

A precise measurement of the anomalous g value, a, = (g — 2)/2, for the positive muon has been
made at the Brookhaven Alternating Gradient Synchrotron. The result a,+ = 11659 202(14) (6) %
107" (1.3 ppm) is in good agreement with previous measurements and has an error one third that

of the eBmwmed previous data. The current theoretical value from the standard model is a’u(SM) =
11659 159.6(6.7) x 10710

[ ]
(0.57 ppm) and a,,(exp) — a,(SM) = 43(16) X 1079 in which a,(exp) is ‘\! 2 ‘] é
the world average experimﬁ'ﬂﬂ'!élue.
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week ending

VOLUME 92, NUMBER 16 PHYSICAL REVIEW LETTERS 23 APRIL 2004

Measurement of the Negative Muon Anomalous Magnetic Moment to (.7 ppm

G.W. Bennett,? B. Bousquet,g H. N. Brown,? G. Bunce,” R. M. Carey,] P. Cushman,” G.T. Dzmby,2 P.T. Debevec,’
M. Deile,"" H. Deng,'"' S. K. Dhawan,"' V. P. Druzhinin,® L. Duong,” F. J. M. Farley,"' G.V. Fedotovich,® F E. Gray,’
D. Grigoriev,3 M. Grosse-Pcrdekamp,“ A. G[‘OSSHlaﬂﬂ,6 M. E Hare,' D.W. Hertzog,7 X Hrhusmg,l V.W. Hughes,”'*
M. Iwasaki,m K. Jl_u'lf:{mamn,5 D. Kawall,!' B. 1. Khazin,3 F Krienen,' 1. Kronkvist,g A. Lam,'R. Larsen,2 Y.Y. Lee,2
L Logashenko,l‘3 R. McNabb,g W. Meng,2 J.P. Miller," W. M. Morse,2 D. Nikas,2 C.lG Onderw.fater,7 Y. Orlcw,4
C.S. Ozben,*” J. M. Paley,' Q. Peng,' C.C. Polly,” J. Pretz,'' R. Prigl,? G. zu Putlitz,° T. Qian,” S.I. Redin,*'! O. Rind,’
B. L Roberts,] N. Ryskulov,3 Y. K. Semertzidis,2 | 24 Shagin,9 Yu. M. Shatunov,3 EP Sich[ermann,” E. SO]OdOV,3
M. Sc»ss.ong,7 L.R. Sulak,' A. Trofimov,' P. von Walter,6 and A. Yamamoto®

(Muon (g — 2) Collaboration)
lDepar.\‘:ln.e}rn‘ of Physics, Boston University, Boston, Massachusetts 02215, USA

2Brookhaven National Laboratory, Upton, New York 11973, USA
*Budker Institute of Nuclear Physics, Novosibirsk, Russia /
*Newman Laboratory, Cornell University, Ithaca, New York 14853, USA .
*Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, NL 9747 AA Groningen, The Netherland, L
6Physikalfsches Institut der Universitit Heidelberg, 69120 Heidelberg, Germany O
7Depar!mem of Physics, University of Illinois at Urbana-Champaign, 1llineis 61801, USA
SKEK, High Energy Accelerator Research Organization, Tsukuba, Ibaraki 305-0801, Japan
°Department of Physics, University of Minnesota, Minneapolis, Minnesota 55455, USA
WTokyo Institute of Technology, Tokyo, Japan
“Departmem of Physics, Yale University, New Haven, Connecticut 06520, USA 3’2
(Received 10 January 2004; published 23 April 2004) AN /

The anomalous magnetic moment of the negative muon has been measured to a precision of 0.7 ppm
(ppm) at the Brookhaven Alternating Gradient Synchrotron. This result is based on data colertet
in 2001, and is over an order of magnitude more precise than the previous measurement for the nega-
tive muon. The result a,- = 11659 214(8)(3) X 10719 (0.7 ppm), where the first uncertainty is sta-
tistical and the second is systematic, is consistent with previous measurements of the anomaly for
the positive and the negative muon. The average of the measurements of the muon anomaly is 23

a,(exp) = 11659208(6) X 1071 (0.5 ppm). ==
[ ——



Muon (g-2) in units of 1011

Expt (yr) Th: Data driven... Deviation:Expt —Th

Disp relation, R- (significance)

ratio (yr)
BNL(01): (01):

11659159.6 43(16)~2.76
11659202(15.1)
[1.3 ppm]
BNL(04):
11659214(8.5) 288(80)~ 3.6 6
[0.7 ppm]
Fermilab (21): WP(21): , An experimental
116592040(54) 116591805(50) 235(52) ~ 4.5 Q)( Triumph!
[0.46 ppm] [0.43 ppm] Very likely an 8th

one for BNL!
B e,

WA(21): WP(21): How trustworthy
116592061(41) 116591805(50) 251(59) ~4.26 are the errors in
[0.35 ppm] [0.43 ppm] the WP?
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MUON MAGNETIC MOMENT: NEW PHYSICS OR NOT?

BMw L&

Forschungszentrum Julich & University of Wuppertal

Kalman Szabo

Budapest-Marseille-Wuppertal collaboration

Borsanyi,Fodor,Guenther,Hoelbling,Katz,Lellouch,Lippert Miura,
Parato, Stokes, Toth, Torok, Varnhorst

[2002.12347 Nature (2021)] Leading-order hadronic vacuum polariz ...

m\‘-LJENNMéM 05/oc |
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MUON MAGNETIC MOMENT: NEW PHYSICS OR NOT?

Kalman Szabo

Forschungszentrum Julich & University of Wuppertal
Budapest-Marseille-Wuppertal collaboration

Borsanyi,Fodor,Guenther,Hoelbling,Katz,Lellouch,Lippert Miura,
Parato, Stokes, Toth, Torok, Varnhorst

[2002.12347 ,Nature (2021)] Leading-order hadronic vacuum polariz ...
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Lattice highlights

2000 1| Budapest-Marseille-Wuppertal collaboration | ; ek ! :
1 G e e, I L S i i Fubi s o
1 -0 o8 b o gylTig,(T) —— .
1 — o7} i Qe THET) e -
1500 %JT_ 0.8 + $ :s !
] x| ==t 110 9
— ] 5 $ Fal : :
% | +_;\'— 90 | : :
=, 1000+ «|=N ;
= ] E?K oL ; ;
500 7 experimen E : :
1 = width : : :
i an b e S Firis
] e input : i i
: B i QCD o : ; :
0 1° 10° 102 10? 10* 10°

hadron spectrum [BMWc'08] equation of state [wWB '16]

10
AZ —exper;menl
8- —— * QCD+QED| - .
|  |Beesan| 1 neutron-proton difference [(BMWc'14]
s a0 ]
El &) | misospin symmetry breaking
| AN | i
r ! (strong and QED)
ik E HET Lunéchﬁaziz-lil; minimal RPV3-flavor anomalies




2000+
1500-

1000-

M[MeV]

500

——K

l—=m

==K

e

——0)
A

_| =
+:$&z

Lattice highlights
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o input
i QCD

0

hadron spectrum [BMWc'08]
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[ == |

— B : -
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oF | ——
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a0 b e o i
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equation of state [wWB '16]
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m isospin symmetry breaking
(strong and QED)

HET Lunéch 061151; minimal RPV3-flavor anomalies

29



Continuum limit )7

Improve continuum extrapolations by models ([HPQCD'16])

3,(a) — a,(a) + [a1° — &0 (a)]

— reduced sensitivity to S-cuts; improved slope dnd curvat
Systematic error:

m skip coarse lattices

660 _I I .I. I AT
640 m consider different models
20 ! . Sropo ) o (SMLLGS/SRHO/SXPT)
L A L sriieay m change the point, where
WO = _ we start applying the
QPROCEEDINGS S : i . ‘ r :
OFSCIENCE wocsooosk 0 0.005  0.01 0015  0.02 m use &a [‘I /a] instead of a
Volume 032 - XXIVth International Symposium on Lattice Field Theory L 32[fm2] ([l use |Ineal’ OI' quad ratIC
(LAT2006) - Plenary ;
Rooted staggered fermions: good, bad or ugly? ex":ra'pO Iatlo ns

p -
SR Shape —
Fulltext: pdf

Published on: December 18, 2006 HET Lunch 061121; minimal RPV3-flavor anomalies 30



HVP from

LM20 :
BMW20

ETM18/19 | ¢
Mainz/CLS19

FHM19 : ®

PACS19

RBC/UKQCD18 L

BMWA17

RBC/UKQCD
data/lattice

DHMZ19
KNT19

WP20 )—@
|I|\|||l|\||\|||||1|||[\||\ ‘:

not used in WP20

I I I I o A

-60 -50 -40 -30 -20
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-a
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= =" Fermilab uncertainty goal
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HVP from

\‘||||‘ar'\||||u\||\|||||||'|-||"

LM20
BMW20

ETM18/19 ¢

Mainz/CLS19
FHM19
PACS19
RBC/UKQCD18
BMW17
RBC/UKQCD
data/lattice
BDJ19

i

DHMZ19
KNT19

WP20

not used in WP20

PRI IR B A A RN A

[ BRI AR AN SRR |

-60 -50 -40

=" Fermilab uncertainty goal

(aSIM-aexP ) X 1010
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VOLUME 91, NUMBER 5 PHYSICAL REVIEW LETTERS 1:U?3U6511T12§03

Lattice Calculation of the Lowest-Order Hadronic Contribution
to the Muon Anomalous Magnetic Moment

T. Blum

RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
(Received 18 December 2002; published 30 July 2003)

We present a quenched lattice calculation of the lowest order [@(a?)] hadronic contribution to the
anomalous magnetic moment of the muon which arises from the hadronic vacuum polarization. A
general method is presented for computing entirely in Euclidean space, obviating the need for the usual
dispersive treatment which relies on experimental data for e*e™ annihilation to hadrons. While the
result is not yet of comparable precision to those state-of-the-art calculations, systematic improvement
of the quenched lattice computation to this level is straightforward and well within the reach of present
computers. Including the effects of dynamical quarks is conceptually trivial; the computer resources
required are not.

/
e ) : n €
Rlz (DEK \QVA;,W '5‘/ bJJQMMD”Q' K—)7~ J
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Attempt to address anomalies
with RPV3
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Explanation of anomalies in RPV3 SUSY

(g — 2), Kim, Kyae, Lee (PLB 2001)
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Crossing-symmetry on RD(*);
RK(*)=>c ADS’[17]; ADSS|[20]

HET Lunch 061121; minimal RPV3-flavor anomalies



ALTMANNSHOFER, DEV, SONI, and SUI PHYS. REV. D 102, 015031 (2020)

Specifically, the underlying parton-level process for Ry
is b — s ¢~ (with £ = e, u), and by crossing symmetry,
the following processes must also occur in the p p collisions
at the LHC: (i) bs - ¢, (i) gb — s¢"¢~ and
(iii) gs — b7 ¢~ (here g stands for gluon and ¢ generically
starrdwfo™POth quarks and antiquarks). So if the Ry

_ o ) anomaly were true, we must also have an anomaly in these
FIG. 22. Dominant contribution to the collider process pp —

5.2 in RPV3 at tree level. cpannels, which might !Je observable depending on the
signal-to-background ratio.

SR

q

ﬁ»}fufﬁ/wij )\5 ) + Cahimest ‘S\‘j’DLC/LV\C/
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FIG. 23. Kinematic distributions for the pp — b#,#, signal in the RPV model (blue) and the corresponding SM background (red).
The left panels show the transverse momentum distributions for the bottom quark and the two charged leptons, whereas the right panel
shows the invariant mass distributions for the dilepton and the two bottom quark—lepton combinations. In the RPV3 model under
consideration, the right combination of M, gives a peak at the squark mass, as shown in the last plot.
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Ry ANOMALY: A POSSIBLE HINT FOR ...
m SM m Vector = Scalar

Normalized Evenets

200 400 600
P (GeV)

m SM m Vector = Scalar

Normalized Evenets

500 1000 1500

My (GeV)

Normalized Evenets

Normalized Evenets

PHYSICAL REVIEW D 96, 095010 (2017)

m SM m Vector = Scalar

200 400 600 800
P (GeV)

m SM m Vector = Scalar

200 400 600 800 1000
MET (GeV)

FIG. 1. Normalized kinematic distributions for the pp — btv — b + Er signal and background.
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@ Signal:

® Only\\y33, Aggs and mj Ncontribute to the process pp — tpt . And
what ca ctually these parameters, a projection of the
scenario.

. . . _1 .
o Assume the luminosity £ = 3000 fb™". /s = 14 TeV,27 TeV, 100 TeV.

S5 T J— -/

@ Signal significance N = JSTE

Washington University in St. Louis muon g — 2 and the B-physics anomalies May 25, 2021 10 /15




4-lepton signal

(i) ) (k)

=

=

N

W
A

(1) (m)
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Explanation of anomalies in RPV3 SUSY

(g — 2), Kim, Kyae, Lee (PLB 2001)

R p«) Deshpande, He (EPJC 2017); Altmannshofer, Dev, Soni (PRD 2017) etc.

S

(b}

R y-+) Das, Hati, Kumar, Mahajan (PRD 2017); Trifinopoulos (EPJC 2018) etc.
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Parameters and benchmark scenario
)P @

@ Parameters (Aa32, A3q, Abas, m,nzb mg, , M, , M,

- A232 = —Az22 # 0 < contribute to muon g — 2, other A3;; couplings cannot be
large at the same time due to the constraints of 7 — pup, ™ — epp etc.
# 0 <= include . and free of my_, otherwise, A%J combined with A3z or A3pa,

/
213

well measured meson decays (didj} — pby or 7 — pK and ™ — pun decays will

prevent A3, . to be large.

ms, not involved with this choice of couplings.

my, can only influence BR(B; — p ) and the Wilson coefficients (C§)* and
(Cip)* that describe the R (., anomaly. But we can assume a relatively larger

value to eliminate the influence and it is not considered as a parameter.

Washington University in St. Louis muon g — 2 and the B-physics anomalies May 25, 2021
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Explanation of anomalies in RPV3 SUSY

@ The LQD and LLFE part of the RPV SUSY Lagrangian which contains
the \" and A couplings respectively and are relevant for the Ry, Ry
and (g — 2),, anomalies.

Lrgp = N (VindkrdjL + djrdirvin + dir75d)L

(1)

~ T3 o~ T3 N* —
— eiLdkRUjL = ’UJdekRGiL — dkRe;‘:LujL) + H.c.
1

LLLE = Q/‘\z'jk [ViLekre;L + €5LEkRVL + €rVsreL — (8 < j)]+H.c. (2)

@ Following previous discussions (Kim, Kyae, Lee (PLB 2001); Altmannshofer, Dev, Soni,
Sui (PRD 2020)), in RPV3 framework, (g — 2),, correction can be written as:

2(| Aask|? + | A3x2l? A3kal? Me23|? O
( (a2l + Aakal*) _ Pskal® _ Prasl® | 31Nl ) (3)

m2 m2 m2
TL

R ~tB)

Washington University in 5t. Louis muon g — 2 and the B-physics anomalies May 25, 2021 5/15
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Parameters and benchmark scenario

@ Furthermore, assume
!/ !
(A232, Agz = —Agp3 = —3X530, My = Mg My, M, = 4TeV) then we
can plot the anomalies and constraints in the two-dimensional parameter
’ !
space: (o3, my ) and (Ags2, myp, )

L/
- mg =my for SImpI|CJty

- miL has oppos:te contribution for (g — 2),,. The influence is not important as long
as mz_ 2 O(1TeV). Here we choose 4 TeV.

- Agg3 = —Adp3 <= A3z, Aggg and my are the only parameters that influence R
and Ry~ in our scenario. Assuming A5q5 = €155, we found that ¢; ~ (—3,—1)
will give an overlap region of Ry, and Ry (.). When |e1| decrease, the coupling

2% of the overlap reglon WI” also decrease so we choose €; = —1 here.

constramts of B — Kyy H, B mixing and DU — ut ,u . Assuming

933 R —Ajo3 = €2A\)39, We found that €2 ~ (—6,—2), where €o = —3 gives the
best fit.

Washington University in 5t. Louis muon g — 2 and the B-physics anomalies May 25, 2021



nomalies and constraints in the parameter space

! <
—
| g C1
: i |
a N
] ;F’ M
— My, > 04TeV D
14 TeV —M,,>04TeV
— e
— 27 TeV i
=100 TV | (o= -Nagy= 2.8 A2z = =A'223 = =332 = 1.3
T — - ~ =s =
0.028 ——— without cut iy, O TEN & M™%, aTeV
----- My > 0.15 TeV m;, = 4 TeV L = m; =4TeV
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/%« 7)8#¥ PHYSICAL REVIEW D 96, 095010 (2017)
6
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FIG. 2. RG evolution of the gauge couplings in the SM, MSSM
and in our natural RPV SUSY scenario.




Simulations

o Consider the processes pp — tutu~™ (pp — tu™p~ is similar but with a
larger background cross-section)

@ Background: i 3 '}00‘0/:&” W

Table 1: pp — tu™ = X cross sections (fb)

X 14 TeV M, ,— >0.15TeV 27 TeV M, 4 ,— >0.15 TeV 100 TeV M, — >0.15TeV

j 0.381 3.35 x 109 1.06 1.05 x 10~ 2 5.83 7.11 X 10~ 4

b 4.23 x 10~3 3.64 x 10~° 9.47 x 10~3 9.85 x 10~ ° 3.84 x 10~ 2 3.92 x 10~4

wt o jj 3.76 x 10~3 2.75 x 10~° 1.49 x 10~ 2 1.33 x 104 0.133 1.58 x 10~°

wt o5 etu, 6.38 x 104 5.68 x 109 2.53 x 10~3 2.68 x 10~ ° 2.24 x 10~2 2,98 % 10—4
I‘lf+ « +> o 12 s 11'\_3 N O 1n—3 Ly WY ~ . 1(\_2 1 10 s 1[\_2 N NAN N 19N
Yy - '.l. !/H' V.10 A 1LU &.Q1 A 1uU &.O% A 1uU 1.1&4 A 1O UV.L£9 4 V.14V

Wt 5 rtu,. | 6.34 x 1074 6.09 x 10~ 6 2.52 x 10~ 3 3.08 x 10~° 2.25 x 10~ 2 2.81 x 104
Total 0.396 6.10 x 10~ 3 1.12 2.20 x 10— 2 6.29 0.194

¢ o PE" <20 GeV, Bt <20 GeV

AW /d\/ b pit > 20 GeV, | ntH |< 2.5 P/([ }‘ ’Jla,l’éﬂ

Washington University in St. Louis muon g — 2 and the B-physics anomalies May 25, 2021 9/15




PHYSICAL REVIEW D 71, 016002 (2005)

Flavor structure of warped extra dimension models A
N X b‘% C@ja,,:\f

Kaustubh Agashe®
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, Maryland 21218-2686, USA 3{' W\er ” C

Gilad Perez' rmden 5 (M,}

Theoretical Physics Group, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

°F Fenmn
Amarjit Soni* M !
High Energy Theory Group, Brookhaven National Laboratory, Upton, New York 11973, USA ‘S_
(Received 14 September 2004; published 6 January 2005) (&,"M i(\ W

We recently showed that warped extra-dimensional models with bulk custodial symmetry and few
TeV Kaluza-Klein (KK) masses lead to striking signals at B factories. In this paper, using a spurion k oc GLJ V"‘ W\
analysis, we systematically study the flavor structure of models that belong to the above class. In
particular we find that the profiles of the zero modes, which are similar in all these models, essentially

control the underlying flavor structure. This implies that our results are robust and model independent in , 1\,&4 X \/ 9 |
this class of models. We discuss in detail the origin of the signals in B physics. We also briefly study other

new physics signatures that arise in rare K decays (K — mvv), in rare top decays [t — cy(Z, gluon)], L ” o~ e )

and the possibility of CP asymm P eigenstates such as K7 and others. Finally t‘b

we demonstrate that with light{KK masses, ~3 TeV Jthe above class of models with anarchic 5D h‘(

Yukawas has a “CP problem” since ¢ e neutron electric dipole moment are roughly 20 (\'Wb /\

times larger than the current experimenfal bound. Using AdS/CFT correspondence, these extra- 1a's s M 6 C ‘“‘\
Lo~ MN (

dimensional models are dual to a purely4D strongly coupled conformgl Higgs sector thus enhdnung
"“leBLO/K k-?c\s'DTe RS‘ G\M 51

their appeal. X
NOT- 10 1102 /PhueRavD 71 NTANM PACR numhere: 1198 Wy 1120 Hy
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FACT OR FARCE? [Charge Current only
1} explal ngalls Last ol dggurnderty ALL Centr

r ilusts ahot Theny N 0(4) e~ "W

experiment | tag method |7 decay mode Rp Ry Ry
Babar (2012)[1]| hadronic | v 0.440 + 0.058 + 0.042]0.332 £+ 0.024 + 0.0.018
Belle (2015)[2] | hadronic l vy 0.375 4+ 0.064 £+ 0.026| 0.293 £ 0.038 £ 0.015
LHCb (2015)[5]| hadronic 1 vy - 0.336 4+ 0.027 £ 0.030
Belle (2016)[2] |semileptonic l vy - 0.302 £ 0.030 £ 0.011
Belle (2017)[4] | hadronic w(p)v - 0.270 4 0.035 £ 0.027
LHCb (2017)[6]| hadronic 3mv 0.291 4 0.019 & 0.029

Belle (2019)[7] |semileptonic l vy 0.307 £ 0.037 £ 0.016] 0.283 £ 0.018 £ 0.014
LHCD(2016) [9]| hadronic 1wy - - 0.71 £0.17 £ 0.18

SM - - 0.299 £ 0.011 0.260 £ 0.008 0.26 £ 0.02

TABLE I: All experimental results announced to date on Rp, Rp+- and on R, versus the predictions of those for the
QNI

ALTMANIISHO o Duske-RS, Yicors W’:ﬁlz {2410
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PATHOLOGICAL SCIENCE

SHELDON STONE

Physics Department, Syracuse Universily, Syracuse
NY 13244-1130, USA
E-maal: stone@phy.syr.edu

I discuss examples of what Dr. Irving Langmuir, a Nobel prize winner in Chemistry,
called “the science of things that aren’t so.” Some of his examples are reviewed
and othemn}rsms are added. It is hoped that discussing these
incidents will help us develop an understanding of some potential pitfalls.

)

o=
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Few Important implications of RPV3 4 LFV

ALTMANNSHOFER, DEV, SONI, and SUI PHYS. REV. D 102, 015031 (2020)

TABLE V. RPV3 contributions to the branching ratios of the flavor-violating decay modes of 7 and of B mesons in the three
benchmark cases considered here. Also shown are the current experimental bounds at 90% C.L. for each channel. There is no existing
bound on b — szz, so that entry is labeled as N/A. For the last two decay modes, namely, the inclusive B — X u™pu~ and exclusive
B, — ppu—, we show the central values of the experimental measurements. The values for Case 1 are calculated with the parameter set in
Eq. (53) along with —e = 0.02 and m; = 2.0 TeV from the overlap region in Fig. 6. For case 2, the parameters are set in Eq. (57), along
with 7’ = 0.8 and mj, = 2.0 TeV from the overlap region in Fig. 7. For case 3, the parameters are set in Eq. (59) with A =0.2 and
myj, = 3.0 TeV from the overlap region in Fig. 8.

RPV3 Prediction

Flavor-violating Current experimental

decay mode 4, ' dependence Case 1 Case 2 Case 3 bound/measurement
T — g AapAsan, A323 55, 1.9 x 1071 FiRe Y0 2.6 x 10712 <8.4 x 1078 [202]
T — uKK Ayzodsan, 323455, 12010727 245610712 200 5 1012 <4.4 x 1078 [203]
7 — ukK?9 Aizolhays Aadsns 4:5 010712 8.7 x 10712 1o 10~ <23 x 1073 [204]
T — uy AisiAlans, AT 1.3 %10~ 13x10°° ey 2.4 x 10710 <4.4 x 107® [205]
T — ppp A3234322 L7se1e-1 1.2 x 10—‘»’~ 1.2 1071 <2.1 x 1073 [206]
B(,) = K®) (¢)ur As33dzgs Agaadizg, Asazdan 4.1 x107° 12x107 o 22x10710 <2.8 x 1073 [207]
B, — Asa s Arasdling, Misoian 4.4 x 10710 LIKIOT o 2FH10H <3.4 x 1073 [208]
b — stz Aga s 3.4 x 1077 2.8x% 1078 1.3 x 10713 N/A

B — K®zr AL Al 3.7x107° o o 2% 1078 9.6 x 10712 <2.2 x 1073 [209]
B, — 77 b LI L 3.7x 1078 3.0x 107? 1.4 x 1071 <6.8 x 1073 [210]
b — sup 2335y Ahaadozn 5.9x 107 325107 8.8 x 107 4.4 x 1079 [211]
B, — up A L L dilise 101 6.5 x 1071 1.8 x 10! 3.0 x 1079 [212]

,@fLLE-n;
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Contrarian/Complementary view
link i.e. a single CP-phase endowed by the 3g -SM.

* In many ways this is a contrarian (or complementary)
point of view, in sharp contrast to the overwhelming
majority following the naturalness lamp post via Higgs

radiative stability. __;_? NO lDSéTlW)« o ] L,"r\(,\/
o)

* In this context it is useful to stress

HET-LD 02/23/18 57
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Importance of the “IF”: score card

Beta decay => Gf => W....

charm

KL =>2 pi but very rarely; mostly to 3pi =>CP violation
=> 3 families

Largish Bd —mixing => large top mass

2] i oS

=> extremely unwise to put all eggs in HEF

Complementary info from IF can be a crucial guide \
m

for pointing to new thresholds as well as provide
important clues to the nature of the signals there fro




Conclusion

* RK is theoretically very clean. Also, LHCb has made special efforts to control
systematic errors. Their recent result based on the full data set of 9/fb seems
to increase the chances for a new physics interpretation and the previous

discrepancy with the SM of around 2.5 sigma has now increased to ~ 3.1 sigma.
* Despite all that, this can NOT be regarded a compelling evidence of new
physics.
* First of all a genuine signal of LFV requires also deviations from the SM in B =>
* . <
K% Existy Rey 2336 LHCh
* Bs => phi as well as in B-baryons. Even more desirable would be a confirmation
of this LFV signal from Belle=II.

* Moreover, O(3.1 sigma) deviations often disappear. Indeed, recall that in fact
an LHCb result (2012) in charm CP of roughly the same significance as RK did
not survive ~ 2years



VUL 4 | LULl4) AL 1A FOYOIUVA FULUINIVA D Nu

CHARM PHYSICS IN THE LHCB EXPERIMENT, FIRST
EVIDENCE FOR CP VIOLATION IN CHARM DECAYS*

ARTUR UKLEJA
for the LHCb experiment

National Centre for Nuclear Research

Hoza 69, 00-681 Warszawa, Poland

(Received April 17, 2012) g’* W‘?— '&-S (S\'r}

A search for the time integrated CP violation in the D° — h At
(h = K, ) decays is presented using 0.62 fb~' of data collected by the m‘l—
LHCb experiment in 2011. The HaWarm meson is determined
by the charge of the slow pion in the D*T — DYr™ and the D*~ — D%~ ,-Jx Md/
decays chain. The difference in CP asymWK T ,D _, ﬁ
and the D — 7=+, AAcp = Acp(K~K+)— Acp(n—nT), is measured to

ﬁ be [—0.8240.21(stat)+0.11(syst)]%. This differs from the hypothesis of CP AA O
conservation by 3.5 standard deviations . An additional search for the time cp
1l a laY%

integrated CP 0 suppressed decay D¥ — K- KT+
is also presented. Here no evidence for CP asymmetry is found using a
model independent method. The data used here was collected by the LHCh
experiment in 2010 and corresponds to an integrated luminosity of 35 pb—!.
The normalized Dalitz plot distributions for the D+ and the D~ are com-

pared using two different binning schemes that are sensitive to different
HET Lunch 061121; minimal RPV3-flavor anomalies 61



PHYSICAL REVIEW LETTERS 122, 211803 (2019)
EWMbniond 3 9

Observation of CP Violation in Charm Decays
( ' lo R. Aaij ef al.”
v,

(LHCb Collaboration)

(Received 21 March 2019; revised manuscript received 2 May 2019; published 29 May 2019)

Mmb A search for charge-parity (CP) violation in D° — K~K* and D° — 2~z decays is reported, using pp
collision data corresponding to an integrated luminosity of 5.9 fb~! collected at a center-of-mass energy
of 13 TeV with the LHCb detector. The flavor of the chaf meson s inferred from the charge of the pion

4
Lm‘ in D*(2010)" — Dz decays or from the charge of the muon in B — DO#_I_/#X decays. The difference
AN — -M
between the CP asymmetries in D — K-K+ and D" — 7z~ z" decays is measured to be AA p =
- ! [—18.2 + 3.2(stat) + 0.9(syst)] x 10~* for n-tagged and AAqp = [—9 4 8(stat) & 5(syst)] x 10~* for u-
‘). x . , tagged D” mesons. Combining these with previous LHCb results leads to AAcp = (—15.4 £2.9) x 1074,
where the uncertainty includes both statistical and systematic contribution™ 11ers
frogh zero by more than 5 standard deviations. This is the first observation of CP violation in the decay of

o \1&. hadrons. = % g 'td A g
} ML 0 HET Lunch 061121; minimal RPV3—fIav0r§a|ieS i CL“SQD':;\ hﬂwm



LFV survives
further
scrutiny

theoretical
case for RPV3-
SUSY is rather

ompelling

* O(36) param in RPV3-SUSY, O(20) in
SM... What does RPV3 buy for you?

stay unity as in SM for a very long
time to come ; ¢ BEPS-III
arxive:2106.02292

HET Lunch 061121; minimal RPV3-flavor anomalies

. . e . -
« Radiative stability of the Higgs N\
* Gauge coupling unification
* A very important accidental symmetry \
of the SM is “explained”
* Many non-trivial predictions
‘ . Jey-

* RK AND RK*, both are <1 asin SM Sk, AN
* D* polarization remains the same as} A\¢yw
in SM ) 4
 For DI3 or KI3 similar R-ratios should RW
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Exploring lepton flavor anomalies

Lepton universality is tested at TeV scale

by comparing the ee & pu mass spectra!l

_ do(qg — pTp)/dmy,
do(qq — ete~)/dmy,

R]ﬁ;»“/e“*‘e~

LFU =» ratio is unity

137 b7 (13 TeV, ee) + 140 fb' (13 TeV, uu)
e e e 3. -

' cMS

S

MC
wulete

two barrel leptons

/R

1.5

PN =

Data
utu/e'e”

R

0.5 -
|| .arXiv:2103.02708 + |

2000 3000
m [GeV]

%DO 300 400 1000
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Contact interaction b/w (b, s) quarks & 2
leptons, inspired by B-meson anomalies.
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e uieie 15 dil ou4 dylllllicuy vl caull 1iavul. UdC 4AX4udI— 1T 1 1Vl UITc
u ubar vector mesons to get a SU4 15 rep and one singlet rep.

The 15 and the 1 are not degenerate; i.e. they even have different decay
channels and widths.

This is completely parallel to isospin, where q gbar pairs combine to a
triplet rho and a singlet omega that are not degenerate.

Since the d dbar has an independent taste symmetry, there will be another
15 and another singlet.

The two singets can combine in the usual way to a flavor symmetric omega and flavor
antisymmetric neutral rho.
The serious problems arise with the 15's. The taste symmetries for the up and down

quarks are independent, and thus

they are 15's in different groups. They cannot combine.

So our vector spectrum has 2 15 reps and 2 singlet reps, all non-
degenerate and with different decay channels.

The only way | can imagine out of this is for the photon not to couple to any
of the 15's. But they can always be produced

in pairs, and there are pairs of taste 15 pions out there as well. This is just
too much of a mutilation of the spectrum to be believed.

Mike
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