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The Standard Model and beyond
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Puzzles in Hadronic B decays

o U-spin puzzle
o B — K7 puzzle
o« B — K7 puzzle?
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Status of direct measurement of ~y
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Weak-phase information from tree-level B decays
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Weak-phase information from B decays with tree + loop
o AB — f) = |a| + [ple"?e?® — T o |AJ?
AB = f) = |a] + |ble @e? — T o |A?

— 4 parameters: 2 magnitudes (|a|, |b|), 1 rel. strong phase (4), 1 rel. weak phase (¢)
r+7T r-r
@ 2 Observables: Bop = %, Ccp = T+t (direct CP asymmetry)
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Weak-phase information from B decays with tree + loop

o AB — f) = |a| + [ple"?e?® — T o |AJ?
AB = f) = |a] + |ble @e? — T o |A?
— 4 parameters: 2 magnitudes (|a|, |b|), 1 rel. strong phase (4), 1 rel. weak phase (¢)

r+r r-T
@ 2 Observables: Bop = 2;3 , Cop = T+t (direct CP asymmetry)
e For B — f with f = f additional observable Scp (indirect CP asymmetry)
N _ qA 2Im|[\]
B-mixing: |B),, .« =P |B) 4+ q|B) with A = VA = Sf = T+ 2
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Weak-phase information from B decays with tree + loop
o AB — f) = |a| + [ple"?e?® — T o |AJ?
AB = f) = |a] + |ble e — T o |A?
— 4 parameters: 2 magnitudes (|a|, |b|), 1 rel. strong phase (4), 1 rel. weak phase (¢)

r+T r-r
@ 2 Observables: Bep = 2;‘_3 , Cep= I+7 (direct CP asymmetry)
e For B — f with f = f additional observable Scp (indirect CP asymmetry)
N _ qA 2Im|[\]
B-mixing: |B),, .« =P |B) 4+ q|B) with A = VA = Sf = T+ 2
o Information about ¢/p comes from B — B mixing (independent source)
—2Re[A]

o For B,, additional observable AT = (since AT is sizable)

14 A2
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Weak-phase information from B decays with tree + loop
o AB — f) = |a| + [ple"?e?® — T o |AJ?
AB = f) = |a] + |ble e — T o |A?
— 4 parameters: 2 magnitudes (|a|, |b|), 1 rel. strong phase (4), 1 rel. weak phase (¢)

r+T r-r
@ 2 Observables: Bep = 2;‘_3 , Cep= I+7 (direct CP asymmetry)
e For B — f with f = f additional observable Scp (indirect CP asymmetry)
N . qA 2Im|[\]
B-mixing: |B),, .« =P |B) 4+ q|B) with A = VA = Sf = T+ 2
o Information about ¢/p comes from B — B mixing (independent source)
—2Re[\
o For B,, additional observable AT = 1f{|e)\[‘2] (since AT is sizable)
1— A2
o Ccp = = }/\}2 = Identity: (Ccp)? + (Scp)? + (A2T)2 =1 (LHCb:0.8540.16)
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U-spin in hadronic B decays
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Weak-phase info using U-spin

@ R. Fleischer, hep-ph/9903456: Compare Bs — K™K~ with By — nwm~

= & = DA
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Weak-phase info using U-spin

@ R. Fleischer, hep-ph/9903456: Compare Bs — K™K~ with By — nwm~
@ 4 observables: Crk, Sk, Crr, Sren
e |q/p| =1 for BS’S (can check from semileptonic B decays);

arg(qs/ps) =~ 28s — from By — J/U¢
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Weak-phase info using U-spin

@ R. Fleischer, hep-ph/9903456: Compare Bs — K™K~ with By — nwm~

@ 4 observables: Crk, Sk, Crr, Sren

lg/p| =~ 1 for Bé”s (can check from semileptonic B decays);
arg(qs/ps) ~ 20s — from By — J/U¢

e Hadronic parameters same for both decays: (|b/a|,d) < 2 parameters

Weak decay parameters: v, 84 < Up to 2 parameters

Crr, Cx ki, Sk sufficient to determine v 4+ 2 hadronic parameters

Use S to also get 54
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Weak-phase info using U-spin

@ R. Fleischer, hep-ph/9903456: Compare Bs — K™K~ with By — nwm~

@ 4 observables: Crk, Sk, Crr, Sren

lg/p| =~ 1 for Bé”s (can check from semileptonic B decays);
arg(qs/ps) ~ 20s — from By — J/U¢

e Hadronic parameters same for both decays: (|b/a|,d) < 2 parameters

Weak decay parameters: v, 84 < Up to 2 parameters

Crr, Cx ki, Sk sufficient to determine v 4+ 2 hadronic parameters

Use S to also get 54

o Data unavailable at the time

The strategies proposed in this paper are very interesting for “second-generation” B-
physics experiments performed at hadron machines, for example LHCh, where the very
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Measurement from LHCb and theory progress

o LHCb measurement of CP Asymmetriesin By — KK~ (n"7~): 1805.06759, 2012.05319
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Measurement from LHCb and theory progress

o LHCb measurement of CP Asymmetriesin By — KK~ (n"7~): 1805.06759, 2012.05319
@ Theory investigation of U-spin: Nir, Savoray, and Viernik, 2201.03573
o Cxr =0.172+£0.031, Skgx =0.139+£0.032, Crr = —0.32+£0.04, Srr = —0.644+0.04
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Measurement from LHCb and theory progress
o LHCb measurement of CP Asymmetriesin By — KK~ (n"7~): 1805.06759, 2012.05319
@ Theory investigation of U-spin: Nir, Savoray, and Viernik, 2201.03573
o O =0.172+0.031, Skxrx =0.139+£0.032, Crr = —0.324+0.04, S, = —0.64+£0.04
o Use By (Ba — J/VKy), Bs (Bs — J/Psid)
~ (B = DK)

@ Find hadronic parameters for both decays

— test U-spin
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Measurement from LHCb and theory progress
o LHCb measurement of CP Asymmetriesin By — KK~ (n"7~): 1805.06759, 2012.05319
@ Theory investigation of U-spin: Nir, Savoray, and Viernik, 2201.03573

Crrg =0.1724+0.031, Sgrx =0.139£0.032, C,r = —0.324+0.04, S;r = —0.64+£0.04

Use B4 (Ba — J/VKs), Bs (Bs — J/Psig)

v (B = DK) T T T ]

Find hadronic parameters for both decays

— test U-spin o
|bs/as|

° = 1.07, |as/aq| = 1.26 |
Jbafaa] — " 195/% 1
— (0 - 30%) U-spin breaking
(O(ms/AQCD) ~ 30%7fK/f7‘r — 1~ 20%) o o ‘t))‘:](; s T T T
@ Result: NP + different orders of breaking at play
April 20, 2023 9/43
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Other U-spin related decays
@ What about other U-spin related decays? BB with others, 2211.06994
o Consider U-spin SU(2) subgroup of flavor SU(3)
— quark doublet: (d,s); — antiquark doublet: (3, —d);
— meson doublets: (7=, K~), (K*,7T), (BY,BY)
o Initial state: B doublet; Final state: DoubletxDoublet = Singlet(0) + Triplet(1)
@ 6 decays possible: 3 decays each AS =0(b — d),1(b — s); 4 U-spin RMEs

Decay Representation Bcp Ccep  Scp 1/2
B &t M1/2 n M ~10-° v v ° Eacl:hQqu has two parts
By — KTK~ Mllf —M(}f <1075 77 0 Mapt = VAV TE 4 VAV, Py
BY = nt K~ 9 ]\41/2 ~10-6 @ 12 measurements
BY - KtK~ ]\41/2 + M(}S/Z ~1075 v @ 4 yet to be measured
BY — ntn~ M115/2 — M&S/Q ~1077 7 ? e 2 amplitude triangles:
BY = Ktn— 2 M,/ ~1075 "+ KtK- =7K
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Hints of U-spin breaking

e AS=0=q=d, AS=1=qg=s
— 7 hadronic parameters < T, P7 with z = 0, 1
— 6 measurements available X

— 2 future measurements = ~ can be extracted with 3, from independent source
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Hints of U-spin breaking

e AS=0=q=d, AS=1=qg=s
— 7 hadronic parameters < T/, P/ with z = 0,1
— 6 measurements available X
— 2 future measurements = ~ can be extracted with 3, from independent source

@ Apply U-spin! = 8 parameters (v + 7 hadronic for both AS =0, 1); 12 measurements v/
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Hints of U-spin breaking

e AS=0=q=d, AS=1=qg=s

— 7 hadronic parameters < T/, P/ with z = 0,1

— 6 measurements available X

— 2 future measurements = ~ can be extracted with 3, from independent source
@ Apply U-spin! = 8 parameters (v + 7 hadronic for both AS =0, 1); 12 measurements v/
e Bad Fit! Xfmn = 17.8 for 4 dof. v = (67.6 & 3.4)° close to Ygirect

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 11/43



Hints of U-spin breaking

e AS=0=q=d, AS=1=q=s

— 7 hadronic parameters < T/, P/ with z = 0,1

— 6 measurements available X

— 2 future measurements = <y can be extracted with 3, from independent source

@ Apply U-spin! = 8 parameters (v + 7 hadronic for both AS =0, 1); 12 measurements v/
e Bad Fit! y2. = 17.8 for 4 dof. v = (67.6 & 3.4)° close to Ydirect

_CéPBéPFS =1
d d o
CépBepla
o ABBY = ntn™ )~ ABY = 7T K™)
o ABY - K*K~)~ A(B) — n~K™)

@ U-spin relation(s):

B Bhattacharya (LTU) Select puzzles from B decays

AS =0 AS =1 Relation
BY wata~ | B > KTK~ | 2.78+0.66 | v/
B 5 atK~ | B -7 K" | 1.25+£0.21 | /
BY - 77K~ | BY - KTK~ | 341091 | X
BY - 7tn~ | BY 7 KT | 1.02+£0.12 | X
April 20, 2023 11/43



The U-spin puzzle
o ABY = ntn) SAMB? - 7TK™): A~ (5£8)%, 0A~ (15+£9)%
o ABY - KTK™) SABY —» 7~ K): A~ (11 £6)%, sA~ (19+5)%
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The U-spin puzzle
o ABY = ntn) SAMB? - 7TK™): A~ (5£8)%, 0A~ (15+£9)%
o ABY - KTK™) SABY —» 7~ K): A~ (11 £6)%, sA~ (19+5)%
o Next-step: include U-spin breaking — YZ/Y?® =1+ |y,| €%, Y =T,P, £ =0,1

@ U-spin triangle: A; + Ay = (1 4+ X) A3 — 23 41 = 9 additional parameters!X
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The U-spin puzzle
o ABY = ntn) SAMB? - 7TK™): A~ (5£8)%, 0A~ (15+£9)%
o ABY - KTK™) SABY —» 7~ K): A~ (11 £6)%, sA~ (19+5)%
o Next-step: include U-spin breaking — Y. /Y’ =14 |y,| eve, Y =T P, z=0,1

@ U-spin triangle: A; + Ay = (1 + X)A3 — 23 41 = 9 additional parameters!X
@ Situation: 12 observables available, enforce v ~ Ytree
= 7 hadronic parameters at U-spin limit v/
@ Can solve for up to 5 additional parameters: oo combinations — try a large sample v/

@ Also test hypothesis 71 in AS =1 is different from v in AS =0
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The U-spin puzzle
o ABY = ntn) SAMB? - 7TK™): A~ (5£8)%, 0A~ (15+£9)%
o ABY - KTK™) SABY —» 7~ K): A~ (11 £6)%, sA~ (19+5)%
o Next-step: include U-spin breaking — Y. /Y’ =14 |y,| eve, Y =T P, z=0,1
@ U-spin triangle: A; + Ay = (1 + X)A3 — 23 41 = 9 additional parameters!X

@ Situation: 12 observables available, enforce v ~ Ytree
= 7 hadronic parameters at U-spin limit v/
@ Can solve for up to 5 additional parameters: oo combinations — try a large sample v/
@ Also test hypothesis 71 in AS =1 is different from v in AS =0
Results: |tg| ~ O(100%), 0y, # 0 needed; Other |y,| and |X| small
~v1 # v preferred when ~1 is included in fits

. 79 .
fo] €0 = 5 —1 My)? = ViV IO + ViVegPY ¢ [U-spin puzzle
d
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Summary and other contemporary puzzles

o Reasonably sized U-spin breaking + NP «+» BY — ntn~, B - KTK~
@ Sizable U-spin breaking needed to explain 6 U-spin related Bgs — DD (D = Doublet)
Puzzles seem to involve BY — K™K~ — need unusually large T2 /T
Comparable with U-spin breaking in D decays ~ 173% Schacht, 2207.08539
I'(Bs — K°K")

R = MBS KK~ 66%  expectedZ 1 Amhis et al., 2212.03874
S
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B — Km: The puzzle in short

* Amplitudes: A = A; 4+ Ase®e® and A = A; + Age @ et

= CP Asymmetry: Acp = M o sin(¢) sin(9)
|A[2 + A2
* Consider processes:
Bt - 0K+ A% = —T'e 4+ P — P, (Phy xT)
BYsa Kt AT = —T'e 4P

= |[Acp(BT - 79KT) = Acp(BY — 7~ KT)| in Theory!

* Experiment:
A%L = 0.025+0.016  2012.12789
Agp =—0.084+£0.004  1805.06759 ~ 6.50 discrepancy!
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B — Kmr: The puzzle

4 B — K processes with 9 observables

- 1
AP0 = — gc + P’t:cew B gPJ{Z_/’%’ )
V2A% = —T'e" — C'¢" + P/, — P, e
Decay BR Scp 9

B#ﬁﬁKO —4%w—§ﬂ%a
Bt > 70K+
Bg a1 Kt

Bg — KO

! 1 / r 1 2 t
p A=t =_T'¢" + P/, — P e — §PEC{,V :
V2A"® = —C'e™ — P+ P! e

ASENENEN
&\\\§

~ Phw — 3PiSy -

o Fit with several theory parameters (usually) results in a bad fit.
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The B — K puzzle: A solution (2104.03947)!

* Consider an ALP (2104.03947):
. my =
LD—i Y, nf—ff’y5fa+...
f=u,d,l a
— mg =~ Mo and ALP promptly decays to v

— Mixes with the 70: |a) =sinf |7°) + cosf|a)

phys phys

— B — K7 processes get new contribution: A = | A|e?™/?
VoA =+ A V2A =+ A

— Leads to a good fit with |A| ~ Ppy,

— Constraint from B — Ka (B — K + invis):
B~107° =sinf ~ 0.1 -0.2

* Work in progress: How to detect an ALP with mass close to m_o in other flavor processes.
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3-body B Decays: Fully-symmetric state

~ from three-body decays 24(B°+ K¥n'n ) = be —re,
V2AB® = K% ), = —de — Pl —a+wd,
. _ VZA(BT - K™t 17 ) = —cé’ — Plé” —a+ kb,
» 3-body final state under SU(3) : B — krr, KKK VIAGB® — KKK ) = asug (e — P — at xl)
— 6 final state symmetries : permutations of 3 particles AB* =5 K'R°K")e = asum(Pie” +a),

o Fully-symmetric state (Rey-Le Lorier, London, 1109.0881)
—  More observables than unknowns =+ can be extracted

— BB, Imbeault, London, 1303.0846

o BB with others, 1303.0846

L SMuike. 77° o Updated: Bertholet et al.,
—  32°, 250°, 315° 1812.06194
Knm — KKK puzzle ?

o N Dalitz points
David London’s talk in this session! = 8N hadronic parameters +
o Group theory analysis : I-spin, U-spin, SU(3) relations
— BB, Gronau, Imbeault, London, Rosner, 1402.2909

¥ (in degrees

@ 11N observables
= 7 can be extracted

Bhubanjyoti Bhattacharya (UdeM) July 30,2015 2 /13
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3-body B Decays: Fully-antisymmetric state

* Work in progress with undergraduate student
v" Find flavor-SU(3) representations of (B| H |PPP)g,
B — (P1P2P3)FA with |P1P2P3> B |P2P1P3>.

Decay ViVes Vi Vas

Amplitude BFA) BEA) AFA) g(FA) RIFA) REA) p(FA) p(FA) p(Fd)

+ + b= 1 1 1 1 3 3v6
AB* = K*atrT) 0 0 F oy - s 0%
0+ 0 P P P av v

A(B* - K%+ 1°) 0 \f 0 \f . 0 B
0, KOrtnm L Lo Lo N
A(B® - K'ntn™) 0 -% 0 % & - 4 0o £
A(B® - K+n%r™) 0 VEoo EoJ2-k 2 o 25
A(B* — KYK°K") 0 - 0 - X 0 2 0 8
A(B® - K°K*K™) 0 -% o0 -% L o0 Lova 4
0 0 g+ g = 1 1 2 1 4 1 3
VIAB! 5 a° KT KT) —5p 0 gm0 Fg oan -7 Vi
0 070 75 1 1 2 1 4 1 Wi
V2ABI 5 n'K°K) —5m 0 -3z 0 g -mm <f o7 o
0 T e 1 1 1 1 Vi
ABY 5 KR g 0 g0 0 - 0 -k
0 atK-K9) -l 1 1 V3
A(B? - 7t K~ K°) 2 0 == 0 0 -7 0 z -y
_ 3T

VEABY »antnT) -k & -k % 0 0 & 0 Y

— Find reduced set of SU(3) amplitudes
— Establish v extraction method

— YFS # YFA
— B — Knn puzzle?
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Hadronic B puzzles: Summary

@ Emerging cracks in the fabric of flavor symmetries

o Is it simply a lack of understanding of QCD?
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Hadronic B puzzles: Summary

@ Emerging cracks in the fabric of flavor symmetries
o Is it simply a lack of understanding of QCD?

@ Is it new physics?
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Hadronic B puzzles: Summary

Emerging cracks in the fabric of flavor symmetries

Is it simply a lack of understanding of QCD?

Is it new physics?

Era of precision physics — lots of data from Belle Il and LHCb
@ Time will tell if SM can stand its ground

Future is bright with many areas to explore
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Puzzles in Semileptonic B decays
o Ry
« R
» AApp and other angular observables
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Semileptonic B decays in the Standard Model

@ Decay amplitudes may factorize into hadronic and leptonic parts
o Mediated by EW gauge bosons — W*, Z0 v
-

v

b

\\ \— Neutral current

Charged current e 5,d
o Tree level; Eg. B— D®¢~ 1 o Loop level; Eg. B — K" ¢—¢+
o CKM suppressed (A ~ 0.2) o GIM 4+ CKM Suppression
o Vep ~ A2 o ViV ~ N2
X Vip ~ A3 @ Enhancement from top-quark in loop

o Ideal for measuring SM parameters (CKM elements)

@ Deviations may lead to New Physics discoveries
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Lepton-flavor Universality and Violation

V=V Vs Vo

B Bhattacharya (LTU) Select puzzles from B decays

W ~— xCp ZO/‘}'O ~— ~xC ~— ~xC,
(C=e,u,7 r=e,u, 1t V=Ve, Vys Ve
{
o Wt 20 li fi
,Z",~ couplings are same for e, p1, T
§ e ~— am @ SM Gauge couplings are lepton-flavor universal (LFU)

@ Departure from LFU can be a signature of new physics

April 20, 2023
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Signatures of LFUV and New Physics

@ Experimental measurement

B(B— KW )y, =  BLEAMEOder (1 L O(ay))

o Leading order result in the Standard Model

@ Hadronic corrections

o AB = Bexp — Bsm; Non-zero value could be due to QCD effec
/\o Hadronic ertainties cancel in ratio between lepton flavors
B(B— Kp pt) B B(B — Kp pt) (14 O(as
B(B — Ke~e™) |, B B(B = Ke~et) |gu O(ay))
o R’ RIM ~1 Hadronic uncertainties cancel
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Ratio anomalies |1 Ry

. i BaBar

: 0.1< q2<8.12GeVZct qIZnax
Belle B(B— Ku p*) 2
1.0< ¢2<6.0GeVct 3 dq

dg

LHCb 3fb? q2.
1.0< g2 < 6.0 GeV?/ct Ry = min
LHCh 5 fb* S

: 11< ¢?<6.0GevZct B(B — K6_6+)d 9

: ) q

o | LHCb 9 fb'* dq?
: 11< q2<6.0Gevct q2 .
1 ) ) ) ) 1 ) ) ) ) 1 ) ) min
2 2
05 ! R ¢ = (Pur +pu-)

@ Results from 2103.11769(LHCb) (Nature Physics)
@ SM result R[;(_G]Gew =1+0.01 - clean! (Bordone et al., 1605.07633)
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https://arxiv.org/abs/1605.07633

Ratio anomalies |1 Ry

1.2

Rk k-
—
o

0.8

0.6

L4}

Ri  low-¢> = 0994700
Ry central-g” = 0.94970018
Ry 1()W—qZ = 0'9274:((1).8%%

Ry central-¢* = 102740070

—e—

{ Data
— SM

IJrJf

X>=16,p=0812,06=02

Ry low-¢° R central-¢> Ry low-¢° Ry central-¢*
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Select puzzles from B decays

Latest results from 2212.09153(LHCb)

Same dataset — systematic shift due to im-

proved understanding of background
low-g%: [0.1-1.1] GeV?
central-g?: [1.1-6.0] GeV?
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https://arxiv.org/abs/2212.09153

Many more observables

P/ [2.5,4]
Py [4,6]
B(BT — Ktptp™) [1.1,6] o=
B(BT — K*ete™) [1.1,6] o —o—
B(B! = éptp7) [LL6] o e
BB > ) ——
B(B® — ptpm) ——
Muon g — 2
Rg [0.1,1.1] 4 —
Ry [1.1,6.0] —
Ryo [11,6.0] —
Ry 0.1,1.1] ——
Ry [1.1,6.0] e
R+ [0.045,6.0] S —
Ry [0.1,6] —
R(D)
R(D*)
R(J/¥) —
R(AT) —
B(B* — 7tv) —
T T

T T T T
-5 -4 -3 -2 -1

mm.ch 2023-03-22 Pull in &
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From Flavor Anomalies blog

by P. Koppenburg (LHCb)

02 pt. + 03, normalized to 1

SM in Orange shifted so central value is 0

Expt. in Blue shows number of o from SM
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https://www.nikhef.nl/~pkoppenb/anomalies.html
https://meetings.aps.org/Meeting/APR23/Session/F05.3

Many more observables

P/ [2.5,4]
Py 4,6
B(BT — Ktptp™) [1.1,6] fe—
B(BT — K*ete™) [1.1,6]
B(B! = éptpm) [LLG o e
BB > ) ——
B(B® — ptpm) ——
Muon g — 2
Rg [0.1,1.1] 4 —
Ry [1.1,6.0] —
Ryo [11,6.0] —
Ry 0.1,1.1] ——
Ry [1.1,6.0] e
R+ [0.045,6.0] S —
Ry [0.1,6] —
R(D)
R(D*)
R(J/¥) —
R(AT) —
B(B* — 7tv) —
T T

T T T T
-5 -4 -3 -2 -1

mm.ch 2023-03-22 Pull in &
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From Flavor Anomalies blog

by P. Koppenburg (LHCb)

02 pt. + 03, normalized to 1

SM in Orange shifted so central value is 0

Expt. in Blue shows number of o from SM

April 20, 2023

26 /43


https://www.nikhef.nl/~pkoppenb/anomalies.html
https://meetings.aps.org/Meeting/APR23/Session/F05.3

Many more observables

P (25,4
Py 4,6
B(B* — K*ptp~) [L.1,6] fe—
B(BY — K*ete) [1.1,6] 1
B(B! = éptpm) [LLG o e
B(B{ = pp7) —— .
BB > o) e @ From Flavor Anomalies blog
Muon g — 2 ——
o] by P. Koppenburg (LHCb)
i L 4 2 2 :
zf: Eigg}_ ® JOgypt. 1 07, normalized to 1
Rico [0.1,1.1] 7 —— @ SM in Orange shifted so central value is 0
Ry [1.1,6.0] ——
Ri+ [0.045,6.0] — @ Expt. in Blue shows number of o from SM
Ry [01,6) —
R(D) o
R(D) —lel
R/ -
R(AD) ——
B(BT — 7v) —
T T T T T

T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5
) Pull in &
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Many more observables

P (25,4
Py 4,6
B(B* — K*ptp~) [L.1,6] fe—
B(BT — K*ete™) [1.1,6]
B(B! = éptpm) [LLG o e
B(BY = i) —
B(B" — ptp) - ——
Muon g — 2 —e—|
Rg [0.1,1.1] 4 ——
R [1.1,6.0] — 2
Ry [1.1,6.0] —— ° 6eXPt'
Ryco [0.1,1.1] —— °
Ry [1.1,6.0] ———
Ry [0.045,6.0] — °
Ry [0.1,6] —
R(D)
R(D*)
R(J/¥) —
R(A) ——
B(B* — 7tv) —
T T T
0 3 4 5

T T T T
-5 -4 -3 -2 -1
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@ From Flavor Anomalies blog

by P. Koppenburg (LHCb)

+ 62, normalized to 1
SM in Orange shifted so central value is 0

Expt. in Blue shows number of o from SM
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Many more observables

P 254
Py 4,6
B(BY — Ktptu™) [1.1,6] fe—
B(BT — K*ete™) [1.1,6]
B(B! = éptpm) [LLG o e

B(B! = ptum)
B(B® — ptpm)
Muon g — 2

Rg [0.1,1.1] 4
Ry [1.1,6.0]
Ry [1.1,6.0]
Ry [0.1,1.1]
R0 [1.1,6.0]
R+ [0.045,6.0] -

B Bhattacharya (LTU)

T T T T
-5 -4 -3 -2 -1 0 1 2

Pull in &
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From Flavor Anomalies blog

by P. Koppenburg (LHCb)

52

expt. T 62, normalized to 1

SM in Orange shifted so central value is 0

Expt. in Blue shows number of o from SM
2023 APS April Meeting talk by B. Kiburg
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Ratio anomalies II: Rp

BaBar 2012, had. tag
0.440 + 0.058 + 0.042

Belle 2015, had. tag
0.375 + 0.064 + 0.026
Belle 2019, §l. tag ' ;
0.307 £ 0.037 £ 0.016 "_‘.—"

LHCb 2022

0.441 + 0.060 + 0.066
e — R, — BB = D7)
Ve . B(B — DU~ D)
PRD 94 (2016) 094008 :
0.299 + 0.003 :

PRD 95 (2017) 115008
0.299 + 0.003

JHEP 1712 (2017) 060
0.299 + 0,004

EPIC 80 (2020) 2, 74
0.297 + 0,003

PRD 105 (2022) 034503
0.296 + 0.008

@ SM Value: 0.298+0.004
Heavy Flavor Averaging Group

@ World Average measurement: 0.35640.029
@ Roughly 2.00 deviation

FNAL/MILC (2015)
0.299 + 0.011

HPQCD (2015)
0.300 + 0.008 ' : HFLAV
: |
1 l 1 j ; l 1 1

0.2 0.4

S L

R(D)
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https://hflav-eos.web.cern.ch/hflav-eos/semi/winter23_prel/html/RDsDsstar/RDRDs.html

Ratio anomalies Ill: Rp-

BaBar 2012, had. tag
0.332 +0.024 + 0.018

Belle 2015, had. tag
0.293 + 0.038 + 0.01!

Belle 2017, (hadronic tau) !
02700035 +0027 — ¢

LHCb 2023, (hadronic tau) ;
0.257 £ 0.012 +£ 0.018 —_—

Belle 2019, . | __
0585 20018 £ 0d14 . B(B — D*r l/)

Y N N Ro = BB = Doip)

Average A
0.284 +0.013 _‘_
SM Average |
0.254 + 0.005 -
PRD 95 (2017) 115008
0.257 + 0.003

1

@ SM Value: 0.25440.005
Heavy Flavor Averaging Group

o World Average measurement: 0.28440.013
@ Roughly 2.20 deviation

JHEP 1712 é2017) 060
0.257 + 0.00!

| B

PLB 795 (2019) 386
0.254 + 0.007

T

—
PRL 123 (2019) 9,091801
0.253 + 0.005 -
EPJC 80 8%020) 2,74
0.247 + 0.006 - :
EPJC 82(2022) 12,1141 ;
0.265 + 0.013 — HFLAV

|

1 1 1 1 1 1 ; 1 1 1 1

0.2 0.3

R(D*)
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Rp and Rp- combined

~ 04 e
a) N HELAV Ax?=1.0contours
x N ]
[ BaBar12 —
0.351 Bellel5 i
0.3 ] —
B LHCb23 . LHCb22 -
0.25 L e g —
- B e o World Average .
0.2~ JHFLAV SM Prediction  3EP 1712 (2017) 060 RgD)):O-é;ggj 03339[%0@ =
- R(D) = 0.298 0,004 PLB 795 (2019) 386 R(D*) = 0. +0.013, -
[ ROioumisoos @9 p=-037 . §
B PRD 105 (2022 034503 P(x?) = 25% 1

MEPEPEN PRI PRI i ki IR SPEPEPEPE EPEEE B

02 025 03 035 04 045 05 055
R(D)
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New anomaly: AApgp

0.041

0.021

0.00

-0.021

o Bobeth et al. 2104.02094 ~ 40 > SM
e Data from 1809.03210 (Belle 0.71 ab™!)

|

* Belle
* SM

-

I.

-

|

(AFp)

{AApp)

(AF)

o Akp=0.198+0.012
A% = 0.204 4 0.012

(ASy)

d8
dCos (6)

0.035
0.030 :
0.025 :
0.020 |
0.015 3

|
0.010F

0.005

0.000 £

AAFB(B — D*f_ﬁ) = AFB(B — D*/L_D) — AFB(B — D*6_17)

6
L '; 0
T T T
T R e oo ]
fffffffff Eackward Forward +--------3
1.0 0.5 0.0 0.5 1.0
Cos(6)
A Np — Np
FB — 7 . A+
Nr + Np

1 e SMe™

o SMu~

@ ¢? cuts to remove threshold effects
(] AAFB ~ (35 + 09)%
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https://arxiv.org/abs/2104.02094
https://arxiv.org/abs/1809.03290

New-physics models

o TeV-scale new physics should respect electro-weak symmetry
@ Relatively small couplings to first and second generation fermions
— No new particle seen in direct processes at colliders

Ly L3

Q—>j\ 0 \i
New vector bosons (Z') o 0

Leptoquarks 3
o Couples to quarks and leptons @ Six types: Lorentz Scalar/Vector
e Dimension-4 couplings SU(2) Singlet/Doublet/Triplet
o (QV'Q + f/y”L)VN e Fermion number conserving/violating
@ Quite constrained (BB with others, 1609.09078) @ Possible to embed in unification models

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 31/43


https://arxiv.org/abs/1609.09078

Effective field theory approach

@ Consider all possible dimension d = 6 four-fermion operators
4G

Ho = =~ few Z Ci O;
b — sfT¢~, Neutral Current‘ ‘b — ¢l v, Charged Current‘
o Eg. Cy — (307%br)(Ly,0) o Eg. g1 — (327"br)(Cryuvr)
@ SM: C7 ~ —0.3,Cyg = —C1g ~ 4 @ SM: g;, = 1 only non-zero WC
e Several NP WC's: C, C’é,C{O,Cg), o o NP solution: g, gl ~ 0.1 for AApp
e A NP solution: 6C§ = —6C}, ~ —0.4 (BB with others, 2206.11283)
(Altmannshofer and Stangl, 2103.13370) e For O(1) couplings Axp ~ 3 TeV
@ LFU NP scenario favored since Rg ~ 1 ® Rp(-) anomalies require similar g7
e For O(1) couplings Axp ~ 50 TeV (Murgui et al., 1904.09311)

@ Simultaneous explanation possible with TeV scale NP — BB with others, 1412.7164
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Beyond ratio anomalies

@ Multiple measurements + corroborating
information to pinpoint NP

@ B — D{v phase space has two kinematic
parameters — , 0y (Becirevi¢ et al.)

@ B — D*{v phase space has four kinematic

parameters — | g2, 0%, 0,, x
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https://arxiv.org/abs/1602.03030
https://arxiv.org/abs/2005.03032

Beyond ratio anomalies

Multiple measurements + corroborating
information to pinpoint NP

@ B — D/{v phase space has two kinematic
parameters — E Oy (Becirevic et al.)
B — D*/v phase space has four kinematic

parameters — | g2, 0%, 0, x

e B — D*rv, 7 — mwv phase space
has four measurable kinematic parameters:
q%,0%, 0., x= — BB with others, 2005.03032
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Event distribution as a function of ¢*>: B — D7~ i

dB/dg? | PoF

7 (GeV)

B — D7~ differential decay rate vs. ¢?

@ Relevant NP couplings:

Vi (€Ly"br)(Crypve)
Vr (€ry"br)(CLyuvL)
S (ELbR + ERbL)(ERI/L)

T (ERO"WbL)( O';WVL)

o gNF =1 in figure
exaggerated for visibility

B Bhattacharya (LTU) Select puzzles from B decays April 20, 2023 34/43


https://arxiv.org/abs/1309.0301

Event distribution as a function of ¢*>: B — D7~ i

@ Relevant NP couplings:

RN Vi @) (faen)
: “NM‘”‘ b i 1|ii| i i iil |I| !!!‘] m".i MWMMWH : — SM VR (ER"}/MbR) ({L’Y,U‘ VL)
P il ! M, ] S (¢rLbr + crbr)(lprr)
§ Lo i mul”w%ﬂ”” ! ! W — VL _ v =
¥ 1 I { HNWN | il M‘Hﬁ T (CRO-M bL) (ERO_,LW VL)
L H R ¥ MW T TR ‘m‘wf . \; ] —WR o gNF =1 in figure
T "iiil W e [ L i‘:‘ R TS S exaggerated for visibility
) ” A\ .1 o Form factors and errors from
009, s 6 8 10 12 Sakaki et al. 1309.0301

7 (GeV)

B — D7~ differential decay rate vs. ¢?
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Event distribution as a function of ¢*>: B — D7~ i

@ Relevant NP couplings:

020f------- 3 77777777 :, i ,,,3”,””3, ———————— VL (5L7ﬂbL)(lzL’YuVL)
| i | — SMm Vr (€r"br)(CLvuvL)
L 3”, “hwmﬂﬂl 1 M - ,,,,,,,, " S (Lbr + ERbL)(giRyL)
o | ,1/"‘ | | by m T (ERO'”VbL)(ERO'w,VL)
& ot0fF- - e SR My VR
° | lh | | ' h“
i ) ) Y
I ] ! ! ! k\\ ..... S
0.05F -~ - - - - - - - oo AR R
v 1 .1 @ Form factors and errors from
0.0, s 6 8 10 12 Sakaki et al. 1309.0301
q (GeV) ° gNP =0.1
; .

B — D7~ differential decay rate vs. ¢? Tough to distinguish
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Event distribution as a function of ¢*>: B — D*r~ i

0.25

dB/dq? | por

¢ (GeV)

B — D*r~ i differential decay rate vs. ¢?
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@ Relevant NP couplings:

Vi (cLy*br)(Cryuvr)
Vr (er*br) (Cruvr)
P (ELbR — ERbL)(fRVL)

T (ERO'”VbL)(fRO'IWUL)

o gNF =1 in figure
exaggerated for visibility
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Event distribution as a function of ¢*>: B — D*r~ i

@ Relevant NP couplings:

0.25
0.20f

0.15)

dB/dq? | por

0.10f

0.05]

000k
2

¢ (GeV)

B — D*7~ i differential decay rate vs. ¢
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VL (eyor)(ryuve)
Vi (€rY"br)(Cryuvr)
P (ELbR — ERbL)(gRVL)

T (ERO"WbL)( O';WVL)

o gNF =1 in figure
exaggerated for visibility

@ Form factors and errors from
Sakaki et al. 1309.0301
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Event distribution

as a function of ¢*>: B — D*t ™

0.25

dB/dq? | por

o
o

0.05]

000k
2

¢* (GeV)

B — D*r~ i differential decay rate vs. ¢?
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@ Relevant NP couplings:

VL (eyor)(ryuve)
Vi (€ry*br)(CLyuvL)
P (ELbR — ERbL)(gRVL)

T (ERO"WbL)( O';WVL)

@ Form factors and errors from
Sakaki et al. 1309.0301

o oM =01
Tough to distinguish
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Event distribution

as a function of ¢*>: B — D*t ™

0.25

‘

|

|

i |
020} |
I I

|

|

|

05F — -

dB/dq? | por

ool 4

0.05

| |
I
[ l |
oool A L
2 4 6 8 10
¢* (GeV)

B — D*r i differential decay rate vs. ¢?

@ Relevant NP couplings:

VL (eyor)(ryuve)
Vr (ery"br)(Lrypvr)
P (ELbR — ERbL)(ERVL)
T (Cro"br)(CrowrL)

@ Form factors and errors from
Sakaki et al. 1309.0301

o NP =0.1
Tough to distinguish

@ New tools needed: MonteCarlo generators with SM + NP effects

@ MC tools may assist experimental analyses for pinpointing NP
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Other distributions for B — D*u~v

500000
§ 400000 § e B — D*n~v MC Tools
£ 300000 £
g g e NP2 model:
§200000 §
100000, N gr =0.08
K -10 765 0.0 05 1.0 9r = 0-09

400000 . . .

110 @ Event distributions:
5 800000 § %0000 VS. q2
g 600000 3 200000 vs. cos By
§ 400000 H *
8 100000 vs. cos 6

200000 vs. X

0

2206.11283, BB with T. Browder, Q. Campagna, A. Datta, S. Dubey, L. Mukherjee, and A. Sibidanov
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Back to forward-backward asymmetry

0.35

0.25'
o 0.5 o ALp(g?) with form factor uncertainties
D @ NP model used:

°-°§' g1, = 0.08, gr = 0.090, gp = 0.6i

_0_05-/ [_ CLN - — HQET (3/2/1) --- HQET (2/1/0) ---- BGL]

2 4 6 8 10
* (GeV?)
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Back to forward-backward asymmetry

0.35

0.25¢

Afeg

_0.05-/ [_ CLN - — HQET (3/2/1) --- HQET (2/1/0) ---- BGL]

2 4 6 8
q° (GeV?)

10

o ALL(q?) with form factor uncertainties

@ NP model used:
gr, = 0.08, gr = 0.090, gp = 0.67

AArg

0.04}
0.03° 3 s SR
0.02 ”.)‘:{‘}"’ | 11\
oot S 1 J
000/ 3
| — |
=0.01 ) 7 : : ‘ ‘
_0.02,[— SM - - CLN,NP -- HQET (2/1/0),NP - BGL, NP],
0 2 4 6 8 10
q* (GeV?)
° AAFB(CJZ) = AgB(q2) - A%B(q2)
e For ¢> > 1 GeV?, AApg <0in SM ~ %
@ In NP scenarios, AArp > 0 possible
@ Possible to detect NP over FF effects
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Additional observables with MC Tools

0.025

0.035
0.020 ‘
0.025 . g
; 0.015F -~ {+-- ¢ 4= 71
, ootsf 1 00101 e b
& N |
S 0005 0.005F”
o X

-0.005 0.000

-0.015 -0.005

-0.025 -0.010

0035f T | 0.006

0.025 0.004
& 0015 0.002 -4~ ---f-fH- St F a4
< ] : :

0.005 : : ; 0.000

4 - - -
-0005 : ‘ -0.002
[— SM - NP1 -- NP2 NPS] ,,,,,,,,,,
-0.004
2 4 6 10
¢ (GeV?) 9 (GeV?)
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AXgy ~ 0
St =0in SM
Non-zero value = NP

10M events MC Data
(~ Belle 1l stats)
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Significance and correlations

9 Observable| Angular Function NP Dependence me suppression order
q° integrated observables Relgrai] o)
Re[(L+gc —9gr)(1 + 9. +9r)°]
0.007F , ] Re[(1+ g1 — gr)gk]
> $ [ e OAArg = OAS; + OASs 537] Arp cos Regr(1 + gz — gr)*] O(me/ /)
£ 0.006} i Re [gr(1+g: +gr)°]
= 1+ g —grl* 28
O
8 0.005" ] - (2 /4?)
=) A [1+gr +grl
S 0.004+ ° S sin? * sin® 0 cos 2y 11+ 91 — grf? O(1), O@m/¢?)
2 : lgr|*
T 0.003; A Regrgr] o)
2 |1+ g1 —grl* 0(1), O@mi/q’)
% 0.002¢ Ss sin 20" sin f cos Re[(1+ gL — gr)gP)
o 3 Relgr(1+ gz — gr)"] Ome/\/4®)
2 0.001 R ] Re [gr(1 + g +9r)°]
L] lgz|* O(mi/q*)
0-000%— s 5 250 I grg7] o)
020" si " Im [(1+ gz + gr)gr)
S sin 20" sin By s o 3
Integrated Luminosity (ab™") ’ pn s Im [(1 + g2 — gr)gi] (me! V)
Im[(1+ 9z —gr)(1+ 9z +9r)] Omi/q")

@ Stat uncertainty goes down as luminosity increases

@ Observables are correlated — multiprong approach for NP searches
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Similarities with B — K*{T(~
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@ LHCb results on B — K*u+ v~ and plots from 2003.04831
@ SM results for Apg from DHMV, 1407.8526
@ SM results for P5’ from ASZB, 1411.3161, 1503.05534
o
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https://arxiv.org/abs/2003.04831
https://arxiv.org/abs/1407.8526
https://arxiv.org/abs/1411.3161
https://arxiv.org/abs/1503.05534
https://meetings.aps.org/Meeting/APR23/Session/C15.2

Semileptonic anomalies: Summary

@ Anomalies in Semileptonic B decays persist

Ratio anomalies present clean signal for NP

Precision measurement from LHCb, Belle [l may help

Necessary to go beyond overall ratio anomalies

With more data, angular observables will become accessible

A observables + correlated deviations — path to NP

@ Lots more data coming — bright future!
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What does Al say about the anomalies?

)

What is the future of B-decay anomalies?

The future of B-decay anomalies is an active area of research in particle physics. B-decay
anomalies refer to deviations from the predictions of the Standard Model of particle physics
in the decay of particles containing b quarks, which have been observed in several

experiments.

There are ongoing efforts to study these anomalies in more detail, both through the

collection of more data at existing experiments and through the construction of new

experiments with increased sensitivity. Some of these efforts include the Belle Il experiment C h a t G P T O U t | O O k
in Japan, the LHCb experiment at CERN in Switzerland, and the proposed Future Circular

Collider (FCC) at CERN. The Futu re iS Bright!

The ultimate goal of these efforts is to determine whether the observed anomalies are due to
statistical fluctuations or whether they represent genuine physics beyond the Standard
Model. If the latter is true, it could provide important clues to the nature of dark matter, the
origin of matter-antimatter asymmetry in the universe, and other fundamental questions in

particle physics.

Overall, the future of B-decay anomalies is bright, as ongoing and future experiments will

continue to shed light on these intriguing phenomena and potentially revolutionize our

understanding of particle physics.
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Thanks!

o UG students: J. P. Guévin, N. Payot (UdeM)
K. LeBlanc, A. Houck (LTU)

o Grad students:
S. Shivashankara, S. Kamali, J. Waite, Q. Campagna (UMiss)

e Postdocs: R. Watanabe, S. Kumbhakar (UdeM)

L. Mukherjee (UMiss), S. Dubey, A. Sibidanov (Hawaii)
e Faculty: D. London (UdeM), A. Datta (UMiss)

D. Marfatia, T. Browder (Hawaii)

@ Support orgs: LTU, MIAPP, US National Science Foundation
(PHY-2013984)
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Back-up Slides
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CKM Unitarity Triangle

Ckm lkvujr(mk(;Y X Vn:; vy R V:b Uy

* x
Vcb VcA Vclg Ve,

=0

° (1,0)
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CP Violation in the angular distribution

o Consider nnx as normal unit vector for plane of X decay

Triple-product (TP) asymmetries o sin x = (Rp+ X figp) - Pp=

See for example Gronau & Rosner, 1107.1232S

Not all triple-products have to be CP odd!

Example CP odd (true) TP: X = Im(A,A; — A,A})
— A represents CP conjugate of A

- X = —X = X is CP-odd

@ In order to observe CP violation

= measure a non-zero CP-odd TP; X appears in untagged (I' + T') distribution

Details in work done with Datta, Kamali, and London
— 1903.02567
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https://arxiv.org/abs/1107.1232
https://arxiv.org/abs/1903.02567

Leptoquark couplings

Type Fermion number
Lorentz | SU(2) Conserving Lagrangian
scalar | singlet X (%, Q5pioa Lir, + gpiSplir) St
scalar | doublet v (hQLulRLJL + hQRQszgE]R)R
scalar | triplet X (g3LQ1Lw2aLJL) Sy
vector | singlet v (h?LQiL’y“LjL + thdiR'y“EjR)Ulu
vector | doublet X (95, drrvnLin + 955Q% vl ir) VY
vector | triplet v/ hé&QiLEV“LjL . ﬁgp
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Angular observables in B — K*u™

= 32% [%(1 — F)sin® 0 + Fy cos? 0y
P

1 dYT'+ 1)
d(I' +T)/dg*  dg2 S}

+i(1 — FL)sin® 0 cos 26,

—F} cos® 0 cos 26, + S5 sin® By sin® §; cos 2¢
+5 sin 20 sin 26, cos ¢ + Sy sin 20 sin #; cos ¢
+%AFB sin? Oy cos 0 + Sy sin 20y sin 6, sin ¢

+.5g sin 26 sin 26, sin ¢ + Sy sin? @ sin? 6, sin 2¢5}

S5
Fr(1—Fyp)

2003.04831
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https://arxiv.org/abs/2003.04831

Angular observables in B — D*{~ v

d‘T
P doostr doostydy — 32% (I} sin? 0% + I cos® 0*) + (I3 sin® 6% + I§ cos® 6*) cos 26y
fi

+ Iysin? 0* sin® 6 cos 2y + Iy sin 20% sin 26, cos y + I sin 26° sin 6, cos
+ (Ig cos” 0* + 1§ sin® 6*) cos @ + Iy sin 20" sin 6, sin y
+ Iy sin 26* sin 26, sin x + Iy sin? 6* sin” 6, sin 2)(} ,

2206.11283
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https://arxiv.org/abs/2206.11283

Other anomalies

Observable | SM Prediction Measurement Source
R, 0.283+0.048 | 0.71+£0.17+0.18 | Watanabe
RY/S ~ 1.0 1.044£0.054+001 |  Belle

B — Kvv 4.20 £0.36 Buras et al.

(x109) 30 £ 16 Belle

o Constrain NP couplings in SU(2) invariant models BB with others

e B — K™y — independent path to NP w/o hadronic uncertainties — Browder et al.

e Belle Il 250 ab™! —~ 4% error
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https://arxiv.org/abs/1709.08644
https://arxiv.org/abs/1702.01521
https://arxiv.org/abs/1409.4557
https://arxiv.org/abs/1303.3719
https://arxiv.org/abs/1412.7164
https://arxiv.org/abs/2107.01080

