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The Standard Model and beyond
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@ The Standard Model is incomplete!

Dark Matter/Dark energy
Baryon-asymmetry problem
May require new particles/symmetry

o New physics may be beyond energy

frontier reach

Puzzles/Anomalies

— SM prediction # Expt.

Intensity frontier < Energy frontier
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CKM Unitarity and the angle v/¢3

e Veokr is Unitary = VgKMVCKM =1

d s b
w (Vg Ve Vi @ Empirically close to diagonal
Vokm=c¢ | Vea Vis Vi — smaller elements farther from diagonal
t \Via Vis W
td ts th ° V;;Vzk — 5j Z |Vz'j|2 =1
7
e © VipVua +VaVea + VipVig = 0
. o Taken from PDG: @M
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https://pdg.lbl.gov/2020/reviews/rpp2020-rev-ckm-matrix.pdf

Direct measurement of : methods

o Consider B~ — DK~ and B~ — D"K~ with D° — f
@ Anti-decays are BT — DK~ and B* — D°K*:  No CP Violation in D decays
e Total number of observables in the B decays: I',T for each decay — 4

n b “e
ﬁ_d._l/ ¢
s i
b
- Y
Ve, Vus " Wo €S _ﬁs
3T >R

Only tree-level contributions in the SM
Highly-suppressed Loop (box diagrams)
Brod and Zupan (2013)
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https://arxiv.org/abs/1308.5663
https://inspirehep.net/literature/300114
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Direct measurement of : methods

o Consider B~ — DK~ and B~ — D"K~ with D° — f
@ Anti-decays are BT — DK~ and B* — D°K*:  No CP Violation in D decays
e Total number of observables in the B decays: I',T for each decay — 4

w =

o b z @ GLW method (fop such as 777)
"“:;:/4:'{5 - @ 3 theory parameters: |rp|, 6,
b o Extract v from a fit
V3, Vus i \}:b Vt'-s S  Theory calculations of non-p-amplitudes?
B TK B >DK ) e ADS method (f such as K*77)
o GGSZ method (f such as Kgnm)

Only tree-level contributions in the SM « k bins in 3-body Dalitz analysis

Highly-suppressed Loop (box diagrams) = 2k + 3 parameters, 4k observables
Brod and Zupan (2013) = Analysis works for k& > 2
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@ Direct v measurement is statistics limited
o Current Ay ~ 7° (LHCb-CONF-2022-003)

@ Long term LHCb target Ay ~ 1 — 2° < discrepancy possible
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https://cds.cern.ch/record/2838029

Alternative methods: decays with tree + loop

o Consider the decay BY — n~KT: A(BY » 7 K*) = -T'e" + P},
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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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https://arxiv.org/abs/1805.06759

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—[AP : 2 2 AT2
e Ccp = e = lIdentity: (Ccp)® + (Scp)® + (A21)% =1 (LHCb)
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https://arxiv.org/abs/1805.06759

U-spin in hadronic B decays

B Bhattacharya (LTU)

Select puzzles in flavor physics
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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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https://arxiv.org/abs/hep-ph/9903456

3-body B Decays: Fully-antisymmetric state under SU(3) g

* Work completed with LTU student Andrea Houck: 2308.16240 (PRD Accepted)
v" Find flavor-SU(3) representations of (B| H |PPP)g,
B — (P1P2P3)FA with |P1P2P3> = — |P2P1P3>.

Decay Vi Ves Vi Vs
Amplitude BFA) BEA) J(FA) p(FA) p(FA) p(EA) p(FA) p(lA) pFA)
A(B* — K*ntn™) 0 L 0 L A -% i 0 £
A(B* > KOrta®) Y I Y A i -
A(B® - K%n*r™) 0 % 0 -% k& -% & 0 o
A(B® - K*7%7) 0 ) \/E V& -% £ o 3B
+ o+ KO0 _a 1 3 26
A(B* = K*K°K%) 0 L0 % -F O 0 Y
A(B® - K°K*K~) 0 -% 0 -% A o0 1 a5
0 e 1 1 2 1 4 1 Vi
V2AB) - n°KTKT) -7l 0 gz 0 F i -5 %
5 0 0 40 & 1 1 2 1 4 1 /i
VZABY »n°K°K%) -3 0 -z 0 - -2 -4 5 -%
0 - K+ ! 1 ! '
AB 7 KPR o0 o0 0 - oo -4 VA
0y ot K- KO 1 1 1 L VR
AB KK~ 0 e 0 0 gl 0 -k Y
5 0 0+~ 12 _1 2 [ i
V2AB! »nntnT) - & -H &% 0 0 ¢ 0 Y

— |PPP)yy = (8 x 8 x 8)pa

= 2Tpa + 10ps + 10*pa + 8pa + 1

H — 3x3x3has3,6,15

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

Ll

Yrs # YrA = B — Knm puzzle?
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3-body B Decays: Fully-antisymmetric state under SU(3) g

* Work completed with LTU student Andrea Houck: 2308.16240 (PRD Accepted)
v" Find flavor-SU(3) representations of (B| H |PPP)g,
B — (P1P2P3)FA with |P1P2P3> = — |P2P1P3>.

Decay ViV VisVas — IPPP>FA = (8 x 8 X 8)FA

Amplitude BF) BN 4FD AFO RO REN pFA pED pEa = 27pA + 10pp +10%FA +8pa + 1
R A A A — H — 3x3x3has3,6,15
A(B* > KOrta®) Y I Y A i -
A(B® - K°n*n™) 0 -% 0 -% & -% 0o & — Flnd YEdUCCd set Of SU(3) amp|itudes
Aoty 0 i o i VE o 8 0 — Establish v extraction method
AB* = K*KORO _a 1 1 3 246
:24;:1"; : ,; z ,; ; z , ; g — Yrs # YA = B — Knm puzzle?
GABL K)o 0 g g 4 A — b decays have 12 observables
f:‘BﬁIA[A)) T : e ' ’T oA ’f — 5 decays depend on 11 hadronic parameters
AT o m TR B e -

AB? » 7t K"K%) -

0 a0 0 g 0 -y W and v
1 2 6

VBA(B? - nntaT) -k
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https://arxiv.org/abs/2308.16240

3-body B Decays: Fully-symmetric state under SU(3)F

At . 2A(B° = K nOn ), = be7 — e
~ from three-body decays VaAB® %Kﬂ” ”_)“ = —de - Pl —atnd,
V2ZA(BY — T ) = —e’ —Plel —atkb,
. _ V2A(B® — K+KD K)o = asug)(—ce” = PLe" — a4 wb)
o 3-body final state under SU(3) : B — krr, KKK AB 5 KKK Y — asoe(Pae 1a) |

— 6 final state symmetries : permutations of 3 particles
. L ignore
o Fully-symmetric state (Rey-Le Lorier, London, 1109.0881) SUQ)r: ig M, Md, M

(]
—  More observables than unknowns = ~ can be extracted o = diagrams 1402.2909
— BB, Imbeault, London, 1303.0846 o BB+ data ﬁt, 1303.0846
—  SM-like : 77° °

L 30, 2500, 315° Updated: Bertholet et al.,
Krm — KKK puzzle ? 1812.06194

~2amL

7y (in degrees - -
David London’s talk in this session! o N Dalitz points
o Group theory analysis : I-spin, U-spin, SU(3) relations = 8N hadronic parameters + v
BB, Gronau, Imbeault, London, Rosner, 1402.2909 @ 11N observables
Bhubanjyoti Bhattacharya (UdeM) July 30, 2015 2/13 :> ’7 can be eXtraCtEd
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https://arxiv.org/abs/1402.2909
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A puzzle in B — wK decays

* 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% = T4 PPl (Phy x T
BY s a Kt AT = —T'e + P

= |[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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http://arxiv.org/abs/2012.12789
http://arxiv.org/abs/1805.06759

The complete B — mK puzzle

Decay BR | Acp | Scp
BT - ntKY | v v
Bt - 0K+ | v v
Bg -7 Kt | v v
BY - K% | v v v

@ 4 B — K processes with 9 observables

@ Hadronic parameters + ~ fits prefer

A) Large C/T or B) v # “Viree
e Expected C/T ~0.2—-0.3
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' 1 '
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The B — wK puzzle: A solution!

* Consider an Axionlike Particle (ALP) — 2104.03947

—

—

1 .
LD —i ), nf—fvg,fa—f—zh;aF’“’F

f=u,d,l
mg =~ myo and ALP promptly decays to v \l 5
Mixes with the 7°: |a) = sin 6 ’7r0>phys + cosfa) .. o,
B — 7K processes get new contribution: A = |.Ale?™/? 1
V2AYT = 4 A V2A9 = 4+ A Y

Processes not involving a 7° unaltered
A*0 and A~ stay the same

Leads to a good fit with |A| ~ PLy,
Constraint from B — Ka (B — K + invis): B~ 1075 = sinf ~ 0.1 - 0.2

* Work in progress: How to detect an ALP with mass close to mo in other flavor processes.
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http://arxiv.org/abs/2104.03947

The U-spin puzzle

o LHCb measurement of CP Asymmetriesin Byg) — KTK ™ (

+t77): 1805.06759, 2012.05319

@ Theory investigation of U-spin in K K, wm: Nir, Savoray, and Viernik, 2201.03573
@ Other U-spin related decays: BB with others, 2211.06994

@ 6 decays possible: 3 decays each AS = 0(b — d),

Decay Representation Bcp Ccp  Scp
BY s ate  MIP+M? ~10° v v
By — KTK~ Mllf - Mgf ~107% 7 7
BY - rt K- 2 M))? ~1076 v
BY - KtK— M+ Mols/ 2 ~10% v
BY — ntn M115/2 — M(}S/Q ~ 1077 ? ?
BY - K*n~ 2 M,/ 1075 v/

B Bhattacharya (LTU) Select puzzles in flavor physics

1(b — s); 4 U-spin RMEs

e Each M%z has two parts

o My)” = ViV IF + ViV P?

@ 12 measurements, 7 parameters
o Allow 5 breaking parameters

e Large SU(3) breaking found
TO

o Need & — 1~
Ty

O(100%)
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B — PP data by transition

e AS =0: b — d transitions AS = 1' b — 3 transitions

(]
@ 15 measurements available @ 15 measurements available
e 7 RMEs — 13 hadronic parameters @ 7 RMEs — 13 hadronic parameters
o 2. /dof =0.35/2; p ~ 0.8 good fit o 2. /dof =1.7/2; p ~ 0.4 good fit
Decay Bcp | Cep | Scp Decay Bep | Cep | Scp
Bt KK | v | / BY 7K | / | /
Bt —» ntq0 v v Bt 7K+ v v
B & KOEY | v % v/ BY -7 K" | / v
BO .y pta— V4 V4 4 BY — 7OK0 v v v
B0 _y 70,0 | v ? B KK-| v | v | /
B K*K-| v | 7 | 7 B KK | v | 7 | 7
BY —» Tt K~ v v BY — rtm~ v ? ?
BY - 1K’ 2 I I By — n'7° A

B Bhattacharya (LTU) Select puzzles in flavor physics
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B — PP data: Separate fits

Both b — d (AS =0) and b — s (AS = 1) fits are good
C/T ~ 0.2 — 0.3 is expected
AS=0:C/T~17+03;AS=1:C/T ~09+04
C/T differs largely from standard QCD expectations
o Comparison of parameters (' indicates b — s)
/T |CY/Cl | Pue/Pucl  |A'JA]  |PA/PAu|  |F/Pre|  |PAL/PAw|
123+£36 64+22 1622 14413 10£13 0.95 £+ 0.52 1.2+24

o Ratios expected to be 1 in SU(3)r — large breaking observed in T" and C
@ SU(3)F breaking is much larger compared to fx/fr or ms/Aqcp
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B — PP data: Combined fit and anomaly

o BB with others in arxiv:2311.18011: fit the entire set of B — PP data

@ SU(3) hypothesis: 30 observables, 13 parameters: fit gives 2. /dof ~ 43/17
@ 3.50 deviation from the SM flavor-SU(3) hypothesis

o Fit with QCDf-inspired constraint |C/T| = 0.2

— AS =1 fit: x2,,/dof ~6.3/3, p~ 0.1
— AS =0 fit: 2, /dof ~ 18.8/3, p~ 3 x 10~* or 3.60 away from SM SU(3)

— Combined fit: x2,;,/dof ~ 55.5/18, p ~ 107° or 4.40 away from SM SU(3)
e Both fits find deviations in BY — KK~ observables
o Deviations also in BT — 70K+, BO - 7~ K+, 70K0, KOK"
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Summary

@ Sign of anomalies in hadronic B decays
@ Large U-spin breaking needed to explain U-spin related B?S) — DD (D = Doublet)
@ Puzzle appears also in SU(3)r related B — PP (P = pseudoscalar)
@ Puzzles appear to involve B — KTK~
@ U-spin puzzle needs unusually large Tf/Tg
@ Emerging cracks in the fabric of flavor symmetries
@ Lack of QCD understanding or hint for new physics in b — s7
@ Lots of data from LHCb, Belle Il, and other experiments in the next decade
@ The future is bright!
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Thanks!

e UG students: A. Jean, N. Payot (UdeM), A. Houck (LTU)
o Grad students: J. Waite (UMiss)

Postdocs: S. Kumbhakar (UdeM)

Faculty: D. London (UdeM), A. Datta (UMiss)

Support: LTU,
US National Science Foundation (PHY-2013984)

o < z z I
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Back-up Slides

= & - = DA
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U-spin: LHCb measurement 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 (Bg — J/VKy), Bs (Bs — J/ V)

v (B = DK) 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
December 13, 2023 22/20
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https://arxiv.org/abs/2201.03573

3-body B Decays: Fully-antisymmetric state under SU(3) g
) |P1P2P3> — 8 X 8x8=1512

= & - = DA
B Bhattacharya (LTU) Select puzzles in flavor physics



3-body B Decays: Fully-antisymmetric state under SU(3) g

) ‘P1P2P3> — 8 X 8x8=1512
@ 64427+ 10+ 10* + 8 + 1 = 120 fully symmetric under 8; <> §;
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3-body B Decays: Fully-antisymmetric state under SU(3) g

) |P1P2P3> — 8 X 8x8=1512
@ 64427+ 10+ 10* + 8 + 1 = 120 fully symmetric under 8; <> §;
@ 27410 + 10" + 8 + 1 = 56 fully antisymmetric under 8; <> 8;

o Counting: 8C3 = 56 <> all 3 particles must be distinct/distinguishable

B Bhattacharya (LTU) Select puzzles in flavor physics December 13, 2023 23 /20



3-body B Decays: Fully-antisymmetric state under SU(3) g

) |P1P2P3> — 8 X 8x8=1512
@ 64427+ 10+ 10* + 8 + 1 = 120 fully symmetric under 8; <> §;
@ 27410 + 10" + 8 + 1 = 56 fully antisymmetric under 8; <> 8;

Counting: 8C3 = 56 ¢+ all 3 particles must be distinct/distinguishable

o H=0(b— ccs)+ O(b— uus): ViV, 3+ V5V, (3" x 3 x 3*)
=ViV,, 3"+ ViV, (3* +6+15%)

H|B): (3*4+6+15") x3 — (1+8)+(8+10)+ (8+ 10"+ 27)
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3-body B Decays: Fully-antisymmetric state under SU(3) g

) |P1P2P3> — 8 X 8x8=1512
@ 64427+ 10+ 10* + 8 + 1 = 120 fully symmetric under 8; <> §;
@ 27410 + 10" + 8 + 1 = 56 fully antisymmetric under 8; <> 8;

Counting: 8C3 = 56 ¢+ all 3 particles must be distinct/distinguishable
o H=0(b— ccs)+ O(b— uus): ViV, 3+ V5V, (3" x 3 x 3*)

H|B): (3* +6 +15%) x 3 — (1 +8) + (8 + 10) + (8 + 10* + 27)

7
Decay amplitude = (B| H |[PPP)y, = ZIC’Z“ (33*,6,15 |56), V5V,
1=
2
+ Zlcf (3[37156); Vi Ves
1=
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Constructing the fully-antisymmetric state

o [[PLPPs])py = ([[PLP2|Ps) + | [P P3] P1) + |[P3 1| o)) /V/3

o |[P1P3]Ps) = (|P1PaP3) — [P PLPs)) V2 = — |[P2P1] Py)

B Bhattacharya (LTU) Select puzzles in flavor physics December 13, 2023 24 /20



Constructing the fully-antisymmetric state

o [[PLPPs])py = ([[PLP2|Ps) + | [P P3] P1) + |[P3 1| o)) /V/3
o [[PLP2]P3) = (|PLP2P3) — |PP1P3)) /2 = — | [P, Py] P3)

o [[P,P1Ps3))p, = ([[PP1]Ps) + [P P3| P2) + [[PsP2] P1)) /v/3

= —(/[PLP2)P3) + [[PsP1]P2) + | [P Ps] P1)) /V/3 = — |[PL P2 P3]) s

B Bhattacharya (LTU) Select puzzles in flavor physics
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Constructing the fully-antisymmetric state

o [[PLPaPs])py = ([[PLP2] Ps) + |[P2P3]P1) + [P AL Py)) /V/3
o |[P1P3]Ps) = (|P1PaP3) — [P PLPs)) V2 = — |[P2P1] Py)
o [[P2PiPs])py = ([[P2Pi]Ps) + |[PLP3]P2) + [P P] Pr)) /3
~(|[P1P2)Ps) + |[P3P1] o) + |[P2P3] 1)) /3 = — |[PL PP )y

o Example state: |[K) = [8,1,3,3),|7") =18,0,1,1) ,[x~) = [8,0,1, 1)

|[K*mtn™ >FA_f‘27’17272>+ V15 |27 172=2>+\[‘1071>?§7§> \f|8 7272

\ SU(2) Clebsch-Gordan x SU(3) isoscalar

coefficient factor

B Bhattacharya (LTU) Select puzzles in flavor physics December 13, 2023 24 /20



SU(3)# amplitudes and diagrams: equivalence

ABt = Ktrtn g = E%‘i

B+ ViV, |45 + o (R + VBR{§) - 3(P{* — 3VGRf)
— Pl 4P, —C{+Ty— A

o & = DA
B Bhattacharya (LTU) Select puzzles in flavor physics



SU(3)# amplitudes and diagrams: equivalence

o A(B* = K+rn)en = MV}V BI ViV, [45 + (R + VBRI — 3P — 3VPf?)
=P, 4P, —Cl+T)— A

o Establish equivalence between RMEs (A%, B/@ ...} and diagrams (T7,C1,...)
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SU(3)# amplitudes and diagrams: equivalence

_ a * U a a a
© ABT - Ktrta )pa = ch’cst + VAV, [Af J=(RL" + VBR]§) — 2(P{" - 3VGPJ; )}
:Pc/t+P4it_C£+T2_A/
o Establish equivalence between RMEs (A%, Bf® ...} and diagrams (T7,C1,...)
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SU(3)# amplitudes and diagrams: equivalence

o A(B* = Ktrtr o = e BIe 4 Vi Vi, |42 + (R + VBRI — 2(R{" - 3VG6PS)|

:Pét—i—P;t—C{—l—TQ—A’
o Establish equivalence between RMEs (A%, Bf® ...} and diagrams (T7,C1,...)

° V3V, B{" = 2V6(P}, — PA)

Vi V. Bf* = V5F,

o ViV RIS = 2(T1 + T, — C} + CY)
%V Pl = —525(T{ + T3+ C{ = C)

Vo Vus P = =55 (T = T3 + C{ + C3)

o Similar relations for

Afe, ATe R PJ

B Bhattacharya (LTU)
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Observables for the FA states

e Construct a fully-antisymmetric amplitude under momentum interchanges

Mepa(s12, $13) = \/Lg [M(s12, 513) — M(s13, S12) — M(S12, S23)
+M(s23, 512) — M(523, 513) + M (513, 523)]

B Bhattacharya (LTU) Select puzzles in flavor physics December 13, 2023 26 /20



Observables for the FA states

e Construct a fully-antisymmetric amplitude under momentum interchanges

Mepa(s12, $13) = \/Lg [M(s12, 513) — M(s13, S12) — M(S12, S23)
+M(s23, 512) — M(523, 513) + M(513, 523)]

o Similarly construct Mpa (s12, 513) from CP-conjugate decay
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Observables for the FA states

e Construct a fully-antisymmetric amplitude under momentum interchanges

Mepa(s12, $13) = % [M(s12, 513) — M(s13, S12) — M(S12, S23)
+M(s23, s12) — M(S23, $13) + M (513, 523)]

e Similarly construct Mpa (s12, 513) from CP-conjugate decay

o Construct the following Dalitz plot observables
X(s12,813) = |[Mra(s12,513)|? + [Mra(s12,513)|> — available for all decays
V(s12, 813) = |[Mra(s12,513)|> — | Mra(s12,513)|?> — available in principle for all decays
Z(s12, 513) = Im [M, (s12, 513) Mra (512, s13)] — only available for flavor neutral final states

Example final states for Z: K¢KTK~, Kgrntn~
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Symmetric vs. Antisymmetric

@ Consider an N-dimensional vector with a single index i =1,2,3,... N

B Bhattacharya (LTU) Select puzzles in flavor physics December 13, 2023 27 /20



Symmetric vs. Antisymmetric

@ Consider an N-dimensional vector with a single index i =1,2,3,... N

@ N x N is then a two-index tensor and can be represented by an N x N matrix
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Symmetric vs. Antisymmetric

@ Consider an N-dimensional vector with a single index i =1,2,3,... N
@ N x N is then a two-index tensor and can be represented by an N x N matrix
e Symmetric part: N diagonal elements + (N2 — N)/2 off-diagonal = N(N + 1)/2

e Antisymmetric part: (N? — N)/2 off-diagonal = N(N —1)/2
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Symmetric vs. Antisymmetric

@ Consider an N-dimensional vector with a single index i =1,2,3,... N
@ N x N is then a two-index tensor and can be represented by an N x N matrix

e Symmetric part: N diagonal elements + (N2 — N)/2 off-diagonal = N(N + 1)/2

Antisymmetric part: (N2 — N)/2 off-diagonal = N(N — 1)/2
e For N = 8: 36 symmetric + 28 antisymmetric

In SU(3): 8 x 8 = (27 + 8 + 1)sym + (10 + 10* + 8)antisym
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Symmetric vs. Antisymmetric

@ Consider an N-dimensional vector with a single index i =1,2,3,... N

@ N x N is then a two-index tensor and can be represented by an N x N matrix

e Symmetric part: N diagonal elements + (N2 — N)/2 off-diagonal = N(N + 1)/2

e Antisymmetric part: (N? — N)/2 off-diagonal = N(N —1)/2

e For N = 8: 36 symmetric + 28 antisymmetric
In SU(3): 8 x 8 = (27 + 8 + 1)sym + (10 + 10* + 8)antisym

e FS/FA more complicated — check symmetry by explicit construction
FSO(27+8+1)x8—>64+27+10+10*+8+1
FAD (10 +10*+8) x 8 - 27+ 10+ 10* +8 +1
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5 decays depend on 6 RMEs

Decay Vb Ves Vi Ve
Amplitude BY® pUa|g¢fa) gUa) pife) plfe) plfa) pla) plfa)
V2ABT = K atn 7 )ra| 0 % 0 % \/% % 737‘/5 0 %ﬁ
ABT = K'ntn%)p | 0 221 0 -2 2 L B2 o -
VEAB® » K'rta ) | 0 |l 0 2 Z 2 Z o 23
AB® 5 K¥n'r ) | 0 2| 0 2 -2 L 2 o 243
VIAB® - K°KTK e | 0 =& 0 - % o0 -2 2 28

@ 4 reduced matrix elements:
o Bfe RIS Pl Pt
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5 decays depend on 6 RMEs

Decay Vo Ves Vo Va
Amplitude BU® U | Afa) gUre) pU@ | pifof plre) | pifa) pfe)
V2ABT = K atn 7 )ra| 0 % 0 % \/% % ET‘E 0 %ﬁ
ABT = Kontn%)p | 0 =221 0| -2 —Z| L | B2 0 -
VZAB® = K7 a )ra | 0O % 0 7% \/% % —221 0 %ﬁ
ABY 5 K5 n'r ) | 0 2| 0| 2 2| | 2| 0 23
VIAB® - K°KTK )pa| 0 —&| 0| = 2| 0 | -2 2 28

@ 4 reduced matrix elements:
o Bfe RIS Pl PJf

@ Remaining RMEs combine
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5 decays depend on 6 RMEs

Decay Vi Ves oV
Amplitude B§f«1) B(fa) A(lfa Al Réf”) R%'l) pg(fa) Pfﬁff) Pg“)
V2ABT = K atn 7 )ra| 0 % 0 % \/% % ET‘E 0 %ﬁ
0 0
A(B* = K'z+n%)pa 0 2l o 2 22| & | %o ¥3
a0 F| o[ TF B R] F| o F
0 0__—
AB K m | 0 RO % R w|¥[0 ¥
0 0 - ) V) vz 2v3
VZABB' > KKK )ma| 0 =G| 0 -2 o= | 0 |-¥| 2 22
o 4 reduced matrix elements: @ 2 combinations of 3 remaining RMEs:
o BI* R]§, P\, Pif ° \/TEAf“-q- \/\/;Rfa_Mpfa
@ Remaining RMEs combine
o o | Y2 Apfa _ N2 pfa_ V2 pfa
@ 6 total combinations of RMEs V5 V15~ '8 5°8
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A grand puzzle

baryon density parameter Qph?
102
T

2
5
5

o Figure taken from the PDG review on BBN

2

%)
=3
T

@ 7Observed ™~ 6 x 10—10; sSM = nB/nW S 10_18
0.24F
] — Farrar and Shaposhnikov, Phys. Rev. D 50, 774 (1994)

I\

“He mass fraction

Li/H

10-°

10-10L
10°7

baryon-to-photon ratio 17 = ng,/n.,
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https://pdg.lbl.gov/2021/reviews/rpp2021-rev-bbang-nucleosynthesis.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.774
http://inspirehep.net/record/51345
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https://pdg.lbl.gov/2021/reviews/rpp2021-rev-bbang-nucleosynthesis.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.50.774
http://inspirehep.net/record/51345

A grand puzzle

baryon density parameter Qph?

0.27 10,4
026 i o Figure taken from the PDG review on BBN
8 ]
;025_ H/ @ 7)Observed ™~ 6 x 10—10; Ism = nB/n'y S 10—18
Zo24f ]
- ] — Farrar and Shaposhnikov, Phys. Rev. D 50, 774 (1994)
510"- : @ Observed BAU » theory — Baryon Asymmetry puzzle
a) 1 .
. @ How can we address this puzzle?
g
£ 105
10
g
10—1“_ 4

10°7 0

baryon-to-photon ratio 17 = ng,/n.,
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A grand puzzle

baryon density parameter Qph?
102

0.27 ,
5 026f 1 e Figure taken from the PDG review on BBN
E ]
;025_ H/ @ 7)Observed ™ 6 x 10—10; sM = nB/n'y S 10—18
Zo24f ]
- ] — Farrar and Shaposhnikov, Phys. Rev. D 50, 774 (1994)
510"- : @ Observed BAU » theory — Baryon Asymmetry puzzle
D ] .

. @ How can we address this puzzle?
z > Initial condition: fine tuning <> Wash out during inflation
£ 10

10
g

10—1“_ 4

10°7 0

baryon-to-photon ratio 17 = ng,/n.,
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A grand puzzle

baryon density parameter Qph?
102

0.27 ,
5 026f 1 e Figure taken from the PDG review on BBN
k| 1
“;”5_ H/: @ 7)Observed ™ 6 x 10—10; sM = nB/n'y ,S 10—18
Zo24f ]
- ] — Farrar and Shaposhnikov, Phys. Rev. D 50, 774 (1994)
510"- @ Observed BAU » theory — Baryon Asymmetry puzzle
Q p .
. @ How can we address this puzzle?
z > Initial condition: fine tuning <> Wash out during inflation
Fo » Need dynamical mechanism satisfying Sakharov Criteria:
10 o - .
* Qut of equilibrium transitions
s * B violation
* C and | CP Violation
10—1“_ 4

10°0 0-°
baryon-to-photon ratio 17 = ng,/n.,
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Three-body B decays

@ |PP) state is momentum independent

—O—
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Three-body B decays

@ |PP) state is momentum independent

—O—

o |Pi(p1)P2(p2) Ps(p3))

depends on final-state momenta

o

-V

T

ETE e e -

2
S12 (GGV )
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Flavor-SU(3) symmetry: SU(3)r

o 3 light quarks, u,d, s, much lighter than b quark: triplet of SU(3)r
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Flavor-SU(3) symmetry: SU(3)r

o 3 light quarks, u,d, s, much lighter than b quark: triplet of SU(3)r

o u) = [3.3.5. 1) 1d) = [8.2. 3.1 1s) = [3.~2.0.0)

° |cZ> = |3*, —%, %, %> lirrep, Y, I, I3) Y = hypercharge, I = isospin
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Flavor-SU(3) symmetry: SU(3)r

o 3 light quarks, u,d, s, much lighter than b quark: triplet of SU(3)r
o )= 13 1 D ld) = [3.5. 5.~ 1s) = [3.-3.0,0)
° |cZ> = |3*, —%, %, %> lirrep, Y, I, I3) Y = hypercharge, I = isospin

@ 3x3" =
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Flavor-SU(3) symmetry: SU(3)r
o 3 light quarks, u,d, s, much lighter than b quark: triplet of SU(3)r
° |u) = |3,§,%,%> ld 3,32 —3)18) = 3,-5,0,0)
° |J> |3* 3, 2, 2 lirrep, Y, I, I3) Y = hypercharge, I = isospin

@ 3 x3* = 1+ 8: These are the 3 pions, 4 kaons, n,7

o |7T) |uJ> |I8,0,1,1)  Similarly other pions and Kaons are also octets
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Flavor-SU(3) symmetry: SU(3)r
o 3 light quarks, u,d, s, much lighter than b quark: triplet of SU(3)r
° |u) = |3,§,%,%> Id 3,32 —3)18) = 3,-5,0,0)
° |J> |3* 3, 2, 2 lirrep, Y, I, I3) Y = hypercharge, I = isospin

@ 3 x3* = 1+ 8: These are the 3 pions, 4 kaons, 1,1

o |7T) !u@ |I8,0,1,1)  Similarly other pions and Kaons are also octets

o |P\PyPs) — 8 x 8 x 8 = 512

@ 64+ 27+ 10+ 10* + 8 + 1 = 120 fully symmetric under the interchange of any two 8s
e Simple counting: 8C3 42 8Co 4+ 8C) = 56 + 56 + 8 = 120
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Flavor-SU(3) symmetry: SU(3)r
@ 3 light quarks, u,d, s, much Iighter than b quark: triplet of SU(3)p

e ‘u |3’3’272> |d 7372) 2> | | ,—%,0,0>
e |J> = |3*’ —5:5:3) lirrep,Y, I, I3) Y = hypercharge, I = isospin

@ 3 x3* = 1+ 8: These are the 3 pions, 4 kaons, 1,1

o |7T) !u@ |I8,0,1,1)  Similarly other pions and Kaons are also octets

o [PPyPs) — 8 x 8 x 8 = 512

@ 64+ 27+ 10+ 10* + 8 + 1 = 120 fully symmetric under the interchange of any two 8s
e Simple counting: 8C3 42 8Co 4+ 8C) = 56 + 56 + 8 = 120

o H=0(b— uus) +O(b— éc5): 3* x 3 x 3* =3* +6 + 15*
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Flavor-SU(3) symmetry: SU(3)r
@ 3 light quarks, u,d, s, much Iighter than b quark: triplet of SU(3)p

e ‘u |3’3’272> |d 7372) 2> | | ,—%,0,0>
e |‘Z> = |3*’ —5:5:3) lirrep,Y, I, I3) Y = hypercharge, I = isospin

@ 3 x3* = 1+ 8: These are the 3 pions, 4 kaons, 1,1

o |7T) !u@ |I8,0,1,1)  Similarly other pions and Kaons are also octets

o |P\PyPs) — 8 x 8 x 8 = 512

@ 64+ 27+ 10+ 10* + 8 + 1 = 120 fully symmetric under the interchange of any two 8s
e Simple counting: 8C3 42 8Co 4+ 8C) = 56 + 56 + 8 = 120

o H=0(b— uus) +O(b— éc5): 3* x 3 x 3* =3* +6 + 15*

Decay amplitude = (B| H |[PPP)pg = 3 C; (3]3%,6,15" [120),

C; contains SU(2) Clebsch-Gordan Coef;icients and SU(3) isoscalar factors
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