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HOW TO MAKE A UNIVERSE

ASakharov Conditions (1967) to go
from a matter -antimatter

symmetric universe to a matter -
. . HAPYWUEHHUE ¢P-UHBAPUAHTHOCTH, c-ACUMMETPUS
dominated universe: H BAPHOUEIAR ACHSETPI BCERIRION

1. Baryon number non - A.1.Cozapos
CO nse rvatl O n Teopus pacwupsiomeitics Beeaennolt, npeanorarawmas CBEpPXnioTHOE Ha-

yaabHOe COCTOSHHE BemecTBa, NO-BHAMMOMY, HCKAKYAET BOZMOXHOCTh MakK-

. POCKONKYECKOro pa3felieHHs BeMEecTBa M aHTHBEWEeCTBAa; NO3TOMY ciaejyer

2 . C an d C P bOth Vl O I ated NPUHATH, YTO B NPUPOJE OTCYTCTBYKT Tela W3 aHTHBEUeCTBa, T.e. Bcesen-
HAd ACHMMETPUYHA B OTHOWEHHK YMCAA YacTHl u amTwyacTuu (C-acummer-
pus). B uactHocTs, oTcyrcTBMe aHTHGapKOHOB M NpEAROIAraeMoe OTCYTCT

3 . I nte raCtI O nS n Ot | n th e rm al BHE HEM3BECTHHIX GapMOHHLIX HeHTPMHO O3HAYaeT OTAMYME OT Hyas GapuoH-

i . HOro 3apsaa (6apuomHas acMMMeTpus). Mbl XOTHM yKXa3aTh HAa BO3MOXHOE
eq u I I I b rl u m obbacHenue C-acuMMeTpuu B ropsueil Mofeau pacumpswmeiica Bceaennon
(cM, [1]) ¢ npueaeuenuem spdexToB napymenus CP-unBapuanTHOCTH (CM.
[2]). Aas obbachenus GapuoHHOK ACHMMMETPHM AONOAHMTEALHO Mpeanoaara-
em npubauxeHHH#A xapakTep 3aKoHA COXpaHeHus O6apuoHOB,
TpuauMaeM, 4ToO 3aKOHN CoxpaHeHHs 6apuoHOB M MIOOHOB HE ABJIKIOTCA
abCoMOTHHMY ¥ AO0AXHH GbiTh 00beMHEHN B 32KOH COXpaHeHHs "KoMOuHu-
poBaHHOro" 6apHOH~ MIOOHHOIrO 3apsfia N, = 3nn — n... [losoxeHo:

T
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ASM intrinsically violates C and P
separately(noright -handed
neutnnos}l.

AP violation established by Wu
experiment in 1956

A1964: Discovery of CPV in the
Kaon sector (Nobel prize 1980)

ANot e, Onear mi
upper limit within ~2 of

di scovery oeée t
admi ni strati on
/xoﬁo /erO o - K°- K°
KQ k! s °  J2
4 \ KO KO+ K°

r° 0 LTz

1=089x10 s 1=52x10 8
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ﬁ BRIEF AND BIASED HISTORY OF CP\

_ Diagram from a talk by Rukamani Mohanta
A1973: Kobayashi & Maskawa magnitudes
show that extending

Cabibbo 0 s mi x 1 nt@a » d s b » d s b
3x3 unitary matrix would J
allow one CP violating u - _ I
phase in quark mixing
APredict ion: 3 generation cm ] - ¢
of quarks t .

ABottom discovered 1976 at
Fermilab E288

AExperiments with bottom
mesons point to much -
heavier top

ATop (finally!) discovered
1995 at Femilab Tevatron
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BRIEF AND BIASED HISTORY OF CP\

58
=

A1990s: planning for two new | — = & \
colliders to operate at asymmetric
high -luminosity Q Q colliders for
Intensive study of B mesons and
search for CPV in B

o 4]

A2001:0 B act qQrQy ablliders
demonstrate consistency of CKM W V.
picture in B meson decays B

A2008: Nobel Prize for K and M
A 2009: Baby PhD student PMH joins BaABAR J

VOLUME 87, NUMBER 9 PHYSICAL REVIEW LETTERS 27 Aucust 2001

Observation of CP Violation in the B Meson System
B. Aubert,' D. Boutigny,' J.-M. Gaillard,! A. Hicheur,! Y. Karyotakis,' J.P. Lees,! P. Robbe,' V. Tisserand,'
1
V e I a S vl

ASt ory candt b
mechani sm doe
enough CPV for the observed
baryo n asym m etry! Observation of Large CP Violation in the Neutral B Meson System

K. Abe,” K. Abe,’” R. Abe,”” 1. Adachi,” Byoung Sup Ahn,'® H. Aihara,® M. Akatsu,’ G. Alimonti,® K. Asai,”!

VOLUME 87, NUMBER 9 PHYSICAL REVIEW LETTERS 27 August 2001

e 0
SNO
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SOME MIXING FORMALISM

Aln first-semester QM, we learn that a state  § Gwith Hamiltonian "O
evolves according to

s ¢ RO
AUsually, we consider only Hermitian O "O, as antihermitian

contributions O ‘O lead to decay of the state. Here this is a
feature, not a bug!

AConsider the states ¢ and 6 , which form a complete basis for
neutral non -strange bottom mesons.

AThe time evolution of these states v,vgzll be described by

O 0 -3
C
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SOME MIXING FORMALISM

b - - - d <O|q0> b - e - d
T i
WGt W
I I
| |
| |
| |
L u, et W=
1 e U E
q > > > b d > - b

AThe Hamiltonian governing how these states evolve CANNOT be
diagonal in this basis due to diagrams like above

AWe write 0 i 0
' a E 3 U E 3 _
O 1., . |
0 -3 d -3
C C

where we have assumed CPT to have the diagonal elements equal
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ﬁ SOME MIXING FORMALISM

AWe solve (a simpler version of) this

problem in first semester QM! Appled magnetic field
ALets neglect decay for now, and N
assume M12 is real: recessional |
114 u U
® ( v )

U a o
plnﬂlﬂg
nucleus

114 T[ -|
J Tt

Awith 3 Ttthis is just Larmor
precession! (z spinin 0 )

Aln this situation, a particle that starts in ,
0 will oscillate between matter and 36 T up
antimatter 3 o p
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OME MIXING FORMALISM

AWe solve this problem in first semester QM!
AWith 3  mthis is just Larmor precession!

AHamiltonian eigenstates are in general
6 no no
6 né no i
Aln the case of CP conservation, 60

commutes with the Hamiltonian,
p and these are also CP eigenstates

AExact phenomenology depends on details
of U and 3. Important parameters:

Azd a a
A3 3 3
ASee PDG review of CPV in the quark sector

for a more careful treatment

8/8/2025 P.M. Hamilton -- SSI 2025

Applied magnetic field
+

Precessional -~
orbit

Spinning
nucleus

3 fo v
3 T p X


https://pdg.lbl.gov/2025/reviews/rpp2024-rev-cp-violation.pdf

R G

IXING PHENOMENOLOGY

— MO o,
— M@ | strange (K°) -
'\ beauty (Bq) beauty (Bs)

Cartoon from Mika Vesterinen
CERN LHC Seminar

Lifetimes

8/8/2025
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Lifetimes
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KINDS OF HADRON CP VIOLATION

1. CPV in decay (odirecto):
0(6 ©"Q 0(6 ©q4

2. CPV 1 n mix.i.n "Ssp,r,net"i mes <called o0in
L (O 0 b(o © 0 )h
ANO’QE/@@T(’% )

3. CPV in interference between mixing and decay (confusingly also
call ed oI ndirecto): .
o(0 ©°Q of(o o ©7Q
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KINDS OF HADRON CP VIOLATION

1. CPV 1 n decay O rect o) :

2. CPV 1 n mi xi | mes call ed oi

Will be
looking at
experimental
case studies

3. CPVIinIintegerence be(tjween WS decay (confusingly also
C a e oi ndir
o(0 °7Q °Q

i 6

8/8/2025 P.M. Hamilton -- SSI 2025 13
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T oo

S THERE ROOM FOR NEW PHYSICS

AYES!

AConsider simple
arameterization: suppose
mlx!ng amplitudes are
modified by a factor

‘QQ . What are the
allowed values of Q7
ASurprisingly, 10%
deviations ar
conclusively excluded!

AThis is a few years old but
the picture ha:
by orders of magnitude

8/8/2025 P.M. Hamilton -- SSI 2025
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CURRENT B EXPERIMEN

A Belle 2: exploit clean BB production from Q' Q © [(1 W 66 0 ¢ A6
A A priori knowledge of B energy and collision CM, no extra particles in signal events
A Easy to cross-feed tracks due to low CM momentum of B mesons
A Need to separate 66 vs more frequent 'Q'Q © ArRhn  6AH ho
Ax p 1| per A A, very high efficiency

A LHCD: exploit clean B hadron  decays
A Large boost of @hadrons means macroscopic displacements with respect to PV

A Most backgrounds come from  other ¢ decays rather than underlying event

A Large datasets ( p T Qin acc. per AEA @ 13 TeV) allow for clean selections even with low efficiency

8/8/2025 P.M. Hamilton -- SSI 2025 15
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ﬁ EEI\/IINDER: TYPHI CPV AT BFACTORIES

Adb Goipd ated moded meas o T —"
6 O L’)m— O Batate“‘Q’___y \
AType-l 1 | CPV :-antimatet t e r —».__@
l nterferometero | L

AMethod:
A6 6 startin perfect EPR state
7 (HO6a H60). Time evolution is
guantum correlated

ALook for one to decay in (anti)matter -
specific final state, know identity of
other at same time

AThe other decays sometime later (or
earlier) to uff v

8/8/2025 P.M. Hamilton -- SSI 2025 17




"REMINDER: TYRHI CPV AT B FACTORIES

AB-factory observes both B decays , look at 2 of

n 2
o 350

asymmetry of 0 tag+ Uff L VS probable than G

€ 250F

0 tag+ Uff U

150
100

AType-llICPV manifests as asymmetry around ° S\
30 O 0 TT.

A30 T11-> no interference

2| t
AAs|zolgr ows, ointerfer encw
spaced by the mixing frequency 3« o4 "yt

Events /0.5 ps
== N N
o
(=T~

(2]
o
T T

100

(2]
o
T

(=]

Asymmetry
o O o
N B,

Asymmetry
o O o
N Ao

[=]

0.4
-0.6f -0.6
6 -4-20 2 4 6 6 -4-20 2 4 6

~ _ . - o At (ps) At (ps)
o, B st ] o C (B ¥
<+ 400—* AR 1 = £ -B° £ E N
Nt B ‘ i I e - ‘ “
N : : ) 1 =T7E og0 | I
”;3 : °e. N L% - LR— "“ .

02 — 02F e
g = ﬁ 1 & | /’tﬂz:gtg_ o
< VE I i < i
g -02F WZ‘ 5 E-02 3 T - =
N = 3 > 4F + =

-%?ET’ZQ 5. '5 (') 5 R /I F aml|t0 - qSl LCLJ 5 (I] - 18
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TYPEI CPV ATLHCB

PRD /9 0 0]0}° 0]0)° — 1.0
L ] -
- i 4+ B"-B? yield asymmetry
& (a) % - Total fit
- <
0.5

8
L
-
=

=
o
o0
a9
[ 7]

2 - :
< AR
£ 2001 s
g r .
Boap :
50.2;\ ﬁ E i
< OF 1 - B
B 025 \h‘_j;vf = -
% 04E = [ B y(— K (o mtr) _
_'5 0 5 —_l:]"""""""""""""""
At (ps) 0.0 2.5 5.0 7.5 10.0 125  15.0
t [ps]

A Similar to B-factory measurements, butno 30, no EPR correlations to exploit
Alnstead, we trytotag 6 vs 6 at production _and then measure the asymmetry
3(6(0° Q 3(6(®° Q “YO E’{éé( (‘)) 6AT(ﬁx (‘))
3000°Q 300°Q Aji s o6 OETPs g

Al C :e)) o OE (CE 3))

0 (0
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TYPEI CPV ATLHCB

SS pion ’ <+ BB yield asymmetry
SS proton I Total fit
SS kaon -

same side
P opposite side
0S k — —
0S vertex charge 6 oo 0.5 X
0S charm -
- BY (=) K (—wtr)
_10'....|. N TP PP A R PR
OS muon 0.0 2.5 5.0 7.5 10.0 12.5 15.0
0S electron
t [ps]

A Similar to B-factory measurements, butno 30, no EPR correlations to exploit
Alnstead, we trytotag 6 vs 6 at production _and then measure the asymmetry
s @ 20009 36O "OKI 9 SAIE 9
o (o — : v :
30(° Q 3(0(0°Q Aj c"‘"“‘)) 5 oé(gg @)
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CASE STUDY: HUNTINGoo

f} Iy
5

. .[qo
Bg{s W _ %o A%%T]V
AT e :

AT;Ee:%CPV inthe & system with ©° f
|

f no direct CPV In final state, SM predicts a very simple expression
for the CP violating phase % ¢_ —

AWant to look for %o %0 3% , where the smallness of the first
term gives us leverage!

AExperimental target: 6 © U %o

ASo we measure the time -dependent asymmetry, extract the _
amplitude of the oscillation, get v and any deviation from SM is NP
right? é right?

8/8/2025 P.M. Hamilton -- SSI 2025 21



LDy HUNTING

. .[qo
%o A%%a]r

AN N
e

AT)E)e 3CPV s
If no direc =F expression
for the CP ‘
AWant to lo liness of the first
term gives

AExperimental

ASo we melp.
amplitude
ri ght

act the _
on from SM is NP
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COI\/IPLI CATI

&>
S F .| $ Data ~200F -
~ F LHCb Run 2, 6 fb : > o =
% 10k — Total fit h g 1s0g, LHCb 3
= F — - Signal ] o o] g
2 104;_ Bglckgroound+ :; E 1200 EJ — 00020
= F --= B> J/yw K"K S 1000 E — - S-wave 3
” - s ] D —-1y(1525) 3
L 0k \ ~ >~ 800 0(1680) 3
3 / \ 600 Ef .\ — £,(1270) 3
3 / \ 400 Ff/ L et — 1,1750) 3
5 10°F // \ = 200 B ~_ ] — RI90 2
S e N B o=t o 1.
B el ~N 5 1 -
- = I/ ) : ) ‘-‘| T 1\\ [ i_r I_'_LI_‘_.r‘1|-|I'I_‘_.rI-.un_l-r__‘_l-l.-J—l|'|Ll_rl-._l_l-ln_‘___' erunl..rrLuH‘urnHL‘ﬂ—u—u-'ﬂJJJL-Iu; 0
5200 5300 5400 5500 i 15 ................................................... 2 .............................. i
+ - 2 .
m(J/y K"K~) [MeV/c?] M [GeV]

ANotevery 6 O GFf 0 U proceeds through %op Tt C I
ANon -negligible Y wave component via, e.g., "Q w  Tpole

APartial wave anaIyS|S required to separate out the pure P
componentin L U
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PRL 132, 051802 (2024)

COMPL

—

ICATIONS - RECONSTRUCTION

10000———— . ——— ~ —
S [ = +Data  LHCbRun2,6f' { 8 ennnl LHCb Run 2, 6 fb! ]
- B QIOOOO— — Total fit ] \; 8000_ _
% 8000F § ----- CP-even < WW
g 0 = — CPodd < 6000] .
;_é 6000[gs™ —% S-wave % - P
8 40003— '\"_,f"\ """" r,g}))t_ ?VE; “'x.,\’\ _: o 5000__ '\.\,\\ f“/‘,f __ é 4()0(): I ;E(E{:elvfeig .. |

- — CP-odd ] e 1 QO 5000 —— —CPodd 3

20001~ \\\“~___S;vf_ivi ffffff ] i ///_:;._..;'_\\\ | ~ /// - S-wave // i

0 —6.5| (l) | 0.|5 0= I—(;.SI (I) | 0.|5 — 0 | —|2 o (l) é
cos0,, cosB,. ¢ [rad]
ABut it gets worse! i Ul %ois a mixture of 6 0  _
eigenstates depending on the polarization ( oOuv U
elgenvalue dependson /B SORIN Th ]
!\/Ifore angles needed to get the full polarization : B B N
Info 2 )
ASensitive to rest -frame angular acceptance |

AAl s o

8/8/2025

c an 0 t33afithegd enask eigenstates
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Decay time [ps]
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Q PRL 132, 051802 (2024)

> T T N
£ | LHCbRun2, 6fb" ]
£ 0.05— _
z | |
®ooT ——
S — | ———_-\

—0.05

Weighted B
=]
| | | I I | I/l

\

0.1 0.2 0.3
(t ps) modulo (21t/Am,)

o

FINALLY, THE OSCILLATION!

DO 8 fb—! | 2024 \
68% CL contours
0.114 j (Alog £ = 1.15)
— CDF 9.6 fb~1
IU)
§ 0.09
0o
'21 HCb 9 fb~1
s 1162 b~
_ “ombined”*
0.07 c:;AI'S errors scaled by 1.6
ATLAS 99.7 fo~1 /
0.053 0.1 ] | 0.1
ps[rad]
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PRL 132, 051802 (2024)

E‘\ | T T T T I T ] T 1
icj - —
= . LHCbRun2, 6 fb -
£ 0.05— .
& - |
“ ——
icc'i i ——
2 B i
| / \ ]
= ————
% 0 [~ / * * [~~~
5 : Y .
3 L
—0.05—
0
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WA |

T A MI

!
l

621

ATLAL 99.7 fb~!

DO 8 fb~ m

68% CL contours
(Alog £ =1.15)

CDF 9.6 fb~!

LHCb 9 fb~?!

“ombined”

G

Al; errors scaled by 1.6

/

0.1

0.1

¢c[rad]

26



MORE COMPLICATIONS!

I/

h*h~

AO O Ul %oalso proceeds through @ 1] loops (penguin diagrams)

AThese introduce new amplitudes with new strong phases which
are all potentially polarization -dependent as well

AGenerally these amplitudes are all smaller by a factor of
Wolfenstein _ ( OE+)

ASO %0 %0 3%o0 3%o0

APenguin dopollutiond can mimic new
depending on relative signs!!

8/8/2025 P.M. Hamilton -- SSI 2025 27



MEASURING PENGUIN POLLUTION

| c By — J/YKg
_ b»—&c:} M A@dﬁ d S b4
b {a«kgg}“
i BY — J/yKQ| |BY— J/¢n0  |BY— J/pp

Q:K 0 J‘Aﬁf’s
Ao(6 © @ %) (p —)' p T6Q © Bs 2 J/yé
Al1stpart is ~ tree

A2M partis pollutonw/ | —— T8tUL O

Alf we switch the tree decay from  @© i to w° caRwe go from suppressed
penguin amplitudes to approximate tree -penguin equality

A SU(3) symmetry of strong interaction allows t re;ate bac
[3%0 '] T (%o G T
ANote this dependson ¢ T from 6 -- eventually needs combined analysis!
AFUTURE%.” to 1 degree ->3%o 'to 1.5 mrad
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SEARCHING FOR CPV IN MIXING




ﬁ SEARCHING FOR CPV IN MIXING
A Because of all these complications, a promising
alternative Is trying to f 3 S
ACPV in 6 Mixing (Type -11) is expected to be A

negligibly small in the SM
AProbed via flavor -specific asymmetries

360509 3(6°5° g
" 3(60607Q 360604

where the direct decay (without oscillation) is
forbidden Cartoon from Mika Vesterinen

CERN LHC Seminar

&

semileptonic _final state asymmetries ® P&
m pnho (19 T pTm

A Good targets for very high  -statistics experiments :
(current and future gen) and sensitive to NP m

contributions in mixing amplitudes

A Experimentally nice to specifically look at the /b
v /,< B
o

8/8/2025 P.M. Hamilton -- SSI 2025 30



ACCESSING w
AOne clever method: like -sign asymmetry
P.¢ N _ Landscape ca. early 2014
T o b B’ = ﬂ g 1: * Standard Model 1:\# o J;
sl % S ¢ o - I
A Tt =T 47) -
oy = — ag S N ;
D40 +T(—¢—) - ]
FE o =
ADone by DO experiment and at Belle and B
BABAR 0 works pretty well if done carefully ad [%]

ADO measurement in particular
presented a longstanding puzzle,
found a result o® ,from SM

8/8/2025 P.M. Hamilton -- SSI 2025 31
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ASYMMETRIES

AMeasurements from LHCb use untagged rate asymmetries
AMeasured quantity is

0(Q+y M 0(0+y M) ¢ 01 AT30 ¢
56y A Kk (O() ) (O() ) W . [oo 00] . O

OOAK -7 = o~ . o -0
6(0y M) 0(0, M ¢

AWhere we are considering asymmetries from:
ACP violation
AProduction/hadronization
ADetection

8/8/2025 P.M. Hamilton -- SSI 2025 32
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Al nitial state isnot

A (Maybe) _surprlsmgIE/ this has a
nonzero impact on the
fragmentation =~

0(w° 6 )V i0(wW° 6 )
A Possible mechanisms include
hadronization with proton
fragments

A Regardless of mechanism, these
are known to exist at the percent
level in LHCb acceptance

Phys. Lett. B739 (2014) 218

—_ 01—
=
= 0.08
[-™
< 0.06
0.04
0.02
0
-0.02
-0.04
-0.06
-0.08
_0.1.I....\....I....I....I.

LHCbH -

TTTITTTTTIT I T T I T I T T I I T[T T oY
R RN L LR LR LN R R
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Cartoon from Mika Vesterinen S KI P P I N GE)

CERN LHC Seminar

beauty (Bq) beauty (Bs) |

——
p—

Lifetimes Lifetimes
A mi xing is so rapid we can consi de
production asymmetry and do a time -Integrated measurement
AEssentially we are integrating the term over a period

much much longerthan p¥3a
AEffect of o washed out byafactor pTT

A6 r e qu more car e! Wonot get to
look Into PRL 114 041601 (2015) for more!
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) DETECTION ASYMMETRIE:S
A Lorentz force ® né 06 sends o

particles with different charge to “"“‘
different areas of the detector

A Misalignments, dead channels,
mismeasurements of magnetic
field and more subtle effects all
contribute

Aln LHCb itdés | eft
machines it may manifest as
azimuthal -dependent
asymmetries

)

@ B-field

A Even with a perfect detector, nuclear Negatively
Cross sections aren charged muon
symmetric

A Dead material mostly steel -> Iron- Positivel

56 -> more neutrons than protons ositively

-> more down quarks than up! charged muon
A Charged kaon interaction cross Muon

%ieﬁglgrgsi ,c}ljﬁerent by charge Cartoon from Mika Vesterinen

CERN LHC Seminar
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—MMR

DETECTION ASYMMETRIE:

AThe nature of the

- - 4 T TrorrTrrorrrrTr T I ]- " ' i N ! ' i ' ! T i
measurement makes it S - L 1 = osf LHCb + Magnetup 3
EXTREMELY sensitiveto € °F Magnetwp 3 € F = Magnet down ]
these detector = of ~— Magnet down g oF :
asymmetries L < f E ; E
of e 5 - :
AC.f. asl%mmetrles on right i E :
with SM predictonof pm ¢ ... . ., 3 ep
20 40 60 80 100 0 5 10
p [GeV/c] P [GeVic]
ALHCb regularlty changes I I
magnet olari d can § 4:_ s+ LHCb 2011 -+ Magnetup ] % 4_ LHCb 2012 -+ Magnetup ]
see that thls roughly flips S +Magnetdowny g 4 -+ Magnet down
= aF o Average = HE o Average

the sign of the dominant R By
a?/mmetrles of ro-eii———— : of = -
Rest must be N3 E I ;
measured carefully *F e E I 3 :
and subtracted B S TR T B T S T R T
pr[GeVic] p,[GeVic]
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SL|C|NG THE DATA

AWorse, detector

2/ 4]

asymmetrles can e
depend on decay =
klnematlcs by

A%oregion typically has T

tlght y correlate
, leaving mostly

S0 detector
asymmetries
ASeparate but correlated Sf ey —semew ] Z o LHOD —
measurements In %0.6;— —V—Magnetdown_; Jg\.%o_ﬁ;— —V—Magnetdown_;
different sub -regions to T |

exploit the full statistical
po entialof 0 ©
O vuv} ’'sample

8/8/2025 P.M. Hamilton -- SSI 2025 PRL 117’ 061803 (2016) 37




—
RESULTS

A3 regions, 2 years, 2 magnet polarites = AEEAV
12 values for consistency checks x F L]
¥ PO e, i
: : U= =
AVery involved measurement, requires : :
intimate detector knowledge! B h
AOverall lesson: Pathways to new : :
ngsms can pass through not just N E
SM/QCD, but also by your own 3 . :
instrument! - 2 50 Dy . :
| -3 o BaBar D*lv - ]
_ 5 X107 - _ gaﬁ,arllll —T .
= N elle = i
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CAUTION WITH NEARNULL TESTS

ANear -null tests can be misleading if s
%/ou donot know how c¢cl ose to 4 e
he prediction Is o b
Aﬁas(,jetstudyc:I 'CtPV ig ]g:harrp is vt_ery Channel A, (Y0) SRR
ard to predict, and for a long time 0N i .
the standard wordis L p T D*>n'n +0.00 =0.15
AThink irt1_ terms of CKM %r umCeIQ\t/: 3 DY->K%n —0.20 =0.17
generations are required for , _ 016
charm mixing and decay are D2K'K 0.16+0.12
dominated by first two ID+9K05R+ —041% 0.09
generations only 8 should be .
small! D> KO K* -0.11 = 0.25
A!T%Op)sly\lig]]p[ quarks should be D" >KOK* +0.08 = 0.26

e + 0 _ +
AGreat null test when ¥our sensitivity is D s KT 0.38 £0.48

p 1T , but what about when you get
more sensitive?
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= CASE

ALHCD for years hunted charm CPV in singly g
U an

,((:)ab(i)blgo suppressed decays O © U
AUse'Q from either O © O* ord ©
O ‘ wto precisely tag the production
flavor of the charm

ACan get extra sensitivity from the observation
that phases conspire to make the asymmetries
have opposite sign

Alncreases raw magnitude
ACancels most of the production and

Candidates / ( 2.8 MeV/c?)

detecti on asymmetry o001
A2019:
30 POYQRWWOW( p®& o8 1) pTT
ALHCb Average 30 (p& c8 pTr

ASo our BSM CPV hunt has turned up something
extremely ambiguous. Near -null tests can end
up being much more subtle than you hoped!
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CPV IN RADIATIVE DECAYS
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A®O [ rsimilartoyest erday s
here something special happens

ABecause of the peculjar left -handed
structure of the SM, the photon MUST
be dominantly left -circularly polarized

ACorrections of order —

AIf you can measure the polarization,
you can test for many kinds of NP
contributions in the penguin  loop

A Obviously, this is hard!

ANo polarized glasses for GeV gamma
rays

ACan probevia |~ © QO Q atextremely low
N or by measuring CP asymmetries
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Ab O °
for this kind of stu

iy c[ IS a particular golden mode
y

A Right hand side would be a CP eigenstate
fexc:ept tl&at the photon polarization is different
oro and O

ABecause of t hi s, dondt
type -lll CPVlike we get ind © Uff U

A Observation of type -1l CPV in this mode
above the amount allowed by this

would be new physics

We

A All-neutral final state
target for Belle-ll

A(Measurement performed
“ invariant mass 0
[800%1000 ] MeV apd

[p T 1P @@ TMeV)

SSI 2025

-- Canonical high -priority

In two regions of

P.M. Hamilton --

—MMR

r Belle |l

[Ldt =362 fo~? }

CPV ANALYSES IND O 0° 7

PRL 134(2025) 1, 011802
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NEAR-VIRTUAL PHOTONS

Bhoton IS
ackground!

Aln these cases AT L TR AR
the ‘Q ‘Q O ;OODl o lSS[]'G'-I ] 6DU'DJ ]

comes from m(K*K e*e) [MeV/c?]
gamma
conversion in
material and
there Is no
angular =~
Information in
the Q Q
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AHere, S A Bowe 4 3 b P ]
" 11 s Combinatorial =
counterintuitively, Z af e
L] H : Bl - : et
wO [ [with a real g wf mimaen ] S
» I5F 4 &
E 1af ] ¢
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e R OPTIONS
Phys. Rev. D105 (2022) L051104 OTH E R O PTI O N S

ABaryons provide a slightly more direct angle (so to speak) by their
unigue spinor ->spinor gamma structure.

ACan expect this to become quite powerful as data is
accumulated

8/8/2025 P.M. Hamilton -- SSI 2025 45



