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Preliminaries...

® ATLAS and CMS are not the only collider experiments — this talk: LHCb & Belle |l

® A large number of reviews on key measurements, sensitivities, exclusion limits

| will not show (large and impressive!) tables of sensitivity projections [iinks below]

® “Impact of the LHCb upgrade detector design choices on physics and trigger per-
formance,” LHCb-PUB-2014-040

“Eol for Phase-1Il LHCb Upgrade,” LHCC-2017-003
“Physics case for an LHCb Upgrade-II” — by LHCC in May

A nice recent talk by Vincenzo Vagnoni

® B2TIP workshop report (Belle Il physics book), arXiv:1808.10567
“Impact of Belle Il on flavor physics,” BELLE2-NOTE-0021
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https://cdsweb.cern.ch/record/1748643
http://cds.cern.ch/record/2244311
https://indico.cern.ch/event/694666/contributions/2916433/attachments/1633438/2605444/Vagnoni_TUPIFP_2018.pdf
https://confluence.desy.de/display/BI/B2TiP+WebHome
https://arxiv.org/abs/1808.10567
https://confluence.desy.de/download/attachments/34042032/belle2-note-0021.pdf

LHCb — LHC at CERN |

Run 1 Run 2 Run 3 Run 4 Run 5+

(2010-12) | (2015-18) | (2021-24) | (2027-30) (2031+)
ATLAS, CMS 25 fb1 150 fb! 300 fb1 —_— 3000 fb1
LHCb 3 fb1 9 fb-1 23 fb1 50 fb? *300 fb1

* assumes a future LHCb upgrade to raise the instantaneous luminosity to 2x103* cm=2s™1

® Major LHCb upgrade in LS2 (raise instantaneous luminosity to 2 x 1033 /cm?/s)
Major ATLAS and CMS upgrades come in LS3 for HL-LHC

® LHCb, 2017, Expression of Interest for an upgrade in LS4 to 2 x 103*/cm? /s

® European Particle Physics Strategy Update will say something — to me, it is
obviously an integral part of the full exploitation of the LHC

~
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Belle Il — SuperKEKB at Tsukuba
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® First collisions last year (unfinished detector), beams start again 3/11/2019
Goal: 50 x the Belle and nearly 100 x the BaBar data set

® Discussions started about motivation for and feasibility of a factor ~ 5 upgrade,
similar to LHCb Phase-Il upgrade aiming 50/fbo — 300/fb beyond LHC LS4

~
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A surprise in 2018: CMS “B —parking”
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Effort in 2018 paid off, 12B
triggered events on tape

O Upto 5.5 kHz in the second part of
the fill where events are smaller

Now studying processing
strategy

O 1.1B events were already fully
processed in order to help
development of trigger/

reconstruction 1

® CMS collected ~10'° B decays; goal: check an LHCb anomaly (cms @ LHcc, Nov 2018]

Fill 7105 HLT rate — Physics Streams  — ~ Prescale change
— Data Parking Run change
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https://indico.cern.ch/event/771106/

Outline

Introduction to flavor physics

Mode / model independent: Large improvements in NP sensitivity — 3 examples

Going from: NP < (few x SM) — NP < (0.3 x SM) — NP < (0.05 x SM)
(—10yrs) (now) (+10yrs)

Mode / model specific: Current tensions with SM — might soon become decisive

Several 2—4¢ tensions with SM: fluctuations? triggered lots of exp & theory work

Richness of directions: top, higgs, DM, long lived, dark sectors, quirks, etc.

~
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Introduction




Hope to discover BSM physics...

® Most experimentally observed phenomena consistent with the “standard model”

(Michelson 1894: “... it seems probable that most of the grand underlying principles have been firmly established ...")

® Clearest empirical evidence that SM is incomplete:

— Dark matter

— Baryon asymmetry of the Universe

— Neutrino mass [can add in a straightforward way]

Maybe at

TeV scale

— Inflation in the early universe [have a theoretical picture that might work]

— Accelerating expansion [cosmological const.? need to know more to address?]

® Baryon asymmetry: nonzero in the SM, but too small by a factor ~ 10"

[Yury’s talk]

[Sakharov conditions: (i) B violation; (ii) C' and C P violation; (iii) deviation from thermal equilib.]

® Need BSM source(s) of C'P violation
What is the microscopic theory of C'P violation? How precisely can we test it?

BERKELEY CENTER FOR
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Some flavor-related questions

® Will LHC see new particles beyond the Higgs?

Any new particle that couples to quarks and/or leptons = many new flavor param’s (e.g., SUSY)

® Will NP be seen in the quark sector?
Current data: several hints of lepton flavor universality violation (see later)

® Will NP be seen in lepton sector (CLFV)? u — ey, u — eee, 7 — puy, 7 — ppp?

® Neutrinos? (3 flavors? Majorana / Dirac?)
Dark matter may also relate to flavor

® No one knows — an exploratory era!

(n.b.: 2 generations + superweak is “more minimal” to accommodate CPV, than 3 generations...)

~
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Some flavor-related questions

® Will LHC see new particles beyond the Higgs?

Any new particle that couples to quarks and/or leptons = many new flavor param’s (e.g., SUSY)

® Will NP be seen in the quark sector?
Current data: several hints of lepton flavor universality violation (see later)

® Will NP be seen in lepton sector (CLFV)? pu — ey, u — eee, 7 — puy, 7 — pppn?

® Neutrinos? (3 flavors? Majorana / Dirac?)
Dark matter may also relate to flavor

(n.b.: 2 generations + superweak is “more minimal” to accommodate CPV, than 3 generations...)

® Near future: current tensions have the best chance to become significant

Long term: large increase in discovery potential in many modes

~
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Why is flavor physics interesting?

® Flavor: theoretically not well understood
experimentally rich and sensitive ways to probe the SM and search for NP

® Uncertainty principle = heavy particles, which cannot be produced, affect lower
energy processes, E?/M? suppressed if interference = probe very high scales

® SM flavor: hierarchy of masses and mixing angles? why 3 generations?
Flavor in SM is simple: only Higgs — fermion couplings break flavor symmetries

® BSM flavor: TeV scale (hierarchy problem) < “naive” flavor & CPV scale
Most TeV-scale new physics contain new sources of C' /2 and flavor violation
E.g., SUSY: ~ 10x increase in flavor parameters (C' P and flavor problems?)

Generic TeV-scale flavor structure excluded = new mechanisms to reduce signals

® Flavor sector will be tested a lot better, many NP models have observable effects

~
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In cartoons... ‘

(a) A new particle, X, solves % a7y
all theoretical problems, uni- b s :

fies forces, etc., however ...

v
X (b) ... it is too heavy to be pro-
duced directly, but contributes
to properties of known particles

(c) ... which are complicated by
known physics — electroweak
(d) ... which bind the quarks into confined hadrons and strong interactions

(in some incalculable way)

| i # .. which
(e) ... which eventu-

is then com-
ally show up as tracks

. bined with sim-
in someone’s detector . L
ilar predictions

for other pro-
cesses to show
evidencefor X T . Fi

~
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Spectacular track record

® High mass-scale sensitivity due to suppressed SM predictions

— [-decay = neutrino (Pauli)

— Absence of K;, — upu = charm quark (Gilashow, liopoulos, Maiani, 1970)
— €x = 3rd generation (¢, b quarks) (Kobayashi & Maskawa, 1973)

— Amg = m,. ~ 1.5GeV (Gaillard & Lee; Vainshtein & Khriplovich, 1974)

Smallness of Am g /mg ~ 7 x 10~
93 |‘/cs‘/cd‘2 mz
1672 m3, m3,

BSM tree: AmY) ~ g* Al /M3y = Mx > g x 2-10° TeV

— Amp = m; 2 100 GeV (bound in 1987: 23 GeV) = large CPV & FCNC

SM: AmK/mK ~

2
% u et} L, c, ¢

S w S

~
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Quark mixing and unitarity triangle — Yury’s talk

® The (u, ¢, t) W (d, s, b) couplings: (Wolfenstein parm., A ~ 0.23)
Vua Vs Vb 1 — N A AN (p — in)
VCKM — Vea Ves Ve = —A — %)\2 A>\2 4+ ...
Via Vie Vi AN(1 —p—in) —AN 1
CKM matrix

9 complex couplings depend on 4 real parameters = many testable relations
One complex phase in Voka: only source of C'P violation in quark sector

® Unitarity triangle: visualize SM constraints and compare measurements
(p.n)

Vua Vi + Vea Vi, + Via Vigy = 0

Via Yao
Vea Vay

Vi Viy
Vi Viy
CPV in SM  Area
Y=0, B
(0,0) (1,0)

Sides and angles measurable in many ways

Goal: overconstrain by many measurements
sensitive to different short distance physics

~
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Learned a lot, plenty of room for new physics

® SM dominates C P viol. = Nobel 2008
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Confirm SM = look for corrections P
® The implications of the consistency of measurements is often overstated
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Learned a lot, plenty of room for new physics
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sol.w/ cos 2B < 0
(excl, at'CL > 0.95)

® Larger allowed region if the SM is =
not assumed

|||||||||||||y|.7
| excluded area has CL > 0.95]

® Tree-level (lower plot) vs. loop- st il R Lo
dominated measurements crucial '

ICHEP 16

[excluded area has CL > 0.95]

® | HCb: even better constraints, also "
in B, sector (2nd—3rd generation)
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p

® (O(20%) NP contributions to most loop-level processes (FCNC) are still allowed

~
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Model independent




(1) Compare HL-LHC and LHCb upgrade

® Focus: ATLAS/CMS 300/fb — 3000/fb, LHCb 50/fb — 300/fb (iatter not yet approved)
ATLAS & CMS searches for high-mass states: parton luminiosities fall rapidly

LHCb Phase-2 upgrade compared to Phase-1: v/6 ~ 1.6 mass scale (conservative)

Do not know what new physics is = mass-scale sensitivity (at fixed couplings)?
Sbottom pair production, 5, =b i? |s‘= 1I4 Tev' ‘
® [t is often said that what's excluded at 300/fb, cannot § . F amss smsiorrmnay E

be discovered at 3000/fb — so why keep going...? = oo T

800 - = 3000 fb"' 50 discovery —

— Holds for many high-mass particle searches

6001 -

s
————————————

400}~

— Not true for lighter / weakly coupled particles, Higgs o
couplings, flavor observables (uncert. ~1/v/L) I~ Y L

Y .
500 1000 1500 2000

® Siatistics x 10 can make 1.50 — ~ 5o, even without analysis improvements

(No one knows how many measurements are 1.50 from SM expectation... which also improve)

~
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At fixed energy, 1/+/L is the best

® 6 ~ 1.6 vS. mass-scale increase at 14 TeV, 300 — BOOO/fb [http://collider-reach.web.cern.ch/]
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system mass [TeV] for 14.00 TeV, 300.00 fb1

® [ncrease in mass limit > 1.6, iff (w/ caveats) limit with 300/fb at 14TeV is <1 TeV
Weakly produced particles (H=, ...) or difficult decays — not the typical Z’, g, g!

~
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® Meson mixing:

(2) New physics in B mixing

b W~ d L' Z} | .4 General parametrization:
U Up U b, Mis = Mpy" x (14 he*?)
p Ww- b d X; b NP parameters
C C
SM: ~ =1 NP: ~ =22
msiy, A2

What is the scale A? How different is the Cxp coupling from Cqy?

If deviation from SM seen = upper bound on A

® Assume: (i) 3 x 3 CKM matrix is unitary; (ii) tree-level decays dominated by SM

® |\lodified: loop-mediated (Amg, Amg, B, Bs, a, ...)
Unchanged: tree-dominated (v, [Vus|, |Ves|s )

(Importance of these constraints is known since the 70s, conservative picture of future progress)

1l
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Sensitivity to NP in B mixing

® At 95% CL: NP < (0.3 x SM)
= NP < (0.05 x SM)

® Scale: h ~

[ViiVil? A

2.3 x 10° TeV
20 TeV (tree + CKM)
2 TeV (loop + CKM)

= A~

® Similar to LHC m; reach

® Sensitivity would continue to
Increase beyond 300/fb

Complementary to high pr

1Ci; | (4.5 TeV>2

T

©

(]

xxxxxxxxxxxxxxxxxx

LHCb 50/fb + BeIIe I 50/ab

0.0 0.1 0.2 03 0.4 05

hy
[color 20 dotted 30]

03 — — 03 — — 0.6

05 0.0
[1309.2293]
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(3) Sensitivity to vector-like fermions

® Add one vector-like fermion: mass term w/o Higgs, hierarchy problem not worse
11 models in which new particles can Yukawa couple to SM fermions and Higgs
= FCNC Z couplings to leptons or quarks

[Ishiwata, ZL, Wise, 1506.03484; Bobeth et al., 1609.04783]

Upper (lower) rows are current (future, 50/fb LHCb & 50/ab Belle Il) sensitivities

Model Quantum Bounds on M /TeV and AiAg for each <5 pair
numbers ij = 12 ij = 13 ij = 23
AF — 1 AF — 2 AF—1 AF—2 | AF=1 AF—=2
V. (3,1,—-1/3) | 66%[100]° {42, 67017 309 o5/ 217 6.4
280 {100, 1000}/ 60! 617 39 147
VIl (3,3,-1/3) | 479 [71]¢ (47, 7501/ 219 ogh 150 7.2
200% (110, 1100}/ 42! 68" ogh 167
Xl (3,2,-5/6) | 66%[100]¢ (42, 6701/ 309 o5 18k 6.47
280 {100, 1000}/ 60! 617 39% 147

Strongest bounds arise from many processes, nominally 1-2 generation most sensitive, large variation across models

® | HCb 50/fb + Belle 50/ab increase mass scale sensitivity by factor ~2.5 ~ +v/50
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Mode / model dependent




The current B “anomalies”™ ‘

® | epton non-universality would be clear evidence for NP o

1) R and Rk~ (B— Xptu™)/(B = Xete™) ~ 20% correction to SM loop

2) R(D)and R(D*) (B— Xr0)/(B — X(e,n)v) ~ 20% correction to SM tree +#

Scales: R,y Sfew x 101 TeV, R(D™) <few x 10°TeV  Bounds on NP scale!

® Theor. less clean: 3) P; angular distribution (B — k*u*u™)
4) B, — ¢utpu rate

Canfit 1), 3), 4) with one operator: C3, /O ~ —0.2, Gy, = (574 PLb) (A1)

® Viable BSM models... leptoquarks? No clear connection to DM & hierarchy puzzle

(Is the hierarchy problem or the flavor problem more pressing for Nature?)

® \What are smallest deviations from SM, which can be unambiguously established?

~
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Ry and Rg~: theoretically cleanest

B — KWty
® |HCb: R, = < 1 both ratios over 2.50 from lepton universalit
K& ™ B U K ete- P y
--LHCb -m-BaBar -a—Bedle
% 2_ —r 1 ] T 2.0 L L

S LHCb 1 £ ]
15" : 1 T :
1 + SM 10:_ ................................................... l ........................................................ ]
¢z : | |
05 207 . 0.5[2.20 2.50 ® LHC) -
| N
0- T T B B S 0.0 T
0 5 10 15 20 0 5 10 15 20
02 [GeVZ/ cY q° [Ge\/2 /]

® Theorists’ fits quote 4— 50 (sometimes including P; and/or By — ¢u™t ™)

® Modifying one Wilson coefficient in Heg gives good fit: 6 Cy ,, ~ —1

~

ZL—-p.20 rr/rr>| A

BERKELEY CENTER FOR /_\‘
THEORETICAL PHYSICS . |BERKELEYLAB




The B — D™ riz decay rates

T ——————7——
05K BaBar, PRL109,101802(2012)

—~
(B — X1&) & o 3
. - Belle, PRD92,072014(2015) X" = 1.0 contours .
® BaBar, Be”e, LHCb R(X) — ' u LHCb, PRL115,111803(2015) A ¢ M predictions
I ( B — X (8 / ) 17) 0.45F Belle, PRD94,072007(2016) === Averageof SM predictions |
H ™k Belle, PRL118,211801(2017) R(D) = 0.299 + 0.003 E
LHCb, PRL120,171802(2018) R(D*) = 0.258 + 0.005

04 :_ [/ Average _:

4 o from SM predictions — robust due to heavy : e

035F-|
quark symmetry + lattice QCD (only D so far)  _F } l {(
0.255— l 0
more than statistics: R(D*) with 7 — v37m  [1708.08856] 3
B. — J/y 1D [1711.05623] 02 03 04 05 o)

® Imply NP at a fairly low scale (leptoquarks, W', etc.), likely visible at ATLAS / CMS
Some of the models Fierz (mostly) to the same (SM) operator: distributions, = polarization = SM

® Tree level: three ways to insert mediator: (bv)(ct), (b7)(cv), (be)(TV)
overlap with ATLAS & CMS searches for b, leptoquark, H=*

~
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Exciting future

® | HCb: R, (. sensitivity with Run 1-2 data > 50 for current central values

® LHCb and Belle Il: increase pp — bb and ete~ — BB data sets by factor ~50

® | HCb:

> 10 7 T T T Y T T T 3
p— The uncertainties of ground and excited -
'g 9 :_ states will be highly iorrelaled. = R(D*) —~_-
= SE = R(D) =
) - LHCb **Rﬂjﬂ) =
2 TE preliminary ) =
= g E
~, OF E
X SE E
7 3 3
g  3F E
E p) 3 =
Y = ¢ =
(a2 1E phase I upgrade phase II _E
R R . N

%20 2025 2030 2035
Time/year

Belle Il (50/ab, at SM level):
SR(D) ~ 0.005 (2%)
SR(D*) ~ 0.010 (3%)

Measurements will improve a lot!

(Even if central values change, plenty of
room for establishing deviations from SM)

® Competition, complementarity, cross-checks between LHCb and Belle Il

BERKELEY CENTER FOR
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Richness of directions




B — ptu: interesting well beyond HL-LHC

® B, — ptp~in SM, 1071%: LHCb expects 10% (300/fb), CMS expects 15% (3/ab)
SM uncertainty, as of now ~ (2%) & f%q ® CKM  [Bobeth, FPCP'15]

a0

_ %107

BF(B, — W1
® Theoretically cleanest |Viy| | know, only isospin: B(By, — £0)/B(Bg — pu™)

® A decay with mass-scale sensitivity (dim.-6 operator) that competes w/ K — wvi

~
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Some other key “core” measurements

O/\w A 1 1 I
o m0.01- X — L
. B ELAY < | LHOb @) - HFLAV
& DO 8 fb < | B, - DX 4 oaf
Z 68% CL contours " L GLW
(Alog £ = 1.15) 0 ™\ ... Theory X 10 - ADS
0.6 R [T cesz

CMS 19.7 fb~! 5 N i World average

] Compined -
T
N\ ]
N ]
N % n

| -0.011- 0.4 A

o LHCb 3 fo-! 2O/ ]| 0oL

0.06 ATLAS 19.2 fb ! 0.0k g F ANMNNDEEE ATt

HFELAV | ra;mry o LA A o
0.4 0.2 0.0 0.2 ¢(}.£[rad] k | ayet‘age o 0 50 100 150y [O]
-0.02 -0.01 0 0.01 (3.02
Ag (BY)

CP violation in B, — 9o Agr,: important, indep. Measurements of ~ crucial,
now consistent with SM of D anomaly LHCb is now most precise

Uncertainty of predictions < current experimental errors (= seek lot more data)

Breadth crucial, often have to combine many measurements and theory

(“The interesting messages are not simple, the simple messages are not interesting”)

~
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Very broad program: many directions

Better tests of (exact or approximate) conservation laws

Maximize sensitivity to 7 — 3u, 7 — huu, etc.

Exhaustive list of dark / hidden sector searches

LFV meson decays, e.g., M° — u~e™, BT — hTp~e™, etc.

Invisible modes, even baryonic, B — N + invis. [+mesons] [1708.01259]
Hidden valley inspired scenarios, e.g., multiple displaced vertices, even with £/~
Exotic Higgs decays, e.g., high multiplicity, displaced vertices (h — XX — abab)
Search for “quirks” (non-straight “tracks”) at LHCb using many velo layers

| do not know how many C'P violating quantities have been measured, neither
how many new hadronic states discovered by BaBar, Belle, LHCDb ...

~
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Charged lepton flavor violation

® SM predicted lepton flavor conservation with m, =0

w b
Given m,, # 0, no reason to impose it as a symmetry
® |f new TeV-scale particles carry lepton number oo e @
L] [l L] 4
(e.g., sleptons), then they have their own mixing B(p — ey) ~ a—2 ~ 10772
matrices = charged lepton flavor violation v
6a S-y 6b e .
) "_:.-JO~-:\‘ T History of u — ey, ulN — eN, and pu — 3e
10'55 '3'! : ZJ\?—feN
® Many interesting processes: E N, _
= VI, "
ey, p—eee, p+N —=e+ N pfem = p-et el
T — Wy, T — ey, T — U, T —> eee, T — [Lle U E T
T — ee, T — Umw, T — emw, T — MKS, eN - N 01940“1‘955“1‘%6"1‘975“1‘985"1‘995"2‘005“2‘015“2‘025;{‘;0:5‘

® Next 10—20 years: 10°-10° improvement; any signal would trigger broad program

~
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Final remarks




Flavor / high-pr complementarity

® Combination of LHC & flavor data can be very powerful; SUSY inspired example:

Current constraints from flavor data Future flavor 4~ ATLAS/CMS
1 1
EXCLUDED
mJ - m; mj - m;
mJ + m; m; +m;
ATLAS/CMS
0
0 1
Kij [arXiv:0904.4262] Kij

® |et’'s hope we’'ll be in such a situation...

S
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Lack of signals can also solve puzzles

® Gregory (Scotland Yard detective): “Is there any other
point to which you would wish to draw my attention?”

Holmes: “To the curious incident of the dog in the
night-time.

Gregory: “The dog did nothing in the night-time.”

Holmes: “That was the curious incident.”

® Absence of a signal can also be critical

“Silver ]ikde .

DHERLOCK

HOLMES

BERKELEY CENTER FOR
THEORETICAL PHYSICS
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Conclusions

Flavor physics probes scales > 1 TeV; sensitivity limited by statistics, not theory
New physics in most FCNC processes may still be 2 20% of the SM or more
Few discrepancies in SM fit; some of these (or others) may become decisive
Precision tests of SM will improve in the next decade by 10-10* in some channels
Many interesting theoretical questions relevant for optimal experimental sensitivity

Flavor physics data in next decade will tell us a lot, whether NP is found or not

FLAVOR
Evidence for BSM?
yes no
ATLAS & CMS yes | complementary information di§tinguish models
no tells us where to look next | flavor is the best telescope

If new physics is discovered, many new questions about its structure and origin

E.g., possible convergence between (s)quark and (s)lepton flavor physics

~
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Dark sectors: broad set of searches

® Started with bump huntingin B — K*utp~

Nearly an order of magnitude improvement due to dedicated LHCb analysis

In axion portal models, scalar couples as (m.;/ fa) V51 a

Freytsis, Ligeti, Thaler
[0911.5355]

E) I B(x - hadrons) =0 LHCb | < v

o B B(x - hadrons) =0.99 3

= N

=4 — 80

= g 3

> — = 60f

é o 12 T 40
=y g 40p

Ko Tt 3

& = 20}

= —

= I

1000 2000 3000 4000
m(u*u’) [MeV]

[LHCb, 1508.04094]

® Many other current / future LHCb dark photon searches

Bound on f, tan’ B (Large tan ()

100

200 400 600 800 1000 1200 1400

(m; coupling in loops)

LHCb, m(a) = 600 MeV
[1508.04094]

\/

700

1560
1420
1280

{1140

0

[llten et al., 1603.08926, 1509.06765]
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D — D mixing and C P violation

® ('P violation in D decay
LHCDb, late 2011: AAdcp = Agvp- — A 4.— = —(8.2£24) x 1073
Current WA: AAcp = —(2.5£1.0) x 1077 N (a stretch in the SM, imho)

® | think we still don’t know how big an effect could (not) be accommodated in SM

S ] 2 CPV allowed| 60 = 1o

> €| CHARM 2018 : T, 7CHARM2018| Sg

® Mixing generated by down quarks " S a0 Lzz

. 0.8 ; ; : g’ . E

or in SUSY by up-type squarks .4 <@ =,
0.47 0:
® \alue of Am? Noteven 2o yet  °* o
_0_0 .no mixing 5o _4?
® Connections to FCNC top decays °fE so|
40 —67

045 0402 0 02 04 06 08 1 12 o6 08 1 iz 14 16

X (%) la/pl

® SUSY:interplay of D & K bounds: alignment, universality, heavy squarks?
ZL-p.i recenn) a‘
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What are the largest useful data sets?

® No one has seriously explored it! (Recall Sanda, 2003: The question is not 10°° or 10°°...)

® Which measurements will remain far from being limited by theory uncertainties?

— =, theory limit only from higher order electroweak

— B; 4 — pp, B — pv and other leptonic decays (lattice QCD, [double] ratios)
— C'P violation in D mixing (firm up theory)

— AZ® (work on exp. syst. issues)

— CLFV, EDM, etc.

® |In some decay modes, even in 2030 we’ll have: (exp.bound)/SM Z 10°
E.g., B — ete , 777~ — can build models... (I hope to be proven wrong!)

® (Guess: until 100 x (Belle 1l & LHCb Phase 2), sensitivity to NP would improve

® FCC-ee in terra-Z phase could eclipse all prior B factories!

~
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Theory challenges / opportunities

® New methods & ideas: recall that the best a and v measurements are in modes
proposed in light of Belle & BaBar data (i.e., not in the BaBar Physics Book)

— Better SM upper bounds on S,/ — Sy kg, Sprg — Sykg, and Srox, — Sy kg
And similarly in B, decays, and for sin 23, itself

— How big can C'P violation be in D°— D mixing (and in D decays) in the SM?

— Better understanding of semileptonic form factors; bound on SKgr0y in SM?

— Many lattice QCD calculations (operators within and beyond SM)

— Inclusive & exclusive semileptonic decays

— Factorization at subleading order (different approaches), charm loops

— Can direct C' P asymmetries in nonleptonic modes be understood enough to

make them “discovery modes”? [SU(3), the heavy quark limit, etc.]

BERKELEY CENTER FOR
THEORETICAL PHYSICS
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New particles, e.g., supersymmetry

The LHC will measure: masses, production rates, decay modes (some), efc.

Details of interactions of new particles with quarks and leptons will be important

New physics flavor structure can be: new physics mass scale:
— Minimally flavor violating (mimic the SM) can be “light”
— Related but not identical to the SM

— Unrelated to the SM, or even completely anarchic must be heavy

Some aspects will be understood from ATLAS & CMS data (masses, decays, etc.)

squark & slepton couplings, flavor diagonal pro-
cesses (e, n EDM), neutral currents; may enhance FCNCs (Bs) — ¢4, n — e7)

~
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Example: SUSY in K°- K° mixing

2 2
° ~ 10 (1 TfV) (Af"’f) Re [(Kg)lz(Kg)m] (oversimplified)
™m ™m
K¢, ... mixing in gluino couplings to left-(right-)handed down quarks and squarks

L(R)

® Constraint from ex: replace 10* Re|(K¢)12(K$%)12] with ~ 10 Im [ (K¢)12(K%)12]

(44 CPV phases: CKM + 3 flavor diagonal + 40 in mixing of fermion-sfermion-gaugino couplings)

® (Classes of models to suppress each terms (structures imposed to satisfy bounds)
(i) Heavy squarks: m > 1TeV (e.g., split SUSY)
(ii) Universality: AmQ 5 < m? (e.g., gauge mediation)
(ili) Alignment: |(K{ p)i2| < 1 (e.g., horizontal symmetry)

~
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History of surprises: C' P violation

PROPOSAL FOR KOZVDE'CAY AND INTERACTION EXPERIMENT

J. W. Cronin, V. ‘L. Fitch, R. Turlay
(April 10, 1963)

I. INTRODUCTION

The present proposal was largely stimulated by the recent anomalous

results of Adair et al., on the coherent regeneration of K. mesons. It

1

is the purpose of this experiment to check these results with a precision

far transcending that attained in the previous experiment. Other results

to be obtained will be a new and much better limit for the partial rate

+ -
of Ko2 * 7w + 7 , anew limit for the presence (or absence) of neutral

+ —
currents as observed through K, + u + p . In addition, if time permits,

2

the coherent regeneration of Kl's in dense materials can be observed
with good accuracy.
II. EXPERIMENTAL APPARATUS

Fortuitously the equipment of this experiment already exists in

operating condition. We propose to use the present 30° neutral beam at
the A.G.S. along with the di-pion detector and hydrogen target currently
being used by Cronin, et al. at the Cosmotron. We further propose that
this experiment be done during the forthcoming u-p scattering experiment
on a parasitic basis.

The di-pion apparatus appears ideal for the experiment. The energy
resolution is better than 4 Mev in the m* or the Q value measurement.
The origin of the decay can be located to better than 0.1 inches. The 4
Mev resolution is to be compared with the 20 Mev in the Adair bubble
chamber. Indeed it is through the greatly improved resolution (coupled
with better statistics) that one can expect to get improved limits on

the partial decay rates mentioned above.

IIT. COUNTING RATES

We have made careful Monte Caglo calculations of the counting rates
expected. For example, using the 30: beam with the detector 60-ft. from
the A.G.S. target we could expect 0;6 decay events per 1011 circulating
protons if the K, went entirely to fwo piéns. This means that one can

2

set a limit of about one in a thousand for the partial rate of K2 > 2m

in one hour of operation. The actual limit is set, of course, by the

number of three~body X, decays that look like two-body decays. We have

2

not as yet made detailed calculations of this. However, it is certain-

that the excellent resolution of the apparatus will greatly assist in
arriving at a much better limit.
If the experiment of Adair, et al. is correct the rate of coherently

regenerated K. 's in hydrogen will be approximately 80/hour. This is to

1
be compared with a total of 20 events in the original experiment. The
apparatus has enough angular acceptance to detect incoherently produced
Klws with uniform efficiency to beyond 15°. We emphasize the advantage
of being able to remove the regenerating material (e.g., hydrogen) from
the neutral beam.

IV. POWER REQUIREMENTS

The power requirements for the experiment are extraordinarily modest.

We must power one 18-in. x 36-in. magnet for sweeping the beam of charged
particles. The two magnets in the di-pion spectrometer are operated in

series and use a total of 20 kw.



Near misses: C P violation ‘

ANNALS OF pHYSICS: B, 156-181 (1958)

VoLumEe 6, NumBER 10 PHYSICAL REVIEW LETTERS May 15, 1961
. ®
I_Qng-llved Neul’rql K Mesons DECAY PROPERTIES OF K,° MESONS™
D. Neagu, E. O. Okonov, N. I. Petrov, A. M. Rosanova, and V. A. Rusakov
M. BARDON, Is. LANDE, ANp L. M. LEDERMAN Joint Institute of Nuclear Research, Moscow, U.S.S.R,

(Received April 20, 1961)

Columbia University, New York, New York, and Brookhaven
Nuational Laboratories, Upton, New York
Combining our data with those obtained in refer-
ence 7, we set an upper limit of 0.3 % for the rel-
WiLLiam CHINOWSKY ative probability of the decay K,°~7-+7+. Our

AND

Brookhaven National Laboratories, Upton, New York

set an upper limit <0.6 % on the reactions

= F
. ¥ . te “At that stage the search was terminated by administration of the Lab.”
Ky —<e" +e
S [Okun, hep-ph/0112031]
T
andon K,' —» 7" + #.
VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

We would conclude therefore that K,° decays to
EVIDENCE FOR THE 27 DECAY OF THE K, MESON*T two pions with a branching ratio R = (KR -ty .n.')/

J. H. Christel}son, J. W. Cron.in,:t V. L. F‘itnr:h,I and R. 'I‘urlag,r§ (}{20_. all charged modes) = (2.0:,: U,‘:t-)x 10-% where
Princeton University, Princeton, New Jersey th is t d &
(Received 10 July 1964) e error is the standard deviation, As empha-



