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The INTENSITY Frontier

THE

NEW YORKER

The vast, unprecedented production
statistics of hadrons 1n the current era
allow us to peer into the extremely rare

and achieve extreme precision.

“Make sure you can see how insignificant I am.”

Avital Dery LHCP 2023, Belgrade
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Sensitive to high scales of generic NP - SM rates often suppressed by GIM, CKM, etc.
Flavor physics pushes the limits of the SM - subjecting it to meticulous scrutiny.
Naturally related to BIG questions - flavor puzzles, neutrino masses and the

baryon asymmetry of the universe.
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B ‘Pl/l 351,03: The B anomalies

Several hints of Lepton Flavor Universality (LFU) violation appeared since 2012 in
semileptonic B decays

BB — D7)

Charged current, b — cfv R(DY)) = "
B(B - DY)

BB — KOu*u~)

Neutral current, b — s£¢ R(K®Y) = -
zgg(B — K¢ )e+e—)

What 1s the current status?
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B ‘Pl/l 331,03: The B anomalies

BB — DP1v)
BB — D)

First results in 2012 from the B factories - BaBar, then Belle (exp. clean, low stats)
Today LHCD 1s strong in the game (high bkg, high stats)

Charged current, b — cfv R(DY)) =

Vo 0.4 LI L] LI LI L LI LI L LI LI L LI L 1
5 RERE ' | | | ' | r Average has gotten closer to SM,
a) - m Ax* =10 contours .
® [ [reim 20 . but uncertainty has shrunk
035 BaBar12 — ]
- Belle!5 . accordingly -
- ‘ = Still ~ 30 tension with SM
03 . S =
C LHCb23 . — for world average.
0.25 I B Bellely - Individual measurements taken
B . alone do not exhibit severe tension.
- el O World Average -
0.2 =  $HFLAV SM Prediction  1HEP 1712 (2017) 060 EEB))ZOSSSE O(')Og?té)tal —
o =0.298 + 0.004 PLB 795 (2019) 386 *)=0. +=U. total -
- | Egl)=o.2ls4:o.oos | EEE 11%1 {22(31(2%:714{:: | o &2')0-:3;5% | ] SOON:
T 02 025 03 035 04 045 05 055 Belle II enters the picture.
R(D) Uncertainties expected under 10%
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B ‘Pl/l 331,03: The B anomalies

BB — DP1v)
BB — D)

Charged current, b — cfv R(DY)) =

If the tension persists, this will strengthen the case for New Physics,

naively pointing to TeV scales contributing at tree-level.

Many relevant direct searches are being carried out by ATLAS & CMS.

Avital Dery LHCP 2023, Belgrade



B ‘Pl/l 331,03: The B anomalies

BB — KO u*u~)
BB - KHete)

Neutral current, b — s£¢ R(KY)) =

LHCDb results from December 2022 improve Bkg estimation previously
underestimated (misidentification of 7 & K as e).

1.4 - LHCb Rk low-¢> =0.994100%
9 fb‘l Ry central-¢> = 0.949100%
i Ryg«  low-¢ = 0.927100%

1.2 I Ry~ central-¢> = 1.02779077

9 - . I Latest results are consistent with
< 1.0
< { i 1 SM for both R(K), R(K*).

0.8}
[ t Data > =1.6,p=0812, 0 =02

06l SM

Rk low-¢> Ry central-¢> Ry~ low-¢° Ry~ central-g?
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B ‘Pl/l 331,03: The B anomalies FUTURE PROSPECTS

e LFU ratios with other final state hadrons (partial list):

Charged current Neutral current

R(1y) | R(pK) 1
R(A) j measured R(K)) measured
R(D,) R(K™) J

[ R(D*%*) ‘ R(¢)

future 9 1 elusive R(X) (Belle 1) Future 3 R(Knr)
R(n) R(A)
* Belle II - potential to better understand feed down e Important Lattice QCD progress

from D** (e.g., D**uv can mimic D*(t — uvv)v )

e ATLAS & CMS also working towards semileptonic B decay measurements
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B ‘Pl’l 331«(}5: The B anomalies - Looking forward:

Clearly precision observables such as LFU ratios are interesting.

Still room for ©(10%) deviations even in the neutral current.

Difficult Bkg estimations are being better understood.

Many more measurements in various channels to appear.

Avital Dery LHCP 2023, Belgrade
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B phgsios: V1,1V,

|V.,| . | V.| also determined from semileptonic B decays.

Large tension between inclusive and exclusive measurements.

Enters into many SM predictions as large parametric uncertainties (e.g., € « | V., |4).

F 4.8 _I 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I_
o - Exclusive IV | Ay’ = 1.0 contours =
= 4OF | mwsve 4 Can also extract from loop observables
— 4 4 - Exclusive IV | vV :GGOU ] o
= ‘s 3 VLV V. globl i (meson mixing and rare decays)
. E HFLAV Average E )
4E = [Altmannshofer Lewis 2112.03437]
38 F =
3.6F =
34F = Belle II expected to improve
32F = on both inclusive and
= m = exclusive measurements of
C 2021 .
238 | | | | P(x2)=8.9%l E | Vcb | and | Vub |
36 38 40 42 44
VI [107]
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B ‘Pl’l%SLOS: Puzzles 1n BS — KK il Chssan New 92119, 02074
(Biswas et al. 2301.10542]

Three puzzles identified related to b — dds transitions measured by LHCb and Belle

2 _
0 O . . .
#1 R = Vi | 1B, > K Ii) = 0.61+0.13 #1 U-spin limit
Vis | T(BY = KOKY) prediction
H RS = ['(B, » K°K") — 066 +0.13 £ 1 Approximate Isospin
KK = = 0.66 £ 0.

['(B, » KtK™) limit prediction

SU(3)-flavor

prediction

I'(B, > K*K-) (B - n~K+)

#3 RI?K/RJ?I? = (

(B, —» K'K%) (Bt - n*K°)
/ = 059+0.12 #1

Each of these exhibits a ~ 3¢ deviation from the SM prediction.
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B ‘PVI%SLOS: Puzzles 1n BS — KK il Chssan New 92119, 02074
(Biswas et al. 2301.10542]

Three puzzles identified related to b — dds transitions measured by LHCb and Belle

2 _
0 O . . .
#1 R = Vi | 1B, > K Ii) = 0.61+0.13 #1 U-spin limit
Vis | T(BY = KOKY) prediction
H RS = ['(B, » K°K") — 066 +0.13 41 Approximate Isospin
KK = = 0.66 £ 0.

['(B, > K*K") limit prediction

SU(3)-flavor

prediction

I'(B, > K*K-) (B - n~K+)

#3 RS /IR" = (

(B, —» K'K%) (Bt - n*K°)
/ = 0.59+0.12 #1

Possible SM effects such as rescattering, SU(3) breaking etc. cannot account for all
three combined.

If the real value of B(B, = K 0K turns out to be 36 above the current average

measured value, that would solve all three puzzles. Stay tuned!
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Moving ow to a second arena: Kaow phystes

THE
NEW YORKER
1 .5 I T T 1 | I T 1T 1 | I T I(& | El T 1T 1 T 1T 1
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P "His spatter is masterful, but his
dribbles lack conviction.”
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Kaow ‘Plflgsﬁ(}s: A crucial and unique test of the SM

1.5 i 1T T 1 | 1T T 1 | T 1 I%I I T 1] T T 1 T T 1 |

i BE : The flavor program has managed to measure
10 \ - the parameters of the CKM matrix in many

; : independent ways, creating a remarkably
05 N consistent picture.

= 00 - However, almost all of these cross-checks

; g arise from B physics.
05 - -
1.0 - Y 8y . .

- [om Y A What 1s the corresponding

— Spring 21 E (excl. at CL > 0.95) — . .
PR I T ) A plctureerprhysws?

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
p
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Kaow 'PI"HSLOS: A crucial and unique test of the SM

Kaon physics picture:
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Kaow ‘PMHSLGS: A crucial and unique test of the SM

Kaon physics picture:

1-5[[]]]1111

excluded area has CL > 0.95
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K™ > 7tuvb Evidence by NA62
K, — Ovp KOTO

Recent progress - a third kaon golden mode

K@) — p*u~
[AD Ghosh Grossman Schacht 2104.06427)

» Same SM CKM dependence as K; — n'vio

 Different dependence on effective NP operators

(AD Ghosh 2112.05801]

* see backup slide for details!

LHCP 2023, Belgrade
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https://arxiv.org/abs/2104.06427
https://arxiv.org/abs/2112.05801

Kaow phgsios: A crucial and unique test of the SM

Kaon physics FUTURE PROSPECTS

e NAG62 toreach ~ 5 % precision on B(K™ — ntub)

Opp

« KOTO collaboration continued efforts to observe the elusive K; — #

» Next generation kaon program at CERN currently being developed.

* Recent theory and lattice QCD progress

Avital Dery LHCP 2023, Belgrade
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Charm ‘Ph 3.3{,05: CPV in charm

Discovery Discovery Discovery of
of CPV 1n of CPV in CPV in
Kaons B mesons  Charm mesons Y new arena

1964 2001 2019
Charm physics 1s challenging.

» Strong GIM suppression = > rare decays are much rarer
compared to B physics

* No small parameter to expand in = > calculations are harder,
difficult to interpret measurements

Avital Dery LHCP 2023, Belgrade
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Charm ‘Ph 33103: CPV in charm

Discovery Discovery Discovery of
of CPV 1n of CPV in CPV in
Kaons B mesons  Charm mesons Y new arena

1964 2001 2019

AAcp = Acp(DY —» KYK™) — Acp(D° — 7tn™)
LHCb 2019

=(—=1.54+0.29) x 1073

l Acp(DY - K*K™) = (6.8 +5.4+1.6)x 107* LHCb Sep 2022

am_ (7.7+57)x 107
_ First evidence for CPV in a
=(232£6.1)x 107" | mulp .

rer single mode, 3.8¢

Avital Dery LHCP 2023, Belgrade
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Charm ‘Ph 33103: CPV in charm

Both results are somewhat surprising -

1) AAqp = (—1.54+0.29)x 107 LHCb 2019

. , [(Khodjamirian Petrov 1706.07780)
=> requires large rescattermg or NP (Grossman Schacht 1903.10952]

[AD Nir 1909.11242]

2) aK o = = (7.7 +£5.7) X 10~4 LHCb 2019 +. LHCb 2022
a?, =(232+6.1)x10™*
Implies U-spin breaking of (173’_L§i) % (Schacht 2207.08539]

compared to the expectation of ©O(30%).

More statistics are needed to see 1f this behavior persists.

Avital Dery LHCP 2023, Belgrade
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https://arxiv.org/abs/2207.08539
https://arxiv.org/abs/1903.10952

Charm ph 33105: CPV in charm |FUTURE PROSPECTS

 More charm CPV measurements are coming in

e.g., local CPVin Dy — K"K*K™  LHCb March 2023

* In the future, can expect more to appear (partial list)

LHCb Belle I
Acp(D’ = KYK)) Dt - K K*rn* Acp(Dt — n7Y%) SM null test
Ace(D® > KIK')  D* = wtn Acp(D — 2%%)

Acp(D} - Kon*) D" — 2" K'a Acp(D° - K*7~70)

D > zatnat

Aqp(DT = KoK
P N sk D’ > K K*tnrnt

ACP(D+ —n'n") These can then be used together to test sum rules
() (Grossman Robinson 1211.3361)
(Miiller Nierste Schacht 1506.04121]

ACP(DO Sil' *rn~xY)

Avital Dery LHCP 2023, Belgrade
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Summary

B physics - Many measurements expected to

provide a more comprehensive picture. In particular,
Belle II, ATLAS, CMS, will supply additional

independent takes. Kaon physics - A unique and crucial SM test.

Recent progress on K — puu introduces
promising directions.

Charm physics - Intriguing first charm CPV
measurements at LHCb. Many relevant future
results.

Interplay of th. and exp. efforts on all fronts -

=> Tests of the SM => Look for New Physics leads
=> A playground to test understanding of non-perturbative physics

=> STAY TUNED!

Avital Dery LHCP 2023, Belgrade




Thank you for your attention!

write a poem about flavor physics

In the realm of particles, small and unseen,
Lies a captivating dance, a cosmic machine.
Flavor physics, the science so grand,

Unveiling the secrets of particles and their brand.

Oh, flavors of quarks, diverse and distinct,
Up, down, charm, strange, beauty, and truth linked.
Intricate symphony, a subatomic ballet,

Where flavors entwine in a mysterious array.

Avital Dery
24

ChatGPT poetry

(Full version in backup)

In the tapestry of particles, flavor's embrace,
Lies the gateway to knowledge, a cosmic chase.
Flavor physics, a voyage with no end,

Unveiling the universe, its mysteries to comprehend.

So let us delve deeper into this enigmatic terrain,
Where particles twirl, their secrets to attain.

With each discovery, a step closer we stride,

Flavor physics, our intellectual guide.
LHCP 2023, Belgrade
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B ‘Pl/l 331,03: The B anomalies

BB — DP1v)
BB — D)

Charged current, b — cfv R(DY)) =

BaBar 2012, had. tag BaBar 2012, had. tag
0332 0024 + 0018 | 5 = 0.440 = 0.058 +0.042 ; ; =
(])33191;: 2(())1053,8ha((1). 62;% : | o Belle 2015, had. tag L
. +0, +0. ! : 0.375 £0.064 = 0.026 0 '
Bl 01T admewmn_ st
LHCb 2023, (hadronic tau) ! : U Eme e : :
0257 +0012 +0.018 —y . 0.247+0.015+0.015£0.012 LHCb 2022 . :
! ! 0.441 = 0.060 = 0.066 : . &
Belle 2019, sl.tag . P :
i’f{gébi 20 (;;128 = 0014 ! ; 0.356 = 0.029 Y
02810018 = 0.024 : x SM Average |
AVETATE : : 0.298 + 0.004 :
0.284 0013 ; —— PRD 94 (2016) 094008 . ;
SM Average : | 0.299 = 0.003 u |
0.254 +0.005 = ; PRD 95 (2017) 115008 : :
PRD 95 (2017) 115008 _. | 0.299 = 0.003 N !
0.257 = 0.003 ! ; JHEP 1712 (2017) 060 : 5
JHEP 1712 (2017) 060 B : 0.299 + 0.004 b !
0.257 = 0.005 | 5 EPJC 80 (2020) 2, 74 - |
(1)315?4 7+9g (%919) 386 . ! 0.297 +0.003 L |
PRL 123 (2019) 9,091801 __-_ § PRD 105 (2922) 034503 .y i
0.253 +0.005 | ; ;
EPIC 80 (2020) 2, 74 | | ; i
0.247 = 0.006 — : : :
‘ Prelim. 2023 \ i i ‘ Prelim. 2023 \
] ] | ] ] E ] | E | ] ] ] ] | ] EI | E | ] ]
0.2 0.3 0.2 04
R(D*) R(D)
Avital Dery LHCP 2023, Belgrade
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The cabibbo a womaLg 1st row unitarity

Measurements of the Cabibbo angle from
pion, kaon and tau decays are
inconsistent with the most precise

determination, from super-allowed beta
decays.

VUS
‘Vud‘2 + ‘Vus‘2 + ‘Vub‘z — 0'9985(5)

Vaa|” + [Ve|” + | Via|* = 0.9970(18)

G at low energies 1s an important input
for beta decay => NP explanations
related to muon decay and EWPT

,,,,,,,,,,,,,

o
0.226 -
‘ N
0.225 y AV I
A
, ,\)&;“
0.224 B A\
| : (0.27%
)
o0
0.222/ -
=771 Tdecays ‘6o|a
<O 2D c
- =
0.221} ®
q
0+ — 0+(0.030%) — —» é
I Neutron (0.050%) ——
0.2201 A . - ' \ S
0.960 0.965 0.970 0.975

Vud
(Crivellin 2207.02507]
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(D' Ambrosio Kitahara 1707.06999]

’ ST [AD Ghosh Grossman Schacht 2104.06427)
. —
Kaow PMHSLGS- K@) = p™u (AD Ghosh 2112.05801)
[AD Ghosh Grossman Kitahara Schacht
2211.03804]
B(Ky = 1) oy = (6.84£0.11) - 107° B(Ks = 1) mep 2000 < 2.1 - 10710

Each of the integrated rates exhibits large hadronic uncertainties -

-9
BK, — p )y = {(6'85_ O B(Ky — p*p )y = (5.18% 150 % 0.02) x 10

(8.11% + 0.13) X 1077 ()
(t) /\/\/

K; — K interference in a measurement of the time dependent rate is cleanly

sensitive to the CKM parameter 77 with theory uncertainty of O(1%).

Avital Dery LHCP 2023, Belgrade
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https://arxiv.org/abs/2104.06427
https://arxiv.org/abs/2112.05801

write a poem about flavor physics

In the realm of particles, small and unseen,
Lies a captivating dance, a cosmic machine.
Flavor physics, the science so grand,

Unveiling the secrets of particles and their brand.

Oh, flavors of quarks, diverse and distinct,

Up, down, charm, strange, beauty, and truth linked.

Intricate symphony, a subatomic ballet,

Where flavors entwine in a mysterious array.

Lepton flavors, electrons, muons, and more,
Leptons that oscillate, changing their chore.
Universality challenged, anomalies arise,

In the quest for new physics, our curious eyes.

Neutrinos, elusive messengers, ethereal and light,
Their flavors and masses, veiled from sight.

Hierarchy unknown, a puzzle profound,

Through oscillations, we seek answers unfound.

Avital Dery

*ChatGPT poetry

CP violation, a mystery profound and deep,
Matter and antimatter, an imbalance to peep.
In B meson decays, a subtle hint,

New physics whispers, waiting to imprint.

Anomalies arise, both alluring and bold,
Deviant paths, the standard model's threshold.
Do they herald new particles, realms yet unseen,

Or mere statistical quirks within the machine?

Flavor-changing neutral currents, a realm sublime,
Exquisite transitions, a tantalizing rhyme.
Rare decays whisper of physics anew,

Beyond the standard model, where insights accrue.

In the tapestry of particles, flavor's embrace,
Lies the gateway to knowledge, a cosmic chase.
Flavor physics, a voyage with no end,

Unveiling the universe, its mysteries to comprehend.

So let us delve deeper into this enigmatic terrain,
Where particles twirl, their secrets to attain.
With each discovery, a step closer we stride,

Flavor physics, our intellectual guide.




