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Introduction

 Preface

« Anomalies

— What anomalies?
— How large?

* Where from?
* \What developments in the near future?
* What implications for the future?
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Preface (caveat emptor?)

 Flavour has become a precision domain in
the last 20-30 years "
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* Many fluctuations & neglected systematic
effects have been inevitably seen

3 Jul 2018 A. Cerri - Durham




V,, and V,

. Lpng-standlng —_0006; |
.dlscre.pancy btw > 30055:: 0T
inclusive and excl. : CHCP17
determinations T el v, |

i . 0.0045/
* Disagreement is ane
. 0.004 % tl‘!fﬂt average
still there i

.................

* Promising new
developments hint at
forgotten systematics

fit prediction

o
Q

>
©
£

-

008%:11 [ 4 I R B
032 0.034 0 036 0. 038 0.04 0.042 0.044 0.046 0.04

vV
cb
Latest Belle 2 result [1702.01521]

3 Jul 2018 A. Cerri - Durham 4




V,, and V,

* Long-standing
discrepancy btw
Inclusive and excl.
determinations

* Disagreement is
still there

* Promising new
developments hint at
forgotten systematics
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The Moral of the Story

* Precision gives more stringent tests
* More opportunities to look for new physics
* ...housekeeping is essential!

* High statistics (of results) - fluctuations are
bound to happen

 Until confirmed we should not easily dismiss nor
make incommensurate jumps
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What are these Flavour Anomalies?

* Two broad categories:

— “semi-rare” b decays
 Two anomalies
* ..plus some LFU troubles

— Tree-level LFU tests
« Somewhat of a LEP legacy
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Semi-rare B decays
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« Potential contribution from new heavy particles 2 angles & BR
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w Semi-rare B decays .

S

* b->suu processes, loop-suppressed
« Potential contribution from new heavy particles 2 angles & BR
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b

W Semi-rare B decays N

* b->suu processes, loop-suppressed
« Potential contribution from new heavy particles = angles & BR
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LFU Trouble

* RK/RK*: B : K*0 B : K*°
: : . T - \ ’ ;s
— SM: 1 at the 7 level I RN
2 o e
— QED O(10%) [EPJC 76 (2016) 8440] @ =md ) ‘1“‘< )
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Tree Level Troubles
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e ...enter RgRp: ;

Tree Level Troubles

d

BO

R(J/) =

B(Bf — Jttw,)

B(Bf — Jiuty,)

= (.71 = 0.17 (stat) £ 0.18(svst)

.,

d ) d

All exp. Results
above SM
expectation
Combined tension
~4 .10

Theory inputs reduce
tension [JHEP 11
(2017) 061]

Bc decays show
tension too (20-ish)
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.other legacies:
« B->7v (Belle 2006, BaBar 2008, 2010, 2013)

BR(B - ) = (177 0°0T0:2%) . 1074

Later Belle measurement relaxed the tension, except with
BaBar
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..however g anomaly cannot be accommodated with EFT
[Filippuzzi et al. 1203.2092]
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...other legacies:
« B->7v (Belle 2006, BaBar 2008, 2010, 2013)

BR(B - ) = (177 0°0T0:2%) . 1074

Later Belle measurement relaxed the tension, except with
BaBar

 LEP Il CC universality tests:

2BR (W — 77,)

RY — —1.077(26) SM result: 0.999... [2.8 o]
™ BR(W = ev.) +BR(W — uv,) (26)

...however g anomaly cannot be accommodated with EFT
[Filippuzzi et al. 1203.2092]
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Flavour Anomalies: Summary

Neutral Current
b—2>suu

— <40 Angular observables in
K*up
— 3.50 BR
— 2.60 LFU violation in Rg
— (2.32.6)0 LFU violation in
Ry
Several discrepancies, some
debate... 7t e
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« Charged Current
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* Long standing tension
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[Di Luzio, Nardecchia, 1706.01868]

New Physics, at what scale?

1 C
REM: - ~ —
A M?
« C-> model dependent
(loops, coupling, flavour structure)

M- NP on shell...

M. Nardecchia — HL/HE-LHC workshop

Unitarity - upper bound

BREAKDOWW
OF THE EFT
—»

BREAKDOW N

OF THE EFT
—»

M

<
i
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ATLAS Preliminary ¢ Data

10° Vs=13TeV, 36.1 fb' Oz

Dimuon Search Selection [l Top Quarks
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g o L.}
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8= 0l L]
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[1704.09015,180511402]

EFT and GPD

Off-shell (now-ish) & On-shell (future)

« up, 7z [1609.07138]

1 95% CL Iim. on Z

ATLAS13Tev, 3210

o x BR(uujj) [pb]

102} -« HLLHC14Tev,3ab ' ||
* Better gauged at CC _ » HE-LHC 27 TeV, 1 ab ' ||
anomalies, since for NC: 21078 ° HE-LHC 27 TeV, 15 ab * ||
’ 1 7 — = ':. ’ |
? vy 1 0 s Z @ATLAS |
b “? 105 "\ [1607.03669] ‘
27 TeV... maybe? : T, -
10° Tnze-s . 1
102 95% CL lim. 2nd gen. leptoquark pair production 6 8 10 1‘2 14
— CMS8TeV, 196 M([TeV)
-- HL-LHC14TeV, 3ab
HE-LHC 27 Tev, 1 ab
" L HE-LHC 27 TeV, 15 ab
b Ot BR HE-LHC 27 Tev
N j oxeo * BR LHC 14 Tev

/ La 5 R
: ,‘ 10 " [CMS-PAS-EXO-12-041]
\\ A 10 -
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--------- M [TeV]
1o Flavour fit
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5 Tev 12Tev 40 Tev
= Present y o
——==300 fb! 33Tev Tz /My >0.1
...... 3000 fb~! 10 ab* S
\L 2000
AL s, [GeVl * Single production, pp > LQ - u*u~j
\})j i " Good model/probe for 6Tev 21Tev 40TV
both anomalies 7 | | =
Based on CMS 1703.03995, 1803.02864, 5 courling stengh ;W

CMS-PAS-SUS-18-001, CMS-PAS-EXO-17-029
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EFT and GPD

Off-shell (now-ish) 2 On-shell (future)

* Non-exhaustive picture, but hopefully conveying the
importance of these anomalies — if confirmed — for GPD
searches

« Didn’t distinguish EFT and concrete motivated models
addressing SM ‘issues’:

* Naturalness
 Origin of flavour
* Renormalizability

* (...maybe we shouldn’t even start by trying to catch too
many experimental birds with the same stone)
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EFT and GPD

Off-shell (now-ish) & On-shell (future)

 OTOH EFT predictions may overlook obvious direct
signatures....
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What are the next steps?

 Are these anomalies real?
— Run 2 data and Belle 2 hold the verdict!

— Everyone and their sibling in the flavour community
are waiting for Ry, Rp+, Rk, Rk« from LHCb & Belle 2

— Additional input from related observables in B, b-
baryons, T = uuu and co.

— Are there any hints in GPD of EFT mediators?

 |f they are real and they stay where they are,
new physics might be within reach!

« ...however there’'s no guaranteed ‘threshold’
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Near Future

Observable Current LHCb LHCb 2025 Belle 11 Upgrade 11
EW Penguins '
Ry (1 < ¢* < 6GeV3c!) 0.1 [255] 0.022 0.036 0.006
Ri- (1< ¢% <6GeV?c?) 0.1 [254] 0.029 0.032 0.008
Ry, Ryk, R - 0.07, 0.04, 0.11 - 0.02, 0.01, 0.03
CKM tests

~, with B - Df K~ (35)° [123) 4° - 1°
v, all modes (F29)° [152] 1.5° 1.5° 0.35°
sin 23, with B — J/¢¥K? 0.04 [569] 0.011 0.005 0.003
&5, with B? — J /v 49 mrad [32] 14 mrad - 4 mrad
&5, with BY - D D7 170 mrad (37 35 mrad - 9 mrad
2%, with B? — ¢¢ 150 mrad [571] 60 mrad i 17 mrad
a$, 33 x 10~ [193] 10 x 104 3x10°*
[Vas|/ | Ve 6% [186) 3% 1% 1%
BY, B »putp

B(B° = p*p~)/B(B? = ptu) 90% [244] 34% - 10%
TBO— ut - 22% [244] 8% - 2%
Sup - - - 0.2
b — ¢~y LUV studies

R(D*) 9% [199,202) 3% 2% 1%
R(J/¥) 25% [202] 8% — 2%

Great potential from LHCDb, but definitely not the only player in

probing these NP effects!
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Other things to keep an eye on;

o« T3
— SM (through v osc.): ~10-14
— BSM: up to 108

Now HL Now
Belle/Belle 2 2.1 0.04  PLB687(2010)139
BaBar 3.3 - PRD81(2010)11101
LHCDb 4.6 0.6 JHEP02(2015)121
Hadronic
ATLAS W->1v 38 0.9 EPJCT76(2016)5,232
Run 1
CMS Run2 Soon 0.4

e MKV
— Possible direct searches!

e« 757l ""’"‘(\>i

HL

PoS FPCP2015 (2015) 049

Extr. From Run 1 @ 3fb-!

Naive Extr. From Run 1

Simulated Dg>tv

—  TM: <1.2/1.3 107 [Delphi’97, ATLAS 1804.09568]

— te: <10, <5.8x10° 2.30 excess
[Opal’95], [ATLAS 1804.09568]
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- Fit to the S8 data -

R Fa

| i et Ft uncertainty Sidebands (S8)
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Data / SM
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I T i L A i Il L?‘ | T f J‘ o
1500 1600 1700 1800 1900 2000 2100
mg, [MeV]

Eur. Phys J. C76 (2016) 5, 232

ATLAS e Data
-1 w ,
102 Vs=13TeV, 36.1 o EIJet_m
[ Others
10 7 Uncertainty
Wiy (3TeV)
; we Wy, (3 TeV)
10"
102
10° g -
' 1 1 1 1 1 1 1 //// /

300 500 700 1000 2000
m; [GeV]

ATLAS, PRL 120 (2018) 161802
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Belle 2 and 7 LFV
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HFLAV summary of ¢ LFV with Belle 2 reach (0-background assumed)
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Other things to keep an eye on:

B?s) — e ,ﬁ JHU 03 (ma) 078]
6p

 Rare B decays (upy, ee, pe)

a1 .

— Probe axial component->complement é:“ Lm"“m
vector term of b>sppu R R B

— Probe directly LFU through e.g. ep E«_ﬁ + e
— With lifetime: Probe NP structure 5 i \ML
_ Clean observables accessible also to GPE 0 5200 50 0

[PRL 109 (2012) 041801}
[PRL 118 (2017) 191801] [P TEiee= yemi

1.0
& 0.8
- 8 LHCb .
i 7 0.6}
3 6F - 04 ;
:3 MW Effective lifetime fit . =1
£ ;
- 2 02 o, Scaldr NP (CY)
. 4 0.0f ) 2= e
= o —0.2} | 7,
- . ; < ' Non-scalar
- - - | ’ (1)
R : < 0.4} ! NP Clo. CP)
g R 0.6 |
z 0 — -
H 0.8! J mm |S|, gsfree; |P|=1; pp=0
= 0 “) . _10l lep=%/2 == vp free; |S| =0;|P| =1+ 10%
S De )y time (ps] . Pl=1,|S=0 Excluded at 95% C.L.
- 5 L - - - P ~ re r re - J
- f 06 08 10 12 14 16 18 20 22 24

R = BRyp(B, = u*u~)/BRsuy(By = ™)
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Rare B Decays

 Both LHCb and GPE contribute
— BR
— BR ratio: Bs/Bd has clean predictions
— Lifetime: no reason GPE shouldn’t perform well
Now
o "ATLAS Prefiminary |

{s=7TeV,49f" ]
fs=8TeV,20f"

B(B® — u* u)[107]

[ AP R f - 1 11 = ol | 1 L1 I - _

i ATLAS Contours for -2 Aln(L) = 2.3, 7
_0_2% 6.2, 11.8 from maximumof L  _|
Eh 0 1 !I I R R \I I R \l L1117
0 4 5 6 7

B(BS — u* 1) [107]
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Rare B Decays

 Both LHCb and GPE contribute
— BR
— BR ratio: Bs/Bd has clean predictions
— Lifetime: no reason GPE shouldn’t perform well

c"_‘ 0.8 — L : T LT I T T T | LY S| L L
o E ' ATLAS Pizliminary |
oy ™ — ~ -1 4
N H N Js =81V, 20"
U py ' \ N
Q E :
[a8] = -
0.2 ]

-_r — \‘ ‘w‘
0;{_‘__,%\__. T S o \1
[ L AN i
i ATLAS Contours for -2 Aln(L) = 2.3, 7
_0_2% 6.2, 11.8 from maximumof L  _|
C A1 [ !I I R R \I I I 1 \l 1 17
0 1 2 3 4 5 6

B(BY — u* p)[10°°

7
]

[EPJ C (2016) 76: 513, PRL118, 191801 (2017)]
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Rare B Decays
« Both LHCb and GPE contribute

— BR

— BR ratio: Bs/Bd has clean predictions
— Lifetime: no reason GPE shouldn’t perform well

0.8 IIIIIIIII |"II|II‘~IVI|III|IIII
i/ “\_-ATLAS Pialiminary |
0eE TI~L . Ws=7Tev,4nfb’ ]
L N =8, 20 b

N \
™N \

1

B(B® — u* u)[107]

1 ATLAS Contours for -2 Aln(L) = 2.3,
_0_2% 6.2, 11.8 from maximum of L

[ 11 1 | 1 !I 1 | | I - | 11 1 | 1 \I 1 | | T \I 111
0 1 2 3 4 5 6
B(Bs — u* u) [10°7]

1

[EPJ C (2016) 76: 513, PRL118, 191801 (2017)]

B(B” = u* ) [1079

Future?

= ATLAS Simulation Prelim nary

0.5 B, — u'n
£ working point x75 Run1 statistics

"= high yield

”

— stat + syst
— stat only
—4=— SM prediction

.....................

....................

[ATL-PHYS-PUB-2018-005]

.—LL.lLl.[llAllAJllll.lllllll[ll.llllll-

B( Bi —utu) [10'9]
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Rare B Decays

 Both LHCb and GPE contribute
— BR
— BR ratio: Bs/Bd has clean predictions
— Lifetime: no reason GPE shouldn’t perform well

Now Future?

0.6¢

& 08 =T T T [ 7T T T T T T T T TS T [ T T T [ T T 11T 0:5_. C ’ T ':
é E ‘ ) ! 4TLAIS Pi 3Iin|1inary ] g 0 5: ATLAS Simulation Preliminary m |
= SN P \ 4 4 —_ O By, — u'u -
T:e: 0.6 : \ ~ ~_ E: ; :Irex, ;;be1 . ;_—._ 0 4':_ working point x75 Run1 statistics —— stat + syst _«:
< E I Dovs sy TR = % high yield —mony
T 04E  F1/4 ahH\. _] T 035 —4— SM prediction 3
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My Naive calculations, based on HL extrapolations
[EPJ C (2016) 76: 513, PRL118, 191801 (2017)] [CMS-PAS-FTR-14-015, C.Langenbruch@HL/HE-LHC workshop]

3 Jul 2018 A. Cerri - Durham




Summary

« Heavy Flavour studies are the prime probe of the flavour
structure of NP at colliders

 Significant combined anomalies
— “Long standing fluctuations™?
— Systematic effects?
— New physics?
— The jury is still out, but due back in soon
 If confirmed
— NP could be near
— GPE can contribute to the on-going investigation
— GPE in an excellent position to probe new physics scenarios
— Strong implications for future colliders

Else... next talk!
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