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DISCLAIMER

@ Many interesting topics | won't have time to cover here...

o ¢s, B(Os — ptp~, radiative penguins, CPV in charm, ...
e Dark photon and LLP searches. See also LHCb scenario and CODEX-b

talks at LLP workshop to follow.

o LHCb Public results page is our Data portal

% The LHCb Public results —@ }l

LHCb publications

[to restricted-access page]

PUBLIGATIONS PER WORKING
GROUP.

List of papers (Total of 422 papers and 21902 citations) [plot]
TONS AND FIXED TARGET
FLAVOUR TAGGING

b-HADRONS AND QUARKONIA

[PDF]

Observation of the decay A — A ppr PAPER-2018-005
arXiv:1804.09617
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https://indico.cern.ch/event/714087/
http://lhcbproject.web.cern.ch/lhcbproject/Publications/LHCbProjectPublic/Summary_all.html

NP HUNTING STRATEGY IN b-PHYSICS

@ Multi-scale problem: QCD, hadronic form-factors, Electroweak, NP.

AQCD mp mw.t,H Anp
L L | L >
0.2 GeV 5 GeV 100 GeV 2 TeV

o Effective Field Theory: separate long and short distance scales. SM +
a basis of dim-6 local operators, O; and Wilson coefficients C;

Wilson coefficients encode short-distance physics ‘ ‘generic non-SM flavor contem‘
after integrating over high mass SM particles
4GF V CcNP
SM L . —
M = § Mo, Hifley =D 32— On AF =1
i NP

@ Sensitive to Anp = TeV scale thru’ C;. Need precision measurements.
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Introduction: EFT for flavor physics

OPERATORS FOR CHARGED AND NEUTRAL CURRENTS

h —> s, ¢, U
Four-fermion operators
for charged and neutral A n
currents VL, ¢
o Charged current (SL tree-level): o Neutral FCNC (EWP loop-supp.):
b— {u,cH~ vy, L€ {e,p, T} b — svpol, b— s, ...
V = {Veb, Vap}, Anp ~ 1 TeV Vo~ %v;; Vip, Anp ~ 10-100 TeV
T
/ mb _
Ov, , = (EY"PLrb) (L. PLve) 057) = ?(SU#VPR(L)b)Fuu
o cPL rb)(¢P ! - >
Sin = (PLRO)(PLi) O§), = (37:Pu(r b)(T1"0)

OT = (Co"“’PLb)(fUW,PLV) Ogo)A _ (S’}/MPL )(ﬁ’y ’)/55)
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Introduction: EFT for flavor physics

OPERATORS FOR CHARGED AND NEUTRAL CURRENTS

b —> S,¢,U
Four-fermion operators
for charged and neutral ) n
currents v, L
o Charged current (SL tree-level): o Neutral FCNC (EWP loop-supp.):
b— {u,cH~ vy, L€ {e,p, T} b — svpol, b— s, ...
V = {Veb, Vap}, Anp ~ 1 TeV Vo~ %v;; Vip, Axp ~ 10-100 TeV
T
- = mp  _
Oy, = (&y"PL b)(tyuPLvr) 07, = ?(SUWPR b)Fpuw

Ogy = (57uPL - b)(Ey"L)
O10a = (B1Pr - b)(Iy350)
SM is (almost) purely left-handed
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Introduction: EFT for flavor physics

B® — K* " )i~ ANGULAR ANALYSIS

odar 9 Z Ji(@) 0,0k, 0)
1

@ J; are bilinears of the transversity
. LR ALR LR ALR
¢ =ml amplitudes Ay™, AT, AT, Ag

, \ \ I

dQ = dcos 0,d cos 0 dod

@ Both short- and long-distance parts enter the amplitudes:

’ ’ 2 ’
AP ~ {1+ G T (G + QNI 2R ey |
mpg + My q
. , Js
@ Reduced FF uncertainties at LO: P{ = ——————, [1303.5794]
ch(]- - ch)
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https://arxiv.org/abs/1303.5794

STATUS OF P{ ANOMALY

Experiments:

T T T

s LHCbdata o ATLAS data

= Belledata = CMS data
7] SM from DHMV
SM from ASZB

LHCb: PRL111,191801(2013) (2011)
JHEP02(2016) 104 (full Runl)

Belle:  JHEP02(2016) 104

ATLAS: ATLAS-CONF-2017-023 (2012)

CMS: CMS-PAS-BPH-15-008 (2012)

03¢ s ’ 3 SM Theory (among many):
F E DHMV: 1407.8526
10 5 ASZB: 1411.3161, 1503.05534
& [GeVH ]

(different treatment of the hadronic part)

@ 2.8 o and 3.0 o local deviations with DHMV in two g2 bins. 3.4 ¢
global discrepancy. Confirmation by Belle.
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https://arxiv.org/abs/1308.1707
https://arxiv.org/abs/1512.04442
https://arxiv.org/abs/1612.05014
https://cds.cern.ch/record/2258146
https://cds.cern.ch/record/2256738
https://arxiv.org/abs/1407.8526
https://arxiv.org/abs/1411.3161
https://arxiv.org/abs/1503.05534
https://arxiv.org/abs/1407.8526

Introduction: EFT for flavor physics

NP ORrR “BROWN MUCK” AKA QCD?

by, SL

o AGy, = Cg’\/’lp < 0 from a tree-level Z;; would S T
explain the anomaly. Zy K

[Altmannshofer'14, Crivellin'15,...] u+

o Nasty issue for EWP: Zc poles in the physical g2
region (SL doesn’t have this). Mimics ACy,,.
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NON-FACTORISABLE POWER CORRECTIONS

SL and EWP 079,19 factorizes into H,L[*. Allows FF formalism.

Additional EWP 4-quark operators O1_¢ factorizes only at mp — oo
and g2 < 4m? c¢ threshold.

Perturbative corr: Cgff =Gy + Ypert(qz), plus a long distance part.

For each helicity amplitude Ayco 4}, additional power correction:

0 1 2 :
h/\(q2) = hE\ ) + q2hE\ ) + q4hE\ ) B SM@HEPfit, full fit
19 3 LHCb 2015, 3 fb~'data

Ciuchini et al.

o hy(g?) can accommodate the data, ! i 1812.07157

but undesirably large (> 100%) T i

corrections. ,
1" SM fit to data w/ ha(¢?)

2

B

i s
a* [GeV?/c! ]
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h\(g?): DATA-DRIVEN APPROACHES AT LHCB - I

e Unbinned ML fits to data w/ external inputs as Gaussian constraints.

o CNP can't have g2 dependence. hy(g?) same for e/ cases.

1) [1709.03921] Assume hy is a sum of relativistic Breit Wigners from
{00, ¢, Jhb,(2S),4(3770), 1)(4040), /(4160)} with floating strong
phases. Entire g° range.

w
S
=3

N§250
@ Method shown to work for Run | = 200
Bt — K*+utpu~ [EPIC(2017)77:161] S
~1
* . . g 50 ;
o For K*, complicated by exotics in J/ym 5 i
=2
and K7 S-wave S soba . e
Q 1000 2000 3000 4000

migs [MeV/c?]
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https://arxiv.org/abs/1709.03921
https://arxiv.org/abs/1612.06764

h\(g?): DATA-DRIVEN APPROACHES AT LHCB - II

2) [JHEP11(2017)176] Unbinned fit to ¢* € [0.1, 8] GeV?.

e Power corrections: Ay — Ay X (1+ a) + b,\%Q)

3) [1707.07305] Use analyticity to control hy(q?) in g% < mi}(25)'
e “z-expansion” with J/i) and ¥ (2S) poles removed:

1-— 1-—
hy = Z2 i 25) [Z a;jz ]

zZ — ZJ/"/’ Z—Z¢(25

@ Extract a; from fit to data.
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https://arxiv.org/abs/1708.04474
https://arxiv.org/abs/1707.07305

h\(g?): DATA-DRIVEN APPROACHES AT LHCB - III

3) (cont.) Only theory connection is LCSR calculation in the unphysical
g < 0 region (Khodjamirian’10).

@ Issues: |zpax| ~ 0.5 is not truly small. Is the truncation error for
expansion always under control?

0.8

0.4

/

Py

—04F

0.8}

0.0}

BN S\ prediction (prior)
ZZ1 NP fit (posterior LLH2)
W LHCD 2015
B K'Y,
Eos L L n n L L 1
0 2 4 6 8 10 12 14
¢* [GeV?)
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https://arxiv.org/abs/1006.4945

Other b — {s,d}u"pu~ results

BF’S SYSTEMATICALLY LOWER THAN SM

BY — putp~ Ap — Aptp~ B — K*ptp—
JHEP09(2015)179 JHEP06(2015) 115 JHEP11(2016) 047
B o8 T T T ™ —0.1 X107 . .
;:; ‘; LHCb g ::’_ SM predicion : E LHCb
3 Bowme 3 2 OF e 33
2 6 I - <ol E
= T B 4 3
3. . u. B ‘I’ ER
i o 2ot I Tt mg, - e
2 |04 E ——
X ! X . | g 02 h—-}_:_{_‘ + LHCb 4
=] 5 10 15 = N L n s 0 L L L
¢ [GeVe] 0 5 10 15 20 0 5 10 15
¢ [GeVZe') 4 [GeV?ct)
@ JHEP06(2014)133:
— = .CSR Lattice —e-Data _ .. CSR Lattice —e-Data . W[ CSR Lattice —-Data
> 5 B oK 1 % 5 B Kyt 7 % B> K™ utu
Q. LHCb § 9 4 LHCb § Q15 LHCb
) < )
X 3 ; 1 X0 B
S Lpt et g 1% +
s 3 + 13t 4+ ]
g, N § e N § SO §
10 15 20 5 10 15 20 15 20,

¢ [GeV¥ch]
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https://arxiv.org/abs/1506.08777
https://arxiv.org/abs/1503.07138
https://arxiv.org/abs/1606.04731
https://arxiv.org/abs/1403.8044

HIGHER RESONANCES FOR b — s¢T/~ JHEP12(2016)065

e Higher K* resonances

region in B® — K*7~ ™ also probed.

Candidates / (10 MeV/c?)

T T T T

LHch S b + LHCb ]
Nyig ~ 229 ﬁ N 1.1 < ¢*<6.0GeV¥/ct
M €1430 £100 MeV & K*(1410)
¢% € [1.1,6] GeV? < r C*(1430) 1
q Z K3 (1430)
it K3(1430)
2 j00f + 4+ 4
T +++
+
FITY o bttt , .
5400 5600 800 1000 1200 1400 1600
m(K* 7 ) [MeV/e?] m(K*7") [MeV/c?]

dBIdg? x 10 [¢/GeV?]
- @ “

n

=

g

T T T ™

LHCb
M, € 1430 + 100 MeV

—— 4]

2 4 6 8
a* 1GeV/c*]

e Angular analysis reveals a surprisingly suppressed D-wave Kj(1430).
At odds with other experiments in the my,; ~ 1430 MeV region.

e £(1525) — KTK~ tensor in B; — K™K~ utu~ being searched as
well. The two modes can be connected by SU(3).
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https://arxiv.org/abs/1609.04736

RARE b — d FCNC TRANSITIONS

e For b — d, two interfering amplitudes from t/u quark in the loop.

o V,pV7, and Vi V}, both are oc A3 and have a relative phase.

o Excellent place to probe CKM structure of NP. SM is suppressed.

*LHCb [J APRI3 # HKRI5 M FNAL/MILCIS
T T

LHCb

Ns'ig; ~ 92

10

T

20
¢ (GeV?/c*)

BT = wtutu~

dB/dg? (10° GeV-2ct)

0.5

JHEP10(2015)034
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Candidates / ( 10.0 MeV/c?)

B Comb. bg.

Candidates per 63 MeV/c?

5200 5300 5400 5500 5600
m(K~7ut ) [MeV/e?]
0 * 4+, —
B — K*u'p
1804.07167
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https://arxiv.org/abs/1509.00414
https://arxiv.org/abs/1804.07167
https://arxiv.org/abs/1701.08705

Violation of LFU

LEPTON FLAVOR UNIVERSALITY (LFU) IN SM

e Standard Model: three generations of leptons {e, i, 7} couple
universally to the electroweak bosons. Only difference is in their mass.

Semi-tauonic:

B(B — DY)~ 1,)

R(D™)Y =
(P = BE= D07y
b _c
W -
vy

o Tree-level and R(D®™)) < 1 with
large 7-p mass difference

Biplab Dey
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Electroweak penguins:

B(B = KW pt)

R(K™) = B(B — K&®e~et)
b W s
t
AR e
Van

o Loop-level and R(K(®)) ~ 1
upto small e-p mass difference
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LFU RUN I MEASUREMENTS

R(K*) —
0.045 < g% < 1.1 GeV?, JHEP08(2017)055

Semi-tauonic: Electroweak penguins:
e Global ~ 4.1 ¢ tension w/ SM @ 2.1 — 2.6 o tension w/ SM
N 05 '_' BaBar, PRLlDQ,lUJ.BOZ(ZUlZ) T T '_'
% F Belle, PRDS2,072014(2015) Ax? = 1.0 contours E R(K*) I S—
E LHCD, PRL115,111803(2015) ]
0.45F Belle, PRD94,072007(2016) == SM Predictions = 1.1< g% < 6.0 GeV?, JHEP08(2017)055
E Belle, PRL118,211801(2017) R(D)=0.300(8) HPQCD (2015) E
E LHCD, FPCP20L7 R(D)=0.299(11) FNALMILC (2015)
04 T Aveae RO")=025200) . Fffr e . (2012)

E L R(K) —

025 l ,,,,,,, % 1.0< ¢?< 6.0 GeV?, PRL113,151601(2014)

0.2:—I ) . ) P(x):‘ll.e:'/v—: P N R B AR P B IR
0.2 03 04 05 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

RO('B) measurement / SM prediction

e New R(J/)) in B — Japl vy
(PrL120,121801(2018) ) within 2 o
of SM
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https://arxiv.org/abs/1711.05623

b — s¢T¢~ STATUS

e Many different global fits incorporating different b — s¢™¢~, b — svy

measurements.
2.0 N
[ —— ATLAS
| — CMS
| — LHCh
| \ BR only
| A — all
1.0 \
=
O
itiols )
z2 [a=1
()
&
i Ry and Ry,
b— syup global fit
05 | | — al
| . ——~ all, fivefold non-FF hadr. uncert.
| T T T T T T
-1.0 =20 =15 -1.0 —0.5 0.0 0.5 1.0 1.5
[ ReC¥
|
1530 AT Altmannshofer et al. 1703.09189

Altmannshofer et al. 1704.05435

o Remarkable consistency:BF, angular, R(K(*)) all point to AC}' ~ —1.
R ——— May 147, 2018 17 / 23



b — cT7~; STATUS

R(D)

R(DY)

@ The most obvious one (charged Higgs), consistently disfavored

0.8 = . C

oo model b—> s, g

o ~ prediction H ‘? T
— 1%

- Data . . .
ot v e Vector-like €y, ~ 0.13 (Grinstein) more
03 viable.
0.2~

o2 oa s tas 71 @ Could be good news since this should
‘ also affect e/ modes where things are
SM BaBar [1205.5442]
measurable

o Caveats: 7's are hard, D** backgrounds, ...
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https://indico.mitp.uni-mainz.de/event/129/session/1/contribution/11/material/slides/0.pdf

| Viub|-|Vep| TENSIONS AND FE’S FOR R(D*)

=}
E“f el 1 e Long known tension in the CKM
£ N ks parameters | V| and | Vep!:
i ; inclusive and exclusive methods
s Excl . E don't agree. ~ 3¢ discrepancy.
3: A HFLAV , i
b L ’ Se=ell e Same FF's for | V| extraction from
LHOD (150401568 Vot B — D™y enter R(D")

e FF parameterization (CLN) too constrained. Error budget
underestimated (factor of ~ 3).

o Belle/BaBar data being re-analyzed with model-independent (BGL)
FF [1702.01521, 1703.06124, 1703.08170, 1707.09509 |
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https://arxiv.org/abs/1702.01521
https://arxiv.org/abs/1703.06124
https://arxiv.org/abs/1703.08170
https://arxiv.org/abs/1707.09509

FF SHAPE IN A, — Al j1~ ¥ prD96,112005(2017)

LHCb

dN o/ dg’ [GeV?]
(i8]

lattice [1503.01421]

a z-expansion

200 Isgur-Wise £(w) shape

L 1 1 1 1 ] F 1 1 1 1 1
o 1.1 1.2 13 1.4 % 2 4 6 8 10

w qzunlblded [Gevz]
e FF shape for a baryonic b — c transition for the first time.

@ Reasonable agreement with unquenched lattice.

e Full angular analysis not possible for SL decays. Resolution not good
enough due to missing v.
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https://arxiv.org/abs/1709.01920

Conclusion

THE PATH AHEAD FOR LHCB.

LHCDb Integrated Recorded Luminosity in pp, 2010-2017

s E  mEsEs e 1T b0 2012
= 2 o 6EsTV ST L
= 186 2015 (6.5 TeV):033 b [}
2 180 o 2012040Tevi208m
S 1sf 2011 35 ToV: 1110
E E 2010 (35 TeV): 0.04 /b
E 14
2
B 12f-
3% ~eslfb
s £ (2010-2017)
@ 08 [+]
o E
T 06f
ksl E
S 04f
I £
£ o2
- D oo & P
q\/ lar May Jul Sep Nov

Month of year

LHCb Current — Upgrade | ——» Upgrade I—»

[£]

Max Luminosity [10%/cm?]
Integrated Luminosity [fb"']
(]

o o om o= o= N

i AP PO P #9019 S /90 P, 191
1

1 1
2015 2020 2025 2030 2035

Biplab Dey Flavor anomalies at
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Aim to collect > 2/fb in 2018.
Data-taking started.

Many more R(X), asymmetry
measurements. TD-CPV in
Bs — ¢utp~, B — K9p%, ...

Major upgrade in LS2.
Consolidation in LS3.

50/fb by 2030. Phase Il upgrade
for HL-LHC, aiming for 300/fb.
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https://lbevent.cern.ch/EventDisplay/index.html

Conclusion

OUR FRIENDLY COMPETITORS AT SUPERKEKB

» e First eTe™ collisions in Belle Il
) on 26th April, 2018, after 7

7 years of preparation!

e ~ 1.1/ab of BB at
Belle+BABAR. Aim for 50/ab at
Belle Il by 2024

o Different background, systematics. Entangled BB pairs, excellent
flavor tagging, neutrino program, ...

@ While, LHCb has large boost, access to all b-hadron species.

Excellent overlap + complementarity between LHCb and Belle Il
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OUTLOOK

The Case for Future Hadron Colliders From
B — K®utu~ Decays

B.C. Allanach,” Ben Gripaios,’ Tevong You'®?

“DAMTP, University of Cambridge, Wilberforce Road, Cambridge, CB3 0WA, United Kingdom
b Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue, Cambridge, CB3 0OHE,
United Kinadom

@ /f these flavor anomalies survive LHCb Run Il and Belle Il, strong
motivation for a 100 TeV FCC-hh.
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Backup slides
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q°> DEPENDENCE

large K* K* at rest
recoil (LCSR) (lattice)
By [GeV/c?] 3‘ 1 0

—> OPE

broad c¢
resonances

074-Ogv
interference I I |
RN l
0 5 10 2
GeV/c
LHCDb vetos 7 (G cl
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Backup

THE LHCB DETECTOR COMPONENTS

1
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PHASE Il UPGRADE REACH

08
0.6
0.4
0.2

-0.2
-0.4
-0.6
-0.8

T T T T
0 SM from DHMV
® LHCbRun1

[0 Phase-ll Upgrade

4 é 6 it 8
q? [GeVZ/c*)
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