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* Just came out 2 weeks ago
« | HCb is often mentioned
« We learn that

The LHCb Upgrade I, combined with the enhanced B-physics capabilities of ATLAS and CMS
Phase Il upgrades, will enable a wide range of flavour observables to be determined at HL- LHC
with unprecedented precision, complementing and extending the reach of Belle Il, and of the high
transverse-momentum physics programme.

« And yet

In the mid-term planning in Europe, much can be gained from the Upgrade Il of the LHCb
experiment for the HL-LHC, that is still pending approval, in addition to the hope that the pending
question of lepton number universality will be fully resolved.

Pending approval; resolve LUV. uh?
« | am not sure who writes this stuff, but it is priceless:

The search for flavour and CP violation in the quark and lepton sectors at different energy
frontiers has a great potential to lead to new physics at moderate cost and therefore flavour physics
should remain at the forefront of the European Strategy.



IREEIEATFIONS OF LRCB MEASURERMIENEI
SINBDEECHIURE RROSEEEIE

« 4 Streams:
» Mixing and CP violation in Beauty and Charm
« Semileptonic decays, rare decays, and tests of lepton flavour universality

» Electroweak physics, heavy flavour production, implications for (n)PDFs, heavy ions,
and exotica searches

« QCD spectroscopy and exotic hadrons

* Physics Briefing Book
= achdpier -no memntion of LHCH
@ @Richapicr:
* Heavy ion program (several times)
S IE(once)
s i (oncein lattice OCE context)

You will excuse me for going along with tha-book, | will concentrate on flavor
(only a couple of slides on XYZ)



A mature field now
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A mature field now

LHCD 1s killing 1t!

incredibble precision, eg

VS

P (4450)* M= 4450+2+ 3 MeV
— 39+5+19 MeV
o — 4.1+0.5+1.1 %

P (4380)" M= 4380+ 8429 MeV
/= 205+18+86 MeV

= 8007 F 4.2 %

2019: [LHCb, Phys.Rev.Lett. 122 (2019) no.22,222001]

State M [MeV ]

' [MeV ]

[Tomasz Skwarnicki, Exotic Hadrons, Shnaghai 2019]
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THE MANTRA

» Generic flavor speaker motivation slide (or flavor paper
introduction)

* Explain origin of matter (ugh)
* Why are there 3 generations
* Why hierarchies of masses

- Why texture of mixing matrices



OUR (MOD

=S

) ANSWERS

* Flavor probes very short distance scales



OUR (MODEST) ANSWERS

* Flavor probes very short distance scales
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LIGHT (DARK) COLORS CORRESPOND TO PRESENT DATA (MID-TERM PROSPECTYS)



OUR (MODEST) ANSWERS

* Flavor probes very short distance scales

* Therefore masses of resonances/states of associated flavor
dynamics Is very high

* Therefore we do not expect to see any direct evidence of new
flavor dynamics

» Best we can do: measure flavor in SM very precisely



WAIT!

WHAT!



OF COURSE NOT

» Measure flavor very precisely = hope to see deviations from SM

- Establish a deviation from SM = New Physics required

* A path to understanding flavor

7

N

4
— 7 / TEST €
(and loop back)
i e

light
mediators

\ 7
S|mp|e P
FFT mediators el
J completion
" J

*Modulo strong EWSB - but there is a higgs!



But:

|s this really what we mean by understanding flavor?

In principle this works, of course.

But does 1t lead to undertsanding of flavor If the models
we test parametrize flavor-much like the SM does, by
taking

N = 3
* Masses as free parameters
SE N EMINS as iice parameters

2



VWe should see flavor anomalies
as short distance probes that differentiate flavors



plagiarized from Gino Isidori
| 20 years ago:

They appeared identical except for mass:
“Same’ charge, both pointlike

Only microscope available: long wavelength
-unable to “see’” structure

Shorter wavelength microscopes revealed the
ESlEecNolNine ditference.



Today:
®

ldentical, save for mass (‘‘lepton universality™)

But perhaps not

Perhaps they are different
they feel different forces
ie, they transform differently under the underlying

(UV) gauge group
They appear the same because of accidental symmetries

Ve just need a bigger microscope



Now, THAT would be an
answer to the
question(s) of

FLAVOR



S0, where are we with the program!?



|. Measuring the SM with precision

£ Full EW 2-loop
m Z-partial widths at 1-loop
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2. Deviations (aka, “anomalies™)

[T. Teubner, HC2NP 2019]

[A. J. Buras, KAON2019]
(NLO) ‘ Status of €'/e in the SM before September 2019

RBC-UKQCD
(1505.07863)

AJB, Gorbahn, Jager

No isospin breaking
correction (IB)

(e78)gy =(1.4+6.9)-107

Jamin (8'/S)SM =(1.9i4.5)-10_4 Lattice results + IB
(1507.06345)
A ooy (72)q <(6.0£2.4)- 10" DuetacD bouns
Jst1 —
HLMNT11 — ooromany e TemPer (7€), =(1.1£5.1)-107"  Lattice results + 18
R e Gisbert, Pih (7e)gy =(1827)-10%  Qum o™
DHMZ17 — Exoeri - e.,”.j’J“F‘;‘f""’
) (e7e)™ =(16.6 £2.3)-107*
KNT18 =t
o 370 . [E. Passemar, KAON2019]
BNL (x4 accuracy) s —4— N
. —— Vs T 2019
160 170 180 190 200 210 220 i
SM 10
(2, x 10'%)-11659000 0.226 - BK* = i) \l«w u
B(nt = ptv(y))
I« it with
[Z. Pagel, HC2NP 2019] fit— | Unitarity
' ' | I mz=20 Mev 0.224 - trap
5 I
" B(KT — m%tu(y)), B (KL — A {v(v))
- c
5_5.,
02221 » -decay Via— %
e A IR RPN | S | RN
P 7371 0.965 0.97 0.975 V,,
Table 2: Experimental determinations of the ratios g¢/gy .
“w
FT—> /FT—>e FTr—>u/FTr—>e FK—)/L/FK—)G FK—)WM/FK—HTC FW—)}L/FW—)G
‘ . ‘ |9/ el 1.0018 (14) 1.0021 (16) 0.9978 (20) 1.0010 (25) 0.996 (10)
-4 2 4
i FT—)e/Fu—m FT—Hr/Fﬂ'—>u FT—)K/FK—)/L / FW—)T/FW—>M \
19+/9,] 1.0011 (15)  0.9962 (27)  0.9858 (70) \ 1.034 (13) }
\/
FT—)M/FM—Hi FW—)T/FW—)G
19+ /9] iLO0R0 () 103 (1B [A. Pich, 1310.7922]




More to the point: LUV anomalies
Some of us find compelling:

* Several observables pointing the same way
* Several experiments, same direction
* Simple/coherent explanation

RECZEEFR wilson coctlicicnits)

| et's focus on them:

* [heory more directed: not everything works
| UV: address flavor!



Charged currents s el 1 5 /

-
'
D.D

BR(B — D™ B ¥
Rpe = e ) (with £ = e or u), Ry = g [ VT),
BR(B — D) BR(BY — J/yuv,)

) A ) o [(Ap = 0)
) T D) Y T@p =1)+Tp = 0)+T(Ap = -1)’
[R-X Shi etal,1905.08498]
Observables Data (averages) SM
HFLAV 2018 HFLAV 2019
Rp 0.407(39)(24) 0.340(27)(13) 0.312(19)
corr = —0.20 corr = —0.38

Rp- 0.306(13)(7) 0.295(11)(8) 0.253(4)
Ry 0.71(17)(18) 0.248(3)
2 —0.38(51)(19) —0.505(23)

B 0.60(8)(4) 0.455(9)




B J ump IeRE=—ER g SM-EFT iﬁiusnift&lz?i?? oomlore

Bardan & Ghosh, 1904.10432
41(; ‘/ Kumbhakar et al, 1909.02840
LI 5 P[0 + )Ty, PLvo)Cr* PLb) + €5y PLvo)(&y" Prb)

V2

+6§L(7"PLVT)(E‘PLI9) + 6§R(‘?PLVT)(EPRb) e (70, Prvr)(cos  BpbySiEecH

LL}? 4GFVcb (E,TﬁyuNR)(E‘)’”PRb) +Hec, allowing for R-handed

\/_

Tensor Vector

0.35 neutrino, sample term

100} —
& 0.30

dotted: pre-Moriond2019

0.25 SM

fScalar- >
/ Tensor 10

Grey/Red: HFLAV pre-post Moriond |9 | . |
Blue: Belle 19 semilep-tag -1 -0.5 0 0.5 1

—_

* Magnitude of WCs lower; same significance
* Smaller WCs: some possibilities (like scalars) re-opened
* Constraints from Bc lifetime (Br(Bc—tVv )) and large pr single ©



pre/post Moriond | 9:
-little change in R(D*)
-reduced R(D)
=new combinations of WCs allowed

0.5

For example: fitting 2 WCs at a

time (setting others to zero) Mol ser

“understanding” flavor
than profiling over rest

of WCs, which
however can be done::
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4. Jump to simple mediators

Mediator Spin SU(3) SUQ2) U(1) € & € € €

R T

H Q] 2 +1n2 XXV VvV X
O 3 0 VXX XX
T L XY X XX
S1 (R 1 +13vVV XV V
S 0 3 3 +1pvVV X XX
R, g3 2 76V V XV V
0k 3 1 w3 vV vV vV X X
Us 1 3 3 w2V V X XX
Vs B D 5o X XV K X

L eptoquarks?

Babar: does not work (g2-dependence, efficiency)
Disfavored by Z' FCNC, di-tau

Disfavored by B lifetime/Br(B. =t V)

With smaller R(D) (2019), no longer disfavored

Disfavored by B lifetime/Br(B. =T V)



5. UV Completion

say, for vector leptoquark U; — (3,1)23

Pati-Salam group:

Fermions
in SU(4):

SU4)*xSU(2), xSUQ2)x
Q] [«

QLB QRB

QL Q.
L LL _ LR

Main Pati-Salam idea:
Lepton number as “the 4™ color”

The massive LQ [U, ] arise from the
breaking SU(4) — SU(3) . xU(1)p-L

The problem of the plain vanilla PS model is:
bounds on the LQ couplings to light generations

e ainei = 200 TeV >

Ul
Possible to solve this problem adding extra
fermions and/or modifying the gauge group d

[Calibbi, Crivellin, Li, "I 7; Di Luzio, Greljo, Nardecchia, ' | 7; Fornal, Gadam, BG, '8 ]



Aebischer et al, 1903.10434

Rare radiative decays: b . S” A Kumar Alok el (065001

Imprtant associated observables, eg

Tests of Lepton Universality

5. _ BR(B — Kup) - BR(B — K*up) T
= kel === = t
¥~ BR(B — Kee) K~ BR(B > K*ee) N
[1.1,6] 0.060 +0.016 Bell LHCb g 2] /3%
Ritinc, = 0846 0,054 %0014, pioossan 05298 +005,0.66701 £ 0.03, & of oy I 2
R®  =0.987921 +0.06 i e L
Shie T R = 0.967345 +0.11,0.691 3L £0.05, & _ |
P (not same bins) 0 1 2 3 4
@lifiothe chase L0PXBR(B, = p7p7)
AG s
Hze;%zjeNP = N (C;;SO OO Z Z (CSSMO,?S“ 1 Cz{bsﬂéoébsM) ) e \/thbV?; 1; s
l=e, 1t ©=9,10,5,P
m m
@ — ?b(EUWPRb)FW, O — eb (504, PLb)F*" ,
05 = (57, Prb)(2y*0) 0P = (5v,Prb) (£y"4)
015" = (3muPLb)(ey"15) 016" = (37 Prb) Oy y50) ,
0% = my(5Pgrb)(£0), O = my(5PLb)(20)
0% = my(5Pgb) (Lyst) O’85% = my(5PLb) (PysL) .


http://arxiv.org/abs/arXiv:1903.09617
http://arxiv.org/abs/arXiv:1903.09617

NCLFU observables 20
b — spy & corr. obs. 1o

51 —— global 10, 20

—— Rk« 1o
Rx Ax?* =1

—— NCLFU observables 1o
b — sup & corr. obs. 1o

flavio

25 global 10, 20
1.0 20
;:‘ba 0.5 S, 15
1.01
/,/ 0.51
/" C]() 05
0-6 ’// ) 0.0
0.6 0.8 1.0 1.2 1.4 15 10 0.5 00 05 30 —25 20 15 —10 05 00
Ry C!;sl“' Cgsuu
and a gazillion othe
Coeft. best fit lo 20 pull & ey §
plots like these

Chsm —0.97 [—1.12, —0.81] [—1.27, —0.65]  5.90
Cppsm +0.14 [—0.03, +0.32] [~0.20, +0.51] 0.80
Chsmm +0.75 [+0.62, +0.89] [+0.48, +1.03] 5.70
Csm —0.24 [—0.36, —0.12] [—0.49, +0.00] 2.0
chsm — obsmr +0.20 [+0.06, +0.36] [—0.09, +0.52] 1.40
Clemn — _benn —0.53 [—0.61, —0.45] [—0.69, —0.37] 6.60
Chsee +0.93 [4+0.66, +1.17] [4+0.40, +1.42] 3.50
Cibsee +0.39 [4+0.05, +0.65] [—0.27, +0.95] 1.20
Chsee —0.83 [—1.05, —0.60] [—1.28, —0.37] 3.60
Clhsee —0.27 [—0.57, —0.02] [—0.84, +0.26] 1.lo
Chsee = Ohsee —1.49 [~1.79, —1.18] [—2.05, —0.79] 3.20
Cheee = —(bsee +0.47 [4+0.33, +0.59] [4+0.20, +0.73] 3.50
(cgw - —Cff““) x GeV  —0.006  [-0.009, —0.003]  [-0.014, —0.001]  2.8¢
(cg?sw - C;QW) x GeV  —0.006  [-0.009, —0.003]  [-0.014, —0.001]  2.8¢




And again, simplified models.
And again, leptoquarks fare well. Eg U,

With a
g g‘Z;’ (¢4*P) U, + h.c.

a single leptoquark can account for R(D) and R(K), with

with R(D) depending only on g and g;?

lq

0.5
' 22 23 —— bosuu Ax> =1
and R(K) depending only on g;; and g; —— NCLFU e 72 -1
q q excl. by LFV
0.4 1 :
2.00 g?qQ =0.6 :
—— Rpe Ax?=1 g33 =0.7 '
175 1 — Rpe & lept. 7 decays 1o, 20 la !
[E=3 excl. by lept. 7 decays / J“
T ZZ3 excl. by BR(B — X,7) 0.3 - |
1.50 1 ! |
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@encllsions, so far

¢ Several deviations from the SM

e Can fit with LE-EFT

e Can fit with SM-EFT

e Can provide simplified models for this

* Moreover, there are
UV completions to the simplified models
(eg, Patti-Salam for vector LQs)

But, can we address the main question?



THEORIES OF FLAVOR

* Theorles of flavor do exist, eg

* Froggart-Nielsen: quark masses and CKM

» Gauged flavor: N=3, inverse hierarchy, Mmed ~ |/my
RWiEdcic Gineutrinos and PMINS

B L cien our setp | precise knowledge of SM
* Assume no anomalies
* Very high scale of bew physics

* Flip it around! Use what nature is telling us (anomalies) to craft a
theory:

* Modest: Adapt/modify known models
* Bold: Large departure from existing proposals
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(actually, few exist)
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R.Alonso et al, JHEP 510 (2015) 184

"ROGGATT-N

M(L)FV: flavor-symmetry broken by minimal set of spurions

¥ large(r) effects in the 3rd family
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‘ M. Bordonne et al, 1910.0264 |

=L SENTEE

Natural expectation, large

B(B — K®up)
B(B — K®yp)SM’

Rgw, =

with exp. bound (9026CL)
Ry, < 4.3, Rg~, < 4.4,

* Some operators avoid this
* Running (may) produce it
Feruglio et al, PRLI18(2017)01 1801
* Automatic cancellations in some UV
completions, eg, Patti-Salam LQs
Assad et al, PLB777 (2018) 324



FN: entries in mass matrix break U(1), breaking by small
spurion of unit charge

(YU)ij N}\|b22—b¥]|’ (YD) o )\lb" _bJ ’ (YE) % )\|bo¢ bB

@ deverto VVCs In SM-EFT

May also carry over to couplings of simplified mediators
S Vecion (5, | )23 leptoquark

L= A, (QyuL®) Uk + Ay (F7,e%) UL + h.

with

i [ bo‘|
A E—CDE)\ El



STEPRS (a e i ellkecii @i, G
flavor inspired constrained
paramterization of generic

physics?



TeV scale FN

* What we (I?) really want is:
that which Is responsible for flavor (flavor-dynamics) be also
directly responsible for anomalies

= (Can the new scalars and spinors that are introduced in FN

(possibly adding some more) account for the anomalies?

* Neccesarlly this is TeV scale physics (in contrast to standard FN)



BG, Pokorski, Ross, JHEP 1812 (2018) 079

FN-like model

One-line review of FIN:

H

U
—

)

\ \ ,'
I l
)

Question: If FN scale is sufficiently low, can one generate Co, Co?
After all.

1))
?L >7 X )Q , ?‘"ﬁb
X! X
\ \




Not quite; need to add some vector-like fermion doublets W, W, and a scalar ®

‘ ROl L s Yoaor Yeyaor ® O H x

Or | 2 @ 0 PSR S T

= FbQ3PR\IJQq) I FMEQPR\IJ(@ + h.c.

= I'"" ~ V3;I'y  in mass basis

Much like for Z' models:

SL
4

it you have this

\I/QA;

br,

0.30

2 TeV
mq/Q
©

N

(o))

0.221

IR e 3%

0.18+

KL 5L br
d . (0]
Pt iy VoI B0 (eSS e T
YU, o4 TY¢
Y o
KL br, S

I R P 0 20 40 60 80

zq = (mw,/me)? zq = (mwy/me)?

Works but tense. Tension relieved (somewhat) with additional scalar. No chance of R(D()
(Because of flavor; one can do everything in an ad hoc nHDM ' Marzo, Marzola, Raidal, 1901.08290 )



Bordone et al, Phys.Lett. B779 (2018) 317-323

PS>:The 3-site Pati-Salam

G. Isidori — New prospects for BSM physics HC2NP 2019, Tenerife

» The PS3 model

Below ~ 100 TeV
U(2)? flavor symmetry —

(but for link fields)
— W, '+ W.'[~5-10 TeV]
Sub-leading Yukawa terms e , ™\
from higher dim ops: P S U(2)L><U(12 __________________________ .
i o [ SUG) L, SUML YT o
oY v,
AV e 12 Q L3
YU _ /’ k‘ \ ................ L3 /
i I} —~LQ[U]+Z+G [~1-5 TeV]
<(DRE3(DLE3 > <QE3> H3
(A Ay v ST ®

Key pheno difference: lots of new states!



BRIEF SUMMARY-CONCLUSIONS

« XYZ&Pc is a mature field. But continues to suprise. Theory lags experiment
by wide margin

* Hints for departure from Lepton Universality demonstrate the discovery
potential of high lumi,“low’ energy searches.

 They form a very consistent set of “hints’: they can be described by
remarkably few Wilson Coefficients in an Effective Theory. They point to
enhanced coupling of NP to 3rd generation.

* In UV completions, often easy to account for other one-off anomalies
S = and even DM,

* They have forced both theory and experiment to rethink program, discard
prejudices.

* It "hints” turn to “observation”, a path of discovery islaid, but lots of work
(and funll) ahead.
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