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Outline

B meson anomalies Rp(xyand R

SM contributions to anomalous processes

New Physics explanation

» effective Lagrangian approach

* models of NP

e constraints from low-energy observables & LHC data

Predictions relevant for LHCb, Belle2 &LHC

Outlook




Lepton Flavour Universality (LFU)

the same coupling of lepton and its neutrino with

W for all three lepton generations! v
- .8

D(r~ = pu v, H*‘{v/—
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Basic property of the SM: universal g

_ S for each of three generations in
Ly=fiDA"f f=1,q1, 1=1,2,3 weak interactions
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the same for all SM fermions )
Gr = 1.1663787(6) x 107° GeV ™



B physics anomalies: experimental results # SM predictions!
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Rp*) in SM lattice QCD in action!
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< D*|¢v,(1 — 7y5)b| B > one vector form-factor + three axial form-factor
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New Lattice QCD results confirm discrepancy SM/exp
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NP in Rpps)

Effective Lagrangian approach for b — cTv, decay

SM L

b W er
[ N\ ._( )f_ Left-handed neutrino
B D(_ )

L q< J ‘ SM+ 5 new operators

GF_ g2 - 1
V2 8m¥, 202

CKM matrix element V,, = 0.0410+0.0014
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Loy =—2V2GF Ve [(1 + gvi ) (@Lvubr) Iy ve) + gvi (ErYubr) (I vL)
+9s, (€L br)(Urve) + 95, )(€rbL)(lr VL) + 97(CROWOL)(lRT" V)| + h.c.

S.F. J.F. Kamenik, |. NisSandzi¢, J. Zupan, 1206.1872; Freytsis et al, 1506.08896, Ligeti,
Blanke et al., 1811.09603

Recent global fit Murgui et al.,1904.09311, Bardhan &Ghosh, 1904.10432, Becirevic et al, 1907.02257,
Angelescu et al., 2103.12504



Two solutions

gv, € (0.06, 0.11)

gs;, — j:4gT

Global fit Murgui et al., 1904.09311
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Electroweak-observables useful in the fit!



NP models for Rp

Rexp ~ RSM Scenarios
D) D) require new boson at TeV scale * New gauge bosons

* New Higgses
* Scalar Leptoquarks
* Vector Leptoquarks

b 14
-
C 1%
New gauge bosons New Higgses Leptoquarks

Spin0Oor1l

impossible to write all references!



R¢ and R *: SM
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Buras et al, hep-ph/9311345; . .

Altmannshofer et al, 0811.1214; W ﬁ
Bobeth et al, hep-ph/9910220 B M




R¢ and R*: New Physics

Global analysis suggests NP in Cq 14, based on Ry, Rg=and By —up

—1.2

By — pp lo
_— RK & RK* 10’, 20
~1.0 1 b— sup lo, 20

—— rare B decays 1o, 20

Preferred solution
—0.8 1

bspup
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AC*H = —ACTIH = —0.41 + 0.09

ACk»

tension > 4 o for fits to “clean” subset of data
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0.2 T T T T T
e d;loﬁ?v. v 0o H See also Alguero et al., 2104.08921
Hurth et al., 2104.10058,

Geng et al. 2103.12738

From Altmannsofer &Stangl 2103.13370



NP Models fopre FCNC B anomaly

- New vector bosons (preferably gauge bosons)+ vector-like quarks...
- Leptoquarks (scalar or vector)

- Ry explained by NP at loop level

different origin of Z’, e.g. by gauging L- L,

b o
b 2 |
’ I
z I
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S M

Lepton flavor non-universality—} Lepton flavor violation

Glashow et al., 1411.0565...



‘ How to aggroach New Phxsics? I

Low energy flavor constraints at scale p=my,

NP Effective Lagrangian at scale Ayp
LHC flavor constrains

Construct UV complete theory of NP




NP in both B anomalies

ex SM ex
1 NP at tree level 1
Lnp = [AD )QQELVMbLfV“’VL Lnp = (AR )2§L’YubLﬁL’Y“ML
NP NP
AR, ~3TeV AL » ~30TeV
ANp = Anp Ig 2 CQK
(ANP) ANP

If we want the same NP explaining both B anomalies, then

NPin FCNC B — K(*)/EL,LL_ should be
suppressed in comparison with NPin B — D(*)TV CK ~ (.01

Di Luzio &Nardecchia, 1706.01868 (scales are ~9 TeV (~80 TeV))



Leptoquarks resolving B anomalies

L
LQ=(SU(3), SU(2)J)y e
Q=|3+Y
or LQ=(SU(3)., SU(2)_ Y) g
no proton decay
at tree level .
Model R[)(*) RK(“) RD(*J & RK(')
S1=(3,1,1/3) | v X X Spin 0
NRy = (3,2,7/6) | v v’

Sy =(3,3,1/3 X v X
Uy =(3,1,2/3) | v v .
Us = (3,3,2/3) | x Y X Spin 1

U, is the only one to accommodate both anomalies!

C T /v c
bJ ----- LV bJ'-“----LV/T

Dorsner, SF, Greljo, Kamenik,
LQs explaining B anomalies cannot explain (g-2),, ! Kosnik, 1603.04993




Constraints from flavor observables Constraints from LFV

(9_2)u
B, —T1v B — TV
T — WYy

B—>K(*VV
womp @@ 1o

T — K(m)u(e)

-
K — e
B — Duv, %LQ
K — uy, @ B — Kupe
Dgs — 7, pv T — JLpLpL
T — K(m)v
K — muy, T — QU
W — 1o, T — bvv s
Z 5 bb 7 t—cte

Becirevic et al., 1806.05689, 1608.07583, 1608.08501, Alonso et al., 1611.06676,...
Radiative constraints Feruglio et al.,1606.00524;
Mandal &Pich, 1908.11155



Vector leptoquark U4(3,1,2/3) resolving both B anomalies

Buttazzo et al, 1706.07808 couples to doublets and singlet of SU(2),
Cornella et al, 1903.11517

b — cTV U2 b1\ * br VCS ST
Cy, = Qm%fl (7 )" (z7 + Vo r7)
2
TV . s
b — sup Cyg = —Cho = ——2(3712“) e
mg;,

If vector LQ is not a gauge
boson — difficult to handle!
GUT Pati-Salam Model for U4(3,1,2/3)
SU(4) x SU(3)’ x SU(2), x U(1)’
Isidori’s group, 1712.01368, 1805.09328 [ PS ]3 = SU(4)><SU(2)L><SU(2)R ]3
2103.16558

New gauge bosons:

new colored octet, a triplet and three SM singlets; their masses ~ TeV region
Mz =1.3 TeV, My = 1.5 TeV, and My = 1.9 TeV.

Unification scale rather low ~10° GeV. No proton decays!



Two scalar LQs solution of Ry«yand Ry

* GUT possible with 2 light scalar LQs within SU(5),
Why 2 scalar LQs? * Neutrino masses generated with 2 light LQs,

R2(3,2,7/6) scalar and tensor in Ry
S3(3,3,1/3) for Ry

S3(3,3,1/3) +S4(3,1,-1/3) | V-A form

Crivellin et al, 1703.09226, Marcozza, 1803.10972, Becireyi | 1806.05689 160908895
Yan etal., 1905.01795 ecirevic et al, 1306. , 1609.

mg, =08 TeV,mg, =20 TeV, |0] ~n/2
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Predictions

soon Belle result on

NP EFT predictions B(B — Kvv)

V-A interaction

B(Bs — pt) ~ 0.8 B(B — K" ur) ~ 18
B(B— Kur) ' B(B— Kpr)
B(Bs; — ut)

B(B = K@ ur) > 1 For ascalar interaction

Lepton flavor violation

Bs - ur B — KWur

B(Bs — prF)™P < 4.2 x 1075
B(BY = Ktpu 77)%P <45 x107°

mp, = 0.8 TeV, mg, = 2.0 TeV
L N
t RQ&Sg

8f [Becirevic et al. '18]

0; Belle excl.
1.0 1.5 20 2.5- 3.0 3.5 4.0
RG)=B(B-K¥vy)/BB-K*yy)SM

B(BY — K rtu™)

1077 1076 107°
_I T T T T
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107"+ -
=
3
T s
O3 :
Q
1077 1 , =
- [Cornellaetal., ’21] ]
.1 ] M .
1076 107° 1074
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LHC constraints on NP in B mesons

Suggested NP as solution of B anomalies can be searched at LHC

Decays|Scalar LQ limits | Vector LQ limits
Crossing symmetry
m . . -
D p - | T - -
b _
BL< X\’ bbr7 | 1.0 (0.8) TeV | 1.5 (1.3) TeV
T _
pp — TT v p tir7 | 1.4 (1.2) TeV | 2.0 (1.8) TeV
PP — [ jipi | 1.7 (1.4) TeV | 2.3 (2.1) TeV
pp — Tinvisible bbujp | 1.7 (1.5) TeV | 2.3 (2.1) TeV
tTpi | 1.5 (1.3) TeV | 2.0 (1.8) TeV
. S jjv | 1.0 (0.6) TeV | 1.8 (1.5) TeV
bbvi | 1.1 (0.8) TeV | 1.8 (1.5) TeV
ttvv | 1.2 (0.9) TeV | 1.8 (1.6) TeV

LHC bounds are competitive with low energy bounds!

Angelescu et al.,2103.12504




All properties are the same
but masses are different!

Flavor puzzle

Leptons

Constructing new UV complete theories based on B anomalies explanation

M1 h 2Yalla 2 2Va Fa 27a llaYe \

Nl ~ N alainala 28 a 2 )

Cornella et al., 2103.16558



Outlook

We have to wait on Belle 2 & LHCb new results on Rpxjand R

To measure all possible observables in angular correlations
inb —>»ctvandinb —=2spuy;

To measure b—>s 1T

b —>c tvinbaryon systems, sum rule:
Blanke et al,1811.09603

R(A) R(D) R(D")
Rem(ho) = 0.262,RSM(D) + 0.738RSM(D‘) +X.




If there is NP in Rp(+) and Ry+), it has to be present in

B 5 K®yp
K — wvo

Fouy B Ky
Touol L oD sy

Further test of all flavor couplings at LHC;
To check LFU in the first and second generations as precise as possible- below 1%!

Continue to build UV complete models of NP models.

Future experimental facilities

Solutions of B anomalies by NP require Precision low"energy experiment
high energy scale (Ry+ NP scales not to study all possible b (c, s) quark

accessible by LHC).

decays!



Thanks!




B-Drv (events)

g2 distribution

A.+Cellis et al, 1612.07757
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Fr (D*) — 0.604+0.07 +0.035 Alok et al, 1606.03164

Belle, 1903.03102 iaF'n';‘l';af:f/zltcénK:bn;elnzlli,zllzgféﬂsz
15 o far from SM (0.6 £ 0.04) Murgui et al.,1904.09311

Blanke et al., 1811.09603



P’ anomaly: Lepton Flavor Dependent

Decotes-Genot et al., 1207.2753
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LHCb collaboration 1512.04442

Alguero et al, 1809.08447, 1903.09578
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CP violation from Rp

Ybte ~ i (Imaginary!)
T and c quark electric(chromoelectric)

dipole moments, Jung et al., 1809.09114
Mandal & Pich, 1908.11155

Crivellin & Saturnino 1905.08257
From B —tu EDM nucleon using S4

Neutrino masses 1701.08322, Dorsner, SF &Kosnik
1903.01799, Cata& Mannel
X
¥ X
1/3 _l_ gl/3 HY /S
Ry™ - ~~_ 51,5 RPN s
I/ A1, Az \\ -I/ o \\
Uéeu ) d yi L, okt VL v RG] T



