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Rp and Rp+« anomalies: Experimental Status

Standard Model usually explains very well experimental data BUT

In the Semileptonic B-meson decays there are hints of New Physics —
— Lepton Non Universality
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FOCUS: Charged current decays: Ry , e, u
B (B DO Iy)
& 05 o [ B;Bar',PRL10<'>.10'1802I(201'2> r 5 T .
e [ ——— Belle, PRD92072014(2015) Ay = 1.0 contours B
& o LHCb, PRL115,111803(2015) Average of SM predictions 1
r Belle, PRD94,072007(2016) === Average ol SMpredictions ~ YY) .
045 ' ——— Belle, PRL118211801(2017) R(D) = 0.299 £ 0.003 R NP ~ 10 —20% SM:
F ——— LHCb,PRL120,171802(2018) R(D¥) = 0.258 £ 0.005 3
04F : Average -
r ] Large BSM effect =
035 E B Possibile tension with
03 E = other observables
025F =
02F . . | | Pa) = 74 —
0.2 0.3 0.4 05 0.6
R(D)

B (B — K& py)

Similar anomaly also in Ry = W
— ee

Elena Venturini The prospect of New Physics in b — clv decays



o Standard Model
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o Model independent explanation of R.): EFT DIM-6

cbly
g.
E(t)zf_?céu — LSf?CZV|SM _ 2 : i Olg:blu +he =

/\2

1
= - > COP 4 he. (E=eopT)

SM

Assumption: Absence of vy —

Scenarios with vgy:
1804.04135, 1804.04642, 1807.10745

OF = [ey"bl[Zy, PLv]
O = [Eytysbl[Zy, P ]
0L = [¢ b[Z Py ]

O™ = [eysb][€ Ppv]
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Vector and Axial Vector Operators: Bounds at 1o

b _ b _
Only O%™ = O, and OL™ = 0%,

No QCD induced RG running: Cyp, a1,(ms) = Cyp, ar(A)

Rp: G, only

Rp — Rp= overlap with:

T J— T
°o Gy =—-Cxy

(SU(2)L x U(1)y)

o Cop(=—CE)=11—

SEIES 5 ACYy Ay = 10%

08 10 12 14 16
CyL(my)
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Scalar and Pseudo Scalar Operators: Bounds at 1o

cbrv _ MT cbrv _ T
Only O§™ = Og;, and Op7"" = Ofy,

Rp: €&y, only

20¢ Rp=: CZ;, only

— H
o N H i
§: s | Bound on C7; from B(B: — Tv)
5] i 30%: PRL 118 (2017) 081802
1or 1 ] 10%: PRD 96 (2017) 075011
os| | . l Br(B.—1v)<30% — Rp+ — B(Bc — Tv) tension in
! ; presence of O (Real CZ;)
T
| i ‘ Br(B,—1v)<10%
L L L L L
0o 0.2 0.4 0.6 0.8 1.0
CsL(mo)
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Tensor Operator: Bounds at 1o

Only OS5 = Oy,
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Scalar, Pseudo Scalar and Tensor Operators: Bounds at 1o

Only O = 0%, OF7* = Op;, and OF* = O
Scenario as in scalar leptoquark models Ry ~ (3,2)7/¢
(Viable in case of imaginary WC [1803.10112, 1806.05689])

(cPuv) (7PLb) = — [zng - Op) + o;L} — C5L(N) = —CE(N) = 267 (M)

Assumption C3; = —Cp5;, Adding OF, to O — OF; :

Relaxed Rp«-B(B: — 7v) tension (C; < 1)

Zoomed upper left Rp — Rp+ overlap:
€3y, (mp) € [0.08,0.23] and CLy, (my,) € [—0.11, —0.06]
Scalar LQ expl.: Not Viable w/ Real C(1);, + RG flow

~Cpi(Mp)

Cg(mo)
2
$

Cri(my)

Cé1(Mp)=-Cpy (ms)
8
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Various Rp() explanations

Scenarios for Rp(.) explanation consistently with bounds from
AF =1 (B(B. — Tv)) processes and with R;,, measurements

0 Oy, & O}y, — Our focus

Q 0Of, & Of;, & OF;,  — Viable scenario with scalar LQ
and imaginary WC [1803.10112, 1806.05689]
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SU(2), x U(1)y gauge invariance

U(2). x U(1)y gauge invariant DIM-6 operators leading to b — cTv

Ldim6 _%2 Z {[Cl(;)];)’r’sw (pp/ﬁ',Lﬁllf,r) (q ’A/}Lalq/) +he.

ot
+[C1‘1 | (l"i,e',) (d’ rq']) +he —
edqlprstr \ U pr s'dgr -C.
) e
O S (Bl ) e () + e

+c® z',",,au,,o:,) i ( 7hot ) +he.

lequlprisi

(v(d) ( ,(ﬁlw) (I o'y 1.)) + hee. —

ul

I
("q 1" " (r) L(B o) q ks (15.,) + h.c.

HCoualyrs (P e i(Dud)F) (") + 1}

+[C,

o Gauge invariance — Correlation of operators relevant for R (.)
[(Fy* Prvr) (EyuPLb), (FyH PLur) W]
with other operators (neutral current processes, Z77, Zvv)

0 0% and O ud : Not leading to lepton flavour non universality
#q ¢
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SU(2), x U(1)y gauge invariance: OF,; and O}

FOCUS on OF; and O3 terms of L£dim6

4 - fermion operator — [(’)(3)]’,r,s = (I_’ /’YMO'”'{,) (q_’s/'y“a'q;,)

Scalar - fermion operator — [(’) ]’, , = (qul D! ¢> (Vo o'y 1)

o Gauge invariance and lepton non universality (absence of vgy) =
= Only V-A interactions at DIM-6

@ Wilson Coefficients of OF;; and O}

v T U /\2 U 174 u *
ACHT™ = —ACE™s = —;‘y [[ Jertd) s + ([C( ed J3332) ]
/\2 =(3)ev ~(3)v *
- 160 + (€5 1) v

with 6,(:) — Mass eigenstates basis

~(3)evud — 3 v
eg [C0 " ot = Xt 1,00 o[G0 (VO (V) (VYL (V) e
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Scalar - Fermion Operator

Scalar - Fermion Operator

/\2
b b 3
ACH = -ACT" = f—i;\/l {[ )e"]33 + ([ e]33)*] Veb

O = (617D }0) (T o' 1)) =
= |:_ %cogzé’w Z‘J‘ (7P,’YMPLV;’> + 2 CObQWZ <?P,’Y#PL6;’>

— W (Vyrpiel) - W, (?p,»y#PLy;,)} (V2 4 2vh + h?)

’
o For Rp): C(Ej) - Modification of Wiv vertex with lepton non universality
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Wrv, Zt7 and Zvv bounds on Scalar - Fermion Operator

¢’ _ Modification of Wrv & Zrr & Zuv vertices

ol
o Wry
2
- = L ~ ev ~ ve v
Loyry = 7%(1 1 Agw) (vv“ P PLuy + h.c.) . Dgw = [([c(f,’ ]+ ¢S ]*)33} =
i Br(WT—7tu) _
— LEP bounds: gprm ot s seryys = 1077+ 0.026
ACYy;, = —ACj;, < 0.05 — Too small for Rj.) explanation

— Indirect bounds from 7 decay measurements

ACY,; = —ACh;, < 2.6 x 1073 — Even stronger bounds

o Z77 and Zvv

Zr7: |Ag]| <6 x107* = ACJ;, < 0.001 — Even stronger LEP bounds

= O((;,') is NOT sufficient ALONE to explain Rp.

[hep-ex/0511027], [Prog. Part. Nucl. Phys. 75 (2014) 41-85], [hep-ex/0509008]
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4 - Fermion operator

4 - Fermion operator

TV A2 4 v *
ACET™ = —ACE™ = % {[C(3 3303 + ([C (%) edu]3332) }

(9,(3) contribution to Rp)

CI((?) [C/ p’r’s/t’ (I_/P"YNOJI;/> (q_/s/"/HO"q;,) 5
-2 (([C/q Jasis + ([C 13331)*)Vcd + ([C/S)]§323 + ([C/(;)]/3332)*)Vcs
+(IG, 3)]3333 + ([C/q J3333)" )V cb) (Fy*PLvr) (EyuPLD)

C’ in the basis with d, = dp and e/, = e, — V"* = 1343
[Arbitrary choice w/o any loss of generality]

Correlation of R(.) with neutral current operators
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Rp(=) bound on 4 - Fermion operator

Rp) lower bound on Cl(g)/

2
~(3)evud ~(3)vedu * A
([Cy "™ 3323 + ([Cl " 13332)") 2 0.06 (Tev2)
[}
(€513 + ([CTs331)") Viea +
+([C V303 + (1C Ns332) ") Ves +

. N
+([C/(c,3)]§333 + ([C/E;3)]/3.333) )Veb 2, 0.06 (TeV2>
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. Correlation with B(B® — 7%(K*®)7v) and B(B, — T

Bounds on [C|(:)1,3313 and [C,(j)]’3323 from AF =1 processes

O Constraints on [C,f)]é_m

o B(B® — 7%5 1) bound [BELLE Collaboration, Phys. Rev. D96 (2017) 091101]

~0.018 < ([CNsa15 + [CTags1) TeV2 /A2 < 0.023

o B(By — Tv;) bound [BELLE Il Collaboration, PoS. EPS-HEP2017 (2017) 226]

!
—0.15 < (1€ T3 + (€ Ta531) TeV2 /A% < 0.025

@ Constraints on [Cf;)]§323

o B(B® — K*® 1) bound [BELLE Collaboration, Phys. Rev. D96 (2017) 091101]

—0.005 < ([C/(:)];323 + [C,(;)];;;z)TeVZ/AZ < 0.025
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: Correlation with B(B® — 7%(K*®)7v) and B(B, — 7 v;)

Bounds on [C|(:)13313 and [C,(:)]g323 from AF =1 processes
([C ]3313 and ([C ]3323 terms of (’)( ) contribution to Rp.)

AT MOST ~ 0.03A2/TeV?

Rp+ lower bound on [Cl(:)]’3333 —

2
(3) (3) A
— ([Ciq’ 3333 + [Ciq ' 13333)Ven 2 0.03 (TeV2>
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: Correlation with Z77 vertex

Bounds on [C|(3)]§333 from Z77 vertex

@ Constraints on [Cl(:)]’3333
° qua) contribution to the NC interaction (Fv*PL7) (ty,PLt)
=(3)eeuu FB)eewn]* )]’ 3)]’* 2
[C’q ]3333 + [C’q ]3333 ([C’q ]3333 + [C’q ]3333) [Ves|
With B(BY — 705 v), B(By — 7 v+), B(B® — k*%5 v) and jj — 77 bounds

o (FyMPLT) (ty.PLt) — 1-loop RG running of Of;l)
1-loop contribution to Ag/” [Phys. Rev. Lett. 118 (2017) 011801]

T

3 34 . 2
= LEP bounds: [Cl(q)]é333 + [C/(q)]3333 S 00;27 (#v) m

Too small for Rp(.) explanation
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Possibilities for Rp(.) explanation — (’),q

Possibility to cure Rp«)- AF =1 and NC observables tension —

— O is NOT sufficient ALONE
Combination with Ol(ql) = ("l (¢7"q'):

(3)
Iq
[Phys. Rev. Lett. 118 (2017) 011801], [JHEP 11 (2017) 044], [JHEP 09 (2017) 061]

Cancellation with O, in b — stv (or b — s77) and Ag/ (or Ag}’)

BUT it is NOT possible to cancel SIMULTANEOUSLY:

@ b— svvand b — sTT
o Ag[ and Agy

Combination of Ag/, Ag/ and Agyw bounds =

= Scenario with [C{)]43;;-dominated Rp., RULED OUT
even in presence of both O|(q3) & O,(ql)
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Possibilities for R (.) explanation

Possible scenarios

@ Scenario I: [Cf:)]g323—dominated Rpe and B(B? — K*0 7v)

bound softened by (’)I(ql)-(’),(j) cancellation

@ Scenario II: [Cl(j)]’3333—dominated Rp and Ag"” bounds
softened by appropriate additional effective operators
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Rp(+ correlation with AF = 2 processes (CH and PC)

Rp(«) correlation with AF = 2 processes: requirement of UV assumption

o Composite Higgs (MCHMS) [phys. Lett. 1368 (1984) 183-186] :
Higgs as pNGB of SO(5) — SU(2), x SU(2)r

o Partial Compositeness (PC) and Two site model [nuci. Phys. B365 (1991) 259-278] ©
SM fermion masses arise from linear mixing with composite fermions

Elementary (¢, A,) - Composite (O, j,) Mixing =

= SM fermion - Heavy vector interaction

sl st

i g2 —g?
FOCUS: DIM-6 4 - Fermion Operator (g. > g)
2

B (s Tas ] [7eiTs ]

*
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Rp(=) in Composite Higgs Model and Partial Compositeness

Contribution to Rp): Exchange of heavy charged SU(2) vector (pfﬂ)

2 3 2
Lpscrv = —2%2 (7_1 [VfT§/T§/ V,f’] s ~H VTL) (EL [VCKM VLC’TsAquAqVLd] s ~yH bL)
*
Lepton Sector Quark Sector
Agnostic3: Rp(+) Iowezr bound: ,
“vffs“ﬁf,vg] 3’ <1 [VCKM v[”s:,fs:,vf} 202 (%)

= Rp(+) lower bound:

M. /g« \?
i 2oa (MLe0)

TeV

dt atay,d]t
[VLququvL] 3'HVCSI

2
[v[”stﬁst,v[’] 3‘ + | Vel

dt atay,d]3
[VLtquSqVL] s
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CH Model and PC: AF = 2 with 4 - Fermion Operator

Contribution to AF = 2: Exchange of heavy neutral
SU(3), SU(2)Lr, U(1)x vectors (ps,,, pi g, PX,)

2

2
LAaF=2 >~ —> (TIJIL [ SqTSqVL] ’Y”%‘L)

Upper bounds on K — K, By — By and Bs — Bs mixings =

= Upper bounds on

[V fSAquq ]i,‘v'fl
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CH Model and PC: AF = 2 and Rp.) correlation

AF = 2 & Rp(.) bounds

M, /TeV M, /TeV
(Mo/TV) 4103y (Me/TeV)

* *

1073 V|

*

M, /TeV\ 2
T |Ves| 202 (/—)

M, /TeV\?
— V| 202 (L) —

*

— M,/g. < 045TeV = £ < 0.64TeV

f: Compositeness Scale

Tension with EW precision measurements: f 2> 1.2 TeV

[JHEP 08 (2013) 106], [Eur. Phys. J. CT4 (2014) 3046]
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CH Model and PC: Ry

o Model independent explanation of Ry): EFT DIM-6

1 _ _
Loy = 2 (ByuPr b) (" Py )

Ry lower bounds at 1 0 = 1/A? 2 1/(38 TeV)?

o CH Model and PC — Contribution to Ry.:
Exchange of heavy neutral SU(2), g, U(1)x vectors (piRu, PX 1)

gf2
202,

(51vi 188 Vi PavuPu b) (A [VE T8l Ve Puie)

Possibility to satisfy AF = 2 & Rg(. bounds
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CH Model and PC: Rp.), NC observables and EW precision tests

CH Model and PC + Rp(.) generated by pf“ exchange
+ No other assumptions

\
f< O(Tev)

o Favoured by electroweak hierarchy problem

o Tension with EW precision measurements:

Incompatibility unless additional UV contribution

Extra assumptions in 1[; -0 Mixing
4

and b — sbv protection

v, T

&
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CH and PC Model with Vector Leptoquark

Enhancement of Rp.
without tree-level modification of AF = 2 processes

Vector Leptoquark V[, ~ (3,1)33 (U1) —
7 [sts] / u
Lio=—g«|qy; [sqs/ J_*m Iii ) Vi
[Eur. Phys. J. CT6 (2016) 67], [Eur. Phys. J. CT7 (2017) 8], [1712.06844]
Contribution to Rp«) — Exchange of heavy Vf_‘Q

Fierz 2 ot a 2 R 3 _ _
Lpserv = —Zgﬁ [VCKMVLdTSqTS/VLV] s [VfTS/TSqVLd] s (@ " b)) (FLy* ver)
*
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Composite Higgs Model with Vector Leptoquark: AF = 2 and Rp(.) bounds

Contribution to Rp(-) — Exchange of heavy V[, and pfu

AF = 2 & Rp() bounds

Assumption: Only third generation mixes strongly with composite sector

1

V}, contribution to Rpy.) is Ve dominated: [V, < [V 13 ~ 1

M*/g*)Z
e e
TeV

Vig+ pl_iu : 2V 2 0.2 (
= M./g. <0.63TeV — f< 0.90 TeV

Increase of f upper bound by a factor V2 =

= Almost 20 compatibility with EW precision measurements

Elena Venturini The prospect of New Physics in b — clv decays



FOCUS: Ry, correlation with other EW observable (AF = 1,2, Z77, Zvv, Wrv)

= Constraints on NP explanation

o Model independent EFT analysis with Vector, Axial Vector, Scalar, Pseudo Scalar,

Tensor operators. Possible scenarios:

@ Vector & Axial Vector operators
@ Scalar & Pseudo Scalar & Tensor operators

o EFT with SU(2), x U(1)y invariance = Within Ry with O7; and O} :

@ LFU violation only in V-A interactions
@ Scalar - Fermion operator Of;l) NOT sufficient ALONE for RD(*) (ZrT, Zvv, Wtv)

© 4 - Fermion operator (’)f:) NOT sufficient ALONE for R(.) (Z77, AF = 1)
= Need of other operators ((’)fql)) and appropriate UV completion
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o MCHMS5 and PC with (without) vector LQ

@ Softened AF =1 and Z77 Zvv bounds
Q RD(*) & AF = 2 correlation = Upper bound on the scale of compositeness f

f < 0.90(0.64)TeV

Favoured by EW hierarchy problem

Tension with direct searches and EWPT unless additional cancellation

CC Flavour Anomalies = Potential probes of NP at TeV scale

Non generic NP in the dynamics of flavour transitions —>
—> Need of high precision analysis of B - physics data
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Thank you!

Venturini The prospect of New Physics in b — clv decays



DIM-8 Operators

DIM-8 Operators that contribute to b — c7v, w.r.t. DIM-6 Operators,
have extra factors:

o\ #\? 89
A A A2
where ¢ is the Higgs doublet
In b — cTv amplitude, DIM-8 contribution, w.r.t. DIM-6 one, has extra factors:
v Mg
~ A2

DIM-8 contribution is suppressed w.r.t. DIM-6 contribution
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Tensor Operator: model

Model with 2 scalar leptoquarks
° Ry~ (3,2)7/6 = C§1(N) = —CE(A) = 2C1,(N)
After RG flow Cg; (mp) ~ 4CT (mp)
e 5~ (§: 1)1/3 = GG, (N) = —CZ, (N

G (M) = =G () = —2CL,(A)
After RG flow CZ; (mp) =~ —4CF (mp)

It is possible to choose particular R> and S; couplings in UV theory such that there is a
cancellation of WC CZ; (mp)(= —CEy (mp)) in IR theory
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o
@

I ch=

=109
Br(B.—1v)=10% II>L = c;[ lsm = 0

o
o

o
iy

Br(Be—1vi)=30%

Br(Bc = 1 vy)

Br(Bo1v)=10%

O,
01 R
N

oof v»"

=10 -05 00 05 10
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Vector and Scalar Operators: Bounds at 1o

Only OCbTV _ OVL' Oc TV __ OAL' OCle/ _ OSL amd ch-ru OEL

Gy, = —Cxyp, and GG = £CF;

0 - —t Adding OF; py, to
S or. ’
osbe g VL,AL
= P
5 2 1 EN i 1
= ~ 01 Ny [ .
& = bt
I b A
5 £ Only an extension of
o 3 i _
& © o OJL AL only:
T T —
02 (G, G5l =1[1.1,0]
0.90 095 1.00 105 1.10 115 120 0.90 095 1.00 105 1.10 115 120 . . .
C (Mp)=-C (M) Cly (Myp)=-Cy (M) inside overlap region

For a model: 1712.01368
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Two Site Model: Elementary - Composite Mixing

Two site model

Elementary Sector Composite Sector
Geem = SU(3) x SU(2), x U(1)y GemP = U(1)x x SU(3) x SU(2). x SU(2)r
: fermions, Au: bosons O: fermions, pu: bosons

Elementary (¢, A,) - Composite (O, j,,) Mixing

Gelem « GEomP _y GSM7 with T\C(omp _ T)C(omp + Tgcomp

v (¥
o ) . @]
@ Vector sector
( Ay )_)( C?Sg —sin60 ) ( AM ) 7 cosf — g«
Pu sin cos Pu /gf +g3,

P, AZM — SM massless fields

8ol — Gelem’ g — Gomp

Elena Venturini The prospect of New Physics in b — clv decays

o Fermion sector
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SUE™_SU@)p SU@E UMY T ST T
0, 3 2 2 2/3 - 3 > L /6
0, 3 2 2 R VE R I o7
0. 3 1 [l DN n =7
% 8 1 L CYs G 2 i
o, 1 2 2 0 P I =

9, L 2 2 -1 n 1 1 0

0, 1 1 i —1

Sy
Il

S0 A 5 1% 5 Xs/3
on on ) o — . on —
( X SM) SM (D) > EX (X2/3

5 (on 6 5 v 5 X
0, = (08,08), 0%y = . 0B =
a ( SM EX) SM ( D ) EX ( X*4/3

. ~ N
Sx OQM) ’ OQM = ( B

O,
6u-(otuei). o=y ). o
(

Splet Uy, =
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Two Site Model: AF = 2 with 4 - Fermion Operator

Contribution to AF = 2: Exchange of heavy neutral
SU(3)7 SU(Z)L,R7 U(I)X vectors (p3u’ pi,RMa PXM)

: 2

LAF=2 = —const X ( VdTSAquAq VLd]l. v by L)
Mf lg*3 +1g*2 +4g*x

2g2 \3 M2,  2M2, " 9 M2,

Upper bounds on K — K, By — Bg and B — Bs mixings

const =

. 1073, from K-K mixing, i.e., i =1,j =2 [1]
M* T V ’ r 1 r. .7 -
Hv{”g@vﬁ]'_‘ < MJTV) )1 5103, from By-By mixing, i.e., i =1,j = 3 [2]
I geveonst |4 %1073 | from Bs-Bs mixing, ie., i =2,j =3 [2]

[1]: JHEP 03 (2008) 049 (0707.0636), [2]: JHEP 03 (2014) 016 (1308.1851)

AF =2 & Rp(-) bounds

M. /TeV M.,/ TeV M, /TeV 2
1,1X1073‘V6d|w+4“0 3|V|M+|V‘>02<L)
g*\/COFI v/ const 8x
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