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@ So far no clear signal of NP has been found at the LHC
= unique opportunity for indirect searches (e.g. flavor physics).
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o A few cracks [~ 2 — 30] appeared recently in B meson decays
= Violation of Lepton Flavor Universality (LFU)?
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= unique opportunity for indirect searches (e.g. flavor physics).

o A few cracks [~ 2 — 30] appeared recently in B meson decays
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@ Is there a model of NP to explain these anomalies?

@ What additional experimental signatures should we expect?
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@ Is there a model of NP to explain these anomalies?

@ What additional experimental signatures should we expect?

In general, Rk # 1 < LFUV “=" Lepton Flavor Violation (LFV)
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LFU violation

(i) b— sputp™

@ FCNC process:

b W= b -
e A A YAYAYAY e t 12
K Avi +  w- +
—_— NN NN —— 1 Z H+
s w+ u+ S

@ Form-factors cancel out in the ratio = Extremely clean prediction.

_ B(BT = K*pp)
- B(Bt — KTee)

M1 00(1)
q2€(1,6) GeV?

Ry

[Bordone, Isidori, Pattori. 2016]
@ 2.40 deviation observed by LHCb:

REP = 0.74570 09 (stat) & 0.036(syst)
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Explaining Rx
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Explaining Ry

EFT approach
If the LFUV takes place at scales well above EWSB, then use OPE:

iG :
o === 5 Vo Vi | G0+ 3 (G0 + Clmo)
i=1 i=7,8,9,10,P,S,...

e QOperators relevant to b — s¢{ are

) = (37, Prr) b) (E4"8), O = (37 Prr) b) (Ev~°8),
OY = (5Prz)b)(20), O = (3Pr(1)b)(Fys0),

OY) = my (80, Pryb) F*

(" a0

@ To explain Rix < 1, one needs effective coefficients Cy”’, Cy .

Compatible with results from global analyses: [e.g., Descotes-Genon et al. 2015]
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EFT approach
If the LFUV takes place at scales well above EWSB, then use OPE:

iG :
o === 5 Vo Vi | G0+ 3 (G0 + Clmo)
i=1 i=7,8,9,10,P,S,...

e Operators relevant to b — séf are
) = (57 Pr(r) b) (E4*0), 053 = (37uPrim b) Ev*7°8),
0F) = (5Pp(r)b)(20), 0P = (5Pr(1yb)(r50),
O = (50, Py b) F*

(" a0

@ To explain Rix < 1, one needs effective coefficients Cy”’, Cy .

Compatible with results from global analyses: [e.g., Descotes-Genon et al. 2015]

Are there specific models capable of generating 09(,/{0 to explain Rg?
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Explaining Ry

Specific Models

Representative (tree-level) models:

Z' models Leptoquark models
M—
|
AN
|
AN
Buras et al., Altmannshofer et al., Hiller et al., Becirevic et al.,

Crivellin et al., Celis et al. ... Gripaios et al. ...
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Specific Models

Representative (tree-level) models:

Z' models Leptoquark models
M—
|
AN
|
AN
Buras et al., Altmannshofer et al., Hiller et al., Becirevic et al.,

Crivellin et al., Celis et al. ... Gripaios et al. ...

@ Vector leptoquarks models also plausible, but non-renormalizable

[problematic, how to compute loops? By — B, constraint?]
Barbieri et al., Fajfer et al.

@ Interesting feature: LFV is in general expected .
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Explaining Ry : Illustration

Scalar Leptoquark Models

Analysis of the separate modes: data prefer to decrease B(BT — KT pupu).

= Let us focus on NP with couplings only to muons
[although couplings to electrons are also possible, cf. Hiller, Schmaltz 2014 ]
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Scalar Leptoquark Models

Analysis of the separate modes: data prefer to decrease B(BT — KT pupu).

= Let us focus on NP with couplings only to muons
[although couplings to electrons are also possible, cf. Hiller, Schmaltz 2014 ]

Representation under (SU(3)¢, SU(2)L)u(1)y: N.B. Q=Y + Ts.

® (3,3)1/3 and (3,1)4/3 = Proton destabilizes (= diquark couplings)
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Explaining Ry : Illustration

Scalar Leptoquark Models

Analysis of the separate modes: data prefer to decrease B(BT — KT pupu).

= Let us focus on NP with couplings only to muons
[although couplings to electrons are also possible, cf. Hiller, Schmaltz 2014 ]

Representation under (SU(3)¢, SU(2)L)u(1)y: N.B. Q=Y + Ts.

® (3,3)1/3 and (3,1)4/3 = Proton destabilizes (= diquark couplings)

e (3,2)7/6: Increases B — Kputp~ (Co)up = (Cr0) e QAT/Otp
0( (3,2)1/6: Decreases B — Kpu'tp~ (C§)pp = —(Clo) LAW/6) dr ]
[Kosnik, 2012]
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Explaining Ry : Illustration

Scalar Leptoquark Models

Analysis of the separate modes: data prefer to decrease B(BT — KT pupu).

= Let us focus on NP with couplings only to muons
[although couplings to electrons are also possible, cf. Hiller, Schmaltz 2014 ]

Representation under (SU(3)¢, SU(2)L)u(1)y: N.B. Q=Y + Ts.

® (3,3)1/3 and (3,1)4/3 = Proton destabilizes (= diquark couplings)

e (3,2)7/6: Increases B — Kputp~ (Co)up = (Cr0) e QAT/Otp
0( (3,2)1/6: Decreases B — Kpu'tp~ (C§)pp = —(Clo) LAW/6) dr ]
[Kosnik, 2012]

Interesting: SU(5) unification can be achieved via two LQs (3,2); /6 in 10
multiplets with ma, < 16 TeV = Back-up!
[P. Cox, A. Kusenko, OS, T. T. Yanagida, 1612.03923]
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Explaining Ry : Illustration

Scalar Leptoquark (3,2)1/6 [Becirevic et al. 2015]

1st step: Wilson coefficients fit.

ClO— -Cy
1.5 :
B(BS - M+M—) and B(B+ — K+Mﬂ)high q2 B(B — Kll W )hlghq2
1.0 m|
= (C]))up = —(C4) . € (0.19,0.52) N
= R = 0.88(8). g
E
_ -0.5
Oy = (57, Prb)("0) ol
Olo = (37, Prb) ((y"50) \

-20 -15 -10 -05 00 05 10

Re Cy
“Model independent” prediction: Rg~ = 1.11(8)

[RH quark currents imply Ry« > 1]
[Hiller, Schmaltz 2014]
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Explaining Ry : Illustration

Scalar Leptoquark (3,2); /¢

2nd step: Model dependent interpretation.

0 o 0
Ly = Y@LK“/@ dr; + h.c. Y= o Yus Yo
" 0
Ys Y,ub
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Explaining Ry : Illustration

Scalar Leptoquark (3,2); /¢

2nd step: Model dependent interpretation.

Ly = Yijf/iﬁ(l/ﬁ) dr; + h.c.

Y. Y

ub

I /
Cy = —Cp D)
A

How can we probe the couplings to 7's?

e 7 — u¢ is an useful constraint
e LFV in B, decays!
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LFV in b — surt

Scalar Leptoquark (3,2);,6  [D. Becirevic, N. Kosnik, OS, R. Zukanovich. 1608.07583.]

Maximally allowed value lies just below the BaBar

limit: B(BT — Ktpur) <4.8x107° [90% CL.]. 0 0 0
Can LHCb do better ? yv=| 0 ¥Yusu Yo
Even weak limits on B — K u7 can be useful to 0Yey Yop

constraint Y s, Y, and B — Kvv (Belle-2).

B(B-Kur)
B(B-Kur)

108 :
7 1090 Allowed :
0—10'_ - - - - - - 10710 | E
107 107 10°® 1077 10°° 107> 10°* 0 1 2 3 4 5
B(B;—717) B(B—K»v)/B(B»>Kyv)™M
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o Important: New experimental limits on one channel can set stringent
constraints on the others:

CV=—CW 40 = B(B,— l1ts) < B(B — Kl1ly) < B(B — K*(105)

B(B — K*ur)

B(B — Kur)
B(B — Kur)

~ 1. —_—
8 B(Bs — pt)

=~ 0.8.

b

o Take-home message: even not so stringent experimental limits on
exclusive B LFV decay modes can be useful to constrain models.
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Brief discussion of LFUV in b — c7v
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LFU violation

(i) b — cT0

@ Tree-level process in the SM:

B(B — DWrp)

R *) — 5 EZ s e
PY T B(B — DMIp) s

E
@ Non-perturbative QCD <= form-factors (Lattice QCD)

e.g. for B — D, (D]evy,b|B) o fo.+(¢%)

@ Situation less clear for B — D* = (more FFs, less LQCD results)

[One form factor is unknown from LQCD (error associated?)]
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12 /17



LFU violation

(ii) b = cTD
BaBar had BaBar had. tag
aBar had. tag 0.3340.02£0.02 e
R
0.44 £0.06 % 0.04
Belle had. tag
Belle had. tag 0.29£0.04£0.01
038 £0.06%0.03 | LHCb
0.34£0.03£0.03 T
A
verage Belle sl.tag
0.403 £0.040 £0.024 L T | 0.30%0.03£0.01 —
FNAL/MILC (2015) B:‘llc (hadronic tau)
+ 5+
., 0.270+0.035 £0.02
Average
HPQCD (2015) 0310£0.015 +0.008 T
0.300 £:0.008 S Fajfer et al. (2012)
0.252£0.003 ’
HFAG HFAG
L 1 L I | I ! iy v
0.2 0.4 0.2 0.3 0.4
R(D) R(D*)

@ 3.90 combined deviation from the SM [theory error under control?]

@ 2.2¢ deviation if only Rp is considered.
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NP and LF(U)V in B Decays
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Theory Challenge

Simultaneously explain Rx and R.):

SU(2), triplet of vector bosons with couplings mostly to the 3rd
generation — slight tension with direct searches. [Greljo et al., 1506.01705]

Vector LQ models — nonrenormalizable (UV completion unknown).
[Barbieri et al., 1512.01560] @ [Fajfer et al., 1511.06024]

SLQ singlet state (3,1)_;/3 — explains Ry at tree-level and Ry
through loops — plausible mechanism? [Neubert and Bauer, 1511.01900]

= Challenged in [Becirevic, Kosnik, OS, Zukanovich. 1608.07583] = Back-up!

Another model pOSSib|e [Becirevic, Fajfer, Kosnik, OS. 1608.08501]
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A new model for Rx and Rp

D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08051

We can also explain Rp if a new ingredient is added to the model
Al/6 = (3, 2)1/6: three light RH neutrinos vp.

Ly = Yiﬁj’i&(l/ﬁ) de + Yé{ QiA(l/ﬁ)VRj + h.c.
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A new model for Rx and Rp

D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08051

We can also explain Rp if a new ingredient is added to the model
Al/6 = (3, 2)1/6: three light RH neutrinos vp.

Ly = Yifj’ig(l/ﬁ) de + Yé{ QiA(l/ﬁ)VRj + h.c.

b\\//ﬂ_ b\\/ T
|
|
ut

A A
|

8//\\ c//\\ﬂe
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A new model for Rx and Rp

D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08051

We can also explain Rp if a new ingredient is added to the model
Al/6 = (3, 2)1/6: three light RH neutrinos vp.

Ly = Yifj’ig(l/ﬁ) de + Yé{ QiA(l/ﬁ)VRj + h.c.

Yoy

A A

| |

Forb— ctv = |M(B — DWw)|? = | Msm|? + [Mnp|?.

Naturally generates RNE. > RD(*) if [Yh| 2 |VE

D(*
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A new model for Rx and Rp

D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08051

Several distinctive predictions wrt the SM:

[107° < B(B = Kur) <1077

0.35

R 15 1075 1075 107!
R =B(B.~»1v)/B(B,»1v)* B(B—Kur)

e Enhancement of B(B, — 77) wrt B(B. — m0)M = 2.21(12)%.
o R, =B(B.—n.rv)/B(B. — n.tv) can be 20% larger than R,S]i\/[
e Upper and lower bounds on the LFV rates.
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Conclusions and Perspectives
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Conclusions and Perspectives

e Interesting hints of LFU violation in R and R — Use the
experimental data to do physics!

@ Important cross-checks: Rg+ and Ry [theoretically clean].

e LFV is expected in most models aiming to explain R:" < 1. We give
predictions in models with SLQ (~ 10~°) and generic Z’ (~ 1077).

° R%P < R% and RN( o > RD(*) can be simultaneously explained in
minimal SLQ model with light RH neutrinos

= Model can be tested at LHC(b) and Belle-II.

Thank you!
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Back-up
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LQ Direct Searches: A — 7b

19.7 b (8 TeV)

) 12.9 b (13 TeV)

a E @
= CMS 1 I J
1 r CMS |1703.03995 K
Cos
=
Q0.7

LQ - 1

I Expected

—-Observed

LQ - tv,

EPJC 73(2013)2677

Xpected
— Observed

[JObserved exclusion

0'2__ ---Median expected limit
R 68% expected limit
[o] TS TN FEEEE PR PR FEEEE PR R
800 1000 200 300 400 500 600 700 800 900 1000
M, (GeV) M,q [GeV]
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NP fit of b — su™p~

B(Bs — pu) and B(BY — KT puu)

Olcyr Sumensari (LPT - Orsay)

[Becirevic et al. 1503.09024]

NP and LF(U)V in B Decays

high ¢2 VS RK
Clo - _C? Cst = -CT model: Ry =0.88:0.08
15" E [oc]
1.0 Lol
0.5 Lo
.2 sl 0'5'\‘ .
S 00 %) VoL
g = [
= —_— 0.0 . '\ .\
-0.5 Vo
-10° -osb] N
-1.5% : 100~ o ‘
220 15 -10 ~0.5 0.0 05 1.0 -0.5 0.0 0.5 1.0
Re (i, Re C,




71"[}2 st Yb*el

e _ el
C Clo/ -

2
2Xt06m MR

dr i N|?
(B > Kvo) = e )P o i )
smpz, (Y- VT)o(V YTy | 2Re[CEM(Y - V)]
* {3|CL "+ 16N2m} * ANmZ ’
Gr Vi Vi

where N = and CPM = —6.38(6).

Ver
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Explaining Ry : Another Possibility

Z' Models

Z' bosons are usually associated with a new Abelian symetry U(1)'.
A few examples:

e Gauged L, — L; symmetry [Crivellin, D'Ambrosio, Heeck, 1501.00993]
e Gauged B — L charges [Crivellin, D'Ambrosio, Heeck, 1503.03477]

Here, we will consider a bottom-up approach:

= 7' couplings are only fixed by data.
Ly D geI;EjEMPLejZ,; + gL sy PLbZ), + (L — R)

Assumptions: gauge invariance (e.g., ggLM] = QVL,-,W) and no couplings to
electrons.
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LFV in b — surt

Z' Models

[D. Becirevic, R. Zukanovich, OS. 1602.0081]

e Scenario |: gS[;), glf# #0 (Co)pp = —(Cro) pp < gSLb gﬁu
e Scenario II: gf%, glfu #0 (COpp = —(Clo)pp x g5 ngu

Ly D iy bV Pty 2, + ghs7" PLbZ) + (L — R)
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LFV in b — surt

7' Models [D. Becirevic, R. Zukanovich, OS. 1602.0081]

e Tree-level processes = Predictions independent on my:.

e Couplings to leptons and quarks can be constrained separately.
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LFV in b — surt

Z' Models

[D. Becirevic, R. Zukanovich, OS. 1602.0081]

Maximal branching ratios = Possibly within reach of LHCb and Belle-2.

Scenario I (LH) II'(RH)

B(B— Kur) < 1.6x107% 93 x 1078

B(B— Kur) < 09x107% 52x1078

B(Bs — pr) < 08x107% 4.6 x 1078

Scenario | Scenario Il
& 1 & 1
5 5 1.
E E
o 0.1 \\\ o 0.1 A\
8 AN g
o YO o
2 on x \ 2 oo
5 \ E -
5} __ 5} Tt
§ 0.001] ==___7 8 o001 R T
[a1] -3 om !
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Cyo* Cyo™
NB. Crivellin et. al. [1504.07928] obtain larger rates due to inconsistent
treatment of g4 and ¢%.
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On (in)viability

November 9, 2015
One Leptoquark to Rule Them All:
A Minimal Explanation for Rp), Rx and (g — 2),

Martin Bauer® and Matthias Neubert?¢ 1511.01900

An interesting idea: to explain Rp at tree-level and Ry at loop-level.

Lpasm = AL [(V*gL)z'j?Pij — (91)5dE Prvj + (9r)ul Pri;

b § v @
: § m—gemmmemeae- "
&
: ¢ (s) v S
Rpe - b ——tesrezorees " Ry
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On (in)viability of SLQ (3,1)_1/3

Scan Results [D. Becirevic, N. Kosnik, OS, R. Zukanovich. 1608.07583]

e Large couplings to the muon (to get Rx) = push Rp to small values.

B(B—Duv) ~ 9

e Explanation of Rx = unacceptably large R%/e = B(B=Dev) ~

In conclusion, Ry cannot be explained by this model.
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Light Leptoquarks and SU(5) GUT

Can we embed the leptoquark (3,2);/¢ in a UV completion?

An old idea:
One pair of (3,2);/ and one additional Higgs doublet (1,2);/, at the EW

scale can lead to unification. [Murayama and Yanagida, 1992.]
Setup:
- ‘ Gsm ‘ U(D)rq

5p (3, D13 @ (1,2)_1)2 +1

10F (3,2)1/6 © (3,1) 23 @ (1, 1)1 +1

5A (1,2)1/2@ -2

5A (1,2)_1/2 D... —2

(2)() 10a (3,2)1/6@... -2
24 A

+ desert assumption (only the LQs and the new Higgs are light).
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[A. Kusenko, P. Cox, OS, T. T. Yanagida. 1612.03923]

e Agur can be raised by a splitting of 24A: mgs = mg = mg < Agur

1015 1015 ;
Agur < 5x10% GeV
1013 2\ 510 GeV < Agyr = 100 GeV 1013 80
; Agur > 106 Gev —
= o 3 10"
S )
éo éo 10°
T & 107
Il o 10
< N
10°
10 ) L 10 '
104 o0 106 105 10°
my, [GeV] s, [GeV]

The unification of gauge couplings gives a strong constraint on the
lightest LQ mass ma, < 16 TeV.
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Can we consistently predict Rp- in any NP scenario?

Conditions to fulfill:

e Absence of couplings to electrons and muons,
OR

o (V—A)x (V —A) effective operator = overall modification of R.).

j[V(qQ) and Aj5(g?) can be extracted from B — D*{v (¢ = e, ) data. ]

Caveat: Ag(q?) cannot be extracted from data (HQET)

= induces unknown systematic uncertainties — LQCD might help!

Olcyr Sumensari (LPT - Orsay) NP and LF(U)V in B Decays 17 /17



Impact of bb — 77 Searches [A. Faroughy et al. 1609.07138]

Perfect agreement as of now — only | Y27| couplings is constrained:

LA D _8RYL£LA2/3

[ ATLAS r: 13 TeV, 3.2 fo- !
b ATLAS 17 8 TeV, 19.5fb~"

L

"
S = N W A N

13 TeV, 300 fo~"

e
[

1.0 1.5 2.0
MA (TGV)

NB. Perturbativity condition | Y;| < 4.
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Impact of bb — 77 Searches [A. Faroughy et al. 1609.07138]

If one also imposes I'a/ma < 1:

0.36

T ATLAS 12 13 Tov. 32 o1
0.35 6F ATLAS 17: 8 TeV, 195"
5 E
0.34
Q Allowed =4
033 =5l
0.32 o F 13 TeV, 300 fb™!
0.31 1t 1 71
0
0 2 4 6 8 05 10 15 20
|Y,.*7] My (TeV)

= We can accommodate R} at the 1.50.

NB. LQCD prediction R3M = 0.286(12) = 14% increase due to NP.
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