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Motivation

o A few cracks [~ 2 — 30] appeared recently in B-meson decays:

B(B — DWrp)
Rpey = & RP > RM
DT B(B = DOUD) 4oy D) ~ D)
B(B = K®up) SM
R = & RSP < RV,
G B(B — K®ee) Peli ] K () K )

= Violation of Lepton Flavor Universality (LFU)?

This talk: (i) General considerations on leptoquark models
(ii) A viable GUT-inspired model for R and Ry ().
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Why leptoquarks?
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Is there a model of New Physics to explain these anomalies?

In general: difficult task (many constraints from flavor, LEP, LHC...).
see talks by Baker, Cline, Cox, Crivellin, D'Ambrosio, Faroughy
Greljo, Gripaios, Isidori, Jung, Kosnik, Ligeti, Marzocca
Soni, Shih, Watanabe, Ziegler
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= Scalar and vector leptoquarks (LQ) are the best candidates so far:

o1 — 3u, T — pvv and AF = 2 observables are loop-suppressed.

see also [Feruglio et al. '16, '17]
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o LHC constraints can be (partially) avoided for 3rd gen LQs.

see talks by Buttazzo and Greljo

NB. Conclusion mostly driven by Rp). see e.g. [Buttazzo et al. '17]
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Which leptoquark?
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Which leptoquark?

What is the scale of New Physics?

o Rexp) > RD< ) = ANP S 3 TeV [perturbative couplings]

o R?(Ii RK( ) = ANP S 30 TeV see also [Di Luzio et al. '17]

[ R, will be the main guideline of my dlscussmn]
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Effective theory for b — cTv NB. w/o vg

Lot = —2V2GFr Ve [(1 + 9v,) (€Lvubr) Ly ve) + gvy (ervubr) (Coy"ve)

+ g5, (eLbr)(CrvL) + g5, (¢rbL)(CrvL) + g7 (CROLDL) (LR VL) | + hec.
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Effective theory for b — cTv NB. w/o vg

Leg = —2V2Gp Ve [(1 + 9v,) (b)) (L ve) + gvy (CrYubr) (L v L)

+ 95, (¢Lbr)(Crve) + gs, (¢rbr)(CrvL) + g7 (RO L) (CRT* VL) | + huc.

Few viable solutions to Rp.): see also talks by Crivellin, Ligeti and Watanabe
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[Angelescu, Becirevic, Faroughy, OS. 1808.08179], see also [Freytsis '15]

= e.g. gv, € (0.09,0.13), but not only! gs, and g7 are also viable
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Leptoquarks for Ry

NB. w/o vg

Model | gl (u=ma) | Rpe |
S1=(3,1,1/3) | gv,. g5, = —4gr v
Ry = (3,2,7/6) 9s, =4gr v
Sy = (3,3,1/3) v, X
Ur =(3,1,2/3) 9V 98k v
Us = (3,3,2/3) 9v, X

Viable models for Rp: [Angelescu, Becirevic, Faroughy, OS. 1808.08179]

o Ui (9v.) 51 (9v, and gs, = —4 gr), and Ry (g5, = 497 € C)
e Some models are excluded by other flavor constraints: B — Kvv, Amg, ...

e Possibility to distinguish them by using other b — ¢/ observables!
see talk by Watanabe
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Leptoquarks for Ry and Ry« More in talks by Di Luzio, Kosnik and Watanabe

| Model | Rpe | Rier || Rper & Ry
S =(3,1,1/3) | v X x*
Ro=(3,2,7/6) | v x* X
Sy =(3,3,1/3) | x v X
Ui=(3,1,2/3) | v v v
Us = (3,3,2/3) | X v X

[Angelescu, Becirevic, Faroughy, OS. 1808.08179]
see also [Barbieri et al. '15, Buttazzo et al. '17]

e Building a model that can solve all anomalies is a very challenging task!

e Only U can do it, but UV completion needed (more parameters).
= Possible in Pati-Salam models: [Di Luzio et al. '17, Bordone et al. '17.. ]

e Two scalar LQs can also do the job (no extra parameters):
= 51 and S3 [Crivellin et al. '17, Marzocca. '18], Ro and S3 [Becirevic et al. '18].
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A viable GUT-inspired model for ) and R

[Becirevic, Dorsner, Fajfer, Faroughy, Kosnik, OS. 1806.05689]
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Two scalar leptoquarks Becirevic, Dorsner, Fajfer, Faroughy, Kosnik, OS. 1806.05689

e Prefer scalar to vector LQ to remain minimalistic in terms of new parameters
and to be able to compute loops (VLQ — need UV completion)

e One scalar LQ alone cannot accommodate all B-physics anomalies without
getting into trouble with other flavor observables.
[Angelescu, Becirevic, Faroughy and OS. 1808.08179]
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e In flavor basis
LD y,’% QiijRg + y}f ’I]RiLjé; + yij QiCiTg(TkSZ)]f)Lj + h.c.
RQ = (3a 27 7/6)' S3 = (3737 1/3)
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Two scalar leptoquarks Becirevic, Dorsner, Fajfer, Faroughy, Kosnik, OS. 1806.05689

e Prefer scalar to vector LQ to remain minimalistic in terms of new parameters
and to be able to compute loops (VLQ — need UV completion)

e One scalar LQ alone cannot accommodate all B-physics anomalies without
getting into trouble with other flavor observables.
[Angelescu, Becirevic, Faroughy and OS. 1808.08179]

e In flavor basis
LD y,’% QiijRg + y}f ’I]RiLjé; + yij QiCiTg(TkSZ)]f)Lj + h.c.
RQ = (3a 27 7/6)' S3 = (37 37 1/3)
e In mass-eigenstates basis
L > (Vexkm yr BL)Y @), R]R(5/3> + (yr EL)Y dpl R
+ (Ur yr Upnins)? UR'LVLJR(2/3) (Uryr)” aRi LjRS)/g)
= (y Upnins) " 40, 8577 = V2 a0, 8

+ V2(Vérary Upnins )y B4 v, S5 — (Véku Y)y U 5351/3) +h.c.
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Ry = (3,2,7/6), S5 = (3,3,1/3)

£ 5 (Vors yn B .80, B + (g B b5, R
+ (Un yr Upnins)? piv/s; RS® — (Un yr)? ity RS

— (y Upnins)” diSvi; S8 — /247 4150, 5547
* \[( Vérar y Upnins)i uLl VLJS( N — (Vekm )i uLz KLJ 5(1/3) +h.c.

and assume

YR=Yp Y= —UrL

00 O 0 0 0 1 0 0
yrEf =0 0 0 |, Uryr=[0 uf* v |, Ur=[0 cosé —sind
0 0 y}{ 0 o0 0 0 sinf cosf

[Parameters: MRy, My, Y5, v, ys™ and 9]
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Effective Lagrangian at 1 =~ mpq:

[ ] b—> CTV: NB. ANp/ngﬁlTeV

cT b7 %
C T 1. = nz
x % (cRbL)(TRVL)+i(cngbL)(TRU; )| + ..

mR2

o b — suu: NB. Anxp/gnp = 30 TeV

B A —
o sin 2 (50 L)(NL’Y;LNL)
S3

e Amp,:

cp2 er)272
S (7 i U B
mSS

= Suppression mechanism of b — sup wrt b — c¢7v for small sin 26.

= Phenomenology suggests 6 ~ 7/2 and y% complex
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Other notable constraints...

o RX P —9488(10) x 107° [PDG], RE SM = 2.477(1) x 107 [Cirigliano 2007]

e/n e/n
RE (K~ — e D)
T T(K- = p)

RP P = 0.995(45) [Belle 2017], R?] P = 1.04(5) [Belle 2016]

n/e n/e

o _ D(B— DY ui)
w'e ~ T(B — D®en)

B(T — pg) < 8.4 x 1078 [PDG]

Loops: B(T — wy) < 4.4 x 1078 [PDG]

Loops: Amp® =17.7(2) ps~" [PDG], Amp) = (19.0 £2.4) ps~" [FLAG 2016]
Loops: Z — up, Z — 77, Z = vv [PDG|

T T I3 H
IV~ 0.959(29), 4 =1.0019(15) L =0961(61), 4 =1.0001(13)

9v 9ga 9v 9a

NE*P = 2.9840(82)
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Results and predictions: NB. g5, =497

mp, = 0.8 TeV, mg, =2.0 TeV, |0] ~ nr/2

Im [gS/.]

1 ' ' B 1 1 ' 1 ' ' 1 |

1 ' ' '
-0.4 -0.2 0. 0.2 0.4
Re(gs, ]

For Regs,] = 0 we get Im(gs, ]| = 0.507013{ 53]
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Direct searches (projections to 100 fb™!)
mg, = 0.8 TeV, ms, = 2.0 TeV, |0] ~ /2

Im[gs, |

—04  —02 0. 02 04
Re[gs,]

SU(5) SLQs
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Several distinctive predictions wrt the SM:

10

e

B(B-KuFt*)x107
o~

Belle excl.

0 \ \ T A \ 3
1.0 15 20 25 30 35 40

R)=B(B— K" vv)/B(B—KWyy)SM
e Enhancement of B(B — Kvv) by 2 50% wrt to the SM [Belle-11]

e Upper and lower bounds on the LFV rates: B(B — Kut) 22 x 1077
NB. B(B — K*ur)/B(B — Kur) ~ 1.8, B(B — Kut)/B(Bs — pt) ~ 1.25
[Becirevic, OS, Zukanovich. 1602.00881]

see also [Guadagnoli et al. '15]
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[IntermeZZO] [Angelescu, Becirevic, Faroughy and OS. 1808.08179]
e B(B — K™ ur) can confirm/refute other solutions of the B-anomalies too!

e For the U; model: pp — #¢ constraints set a model independent lower
bound B(B — Kpurt) 2 few x 1077 (to be improved with more data!)

107
10 5 F BaBar

§106

CQ 10-7’

q 14

300 fb~!
Uy

B(

10- 8?
£ m,‘:]AS TeV
10796

sl v ol e ol PRI (AT
1017 10715 10-13 10-11 10- 1077
B(r-ud)

e Even larger predictions found in a UV-complete model! [Bordone et al. '18].

see also [Guadagnoli et al. '15,'18]

e BaBar: B(B — Ku*7F) < 4.8 x 107° (90%CL). Can LHCb do better?
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Simple and viable SU(5) GUT

e Choice of Yukawas was biased by SU(5) GUT aspirations
e Scalars: Ry € 45,50, S3 € 45. SM matter fields in 5; and 10;

e Available operators

10,545 : yffjﬂfQR“s“bLj’b Y3 QO cab(rhgkybe e
10,10,50: yy7 eRRS*

e While breaking SU(5) down to SM the two Rs's mix — one can be light and
the other (very) heavy. Thus our initial Lagrangian!

o Operators 10;10;45 forbidden to prevent proton decay

e The Yukawas determined from flavor physics observables at low energy
remain perturbative (< v/4m) up to the GUT scale, using one-loop running
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167 2dlogyR

|2 y2
dlog u

9 + ...

=y PP+ 1yi)* + Iy

ms, =2 TeV, mg, = 0.8 TeV

0.2

0.0
00 0.2 04 0.6 0.8 1.0

(yL)CT

= Yukawas remain perturbative after 1-loop running to Agut !
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Summary and perspectives

o We propose a minimalistic model with two light scalar leptoquarks. Model
passes all constraints and satisfactorily accommodates B-physics anomalies.

Model is of V' — A structure for b — sé¢, but NOT for b — clv

o Our model is GUT inspired and allows for unification with only two light LQs.
Yukawas remain perturbative after 1-loop running to Agur
o Our model offers several predictions to be tested at Belle-1l and LHC(b).
eg,2x107" <B(B— Kur) $8x 1077
o Results of the direct LHC searches might soon become relevant too.
Opportunities for direct searches at LHC!
o Building a viable model which accommodates the B-physics anomalies and

remains consistent with all other measured flavor observables is difficult.
Data-driven model building!
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Thank you!

This project has received support from the European Union’s Horizon 2020 research and

innovation programme under the Marie Sklodowska-Curie grant agreement N° 674896.
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Back-up
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(i) Rpey = B(B — DWr)/B(B — D®{iv)

Exper| ment More intro in talk by Koppenburg
5 05F " BaBar, PRL100,101802(2012) | 5 T =
=) ' ——— Belle, PRD92,072014(2015) A= 1.0 contours E
a4 E LHCb, PRL115,111803(2015) . ]

0.45[- — Belle, PRDI4,072007(2016) w— Average of SM predictions 4
“PF —— Belle, PRL118,211801(2017) R(D) = 0.299 + 0,003 B
F —— LHCb, PRL120,171802(2018) R(D*) = 0258+ 0.005 J

- O Average .
04F .
03sfF| ~ 4
03f ll [ ¢ b —
0.25F l L % ]
0'2'_| 1 PP | 1 ?(X.):.74%|_'

0.2 0.3 0.4 0.5 0.6

R(D)
e Rp: B-factories [~ 20]

e Rp-: B-factories and LHCb [< 30]; dominated by BaBar

e LHCb confirmed tendency Rejﬁ) > RJ/w' i.e. B. — J /ity
= Needs confirmation from Belle-Il (and LHCb run-2)!
= Other LFUV ratios will be a useful cross-check (Rp,, Rp=, Ra, -..)
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(i) RD(*) = B(B — D TI/)/B(B — D fl/)
Theory (tree-level in SM) See talk by Ligeti

e Rp: lattice QCD at ¢2 # ¢2,, (w > 1) available for both vector and

scalar form factors [MILC 2015, HPQCD 2015]
— A m m% — m%) I 2 m m% — m%) 2
(D(k)[er"b|B(p)) = |(p + k)" — g ¢ f+(a") +4q Tfo(q )

with f1(0) = fo(0).

e Rp-: lattice QCD at ¢? # g2, not available, scalar form factor
[A0(g?)] never computed on the lattice

Use decay angular distributions measured at B-factories to fit the leading form
factor [A1(q”)] and extract two others as ratios wrt Ay1(q”). All other ratios from
HQET (NLO in 1/mc) [Bernlochner et al 2017] but with more generous error
bars (truncation errors?) see also [Bigi et al. '17]
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(i) Rgoy = B(B — K®puu)/B(B — K®ee)

Experiment [% 40’] More intro in talk by Jager, Koppenburg
1.2 e 120
1.0 1.0f==ms
0.8} I 038 I
T *
o 0.6} o5 06 : 1
0.4} SM 04 SM
02} LHCb 0.2 LHCb
0.0 0.0
o 1 2 3 4 5 6 o 1 2 3 4 5 6
2 2 2 2
q° [GeV] g~ [GeV7]
= Needs confirmation from Belle-!
Theory (loop induced in SM)
e Hadronic uncertainties cancel to a large extent [Hiller et al. '03]
= Clean observables! [working below the narrow c¢ resonances|
e QED corrections important, Ry ) = 1.00(1) [Bordone et al. '16]
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BaBar had. tag
BaBar had. tag 0.332 + 0.024 + 0.018 —_—
———
0.440 + 0,058 + 0.042 Belle had. tag
0.293+0.038 + 0.015
Belle had. tag
. Belled.tag
0.375+0.064 + 0.026 0.302 £ 0.030 + 0.011 —
Average Belle (hadronic tau)
0.270 + 0.035 + 0.027
0.407 £ 0.039 + 0.024 1
LHCb
- L
FNAL/MILC (2015) 0.336 + 0.027 + 0.030
0.209 + 0.011 = LHCb (hadronic tau)
D 0.285 + 0.019 + 0.029
HPQCD (2015) Average
0,300 + 0008 - 0.304  0.013 + 0.007
S. Fajfer et al. (2012)
0.252 +0.003 ol
HFLAV HFLAV
L ‘ ‘ L L ‘ L L ‘ L L
0.2 04 0.6 0.2 0.3 0.4
R(D) R(D*)

e 3.90 combined deviation from the SM [theory error under control?]
e Discrepancy driven by oldest exp. results (BaBar and LHCb).
e Needs confirmation from Belle-1l (and LHCb run-2)!
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[Feruglio, Paradisi, OS. 1806.10155]

Rpe D® | ri2 . D 9 p® 9
v =1+ as 1951 +ap " |gpl” +ar 97|
D)
D) T D) T D) T
+ agy, Relgs] + apy, Relgp] + apy, Re[g7] ,
Decay mode ‘ a! aéWVL aM ag[VL a¥ a%,L ‘

B—D | 1.08(1) 1542) 0 0 0.83(5)  1.09(3)
B — D 0 0 0.0473(5) 0.14(2) 17.3(16) —5.1(4)
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Results — a few predictions

20f
12

=

“ 10

- .

£ 15

) 0.8

5 3

g 10 & 0.6

-~

=

T 0.4

q s

3

m 0.2 )

0= 90° 0=90
0.0
00 02 04 06 08 10 00 02 04 06 08 10
lgs*I=lgr] lgs”|

v OK with B(B. — 1v) < 30% [Alonso et al. '17], and < 10% [Akeroyd et al. "17]
v Ry > Rf%, increases <— new FF estimate QCDSR + latt
[Becirevic, Leljak,Melic, OS. '18]
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More exp. information is needed to distinguish among them!

i) Many angular observables (e.g., Ag,, polarization asymmetries)
First measurements:
o P.(D*)*® = —0.38 £ 0.517021
o Fr(D*)*® =0.60 + 0.08 £+ 0.03

ii) Other LFUV ratios:
(] RJ/'QZ” RDS, RD:, RAC. -

iii) Leptonic observables (via RGE effects)
o gy, = Corrections to Z — U, T — pvv

o gg, and g7 = Enhanced contributions to H — 77 and (g — 2),
9sy, g g
[Feruglio, Paradisi, OS. 1806.10155]
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Dekens et al. '18

—_ Rp
- Rp-

—_ dug {
2 -~ duglgg20) |
- ddgs=0) ||
e dy= 1- 10 em ]

s
E
S
=
-2 {
Y : ]
-0.4 -0.2 0.0 02 04

Re[gg, (my)]

Figure 11: Contours in the Re gg, (m)-Im gg, (my) plane. The Rp and R}, contours (at 90%
C.L.) are shown in green and blue, respectively. The current constraints from from the Hg EDM
is shown in red, while the dark-red band is a projection for a future neutron EDM measurement
assuming an order of magnitude improvement.
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