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Introduction The Standard Model

e Gauge sector of the SM entirely fixed by symmetry:
=- Only a handful of parameters.

= Theory renormalizable and verified at the loop level (oblique
parameters).

e Flavor sector loose:

= 13 free parameters (masses and quark mixing) — fixed by data.
Ly = —Ygifbe— Y, Q(I)dR— Y, Q(i)uR—f-h.C.

= These (many) parameters exhibit a hierarchical structure which
we do not understand.
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Origin of flavor? SM Flavor Problem

e Striking hierarchy [does not look accidental...] = Flavor theory?

e Why three families? Why do quarks and leptons mix in different ways?

neutrinos de se pe
—_— u-e ce te
ee® ue te
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3 @ F) < (@) —
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“Who ordered that?”

To identify (broken) symmetries beyond those present in the SM is one
of the roles of flavor physics
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Indirect searches of New Physics

LHC at high-pr Flavor physics
: Rare K decays Z-pole g-2
EDMs
s | 4 N
="
LFV —)
¢—— CPVinB
) system
Charm = 2 ¥ g% =
physics - il i e BNV
i LFU tests CKM unitarity tests Rare B decays
Unique effort toward
the energy frontier CO”eCthe effort

Indirect searches are complementary to the direct searches at the LHC
and can probe energy scales that are not directly accessible at colliders
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How do we do it? The Standard Model as an EFT

The SM is an effective theory at low energies limit of a more fundamental
theory which is still unknown:

Lsn (renormalizable)

['eff = Egauge(Aa \I}) + »CHiggs(Aa \If, H) + Z

0

17 08 (AW, H),

This is the most general description
of new heavy degrees of freedom as
long as there is not enough energy to
produce them

SM -ﬁie‘o‘si b\-IP(H
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Why should | care? An example: B%-BY oscillation

DESY 87-029 Phys.Lett.B192 (1987)
April 1987

B'. B’ MIXING .
OBSERVATION OF GIM mechanism:
The ARGUS Collaboration

In summary, the combined evidence of the investigation of B® meson pairs, lepion pairs

0 _ [ r reys 2 2
and B° weson legton events an the Y(45) lends to the conclusion that 5°-B” mixing has M(BY — BY) E Vi Via I”J*bl”jd -F('mm~ muJ)

beea chserved and is substantial, i
i;arll\lﬂfrﬁ Comments
v 5 0,09 90%CL | This experiment
x> 0.44 This experiment
Bify = f, < 160 MeV B meson (= pion} decay constant
my, < 5GeV /! i b-quark mass
n < 14107 : B meson lifetime
|Vigl < 0.018 Kobayashi-Maskawa matrix element
a8 QCD correction factor [17]

;
@ 2 t quark mass
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[Grossman, Tanedo. TASI Lectures, "17]

The unbelievably heavy top quark. Carlos Wagner once wrote a paper_in the 80s that
assumed the top mass to be around 50 GeV, for which it wad promptly rejected by the journal
editor as being unreasonably heavy. When you put the 50 GeV top into the above calculation
yoTpredict thaf" B mang 15 very small. In the early 80s, flavor physicists found that B mixing
is, in fact, order one. The natural explanation was that the top was heavy, and indeed, flavor
measurements in 1981 suggested m; ~ 150 GeV. People didn’t believe this because it was so
ridiculously large. It wasn’t until much later that electroweak p[ecmon teﬂts pIedlClE‘d the
same value. Historically people often sav_that electroweak pr )
heavy_top. but it was in fact| BB mixing that was the first avatar of a heavy top -we just
weren't ready to believe it!
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Top-quark discovery

The top-quark discovery was

a combined effort of precision
physics (LEP) with seaches at
high-energies (Tevatron).
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LEP

& Tevatron
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Brief overview of the B-anomalies
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Motivation B-physics anomalies

Several discrepancies appeared recently in B-meson decays:

B(B — DW7p) e
Ry = & R Xp e
P T B(B — DOID) e (=) = D
B(B — K™ )
Ry = & RSP < RSM
K B(B — K®ee) K™ K
a2€[g2 ;0P ax]

= Violation of Lepton Flavor Universality (LFU)?

NB. LFU broken in the SM by Yukawas. Well tested property only for first
generations.
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(i) RD<*) = B(B — D TI/)/B(B — D 51/)

Experiment [~ 3.10]

o C ———— 7 .
<) [ @D HFLAV average Ay?=1.0 contours ]
~o04 .
E LHCb1S 3
C BaBarl2 ]
035 30 3
C LHCb18 ]
025 = * Bellelo Bellels 3
E Beilel7 7
02— =+ Average of SM predictions
- R(D) = 0.299 +0.003 - d
F R(D*) = 0.258 £0.005 b =21% ]
I T T Shor i
0.2 0.3 0.4 0.5
R(D)

e Rp and Rp+: [~ 20] and [~ 3¢]; dominated by BaBar.

e LHCb confirmed tendency Ri’;‘; > RJ/w' i.e. Be — J/yly,

= Needs clarification from Belle-1l & LHCb (run-2) data!
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(i) Rpey = B(B — DWr)/B(B — D®{iv)
Theory (tree-level in SM)

e Rp: lattice QCD at ¢2 # ¢2,, (w > 1) available for both leading
(vector) and subleading (scalar) form factors [MILC 2015, HPQCD 2015]

2 2 2 2
mp —m m
B D 1 f+(q2) B

(D(R)|er"blB(p)) = | (0 + )" = = qﬂ%fom%

with f1.(0) = fo(0).

e Rp-: lattice QCD at ¢? # g2, not available, scalar form factor
[40(¢?)] 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 Ay (q”). All other ratios from
HQET (NLO in 1/me.) [Bernlochner et al 2017] but with more generous error bars
(truncation errors?) [Preliminary LQCD results by Fermilab/MILC!]
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(i) Ry = B(B — K®puu)/B(B — K®ee)

Experiment [~ 40] (see R,k in back-up)
12 12
1.0f-----mmmmmmmm e oo 1.0f---m-mmmmmmmm oo oo
l L]
0.8} t . 0.8}
Cf & l
0.6} M = 0.6} I 1
0.4 0.4 SM
LHCb '19 LHCb '17
020 02
0o 1 2 3 4 5 6 0o 1 2 3 4 5 6
q* [GeV?] q* [GeV?]

= Needs confirmation from Belle-II!

Theory (IOOp induced in SM) [Kruger, Hiller. '03]
e Hadronic uncertainties cancel to a large extent.

= Clean observables! [working below the narrow c¢ resonances]

e QED corrections important, Ril\({) = 1.00(1). [Bordone et al. '16]
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Relevant questions:

e |s there a model of New Physics to explain these anomalies?

e Which additional experimental signatures should we expect?

Data-driven approach:

Data ——> EFT ——> Simplified model ——> UV completion
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Relevant questions:

e |s there a model of New Physics to explain these anomalies?

e Which additional experimental signatures should we expect?

Data-driven approach:

Data ——> EFT ——=> Simplified model UV completion

UUM
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EFT interpretations

[Angelescu, Becirevic, Faroughy, OS. '18]
[Feruglio, Paradisi, OS. '18]

Olcyr Sumensari (UZH) B-physics anomalies 12/32



What is the scale of New Physics? see e.g. [Di Luzio et al. '17]

o RP > RSM = Axp <3 TeV

D) D)
exp SM

(assuming perturbative couplings)

=
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i) Effective theory for b — ctv Rp & Rp-

Log = —2V2Gr Vo [(1 + 9v,) (€Lvubr) Ly ve) + gvy (ervubr) (Cry"vr)

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

General messages:

e SU(3). x SU(2)r x U(1)y gauge invariance:
= gy, is LFU at dimension 6 (W ¢rbr vertex).

= Four coefficients left: gv,, gs,, 95, and g7.

e Several viable solutions to R.: [Freytsis et al. 2015]

o e.g. gy, € (0.05,0.09), but not only!
[Angelescu, Becirevic, Faroughy, OS. 1808.08179]
see also [Murgui et al. '19, Shi et al. '19, Blanke et al. '19]
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Which Lorentz structure to pick? Rp & Rp-

Update of [Angelescu et al. '18]
100 /s ‘ ‘ ‘ .
500 :

g Viable solutions (at p ~ 1 TeV):
e\ N o = gv, and gs, = 4 gr

~1.0 -0.5 0.0 0.5 1.0
gi (mp)
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Which Lorentz structure to pick? Rp & Rp-

Update of [Angelescu et al. '18]

100/ ‘
00 g Viable solutions (at u & 1 TeV):
XSm
Lok N AR A = gy, and gs, = 4 gr
o SN/ NI Lo
< More exp. information is needed:
1h--8s €ixRe---H--g5 = -4 gr € Re--
0.5 = e.g. B— D*(Dm)tv
angular observables
0'1_1.() -0.5 0.0 0.5 1.0 [Becirevic et al. '19], [Murgui et al. '19]...
gi (mp)
X X
P - ;o Electroweak observables can also
A h " be a useful handle!
Oy, S--- Cs, _ ,
’ . o - [Ferugll.o.et al. '17]
ot o [Feruglio, Paradisi, OS. '18]
X X
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From EFT to concrete models

[Becirevic, OS. '17]
[Angelescu, Becirevic, Faroughy, OS. '18]
[Becirevic, Dorsner, Fajfer, Faroughy, Kosnik, OS. '18]

Olcyr Sumensari (UZH) B-physics anomalies



RSP > RSM ' require new bosons at the TeV scale:

D) D)
b l
b ‘ R
- :A
H :
c v ———
c v
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RSP > RSM ' require new bosons at the TeV scale:

D) D)
b l
b ‘ R
- :A
H :
c v ———
c v

Challenges for New Physics:

o Loop constraints: e.g. 7 — pvv, Z — L0 [Feruglio et al., '16]

o LHC direct and indirect bounds [Greljo et al. '15, Faroughy et al., '16]
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RSP > RSM ' require new bosons at the TeV scale:

D) D)
b l
b ‘ R
- :A
H :
c v ———
c v

Challenges for New Physics:

o Loop constraints: e.g. 7 — pvv, Z — L0 [Feruglio et al., '16]
o LHC direct and indirect bounds [Greljo et al. '15, Faroughy et al., '16]
In Summary:

e Minimal W’ models: tension with high-pr ditau constraints
e Charged Higgs solutions are in tension with 75, constraint [Alonso et al. '16]

e Scalar and vector leptoquarks (LQ) are the best candidates so far.
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Which LQ for RD(*)? NB. w/o vp

Model 9% (= ma) | Rpe)
S1=(3,1,1/3) | gv;. 95, = —4gr | ¥
R2:(37277/6) as;, :4gT v
83 = (37 3> 1/3) avy, X
U1 = (3, 1,2/3) 9gvi, 9Sp v
U3 = (37 37 2/3) qavy, X

[Angelescu, Becirevic, Faroughy, OS. '18]
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ii) Effective theory for b — s¢¢

6

Va Vi | > GwOiw) + Y ( Ci(W)O; + C; (M)Oé)]

\[ i=1 i=7,8,9,10,P,8,...

4
Hcff = GF

e Operators relevant to b — sff are

O = (57, Prryb) (E4"0) O = (579, Priyb) (Ey"4°0)
Ofg) = (5Pp(1)b)(€0) 0%) = (5Pg(1)b)({ys0)

Ogl) = mb(EJHVPR(L) b)F’L
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ii) Effective theory for b — s¢¢

6

Va Vi | > GwOiw) + Y ( Ci(W)O; + C; (M)Oé)]

\[ i=1 i=7,8,9,10,P,5,...

4
Hcff = GF

e Operators relevant to b — sff are

O = (57, Prryb) (E4"0) O = (579, Priyb) (Ey"4°0)
oY = = (5Pr(1)b)(£0) oY) = (5Pr(1)b)(£y5¢)

Og) = mb(SJW,PR(L)b)F#

e Dimension-6 tensor operators are not allowed by SU(2), x U(1)y
[Buchmuler, Wyler. '85]
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ii) Effective theory for b — s¢¢

6

Va Vi | > GwOiw) + Y ( Ci(W)O; + C; (M)Oé)]

\[ i=1 i=7,8,9,10,P,5,...

4
Hcff = GF

e Operators relevant to b — sff are

O = (57, Prryb) (E4"0) O = (579, Priyb) (Ey"4°0)
oY = = (5Pr(1)b)(£0) oY) = (5Pr(1)b)(£y5¢)

07 = mb(SJW,PR(L)b)F#

e Dimension-6 tensor operators are not allowed by SU(2), x U(1)y
[Buchmuler, Wyler. '85]

e (Pseudo)scalar operators are tightly constrained by

jor]

(Bs — pup)®™P = (2.940.5) x 107 [LHCb, '17], [CMS, Atlas. '18]

B(Bs — ,LL,LL)SM = (3.67£0.16) x 107° [De Bruyn et al. '12], [Bobeth et al. '13]
[Beneke et al. "19]
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A Iong jou rney... [LHCb-PAPER-2014-049]

) ﬁﬁﬁﬁﬁfTiﬁf’ﬁfﬁfﬁfﬁﬁ;ﬁﬁﬁfﬁﬁﬁﬁfﬁfﬁﬁfﬁﬁﬁ;ﬁ%ﬁﬁﬁfﬁfﬁﬁfﬁfﬁf
¥l

Limit (90% CL) or BF measurement

10°¢ % CLEO A Belle
*  ARGUS O BaBar -
NRANY B E LHCb SM: B
o * % CDF +4 Cms )
vV L3 ¢ ¢ ATLAS
A4 DO e e cMssLHeh | SM: B — p-

107"

1 L1 1 | | I -} I 1 L1 1 | 1 V] 1 I
1985 1990 1995 2000

To be improved at LHC(b) and Belle-II!
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Fit to clean quantities: B(Bs — pp) and Ry«

2.0

5C
1507

1.0r

0.5F

sChh

00f

-0.5¢r

-1.0

Ay
\

=-5C

\
\
10\
\

0Co :6C19/

-3

-1
SCLH

EFT for b — st/

o Only vector (axial) coefficients
can accommodate data.

e C§, disfavored by RZY < RFM.
e (U9 = — (g allowed — consistent

with a left-handed SU(2),
invariant operator!

see e.g. [Becirevic, OS. '16]

Interesting: Conclusion corroborated by global b — sé/ fit.
cf. e.g. [Aebischer et al. '19], [Arbey et al. '19], [Capdevilla et al. '19]...
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Which LQs for Ry and Ry?

[Angelescu, Becirevic, Faroughy, OS. '18]

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

e Only U; can do the job, but UV completion needed.
= Gps = SU(4) x SU(2) x SU(2)g contains Uy = (3,1,2/3)

= Viable O(TeV) models proposed: U 4+ Z’'+ g’ (more than one mediator!)
[Di Luzio et al. '17]

e Two scalar LQs are a legitimate option:
= 51 & 83 [Crivellin et al. 17, Marzocca. '18]

= Ro & S3 from SU(5) GUT [Becirevic et al. 0S. '18].
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UV completion: U; = (3,1,2/3)

Pati-salam unification: [Pati, Salam. '74]

o Gps = SU(4) x SU(2) x SU(2) g contains U; as gauge boson.
e Main difficulty: flavor universal = my, 2 100 TeV from FCNC.

~

Viable scenario for B-anomalies: [Di Luzio et al. '17]

(] SU(4) X SU(?)), X SU(Z)L X U(l)/ — Gsm = SU(?))C X SU(Q)L X U(l)y
e Flavor violation from (ad-hoc) mixing with vector-like fermions.

e Main feature: U1+7'+¢’ at the TeV scale.
Rich LHC pheno, cf. [Baker et al. '19], [Di Luzio et al. '18]

Step beyond: [PSP =[SU(4) x SU(2)p, x SU(Q)RF’ [Bordone et al. '17]
e Hierarchical LQ couplings fixed by symmetry breaking pattern.

e Explanation of fermion masses and mixing (flavor puzzle)!
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Closing the leptoquark window:
Uy =(3,1,2/3)

[Angelescu, Becirevic, Faroughy, OS. 1808.08179]
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Examp|e: Ul = (3, 1, 2/3) [Angelescu, Becirevic, Faroughy, OS. '18]

L= xz/j Qi’yu U{LLJ—FI;?} (;Zj{j/\y’/l Uf/'(fngj + h.c.,

o b — cTU:
‘rbT * Vx CcT
Leg D —M(EM“ br)(TLyuvL)
mUl
0 0 0
rp=| 0 z/" "
o b — supu:
s 0 xﬁ” Tl
S buy*
€T X
Lon > ) ) )

Uy

e Other observables: 7 — u¢p, B — 77, D(S) — uv, Ds — 10,
K — uv/K — ev, 7 — Kiand B — D® /B — D®ep.
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LHC constraints Uy = (3,1,2/3)

e LQ pair-production via QCD: [CMS-PAS-EXO-17-003]
9 . LQ
L7 [ my, 2 1.5 TeV]
g NS 7o) [assuming B(U1 — bT) ~ 0.5]
e Di-lepton tails at high-pT: [ATLAS. 1707.02424,1709.07242]
357 —wwor ‘ 3TV ATLAS, 36 b
q ’ ¢ 30, T
: 250 $8 = uu
I LQ
[
[
q s l
o , 00b e v
[Angelescu, Becirevic, Faroughy, OS. '18] 10 12 14 16 1.8 2.0 22 24
[see also Faroughy et al. '15] my, [TeV]
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Combining low and high-energy constraints v, = (3,2,1/3)

3:_ my,=1.5 TeV

2t R+ depends on:
E v? . Vs
B0 L > 9= g, (1) (st i)

oo R
_12— \‘\‘"35011»“,//
2t TR e Same couplings probed by pp — 77:
s 36 fb~! (blue) and 300 fb~! (red).
s S Zos o) os 1

X]"

= Upper limit on |z27| implies a nonzero lower limit on |27 !
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e Combination of flavor and high-pr sets upper and lower bounds on
LFV rates: B(B — Kut) > few x 1077

i .m[ i=1.5Tev. Belle
1010 17 10 15 10 13 IOI_“ lOI_9 10_7
B(r-ug)
e BaBar: B(B — Kut) < 4.8 x 1075, Can we do better?

e LHCb [NEW '19]: B(Bs — p1) < 4.2 x 1075.
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Large effects in b — sut are a common prediction of minimal solutions
to the B-anomalies:

BB-Kutt5) 1077

10} '

Olcyr Sumensari (UZH)

[Becirevic et al. "18]

gl 2 + 53

Belle excl.
1.0 1.5 20 25 3.0 35 40
R =B(B= K vy)/BIB— K “py)SM

B(BT — K™rTu™)

see also [Glashow et al. '14]

101

1077

1077

107"

B-physics anomalies

Excluded at 90% CL

pPs?

[Cornella et al. "19]

w0

_
<

107°

._.
1S
ES

_
=
i

1
107

T
B(t = pv)

- B(B, — 7 u")
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Large effects in b — sut are a common prediction of minimal solutions

to the B-anomalies: see also [Glashow et al. '14]
oy o . . 1
[Becirevic et al. "18] 011 p-2
-~ 8 RQ + S;_), Excluded at 90% CL
|
= [T Jit
— 6f © — *y
- & \ [
4 < [
o 4 o0k ‘) | dJwoE T
T .
= & ] 8
g 2 = /
) U S o Jwe
0 Belle excl. PS
10 15 20 25 30 35 40 ottt ot 107
. . - . . . . 10* 1 - I7 I7~ |
R =BB= K yv)/B(B= K )M 107 0 10
B(t = pv)

i) If purely (V — A) x (V — A): ii) If scalar operators are present:
B(Bs — p1) 0 B(B — K*ur) 18 B(Bs — pt) > 1
B(B— Kur) ' B(B— Kur) B(B = K™ ur)

[Becirevic, OS, Zukanovich. '16]
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LFV and h|gh—pT tails [Angelescu, Faroughy, OS. '20]

V§
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LFV and hlgh—pT tails [Angelescu, Faroughy, OS. '20]

V§

Recast of pp — u7 search: [ATLAS, 1807.06573]

Decay mode | Exp. limit | LHC (36 ') HL-LHC (3ab™) |

Bt - Ktru | 6.2x 1075 1.5 x 1073 2.4 x107*

T — pK* 7.7 %1078 3.4 x 1076 4.4 %1077
Bt watru | 9.4x107° 1.3 x 1074 1.1 x 1075
YT(38) = 7p | 40x1076 | 2.9x1078 3.4 x107°

NB. Left-handed operators
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uu

dd

55

cc

bb

uc

ds

db

sb

LHC and flavor limits (@95% CL)

LHC and flavor limits (@95% CL)

LHC and flavor limits (@95% CL)

Olcyr Sumensari

@ P

B-physics anomali

- LHC (£=36117") = LHC (£=36.1H7") ) _} ”_ =4 LHC (£=36.11")
pp — ep ¢ HLLHC (6=3 bty pp — €T — HLLHC (C=3 ab™") P : / B " HL-LHC (£=3 ab™")
p—t— - (x10) U ey (x10) L T S S —-—— )
f——t - (x10) dd (x10) dd — 4 - - 4 (x10)
=t 8§ p——t—m—- 8§ p—t——i-:
—— cc p——t——i CC fr————t -
] b p——t——————— bb
tH uc H— uc H—i
HH ds t—i ds H—i
HH db f=— db —
Quarkonium decays :
FCNC meson decays :
pt—t M 4 - e conv. (x10%) b f———————i $b ————
T decays
0 10 20 30 40 50 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
~vep 3 ~er 3 AT 3
Cq.q, x 10 Crm, x 10 Crm, x 10
vkl

:A‘//Lpﬁél)




Final remarks: LQs and (g — 2),

[Dorsner, Fajfer, OS. '19]
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Current status of (g — 2),
e Long-standing discrepancy [~ 3.70] in (g —2),:

ag™ = 116592089(63) x 10~

ap,™' = 116591810(43) x 107!

[Brookhaven, '06]
[Muon g — 2 Theory Initiative, '20]

= New results by Muon g — 2 at Fermilab coming soon!

= Ongoing work to understand the leading hadronic contributions (LQCD,
dispersive analyses, MuOnE...).
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Current status of (g — 2),
e Long-standing discrepancy [~ 3.70] in (g —2),:

ag™ = 116592089(63) x 10~

ap,™' = 116591810(43) x 107!

[Brookhaven, '06]
[Muon g — 2 Theory Initiative, '20]

= New results by Muon g — 2 at Fermilab coming soon!

= Ongoing work to understand the leading hadronic contributions (LQCD,
dispersive analyses, MuOnE...).

e New determination of « [Cs. '18] shows a [~ 2.40] discrepancy in (g — 2).:

a®P = 11596521807.3(2.8) x 10713
oM = 11596521816.1(2.3)5, (0.2)¢, x 10713

(with the opposite sign!)

= Work in progress to further reduce the error in (g — 2)%*P and Ja.
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(g — 2). no longer gives the best value of o !

Quantum Hall Effect-98 - al

He Fine Structure-10 |- s

h/m__, StanfU-02 |- —_——y 4
Cs
g-2, UWash-87 e ]
h/mRb’ LKB-11| ety
h/mRb’ LKB-11 =
g-2, HarvU-08 [ S——
g-2, HarvU-08 L] This Work | ——
-1.9 -1.4 -0.9 -0.4 0.1 0.6
h/mg,, This Work " (@™1/137.035999139 — 1) x 10°
1 L 1
-20 -10 0 10 20 30 40 50 60

(a~1/137.035999139 — 1) x 10°

[Parker et al. Science '18]
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Leptoquark solutions? see also [Lindner et al. '16], [Dorsner et al. '19]

e My
A2

e Aqgy (¢ = e, ) can be separately explained if Aay
ﬁ“f PH\PF v

Wﬁﬁz S / \\S

my 7 My \

lr 153 lr, lr ., Ir lr,

= LQs should couple to /1 ¢tz S and (gt S. [Cheung. '01]
= Two viable candidates: $; = (3,1,1/3) and Ry = (3,2,7/6).
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Leptoquark solutions? see also [Lindner et al. '16], [Dorsner et al. '19]

e My
A2

e Aqgy (¢ = e, ) can be separately explained if Aay

ﬁ 7 f‘ﬁw 7
r ; /N
W,z W,z S ¥ S S
my 7 My \
& »

lr 153 lr, lr ., Ir lr,

= LQs should couple to /1 ¢tz S and (gt S. [Cheung. '01]
= Two viable candidates: $; = (3,1,1/3) and Ry = (3,2,7/6).

e Explanation of both Aa. and Aa, would imply too large B(p — ev):

_ Aay,| |Aa,|
> 1 5 ‘ 123 €
Blu = e7) 2 510 <3 x 109> <9 x 1013>
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Leptoquark solutions? see also [Lindner et al. '16], [Dorsner et al. '19]

e My
A2

e Aqgy (¢ = e, ) can be separately explained if Aay

ﬁ 7 f‘ﬁw 7
r ; /N
W,z W,z S ¥ S S
my 7 My \
& »

lr 153 lr, lr ., Ir lr,

= LQs should couple to /1 ¢tz S and (gt S. [Cheung. '01]
= Two viable candidates: $; = (3,1,1/3) and Ry = (3,2,7/6).

e Explanation of both Aa. and Aa, would imply too large B(p — ev):

By — ey) =5 % 105< |Aal ) < [Aa| >

3x 1077 9 x 1013
e In any case, it is difficult to reconcile Aa. or Aa, with B-anomalies...
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Summary

o Flavor anomalies are still apparent, but they need strong experimental
confirmation.

Clarification from Belle-1I!

o We identify/summarize the viable single mediator explanations to
Ry ) and/or Rpys).

Only the vector U is viable. Two scalar LQs can do the job too.

o Ui model: we show the complementarity of flavor physics constraints
with those obtained from the direct searches at the LHC.

LHC ditau constraints = lower bound B(B — Kut) 2 few x 10~7

o Building a concrete model to simultaneously explain Ry ) and Ry
remains challenging.

Data-driven model building!
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Thank you!
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Back-up
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[Feruglio, Paradisi, OS. 1806.10155]

Rpe

D) 2 D) 2 D) 2
v =1+ as 1951 +ap " lgpl” +ar " |g7|
D)
D) D) D&
+ agy, Relgs] + apy, Relgp] + apy, Re[g7] ,
Decay mode ‘ a! aéWVL aM ag[VL a¥ a%,L ‘
B—D | 108(1) 1.54(2) 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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0.5 = —4 g, real
: gs, =4 gr, imag.
gs, = 4 gr, real
01— , L e PSS
-25-20-15-1.0 -05 00 05 1.0 -25-20-15-10-05 00 05 1.0
gi(mp) gs, (mp)

[Angelescu, Becirevic, Faroughy, OS. 2018]
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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'LVL]R(2/3) (Uryr)” aRz‘ LjRS)/g)
= (y Upnins) " 40, 8577 = V2 y " a0, 67

+ 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)

£ O (Vexwm yr E}'l%)iy ﬁlLieleRéf)/S) + (yr E}T?)U Eli'ZIR'R(Q/S)
+ (Un i Upnins)"” Gpavi; RS — (U yn)? il RS

— (y Upnins)” diSvi; S8 — /247 4150, 5547

+V2(Vékn y Upnans)sy Uz VLJS( a — (Végm y)i Brs ZLJS(l/S) + h.c.

and assume

YR=Yp Y= —UrL

00 O 0 0 0 1 0
yRE;BZ 00 0 |,Ugyr=10 9y yi"|,Ur=1[0 cosb
0 0 ypr 0 0 0 0 sinéd

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

[ ] b—> CTV: NB. ANp/ngﬁlTeV

T, b1 %

Yr Yr
2
mi,

1
o (¢rbr)(TrRVL) + E(ERUuubL)(fRU“”VL) +...

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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Results and predictions:

mg, = 0.8 TeV, mg, = 2.0 TeV

Im[gg, ]

NB. g5, =497

04 —02 0.0 0.2 0.4
Relgs, |
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Direct searches (projections to 100 fb™!)
mg, = 0.8 TeV, mg, =2.0 TeV

Im[gs, ]

—04  -02 0.0 02 0.4
Re[gSL]
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Several distinctive predictions wrt the SM: Ry & S5 GUT

mpg, = 0.8 TeV, mg, =2.0 TeV

10°

BB-Ku*r™) [1077]
s

O Belle excl.
1.0 1.5 20 25 30 35 40
R()=BB-Kyy)/BB-KDyy)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 — Kur) 22 x 1077
e BaBar: B(B — Kut) < 4.8 x 107° (90% CL.). Can we do better?
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Simple and viable SU(5) GUT Ry & S5 GUT
o 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 Operators 10;10;45 forbidden to prevent proton decay

e Available operators

10253£ . yzl—{f; ﬂRRa abLJ7 ydu QC %a (Tks?iﬂ)bcl/yic
10;10;50 : i e RS”

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

e The Yukawas determined from flavor physics observables at low energy
remain perturbative (< v/47) up to the GUT scale, using one-loop running
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. . b Imperial College
Branching fractions and other results LHCb-Paper-2019-009 % | ohcion
If instead the Run 1 and Run 2 were fitted separately:

new _ 10.083 +0.017 _ +0.089 +0.020
Rk Run 1 = 0-717—0,07170,01@ Rk gun 2 = 0-928—0,076—0,0177
old _ +0.090
Riun 1 = 0.745130% +0.036 (PRL113(2014)151601) ,

Compatibility taking correlations into account:
» Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1a;
» Run 1 result vs. Run 2 result: 1.9 o.

BT — K*Tptpu~ branching fraction:
» Compatible with previous result (JHEP06(2014)133) at < 1 a;
» Run 1 and Run 2 results compatible at < 1 &.

B* — K*e'e™ branching fraction:

dB(B" =+ Ktele)
dg?

1o |Moriond EW '19 Thibaud Humair

(1.1 < ¢* < 6.0 GeV?) = (28.6139 £ 1.4) x 107° GeV *




Ry = (3,2,7/6)

2

tree T
Okt = Okl e

1w =

yit ()"

TR 2
2V Viitem M,

0 0 0
we= (0 ¥ 0ff. yr =0
0y 0
b I3
|
1
(5/3)
w :R2
|
e
8 / E2

loo Vu,,V‘. ’
G =-Cu® 3 gyeu () Flaww)
wu'cluet) LI

Ry ~ Rg-

2 ﬁ“

1 095
3
20
-1 0.95 !
_2 =
-3
-3 -2 -1 0 1 2 3
it
yr

Update of [Becirevic, OS. '17]



Limits on LQ pair-production
[Angelescu, Becirevic, Faroughy, OS. 1808.08179]

‘ Decays ’ LQs ‘ Scalar LQ limits | Vector LQ limits Ly / Ref.

JiTT | S1, Ra, S35, Uy, Us - - -
bbhr7 R, S3, 171,15 850 (550) GeV | 1550 (1290) GeV | 12.9 fh~! [49]
trT S1. R, 55, Uy 900 (560) GeV | 1440 (1220) GeV | 35.9 fb=! [50]
JipE | Si, R, S5, U, Us | 1530 (1275) GeV | 2110 (1860) GeV | 35.9 fb=! [51]
bb pufi Ry, Uy, Us 1400 (1160) GeV | 1900 (1700) GeV | 36.1 fb~! [52]
t i 81, Ry, 85, Us | 1420 (950) GeV | 1780 (1560) GeV | 36.1 fb~1 [53,54]

(1500)

(1540)

(1530)

jive | Rs.S3. U, Us | 980 (640) GeV | 1790 (1500) GeV | 35.9 fb=! [53]
bbup | Si,ReSs.Us | 1100 (800) GeV | 1810 (1540) GeV | 35.9 fb~1 [55]
tive | Ry Sy, Ui, Us | 1020 (820) GeV | 1780 (1530) GeV | 35.9 fb~! [55]
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How about b — s777 see e.g. [Buttazzo et al. '17, Capdevila et al. '17]
107

my;,=1.5TeV

107 10 10 104 107
B(B-Kr7)

= Large enhancement of e.g. B(B — K77)\ =1 20(12) x 1077

15,22

= Can it be tested experimentally?
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How to probe b — s777 eg. CI"=—Cif

e Existing direct limits:

B(B — K17)%P <22 x 1072  [BaBar. '17]
B(By — 77)%P < 6.8 x 1072 [LHCb. '17]
still far from SM predictions (=~ 10~7). Perhaps at FCC-ee?

o New idea: deformation of B — K puu g2-spectrum

b T H
o 3 B(B— K77) <23 % 1073 [preliminary]

5 = L [M. Kdnig, LHCb Implications '19]

e Also promising: pp — 77 at high-pp

B(B— Kr7) <1.1x107%  (36.1 b 1)
B(B— Kr7)<1.4x107°  (3ab™ %)

[Angelescu, Faroughy, OS. To appear]
but more model dependent (EFT validity?)

Take-home: Different approaches are complementary!
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Combining low and high-energy constraints

Uy = (3,2,1/3)

my,=1.5TeV
2t R+ depends on:
E v? . Vs
B0 L > 9= g, (1) (st i)

oo R
—li— \‘\‘"35011»“,//
2t TR e Same couplings probed by pp — 77:
s 36 fb~! (blue) and 300 fb~! (red).
s S Zos o) os 1

X]"

= Upper limit on |z27| implies a nonzero lower limit on |z
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[C. Marin Benito, talk at Epiphany "20].
Observables of interest

First test of LU with b-baryons, using A, — pK'p*p- and A, — pK'e'e" decays:

et Btl/lg—> pK‘e+e_b / |B(A2—> pK‘,uﬂf)l
. H

B(A— pK—Jfp(— e*e”)) | B~ pK~JIfp(> pt )

in the region: * Inverse definition due to expected

e 0.1<g”<6Gev/c* small yields in rare electron mode
e m(pK) < 2.6 GeV/c?

e /A, — pKe'e never observed before — first observation
e B(A, — pKp'p) never measured before — first measurement
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[C. Marin Benito, talk at Epiphany '20]

Summary & conclusions
et
1.2
First test of LU performed with b-baryons R‘1'DK 1_[5
e result compatible with unity ost R
e and with previous R, measurements "'“f‘. EHOh JPK \
e null test of the SM — larger stats are needed R lqz' [(‘}(‘v\"?/c‘l]
With more data: o : Ry
e study m(pK) spectrum o
e split g2 ranges for higher sensitivity n,si | £
06l LHCH
0 5 ¥ ;

6
¢ [Gev/el]
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lllustration: a) (pseudo)scalar operators

2.5f —
R H=my
2.0¢ N
— 7 RD‘
Os, = (¢rbr)((rrL) g LS
_ |
Osy, = (cLbr)(CrvL) Lot |
I ICCEEERRR! [ CRNNNNRN
g 0.5[ Beoty
NB. 0.0¢
(Dlersb| B) = (D*[cb|B) = 0 N |
-3 -2 -1 1
g5 = 85, +85,
= Tension with 75, constraint: B(B. — 70) < 30%
2

B(B. — 1) =

8w m?

TBCchfgc G%| Vcb|2m2 <1 B m?
T
B,

)

L+gp

m?

mr(mp + me)

[Alonso et al. 16'], see also [Akeroyd et al. 17']
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lllustration: b) scalar/tensor operators

0.5F
p=ny

0.4¢
0.3F

OSL = (ERbL)(ZRI/L) 7 RDT

Or = (¢rouwbr)(lro™vy) %

0.2F
0.1}
U —

-0.1¢

[Feruglio, Paradisi, OS. 1806.10155] B>y Rp

-0.2t. A . . ]
-1.0 -05 00 0.5 1.0

;
&s,

= Rp-~ is highly sensitive to tensor contributions

= Scalar and tensor operators provide a good fit — case of scalar leptoquarks
S1 = (3,1,1/3) and Ry = (3,2,7/6). 7, is not a problem here!
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More exp. information is needed to distinguish among them!

i) Many angular/polarization observables

. [Becirevic et al. '16]
First measurements:

o Pr(D*)*P = —0.38 + 0.5110-34 [Belle '17]
o Fr(D*)*P = 0.60 & 0.08 £ 0.03 [Belle '18]
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First measurement by Belle: [Belle preliminary, '18]

B(B — Diro)

*x\exp __
Fr(D7) B(B — D*r7)

= 0.60(8)(3)

= Consistent with SM prediction F,(D*)M 2 0.46(4); large exp error

= Already useful to distinguish among NP scenarios: [Aebischer et al. '18]

u=my

02 Ty

0.4r

N

3 PL(D")
o0 -
Rp

-0.2f 1
BC_)TJ/‘—-»///’———

“10 05 00 05 10

g5,
Proof of feaS|b|I|ty for Belle-11! [Becirevic, Jaffredo, Pefiuelas, OS. In preparation.]
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ALPs for (¢ — 2),

a ~ a,a
ESHSE’ D chFm,F’“’—i-Zaz- na CiyM sl + .

Aay, = (A%)LFC + (A%)LFV

0 4 2 2 a 2
e Barr-Zee diagram [left] can account for (g — 2),: [Marciano et al. '16]

2
My ¢ A
(Aay);pe Az Gup Gy log P + ...

e LFV contributions to (g — 2), [right] are chirality-enhanced:

m;m
(Aae)LFV & 1176 | eT|2

= Both anomalies can be explained with reasonable couplings.
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Z — (¢ beyond leading logarithms

. [Arnan, Becirevic, Mescia, 0S. '19]
Full computation:

0.86¢
e 0.84r
g <
LQ\\‘ ;Q 0.82f
S
"%D 0.80f — Z-ttfor R,
— Z-t7 for §)
To be compared with leading 0.78¢ — ZorrforSs
log approximation (LLA). e
. , 08 10 12 14 16 18 20
[Feruglio et al. '16]

ma [TCV]

= O(20%) corrections due to external momenta (x zz log x;) and finite
terms not considered before

cf. e.g. [Neubert et al. '15], [Buttazo et al. '17] + many more!
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