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Anomalies in B physics

They tend to come and go after experimental and theoretical scrutiny

M < 2011
M 2011 same-sign dimuon asymmetry (DO) 7
M 2011 B = t1 (Belle)

[ 2012 .... Rp, Ro+  LF non-universal, Veo = V(Vgp ?
] 2013 .... Ps’
g 581; F?E } neutral current b — st ¢~

natural habitat for NP

Have to take it seriously if the hints of a particular anomaly from experiment
keep accumulating (after reassessing the Standard model prediction).

What NP models explain (i.e., can accomodate) each (or both)
of these anomalies” What are model-specific side effects?
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Current status of “B-anomalies’

Quick overview
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See talk by Patrick on Friday
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|
sz = 1.0 contours

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)
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NP scale sensitivity

Both effects are ~20% correction to the amplitude. Naive scale sensitivity

e.g.
Co = -1

D—sf+P-

= A =3TeV (1-loop NP)

Vis

(47)20?

N\ = 30 TeV (tree-level NP)

Vis

1
VS.

1
VS, —

(Am)2e? 7 A2

(47)2 A2

b—océv

N\ = 3 TeV (tree-level NP)
Vi 1

VS, —
v2 A2

However, dimensionless couplings of NP are arbitrary parameters, so the

scales just reflect different sensitivity to NP.

Signals either: 1) different scale responsible for the two processes,
2) tflavor coupling hierarchy of NP

4
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D—sff

Effective theory

Standard Model + dim-6 operators at scale A (SM-EFT)

1
LSM-EFT = 53 Y CiQ Q; ~ (HD,H)(gv"q) “Higgs current”
i (Go"*V,,q)H “dipoles”

Gqlt “4-fermion”
RG running to the b-energy scale
AGF * ° ! A/
Lot =~ VaoVi. Y Cioi+ ) (GO +ClO))
2 | i=1 i=7,8,9,10,S,P |

Ogl) = (42)2mb(§0'MVPR(L)b)F“V

62 — / 62 B _
Oé’) = (4m)? (57 Pr(r)b) (€4"1) Ogo) = W(SWPL(R)b)(f’Y”%@

62 — / 62 _ _
0y = (47)? (5Pr(r)b)(£0) 0 = (4r)? (8Pr(r)b)(ys0)

See Federico’s talk

Grinstein, Camalich, Alonso, 1407.7044 |

Cata, Jung, 1505.05804]

[

[Grinstein, Camalich, Alonso, 1505.05164]
[

[

Feruglio, Paradisi, Pattori, 1606.00524]

1. no tensor currents

2. scalars: Cs=-Cp, Cs'=Cp'
3. Co,sm=-C1osm=4.2

4. LFU violation from
semileptonic operators
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http://arxiv.org/abs/arXiv:1407.7044

D—sff

LFU observables

e _ e _
05 — (477)2 (57uPLb) (4y"1) Ofo = W(SV/JPLZ)) (b ysL)
Of = ¢ (sP b)(@) 04 = ¢ (sP b)(Z /)
S — (47_‘_)2 R P — (47_‘_)2 R 5
e Rk and Rk impose: L
05
iT; |
J .
O
%05
. Hiller, Nisandzic, 1704.05444
=10
20 -15 -10 -05 00

Re[Co™H—C 1o H—(u—e)]

Re[Cy * —Cl * — (n— €)] ~ —1.14+0.3

Leading LFUV effects

[Hiller, Schmaltz, 1408.1627,
1411.4773]

Re[C{ — C — (n — €)] ~0.1+0.4

e Scalar operators Cs=-Cp, Cs'=Cp": excluded by Br(Bs— up)
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Global fits of b—spu

e [t the whole set of observables driven by b—spyu. [See talk by Bernat]

*) - (/)
B — K& 1Ny Si, P,
4+ —
Bs — ¢:u M
4+ —
Bs — B
Vector leptonic current with left quarks
1.5
Cgu, CU9:_CU1O; (CU9,CU1O)1 (CUQ,*)
1.0 -
L 051 . Cy = —Cho € [-0.73,-0.48] (5.20 pull)
Océ [Capdevila, Crivellin, Descotes-Genon, Matias, Virto, 1704.05340]
0.0
[Descotes-Genon, Hofer, Matias, Virto, 1510.04239]
—0.5 - [+many more.....]
LFU observables
_10- f,IB\Itr_na shofer, Stangl, Straub, 8-A005%B4l fit
’ avio — all

~20 -15 -10 -05 00 05 10 15
Re C§

e Assume that B = Kee is SM-like. Fits well with data.
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Global fits of b—spu

e [t the whole set of observables driven by b—spyu. [See talk by Bernat]

*) = (7)
B — K& 1Ny Si, P,
4+ —
Bs — ¢:u K
4+ —
Bs — B
Y — Vector leptonic current with left quarks
2} CoH, CHo=-Cl10, (CHg,CH10), ... (CHg,”)
1 e T ATLAS
11 it 1 Belle
| Z \ CMS
doz | /‘ ‘ = A Cog = —Cqg € [-0.73,—0.48] (5.20 pull)
q z¢ | g
a“ ZQS_ 0 [Capdevila, Crivellin, Descotes-Genon, Matias, Virto, 1704.05340]
-1 | [Descotes-Genon, Hofer, Matias, Virto, 1510.04239]
[Capdevila, Crivellin, Descotes-Genon, Matias, Virto, ' [+many more.....]
1704.05340]
-3 -

3 -2 -1 0 1 2 3

NP
Co

e Assume that B = Kee is SM-like. Fits well with data.
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NP models for b—spu

e | oop level
* /7’ + vector-like quarks
* leptoquarks
* 2HDM

Talk by Javier on Friday

¢ [ree-level mediators:
* Charged and colored: scalar or vector leptoquarks
* Neutral vectors: Z’

e On-shell
*Light vector resonances - lead to g2 dependent effects
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EFT analysis of Rp-

Data can be best described by (a combination of) following operators

B 4GF Vcb

Operator
Ovy | (eyuPrb) (77" PLv)
Ovy | (¢yuPrbd) (77" PrLv)
OSR ((_ZPRb) (’I_'PLI/)
Os, (¢cPLb) (TPLv)
Or (EO"WPLb) (7_'0';WPLV)
O, | (FuPrb) (ev*Puv)
Ovy| (TuPrb) (ev*Prv)
Os.,, (7 Prb) (cPrLv)
OfgL (7PLb) (cPLv)
Or | (Fo*” PLb) (¢o, PLy)
Ov, | (FyuPrc®) (b°v* Prv)
OV | (FYuPrc®) (b°y* Prv)
0%, (7Pgrc®) (b°PLv)
Ofg’L (7 PLc®) (BCPLV)
(’){1’1 (7_'0"WPLCC) (I_)CO',WPLV)

V2

(14 90 ) (727" v (1 7b1)

+ 9s(TrvL)(CrRbL) + QT(%RO'MVVL)(ERO-MV[)L)}

[Freytsis, Ligeti, Ruderman, 1506.08896]
[Becirevic, NK, Tayduganov,1206.4977]

Only operators

interfering with the SM

Ci

Cy, = 0.18 +0.04

—4

T | SR 1 lo--—
Cv,,Cv,,Cs,,Cs,,C1 A=1TeV |
_3 ) ~1 0 1 2

Ci

[Freytsis, Ligeti, Ruderman, 1506.08896]
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Models for b—=ctv

Only tree-level NP can compete with tree-level SM!

Charged scalars: extra Higgs(es)

= Coloured bosons - 1. Qs
e Non-minimal flavour structure

(€.g. type Il) | e Fierzed basis of operators:
e Scalar form factor Fo enhanced in —scalar/vector/tensor

B—Dtv, absent in B—2D#v

12500
10000 [Sakaki, Tanaka, Tayduganov, Watanabe,1309.0301]
o 7500 [Bauer, Neubert, 1511.01900 ]
3 [Li, Yang, Zhang, 1605.09308]
© 5000
2500}
0 = s
0 2 4 6 8 10 12
q°[GeV?]
[Crivellin, Greub, Kokulu,1206.2634] [Ko, Omura, Yu, 1212.4607]
[Celis, Jung, Li, Pich,1210.8443] [Crivellin, Heeck, Stoffer,1507.07567]
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http://arxiv.org/abs/arXiv:1309.0301
http://arxiv.org/abs/arXiv:1511.01900
http://arxiv.org/abs/arXiv:1605.09308

b—sff and b—cfv

Effective theory - mixing effects

RG running of “beneficial operators” to the b-energy scale generates
dangerous couplings Feruglio, Paradisi, Pattori, 1606.00524, 1705.00929

1 /)l a ! a
LY p(A) = A2 (Cl G a3, Uarvulsr, + Cs QoY 7G5y L3pvuT éL)

BN oo

Effects in (£17,02)(€3y"4y), V f1y* fo are experimentally well constrained,
e'g" 1.6 -

151 prfe _ BT 10)exy/ B(T = piv)sw A )

1.4F r — —

1.3| B(H%BVV)exp/B(,u—)euy)SM :
%8 19

b RT/* = 1.0022 = 0.0030 RT/® =1.0060 = 0.0030

1. -

0.9}

0.81 L L 1 1 1 L 1 1 |
0.92 0.94 0.96 0.98 1. 1.02 1.04 1.06

RT/I
Challenges EFT explanations of Rk and Rp, not directly applicable to

top-down approaches that contribute to many Wilson coefficient at matching scale
Benasque, May 24 2017




Leptoquarks

LQ = color triplet bosons

Their origin can be traced to gauge bosons or Higgs sector of Grand Unified Theories*. Consider SU(5)
GUT.

gauge bosons (24): (8,1,0) @ (1,3,0) & (1,1,0)
® (3,2,-5/6) @ (3,2,1/6)

fermions: 5 =1(3,1,-1/3) @ (1,2,1/2), 1=1,2,3
101 = (3,2,1/6) @ (3%,1,-2/3)i @ (1,1,1),

scalar sector: 5,10, 15, 24, 45

e.g. Georgi-Jarlskog mechanism uses 5- and 45-dim.
scalar reps. to reproduce the fermion mass ratios

5=1,2,1/2) @ (3,1,-1/3) “doublet-triplet”

10= (32,1/6)® ...

15 =(1,3,1) ©(3,2,1/6) ® (6,1,-2/3)

24 = (8,1,0) ®(1,3,0) ®(3,2,-5/6) ®(3,2,5/6) @(1,1,0)

45 = (8,2,1/2) @ (6*,1,-1/3) @ (3,3,-1/3) @ (3*,2,-7/6)
®(3,1,-1/3) &(3,1,4/3)

*Composite LQ scenarios also possible
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Light LQs and proton stability

spin
e Couplings with SM fermions
- lepton and quark
- diquark (F=2) ~ vectors
- MOg, M+ ~ (gauge
u > u - bosons)
u > LQ y< U
F=2
; . scalars

L=0, B=2/3 L=-1, B=1/3

* =0 or F=2 determined by quantum _________________________________________
numbers

e F = 2 LQs destabilize proton (baryon number violating) ~R,(-1/3) .

e F = 0 LQs have no diquark couplings and
are potentially safe w.r.t. proton decay

e Possible baryon num. violation in the scalar potential

13

SU(3)xSU((2)xU(1) |F=3B+L | B L
Va(3,2,5/6) > P
"V2(3,2,-1/6) 2 / /
Us(3,3,2/3) 0 13 -1
U1(3,1,2/3) 0 13 -1
S1(3,1,-1/3) 2 / /
S3(3,3,-1/3) 2 / /
R2(3,2,7/6) 0 13| -1
"Ra(3,2,1/6) 0 / /
"S51(3,1,4/3) 2 / /
_______________________________ i RZC%)
........................ H
NRQ(—.US)
p—=M+M+£vv
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Light LQs and proton stability

p—MOf+ M+v o= M+M+fwv

T>8.2 x1033 yr (me+t) [SK] >2 X 1029 yr (invisible modes) [SNO]
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Light LQs and b—sup

- vectors

~ (gauge
g bosons)

~ scalars

Vo(3,2,5/6)
"\V2(3,2,-1/6)
Us(3,3,2/3)

U1(3,1,2/3)

S1(3,1,-1/3)
S3(3,3,-1/3)
R2(3,2,7/6)
"R2(3,2,1/6)
"S4(3,1,4/3)

OO NN

1/3
1/3

Co =-Cio
Cg = -Cio, Co'=Cr10’, Cs), Cpl)

Co = +C1o(1-loop) !

Co =-Cro
Co = +C1o(at 1-loop Co = -Co) 2
Co =-C1o
Co' = +C10’

[1] Bauer, Neubert, 1511.01900
Becirevic, NK, Sumensari,Zukanovich, 1608.07583
[2] Becirevic,Sumensari, 1704.05835

Vectors: 1) it gauge bosons must be at the GUT scale
2) if non-gauge vectors -> UV incomplete theory

15
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~R2to explain Rk

Not addressing the global fit, only LFU!

MILC , HPQCD

3.0

Bm[L.CSR Lattice -e-Data _ -LCSR 'Latticc TOTDat'a' '
> > B'— K'utp
< g LHCb - 25, [MILC,1509.06235]
X X - [HPQCD, 1306.2384]
S S _+_ 1 E o
0 3 t :
% h % 0 U ST R [T ST W T S (N TN T U WU NS S S S S
0 5 10 15 20
g [GeV%c4] g* [GeV%c4]
20— MLCSR "WLattice ¢Data
B*—> K™t utu”

.
s
Q
o
Ll

q* (GeV)

0 5 10 15 20
a? [GeV?/c*

(=]

dB/dg? [10°® x ¢*/GeV?]
—+-
| |

d*Ty(q?, cos6)
dg?d cos 6
1 drt 3 Ft B—=Ku+u-

Tideosts — 4 (1—Ff)(1—cos?6,) + TH + Afp cos 0,

= as(q®) + be(q*) cos 0 + co(q?) cos® @

ZS’(BJr — K+M+M_)‘q2€[15,22]GeV2 = (8,5 + 0.3 + 0.4) < 1078 [LHCDb,1403.8044]

B(Bs; — M+M_)6Xp — (2.8f8;§) <« 102 [LHCb+CMS,1411.4413]
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B — K yy at low recoll

dB(B —> K u* u~)/ds * 107 [GeVv-2?]

1.5

| [Alietal,hep-ph/9910221]

| Factorizable and non-factorizable
| contributions of charmonium resonances

i 4
: crptt <£

O
o]
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http://arxiv.org/abs/hep-ph/9910221

B — K yu at low recoll

dB(B —> K u* u~)/ds * 107 [GeVv-2?]

1.5

Candidates / (25 MeV/c?) .-

o | [Ali et al,hep-ph/9910221]

| Factorizable and non-factorizable
| contributions of charmonium resonances

<$

Q|

T T
e data
total
----------- nonresonant

interference
---- TESONANCeES

background

[E—
(9,
)

[a—
S
)

..........
------
..............
.....
ttttt
e
"

W
(@)

"y
ey
"

N
.
,,,,,
n

° -
'
o v‘ ~ .
of " v o v
-~ - -~
O ................................................. -
1 i 1 1 1

| | | 1 |
3800 4000 4200 4400 4600

2
.- [MeV/c?]

o]
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http://arxiv.org/abs/hep-ph/9910221

B — K yu at low recoll

1.5

dB(B —> K u* u~)/ds * 107 [GeVv-2?]

s [GeVv?]

Quark-hadron duality expected
to work reasonably in '
large enough bins
(~3 % accuracy)

See e.g. [Brass, Hiller, Nisandzic ‘16]

[Beylich, Buchalla, Feldmann]

o | [Ali et al,hep-ph/9910221]

| Factorizable and non-factorizable
| contributions of charmonium resonances

4
e <£

Candidates / (25 MeV/c?) .-

C
0 S
) g g
T y T y J i ' I
e data
1sop- P total -
----------- nonresonant
interference
100k -.--- TESonances —
: background
SOf.....4. 40 0 4T
O._’s,,,_,._._'___,_.-.-..--—"‘ 1\ ----- T ——— .'“"“'”"""";' )

4400 4600
2
.- [MeV/c?]

| |
3800 4000
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http://arxiv.org/abs/hep-ph/9910221

~Ra2, also known as AY/9(3,2,1/6)

LAcre = (QL)ijJRiA(l/G)TLJ

— (gL)@]JZPLVj A(—1/3) — (gL)ngzPL@ A(2/3) VPI\/INS = 1

/ / 2 (gr)se:(9L)5e o0 0
Cglﬁg _ Cf(l)ﬁz _ 7""U>l< 2 : gr, = (O (gL)s,u (QL)ST
( ) ( ) ViV Gem A 0 (90)en  (9L)br
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L Q features - A(1/9)(3.2.1/6)

dB/dg2 [10® x ¢*/GeV?]

3 1.5f
B*—> K utu 105
LHCb i
n 0.5
tEo
S 00
+* E
~0.5
I R T T T R T T BT T T IR N -
% 5 10 15 202 -1.01
2 4 :
[LHCb,1403.8044] q [GeV /c | B —»K

EN].CSR Lattice —-e-Data
LA L R I R L L R L R B

-20 -15 -10 -05 0.0 0.5 1.0
Re C &
[LHCb+CMS,1411.4413]

Fit: (C5*) € (—0.48,—0.08)
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ceff Ceff model Rg=0.88+0.08

1.1

220 -15 -10 -05 00 05

Re C1y' :
-1.0F
-0.5
Further signatures:
Rkx = 1.11(8)
AL
Rp, = —22% — 0.84(12)
fb[4,6]

[Becirevic, Fajfer, NK, ‘15]
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SU(5) GUT with light scalar LQs

S5(3,3,-1/3) "Rx(3,2,1/6)
F=2 F=0
L =y QF itaT - S3Lj + 2;QF ia (7 - 83)TQ; L= —yijdriReitsL;

Put both masses close to the 1 TeV scale.

In such bottom-up approach proton would decay if 2;;Yki is not very close to 0. Also Ro
can destabilize the proton via Ro Ro Ro H

Starting from GUT with special scalar representations: v7~“é 113

5=01,2,1/2) ® (3,1,-1/3) “doublet-triplet”

15 =(1,3,1) @ (3,2,1/6) & (6,1,-2/3)

24 = (8,1,0) ®(1,3,0) ®(3,2,-5/6) ®(3,2,5/6) ®&(1,1,0)

45 = (8,2,1/2) @ (6*,1,-1/3) @ (3,3,-1/3) @ (3*,2,-7/6)®(3,1,-1/3) ®(3*,1,4/3)
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SU(5) GUT with light scalar LQs

e Require S3 and "Rz to be light, and impose unification of couplings at 1-loop

% . éSinQQW — a/as

= — 0.721 = 0.004 o Y
B12 8 3/8 —_ sin2 HW B'LJ Z(bz bj )TJ
(mGUT/ my)
B ry =
=23 — 053 1Og(mGUT/mz)

B12 SM

e Both fields have positive bJz - bz and negative bJs - bJs, they tend to aid unification

e Furthermore, the GUT scale is raised

|, mcur _ 167 3/8 — sin” @y, 184.8 £0.1

mz 5%6" B12 Bl2

e Yukawas of Sz do not contain diquark couplings, due to GUT symmetry. Baryon number is
conserved

15
y$210,5;45 Yig i5 15
[ = yijQiCiTgT . Sng + ZingiTQ(T . Sg)TQj Z — _:&2] JR’&RZ iTZLj

22 Benasque, May 24 2017



SU(5) GUT LQs: b—spp

/:, = yijQiCiTQT . Sng

e Mass basis of fermions, charge eigenstates of LQs

£ =~ yiydf v S V2yidf 'el, S5+
S % —Ci 9 1/3
== (V y)ijug 6‘253/

—C1i,] Q—
y)ijuL vy, S3

2

s . U
YoulYsy —5— € |—0.81, —0.50]

Co = —Cio =
VinVisa mg,

Yopls, € 0.7,1.3] X 103 (mSg/TeV)2

% >k >k
Yy=1* Ysp *
S yb,u S

— ~

L= —1;i; driRo 112 L

Cé — _Cio

Unwanted contribution from
the global fit point of view.

Nag
|
*

23
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SU(5) GUT LQs: Rp-

e Effective semileptonic Lagrangian - lepton non-universal rescaling of Vcku

4G
Lébzyk:_ﬂ B _ i =93 o~ 173
L=~ jijdgel B + i digvi Ry

i \/ ’ , No contribution at tree-level!

(VeOer + gfb;ek)(cm“bL)(fL%Vf)] :

. fU ” . . i
. G51/3 gL 10 = e (VY et Possible WI’[.h addition
/\ s, of RH-neutrino.
C d [Becirevic, Fajfer, NK, Sumensari]
Re [Veo (|vor|” = |wopl?) + Ves (vor vt — wppvi,)] = —2Cv, (ms,/TeV)?, Cy, =0.18+0.04.
2
YbrYar = —0.4(mg, /TeV)
0 O 0 *
y=|*

Y=10 Ysu Ysr
O Yo Yor \/ *

y matrix texture avoids first generation couplings of d-quarks and charged leptons
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Semileptonic constraints

e B—-vTis then modified towards the measured value by ~30-40 %

Br(B — )" = (7.8 £0.7) x 107°
Br(B — )P = (10.9+2.4) x 107°

,02
: Re[(VUS/vuwy;be])

2m S,

Vasl? = [V |? (1 —

e | epton universality in e/u in B = D decays

RY* = 1.04(5)(1) R = 0.995(22)(39) [Belle, 1510.03657, 1702.01521]
v ReKVCS — ) ] R*€ —1=-0.023£0.043
ngg Vcb ysu yb,u You D) ) :
e Universality of Kaon semileptonic processes  px _ (K~ —e7p) pk _ L = K7v)
/b T(K— — p—p)’ /R (K — p )
RE\P) = (2.488 4 0.010) x 107°,  RYSM) = (2,477 £0.001) x 10~°
K(SM) _ Tr  my(m? —mg)?

= (1.1162 + 0.00026) x 1072,

RE®®) — (1.101 £0.016) x 1072 R,

T/ 2

TK 2m.m?(m% — m?)?

K ex K(SM v * —
e/fi p)/Re/L ) —1= 2m2 Re [lysﬂl2 + (Vub/Vus)ybpys,u,] — (44 i40) x 10 3

e Small effects in D decays!
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Neutral currents (1)

G4/3(1/3)

b 3 s
+ _______ +
L(v) & | R4
§4/301/3)
 ——l - ——

X 3(yy")z,
Co(8) =

3yl )?

12872m% ~  128m%,

Proportional to Rp¢) effect!

26

[Fermilab lattice, MILC, 1602.03560]

A

f3 BY) = 0.0754(46)(15) GeV?

AmSM = (19.6 & 1.6) ps

AmS® = (17.757 £ 0.021) ps~?
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Neutral currents (1)

4 ~ —
) 53/3(1/3) ) ) Rg/s( 1/3) \ ) () ,
+ _______ + —_— - - - - - — —P— . T - : -
| |
|
((v) & vy () Lv)y A (V) §A/30/3) ! R231/)
|
|
§4/301/3) R2313) E 0wy |
s & -—----- — b s & ————-—- - b s -¢ > L— s(O O 0
l / l y=10 0 vy
0 0 Yvr

Hoam, = (CPM + 072) (5,97b1)? + CF2 (5p7"br)? + C*™ (5rb1)(5Lbr) + C5272 (3305 ) (570%)

)2 3 * )2
0133(A): 3(yy )bs ~ (beysr)

Y 1 % '
12872m3, 128m2, Proportional to Rp¢) effect!

[Fermilab lattice, MILC, 1602.03560]
f3 BY) = 0.0754(46)(15) GeV?

- ~ ~ 1\ 2
~R2 YY')s

6471'277’)3%2 )
SsRa/ A\ _
05931% (A) = (Y7 op (Gy1)ss logmeg, /m%,
2 5
167 Mg, — Mg, Am&P = (17.757 £ 0.021) ps~1

Note: "Rz plays a role only in processes with d and (€,v)
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Neutral currents and LFV (2)

o BoKvV
G oo ) . y )
L™ = ZViVis (51(CF Po + O Palb) (r# (1 = 5)1) 5 ~_—"
—1/3 1/3
CP3 = mv® ¥ Céz’ij = — mv® e U /\ SS
L 204‘/3519‘/1527”%3 YvjYsi R = 2V Vi é YsiYpi
R . 1 — 7TU2 Re (yy—i-)bs . (g:&T)Sb
o 3aVp Vs CPM mg, my,
n (mv?)? (yy")ew (Yy") ss n (@7 )ee(79")ss  2Re[(yg")bs (Gy")bs]
BV VEICT? [ s, i, A

Sensitive to many distinct combinations, including (yy*)os

i [Belle, 1702.03224]
Br(B = Kvv) < 2.7 from B(B — K*viv) < 2.7 x 107°

Rov = 5B S Kopyo™
o Ty (5%) ,g- (5%)
%
€ w0 P )T F aT“—?’Lby Ysr T Youlpr] . '/ \6 ,
50L a(iot” Pr)T F,, L= Gamg, DYonler T onbir > o (»C) >
q
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Couplings and predictions

0O O 0
Yy=10 Ysp Ysr
0 Yo Ybr

& = YstYbr O = YsrYbr
o and «
play an important role in Rp+ and Bs mixing .15
0.10.
0.05
0 0 0 = 0.00 '
y= 10 0.007—-0.05 0.3—-1.6 S _0.05
0 003-03 02-3 010
~0.15
~0.20"

25 =20 -1.5 1.0 -0.5 0.0

a+a
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Couplings and predictions

0 0 O 0 0 0
y=10 Ysu  Yst y= 10 0 ys;
0 Ybp  Ybr 0O O ng
& — YstYbr O = gSTng
a and &
play an important role in Rp+ and Bs mixing 0.L5F
0.10.
0.05
0 0 0 . 0.00 .
y= |0 0.007—-0.05 0.3—-1.6 S _0.05; f
0 0.03 — 0.3 0.2 -3 o010
~0.15
~0.20

25 =20 -1.5 1.0 -0.5 0.0

a+a
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Couplings and predictions (2)

02 6

~0.4 _5

L | L

(- ] 2 i

Y -0.6, =4

5 * ?3

08 £

ﬁ m 2

~1.0 h
~120 0.

RVV RVV

Competition between large contribution to Rp~ and constraint on Rw

It Rw approaches 1, and Rp~ persists at its current large value, the model is excluded.
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LHC constraints (pp—T1T)

pp = TTTT can probe parameter space of models explaining Rp*
[Faroughy, Greljo, Kamenik 1609.07138]

S, b N

3
va
Y
3
o
Y

53/3, Rg/s gl/3

¢---—-—-—=-=---9
¢---------9

4
| S48, 213
.

Val
S
9
S|
A

<
Ol
A

<

In terms of LQ models, large couplings to b and 1 are in tension with pp—T1T resonance
searches.

In the model with S3 and R2 couplings to b and 1 are smaller, but we introduce coupling
tosand T

2 ~2
0 A T ~ o - > 300 GeV
USS—)TT(yST7ySTya,a) = oM@, 72) + c@(a,a) + 0(3)( s = ) My > e
Ysr Ysr pr(T) > 150 GeV (50 GeV)
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PP TT

1 ~4 1 1
o2, i%) = vy AV + gAY + 22 A
c@(a,a) = 2A(2) ~2A(z) + a&A()
2 2~2
3) (& _ (3) (3) oo (3)
oI () = —A o + o A3
yST yST yST yST ySTyST
25 Fiducial cross-section pp—» 7 (fb) Fiducial cross-section pp- rr (fb)
o LHC 13 TeV m33=1TeV 2'5_" ’—HC 73TeV Mg, =15TeV |
mg, =1TeV - i mp, =1.5TeV
2ol eogs _ a=-081
@=-034 | 2.0 @=-077 1
151 ? 1.5} :
= i >
k| !
1.0t z ] 1.0} 1
0.5} i 1 0.5 ]
00 L PP T . 00b L L Lo, \
0.0 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
|Ystl |Vszl
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PP TT

Recast of search for heavy resonances decayingto Tt [ATLAS “16]

Allowed regions (fb™") at 95% CL

L [HC13TeV mq=1TeV . L HC Run-Ill can cover this

a = -0.36 :
| 044 scenario completely
157
= 1.0f
> .
0.5

0. ...........................
8.0 02 04 06 08 10 12 14
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pp— LQ LQ" —=11j]

Search for pair produced LQs decaying to T lepton T
95% CL Exclusion limits, 3™ -generation LQ L
1.0_'"I"'I"'I"l"'l"l'l"_ ....'
:LHC13TeV /, _ ' S,b
[[CMS 1703.03995] 4 - L
08 - CMS Ill | B °. T
12.9 fb ! 1 )
'I
300 i
s,b

Beff

e Degenerate LQs
pp->LQy* LQy > 1rbb ® |[nterference eftects are negligible since
pp - LQo* LQo - 77 bb NRQ N bR L, SS N b|_ ol
porr =\ (612 +822) [2. mq=miq1=mq2 |
400 600 800 1000 1200 1400
mq (GeV)

0.0L_.
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pp— LQ LQ" —=11j]

95% CL Exclusion Regions (fb™")

95% CL Exclusion Regions (fo")

1.2F heatev © I ' ' S 1.2F e 1atev o ' S
- : l -4 o -
-——\\ 1 - E -
W 7N 1 mq=1TeV | i ! ]

1.0k \ : a = -0.36 . 1.0F : mq =12 TeV e
£ \‘ : = a=-0.34 - E a=-0.52 1
: k! 1 _ | & =-0.49 -

\ . 1
L \\E || - s B

0.8F X \ . 0.8F NwA ; .
: ) \ " not valid | l
NWA N N = ; ]

= not valid B\ N = . R & y

é’, 06 2 \\ ] g 0.6§ \ . —
\

~~~~~~~~ ~ ---------———--J -

0.4} Jaa. 100 N 1 0.4} 300 1

3 \\ \\ B
‘\ ~\ ................................... N
40 Ra, \
............. ‘..........“.................T?.‘.\ R ppp————" \
0 2 B || \\N\ - 0 2 - |‘ ]
~
_ ' NWA ., i NWA not valid
: : not valid \ !
00 b . ) SR { AR A P AN AN Yo A P AR AT :. 1] OO P AR AARAA DAY, :. LA | WA P A
0.0 0.2 04 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
|Vstl Vsl

Pair production very sensitive to low-mass regime.
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Conclusion

2k LFU ratios offer very precise validation of the Standard Model. Anomalous
patterns have emerged.

2k Rk is an interesting and expected place for NP.

2k Ro = charged current LFU violation. Large tree-level new physics needed.
2k A pair of GUT motivated LQs accomodates both puzzles, stabilizes the proton.
3k Complementarity between b—=s#¢ , b—ctv and b—=swv.

2k Proposed model can be confirmed or excluded in few years by direct searches
for LQs and TT final state searches.

2k Squeeze flavor NP scenarios in 3rd generation from all sides, precision and LHC
direct searches.
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ThadThad 1nclusive category

e pr > 110 GeV (55 GeV) for the leading (sub-leading) maq-
e Events with isolated electrons (muons) are vetoed if pr > 10 GeV (pr > 15 GeV).

e Opposite sign T,,9Thaq With back-to-back topology in the transverse plane, A¢(ThaqThad) > 2.7

e Total transverse mass cut of m/e* > 350 GeV.
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