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A circumstantial case for new physics coupling to leptons

1. The measurement of mass-driven neutrino oscillations

2. Discrepancy between prediction and measurement of (g — 2),
3. Hints for violations of LFU in R,(.) and Ry
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Rp+« = 0.316 + 0.016 =+ 0.010 RpY = 0.252 +0.003

4. Anomalous angular observables and branching ratios in b — suu

Aims

(1) Fully explore the explanation of (2)-(4) by one leptoquark scenario

(ii) Study the overlap with radiative neutrino mass



The protagonist

One leptoquark model has been postulated as explanation of b — ¢
anomalies at tree level but b — s through one-loop box diagrams

The scalar leptoquarks transforms like dg: ¢ ~ (3,1,—1/3)
LD %Lt + 9,6 o+ hec
= xjUidip" — [xV']jeiu;0" + yy&¢ + hec.
= x; i d;ipt — zjeiujd + y;& e + h.c.
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Phenomenological analysis



Signals and constraints

LQ Yukawa couplings: Ly D xijiUidijp" — z,-je,-uj(;)"' + yij& ¢ + h.c.

Data-driven ansatz for the couplings x;; and y;; with values dictated by
constraints and anomalies

Pk L Rpe Rk (& —2)u
uN — eN d s b
T = U, lp 0 0 0\ ve
B — Kvv x=|o
B, — B, mixin S
s s g 0 x3 x33/ v

Precision EW measurements
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Charged current processes: Rp and Rp- (1)

Contributions b — cTv; parameterized by ¢‘/
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== v (EY*PLb) (TyuPLvi)

+ CL(¢Pb) (FPLv;)
+ Ci(Go" Py b) (%UWPLV,-)} +he.
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Implemented the calculation of Bardhan, Byakti, Ghosh and validated

against Tanaka, Watanabe s, sy, chosh 161003035 Tanska, wasanabe 12121678

Lattice QCD form factors for RD MILC 1503.07237

Form factors extracted from B — D*(y, €)v measurement for Rp-
= calculation becomes unreliable for large x5/, y»;
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Perform x? fit to operators Cvs,T
with Cs/Cr relation dictated by
running

Four interesting regions, we only
study region A
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ed current processes: Rp and R
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Charged current processes: Rp and Rp-

Orange points keep b — s observables SM-like; Scan Il results
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Anomalous magnetic moment of the muon: (g —2),

With y» = 0 tension in (g — 2),, requires
0.08my
TeV

m
—20.7 (1 +1.061n ﬁ) Re(ys3223) ~

Can be accommodated with Ry for ys3 ~ 1072
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Neutral current processes: Ry and Rk« (1)

Leptoquark generates the operators

d s b
OP« T ON _ B 0 0 0 Ve
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Neutral current processes: Rx and Ry

m LFU observables
= Allb - s data D° — pup = |z <

0.48my/TeV for y; =0,
model prefers large |za3|

LTSI 500 208 <06 04 =02 0.0

¢
CLL

LFU respected in ratios
Rg(/f), constraint
alleviated for LQ masses
> 1 TeV e ssi00mss7, 170201521

Becirevic, Kosnik, Sumensari, Funchal 1608.07583

Hierarchy in x;3 necessary
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A combined explanation: R, and Ry
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Connection to neutrino mass



Neutrino mass

e Neutrinos oscillations imply massive neutrinos
e They are neutral and can be their own antiparticle

= Majorana fermions with mass generated from Weinberg operator
H H

. e o= ~"LHLH +he
L > . < L 2N
e Effective operator LHLH suppressed by A > (H) ~ 100GeV > m,

[ ] A” A[_ = 2 Operators |ead to neUtrinO M ASS  schechter, Valle Phys. Rev. D25 (1982) 2951

dimension 5 7 9 11

fleld Stri ngsl Babu,Leung hep-ph/0106054; deGouvea, Jenkins 0708.1344 1 6 2 1 10 1

LOrentZ StrUCtUreS2 Henning,Lu,Melia,Murayama 1512.03433 2 22 368 6632

'no gauge fields, no Lorentz structure, no products of SM singlets (e-g. LHLHH' H)

2includes hermitean conjugates

e Many UV completions for each operator at tree and loop level .


http://www.arxiv.org/abs/hep-ph/0106054
http://www.arxiv.org/abs/0708.1344
http://www.arxiv.org/abs/1512.03433

Different classifications

AL = 2 operators
Loop-order and/or topology
Simplicity /complexity



http://www.arxiv.org/abs/1706.08524

Minimal UV completions of the dimension-7 operators

Y. Cai, J. Clarke, MS, R. Volkas 1410.0689
Any AL = 2 operator induces Majorana mass term for neutrinos
Effective AL = 2 operators of dimension 7

O} = LLHHHH Oy = LLLEH
O3 = LLQdH O, =LLQTGTH 0g = Ld&tatH

13
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Any AL = 2 operator induces Majorana mass term for neutrinos

Effective AL = 2 operators of dimension 7

O} = LLHHHH Oy = LLLEH
O3 = LLQdH 04 = LLQTGTH 0g = Ld&tatH
Scalar Scalar Operator
r (1,2,3)  (1,1,1) 0234
: (3’27%) (3>1:7%) 0378
' (37 2, %) ( %) O3

Scalars: leptoquarks, singly charged 2
scalars, EW doublets and quartets Leptoquarks (3,2, §) and (3,1 _’) used
to explain Rk (and Rp)

Fermions: vector-like quarks/charged P, Schumacher 1510.08757 Deppisch, Kulkarni, Pis, Schumacher 1603.07672

leptons mixing with third generation

13
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(37175 (171 1) 03
(37 17 %) ( )&y 61) 03
(3’2’_5) (3717_§) 03,8
3,2,—2 3,3,—3 O
Scalars: leptoquarks, singly charged ((:; :; gﬁ)) ((é é 13)) 03
scalars, EW doublets and quartets 7 % 776 g
(3,2, %) (1,1,1) Oy
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Effective AL = 2 operators of dimension 7

O} = LLHHHH Or = LLLEH
O3 = LLQdH Oy =LLQTGTH Os = Ld&'a'H

Dirac fermion Scalar Operator

(1,3,-1) (1,4,3) o4

Scalars: leptoquarks, singly charged
scalars, EW doublets and quartets

Fermions: vector-like quarks/charged
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B-physics anomalies and neutrino mass: Angelic model

based on dimension-9 operator O17 = LLQA  Qd® » ansav. csi v Rots, s, &, Volas 1308.016
Two LQs ¢ ~ (3,1,—1/3) and Majorana fermion ¢ ~ (8,1,0)
= new Yukawa coupling wi,d;£¢,

f N me mi 2
\ ~ 4 eqnr 2.5(Xi3aW3a) lab(Xj36W3b)

v ------ v
Pa b
(2m)* 11/2 i-1/2
X33 = 5——————U;[M / 1k Rit {l / S} e Casas-lbarra parameter € C
2W3amb, /Mg ba . .
fIXeS ratio Of X3 Casas, Ibarra hep-ph/0103065
e Minimal scenario: only
0 0 0 0 xs necessary to consider
R=|cosf —sinf| x=[|0 xn x3

non-negligible w3, (scale factor)
sinf  cosd 0 X322 X33

14
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Neutrino mass and Ry

Important points:

e Divorce ¢, and £ from anomalies by taking
Mgy, Mg 2> Mg,

e Extra loop and additional vertex factors
keep neutrino mass small

e xy3 cannot be turned off ad libitum
= N — el serious constraint

e No major difference to explanation of
Rp+), inconsistent with hierarchy

|
N

Arbitrary units

|
&

— X3 X23 X33

KNormal mass ordering

v 1 z.) % ) 6

/\/

Inverted mass ordenng
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o

N

(%)

=}
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Conclusions



Conclusions

e One leptoquark solution can seperately explain Ry or Rp) to 1o
along with (g —2),

e Good fit to Ry« inconsistent with vanishing RH coupling y3»

e Ry requires large bottom-muon coupling xp3 and LQ mass ~ 3
TeV

e Model can accommodate Ry and Rp) together to 20

e Leptoquarks can easily be incorporated into neutrino mass models —
two-loop scenario considered can explain Rpe.) and (g — 2),, well

16
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Searches and mass limits

Final states of interest: ¢/jj, {jj + EF and jj + EF where ¢ € {u, 7}

19.7 fb (8 TeV)

LT _ g
0.9; Lll/// CMSE
o8t 7 CMS13TeV @26 bt [3=1]
07k =
0'6? é eejj: MLQ Z 1130 GeV CMS-PAS-EX0-16-043
@ 0.5 =
0-4;’ T;;!:::f&:zrﬁf ,U,,U,_j_] M[_Q Z 1165 GeVCMS—PASrEXO—lérOO‘I
0.3 N e CMS i+ i Bxp) (]
LW Come ;
02 N s miion) E TT)): M[_Q > 900 GeV cuseasexorsos
E - CMS i ©xp) ]
0.1 e Tov st
= £ ovs, 7 Tev, 5010 ]
P A RO PO o o s |

400 600 800 1000 1200
MLQ [Ge\/] CMS 1500.03744

Explanation of Rp) = my > [400,640] GeV.

Current search strategies can be too restrictive: e.g. preclude the search
for LQs in radiative neutrino mass models

Cai, Clarke, MS, Volkas 1410.0689; Sierra, Hirsch, Kovalenko 0710.5699; Dumont, Nishiwaki, Watanbe 1603.05248


http://www.arxiv.org/abs/1509.03744
http://www.arxiv.org/abs/1410.0689
http://www.arxiv.org/abs/0710.5699
http://www.arxiv.org/abs/1603.05248

The full Lagrangian

Introduces the scalar leptoquark ¢ ~ (3,1,—1/3)
Ly = (D/LQS)T(Dﬂﬁb) + m5>¢T¢ - HHTH(bT(b + )AQ'J'I:i@jqf)Jr + y,,é,ﬁjqé + h.c.

Rotate into the mass basis (except for neutrinos)

flf = (Lu),'jUJ' C?i = (Ld)UdJ l; = (RU)UEJ
é = (LE)UeJ v = (LV UDJ é’ = (Re)UéJ

Ly D xjhidid" — xV]jeiuo" + y;&a¢ + hic.
= X,-jﬁ,'dj(ﬁT = te;ujqu + yijéuj¢ + h.c.



Anomalous magnetic moment of the muon

Measured values of a, = (g — 2),/2 in 2 30 tension with hte SM

(287 SE 80) X 10_10 Davier et al 1010.4180
Aa, =
(261 :l: 80) X 10710 Hagiwara et al 1105.3149

Same-chirality contribution from leptoquark ¢ suppressed by mi —
dominant contribution from top loop

3 m2 m2
my; n 12 12
El 2 —In mi Re()/2/Z2,) 3277'2"73) Ei UZZ/l + ‘y2l| }

ui
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Comments on Rg(/e)

1.04/ wii mg[TeV]
e .
102,
te 1o 4 RE/® = 0.995 + 0.022 + 0.039
:QQ A
3 RI/® = 1.04 + 0.05 + 0.01
0.98"
o 2
0.96 Belle 1510.03657 1702.01521
07 08 09 10 1.1 1 4
R o]
. L~ —
1.04 my [ TeV ] ®
5 2
0/e X
1.02; 5 RD(*) D)
[ 1 a
$41.00
< FhT i met s |
0.98] AR g = CﬁL constant for my — Bmy as
Rty 2 long as x — v/fBx
0.96 ‘
|| S S = Cs,v, T suppressed by 1/
07 08 09 10 LI 1 ’
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Comments on B, — v

M-
m Cs only
0.8 m Cs and Cr
T 06!
T
S 04l
m

0.2}

00056058 030 032 034 036
Rp



Numerical scans

Scan I. 6-10° points sampled from the region
o B Kvv:—0.05< K¥2 <01
)
my € 0.6, 5],
Ixij| < Var fori,j#1,
|y22l, [y2s| < V4,
All other couplings are set to zero.

— ~ 5103 pass all of the constraints.

Scan Il. 6 -10° points sampled from the region
o B Kuw:—0.055 KX2 <01
®

o ify € [0.6,5],
o |x;j| < VAmfori,j#1,
o |y23| <0.05, |yz2| < V4,

e All other couplings, including y»>, are set to zero.
— ~ 4.10% pass all of the constraints.



Angelic model: Oy, = L'/ QXd“Q'd€cjxe;

Scalar: ¢;
n:f

- P. Angel, Y. Cai, N. Rodd, MS, R. Volkas 1308.0463
Fermion:f = (8 ,0)

e Interaction

]_ —
7A£_m¢ QS ¢a+ mff+)\uaL Qj¢a+)\70cdif¢:¢
— 28 U b + AJ2 Qi QF ba + AL T; df o + hoc.

e Large hierarchy in the down quark sector

(My); 24met2bmb Z (/\’Lﬁ)\w) log) ()\L3%/\ )

J

e Ny > 2 to obtain rank-2 M,


http://www.arxiv.org/abs/1308.0463

Angelic model: flavour physics

Sa ¥ . .
SO ,\,\l" Large hierarchy in eigenvalues of /.
, N
3 & ° A 4
; ¢ ; ALQ g _ (2m)
i3 o =
R b B 2mb /M
3s
Br(p — ev) ~ —WF(t3,)? 1 1
gr3a L 3m L x (vlj)__ M2 | os (/ 25)
U
2! LQ LQx My jk B
2 (Zmzl >\p3m)\e3m m(22‘) ) J
o 2
mg.
with M1, = VI M, Vy, 7= STIS and t; = 4;
m
f
Parameter Choice
b o Neutrino mass parameters at best-fit values

e Parameter in Casas-lbarra "orthogonal matrix” 6 = 0

- o 5=¢y=0and2{f =1

Br(n — ey) < 5.7-107 13 MEG 610 14

Other Flavour Constraints
Top decay, meson mixing, b — s transition and

more
Mathematica package ANT http://ant.hepforge.org
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Angelic model: flavour physics

Sa v . .
SO ,\,\/" Large hierarchy in eigenvalues of /.
, \
; ¢ ¢ . ; \LQ dF (2m)*
3o "3 =
" b J kB 2mb /P
3s
2
Br(p — ey) ~ —4L F(t3) .1 1
83 ) 22 x (V;)fj 72 Okg (/ 25)
2 LQ LQx My jk Ba
x (Zmzl A p3m*e3m mT) ’
bm m2
with My = VI My Vy, T =STISand t; = d;,-
m
r
Parameter Choice
| e Neutrino mass parameters at best-fit values
r o Parameter in Casas-lbarra " orthogonal matrix” 6/ = 0
| o 5=¢y=0and2{f =1
Br(n — ey) < 5.7-107 13 MEG 610 14
107107 10 10t et 10 Other Flavour Constraints
m2 /m? i s
o1/ Top decay, meson mixing, b — s transition and

more
Mathematica package ANT http://ant.hepforge.org
mg = 10TeV
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Angelic model: flavour physics

Large hierarchy in eigenvalues of /.

LQ df _ (2m)*
A3 3a = o
jsk,B “MbMf
1 1
* 2 r— 5
x (v,/)’,j m2 | O (: 25)
Jjk Ba
o [ T P sT i
with M1y, = VI My Vo, 1= STIS and t; = —5F
3

Parameter Choice

o Neutrino mass parameters at best-fit values

e Parameter in Casas-lbarra "orthogonal matrix” 6y = 0

e 5=¢y=0and 2l =1

Br(u — ey) < 5.7-107 13 MEG 610 14
Br(pn — eee) < 1012 SINDRUM 1016

Other Flavour Constraints

Top decay, meson mixing, b — s transition and

more
Mathematica package ANT http://ant.hepforge.org
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Angelic model: flavour physics

Large hierarchy in eigenvalues of /.

4
e 5 LQ ydf _ (27)
S 1 Baa = re——
= jsk,B 2Mb/Mf
>, .
(SRS ‘ { 16 1 1
107! o5 L
g x (v,j)’_j (MS) Okp (/ 2s>
1072 Jjk B
2
- )-2. - 2 ~ ~ m‘ P
10 10 107" 21 10‘2 102 10° with M, = V,Z-Mz/ vy, i = STIS end t = m‘gl
m3, /m¢ ) 7
Parameter Choice

mg = 1TeV in Au . )
o Neutrino mass parameters at best-fit values

® Parameter in Casas-lbarra "orthogonal matrix” 6 = 0

. 6:¢2:Oand)\g;:1

Br(n — ey) < 5.7 - 10— 13 MEG 6.10— 14
Br(p — eee) < 10—12 SINDRUM 10— 16
Br(uN — eN) < 7 - 10_13(Au) SINDRUM I 1018 (Ti)

Other Flavour Constraints
Top decay, meson mixing, b — s transition and

more
Mathematica package ANT http://ant.hepforge.org

mil / mf—

mg = 10TeV in Ti
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