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B-Anomalies

e Discrepancies in b — su™p~ data and SM: Angular Observables in
B — K*p*p~, Branching Ratio in By — ¢u* ™ : (Combined Significance
4-50).
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e Discrepancies in Lepton Flavor Universality Ratios in b — sé/:

BB - KWt y-)

Rk =
KO ™ BB > KHete)

Both Ryi and Ry« are measured to be below the SM value by ~ 2.50.
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e Discrepancies in b — sutp~ data and SM: Angular Observables in
B — K*p*p~, Branching Ratio in By — ¢u* ™ : (Combined Significance
4-50).

e Discrepancies in Lepton Flavor Universality Ratios in b — sé/:

BB - KWt y-)

Rie =
KO ™ BB = KHete)

Both Ryi and Ry« are measured to be below the SM value by ~ 2.50.

e Discrepancies in Lepton Flavor Universality Ratios in b — ¢/p:

_ B(B—DWrp) Rel B(B. — J/yD)
~ B(B = D™ () I T BBe — I/ibui,,)

Rp

Both Rp and Rp- are measured to be above the SM value, the combined
significance is ~ 4.00. R;,y is measured to be ~ 20 above the SM.
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Individual Explanations: EFT Approach

e The NP can be parameterized in terms of the Wilson Coefficients.
Heg = Y Ci0;

Cx = Cx(Sl\’D + Cx (NP)
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Individual Explanations: EFT Approach

e The NP can be parameterized in terms of the Wilson Coefficients.

He = »_ CiO;
Cx = Cx(Sl\’D + Cx (NP)

b — sppue
05" = (5p7"b) (Avun) . 018 = (57"0r) (A’ n)
b —crr;,:
O, = (eLy*br) (Tryuv-r)
(Global Fits):
e b — supu:
CH(NP) = —Cil'(NP) ~ —0.53.
eb —cri:
CIT(NP) ~ 0.10

See e.g. Phys. Rev. D 96, 095009, JHEP 1809 (2018) 152
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Combined Explanation: EFT Approach

SU(3)e x SU(2)r, x U(l)y Gauge Invariant Operators
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Combined Explanation: EFT Approach

SU(3)e x SU(2)r, x U(l)y Gauge Invariant Operators
There are two such Semi-Leptonic Operators relevant for b — s¢/ and

b — clv with (V-A) structure

(Qirvu Qi) Lz Liz), (Qirvuo' Qir)( Lo’ Lir)
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Combined Explanation: EFT Approach

SU(3)e x SU(2)r, x U(l)y Gauge Invariant Operators

There are two such Semi-Leptonic Operators relevant for b — s¢/ and
b — clv with (V-A) structure

(Qirvu Qi) (Lity"Lir), (Qirvuo' Q) (Liry" o' Lir)

Operator (Q;17,0'Q;)(Lxry"o'Liy) relates b — sl to b — clv
transitions.
[Phys.Lett. B742 (2015) 370-374]
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EFT to Models: Leptoquarks
Scalar Triplet: S (3,3,—-2/3)
Vector Triplet: Us (3,3,4/3)
Vector Singlet: U; (3,1,4/3)
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EFT to Models: Leptoquarks

Scalar Triplet: S (3,3,—-2/3)
Vector Triplet: Us (3,3,4/3)
Vector Singlet: U; (3,1,4/3)

8 H

LQ Lo
# b v b
ALsy = hi‘g (QiLUIiU2L;L) S3 +h.c., (We allow General Couplings)
AEU;; = h,gi% (@iL »\I/H O'ILjL) Ufjlu, + h.C.7
A‘C’Ul = hgl (@zL “/H LjL) Ul# + h.C.
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EFT to Models: Leptoquarks

Scalar Triplet: S5 (3,3,—2/3)
Vector Triplet: Us (3,3,4/3)
Vector Singlet: U; (3,1,4/3)

8 H
(8 T
: LQ i : LQ <
p b v b

ALs, = hi‘s (QiLUIiU2L;L) Sé + h.c., (We allow General Couplings)
AEUg = hg_i% (@iL 7,‘1 O'ILjL) UJIM + h.C.7
A'CUl = hgl (azL A//H LJL) Ulu +h.c.

Under the assumption that NP Couples to only IT and III
Generations we have 4 Free(Real) parameters for each Model:

haa, h3s, hos, hs3.
B e e ITER T ervara . ey



Six Minimal 4+ Five Lelpton Flavor Violating (LFV) constraints.

Observables

Ry /(Rp!)sm
R ”","{H Iy )c\[
B(B —» K" Jw? )/B(B — K" ui)sm

Observable Measurement or Constraint
minimal
b— sptp” (all) CHLQ) = —C{HLQ) = —0.68 £ 0.12 [17]
R (R sm 1.18 + 0.06 [18-21]
R R Ysm 1.36 £ 0.15 [18-21]

1.04 £ 0.05 [68]
2.51 + 0.97 [22]
—1330 Re[C(LQ) + 350, I (LQ)* < 248 [69]

LFV

B(BT = Ktr pu™h)
B(BT = K*trTu™)
B(T(25) — p*r7)
B(r — ud)
B(J [y — p=77F)

(0.841.7) x 1077
(—0.4+1.2) x 107°
(0.2+1.5+1.3) x 107% ;
< 8.4 % 107° (90% C.L.) [72]

< 2.0 x 107" (90% C.L.) [73]

< 4.5 % 1077 (90% C.L.) [70]
< 2.8 x 107% (90% C.L.) [70]

< 3.3 % 107°% (90% (...L.} [71]
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Ss and Us Leptoquarks Models

The Fit of S3 and U3 to the Minimal set of Constraints yields:
x?/dof = 7.5 (S3), 10 (Us),

Implying that simultaneous explanation is not possible within S5 or

Us.

University of Victoria 7/14



Ss and Us Leptoquarks Models

The Fit of S3 and U3 to the Minimal set of Constraints yields:
x?/dof = 7.5 (S3), 10 (Us),

Implying that simultaneous explanation is not possible within S5 or
Us.
e The constraint from B — K™ vp: —0.047 < (91 — g3) hazhoz < 0.026.
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Ss and Us Leptoquarks Models

The Fit of S3 and U3 to the Minimal set of Constraints yields:
X2/d0f =75 (Sg), 10 (Ug)

Implying that simultaneous explanation is not possible within S5 or
Us.
e The constraint from B — K™ vp: —0.047 < (91 — g3) hazhoz < 0.026.

e For the S3 LQ, we have
hsshes = —0.28 +0.08 (Rp(+ ),

h33h23 > —0.094 (B — K(*)I/f/)
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The Fit of S3 and U3 to the Minimal set of Constraints yields:
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Implying that simultaneous explanation is not possible within S5 or
Us.
e The constraint from B — K™ vp: —0.047 < (91 — g3) hazhoz < 0.026.
e For the S3 LQ, we have
hsshes = —0.28 £ 0.08 (Rp+) ),
h33h23 > —0.094 (B — K(*)I/f/)
e Similarly, the Us LQ has
hsshos = —0.14 +0.04 (Rp)),

hazhas > —0.013 (B — K™®ui).
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Ss and Us Leptoquarks Models

The Fit of S3 and U3 to the Minimal set of Constraints yields:
X2/d0f =75 (Sg), 10 (Ug)

Implying that simultaneous explanation is not possible within S5 or
Us.
e The constraint from B — K™ vp: —0.047 < (91 — g3) hazhoz < 0.026.

e For the S3 LQ, we have
hsshes = —0.28 £ 0.08 (Rp+) ),

h33h23 > —0.094 (B — K(*)I/f/)

e Similarly, the Uz LQ has
hsshos = —0.14 +0.04 (Rp)),

hazhas > —0.013 (B — K™®ui).

The constraint from B — K® v is not compatible with the Rpeo-.
). Kumar (Université de Montréal) | University of Victoria 7/14



U, Leptoquark Model
e No contributions to b — svv (at Tree Level) since

(91 —92) = 0.

University of Victoria 8/14



U, Leptoquark Model
e No contributions to b — svv (at Tree Level) since

(91 —92) = 0.

e Combined Fit of U; Model:

9 Observables:

Minimal : b — suu, RL//Z, Rz)/f, Ri)/fl R;?’:

LFV : B(B — K1 u™), B(t — op), B(Y — p*77).
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U, Leptoquark Model
e No contributions to b — svv (at Tree Level) since

(91 —92) = 0.

e Combined Fit of U; Model:

9 Observables:
Minimal : b — sppL, RL/ /e Rz)/f, REL’)/*“, R;?’:}
LFV : B(B — K1 u™), B(t — op), B(Y — p*77).
4 Free Parameters:

hQQ, hgg., hgg, hzy — d.o.f =5.

X?nin/dOf =1
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U, Leptoquark Model
e No contributions to b — svv (at Tree Level) since

(91 —92) = 0.

e Combined Fit of U; Model:

9 Observables:
Minimal : b — sppL, RL/ s Rz)/f, Ri)/ﬁt, RS% )
LFV : B(B — K1 u™), B(t — op), B(Y — p*77).
4 Free Parameters:

hoo, h3s, hoz, hss =— d.o.f =5.

X?nin/dOf =1

Therefore U; LQ can explain both the charged and neutral current
B-anomalies simultaneously.
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LQ Couplings: Pattern & LFV Constraints

Using Minimal Observables only product of LQ couplings are
constrained but the individual couplings remain unconstrained.
b—sutpu™ : hsghao
b— et Veshaghos + Vayhag
BT — K+T_u+ : hszohag
BT — K+T+M_ : h33h22
T(QS) — ,u:l:T$ . hszhso
T —r ,ugi) : hgghgg.

= Minimal
= LRV

= Minimal
= LY
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LQ Couplings: Pattern & LFV Constraints

Using Minimal Observables only product of LQ couplings are
constrained but the individual couplings remain unconstrained.

+,- . B
b= spp - hisahao 5 Lepton Flavor Vi-
b=ty : Veshgshas + Veyhis olating Observables
BY 5 Ktr ut © hsohos put additional con-
Bt 5 Kt7T ™ ¢ haghos straints:
Y(25) = p™ 7% i hashs 1h22| < 0.12, |h32] < 0.7
T— pg : haghoo. |h23| < 0.9, |h33| > 0.1.

= Minimal
= LRV

= Minimal
= LY

—0.8-0.6-04-02 00 02 04 06 08
ey iy
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LQ Couplings: Pattern & LFV Constraints

Rpw
hgg = O(1.0) . haz = 0(0.1)
Chas = 0(0.1) . has = O(L0) ,
chgg = O(10) , hag = O(0.1)
Chas = 0(0.1) . has = O(L0) ,

RI((*)
0.01) , hay = O(0.1)
0.01) ., hee = 0(0.1)
0.1) , hgyp = 0(0.01)
1), he =0(0.01)

hag =
hag =0
hag = O

hag =

Of
(
(
(0.
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LQ Couplings: Pattern & LFV Constraints

RD(*) RK(*) has || Xmin sar40, hzs
A= (a,e):hgg = O(10), hgg = O0(0.1), haz=0(0.01) , hay = 0(0.1) Lo dl Mot
B=(bc):hgy=0(01), hag=0(L0) , hgo=0(0.01) , ha =0(0.1) ool on lomnon
C=(a,d): hgy = 0(1.0) . haz =0(0.1), hge=0(0.1), hgp = 0(0.01) 2? 1618? gigig;;
D = (bd):hsz =0(0.1) , haz =0(L0), ha2=0(0.1), hx=0(0.01) - = : '
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LQ Couplings: Pattern & LFV Constraints

RD(*) RK<*) g3 || Xonin.sar 4 i has
A= (a,¢):hgg = 0(1.0) , hgg = O(0.1) , hay = O(0.01) , hay = O(0.1) 1.0 50 [0.10£0.04
B=(b,e):hgy=0(0.1), haz=0(L0), hge=0(0.01), hyy=0(0.1) 0.5 52 |026£007
C = (a.d) : has = O(1.0) . has = O(0.1), hgy = O(0.1) , hg = 0(0.01) g? 16183 g:gig;&
D = (b.d): hgy =0(0.1), hay =0(1.0), hge=0(0.1), he =0(0.01) : = - -

LFV constraints prefer a large value of h33 coupling. A sizable
hog ~ O(0.1) is needed to fit the data.
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LQ Couplings: Pattern & LFV Constraints

Rpe Ry
A=(a,c):hgs = O0(1.0) . haz=0(0.1), hay =0(0.01) , hyy = 0(0.1)
B=(be):hyy=0(0.1), hoy=0(L0), hgs=0(0.01), hay=0(0.1)
C = (a.d): hyy = O(1.0) . hyg = 0(0.1), hgy = 0(0.1) , hy = O(0.01)
D= (bd): hsg=0(01), hy=0(L0), hs=0(0.1), hy=0(0.01)

has anm.s.uu.'i hag

1.0 5.0 0.10 £0.04
0.5 5.2 0.26 £0.07
0.2 6.8 0.60 £0.15
0.1 11.3 0.70 £0.20

LFV constraints prefer a large value of h33 coupling. A sizable
hog ~ O(0.1) is needed to fit the data.

hgg =

0(0.1), hyy =0O(1.0)

gy =O(1.0), hyy =0(0.1)

0,20}

=0.05

EET:] S R R e

 f— = Minimal
. 413 . LRV 0.10

—=0.05

hA = Minimal
ATAL L

UET:] SRR SN S ma

-0.4-0.3-02-01 00 01 02 03 04

gy
University of Victoria
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Predictions for U; model

e Enhancement of same size in b — u/U modes is predicted:

/K B(B—=mTv) T/0 -
Ryjp = 8B=md o R ~1.90.
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Predictions for U; model

e Enhancement of same size in b — u/U modes is predicted:

T/ _ BB=wto) | pT/l
Riyn = B(B=rl) = Ry ~1.20.

¢ RGE running induce b — svv mode:
B(B — KV&) ~ 1.3 X B(B — KI/ﬂ)S]V[.
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Predictions for U; model

e Enhancement of same size in b — u/U modes is predicted:

T/ _ B(B—=wTo) o pT/t
Ry = BBorm) = Ry ~1.20.

¢ RGE running induce b — svv mode:

B(B — Kvv) ~ 1.3 x B(B = Kvi)gn.
e More than two orders of enhancement is expected in the b — s77
modes !

B(B — KT’I_') ~ 250 x B(B — K’T’I_')S]u.

25

or B(B, —» r*r )t [0/Ogp] /500

/Osas
O/Osar

20
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Vector Boson (VB) Triplet Model

e An SM-like VB (W', Z’) which transforms as (1,3,0) under the SM Gauge
group is another possibility.

SiX Couplings : (g,u,uﬂgTTvgllT)ﬂ (gsssgbbagsb)
s n 5 5
z' z
b Iz b b
¢ T Iz p
w 7
b v T I
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Vector Boson (VB) Triplet Model

e An SM-like VB (W', Z’) which transforms as (1,3,0) under the SM Gauge
group is another possibility.

SiX Couplings : (g,u,uﬂgTTﬂg[lT)ﬂ (gssvgbbagsb)
s n s s
z' z
b Iz b b
¢ r Iz Iz
w 7

b v T i

e In addition to the Semi-Leptonic operators required to explain the
B-Anomalies the four Fermion are also generated at the Tree Level.

e Additional constraints like B, — B, Mixing, 7 — 3u, 7 — (v come
into play.
~ J.Kumar (Université de Montréal) | University of Victoria 12/14



VB Triplet Model: Results

e Due to the constraints from 7 — (v and B,-Mixing the g,, ~ O(0.01 —0.1)
is small, so the NP effect in b — c77 are limited.
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VB Triplet Model: Results

e Due to the constraints from 7 — (v and B,-Mixing the g,, ~ O(0.01 —0.1)
is small, so the NP effect in b — c77 are limited.

e Therefore, to explain R ) we need the suppress the denominator i.e NP in
b — cpv. But in the light direct searches at the LHC of heavy bosons in

bb — Z' — upu challenge this possibility.
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VB Triplet Model: Results

e Due to the constraints from 7 — (v and B,-Mixing the g,, ~ O(0.01 —0.1)
is small, so the NP effect in b — c7v are limited.

e Therefore, to explain Ry we need the suppress the denominator i.e NP in
b — cpv. But in the light direct searches at the LHC of heavy bosons in

bb — Z' — upu challenge this possibility.

My = 1TeV

E
Fl
2

F-]

*]
=
=

Gup
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VB Triplet Model: Results

e Due to the constraints from 7 — (v and B,-Mixing the g,, ~ O(0.01 —0.1)
is small, so the NP effect in b — c7v are limited.

e Therefore, to explain Ry we need the suppress the denominator i.e NP in
b — cpv. But in the light direct searches at the LHC of heavy bosons in

bb — Z' — upu challenge this possibility.

My = 1TeV

LHC bound

-3 -2 -1
Gup

e So, we conclude that the VB model is excluded.
S J Kumar (Université de Montréal) | University of Victoria 13/ 14



Summary

e At present there are several anomalies in the B-decays, both in the neutral
currents as well as the charge current transitions. The combined significance if
about 4 — 5o and 4o respectively.
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Summary

e At present there are several anomalies in the B-decays, both in the neutral
currents as well as the charge current transitions. The combined significance if
about 4 — 5o and 4o respectively.

e Assuming that NP is responsible for this, there are four one particle
extensions of SM which in principle could be solution. Those are (SM + Scalar
triplet LQ), (SM + Vector Triplet LQ), SM+ Vector Singlet LQ or SM +
Vector Boson Triplet Model.
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extensions of SM which in principle could be solution. Those are (SM + Scalar
triplet LQ), (SM + Vector Triplet LQ), SM+ Vector Singlet LQ or SM +
Vector Boson Triplet Model.

e Taking the general couplings(real) to the second and the third generation
only U; (a Vector Singlet LQ) model can offer a combined explanation.
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Summary

e At present there are several anomalies in the B-decays, both in the neutral
currents as well as the charge current transitions. The combined significance if
about 4 — 5o and 4o respectively.

e Assuming that NP is responsible for this, there are four one particle
extensions of SM which in principle could be solution. Those are (SM + Scalar
triplet LQ), (SM + Vector Triplet LQ), SM+ Vector Singlet LQ or SM +
Vector Boson Triplet Model.

e Taking the general couplings(real) to the second and the third generation
only U; (a Vector Singlet LQ) model can offer a combined explanation.

e As a consequence a large enhancement (by orders of magnitude) are
predicted in the b — s77 modes.
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Summary

e At present there are several anomalies in the B-decays, both in the neutral
currents as well as the charge current transitions. The combined significance if
about 4 — 5o and 4o respectively.

e Assuming that NP is responsible for this, there are four one particle
extensions of SM which in principle could be solution. Those are (SM + Scalar
triplet LQ), (SM + Vector Triplet LQ), SM+ Vector Singlet LQ or SM +
Vector Boson Triplet Model.

e Taking the general couplings(real) to the second and the third generation
only U; (a Vector Singlet LQ) model can offer a combined explanation.

e As a consequence a large enhancement (by orders of magnitude) are
predicted in the b — s77 modes.

Thanks for your attention !
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