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Aim of the lectures: to get familiar with the methods

and terms used In theory
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The Standard Model

Gauge structure of the SM of Particle Physics

SUB). X SUR2); X U(1)y

stronQ: </ -’
J weak: isospin \— hypercharge

Fermions: three generations SUB)- SU2), U()y
eR UR TR 1 1 -1
Li=e,er)' L= (Vy,HL)T Ly = (v, tr)" 1 —
UR CR Ir 3 1 %
dr SR br 3 1 —%
Q1= (ur,dr)" Qr=(cr,s1) Qs =(tr,br)’ 3 2 %
Gauge bosons: mediators
Gy a=1-8 8 1 0
% a=1,2,3 1 3 0
B, 1 1 0
Higgs
® = (¢*,¢°) 1 2 1
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Lagrangian

1
3kin —_ l/_/lBl// — ZFIMDF/AI/ + (DM(D)T(DIMCD) Y = {eRa La uRa dRa Q}
P FW = {G;‘V, W;’U, BW}
Fermion-gauge
boson interaction

k"Higgs—gauge
boson interaction

«

3 X 3 Yukawa matrices: tlavour dynamics
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Lagrangian

1
3kin —_ l/_/lBl// — ZFMDF/,H/ + (DM(D)T(DIMCD) Y = {eRa La uRa dRa Q}
P FW = {Gjy, W;}y, BW}
Fermion-gauge
boson interaction

k"'Higgs—gauge
boson interaction

«

3 X 3 Yukawa matrices: tlavour dynamics
No Yukawa for neutrinos massless in SM

SUQ), x U(1)y, —S98B | U(1)py

oojoy= —( °
-1(!

Massive gauge bosons: W=, Z

[Courtesy: CERN document server]
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Flavor sector

Zrin for fermions are invariant under [UB3)]?

QL—>VI'Q, ugr—Viug, dr—Vgdg, _ .,

l; ) A ViH@e 1 3x3 unitary matrices

L->V{L, er— Vger, ’
Lk [UB)] [U(1)]* Baryon no. B

& 3 lepton family nos. Leﬂ .
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Flavor sector

Z\in for fermions are invariant under [U(3)]°
0L > V¥Q, ug— Viur, dg—Vidg, _, ..
LoL ©OTORTR TR IRTE ViH@e 1 3x3 unitary matrices
L—>V;L, egr— Vgeg, ,

P [UB)] [U(1)]* Baryon no. B
& 3 lepton family nos. L, ,

Can we use flavour symmetry to diagonalise all Yukawa matrices”

~D

' : ; u u oU e e oF
bi-unitary transformation (V/)'Y°Pvg =Y,  (VOWvg =Y, (V)Yevg =Y.

But are available in quark sector: V¢ missing
Ly =—00VH VA dg — 00V ug — LOT eg
P
non-diagonal Extra rotation for d-type quarks
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Flavor sector

Mass basis All Yukawa matrices are diagonal
V..V, V
\/v Vcd

\V VISV/
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Flavor sector

Mass basis All Yukawa matrices are diagonal

V..V, V
d, — d; = (V"'Ved, = Vexud, / ud ’“‘b\
\_/V VCd

\V VIS V /
Where do we see the of CKM rotation?

Kinetic term:fin f e — (T3 — sin? SWQf) fYMZ.f +eQrfyrALSf

sin dw CcoS dw

Z JLj)/”dLjV”H Z d (VJr ch) deLkV[J‘ VMZ{GWZWA”}
J=12.3 Jk=1.2.3 ~ neutral gauge bosons

No flavor changing neutral current@tree level

<’ .
Ny possible at loop level
5
W

b

\)
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Flavor sector

Charged current: Z iy P W, — Z iy P Vad W, = iiy" Vg PrdWr
J—123 jk—1.23

flavor violation generated in gauge interaction via Yukawa
interactions In
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Flavor sector

Charged current: Z iy P W, — Z iy P Vad W, = iiy" Vg PrdWr
J—123 jk—1.23

flavor violation generated in gauge interaction via Yukawa
interactions In

General parametrization of 3x3 unitary matrix -~ 3 angles + 6 phases
Not all phases —>5 are rotated away u® - 'l utR, aR - ¢ d-"
VEM (0 =eyCkM . 3 angles + 1 phases
., urce
- of CP violation
(1 0 0 \ ( C13 0 S|3€_'b\ ( Cl12  S12 O\
VCKM =10 C23 523 0 | 0 —S512 C12 0
\0 =523 €23/ \—Sl3em 0 c13 / \ 0 0 1) 5 = sin;

c;; = €0s 0;
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Weak decays of muons

e —_

L
. 1 g% = 1 >~ 1
amplitude= —3 - M2 [Vuyu(L=ys)ulley™ (1 = ys)vel,
i v,
k* < M3, is good approximation as m, < My, }De
G o - l
5 Pavul = yulleyt( = ysyvel, I ,
G g
matching with Fermi theory with interaction — = —=
V2 sMZ
BR(u — ey,p,) ~100% — ~ decay width of muon

used to evaluate Gy
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Weak deca,ys of muons

e —_

L

U

2 2 .
LT 19273 m? 5 Mg, space factor

theo —6
T = 218776 x 10 | very closely in

7P = 2.1969811(22) x 105 agreement
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Weak decays of muons

2

e - 2 :
yve . ~ Gpm, (1 _8mf,) - iﬂ) @| O with phase
4T 192n3 m? 5 My space factor

theo —6
H “u b = 21877610 | very closely in
TSPt = 2 1969811(22) x 107°s agreement

,u

Including electro-weak corrections

Gpm 2 25 3 m; eyﬂe
I, = 192ﬂ§(1_8_“) 1+20;(4—n2) <1+§M_§/) 5
2 v,
7% = 2.19699 x 10~°5s . in perfect
7Pt = 2.1969811(22) x 10705 agreement

,u
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Weak decays of tau
Total 0 dth of fermion ot = O™
otal adecay widtn of fermion rf — 9773 [f(mf’/mf)+'°']

phase space + higher order in agy,

BR~35% BR~35%
d,s theo —13
e, u e = 3.26707 x 107"’ s
~7, , M K T
7Pt = 2.906(1) x 107135
T UT T UT
Gluon quarks

QED effects under control but QCD

Tau decay Is used to evaluate a,— strong coupling constant
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Weak decays of quarks

£ ) d,s
y”f gm%%?/uc
b U

G,%m]}5
19273

heavy quark masses enter
— depend on scheme

Total decay width F}Ot = [f(mf’/mf) + ]

mPole  =1471 GeV, mP  =4.650 GeV of theory
mo(m.) =1.277 GeV, my(ms) =4.248 GeV - - predictions for ;"
me(mp) = 0.997 GeV, my(my) = 4.248 GeV

_ t
Téheo=2.60><10_15p8 @mc’b(mb)— from TbeXp

9 Rusa Mandal, IIT Gandhinagar



Loops

Actual physics lies in loops! check of tree level &
validity of perturbation theory

Several decays start@1-loop

pleces

. . Renormalization
In loop integrals
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Loops

Actual physics lies in loops!
validity of

check of tree level &
- perturbation theory

Several ©

pleces

. . Renormalization
In loop integrals

Resummation with RG equations

. Next-to
Leading  eading NNLL
Log Log
Tree |
1-loop| a,In g
2-loop | a?In? a’In a’

10

ecays start@1-loop

energy scale
induced

as(mb)ln(mg /u?)
02x1.3
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OPE

Weak decays of quarks involve scales
u = O0My) fundamental scale of weak interaction— small @,
6(1GeV) < i < My, a, variation i§ significant
resummation of necessary
u < 0(1 GeV) confinement effects has to be included
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OPE

Weak decays of quarks involve scales
pu = O0My) fundamental scale of weak interaction— small @,
6(1GeV) < u <M o, variation is significant
—r= resummation of necessary
u < 0(1 GeV) confinement effects has to be included
An example: il i
L ° @V d
C S C @ S
GF My, - 7 _ 7, (1
A=-—VV (5¢)y_a(ud)y_a (Pv-a Efr, (L =vs5)f
V2 M2 - M,
— GF

* < 7l k2
- $VcsVud (5¢)v-a(td)y-a+ 0O (M_vzv)
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(Xk H o = VEV ,CQ +higher D; @ = (5¢)y_,(i4d)y_4

; s product of two currents expanded in series of local
operators coupling constants—
Wilson coefficients C

C=1 by QCD corrections + new operators induced

different structure
1

a a 1
TQBT'Yé — _ﬁ5a55y5 + 55055575
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OPE

G = -
Tt = T;V;svud(cl(H)Ql + G (u)22). Q1 = (SaCplv-alupda)v-a
O = (Eaca)V—A(’Zﬁdﬁ)V—A
Amplitude of theory should match with the amplitude produced
from theory Hamiltonian matching condition
A = Aur = ZEVV. (CIHO1) + Co(03))
full eff \/i cs Yud\“l 1 2 2/7)
Aey = ZEVE Y [1+2Cﬁl+1n‘u—2 g4 30 (M) o
full = N ud Fa\% 7 2t N an 2 2
P M?
- 3E m(__;g) Sl] S1 =(01)tree = (Eacﬁ)V—A(ﬁﬁda)V—Aa

S2 =(Q2)tree = (Eaca)V—A(lzﬁdﬁ)V—Aa
pole can be absorbed

1 fiald redefinition tree level matrix element
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Matrix element
W
/\

41t

”

divergences in 1st two
terms absorbed in
renormalization.

35

1 u? 3 a, (1
O = (1+2Cp =2 (= +m|[=|]]|si+ 22 (- +n
Qo ( T (e+ —p? 'Y Nam\e "

2
(0)© = (1 rocp s (% +In (”—2))) S, +

More divergent than full theory—
effective theory is nonrenormalizable

need additional constants
—operator renormalization
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Matrix element

AN AL

()0 = Z:22,40))

Quark field renormalization Operator renormalization
A 3/N =3
Z=1+ as 1
dmte\ -3 3/N

Renormalized operators:

2 2 2
(01) = (1 +2cpﬁ1n(”—)) S + 1ﬁln(”—) S, —3ﬁ1n(”—) S5

4t \ —p? Nan \-p? 4t \ —p?

2 2 2

X U 3 U X U
=|(1+2Cp—In|— ||+ —=-—h|—|$H-3-——In|—|S
27 ( " an n(—pz)) > T Nan n(—pz) © T4n (—pz) 1
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Wilson coefficients

Matching between full and EFT amplitudes gives

_ s My _ L3 as . (My
Cl([.l) = —34—7_[ m(?) s C2(H) =1+ ﬁ4_7t IH(F)

remember when QCD: C,(My) =0, C(My) =1

Operator renormalization similar to coupling constant renormalization
if Wilson coetticients are thought as constants in ?/eff
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Wilson coefficients

Matching between full and EFT amplitudes gives

_ s My _ L3 as . (My
Cl([.l) = —34—7_[ m(?) s C2(H) =1+ ﬁ4_7t ID(F)

remember when QCD: C,(My) =0, C(My) =1

Operator renormalization similar to coupling constant renormalization

if Wilson coefficients are thought as constants in %eff
2 2
of (1 l(ﬂ)) (1 : 1(ﬂ)) (1 +arm(£5))
energy scales@ 0(a,) —p u -p
WC matrix element
full theory=

(short distance) (long distance)
My gk (Mw k> di?
L %= T

16 Rusa Mandal, IIT Gandhinagar



Wilson coefficients

> WCs are independent of

p2 dropped from the expressions
— need to be careful while regularising infrared divergences

2 Operators mix under renormalization: Z is non-diagonal

Counter term for @, depends on the constants for both @, & @,

diagonal basis: Q. = Q> ; 91 c=0=xq
Cow) =1+ (2 %3] % m My
Al N ") an uz |
D \_~ Large log u = 1GeV
4%
Total correction amounts 60-130%
Naive of perturbative series
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Wilson coefficients

' . dC+
Resum large logs via RG egn: dl_n(ﬁ) = v.(g)C: (1)

anomalous dimension ,/

depends on renormalization constants

Similarto (= ——1 a0 llz(ﬁ(’asgﬂf)m(%)]
running of a, "

,(0)

-

as<Mw>]'2To
ag(u)

Ci(MW)

— 1

In RG improved perturbation theory: C.i(u) = [

@b-mass scale Ci(fp) = 0.847and C_(up) = 1.395
from the value 1 due to QCD
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Prescription

2> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out
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Prescription

2> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out

2 Step-2: perturbation theory

using anomalous dimension of operators compute WCs at any lower
scale via RG evolution C(u) = U(u, AN)C(AN)
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Prescription

> Step-1: in perturbation theory

amplitude in full theory matched to operator matrix element in
effective theory extraction of WCs C,(A)

\ mass of heavy
particles integrated out

2 Step-2: perturbation theory

using anomalous dimension of operators compute WCs at any lower
scale via RG evolution C(u) = U(u, AN)C(AN)

2 Step-3: calculation

hadronic matrix elements at the lower scale via methods:
Lattice gauge theory, QCD sum rules

factorization between distance physics

Cu): > — N < (@)
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| ecture |
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Effective theory

Effect of captured in higher dimensional operators

— A (New physics) short-distance

physics

perturbation theory

SM
SU(S)C X SU(Q)L X U(l)y

A

C

’ RGE

QCD + QED EQED"‘EQCD‘FZ%O;O

A

— Mmq (Heavy quarks)

\ L
HOET —  few xAqon long d|sltance
| physics
SU(2nq) Spin — Flavor < non perturbative
=  Aqcp techniques
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Effective theory

Effect of captured in higher dimensional operators

— A (New physics) short-distance

physics

perturbation theory

SM
SU(S)C X SU(Q)L X U(l)y

<

C
£SM —|— Z Eop

RGE
QCD + QED

C/
Lqep + Lqep + Y EOE’O

mq (Heavy quarks)

" Hadron } |
; long-distance

HQET \ decay Jfew xAqep |
. N L physics
SU(2nq) Spin — Flavor 41 non perturbative
-  Aqcp techniques
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Hadron decay

Leptonic: £ ;. decay probability:A@FulB)
should be parity-odd pseudoscalar

b

Bﬁ axialvector (0| by*ysu|B(p)) = — ifyp*

QCD effects parametrized in parameter
— decay constant

binding of quarks inside meson

non-perturbative technigues: Lattice QCD, QCD sum rule,
Heavy quark effective theory
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Hadron decay

. - 4G _
Semileptonic: %eﬁz_” (&7, PLb)(Cy"Py)

L V2o

C parametrization of quark current
B~ O g o g O DY when sandwiched between
y hadron states

U U

binding of quarks inside meson
_|_
QCD between initial and final state

(D(pp) | cy*b| B~ (pp)) = fip), + Dy J1, Form factors—depends on
Lorentz scalar

(pg—Pp)* =q°

non-perturbative techniques: Lattice QCD, QCD sum rule,
Heavy quark effective theory
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QCD sum rules

2 QCD Sum Rule methods for estimates
B8ased on [Shifman et al. *79]
Perturbatively calculable Quark & gluon .
amplitudes T charactarises QCD vacuum

or distribution amplitudes in LCSR

— [~ Dispersion relation [Khodjamirian et al. ‘05, 07]

Physical hadronic parameters

4 Ground state

2z Limitations: hadronic parameter extraction
depends on for the spectrum

continuam

AN

Borel parameter

spectral density
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Hadron decay

Nonleptonic: 4 -

Complicated QCD dynamics—
additional assumption required

b - — —
r QT Qo e VeVuen PP

i i
QCD factorization (D%~ |ey,(1 — v5)b - ay*(1 — v5)d|B™)
~ (D°|eyu(1 = )bl B7) - (™ |[ay*(1 — v5)d|0)

%fB__*DO(qz) . fﬂ"

How good is the assumption?!
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G2

2
b W d HEE= = 167‘(2M2 (th:\/td)/CQ(Hb) (b dy)v- A(bﬁdﬁ)v A
in absence of QCD Q’
NN WPV S sandwiched between

d W b Co(piw) = So(x:) loop function o0 ntimeson

states— calculated
at meson mass scale

6/23

as(#W)

Use RG evolution for WCs Co(up) = [ So(xz)
as(Up)
4 . .
(B |1 (bada)v-albgdp)y- A|B = gBBd(Hb)FBded precise estimates
from Lattice QCD
b w d b w d
—<—0"\ NN\ N\NN\—K—— —<—0\ NN\ N\N—K——
® N\NNNNNNN\S
t j}g t t ) t improve with NLO
——=a@ "\ NN\ N\N—— ——=aO "\ NN\ N\N———
d w b d w b
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Charm discovery

SiIl@C W_
S —>—o VN—> w BR(K;, = u*u™) 100
I_(O uy Av, BR(K* — utv))
a < W < M+
cosbc W smallness of BR predicted
cosOc W existence of fourth quark
S >—\\V\V\V\—> M_
K’ cY AV Sum of two diagrams X aéM(mg — mg)
a —\N\N\\NO—< + o
sinBe W' " Prediction of c-quark mass

absence of FCNC at loop level due to unitarity of CKM
—broken by distinct masses of the quarks GIM Mechanism
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Theory of weak decays done!

Next Is to compare with data
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w w | Top quark contribution

v dominates
RN

Most general dim-6 effective Hamiltonian

4GpF t) () _ )
Hepp = — 7 (AHE + AuHE) Ai = ViV
6
HP =GO+ C05+ ) G+ Y (CiQ:i + ClO),
i=3 i=7,8,9,10,P,S

HY = C1(Q - Q%) + C2(Q5 — 0%).
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Penguin

dim-6 basis including new physics operators

e e

Q7 = g—gmb(u)(EovaRb)F”", Q; = _%mb([l)(go'vaLb)F e
1 - va / 1 = a va
Qs = _mb(H)(SO-vaaPRb)G[J ) Qg = _mb(H)(SGva Prb)G"4,
e2 e’ _
Qg = g—z(E)/yPLb)(ﬁV“u), Qg = g—z(imPRb)(W”y),
e? _ e’ _
Q1o = g—z(EyHPLb)(W“ysu), Q1o = g—z(EprRb)(W”ysy),
e’ _ _ ) e’ _ _
Os = 7 6n2mb(u)(sPRb)(W), Qs =7 6712mb(lu)(sPLb)(W),
e? _ _ , e’ _ _
Qp = " 6n2mb([«l)(SPRb)(H)/5[J)a Op = " 6n2mb(y)(sPLb)(Wsu).

In SM (neglecting small q2 dependence)
C" = -0.2957, C&*'=-0.1630, Co=4.114, Cjo=—-4.193.
Cr_1nCY,.CY =0
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Penguin

> The amplitude A (B(p) — K*(k)¢(T (™)

G _ oy 2 5

= SECVVA|Q Co (K5 Pub|B) — =57 (K [sio™ g, (mu P -+ m. P B)
\/§7T I q

1672 7 * | gy B\ ¢ |

e Z Uyl +C o K*|57" PLb|B) £,,75¢

i={1—6,8} i

WCs combines

Ci-6
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Penguin

> The amplitude A (B(p) — K*(k)¢(T (™)

G _ oy 2 5

= SECVVA|Q Co (K5 Pub|B) — =57 (K [sio™ g, (mu P -+ m. P B)
\/§7T q

1672 7 * | gy B\ ¢ |

e Z Uyl +C o K*|57" PLb|B) £,,75¢

i={1—6,8} i

WCs combines o
Cl ] parametrization

with form-factors
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Penguin

2 The amplitude A (B(p) — K*(k)¢(* (™)

G _ oy 2 5

= CECVV | § Co (I s9" PLblB) - 2T (K[sio™™ g, (myPa + m. P )bl )
\/§7T I q

1672 7 * | gy B\ ¢ |

e Z Uyl +C o K*|57" PLb|B) £,,75¢

i={1—6,8} i

WCs combines L
Cl ’ paramedtrization

with form-factors

for non factorization contributions

[Khodjamirian et. al’10]
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Penguin

Rich in terms of information M. (B — K*V*) = e;fi(m) M, €7.(n)

)

polarization of virtual gauge boson

Project out components with different vectors
helicity amplitudes  Hm = Mnm(B — K'V*) m =0, +, —.

transversity amplitudes AL = (Hy F H_)/IN2, Ao = Hy
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Penguin

Rich in terms of information M. (B — K*V*) = e;fi(m) M, €7.(n)

)

polarization of virtual gauge boson
Project out components with different vectors
helicity amplitudes  Hm = Mnm(B — K'V*) m =0, +, —.

transversity amplitudes AL = (Hy F H_)/IN2, Ao = Hy

M(B — K*V* (= u*p))(m) o« €8 (m) My, )" €. (n)e}. (n) guw (1 PLrI)

n,n’ \

total 7 TAs In SM lepton chirality
adds further

constructed with different helicity combinations
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Angular analysis

Angular analysis in well known helicity frame
-

d*T(B — K*(t(™)
dg? d cos 0; d cos 0y, do

The differential distribution

= 3% [If sin’ O 5 + 17 cos? O+ (15 sin? 0 5 +15 cos? 0k ) cos 20;+ I3 sin? @ x sin® 6, cos 20
-

+ 14 sin 20 sin 20, cos ¢ + I5 sin 20 sin 0y cos ¢ + I sin? O x cos 6,

+ 17 sin 20 sin ) sin ¢ + I sin 20 sin 26; sin ¢ + Ig sin® O sin? 6; sin ng]

27 Rusa Mandal, IMSc



Angular analysis

I, = short distance + long distance
% Non-factorizable
Wilson coefficients: contributions:
perturbatively calculable
Form-factors: ki

non-perturbative estimates
from LCSR, HQET, Lattice ...

No quantitative computation

2 Need to construct observables with less dependency
on non-perturbative estimates
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Form factors

(K*(K)I5y,(1 = y5)b|B(p)) = —i€}, (mp + mk+)A1(q")

Az (q°)
mp + mg+

+i(2p—q)u(€”" - q)

2M g+
+igu(e* - q) ’ZZK (434> - Ao(qD)]

2V (%) combination of A, ,

+ € eV pPk°
uvpe€ P Mg + My ’

(K*(k)|50,1vg" (1 + y5)b|B(D)) = i€ uvpo€™ PPk 2T1(q°)

+To(g?) |€}(my — my.) = (6" - q) 2p — q),]

2
2 * q
+T3(q°) (€ - q) -Qy T —ml, (2p - q)y— :
Total parametrize SVI+ new physics matrix elements
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Tensions

a*ln | T r
LHCb )
+Run 1 *2016 i
0.5 « Combined - P =9 F (1 - F
i ﬁ SM from DHMV ] 5 5/\/ L( L)
oF h - in angular
: E 5 observable ~ 3¢
-1 -_ R _l ‘——I SRS, B L _-
0 5 10 15
Hi= ) GOM+ Y CON
i J
new Lorentz structure new WCs

Lorentz structure to
old WCs C; = CiSM + ClNP
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dB(B; — ¢pu*u)/dg? (GeV~—7c?)

Tensions

Same WCs appear in other channels with same partonic level transition

B, — ¢uu: C7.9,10 B, - u u: Cy
x 107

1 1 I I ] 1 T I _1
L —3$— LHCb 91b Av. _ +0.32 -9
: LH([:;OSMOO?] LHCb 3fb™ BBS—>H+M_ = (3.52Z0730) x 10

? ‘ SM (LCSR+Lattice)

SM (LCSR) BB — utu~) =(3.66£0.14) x 10~

SM (Lattice)

+ o wEs) E Tension in BR ~ 26

3 | ’ " —— [ : iE
s W B L5 ‘ R
—r

S Y =Y
S N

1 i I L 1 1 L I 1 L L I

5 10 15
q? [GeV?/c*

S NN B~ O
T T

O

Tension in differential
distribution ~ 206

Any modification to WCs has to be with other channels
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//// N S =
ARV > =
N /\// D
NN N\ \_r
SRS - B O
AN //// M2 B E Sl
// ///// FFF = A
h /// l_lu:p_va 4.,Ft
NN 1IN L E
NN IS
) R X
A NN 3 3=
\ L N — |_ Tt 1 72
AN YN S e o S
NN N MMM E 5T
NN N N\
NN\ N\ “ e, -
NOONC N\ N i TR N
AN x | S
NN\ N ' .
NN N N\ i ]

-universa

lepton tlavor non
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Tensions

L | .tu

— (& %

Se = =

Q 1 3
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AN { I I SR
,MﬁaﬁAAm
P AR 0
i .__ i i | T
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N
=
B

lepton flavor universal
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Further Penguins

Mode with same quarks but charged leptons Neutrinos
B i K
a .2 @: —
b t ~/
NN/

= A\

[J No photon pole contribution— Z-penguin & box contribute equally
M Theoretically much cleaner than B — K*¥¢=¢7

] Experimentally quite challenging due to two missing neutrinos—
— No signal has been observed so far
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Further Penguins

2 Inclusive tagging technique from Belle |l has higher efticiency~4%

Belle II (362 fb!, Combined)

2.4+ 0.7 This analysis. preliminary

Belle II (362 fb-!, Hadronic)

1.1+1.1 This analysis. preliminary

B(ll( 1T {362 ﬂ) 1 ln( lusive)

2.84+0.7 This analys 11

1ary tag
Be H(, IT (()) H) ' Tn( lusive) /
1.9+1.5 PRL127, 181802 * ' .

Belle (711 fb‘l, Semileptonic)

1.0+0.6 PRD96, 091101 * )7(45)
/\.‘0

Belle (711 fb!, Hadronic)

3.0+1.6 PRDS87, 111103 .
Babar (418 fbt, Combined) 4

0.84+0.6 PRDS87, 112005 B

Babar (418 fb'!, Semileptonic) S18
0.2+0.8 PRDS87. 112005 .
Babar (429 fb'l, Hadronic)
1.5+1.3 PRDS7, 112005 K ,
l 1 1 1 l 1 1 l 1 1 1 l 1 1 1 “‘

|

__..__J_f__f?__-_.

Q

e R

L

EE e

2 4 | 6 8 10
BR(B*t — K*uvi) X 10° v

.
.
.
"

EXpye = (24 £0.7) X 107
SM_(46+05)><10‘6 h— e
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Further Penguins

& Effective Hamiltonian with all possible dim-6 operators forb — suv

[ )

4G p agy ) N N N
Hog = ——— 4EM VisVis | Cr1 0001 + Z [Capl* (035"
\/5 n X=SV.T
\ A,B=L,R /
SM ECNC contribution I_ncvlu_des light right-handed neutrinos
CH = —2X,/s2 = -12.7 .OAB.“Z = (57" Pab) (7" Psv”) |
035" = (5P4b) (DQPBuﬂ) :
:OZ;B:aﬁ = 04 (S0" Pyb) (DO‘UWPBI/B)

2 Observables: Branching ratio, differential distribution in q2
Longitudinal polarization fraction in B — K*vp
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Further Penguins

m [CY]]%@ [C'R(]%*  wmm [CYR]?=[C'Rg]%® wmm [CF ]9 =[CR]*=[CiRr]®=[Ckr]?® === [CT ]%¥=[CTrr]*®
10 10
8F 8 .
o o}
at 4k
2r 2 .
- R

0 5 5 5
-40 -30 -20 -10 0 10 20 30 40

[Chg]™®

Variation with individual Wilson coefficients

35

All operators can achieve the expected range
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Consider some motivated BSM particle
contributing to the mode

Simplified Model— Only one particle at a time
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Leptoquarks [2107.01080]

4 q ldea from ‘70s: R-parity violating SUSY, GUTs

Mediators  Spin Interaction terms Operators
S:3,3,1/3) ( | TQVYsin7-SsL 99
R,(3,2,1/6) 0 —dr Yy, RYinL +Q Zp, Ry vR O Ol 071, 0%
Sl(ga 19 1/3) O +@iTQY51L Sl ‘1'@?51 Sl €R +£Zsl Sl VR @}S;I‘Q/T’ @SVT
Ui (3,3,2/3) I + Q7" Yy, L Uj, oV,
ViG3,2,506) 1 | TaRrYulain L+ Qp oy Yiin Vier Oki
0"3,1,-1/3) 1 +dr Zg, U, vR Okr
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Leptoquarks

Mediators ~ Spin | Angular obs  R(D) R(D*) Ry

53,3,1/3y 0 | ¢ X X 4
G260 | X _noeffect—  noeffect
+ RHN X X 4—
S(3,1,1/3) O | no effect v v v
+ RHN X X 44—
U*3,3,213) 1 | ¥ X X &—
vi3,2,56) 1 | X v X v
0"3,1,-1/3) 1 | noeffect ~ —noeffect— v
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B anomalies

2 Exciting discrepancies observed in charged current B decays also

T
vV T
MN%_BMB%DMW)
W - BR(B — D(*)KV)
b C
7 W Ul L WL N L L L BN BRI BLEL R L
) B m Ay*=1.0 contours -
R | [___Summer 2023 ]
0.35 — —
_ Bellell _
0.3 L Belle® i
L LHCbH’ !
0.25 C =
: World Average i
0.2 — 4+ HFLAV SM Prediction R(D) =0.357 £0.029,,,,
B R(D) = 0.298 + 0.004 R(D*) =0.284 £0.012,,,, -
B R(D*) = 0.254 + 0.005 g(: 2';)-:3;3 y -
~ 1 1 I 1 1 1 1 I 1 1 L 1 I 1 1 1 1 I 1 L I L 1 L lxl 1 1 L 1 1 L 1 L I L ]
0.2 0.25 0.3 0.35 04 0.45 0.5 0.55
R(D)
38

, L€{e u}

combined deviation

— 7~
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B anomalies

2 Exciting discrepancies observed in charged current B decays also

_
BR(B — D™rv)
R(D™ l
- D) = BR(BS Dowy - (SO

.
b C
R W A L L LI L L L0 L L LU LU L.
S L J[LHCb,1711.05623]
035 -
E Bellell R S BR(BC % J/w TV)
0.3 I = BR(B. — J/v uv)
2 _ . SM
- = (2:52£097) x Ry, deviation
0.2:— -{-HII:LA < 2 |
- o o
~0a
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Hamiltonian

2 Most general dim-6 BSM Hamiltonian for b — ¢

OV, + Cx O
\/5 { LL X:S;/,T MN MN}

M,N=L,R/

Wilson coefficients:

¢ - _
perturbatively calculable Onn = (¢Pub) (UDNV) )

Oyn = (6y*Pub) ({4, Pyv) ,
Oun = (¢t Pyb) (Lo, Pyv) .

All Cyy = 0 in the SM

~ _~ Simple dynamics Sandwiched between mesons

. form factors:

BSM physics induce new Wilson coefficients

39 Rusa Mandal, IIT Gandhinagar



[2210.10751]

Pull Best Fit Point

Obs Deviation
RD 206 CLVL 440
3.36 ' CV 19
Rp- 226 | C@L 9
In terms of Wilson it 3.00
pb* _ coefficients Car 3.80
i cl, 340
FP 1.70
dTP"1dg? —

10.08(2)
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New Physics

& Fit to all measured observables in B — D®¢D including
differential BR in g~ in EFT approach motivated by UV mediators

[2004.06726]
Mediators Operators Pull* R, Rp« FP* PP
ooptoyr |24 Y VY

O3 O 2.5 v v X Vv
S3,1,1/3) O’ 05" 3.3 v v X v
R,(3,2,1/6) 651 29 v X
UF(3,1,2/3)  Olp O3 011 0%, | 2.6 v v X V
V43,2, —1/6) o8, 1.9 v X X v
V1,1, -1) 0V, 3.7 v v X Vv

¢(1,2,1/2) Oxr - v v/ *needﬁa be upo{ated

40
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Observables

2> CP averaged asymmetries for vector boson final state

AD( = Fjl,?l( y / / dcos 0, dl;;;cosl;?(*))

Ao = r]ll,?* /—m /:m_dqb / _/ deostp | / / Jdcost dqafg:;;i:g;dqﬁ
: / 7;//22 / o 4 / / deosfp deosel dq?ig:;dcgjggdsb
: [/0 _/:W / / dCOSQD/_ dcosdy dq2d;g:;ld+c£:;gd¢
e[ - [ Jaeon [ [ [ Jacoson S

Az 45 App X Real part of the amplitude

=0

A7,8,9 X . Null tests of SM
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New physics

® all RHN +SM-like
£ [CaV]? operators
[2004.06726]

" Different zero-crossings

I5 - 4

Easily distinguishable in various q2 region|

— Crucial to identify NP mediators
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Each tensions might point towards different
New Physics scenarios

Are they correlated?
|s there a global picture
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