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SM OF PARTICLE PHYSICS

O Matter fundamental constituents and their interactions:

MATTER FORCE
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+ NP?

O SM: a great triumph of the 20th century science.
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O Full EW 2-loop

SM OF PARTICLE PHYSICS ™= s
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O However, the SM only an EF of a more fundamental theory!
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OPEN QUESTIONS OF SM

[0 What is dark matter made of?

O Why is there more matter than anti-matter in the Universe?

O Why are the forces of Nature of such different strengths?

O Why are neutrino masses non-zero and so small?

O Why are there three generations of matter particles?

0 How can we stabilize the electro-weak scale?

2022/06/07

we need to go

beyond the SM!
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TWO WAYS FOR NEW PHYSICS

[ Direct detection @ energy frontier: 0O Indirect search @ intensity frontier:

High-energy Frontier ST A High-Intensity Frontier
Less explored Standard approach
~ to each other >
( 2 ATLAS TeV GGV QB'E
3 X more luminosity by '23 < O X more 19-°25
20 x by '35 by '30 50 x Belle
/f\\\ .
T a2 LHC new physics discovery?
b S Need to measure Need alternative way to
| flavour parameters that search for new physics

cannot be studied at LHC beyond the LHC scale
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CURRENT EXP. STATUS

O No direct signals of new particles/interactions observed @ LHC.

O Many interesting flavor anomalies observed @ low-energy processes.

Ti - T[iKSv‘n b - ctlv, b - S”+”_) (g o Z)M,e’ Vub’ Vcb’ Vus’ AACP(TL-K)’ oocC

f (theoretical cleanliness)

h-tu
B-Ke*e /B-Ku' i

DO up CP asym

Bt B-D¥1v

B-K*fu angular
| Vol incliexcl
| Vib| incl/excl

Bs>urir
g-2

€le

1 2 3 4
significance (0)
2022/06/07

v' Evidence for New Physics

v Statistical fluctuation in exp.

v Under-estimated systematics ]

v' Incorrect SM prediction or measurement

> But very interesting and mandatory to
investigate hints of these deviations!
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b - ctv AND b - s uwu~ ANOMALIES

O Observed in both charged- and neutral-current B-meson processes.

Tree-level Ve (*  Loop-level fC_NC i
b - ctv > i b-sp'p (-
by W
P r
%%M@ﬁf N 2 I \§ %M@&? R
O Quarks always confined in hadrons; =) complex strong interactions!
optimized B(H,— H,7°7,) s AU ),
R _ c T RHS

observables Y B(H,— H.U"p) f finex AL Hee) g

O They are (largely) free from CKM & hadronic parameters (“clean”);
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LFU IN THE SM
O Lepton-gauge interactions: Lepton flavor universality

Ll = gwrry, Veunser W + hec.
_'L

- o ~ 1 - +
— gw Z Vi (VPMNseL + VenmnshL + Vﬁ&NsTL) W™+ h.c.
1=1,2,3 The W-boson couples

with different strengths to different lepton families :> ‘ Univer: sality! ‘

However: if the neutrino flavor is not observed | M,;|* o Z |V;;‘f\/[NS|2 =1V
i=1.2,3

Eic - (?7,[@4— ﬁ%uﬁ T ?\’Y’ﬁ:) (9, A" + 9227) R B(H,— H.77U,) i_<;/r
H, = .

The photon and Z-boson couple B(Hb — H. g’—w,)
with the same strength to the three lepton families

O Key observation: different Ieptons involved; dlfference due to phase
space & helicity suppression;

2 dq

14 W

Ry, =

— LFU test? i

2022/06/07 AsHrom 4grhIfi k. B anomalies and possible explanations 10




b - ctv AND b - s uwu~ ANOMALIES

O Several exps. for R(D™) and R(K™) point to the same direction;

[
] I L] ] ] L I ] L] I 1 I L] ) L] L] I L} L] I
B N |
C sz = 1.0 contours ] = . BaBar2 5
0.4 2021 —_ : 0.1<qg°<8.12 GeV
= 7 I, . Belle
0k BaBarl2 i | 1.0 < ¢ < 6.0 GeV?
G TR e ] |
.- -1
C LHCb1§ ] e ; LHCb 5 b ,
= T = : 1.0<q° < 6.0 GeV
0.3 = — | L
- ‘ : , LHCb 5 fb
- ,; R SR 1.1 < g% < 6.0 GeV?
B ';'H'B Hel9 ~ Bellel5 ] I _
025 SHE = | LHCb 9 fb~?
- = ‘ 1.1 <g? < 6.0 GeV?
C Bellel7 PRD 94 (2016) 094008 World Average 7] 1. OOIO +0.010 a
0.2 = [FHFLAV SM Prediction | e 1715 2017 o0 R(D) = 0.339 +0.026 £0.014 | 7] i i i
* L R(D) =0.299 + (.003 PLB 795 (2019) 386 I{(D*) = 029:) + 0010 + 0010 -
- R(D*) = 0.254 + 0.005 PRL 123 (2019) 091801 P 7:038 . 0_5 1 1_5
B EPIC 80 (2020) 2, 74 P(y") =28% -
L I L L 1 L I 1 L 1 L I L - = + - 1 RK
0.2 0.3 0.4 0.5 Rk(1.1 < ¢* < 6.0 GeV?/c*) = 0.846 3932 (stat.) 75013 (syst.)
R(D) ~3.10
~3 . 30 arXiv:2103.11769

===) | really hints of deviations from lepton universality?
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B(Hb—> H. ’7'_77-)
B(Hb—> H. 6,_7@)

b - ctv anomalies
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R(D) AND R(D*) ANOMALIES

O First observed @ BaBar in 2012

Citations (863) Plots

. B s DWr—p
Evidence for an excess of B — D'*77 1, decays 2HDM type-Il excluded!

BaBar Collaboration (J.P. Lees et al.) E5225364 S(E g 08F
May 2012 - 8 pages o
s 04 0.44+0.02
R(D(*)) _ BT‘(B - D( )TV’L') Phys.Rev.Lett. 109 (2012) 101802 -
~ Br(B » D®ly,) | DOl 10.1103/PhysRevLett.109.101802 M
BABAR-PUB-12-012, SLAC-PUB-15028 Q
e-Print; arXiv:1205.5442 [hep-ex] | PDF & 04
Experiment: SLAC-PEP2-BABAR 03
L 0.75%+0.04
Abstract (arXiv) 0ok
Based on the full BaBar data sample, we report improved measurements of the ratios R(D(*)) = B(B -> D(*) 0 02 04 0.6 0.8 1
where | is either e or mu. These ratios are sensitive to new physics contributions in the form of a charged H tanB/my+ (GeV™)

= 0.440 +- 0.058 +- 0.042 and R(D*) = 0.332 +- 0.024 +- 0.018, which exceed the Standard Model expectations by 2.0 sigma and 2.7
sigma, respectively. Taken together, our results disagree with these expectations at the 3.4 sigma level. This excess cannot be explained
by a charged Higgs boson in the type |l two-Higgs-doublet model. We also report the observation of the decay B -> D Tau Nu, with a
significance of 6.8 sigma.

O Later Belle & LHCDb also performed/confirmed same measurements.
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EXP. STATUS @2019 SPRING

OO0 WA as of 2021: O Other observables:
_ _ Br(B. = J/Ytvy)
R(D): 140 RUMDY = 5rm = 17om
R(D*): 2.80 = 0.71+0.17+0.18 (Exp.)

. — +
combined: ~3.30 0.25810.004 (SM)

O Sum rules based on HQS: peny = BTy = Acrvo)
DS Br(Ap = Aclvy)
R(A) _ 0.28 k(D) +0.72 R(D") +4

— 0.324+0.004 (SM)

6=0 holds under any NP existence as long as |C;| < 1

O The measured R(A,) is not consistent with the R(D™)) anomaly.
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WHAT SHOULD WE DO

O b - ctv, decay: W-mediated tree-level process; massive t makes it
sensitive to mediators:

w't, H%, LQs, ...

O Check SM predictions: BGL vs CLN parametrizations of B - D) FFs;

(DIET bl B) =D Spya Fild?) (D*(N)[eTub|B) =3 > e*(\)Sa,Fi(d”)
1 A %
Exp. data+Lattice/LCSR+unitarity bounds+HQE to higher orders R(D) R(D*)
D.Bigi, P.Gambino, Phys.Rev. D94 (2016) no.9, 094008 [arXiv:1606.08030 [hep-ph]] 0.299 = 0.003
F Bernlochner, Z.Ligeti, M.Papucci, D.Robinson, Phys.Rev. D95 (2017) no.11, 115008 [arXiv:1703.05330 [hep-ph]]/0.299 = 0.003|0.257 + 0.003
D Bigi, P.Gambino, S.Schacht, JHEP 1711 (2017) 061 [arXiv:1707.09509 [hep-ph]] 0.260 + 0.008
S.Jaiswal, S.Nandi, S K. Patra, JHEP 1712 (2017) 060 [arXiv:1707.09977 [hep-ph]] 0.299 +£ 0.004/0.257 = 0.005

O Latest SM predictions: R(D)=0.288+0.004, R(D*) =0.249 + 0.001

E._Bernlochner et a/.,, 2206.11281
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https://inspirehep.net/authors/1061022
https://arxiv.org/abs/2206.11281

WHAT SHOULD WE DO

O State-of-the-art results for B - D™ FFs;

Interesting if heavy quark symmetry
inspired Form Factors are used:

2 _ Leading Isgur-Wise ' ' o
h(’lU) T h(ﬂ))/f(ﬂ)) function —
S' 80 :
O 7 BEB-DIv
n - Vi
>~ 1 ~ ‘T ] N & —
h’-l- =1 + (AIS |:CV1 —+ v ; (CVQ + CV@)] -+ (Ec‘ =+ E‘b) L1 R o 60} B Dt V.
. 1 A
ho=a, = ha (Cv, — Cvy) + (6. — &) Ly,

2
hy =1+ a, Cv, + Ec(Lz - La) + 53)@/1 — fq) ;

. . ~ w—1 2 ~ w—1
ha =146, gLy — Ly ey Ly — L. ,
A +a;Cy, + ( 2 ; H,‘-l-l) + &( 1 4’1“4_1)

Ji?,A.fJ = d-, CAQ + E(:(LS + -i'ﬁ) ’

}A?’A.% =1+ d’s (CA1 + CA:;) + E(:(IA"Q - E’? + ffﬁ - jiti) + E(‘J(ffl - f’4) )

O EM corrections to R(D*) & R(D°) by 5% & 3%,

for soft-photon energy cut at 20-40MeV; "
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WHAT SHOULD WE DO

O Difficult to explain the R(DY) anomalies in SM; =) possible NP?

) NP ~ 10 — 15% of a SM tree decay = huge effect

R(D): 140
R(D*): 2.80 e If NP interfere with SM we need it to be 10%

e If NP doesn't interfere with SM, we need it to be a 40% effect

Evidence for an excess of B — D)7~ decays

combined: ~3.30

BaBar Collaboration « J.P. Lees (Annecy, LAPP) et al. (May, 2012)

= Published in: Phys.Rev.Lett. 109 (2012) 101802 « e-Print: 1205.5442 [hep-ex]
O Many NP explanations!
pdf @ links ¢ DOl [S cite

Measurement of the branching ratio of B — D(*)T’DT relative to B — D(*)E’Dg decays with

hadronic tagging at Belle
Belle Collaboration « M. Huschle (Karlsruhe U., EKP) et al. (Jul 12, 2015)

Published in: Phys.Rev.D 92 (2015) 7, 072014 « e-Print: 1507.03233 [hep-ex]
pdf 2 links & DOI [= cite &) 817 citations

Measurement of the ratio of branching fractions B(B" — D*"r 1,)/B(B" — D*"u v,
LHCb Collaboration « Roel Aaij (CERN) et al. (Jun 29, 2015)

Published in: Phys.Rev.Lett. 115 (2015) 11, 111803, Phys.Rev.Lett. 115 (2015) 15, 159901 (erratum) « e-Print: 1506.08614 Laep=e
pdf & links & DOl [ cite S\1,031 citations
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THEORETICAL BASICS

O b - ctv, decay: Wi-mediated tree-level process in the SM;

seen at hadronic level, Iy seen at hadronic level,

but in full SM theory. /- but in H.¢ framework.

W
b c
> > ﬁ |

O Most general low-energy effective Lagrangian for b — ctv,:

(6)
Lom = —

(6) _
Lnp = —

AG R

V2

AG R

V2

Ve OVL + H.c.,

Ve (CVLOVL -+ CVROVR -+ CSL OSL + CSROSR - CTOT) + H.c.

Ovyiny = (Y Prpyb) (T, Py ),
Os,wy = (ePL(r)b)(TPLv7),

Or = (co"™ Prb)(ToPrvy).

2022/06/07

AsHrom 4grhIfi k. B anomalies and possible explanations
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THEORETICAL BASICS

| leptonic sector |

O Decay amplitude for B - D™ v decay:

4G

A(B = D{"vy) = —=VuCye (D|ey,PLb|B) L*, " = ayy" Pru,,

V2

O Hadronic sector (H|cI'b|B): Lorentz invariance & parity conservation

JUH) | T (pop) Vi) M)
0~ Vo

0- 5 PERIS@IME)
|- v, (PERIA @) M ()
|- Yy (PRI (@) M (par)
1: Tuv (P(pp)|TE ()| M (pr))

2022/06/07

05

2 2
m —m
Fi(¢°) + ¢ MqQ P Fo(q?),

q!u’

Mg, — Mg, ’ For B — P transition, 3 FFs.

(P(pp)|P|M(parr)) =0,
2Fr(q%)
myr + mp’

vo ZFT q2
—etvab PMaPPS ( ) )
my +mp

—i(ph PP — Pephr)
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THEORETICAL BASICS

O Hadronic sector (H|cI'b|B): Lorentz invariance & parity conservation

2
JPH) | T iy aw)VA@)Mpa) = 1™ () prippve—L &)
0- mur + my .
T W W@ B = ) As(?) () — g TR D)
O_ O-NI/ L *()\ ) )va ) !
1- - +q" (" (A -z (g
_ A 2 m?
1 TuTs mf(u T—f)mg Az(q?) ((pM +pv)u — " qu2 mv) |
1= Opv — (V(pv, Av)[S(@)[M(pn)) = 0, For B - V transition, 7 FFs.
1= O s (Vpv, \)|P(@)[M(pm)) = —(€"(Am) - q) THQjTanu Ao(q?).
(V(pv, A\)|TH (z)|M(pm)) = é“”pg{—ep*()\M)(pM +pv)oT1(q%)
£* . 2
+2( (A;) Q)pMppD*cr (TI(QQ) — TQ(QQ) T2 q_ 2 TS(QQ))
O These FFs are now precisely predicted P 4
. +e P (Anr)q” —2 Y(Tu(q) - Tz(qz))} :
with the help of LQCD & LCSR.
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THEORETICAL BASICS

O Differential decay rates for B —» Dtv:

dU(B — Dri G2V3 m2\®
( ) _ _GiVa AL (@) (1 - — ) {J0(a®) + Ji(¢%) cos 0 + Ja(q?) cos? 0 |

dg? dcos 6, 256 my q

O Differential decay rates for B - D*tv:

d*T'(B — D*10)
dg?dcosf.dcosfpdo
- o {IS sin® Op + I cos” Op + (fs sin® fp + IS cos” HD) cos 26
32T 1 1 2 2 -

+ (I3 cos2¢ + Ig sin 2¢) sin? Op sin’ O, + (14 cos ¢ + Ig sin @) sin 260 sin 26,

I(¢*,6-,6p, )

+ (I5 cos ¢ + I7 sin @) sin 20p sin - + (Ig sin? 0p + I§ cos? 99) COS 97} :

0 Observables: _ : PP (4%
*: * - Y
dr=>"=(B — D"tv)/dq B dIr*=12(B - DWrv)/dg* — dI'**==Y2(B - DW1v)/dg?

®zp) P (%) =
B(B — DWtv) PL" (g dT' (B — D*tv)/dq? = dI'(B — D®tv)/dg?

($)y —
R(D™) = B(B — D®¢v)
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CORRELATION WITH OTHER OBSERVABLE

O Many b - ctv-mediated processes: how about their correlations?
» Inclusive decay B - X, .tv:

= R(D™) - Br(B—»>Dztv) + Br(B—>D*1tv)=(2.39 £0.13)% Br(B—>D**1v) > 0.5% Freytsis et al, 1506.08896

= BrBoXrv) | _ 0000007
Br(B > X (V) |opy M)  Br(B—X.tv)= (240 £0.12)% = already saturate the
Br(B — X.ev) = (10.840.4)% It is not a problem of form factors inclusive decay width!

« LEP:  Br(b>Xtv) = (2.41£0.23)%
> Purely leptonic decay B, — tv: (0|cy,ysb|B;) = —ifp D,

boctv e bc—otv: Br(B,»1Vv)<10% (30%,40%)  Akeroyd-Chen, 1708.04072

Alonso et al, Celis et al

5wy - Glalmemi g, () —) > Exclusive & inclusive baryonic decay:

2
2
mp

my (m'q-u + qu)

1+CYp— Chr + (Cf{L - C}?L)

Ap - A.tv and Ay - X TV, ...
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SCALAR NP: CELIS/JUNG/LI/PICH, 1612.07757
O Low-energy effective Lagrangian with H* mediators: c,u

4GF

V2

O Scalar NP contributions to b — ctv processes:

Let = ——= Va,q, [Gu (8" PL+ g7"" Pr) qa] [(PL1]

cb? cb? 15

R(D): 5& (95 +g85 ) (mp—mp)?

my (mb_mc)

10

cbl cb?

R(D*) Aib (QL —9R )m%

my (mb—l_mc) 733 0
E

Im (Ag,)
o

> any values of R(D) & R(D*) can -
be trivially explained.

-10

> preferred scalar couplings from A e
R(D*) quite huge. Re (63,) Re(Ag,)

2022/06/07 AsHrom 4grhIfi k. B anomalies and possible explanations 23



SCALAR NP: CELIS/JUNG/LI/PICH, 1612.07757

0 Constraints from other b — ctv observables:

b)

T
c
B-Drv (events)

Im (

E : 40 Belle
BaBar
-4 -3 -2 -1 0 1 -10 -5 0 5 10 15 20 30
Re (&) Re (Acp)

(events)
S

m g

> although the exp. data very uncertain, already

O Differential decay widths dr(B - D(*)T")/ dq* 5 JFﬂLF +
it

-10

constraining, especially for B —» Dtv/ &8 8 T 8
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SCALAR NP: CELIS/JUNG/LI/PICH, 1612.07757

O Decay width of B, — tv: [Li+ '16; Alonso+16; Akeroyd+'17]

2
GQ mQ m2 m2
T(B- — 7 i) = ~E |V, 22 m3, o[- Co— C B.
e ) SW‘ ! chchmQBc ( szc) Y >, () + ()]
/5 s
Cs (0[cysb|Be) T(1 — 5)vr o
> B; — tv is an obvious b - ctv transition; 5
> with large scalar couplings, its width S 0
even oversaturate the B, total width; ”

> excludes second real solution in A, plane,
-15

or even scalar NP for R(D"). R ORe(izb)m 15
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SCALAR NP: CELIS/JUNG/LI/PICH, 1612.07757

O Global fit with scalar NP: real couplings

20
> R(D) and R(D")
15
> dr(B -» DWtv)/dq?
10
-~ > R(X ) __ Br(B-X .tvy)
:qf 5 S Br(B-X_.lv))
D
i A » Br(B, - tv) < 40%
-5
~10 5
-4 -3 -2 -1 0 1
Re (6;p)
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SCALAR LQ: LI/YANG/ZHANG, 1605.09308

O One single scalar LQ with M, ~ 1TeVand (3,1, -1/3) added to SM;
[Bauer and Neubert,1511.01900]

Ly = (Dud) ' Duop — MZ 6]* = gno |21%|¢]?
Qo ATiraL 6 + 7% ARer 6* 4 he. O ¢ interacts with fermions via:

L8 =as ALt — dS AL v ot + aG AR IRe* 4 h.c,

O Both tree- and loop-level
four-fermion operators generated: (u;d;)(v¢), (u;u;)(¢%), (d;d;)(Vv)
W

o)
b : v c - v’ 7 N~ g S - M
0 ! b !
: ; v t v {
'< ¢ (s) < u
T (v) M b —— === 5o H b nesgeene —

> ‘B - D™y, B, - v, B - X_.tv, B > X,vv, B - K®W, K > vV, ....

2022/06/07 AsHrom 4grhIfi k. B anomalies and possible explanations 27




SCALAR LQ: LI/YANG/ZHANG, 1605.09308

O Total H. for b — ctv transitions: integrating out ¢;

4G

Hett =——=
=7

Ve |:Ov(M¢.) E’Y#PLI)?_"}/‘U’PLVT + Cs(M¢) cPrbTPr v,

1
- ZCT(MQb) (_ZUMVPLZ)’?_'GMVPLI/T

O Cy, Cs, Cr: WCs at matching scale M ;; featured by tensor operator;

L Lx*
AL AL _ s

_ - 758

Cy(My) =1+ —=2= , _ [as(me) ] 2687 [as(My)] 20
WGV M Ol = e | awlmpy) OO

’\gju ’\gr* e (my) ] 7%3‘3) (M) W%ﬂﬁ)
Cs(My) = Cr(Me) = = e Cr(p) = |22 |47 | 2L 247 o,

O Cs, C;: scale dependent; needs to be run down to p,;
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SCALAR LQ: LI/YANG/ZHANG, 1605.09308

O Four best-fit solutions for R(D(*)) along with acceptable g* spectra;

- (035, —0.03), Pa
( 0.96, 2.41), Pp | [Freytsis, Ligeti, Ruderman,
(—5.74, 0.03), Pc 1506.08896]

| (=6.34, —2.39), Pp

(AéyTACL:’)\gyTAg'*) — ( ;,S{R7C;,S,L) = 4

O P, sollution: explains naturally R(D(*)), R(K) and (g — 2),, while

satisfying other constraints without fine-tuning; [Bauver & Neubert,1511.01900]

One Leptoquark to Rule Them All: A Minimal Explanation for RD(*), Ry and (g — 2)”

Martin Bauer (U. Heidelberg), Matthias Neubert (JGU Mainz & MITP)

We show that by adding a single new scalar particle to the Standard Model, a TeV-scale leptogquark with the quantum numbers of a right-handed down quark, one can explain in a
natural way three of the most striking anomalies of particle physics- the violation of lepton universality in B — K€€~ decays, the enhanced B — D*)17 decay rates, and the
anomalous magnetic moment of the muon. Constraints from other precision measurements in the flavor sector can be satisfied without fine-tuning. Our model predicts enhanced

— | —_ . . . — - -
B — K{' )w decay rates and a new-physics contribution to B;— B, mixing close to the current central fit value.

2022/06/07 AsHrom 4grhIfi k. B anomalies and possible explanations 29




SCALAR LQ: LI/YANG/ZHANG, 1605.09308

O Question: the four best-fit solutions could be discriminated from

each other by other b — ctv processes, especially by B, — tv?

O r (B, — tv) with LQ-exchanged contribution:

2
F(BC_ — T_DT) :8—71:|V5b|2f%cm%c

2
2 2
mr (y_ M7
m? m?
Be Be

m2 2 I: > F(BC_ — T_Ij-r) = <
B

Cy — Cs

mr [mp(1s) T me ()]

.

O P, & P, already excluded by I’ (B, — tv) , as the predicted decay
widths have already overshot the total width; need only P, & P !

2022/06/07

\

2.22 x 1072 T'g_,
2.45 x 107 2T'p,,
1.33'g,.,
2.39 x 10 2TI'g,,
1.31Tg,_,
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SCALAR LQ: LI/YANG/ZHANG, 1605.09308

O P, & P, solutions: can be discriminated from each other?

4G F 0.129 for Py
= b{ +<—2.117 for PC)
—0.002 for P4 \_ _
( 0.002 for PC ) CO'HUPLb ToM PLVT} @ﬂb =my, = 4.18GeV

0.018 for Py
—0.018 for PC

C’yuPLbT’yMPLl/T-i—( )CPLbTPLI/T

O P, & P contribute mainly to the SM-like operator cy, P, b Ty*Pv,:

—1.117, for Pg

o { 1.129, for P, | nearly same absolute values, both enhancing the SM result by ~
1% p—

12%, but the sign of solution P is flipped relative to the SM.

O P, & P.: tiny values but opposite signs for scalar/tensor operators.
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EFT ANALYSIS: Hu/LI/YANG, 1810.04939

O Most general SU(3); ® U(1)y-invariant L . @ u, = m, scale:

E(s?\z = —4GTF Ver Ov, + H.c., Ovyiny = (Y Prryb) (T Pryz),
2
4G OSL(R) = (¢PL(r)b)(TPLV7),
(6) _ F
e = =75 Ve ((viOvi + CvinOvi + C5, 05, + Csx 05 + CrOr) +HC.  _ (a0mv pyb) (70, Pro).

0 Observables considered: AP =B - D*rv)/da’

dI'(B — D*tv)/dg?

PLD* (qﬂ) =

D* __
Py =0.60+0.08+0.04vs 5, 90106380

PP =0.455+0.003 ~1l.50

()
PP (q%)
dr*=12(B — DWry)/dg? — dT*="12(B — D®rv)/dg?
dI'(B — DWtv)/dg>
P, (D)™ = —0.38%7210% Belle, 1612.00529
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» Longitudinal polarization fraction PP";

> Polarization fraction of the t lepton PP";



https://arxiv.org/abs/1612.00529

EFT ANALYSIS: Hu/LI/YANG, 1810.04939

OGlobalfit: = — — 0.3
'[].1[]'.‘ ] [
[see also Murgui [ 0.2
etal, 1904.09311] 005k |
i | 0.1f
AX=X—-Xsy & | ° |
S ' 0.0}
v 5 000 |
LL [ ~0.1}
1% —0.05} :
— Cpy [ ~0.2f
C? T r— ~0.3
RL ~0.2 ~3
S
— C7p

C3; can but only at 34!

— ¢7 DOdashed: Br(B, - tv,) < 10%; —}-I:

2022/06/07 AsHrom 4grhIfi k. B anomalies and possible explanations




EFT ANALYSIS: HU/LI/YANG 1810.04939
O Global fit: ]

[see also Murgui
etal, 1904.09311]

> PP" & PP very potential to distinguish different contributions;

LL » difficult to accommodate 1o P? for any C;; even excluded c7,!
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EFT ANALYSIS: HU/LI/YANG, 1810.04939

O Global fit within the SMEFT: [Buchmuller, Wyler ‘86; Grzadkowski etal, 1008.4884]

O Operators contributing to b - ctv:

1
Lsmert = Ly + - Y Ci(M)Q;
i

0 = Uvut' D@y*t'q).  Qieaq = T e)dq?).

Energy Qe = U ere i (G w), 01, = Hoperejx (@ o u),
ANPR - = - - - - O Basic procedure:
SMEFT _
3) 1) ) > Evolution from Aynp tO Agyy; [http://einstein.ucsd.edu/smeft/]
@Eq , O a» Oﬂequ @Eequ
Apwl = = = = = = > Matching SMEFT onto WET at Agy;
WET
0Y,. OV 05, 05,. 0L, _ pdesben,Tvevve) | A6) | (6)
Aqeplk = = = = = - LweT = Locp+QED + Ly + Lnps

» Evolution from Ag, down to u,;
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EFT ANALYSIS: HU/LI/YANG, 1810.04939

O Matching result without C;,, , because it is explicitly LFU in SMEFT;

» Terms « V), neglected, need keep only n = 3;

2G A2 3320 Vo' | > With 3-loop QCD & 1-loop EW/QED evolutions;
V2o
_ _ (3)
Cse =~ 3G, 227 Cv, () = =1.503 |G | (A,
,\/i F (1) m CVR (Iu’b) — 0:
€1 = _4GFA2 Z N Cs, (up) = =1257[Cln, | ()
LD ' lequ {333,
_ +0.2076 | C2) | (A,
S > e (i) 33

CSR (,U,b) = —1.254 [Cledq]3332 (A),

Cr(up) = 0.002725 [ Loy, | (M)

- 0.6059 [, | (4.

O Here u;, = 4.18GeV and A = 1TeV;
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EFT ANALYSIS: Hu/LI/YANG, 1810.04939

O Fit result with only a single WC at each time; Cu i = —1503[c] )
t B R A 5 I
: . CVR ()u'b) — Os
0.10 C ()
. Cs, (up) = —1.257 _(?k,q,,,‘!]3332 (A)

+0.2076 i), |,

0.05
h CSR ()ufb) = —1.254 [Cfedq]3332 (A)'s

Cr(uy) = 0.002725[Cfly, | (a)

AR(D")

0.00

3)
— 0.6059 [C,e ‘1“]3332 (A).

-0.05

Dashed: Br(B, - tv,) < 10%

(1) (%) :
R(D .
Clequ 3332 already excluded by R(D™) at 30; » AP.(D*) helpful to discriminate
> _Cledq]3332 can explain R(D™) only marginally at ~2c;
@) 3) | between [Cl(g’) and [Cl(jgu ;
> [C ] or [C ] can explain R(D™) at ~10; 1 13323 3323
171 13323 lequ 33,3

2022/06/07 Zswrom 4Eh ik B anomalies and possible explanations 37




EFT ANALYSIS: Hu/LI/YANG, 1810.04939

O Fit result with only a single WC at each time;

AR(J/¥)

> AR(J/Y) and AR(X,) further exclude some allowed intervals of [Cl(;)

0.10

0.05

0.00

-0.05

-0.10 ¢

vvvvvvv

ot B
\\ I 1
\\ A |
\\ 7S
\ ,I /
(1) \ /
[Clequ \ )

.........................

_ [ ~(3)
Cry () = =1.503 [ ] (),
Cy (1) = 0,

[ (1
Cs,(up) = —1257[cfl, ] a)

CSR (Ufb) = —1.254 [C:,’edq]3332 (A)'s
Cr(u) = 0.002725 [l |«

+0.2076 [C}j;u]Bn (M),

A)
—0.609[Cih, ] (.

3323

Dashed: Br(B. - tv,) <10%

(3)
and [Clequ 3323!

» Tensor solution not favored by P, (D*): P,(D*) = 0.142 + 0.001 vs 0.60 + 0.08 + 0.04.

2022/06/07
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EFT ANALYSIS: HU/LI/YANG, 1810.04939

O Fit result with simultaneous two WCs at a time;

e . ) _
C = [C]q :|3323 (A), Cr = [Cledq]3332 (A),

? _ [~ _[~0
| C3 = [Cleq”]3332 (A, Ca= [Cl“f”]mz (8,

v Green: R(D) & R(D")
v' Cyan: R(J/y)

2022/06/07

C;

v Blue: R(X,)

v Red: Br(B, » tv;) < 10%

> strongest from R(D™);
» Br(B, - tv;) < 10% very

complementary, making

parts of the allowed

Zswiom Aerp ik B anomalies and possible explanations
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SUMMARY OF b - ¢ ANOMALIES

O Since 2012, R(D™) anomalies triggered a lot of attention; If confirmed with more precise

data from LHCb & Belle 11, first indication of LFUV.

O Most preferred solution: a global modification of Cj; associated with (cy,P,b)(@y"P,v);

e Possible tree-level mediators:

. -gn . b 3
O Various specific UV models with few >\M< > < ————
. | LQ
TeV mediators; iR
(1,3,0) (1,2,1/2) (3,X,Y)
m Interplay with anomalies in neutral- ° Challenges for New Physics explanations:
= Flavor observables: B — Kvv, Amgp,, ... [Many papers..]
current B decays; = Electroweak constraints (one-loop): 7 — pvv, Z — L€ [Feruglio et al '16]
= LHC direct and indirect bounds. [Eboli. '88, Greljo et al. '15, Faroughy et al. '16]

O Many UV-complete NP models;

Scalar and vector leptoquarks are the only viable candidates
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Tmax dU(Hy—Hsptp™) da?
2 (fﬁIiz €2
41%3 _ Qmin
Hs — 2
Amax dF(Hb—?Hse—i_e_) d 2
ﬁ?gg (iﬁIEZ ﬁl

min

b - s anomalies
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b - s ANOMALIES

O Differential angular distributions of B - K*(— Km)¢* ¢~

dT

dq? dcos O dcos 0; do

2022/06/07

[Figure borrowed
from Javier Virto]

9
39m {Jls sin? 0y + Jq.cos? O + (Jas sin? O + Jo,. cos® O ) cos 20,
T

+J3 sin? O sin® 6, cos 20 + J4 sin 20k sin 260; cos ¢ + J5 sin 260 i sin 0; cos ¢
+(Jgs sin? O + Jg. cos? O ) cos 0 + J7 sin 20 sin 6; sin ¢

+.Jg sin 20 sin 260; sin ¢ + Jg sin® O sin® 6, sin 2¢

J,; : functions of ¢, C;, FF

Optimized observables
[Descotes-Genon et al, 2012, 2013]

J
P£:2\/ J5 J
—J2sJ2¢
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b - s ANOMALIES

O Since P anomaly @ 2013, several anomalies observed;

LHCb, JHEP 02 (2016) 104,
Belle, PRL 118 (2017) 111801,
CMS-PAS-BPH-15-008,
ATLAS-CONF-2017-023
Eur.Phys.J.C75(2015)382
JHEP08(2016)098

BN CSR = Lattice -e-Data _0.152107° e . ———— -
cg5""""""""""": N>‘_""' ' LHICb e LHCbdata o ATLAS data ]
+ + .. +,,— L - N\ o .
) : B'— K uu ! 5 [ BO _ I(f,n” +H_ | Belle data CMS data E
Q4 LHCb 4 T | JHEP11(2016)047 ’ \ *JSM from DEMY - =
;; 4 . —= 0,]+ (2016) - \ P SM from ASZB 7
\ 3 < 1 4 4
x 3 , - l'? - 1 n 1 ]
O? ".‘ . % i N - —_— i
S ] i e - —— ]
= FN 4++ E 0.05 Ly —4— LA —0.5F 1 I
3N [ JHEPOB(2014)133 ] | 1 —+— | - %@
_g“ 1 PRD71(2005)014029 - i i C ]
E E JHEP09(2010)089 E | i 1 : , , N
- ; y L L . . 0 M 1 M 1 " M 1 PR PR L a . L 1 2 . L 1 . a .
< % 5 10 15 20 0 5 10 5 0 N Zl[SGeVz/ o]
q2 [Gev2/c4] q- [GGV“/CA] q
Phys. Rev. Lett. 122 (2019) 191801 JHEP 08 (2017) 055
. 20 2.0 .
= r 3 - 1
. LHCb CE: i ]
2 ]-5:_ 1.5 - 8
e dU[B— Hptpo] | i i 1
R in dg? ! 1.0 Fr— } """""""""""""""""""" 10 ]
H = [ —— i 1
G AT[B— Hete ] : : |
; dg 0k abar ot :
Timin dq Tt S 0.5 ® LHCH ]
- e LHCb Run 1 + 2015 + 2016 _ BaBar J
00_""'""""'L"+"'+"" - LHCb BZM:I*
) 0 5 10 15 20 0 07 1 TR T 1 ] I T TR N B | ! ! 1 | ]
? [GeV?/c'] 0 5 10 15 20
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PROSPECTS FOR R(H,) MEASUREMENTS

O Projected uncertainty for various R(H,) ratios from Belle-II and LHCb:

, Bifani et al, ] Phys.G 46 (2019) 2, 023001 Yield Run lresult 9fb™' 23fb~1 50! 300fb~"
030 ! ! S Y P T BY - K'ete™ 254 +29[5] 1120 3300 7500 46000
Bezllél 1 R'h' B'— K*%te” 111£14(6] 490 1400 3300 20000
0.95 L-H C.Ib e U B geten - 80 230 530 3300
LHCh R\’ Ay — pKete™ - 120 360 820 5000
-, o le B'I‘* BT rtete” - 20 70 150 900
t“ -’) | — | J ) 4 —
3 0.20 LHC Ro Ry precision Runlresult 9fb~' 23fb~' 50! 300fb~*
+ — i D i
3 ot Ry 0.745 +£0.090 £0.036 [5]  0.043  0.025  0.017  0.007
Z 0.15| - Ry 0.69 £0.11+£0.05[6] 0.052 0031  0.020  0.008
g Outdated Belle I schedule R, - 0130 0076 0050  0.020
= 010k R, ~ 0105 0061 0041 0016
a Q R, - 0302 0176 0.117  0.047
51 1.1 < ¢* % extrapolated from Run 1 dat
0.05 .1 < q° < 6.0GeV- extrapolated rrom Run ata
0.00 — —L —L ' L . - -
2015 \2020 2025 2030 2035 > We will obtain definite answers for
Year
Ry with 7% precision . + p—
using data up to 2016 LFUV testinb — st™¢ decays.
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OPTIMAL PROBES OF NP

O b - st ¢~ decays: loop-induced FCNC processes; sensitive to NP;

b > :\ ';t i > 3 b ’1/
W= W
+
7 H
p Z'
M s K

0 NP scale probed:

(_An\2My 36 TeV (generic tree 16V€1),

ge/ 1V, Vis |

Anp X 1/|Cé\?0| ~ S e\/% = 2TeV (weak loop),
| V2Myy /e = 400GeV  (MFV, weak loop).

O Caution: NP could be easily mimicked by

hadronic effects;
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THEORETICAL BASICS O H. for b — sll transitions:

0 Separate the different scales involved; 4GF

. Heg(b— s 0T07) = 7 ——VV;: Z C;0;,

seen at hadronic level,
s Z g_ . g— e
uct but in full SM theory. Z 0, = . —1(50 0 Prb) .
672
bOWS oW s N
— D1t
B " H e’ _ _
Kj j m Owe = {5z 5nFrb) " sh),
@mw > my, 012 = Cyu(1 = ys5)b Sy*(1 —ys)c
seen at hadronic level, e <£-‘
{”  butin He framework. e 0~
O}r 104
o
S&Q#\ @ﬁ Y ;/\
% B | H |
U ) Mﬁi\/
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T H E O R E T I C A L B A S I C S > Main sources of uncertainties

[1 Matrix elements of B - K® ¢+ o~ decays: come from the FFs and from

| . _ the hadronic parameters.
Matrix elements of quark currents from Q7,9,10,5,p Naively factorize:

_ ( v )
A~ (CTL | Tiep 0)(V (P)| Thaal B) §
how aljout multiple
Not possible for the hadronic Hamiltonian! C\C soft-gljon emission?
. . e
ha(@?) ~ e [ da e V(PTG ™ () HiLH(0)) B) e
O Helicity amplitudes of B - K ¢*¢~ decays: (___ -
- 9 . 2 L
HY(¢*) o (Co—CYVAL) + = 32 (Cr = CTA (%) = 16~ Ry (¢?) | A Khodjamirian et al,
o o 7> ¢’ JHEP 09 (2010) 089;
H3(q") o (C1o — Cro)Va(@) (A=0,4) B. T.Blake et al., EPIC 78
=~ Y
H>(¢?) o - —(Cs — C%)S(4%) | (2018) 6, 453;
W
- ngmB - C. C. Bobeth et al., EPIC
P/ 2 v al 2 2
@) w2 (Cr - O3 + 2 (0 — o) (1422 ) 5(6) |7 e oy, e
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THEORETICAL BASICS O Expected ¢” spectrum

of B - K®)¢*¢~ decays:

Spectrum

Photon pole i '

enhancement J/(1S) dominated by
(no pole for B / narrow charmonium
B— P¢¢ decays) . resonances.

¢(25) (vetoed in data)

» at low g* region) Cél)

. dT
QCDF applies; 7= ﬂ » at high g region,
() cO o ") el OPE applies;
interference Long distance
contributions from cc
Form-factors

above open charm
| threshold Form-factors from
Lattice QCD

parameterisation

from LCSR
calculations

4 [m(,u)]Q = e e t.qQ S(iqmugcr)endmass
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G LO BAL FIT € Remind: €7 = —0.29, Cg = —0.16, Cq = 4.20,C{o = —4.01

O Possible to explain everything simply requiring NP effect in Cj:

3 LA L UL B A B SN B R L N BN B BN R B R | . y f =
I ] 1.5 1
2h
N _ 104 -~
i TIATLAS
1h i Belle |
L CMS | |
: LHCbA Lo 0.5 1
3 B ] Al 7
=2 Of 13
O | = 00
-1t )
_ —054+— -
LFU observables
e b — spp global fit
I | 10 — all
" . ' ——=all, fivefold non-FF hadr. uncert.
S | A T N D D ] - ~ . I - .
_ _2 _1 1 2 -2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5
3 ?JP 3 Re C¥
Cq p
JHEP 01 (2018) 093 Phys. Rev. D96 (2017) 055008
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GLOBAL FIT ¢ Remind: ¢, =-0.29, Cg=—0.16, Cy = 4.20,C;o = —4.01

O Latest fit for 6Cy and 6C-:
B — K* jip/~ observables (yZy; = 85.1) O Un-known power corrections

best-fit value | xpin | Pullsn | parametrized as: 18 free parameters
5Cy 1114 0.15 19.7 | 6.00 ]
B — K™ jiji/~ observables
0C7 0.01 +0.03 A (x3y = 85.15, 2. = 25.96; Pullsy = 4.70)
5% 192 4095 9.4 5.60 Real Imaginary
- ' - RO || (=2.37 £ 13.50) x 10~ | (7.86 & 13.79) x 10~5
o w4 Ul (1.09 £ 1.81) x 107" (L58 £ 1.69) x 10~
hi(q”) =hi + Tomhs T ool B || (110 +2.66) x 1077 | (—2.45 + 2.51) x 10
, RO (1.43 £12.85) x 1075 | (—2.34 4+ 3.09) x 10~*
ho(q2) = V@ % (h,.g“) c? VQJE,” L Ten V4f;(}2)) R (=3.99 £8.11) x 1072 | (1.44 4 2.82) x 104
- - B2 (204 +£1.16) x 1077 | (—3.25 £ 3.98) x 10~
> while the central values are all non-zero, within h,[()“) (2.384£2.43) x 1074 | (5.10 £ 3.18) x 104
the 10 range they are compatible with zero hs (1.40 +1.98) x 107% | (—1.66 +2.41) x 10~*
) )

AP (—1.57£2.43) x 1077 | (3.04 £ 29.87) x 1076

when taken individually.
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GLOBAL FIT ¢ Remind:c,=-0.29, Cg=—0.16, Co = 4.20,C;o = —4.01

O Prospect of the fit to 6C,:

68% HPDI: [1.5,4.8]

First LHCb upgrade HL-upgrade new LHCb data |[f[3 it
best-fit value | Pullgy best-fit value | Pullgy, strengthen evidence
0C9 | —1.11 £ 0.06 | 15.10 0Cy | —1.11+0.04 | 21.40 _ ,
of non-vanishing h’s.
i 68% HPDI: [0.01, 1.07)
O Another global fit: 3
2 = .
- My ([ ~sM (0) 21 (2) 4 I A®
Hy, x= qz [mB (C’ + h )TL_ 167°h"" g ] i N
=1 B
SM 1 (1) S = v %
+ (09 +h ) Vi, Qc’ & A | 68% HPDL: [0.9,1.1]
2m & 3
+ my b SM (0) - (0) RN
Hy o [mB (5™ +nt )17\@@ 1671' (n 5
+ hl (2’3@@ M+ ) v X |
R + )7 = \
HY o T@ “‘@( SMM@)TLO — 167/ () B L \ A —
o L R N GG IS RO TG
(1) SM (DY 7 o
+ ho g )] + (09 +he )VLo- < 100 Y = a0y pP) x 107
51
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GLOBAL FIT ¢ Remind: ¢, =-0.29, Cg=—0.16, Cy = 4.20,C;o = —4.01

O Prospect of the fit to 6Cq & 6C1: Nico Gubernari et al., 2206.03797

-5
/HBAAI( ) _ Z[_))B%A[p }} X107, 1 : L . 1 . L
f—>M — A n === BSM best fit
& T BSM benchmark
A novel parametrization of non-local form factors! '> SM prediction
2.5 - . - : <b) H LHCb 2014
+ sMm Q 6 HH Babar 2012
2.0 BN B— Kup+ Bs — pp | /:—{ Belle 2019
B — K*upu 3
1.5 - g BN B, — oup M ~ 9
O A large tension _ .~ = gl 4-
% =
- b di mS —
IS opserved iIn % 0.5 , \s\ E |
B - Kp*p! T [P | - HE- I
r:g !-_‘l%—--—-i’_i' —t
e &—)’ 9 I—-E‘fl
~1.0 1 L
i | | | 2 s 6 g
-9 -1 0 1 2 2
# [GeV?
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GLOBAL FIT ¢ Remind:c,=-0.29, Cg=—0.16, Co = 4.20,C;o = —4.01

O Another global fit: 052" = (LamuL2)(Q27"Qs)

SMEFT 3
- 3) _ _
1.{') ; 1 I i i I OLC‘?( — L —~ AL A~ H A .
- : : 55 = (Loyu7" L2)(Q29"77Q3) ,
| B  SMGHEPSt, 95% HPDI 222 = (L2 A )
Yo 4.7t '\QLHCH. B® decay - ‘ .
Lof o B A, e s [
- ¢ 9.0fb '@LHCb, B* decay
D D e o ACy,, = —ACq,

Posterior p.d.f.
'_I.

1 2 3 4 5 6 7 8
q° [GeV?]

P: accommodated with sizable hadronic effects.

- .
IIIII|IIII|

oOorT T T

Preferred scenario with €%, = 0.77 + 0.13, corresponds to !

0.2 04 06 08 2 14
ACy, = —ACyg, = —0.54 £ 0.09 for A = 30TeV. Cale,
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SPECIFIC NP MODELS

O How to reproduce the needed extra contributions to AC,; , = —AC ;¢

b T :
2z
AN\ e
Z' model building

I Easiest (but not unique) solution

Zl

S

List of “ingredients” > How about the constraints

from other processes such
« A Z' boson that contributes to (Dg (and optionally to (1)) as the mass difference of

» The Z' must have flavor violating couplings to quarks neutral mesons?

_ _ > Further possible implications
» The Z' must have non-universal couplings to leptons ,
for other processes like b —

» Optional (but highly desirable!): interplay with some other svi, or collider physics?
physics
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SUMMARY OF b - s ANOMALIES

m Contrast to R(K¥), angular observables suffer from unknown LD contributions.

H Although efforts to estimate PCs are ongoing, a real estimate not established yet.

H Significance of tensions depends on theoretical assumptions on the size of PCs.

B Whether tensions in the angular observables are signs of NP or just due to under-

estimated hadronic corrections? Need more effects!

Thank You for your attention!
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