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New interactions;

LCHb&Bellell&BESIII:
New hadronic States;
Heavy flavor physics

(B physics);

Indirect detection of NP
via the test of the lepton
universality (LU) is one of

the hot topics.
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Lepton universality in the SM/EW

The interactions between leptons and gauge bosons are
the same for all leptons.
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SM predictions: ~1
LU in SM is thoroughly tested. However, some LUV signals (Rp , Rp«, Ry, Ry,

etc.) in B semi-leptonic decays have attracted lots of attentions.



LUV signal in the b — ¢ | v decay
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LUV signal in the b — c | v decay
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0 Belle 2019 measurements compatible with SM within 1.2c.
0 HFLAV 2019 results closer to SM predictions.

PRL120(2018)121801
I'(B. — J 7, ® Tension with SM (0.248) ~2g,
(B. [YTV) but the significance of R, is

(B, — J/vYuv) less than 4c.
= 0.71 £ 0.17£0.18

These new data call for a reassessment of the significance of the tension of the
signal with the SM and of the possible NP scenarios aiming at explaining it.




LUV signal in the b — s | | decay
Testing LUV in b - s | | decays, i.e., Ry and Ry : BABAR %

(), ,+,,— Belle: PRL103(2009)171801
RSM (B — K"y ™) ~ 1 Veryclean! BaBar: PRD86(2012)032012  LHCb: PRL122(2019)191801
K™ "B — K®ete) Belle: ArXiv:1904.02440 (2019)
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0 Due to large experimental uncertainties from Belle 2009 and BaBar 2012 measurements,
there is no significant deviation from the SM prediction.

O Adding 2015 and 2016 data, the 2019 LHCb R, becomes ~2.50 from SM.

O For R+, the Belle 2019 result becomes closer to SM.



Our purpose

@ Using low energy effective field theories to

calculate relevant observables

@ Performing X2 fits and constraining the NP
couplings. Then, using frequentist statistics to

assess the significance

® Testing NP models, identifying or constructing

observables which are sensitive to new physics
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We are entering the era of EFTs

condensed-matter
Halo EFT physics and beyond

molecular
0.05 Pionless EFT atomic  Phsics
physics
0.1 Chiral EFT nuclear
physics
1 . NRQED
QCD-lite+NRQCD
, /(2 or 3 flavors) The world
10 QCD QED as an onion
6 fl : ]
(6 )vor Fermi Th Phenomenological

Electroweak Th

(SUSY)* higher-dim ops Lagrangians
\GUT? Steven Weinberg

General Relativity + higher-curvature terms Physica A96 (1979) 327-340

? \ >
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U. van Kolck @ Beihang, 2019.03.28-04.04
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http://inspirehep.net/record/133288
http://inspirehep.net/author/profile/Weinberg%252C%20Steven%3Frecid=133288&ln=en

LEFTs: bottom-up approach to new physics

A
20
E New physics models or EFT
Anp Integrate out heavy NP particles Matching
E SU(3)c x SII(2)L x U(1)y
E dim-5, dim-6, - - - EJD dim-7: Oz,
0 e
Agw Integrate outh, Z, W, t X Matching
E  dim-3, dim-4, - -- 5 | dim-9 : (al'yd)(alss)(IC51°)
= o
A,  Chiral symmetry breaking v Matching
SU@3) L x SU(3)r
= O0@®), 0@p),- - v
K- —atlml- X
B 0eP), 06°), il

Courtesy of H. L. Wang, Chiral2019



EFTs sacrifices predictability for the

sake of systematicity

“There’s no

such thing
as a free lunch/




LEFTs: bottom-up approach to new physics

CC:b—clv J. Martin Camalich et al, PRD 94 (2016) 094021

4GPV
V2

+€RZ’}/MPLV75’}/MPR[? + E-Tg_O'MVPLVTé()'MVPLb
—I'ESLgPLVTEPLb + ESRZPLVTEPRb + HC]

MV
4 v

matching up to O(m,)

['eff —

(1 + ep)lv, Prv.cy"Prb

O Wilson coefficients in red stand for NP contributions.



LEFTs: bottom-up approach to new physics

FCNC: b — sl J. Martin Camalich et al, JHEP05(2013)043

4G
Hhad _ F Z /\p[CIQI{ —+ CQQQ -+ Z Csz + CSQQSQ]

Hop = HI + Hol Tove A s
Hep = — ZLGTF/\t[O7Q7w + C7Q7, + CoQov + CoQoy + Cr0Q104 + ClpQ10 4
+ OsQs + CsQs + C,Qp + CpQp + CrQr + C1Q7]
e.g.
y/Z matching up to O(mb) ¢ ¢
W b S
b X C’ 10 Oy(10)(SM)

+5C'9 10)O9(10)(NP) + C(/) 10) O(I) ( P)

O Different values of Wilson coefficients |[C;""" = C" + 6C;
O Wilson coefficients can be complex and introduce new sources of CP violation.




SM operators and Feynman diagrams for b — s | | decays

Charm contributions:

b, w S,

7mj‘f< E—) Gr Vg V;; G EL’}/M b; §L7/L Cl

Flavor Changing Neutral Currents(FCNC):

bp w S, bg i S,
o € Gr Vi Vi mp Gy 5100, b FM
t i > 22 OF Vi s Mp C7 5.0, br
Y f f \(— G/: th C 9(10) SL’Y bL g’Yp(’YS)g

O Wilson coefficient C,(i) are calculated in perturbative theory at p=m,, and rescaled to p=m,.
O Os, O,and O; cannot explain R and R¢« J. Martin Camalich et al, PRL.113.241802.



Nonperturbative inputs

O For the b — c | v decay:

® Form factors:
B — D) tv: HQET & fitting to B factories data & LQCD
B — J/Y T v: covariant LFQM

O For the b — s || decay (only low bins are considered):.
® In the low bin (q2<6 GeV?):

Form factors F (qz) : Power corrections (LCSR)
HQEFT  F(q?) =|F>(¢*)|+|ar + brq*/mj|+ O([g*/ m5)?)
Soft form factors (LCSR & Dyson-Schwinger)
Charm loops ~ 'Z—;z’hl(qz):

q2

2
4ms:

HQEFT  l(q®) A (¢7) [Hra(d®)|  ra(e?) = Ar+ B;
QCDF LCSR
® In the high bin (g22 15 GeV?2):

Form factors F(q?) : Lattice QCD Charm loops contributions
PRL112(2014)212003 can be neglected !!!




Statistics : x? fit & Frequentist analysis

—

Y 27 hadronic parameters (b—sl/l)
20 hadronic parameters (b— clv)

PE@ P = ngp(g, P + thh()‘;’) € Wilson coefficients
XYo@ D =[0"@ -0 - (v [0, ) - 0],
Xa ) = F =50 - (V™™ G- ),
O Frequentist analysis

O x2 fit

® P-value: it is a statement how well the SM or BSM describes the data
P-valuegy =1 — CDF[X2-diStribUtion[nexp]7 sznin,SM]
P-valuexp = 1 — CDF[y?-distribution|nex, — n¢], xfnin,Np]

® Pullsy: the significance of deviation from SM

AxZy = Quantile[x?-distribution[1], CDF[x?-distribution[n], X?nin,SM — sznin,NP”

Pullgy = 4/ Ang

The larger the p-valueyp, the higher the significance of deviation from SM (the
larger the Pullsy) but the smaller p-valueg)y, tells us that the SM hypothesis under
consideration may not be adequate to explain the data.
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Interesting observables for b—c | v decays

The most reliable

Observables Data (averages) SM
HFLAV 2018 2018
0.407(39)(24) 0.340(27)(13) \0.3 12(19)
corr = —0.20 corr = —(0.38

0.306(13)(7) 0.295(11 )(8)/ 0.253(4)
Ry 0.71(17)(18) 0.248(3)
P —0.38(51)(19) —0.505(23)
FP 0.60(8)(4) 0.455(9)

T polarization asymmetry P.P* and the longitudinal polarization of
D (F.P*) in the B->D* 1t v decay:

po - = 2) — T = ‘%)_
’ [(A; = %)+l"(,lr:—%)
. [(Ap- =0)
FL —

r(/ID* — l)+ r(/lD* = O) + r(/lD* - _l).



Right-handed vector operator cannot explain LUV

SMEFT LEEFT
o o 7 N o,
% (’//,,,;(i]]TDIIII)(('/"”‘r“b/{) (/1’{ ]“(1 - ,‘:,))/I(R 'rl I)R
! v2 .‘;41 ot v"
\\\<H> €r =50 - Chpe + O(5a) = € + O(%7)
N matching
by E— bg Cr
E -

W ¢
’ Ve/\
NP particles do not directly couple to two leptons in the two-Higgs

model. Therefore, the right-handed vector operator cannot contribute to
and explain lepton universality violation.



Fits to Rp and Rp- only

Solid lines:
2019 HFLAV
Dashed lines:
2018 HFLAV

100}

N Faded lines :
Br(Bc—t v)>30%

ExTYuNR)(CY" PrD)

1 . . , right-handed neutrino
-1 -0.5 0 0.5 1

O Dotted lines show that the significance of deviating from SM is more than 3o.
O The (left)vector and tensor operators give a better fit to the data (than the other two).
O The x? difference shows that the 2018 HFLAV data are in conflict with the 2019 HFLAV data.



Fits to Rp and Rp- only: 6 2D plots

The impact of the 2019 data

O 2019 closer to SM: solid ellipses (empty red ellipses) represent 1o and

w‘ 20 allowed regions from the fits to Ry and Rp« data (2018 HFLAV average)
rv)> 10%
v)> 30% Constraints from other data

-1.0 Br(Bc->1

O Pure scalar operators are constrained
\ strictly by the Br(Bc— t v)—(2,2).
O LHC data exclude large region of the

/ parameter space—(3,123)
~

® Empty black solid (dashed) ellipses indicate the 2o
upper bounds from the LHC data (HL-LHC projections)
on pp - thX+MET-- PRL.122.131803

/ ° Note that 30% and 10% are from the constraints of Bc
7 lifetime and LEP1 data, respectively--PRD 96, 075011;
\\*/ PRL. 118, 081802

-05 0.0 0.5 1.0

%4 -02 00 02 04-10 -05 O



Fits to Rp and Rp- only

Xy = 20.75 p-value in SM : 1.38x 102
lo range
e (0.05.0.09)
e (=0.04,-0.02)
€5, 1.41 x 1072 (0.02,0.15)
€, 447 x 1072 2.22 (0.07,0.20)
g 038 343 (6327044
€, = —4de; 0.09 2.2 2.92 (0.06,0.12)
(5, ) (0.07.-0.03) 8.7 303 €, €(0.00,0.14) € € (~0.04,-0.02)
(€ .€l)  (~047.0.53) 303 € €(-0.66,-030) € €(0.37,0.69)
(€5, ) (0.07,-0.03) 303 &, €(0.00,0.14) € € (<0.04,-0.02)
(.€)  (0.05,-0.01) 3.03 e €(0.00,0.09) € € (-0.03,0.01)
(.€)  (0.08,-0.04) 3.03 € €(0.05,0.10) € €(~0.13,0.04)
(.€5,)  (0.08,-0.05) 3.0 e €(0.05,0.11) ¢ € (=0.15,0.04)

O The significance of deviation from SM is more than 3.



Testing 3 NP models

Mediator Spin SU(3) SU(2) U(1) ¢ & e§R E;:L €r

H 0 1 2 412 )( )( v )( ——>In conflict with Br(Bc — t v) data
’ —> In conflict with LHC data
Wi 1 1 3 0 VXXXKX (PLB.2016.11.011)
|14 ] 1 1 +1 XvV X X X—>Right-handed neutrinos not
considered in this work
/Sy 0 3 1 +13V vV X vV vV "\
— The leptoquark models
S3 0 3 3 +1/3 v XXX in the red box are favored
‘, by current data. Note
R 0 3 2 +7/6 4 X v v that these models cannot
U, 1 3 1 +2/3 v v v X X induce a right-handed
neutrino operator at low
\ Us 1 3 3 +2/3 v v X XX / energy.
Vv, 1 3 2 +5/6 X X v X X —>In conflict with Br(Bc — tv) data

For example, assuming NP couplings are O(1) order:

mg, ~ 2.3 TeV, my, ~ 33 TeV  ms, =mg, =~23TeV




Fits to all the 2019 HFLAYV data

05 gtV T O Compared with 2D plots fitting to
O,
-0l ge@ertY) 30% R, and Rp: only, the extra dafa
exclude the parameter space in
1.0 complementarity with the LHC
T A\ bounds.
osf \\
" - N\
0.0 %‘. /
-05 \\\ /// “
0.5
04
0.3
0.2 — S [
gty . /// TN T \\ /// | -
oo W
=010 N / \\ VA IRN //
S ~ N e N e
-02 S T — ~—
-04 -0.2 0.0 0.2 04 -1.0 -0.5 0.0 0.5 -0.5 0.0 0.5 1.0

T
€L €s, €sz



Fits to all the 2019 HFLAYV data

Viiooy = 2653 p-value in SM : 9.02x 103
Best fit X p-value Pullgy lo range

€ 0.07 14.56 0.20 3.46 (0.05,0.09)

€r —0.03 15.70 0.15 3.29 (—0.04,-0.02)

6‘;1. 0.08 2523 8.44x107° 1.14 (0.01,0.14)

égk 0.14 2124  3.10x 1072 2.30 (0.08,0.20)
(€§1.‘ e) (0.07.-0.03) 1475 0.14 3.00 6_;1_ € (0.00,0.13) ¢ € (-0.04,-0.02)
(0,€) (051,056 1214 028 337 €, €(-069,-034) €, € (0.41,073)
(5.€) (0.08,-0.03) 1438  0.16 305 €, €(001,0.14) € €(-0.04,-0.02)
(€. €1) (0.05.-0.01) 14.32 0.16 3.06 g €(0.01,0.10) € €(-0.03,0.01)
(€ égl.) (0.08,-0.06) 14.09 0.17 3.09 ¢ €(0.06,0.10) 6;',. € (-0.14,0.03)
(f.€) (0.08,-005) 1433 0.6 306 € €(0.05,0.11) €, €(=0.14,005)

® The significance of deviation from SM is more than 3o.



Possibility of discriminating different NP structure

Only fitted to RD/RD*

5F SM

€&=-0.03

% (€. €,)=(0.08, -0.05)
D:Q (€5, . €)=(0.07, -0.03)

A measurement of the tau
polarization in the decay mode B->D
T v would effectively discriminate
different NP scenarios.




Possibility of discriminating different NP structure

No corresponding NP

Observables SM e = —0.03 (&5, &r) (€L €5, (6L €7+ 5,0 5)
=(0.07,-0.03)  =(0.08,-0.05)  =(0.16,0.05,-0.33,0.14)
Rp 03127900 03037088  0340%00% 0.339'04%0 0.343'5417
PD 03387008 0358'00% 042707 0.288"00% 0.11700%
AP, -03SSTN 03447000 0337007 03637002 ~0.383°00
Rp 0.253*000:  0.293*0.00% 0.291*0003 0.293*0004 0.297+0008
PP 050500 -04TTHRS 0487000 -0.513°00% ~0.430:00%%
AP, 0068903 0030901 0.038°901 0.0734413 0.083'417
FP04SST0R  0444°0008  0.440°0007 0.452"56% 0.497' 5015
Ry 0.248*0003  0.291*0.90 0.289*0004 0.288*0:004 0.284*0-003
P/Y —0512:9010 —0.481700%  _0.490*39% -0.519*0010 —0.453700%0
Ay 0.0423900¢  0.007+0.006 0.013*9-008 0.046* (000 0.061*0007
FP  0M6700 0434700 043000 0443003 0.490-5 005

Indeed, P.P is an excellent observable which can be measured in Belle Il
and upgraded LHCb.
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Predictions in the SM and in selected NP scenarios

1 3 e - : 1 00 R S . S L S . S S S ]
1.2} ] ]
; ; 0.95 SM 6ck = -1
1.1} : !
LHCb: PRL113(2014)151601 090
’ SM . - v v
o 0.85fF  LHcb:IJHEP08(2017)055 5Ck = ~05
6Ch = -1 ] |
’ ] 0.80F —
6Cy =-05 e L 3
0.75 g
PR PR TS S T PR T U 070 .'A AAAAAAAAAAAAAAAAAAAAAAAAAA
10 15 1 2 3 4 5 6
2
q q2
0C, = 0Cy = —3C1y| The relation connected to the new models, such as leptoquark models.

O Kinematics range for B->K* | | decay is g2 €[4m,(mg-my+)?] GeV2.
O Only the operators Oy, O, can explain the experimental data.

O The blank kinematic range for B>K* | | decay represents charmonium region which is

dominated by long-distance (hadronic) effects.



Fits to Ry and Ry before the 2019 data

Data(3):

LHCb: PRL113(2014)151601

LHCb: JHEP08(2017)055

Ry bin[1,6] GeV?
R+ bin[0.045,1.1] GeV?

bin[1.1,6] GeV?

ay
2 / /l /
AV /
A
~ ‘// : ///
L0 &
o )
-2t
_4l— , - N
-4 -2 0 2
6Cy

O Both 6C, and 6C,, have no boundary.




Fits to all the data before 2019

2 .
: Data(65):
& =
: ~—~—[R¢ bin[1,6] GeV?
@ ) R+ bin[0.045,1.1] GeV3
22 /
o 0 = .
3 *'\\ bin[1.1,6] GeV?
1} \ R(Bs - p+ p-)
| BR(B - K*y)
K r > All angular observables from LHCb, LTLAS,CMS,
6Clg’ Belle: F|_, P]_, Pz, P3, P4’, P5’, PG’I P8"
Coefficient Best fit e p-value SM exclusion [o] lo range 30 range
5Cy —-1.37 61.98 [64 dof] 0.548 4.37 [-1.70, —1.03] [-2.41, -0.41]
5C, 0.60 71.72 [64 dof] 0.237 3.06 [0.40, 0.82] [-0.01, 1.28]
5CY -0.59 63.62 [64 dof] 0.490 4.18 [-0.74, —0.44] [-1.05, -0.16]
Coefficient Best fit Xﬁl i p-value SM exclusion [o] Parameter ranges
(6Cy, 6CY,) (—1.15,0.28) 60.33 [63 dof] 0.572 4.17 Cy € [-1.54,-0.81] C', € [0.06,0.50]

O The significance of the SM exclusion in the fits is about 4c.
O 6C,is negative. However, the value of 6C,, is poorly determined by the global fit.



Robustness of fits with respect to hadronic uncertainties

PRD93(1):014028,2

016, JHEP, 05:043, 2013

27 hadronic parameters in low g2

QCD1(11)

U, {.L(O)) Ell({))i fK‘ y a]-_Ly a'2.l. (0)) alll (0)! a‘2ll (0): Wo, T'L, Tll

Power Corrections(8)

V_{|@|max); V=(|blmax}s Vi (|@lmax)s Vi (|blmax)s T4 (|blmax) s Vo(1blmax), To(|@]mex)s To(|lmax)

Charm contributions(8)

h_ |cé(|a|m&x)a h_ Ioé(lblmax)3 ‘p—lcé) h+|cé(lalmax)1 h+1cé(|blmax)1 X Ioéa hO]cEa ¢0|cé

X-dependence study

| Plot of the p-values as a function of x. The
| variable x is a factor by which we multiply

all the uncertainty ranges of the 27

| hadronic parameters.

0.100F e
""" Fits to all the data
0.010 [
. :
=
g |
I 0.001F
Q.
107 ¢ Fits to R¢, Rgxand R(Bs = p+ p- ) -
0.5 1.0 15 2.0 25 3.0
X

The results fitting to Ry, R¢xand R(Bs = p+ p- ) are available but only three observable
cannot constrain 6C,.




Constructing an observable only sensitive to C,

1 8C9=0
1 5C9= -5C10
6Cg= -1
15 -10 -05 00 05 10 15 15 -10 -05 00 05 10 15
6Cyo 6C1o
r e b3k dg?
RG” RG Ré) = (Pf’_l )>/<P2 )> R6[a*b] - (;; Egdq?.
26 a <6 q
Bin [0.045,1.1] GeV?  [/2= g5 _Cly . 2 Ikla*BRe[HY) (¢*))V-(4?)
Cio  [?|klgRe[H}) (¢*)]V_(q?)
: T 9 2mymp 7, 5 167‘_2771%3 D) . .
) |y (\)=—iN|[V\(¢*)Co + e T\(q*)Cr — 2 hx(q°) || | large in the very low bin.

® These constructed observables are almost exclusively sensitive to C,, .
® Experimentally, these observables can be measured by LHCb and Belle.



Updating the global fit of b—s | | decay including 2019 data

The predictions in SM: 20—
1.5}
g LB = KWutur) |
= = 1.0
KW (B — K®eter) ) L =\
5 0.5}
. . . o i : ,
Considering the new data in 2019 00l . /7
| l. ] v
Ric(16) Gevz = 0.846“:8:822(8’5&‘5.)7:8:812(Syst.) (LHCb) 0_5:_ "
RK*[O.O45,1.1] GeV2 = 0-52f8§g +0.05 (Belle) |
RK*[I.LG] GeV2 — 0961_8%8 + 0.11 (Be”e) 10_3 — x~12‘ — 1 0 1
qc.’
uze type y
PUIISM=3-8G
For a global fit including new data, the significance v

of deviation from SM is still more than 3o. Pully,=4.170
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Summary o->civ

@ Significance of the SM exclusion in our fits is more than 30.

@ In addition to the known Bc — T v constraint, it is shown that the LHC
monotau constraint excludes large regions of the parameter
space.mFurthermore, it is shown that F,P" excludes the parameter space
complementary with the LHC bounds.

(3 We tested some new physics models using our parameter space.

@ We also found that the T polarization in the B — D1v decay is sensitive

to the various new-physics scenarios which are favored by the current

data.



Summary b->sll

@ Only the operators O,, O, can explain the experimental data.

@ 6C,, is poorly determined by global fit but we also discuss some
observables which are almost only sensitive to C;,. And it is feasible
to measure these observations in future.

(@ For a updated global fit including the 2019 data, the significance of

the SM exclusion is still more than 30.



Outlook

O

In the next few years, with the collection of more data at
the B factories and improvement of experimental
precision, we will continually update our analysis.

In addition, new theoretical works on the theoretical side
will be needed, to better access uncertainties.

Meantime, it is also important to continue to find or
construct new observables which are more sensitive to
new physics.

Moving to baryon/hyperon decays

>t — pll IR Dy



Thanks for your attention !

December 15, 2019
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4D global fit for b — c | v decay
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