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Outline

» b-crv
> b st

» New physics interpretations
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R(D) and R(D~)

b-crv vs. b-cly
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“LFU ratios” in exclusive B - D®*)¢p,

-
Remember in SM EFT given by Vo, ! .
b

EFTfor b cfv, with f=e pu,r b ! "
—_—
q
£ = L —@V Cy Q Qy, = [CyuPLb][ey" Pruy]
EFT = LQCDxQED NG ab Cv, Yy, v, = LV POy Frve

= in principle each Cy, Q,, — Cf}IL’ Of}’: should carry indices for £ and v/,

but in SM Cf,’: = Cy, lepton-flavor-universal (LFU)

Can test LFU in ratios involving different £ = e, u, 7

» note different phase-space integral

(mg-my)®  , dB[B — M(v] , )
fm aqs ————— » in SM overall factor o< G|V, Cy, |2

, 2 2
R“(M) = —* 5 _da cancels
(mg-my)~ 5 dB[B - M{'T]
[mz @ —m > same B — M FF’s enter num & den,
q uncertainties in FF-normalizations cancel

o

For ¢ = 7 and ¢’ = e + p (light-lepton average) they are knownfor | M=D - R(D)
and | M=D* - R(D*)
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SM predictions of R(D) and R(D*)
Prediction requires knowledge of form factors (shape) = two strategies

A) use only theory input from LQCD, LCSR and unitarity bounds (UB) + HQET constraints

B) fit FF-parameters from data of B — D) ¢z for light £ = e + p,
assuming new physics only in £ =7

= in the past combination of A) + B), but clearly prefer A)

SM predictions R(D) R(D*) Ref.
LCSR only 0.269 + 0.100 0.242 + 0.048 [GKvD’18]
LQCD only 0.300 + 0.008 — [HPQCD’15]

LCSR + LQCD 0.296 + 0.006 0.256 + 0.020 [GKvD’18]

LCSR + LQCD + UB + HQET  0.2989 +0.0032 0.2472 +0.0050 [BGJvD’19]

provide method A) results in BGL parametrization —

» LQCD calculations of B — D* FFs away from g2, are work in progress
» Also R(Ds) = 0.2970 + 0.0034 and R(Dg) = 0.2450 + 0.0082 [BGJvD’19]
» also R(JY), R(Ac), R(Xc) (partial predictions)
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Measurements of R(D) and R(D*)
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see details and updates at https://hflav.web.cern.ch

» measurements from BaBar, Belle and LHCb with different tags
» HFLAV states 3.1 o deviation from SM for combination R(D) & R(D*)

= would increase to 3.8 o with SM prediction from LCSR + LQCD + UB + HQET

single deviations from SM: 1.4 ¢ for R(D) and 2.5 ¢ for R(D*)
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Beyond SM operator basis

Ovym = [Cvu PRy bI[TY" V]

WEFT approach inSM: Cy, =1,Ca=0(a= Vg, S,p, T) - _
(assuming no light /) Osypy = [CPL(Ryb][TV]
4 5 _ —
‘CEFT = —ﬁ VCb Z CaOa OT = [CO'/_“/IDLb][’TO'H l/]
\/é a=1
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Beyond SM operator basis

Ovyny = [0PLim)bI[TYHV]

WEFT approach inSM: Cy, =1,Ca=0(a= Vg, S,p, T) -
(assuming no light /) Osypy = [CPL(Ryb][TV]
4 5 _
4Ge Veb 3~ Ca0a Or = [Copuw PLb] [T V]

LgFT = -
\/é a=1

Global fit of b > cTv only vector coupling a= V.
calar couplings a= S, g
Experiment

SM prediction [Celis/Jung/LifPich 1612.07757)
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R(D)
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Beyond SM operator basis

Ovym = [Cvu PRy bI[TY" V]
WEFT approach inSM: Cy, =1,Ca=0(a= Vg, S,p, T) -
(assuming no light /) Osypy = [CPL(Ryb][TV]

4Gr,, 3 - = v
Lerr = ——= Vo > C,0, Or = [Copuw PLb] [T V]
V2 a1
Predictions for A, (D*) and R,

Global fit of b — cv only vector coupling a= V| 1.0
calar couplings a= S, g (\

Experiment

SM prediction [Celis/Jung/LifPich 1612.07757]
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Fits of Wilson coefficients 2019

[Shi/Geng/Crinstein/Jager/Martin-Camalich 1905.08498]

2-Wilson coefficient scenarios

» solid=2c¢,dashed=10¢
» ( allowed regions from R(D) and R(D*) )
» ((with 2018 HFLAV results )

HL-LHC-projection [dashed] on

» | 20 upper bound from LHC [solid] and
pp — ThX + MET

-05

» shaded regions = 30 % [darker] and 10 %
[lighter] exclusion limits from B(B¢ — 7v)
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Fits of Wilson coefficients 2019

[Shi/Geng/Crinstein/Jager/Martin-Camalich 1905.08498]

LHC

S 2-Wilson coefficient scenarios

» solid=20,dashed=1¢c

» | allowed regions from R(D) and R(D*),
and including R(J/v), P-(D*), F (D*)

> [ 2 o upper bound from LHC [solid] and ]

HL-LHC-projection [dashed] on
pp — thX + MET

» shaded regions = 30 % [darker] and 10 %
[lighter] exclusion limits from B(Be — 7v)

TN
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Fits of Wilson coefficients 2019

[Shi/Geng/Crinstein/Jager/Martin-Camalich 1905.08498]
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Prospects b - cTv

[Albrecht/Bernlochner/Kenzie/Reichert/Straub/Tully 1709.10308]

Obs SM Current Current Projected Uncertainty
Prediction World Uncertainty Belle LHCb
Average 5/ab  50/ab  8/fb  22/fb  50/fb
R;/“ 0.299 +0.003  0.403 + 0.047 11.6% 5.6% 3.2% — — —
R;f“ 0.257 +0.003 0.310+0.017 5.5% 32% 22% 36% 21% 1.6%
~ 0.34r " i i
N el RN T 3
b-:/ 0.32 L : \ é 9 ; states will be highly correlated. ::Eg:) E
5 LHCb wr) 3
= TE preliminary oR(A;) E
03 Z 1 2 6E ~RA*)
: = ;8 sk RO
0.28f B
r w—"1 2 3F E
026 [ LHCD [TIBdlen J % oE 3
[ sm [-]Future WA [*]SM prediction | & |E phase Iupgrade phase 11 E
L 4 E . X [Plot from P.Owen] J
0.24" AT o )
03 0.35 04 0.45 20 2025 2030 2035
R(D) Time/year

[Patrick Owen @ LHCb Upgrade WS, Elba, 2017]
[Albrecht/Bernlochner/Kenzie/Reichert/Straub/Tully 1709.10308]
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Exclusive b — s¢¢
B> K®gl,...
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EFT for b - q + (v, £¢) in SM

g=d,s
Lag1 ~VpVig[ 3 €7 Qff+ 3 C;Q;+CC+(QCD & QED-peng) |
9,10 77,89
+ VypViq[CC¥ - cC?]
In the SM various operators
semi-leptonic ‘ ’ QCD & QED -dipole ‘ ’ charged current ‘ ‘ QCD & QED -penguin




EFT for b - q + (v, ££) in SM

g=d,s
Brnm = v,bv,;,[ Y cfaff+ S ¢;Q+CC+(QCD & QED-peng)]
9,10 77,89
+ VypViq[CC¥ - cC?]
In the SM various operators
‘ semi-leptonic ‘ ’ QCD & QED -dipole ‘ ’ charged current ‘ ‘ QCD & QED -penguin ‘
b - S b s b s \b\-/uc/ b S
/\ § y gg /.\ /\
| | q q
u,c s
Ci = Wilson coefficients: short-dist. param’s (heavy masses m;, my, ... — CKM factored out)

and leading logarithmic QCD-corrections to all orders in as
= in SM known up to NNLO QCD and NLO EW/QED
Q; = dim-6 operators: flavor-changing coupling of light quarks
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Theory of exclusive b - (d, s)£¢

Dipole & Semileptonic op’s

Q7. (747y = Mp[G o™ Pr(1y b]Frv
nggr) = [q7* Pr(r) b1[£vu 4]

O%(m') = (g7 Py(r) bI[Eyuvs €]

Factorisation into form factors (@ LO QeD)

= No conceptual problems !!!

dBr/dg?

@ low g?: FF’s from LCSR B-K,x
(10 - 15)% accuracy B - K*

[Ball/Zwicky hep-ph/0406232, Khodjamirian et al. 1006.4945
Bharucha/Straub/Zwicky 1503.05534]

B-K,xn

B - K*

[Bouchard et al. 1306.2384
Horgan/Liu/Meinel/Wingate 1310.3722 + 1501.00367]

@ high g?: FF’s from lattice
(6 - 9)% accuracy

FF relations at low & high ¢?
» allow to relate FF's =
reduce their number

= “optimized
observables” in
» valid upto Aqcp/mp = B, — Vil
0.5/4~13%

" L
9

1
(B - K*~)-pole open‘charm threshold

4°[GeV?)
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Theory of exclusive b - (d, s)¢¢

Nonleptonic

Q1y2 = a7 PL(T?) c][Cy, PL(T?) b]
Q3456 =[aTs6PL(T?) b] %:[EI Faq(T%)q]

Qgg(sgr) = MblG ™ Prey T*b] G,

atLOin QED

[ /d“x elax (Mi*)

dBr/dg?

{5 (), Zc,-o,-(O)}|§)J

) N L
6 15 9

1
(B - K*~)-pole open‘charm threshold

4*[GeV?)

different approaches at
Large Recoil (low-g?)

1) QCD factorization or SCET
2) LCSR
3) non-local OPE of cc-tails

[Beneke/Feldmann/Seidel hep-ph/0106067 + 0412400
Lyon/Zwicky et al. 1212.2242 + 1305.4797
Khodjamirian et al. 1006.4945 + 1211.0234 + 1506.07760]

-

Low Recoil (high-g?)

local OPE (+ HQET) = theory only for
sufficiently large g2-integrated obs’s
[Grinstein/Pirjol hep-ph/0404250
Beylich/Buchalla/Feldmann 1101.5118]

= least understood theoretical uncertainties
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Helicity amplitudes for B -~ K*¢¢

The B — K* /¢ helicity amplitudes (A =L, ||, 0) in terms ofWilson coefficients and hadronic MEs

[Ai’” - NA{(ngcm)mq) o ’"C‘; B[c F(P) - 16w22—jm<q2> ]}]

» Wilson coefficients

» local form factors 7. (¢?) (for quasistable K*)

» nonlocal ME of hadronic operators

[HA(qz) = Pk fd“xe"q'X(

{0, ¥ c;o,-(0>}|‘B)]

Observables in terms of helicity amplitudes are

[mream[i, () 2, ()]
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Angular distributions B - V(- Py P;)¢¢

N\

d*r[B —» K*(— Km)e]
dg? dcos 6, dcos O do

+(Jog sin20k + Jog cos2Ox ) cos 260, + Js sin®Ox sin®6; cos 2¢

~ Jig sin20K + J1Cc0520K

+Jy4 sin 20k sin 20, cos¢ + J5 sin 20 sinfy cos¢

+(Jps sin®0k + Jgg cos2Ox) cosly + J7 sin 20 sinfy sing

+Jg sin 20 sin 20, sing + Jo sin>0x sin0, sin 2¢

J

> with J;(g?) from B — K ¢7 and J;(g?) from B — K*¢7 can
measure 12 CPav + 12 CPasy angular ob’s
= key to constrain all Wilson coefficients

» LHCb started to measure them in 2013, several updates since then

“Optimized” observables = reduced FF sensitivity
» guided by large energy limit @ low-g? and Isgur-Wise @ high-q® FF-relations
» FF’s cancel up to corrections ~ Aqcp/mp

» no such cancellation of cc-hadronic effects
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Angular distributions B —

V(= PyPy)ei

d*r[B —» K*(— Km)e]
dg? dcos 6, dcos O do
+(Jog sin20k + Jog cos2Ox ) cos 260, + Js sin®Ox sin®6; cos 2¢

~ Jyg sin20K + Jie c0529K

+Jy4 sin 20k sin 20, cos¢ + Js sin 20y sinfy cose

+(Jps sin®0k + Jgg cos2Ox) cosly + J7 sin 20 sinfy sing

+Jg sin 20k sin 20, sing + Jg sin20K sinzel sin2¢

N\

J

“Optimized” observables = ratios of angular observables J;

[Krtiger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
@ low ¢? . : der arXi
[Matias/Mescia/Ramon/Virto arXiv:1202.4266]

[Descotes-Genon/Matias/Ramon/Virto arXiv:1207.2753]

[Becirevic/Schneider arXiv:1106.3283]

AP =P = i Al =2p, = Jes A = 2Py = J
2;&5 4»&5 2Jbs
/ J4 v _J7/2 4 _J8
Py = P = Pg =
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Angular distributions B - V(- P;P5)£¢

d*r[B —» K*(— Km)e]
dg? dcos 6, dcos O do

+(Jog sin20k + Jog cos2Ox ) cos 260, + Js sin®Ox sin®6; cos 2¢

~ Jyg sin20K + Jie c0529K

+Jy4 sin 20k sin 20, cos¢ + Js sin 20y sinfy cose
+(Jps sin®0k + Jgg cos2Ox) cosly + J7 sin 20 sinfy sing

+Jg sin 20k sin 20, sing + Jg sin20K sinzel sin2¢

N\

J

“Optimized” observables = ratios of angular observables J;

@ high g H.(r1) =Py = V2,

V _J20(2J2s - J3)

[CB/Hiller/van Dyk arXiv:1006.5013]
[Matias/Mescia/Ramon/Virto arXiv:1202.4266]
[CB/Hiller/van Dyk arXiv:1212.2321]

H§.2> =Ps= —J5/\/§ H<T3) = —JSS/Z
\V4 —JQC(QJQS + J3) (2J25)2 - (J3)2
4~ V2Jg 5) _ —Jg
HY = 0= H =

V=d2c(22s + J3)

(225)2 - (J3)2
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LFU ratios for B -~ M¢¢ for . vs. e

@ ., dB[B - M¢Z] in SM cancellations of
0 2 2y fqg dq” T d » CKM and hadronic uncertainties
Av (% %] = Q@ dB[B — MK’Z'] » experimental systematics
fqg qud—qz > M=K, K*, 6, Xs,...
[Hiller/Krliger hep-ph/0310219]
» in SM “universality” ,‘:n’,\*;,/e ~1+0(m}/q*) + O (ae) [CB/Hiller/Piranishvili 0709.4174]

» estimating QED Ff;j/eﬁ ,6]=1.00+0.01 (H=K,K*) [Bordone/Isidori/Pattori 1605.07633]
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LFU ratios for B -~ M¢¢ for . vs. e

c/e
Ry’ [d5.aB] = —=

B> M@Z]

fqzqﬁdqz dB[

dg?

fqzqﬁ o dB[B —» M'7']

dg?

» in SM “universality”

» estimating QED

R/®[1,6] = 1.00 + 0.01

Measurement Rf(”/e

-o-LHCb -m-BaBar -a—Belle
2

T T T T .
4 LHCb o510
15 — 08
[ 0.6
1t i =
% 04
05 02
! ! ! n 0.0
G0 5 10 15 20
[LHCb 1406.6482] R [GevZc

[R;;/e[w] = 0.745*3:9% 1 0.036 ]

correponds to tension 2.6 o

in SM cancellations of

» CKM and hadronic uncertainties

» experimental systematics
> M=K, K* ¢, Xs, ...

R~ 1+0(mi/q*) + O (ae)

(H=K,K")

Measurement R’*(Lﬁe

[Hiller/Krliger hep-ph/0310219]

[CB/Hiller/Piranishvili 0709.4174]

[Bordone/Isidori/Pattori 1605.07633]

[Babar 1204.3933, Belle 0904.0770]

2.0

S = 151 B
b ' I 1 P
F b ® LHCL . : [

o v E:Tml\' 1 H’ T
® Eos 051 ® LHCH ]
L i
0 1 3 4 5 6 0 10 15 20
7 [GeV?/c) [LHCb 1705.05802] @ [GeV/e]
RI/°[0.045,1.1] = .66} +0.03 220
RI/[1.1,6.0] = 0.69*5: 1 +0.05 240
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Tensions in angular distribution B - K* i and rates

» latest LHCb: Run 1 + 2016 o’ 1 U ] 3
[LHCb 2003.04831, Belle 1612.05014] H"S%beU’I‘)&'J\/zom ]
rom ]
> tensions in bins g2  [4,6],[6,8] GeV?2 0.5F ]
of about 2.50 and 2.9 ﬁ ]
> bin g2 € [6,8] GeV? hadronic 1 ]
cc-contributions might not under control -05F [H— | % Q | .
pr_ Js/2 r I:‘Il 5 + 5 —4— ]
5= T/ C ]
N, -1 -]
Zoves 0 5 10 5
? [GeVcd]
.| CSR Lattice -e-Data
£ KT * B ' ' 'LHCb
D B - Ky L sE E
Q. LHCb 3 8 g E
k3) ] E 6= N N
S P ] 277 N
2 + ; S
fed 1] E =) 2FE sM[Q.C E
E T 1E- *D: a (wide)=
8 s s - - I . . |
0 5 10 15 =] 5 10 15
? [GeVZcY] ¢ [GeV¥ch]
B(B* - K*pj) data below SM prediction B(Bs — ¢up) (2.2 0) data below SM prediction
[LHCb 1403.8044] [LHCb 1506.08777]

= all measured LHCb rates (¢ = p) systematically below SM predictions 16/28



Power corrections for g2 5 6 GeV?

Parameterisation et (M) ) .
hadronic matrix [Hx(qz) = 5= fd4X ¢ (K| T{ im0, 3 Ci0i(0)}[B(p))
element Mg 7
A=2,0 2 4

, ‘ ~[LOin 1/mp] +h@ + L _p( oy T __p@ 012 ¢
HD s /2D 1GeV 1GeV

A A
forA=0 QCDF
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Power corrections for g2 5 6 GeV?

Parameterisation et (M) )
hadronic matrix [Hx(qz) = L5- f dx e/ (K| T{ 0, ZCiOi(O)HB(p))]
element Mg 7
A=2,0 2 4
, ‘ ~[LOin 1/mp] +h@ + L _p( oy T __p@ 012 ¢
HD s /2D 1GeV 1GeV
A A
forx=0 QCDF

= Soft-gluon emission off cc-pairs calculated in light-cone OPE

[Khodjamirian et al. 1006.4945 + 1211.0234 + 1506.07760]

1) Leading contribution
= previously known QCDF result

2) contributions to # (g%) via OPE

» works for Aqcp < 4m2 - ¢,
also at g < 0 GeV?

» gives g?-dependent shift to Cy
ACY(G?) = (C1 +3C2)raat (97) +2C131(9?)
with g1 (%) o< h-(G?) - h+(q?) ¢ (GeV?)
> Guct(g?) = LOin1/my, = dashed
» soft-gluon emission g (g?) = dashed-dotted
= power corrections from soft gluons about 10-20% of Cqy at 1.0 < g° < 4.0 GeV?

3) interpolation up to g° ~ 12 GeV? via dispersion relation
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Power corrections for g2 5 6 GeV?

rF]’aramgtensat]on a u( ) dy o9 (K| 7L om .
adronic matrix HA(Q?) = xe ( {l (X)s Z i0i( )}| (P))
element
A=4,0 2
, ‘ N[Lom/mb] chO s Ly, & e 010 ¢
hD S S@hD 1GeV 1GeV
A A
forx=0 QCDF

In absence of 1st-principle calculation of hy) can not distinguish h;o) « CNP and h(;) « CYF

= Can fit h§°’1'2) from data (assuming C)¥ = 0) [Giuchini et al. 1512.07157]
with OPE-result at g = 0,1 GeV? without OPE-result
Khodjamirian et al. 2010 ‘ Khodjamirian et al. 2010
i 4 SM@HEPfit, full fit 4 4 SM@HEPFit, full fit
3 fq‘ im? 3 34[’ im?
s | &
[GeVz/c4] 2 [ GeV? /et ]

= leads (5 -10) x larger power corrections than predicted by Khodjamirian et al. for g'sm%



Power corrections for g2 5 6 GeV?

Parameterisation e (N )
hadronic matrix [Hx(qz) = Lz) f d*x e'q'X(KA(*) T{f;‘“(x), ZC,-O;(O)HB(p))]
element Mg 7
A==,0 2 4

, ‘ ~[LOin 1/mp] +h@ + L _p( oy T __p@ 012 ¢
D — /@n{D ) 1GeV 1GeV
forA=0 QCDF

» In global fits: magnitude of power corrections taken from

KMPW’10 = Khodjamirian/Mannel/Pivovarov/Wang
1006.4945

BUT allowing for both signs

» sign of power corrections predicted by KMPW’10
increases NP contribution to Cq

» large power corrections can not explain R,‘é/;* measurement,

but it can not be excluded that they origin of P and low B’s
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RZ/ € and R,‘ge — What type of operators?

» dipole and four-quark op’s can not induce Ry + 1
» scalar op’s: strongly disfavored [Hiller/Schmaltz 1408.1627]
» tensor op’s: only for £ = e, but require interference with other op’s [Bardhan et al. 1705.09305]

= vector op’s: O gy = [57*Pr(ry b1y t] and  O% 4oy = [57*Prcay bI[Evuys £]
(9") (107)
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RZ/ € and RZ{"' — What type of operators?

» dipole and four-quark op’s can not induce Ry + 1
» scalar op’s: strongly disfavored [Hiller/Schmaltz 1408.1627]
» tensor op’s: only for £ = e, but require interference with other op’s [Bardhan et al. 1705.09305]

= vector op’s: O gy = [57*Pr(ry b1y t] and  O% 4oy = [57*Prcay bI[Evuys £]
(9") (107)

modifications of C* and/or C¢

9,9/,10,10’ 9,9/,10,10/
[D’Amico et al. 1704.05438]
[Geng et al. 1704.05446] New physics in e
3\ 4
) 1.6 i —
L Q 7
= \ L -
141 N 3
EoChatN, 1
1.21 .
< 1.0F ]
0.8F .
S 0.6 ]
/ - ]
0.6 /’ o 0427
¥ 04 06 08 1.0 1.2 14 1.6
06 08 10 12 14
Ry

Rk
points = steps AC; = +0.5 arrow = step AC; = +1.0 18/28



Fits of Wilson coefficients

Fit b — s€? (¢ = e, p) for single Cf at p ~ my,

»

>
>
>

inSM C$M ~ 4.2 and C§M ~ -4.3

chirality-flipped C; disfavored

preference for £ = p over £ = e

best single-WC scenario C}' = -Cj

Coeff. best fit 10 pull

ct 097 [-1.12,-0.81] 59c
cl +0.75  [+0.62, +0.89] 5.7¢
cg +0.93 [+0.66, +1.17] 3.50
cs, -0.83 [-1.05,-0.60] 3.60

Cy =-Cl, | -0.53 [-0.61,-0.45] 6.60

C§=-Cf | +0.47 [+0.33,+0.59] 3.50
C;“ +0.14 [-0.03, +0.32] 0.80
ciy -0.24 [-0.36,+0.12] 2.00
Cq® +0.39 [-0.05, +0.65] 1.20
cie -027 [-057,-0.02] 1.1¢

pull = \/x2,; - X2 in 1-dim

“bspp
Cig

0.0

-30  -25  -20 -15 -10 05 0
it



Assume lepton-flavor universal contributions

Can also assume that some part is lepton-flavor
universal among all Wilson coefficients

[Aebischer et al. 1903.10434]

C/ =C™ +AC]

0.0 4 flavio

—024

= LFU-part arises for example from
RG effects in SMEFT etc.

3

zg M

g
Example with 2 parameters C3"v and ACH 06

5

24 —0.8

univ
Cl = Ccg™ + ACH
—1.01
Cge = CQT = CS”IV —— NCLFU observables 30
124 b — spp & corr. obs. 1o
—— global 10, 20

Cly = -ACH BE

-1.0 7().;; 0.0 0.5
Cio=Clh=0 ' . .
[solid] Moriond 2019
(e Ac#miv_ 0) [dashed] pre-Moriond 2019
.e. 0=
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Prospects b —» st¢
If LFU anomalies persit then LHCb
> R;é/e with > 50 Run Il (2018) and > 150 Run IV (2030)
> R;éﬁe with > 3o Run 11 (2018) and > 6 & Run Ill (2023) and > 10 o Run IV (2030)
Belle Il will confirm RY/€, with 7 - 8 o with 50/ab

K,K*
~un 1 T T T T T T T

0.8 [ sM from DHMV

- . ® LHCb Run 1

0.6 [0 Phase-ll Upgrade

(m]
0.4 %
0.2
:

N e 5
-0.2 DDD
0.6 O
-0.8

1 1 1 1 1 1 :

1o 1 2 3 4 5 6 7 8 —-20 —-15 —-1.0 -05 0.0 0.5

2 2, 4 Co'
q [Gev IC ] current avg = not filled, benchm. pnt's = filled,

SM excl. contours with LHCb 50/fb + Belle Il 50/ab

[LHCb CERN-LHCC-2017-003] [Albrecht/Bernlochner/Kenzie/Reichert/Straub/Tully 1709.12(?'3/028;I



New Physics interpretation
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HEW ~
100 GeV

Hb ~
5 GeV
2 GeV
1 GeV

Aacop

Factorization via stack of effective theories (EFT)

SM + NP model

Lsmine = Lem(f, H) + Lnp(777)

¥

Ay

Ni=5 | WEFT:SU(3)c x U(1)em

\

N

LaF-0,1,2 = Lacpxaen(f) + X GO

Ny =4

oo Perturbative
\(ar\s'\’{\of\

N-3 nonperturbative

» decoupling of SM and potential NP at

electroweak scale pgw

» assumes no other (relevant) light particles

below pgw (some 2/, . . )

WEFT (weak EFT)

» #of op’s

dim-5: 70,  dim-6: 3631

(L + B conserving)

» perturbative part — in SM under control

= decoupling @ NNLO QCD + NLO EW
= RGE @ NNLO QCD + NLO QED

» hadronic matrix elements

= B-physics
» 1/my exp’s — universal hadr. objects
» Lattice
» light-cone sum rules (LCSR)

= K-physics
» Lattice

» x-PTLEC 23/ 28



MNP R
1 TeV

HEW ~
100 GeV

Hb ~
5 GeV
2 GeV
1 GeV

Aacop

Factorization via stack of effective theories (EFT)

Lnp =777 NP model

SMEFT: SU(3)c x SU(2), x U(1)y

Lsmert = Lsu(f, H) + X, CiO;

¥

Ay

Ni=5 | WEFT:SU(3)c x U(1)em

\

N

LaF-0,1,2 = Lacpxaen(f) + X GO

Ny =4

oo Perturbative
\(ar\s'\’{\of\

N-3 nonperturbative

SMEFT (SMEFT)

» assume mass gap

(not yet experimentally justified)
» parametrize NP effects by dim-5 + 6 op’s

# of op’s (L + B conserving)
dim-5: 1,  dim-6: 2499
» 1-loop RGE

WEFT (weak EFT)

» #of op’s
(L + B conserving) dim-5: 70, dim-6: 3631

» perturbative part — in SM under control
= decoupling @ NNLO QCD + NLO EW
= RGE @ NNLO QCD + NLO QED

» hadronic matrix elements

= B-physics
» 1/my exp’s — universal hadr. objects
» Lattice
» light-cone sum rules (LCSR)

= K-physics
» Lattice
» x-PTLEC 23/ 28



NP models

“Grand-scheme” models (MssMmetc.) usually predict Cg << Cqq (modified Z-penguin)

= contradict global fits Cg ~ —Cyg

“Simplified” models in B-physics: massive bosonic mediators at uxp ~ O(TeV)

0.06
0.04
0.02
& 0.00

-0.02

-0.04

-0.06

—-0.06-0.04 -0.02 0.00 0.02 0.04 0.06

Cr

UV completions for

» extended gauge & Higgs sectors

[Buttazzo/Greljo/Isidori/Marzocca 1706.07808]
B'=(1,1,0), W' =(1,3,0)
81 = (57171/3)! 83 = (57371/3)
U1 = (37172/3)! U3 = (39372/3)
= U; most promising single-mediator scenario
= combinations of several LQs (also other rep’s)
Il single-mediator B’, W’ problems with Bs-mix & high-pr

Colorless S=1:
LQ’s (LeptoQuarks) S = 0:
LQs S=1:

» LQ’s: weakly interacting (elementary scalar or gauge boson)
» LQ’s: strongly interacting (scalar as LQ as GB, composite vector LQ)

= rather difficult to build explicit viable models
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LeptoQuarks and b - s¢¢: “EW gauge mixing

Assumption of hierarchy ’ up Mg >O(TeV) > pew ~ 100GeV ‘

Qi Ly
» at up: LQ decpl = match on SMEFT (Standard Model EFT) >
1 LQ -

= at tree-level — only SL-1/* op’s (semi-leptonic)
o< (QT Q) (LalLy) ]
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LeptoQuarks and b - s¢¢: “EW gauge mixing

Assumption of hierarchy ’ up Mg >O(TeV) > pew ~ 100GeV ‘

» at up: LQ decpl = match on SMEFT (Standard Model EFT) N

= at tree-level — only SL-4/* 0p’s (semi-leptonic) 1 LQ - X

o< (QT Q) (LalLy) IR

» from pp — pew: SMEFT RG evolution (renormalization group)
= mixing into SL-»* op’s o< (QT Q) (LyT Ly )
= large 10g’s In pp/pew [Alonso/Jenkins/Manohar/Trott 1312.2014]

q3

SL,SL 2]

(4m)2

KA
cs|__,p4 (pew) = In ECSL—TP‘t (1n)
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LeptoQuarks and b - s¢¢: “EW gauge mixing

Assumption of hierarchy ’ up Mg >O(TeV) > pew ~ 100GeV ‘

» at up: LQ decpl = match on SMEFT (Standard Model EFT) >

= at tree-level — only SL-1/* op’s (semi-leptonic)
o< (QT Q) (LalLy) IR

» from pp — pew: SMEFT RG evolution (renormalization group)
= mixing into SL-»* op’s o< (QT Q) (LyT Ly ) N

= large 10g’s In pp/pew [AlonsolJenkins/Manohar/Trott 1312.2014]

_YSLSL , fA
CSL—w“(MeW) = (47)2 In ECSL—TP‘t (1n)

» at jew: matching of SMEFT on Lap_¢ for b — sé¢
in terms of AB = 1 operators <
Qo) = (57" Puqy B E 4 X

Qfoc10r) = [37"Pucay bIE 175 €] L, Ly




Interpretation within SMEFT
Matching SMEFT on b — s¢/ at tree-level at jiew
] Moezs + [0 T00zs = (1 =453 ([Cf4) 1os + (€13 125)
golasee = (€ Leens = [€5 Laans + ([Chg 1as + [CF o)
]
]

[ +[cy
[ [cg

Cg’ o< [Ced 0023 T [Cld]ugg (= 4SW)[CHd]
[ [

Y2
C1 o’

R

L
Cg qu 23%

Cio = [c

Coul oo + [Cia] peos — [Cralos

Cy,10 depend on 5 Wilson coefficients

Cqy 10- depend on 3 Wilson coefficients

>
>
» modified Z-coupl’s C(1 % and Cyyy Suppressed in Cg o/ by (1 - 55,) ~0.08 w.rt. Cig 10/
» Cy, o< C,(q3) enters also b—crv

SMEFT operators: Semileptonic * and modified Z, W*-couplings 4?H?D

0 = (lvub)@r*a) O = (orur'lr) (@sv"7'ar)

Oge = (Qoruar)(8s7" er) O = (Toyuulr) (dsy* ) Ogg = (&pyuer)(dsy*dr)

ol = (H'B.H[ar ], Of) = (H'IDH)[E 0" q] Oy = (H'iT.H)[dhy" df

]
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Interlude on SMEFT operators
Consider SMEFT operators, ijjmn = generation indices
(08 Yimn = () (@my* an) [0 Yjmn = (5™} (G 72an)

these operator are made of SU(2); doublets

U .
qi=QLi= (dt:) li="Lg;= (Zt',)

If we do expansion in SU(2), components (72 = Pauli matrices, summation over a)

1 3
[C1]jmnl @ Viimn + [Ca)mn O3 Timn

= [(C; + C3)jjmn (Ui Y™ U) (T Y viL) + (Cq = C3)jimn (Tir ¥™ Ujr) (Brmr Yo £nr) ]

+[(Cy = C3)jjmn (T v™ Q) (Bmr Y var) + (Cq + Cg)jmn (A v di) (Bt Vi ) ]

+2[Cy 0 [ @r* ) @mivuva) +he] < CCs  1FCNCs

\. J

Still need to rotate flavor — mass basis: u = Vyup, dp— Vgdy, v — Usvp, £ — Uelp

( Contribute to all semileptonic CC and FCNC processes! )
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Fit in SMEFT

Scenario with two parameters at up = 2 TeV: [Aebischer et al. 1903.10434]

0.0008

(1) _10® e flavio
[Clq'lases = [Clg ' Jsaps < €=8=7 o | 5 N
(1 _[o® e 5 I
[Clq ]2223 = [C/q ]2223 —L=2=p E 00006 1
. E 0.0005 q
If there was no mixing from jip — piew, would A
expect at pew 2 oo

1) (3) Ey 0.0003 s
Cl o +[C( ] + [C ] 3 L
9 lq 12223 lq 12223 A &
i i = = 0.0002 ‘ 1
" Q] ®3) S) ; ;
C10 o< _[Clq ]2223 - [C/q ]2223 oonor |~ NCLFU obserables Ax2=1 ‘
 Rpw Ax*=1
3 —— b— spp & corr. obs. lo
7‘;L o< Z Voy [Cl(q )]33)(3 0.0000 + —— global 10, 20 }
X T T T r T T
—0.14 -0.12 -0.10 -0.08 -0.06 —0.04 —0.02 0.00
. s . . . 1 3, -
The mixing in SMEFT from semi-tauonic — [Cl(q)]:s:sz‘s = [C,((,)];saz;; [TeV—2]
semi-muonic, provides a Cg"" _
) » can explain both b — ¢rv and b — sé¢
BFP [Cly 3305 = —5:0- 1072 TeV~
q Assuming tree-level and (couplings)2 =1:

[C/(q1 )]2223 +3.9-107*TeV~2 1/7/0.05 ~ 4.5TeV
pul: 7.80 1/:/0.0004 ~ 50 TeV

no bound from B — K *) &, because depends on Cl(‘) _ C/(S) very different scales for semi-tauonic and semi-muonic operat/ors
’ q 4 28/28



