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What can we do with 300 fb~1 at 14 TeV?

» about 200 x Run | data

» only few sensitivity studies for LHCb for rare b — g + (, £7) decays available

= no definite answers can be given here

STILL

» many phenomenological studies were proposed in the past,
— some might “science fiction” at their time —
could become real science with this amount of data

BECAUSE
» we have access to new observables
= new tests of SM (= Standard Model)

= constraints on NP (= New Physics) scenarios

» feasibility of data-driven approaches to hadronic parameters,
not accessible with first-principle nonperturbative methods

= get very precise and dig for tiny things (really rare decays or tiny observables)
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Outline

» Review of |AB| = 1 EFT
» Leptonic decays By s — ¢/

» Exclusive B - (P, V)¢l
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Review of |AB| =1 EFT
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EFT for b > q + (~, ££) in SM

g=d,s
LAt ~ thrq[Z cifof'+ ¥, €;0;+CC+(QCD & QED-peng)|
7,89
+ 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
LAt ~ thzq[Z C{*0f'+ ¥ €0;+CC+(QCD & QED-peng)]
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
/'\\ § v g g /-\
I [ q q
u,c S
C; = Wilson coefficients: short-dist. param’s (heavy masses m;, myy, ... — CKM factored out)

and leading logarithmic QCD-corrections to all orders in as
= in SM known up to NNLO QCD and NLO EW/QED
O; = higher-dim. operators: flavour-changing coupling of light quarks
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EFT for b - q + (v, ££) in SM

g=4d,s
LAt ~ thrq[Z cifof'+ ¥, €;0;+CC+(QCD & QED-peng)|
77,89
+ VypViq[CC” - cC?]
CP asymmetries in SM given by CKM hierarchies Cabibbo angle A¢ ~ 0.2
Vip Vie » =V Vs ~ AZCA
-ACP $1%
V, Vi~ XLA(p—i F—
ub Vus c (p-im) [CB/Hiller/Piranishvili 0805.2525]

= CPA’s in b — s¢Z suppressed in SM with X2

Vip Vi ~ AGA(T = p = im)

Vub V;d ~ )\:SCA(p — in) [Hambrock/Khodjamirian/Rusov 1506.07760]

= CPA’sin b — d¢Z in SM largish

= Continue to measure CP asymmetries and improve bounds ‘
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EFT beyond the SM
= allow all Lorentz & SU(3)c ® U(1)em-invariant |AB| = |AQ| = 1 operators
Lo =CriOnm+ ¥ GO + ¥ COc+ (P Pp)

i=9,10,S,P, T k=hadr
0,0 =e,pu, T

> O;;) electro-magnetic dipole: o< my, [qo . Pr(yb] F*¥
= strongest constraint on C; 7/ from Br(B — Xs7)
> semi-leptonic operators: o< [g g, b][ZT g0 ¢']

> T ®Toer = vuPyr®~"(y5) left- and right-handed curr. Cgf;o) and Cg,(m,

> Tgp®Tr = Prirei(ys) (pseudo-) scalar curr. C’é"(P) and C’é‘f(P,
> Tgp®Tpy = o ®0"(vs5) (pseudo-) tensor curr. CT/( 75)

» hadronic operators: 1) current-current, 2) QCD & QED-penguins, 3) chromo-magnetic dipole
= usually assumed: NO new physics here

= b — spji data already sufficient to fully constrain [C/**| for i = 7,9,10, 8, P, T, T5 + x-flipped
[Beaujean/CB/Jahn 1508.01526]

= Continue for ¢ = pand try for £ = e, 7
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Factorization via stack of effective theories (EFT)

» decoupling of SM and potential NP at
electroweak scale pugw

» assumes no other (relevant) light particles
SM + NP model below pgw (some 77, . . )

Lsmenpe = Lsm(f, H) + Lap(?77)

16”8"&;\/ \ WEFT (weak EFT)
N;=5 WEFT: SU(8)¢ x U(1)em > — in SM under control
= decoupling @ NNLO QCD + NLO EW
\\H = RGE @ NNLO QCD + NLO QED
>
o LaF-0,1,2 = Locpxqep(f) + X CiO; — B-physics
X AN » 1/my exp’s — universal hadr. objects
Nf =4 » Lattice QCD
5 GoV | perturbative _ » light-cone sum rules (LCSR)
\(ar\s'\’{\o“
TGV I nonperturbative
AQeD [--m--mmmm e
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UNP 2
1 TeV

HEW ~
100 GeV

Hb ~
5 GeV
2 GeV

1 GeV
Aqcp

Factorization via stack of effective theories (EFT)
SMEFT (SM EFT)

Lnp =777 NP model | > assume mass gap

(not yet experimentally justified)

» parametrize NP effects by dim-5 + 6 op’s

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

» 1-loop RGE [Alonso/Jenkins/Manohar/Trott 1312.2014]

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

Lsmerr = Lsm(f, H) + X CO;
\ WEFT (weak EFT)

Ny =5 WEFT: SU(8)¢ x U(1)em » perturbative part — in SM under control
= decoupling @ NNLO QCD + NLO EW
= RGE @ NNLO QCD + NLO QED

Ny » hadronic matrix elements
LaF=0,1,2 = Lacpxqep(f) + X CiO; — B-physics

““““““““““““ » 1/my exp’s — universal hadr. objects

Ny =4 » Lattice QCD
| perturbative _ » light-cone sum rules (LCSR)

“5\\\0

________________ ¥ ____d » numberofop’s (L + B conserving)

Ni=3 frjpsl dim-5:70,  dim-6: 3631

[Jenkins/Manohar/Stoffer 1709.04486]

= need many observables to constrain all op’s
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b - (d,s) + ¢ processes & observables

process ‘ b—s b—-d

B — vy Bs — vy B— vy

B~ Vv B> K" (> Km)y Bs—¢y

B - £2(v) Bs — £0(7) B - ti(v)

B — Pel B Kl B mtl
Bs — ntl Bs — K¢l

B V(— F’1P2)A€l7 B— K*(—~ KW)ZZ B— p(— 7r7r)€l7
Bs — ¢(— KK)tL  Bs — K*(— Km)tl
B — X,,eZ B - Xstl B — XdZZ

Np - N2 Ay — NZ

not exhaustive

» angular distributions = maximal information on Wilson coefficients

» CP-averaged vs. CP-asymmetric measurements

» time-dependent measurements

= mixing-induced CPA’s S

= for Bs (Al's + 0): mass-eigenstate rate asy’s Aar < eff. lifetimes [De Bruyn et al. 1204.1735]
no flavor tagging required
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Leptonic decays By s — ££
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Motivation to study Bg — ¢£
» test of SM

at loop-level (FCNC) o< |V, V*\z

» helicity suppressed = sensitive to NP (pseudo-) scalar interactions

» observables Br + time-dependent Aar (no flavor-tagging) & S for g = S, C requires lepton pol.

» experimental measurement G ES T rom 3
230: LHCb —-Bﬂﬁuu E

. g .0 BDT >05 ey E
Br(Bs — pji) = (3.0+£0.5) x 107° 2 o Combinaora

8 20F 2 E

Aar(Bs — pji) =8.24 £10.72 8 7F e s‘“K)“Vu E
Ar(Bs — pp) St ) o 3
..... A T, E

LHCb measured mass-eigenstate rate asymmetry O 1 B: - jlmwuuvu E
[CMS 1307.5025, LHCb 1307.5024, 1703.05747] 5F + 3

3 et 1l g |+ [t

E = i o MVRNE Sl an «

5000 5200 5400 5600 5800 600

m,.- [Mev/eq

> tests of LFV = SM predicts zero for By — ¢;Z; for i #

» experimental prospects = yesterdays talk by Albert Puig Navarro
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Golden theory channel

» perturbative corrections under control

» atp: NLO EW + NNLO QCD [CB/Gorbahn/Stamou 1311.1348, Hermann/Misiak/Steinhauser 1311.1347]
» pw — pp: RGE NLO QED + NNLO QCD [CB/Gambino/Gorbahn/Haisch hep-ph/0312090]
» up — Aqcp: power-enhanced QED correction 5Br ~ O (-1%) [Beneke/CB/Szafron 1708.09152]

> hadronic uncertainty only decay constant fg, (atLOin QED)
= lattice 6qu $0.5% : fg, = (189.4 =+ 1.4) MeV & fg; = (230.7 + 1.2) MeV [FNALMILC 1712.09262]

11! only other compareable precision in flavor: Br(K* — = vi) (NA62), Br(K, — wouD) (KOTO), AMy s (lattice)

» Error budget [2017: fg, from FLAG, CKM from CKMfitter/UTfit, 75 HFLAV]

109 X E(Bs — Nﬁ)SM =3.57 + 0022"'!?/ +0.1 16|st El= 0~053|n0n—pmr 53 0~030‘pmr—PE—QED

+0.039|m, +0.111]y,, % 0.003|aq

> Non-parametric (non-pmr) uncertainties  [CB/Gorbahn/Hermann/Misiak/Stamou/Steinhauser 1311.0903]

» 0.3% non-power-enhanced QED corrections from pp, € [mp/2,2mp]

» 2x0.2% from (’)(ag, ag, agrg) matching corrimions from py € [my/2, 2m;]
» 0.3% from top-mass conversion from on-shell to MS scheme

> 0.5% further uncertainties (power corrections to EW OPE O(m2/m,), .. .)

» QED corrections below Agcp = currently accounted for by PHOTOS in LHCb/CMS/ATLAS

= theoretical control §Br 5 2% possible, access to short-dist. via  Br ~ |V, th7|2 x|Cro(m1S)2

11/26



Analysing NP in Bs — ujz via time-dependence

> in principle 3 CPA's with  |C*[2 +|S* 2 + |AX [ =1
[(Bs(t) - pafin) - T(Bs(t) = uafin) __C*cos(AMst) + S* sin(AMst)
[(Bs(t) = pafin) +T(Bs(t) = pafin) ~ cosh(yst/7s,) + A sinh(yst/7s,)

» Aar without flavor tagging, S requires flavor-tagging, C* requires helicity of leptons

» inSMclean observables: Aar=1 S=0 C*=0
QED corr’s negligible [Beneke/CB/Szafron 1708.09152]

» (Cio - Cyor) helicity suppressed = enhanced sensitivity to (Cs(py — Csr(pry)
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Analysing NP in Bs — ujz via time-dependence

> in principle 3 CPA's with  |C*[2 +|S* 2 + |AX [ =1
[(Bs(t) - pafin) - T(Bs(t) = uafin) __C*cos(AMst) + S* sin(AMst)
[(Bs(t) = pafin) +T(Bs(t) = pafin) ~ cosh(yst/7s,) + A sinh(yst/7s,)

» Aar without flavor tagging, S requires flavor-tagging, C* requires helicity of leptons

» inSMclean observables: Aar=1 S=0 C*=0
QED corr’s negligible [Beneke/CB/Szafron 1708.09152]

» (Cio - Cyor) helicity suppressed = enhanced sensitivity to (Cs(py — Csr(pry)

[Fleischer/Galarraga Espinosa/Jaarsma/Tetlalmatzi-Xolocotzi 1709.04735]

» even measurement of sgn(C*)
can reduce degeneracy o

Benchmark measurement

Aar =+0.58 £+ 0.20 1] o6
§$=-0.80+0.20 0

— 4 solutions from Br and Aar

dashed: ruled out by S

0.0 L L L L
-180 =120 -60 0 60 120 180

blue: ruled out by sgnC*

12/26



Bs > (ee, uji) +~
» Bs — £0 no helicity suppr. compared to Bs — £Z, but e suppr.

Bs —» pjuy from Bs - pii
[Dettori/Guadagnoli/Reboud 1610.00629]
extract Br(Bs — pjiy) in fit of
My spectrum in Bs — pfi
including it as additional
background component

LFU test in Bs - [Lﬁ")’/Bs - eé‘y
[Guadagnoli/Reboud/Zwicky]

Br[Bs — piiv][s, 5]

Rl’a/e| P e S R
" % BBy - e8] (s, 5y

discussion of low- and high-q2 regions
(g=pg-py, §=q2/m3)
R’wl/e|[oA55,oAg] =1.15+0.03

Br[Bs » pjiv],p g2 = (8:4+1.3) x 107°
Br{Bs — pjiv]y g2 = (8.9 1.0) x 10710

Candidates/ (44 MeV)
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Exclusive B - (P, V)¢2
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Theory of exclusive b - (d, s)¢¢

’ Dipole & Semileptonic op’s

O7+(747) = Mp[q ™" Prry b]Fuw
Oéfgr) = [@7* Pr(r) b1[Lyu £]
O%(m') = (a7 P(r) bI[Euvs €]
Factorisation into form factors (@ LO QED)
= No conceptual problems !l

dBr/dg?

1
(B K*~)-pole open‘charm threshold

6 15 19 $[GeVY

@ 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,w

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 = By — Vit
0.5/4~13%
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Theory of exclusive b - (d, s)£¢

Nonleptonic different approaches at

. . Large Recoil (low-g?)
Ocira = [G7"PL(T?) c][EuPL(T?) b
2z =@ PUTHelleawPLUTIBT ) 40p tactorization o SCET

Os.as6 = [ATsoPL(T?) b] YAl gq(T?)q) 2 LOSH

3 3) non-local OPE of cc-tails
- a a [Beneke/Feldmann/Seidel hep-ph/0106067 + 0412400
Ogg(sg’y = Mp[qa™” Pry T b]1G, Lyon/Zwicky et al. 1212.2242 + 1305.4797

Khodjamirian et al. 1006.4945 + 1211.0234 + 1506.07760]
atLOin QED

4y ol G (%)
Jd xe’q"<M>\

Low Recoil (high-g?)

local OPE (+ HQET) = theory only for
sufficiently large g?-integrated obs’s

[Grinstein/Pirjol hep-ph/0404250
Beylich/Buchalla/Feldmann 1101.5118]

T{js"(x), £; C.0i(0)}|B(p))

dBr/dg?

= least understood theoretical uncertainties

1 B 5 .l9‘q1[Gev2]
(B K*~)-pole open‘charm threshold
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dg? dcos 6, dcos O dp Vi
+ (g SIN2 0 + Jog C0S2 0 ) COS 20, + Jz Sin2 0 sin>0, cos 26 \i

Angular distributions B -~ V¢

d*r[B — K* (- Km)el
M ~ J1Ssin20K + J1Cc0529K

+J4 8in 20 sin 20 cos¢ + Js sin 20 sindy cos¢p

+(Jps sin29K + Jgc cos? 0k ) cosby + J7sin20) sinfy sing \\\

+Jg sin20k sin20, sing + Jg sin20K sinzeg sin2¢
v

BUT

12 CPav + 12 CPasy angular ob’s from J;(¢°) and J;(g?)
= key to constrain all Wilson coefficients
current likelihood fit of J; assumes “simple” angular dependence above

only true at LO QED and when restricting to dim-6 in electroweak OPE
d*T[B —» K*(— K=)£d)

beyond that more general dependence: = J(q2, c0s6y,cos Ok, @)

dg2 dcos 6, dcos O do
for LHCb upgrade maybe use method of moments [Beaujean/Chraszcz/Serra/van Dyk 1503.04100]
see QED corr’s to d°T[B — Xst¢]/dq? dcos 6, [Huber/Hurth/Lunghi 1503.04849]

‘ = Need to verify if both methods yield same results ‘
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Angular distributions B -~ V¢

d*r[B — K* (- Km)el
M :J1Ssin20K+J1Cc0326K _
dg? dcos 6, dcos O dp Vi

+(Jog sin26K + Jog coszeK) c0s20y + J3 sin20K sinzee cos2¢

i 4

+J4 8in 20 sin 20 cos¢ + Js sin 20 sindy cos¢p

+(Jps sinzoK + Jge coszeK) cosBy + J7 sin 20 sinfp sing AN

+Jg sin20k sin20, sing + Jg sin20K sinzeg sin2¢

“Optimized” observables = reduced FF sensitivity
» guided by large energy limit @ low-g? and Isgur-Wise @ high-g® FF-relations

» FF’s cancel up to corrections ~ Aqcp/mp

[Kriger/Matias hep-ph/0502060, Egede/Hurth/Matias/Ramon/Reece arXiv:0807.2589 + 1005.0571]
[Becirevic/Schneider arXiv:1106.3283]

[Matias/Mescia/Ramon/Virto arXiv:1202.4266]

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

Ag.z) =P = i A?w =2P, = Jos A(T““) =-2P3= %
2 Uog 4 Jog 2das
Py = _ P = _ b2 P, = 2 P = s

/
V —J2cJ25 vV —JZCJZS ¢ V —J2CJ2s ¢ V —JZCJZS
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Angular distributions B -~ V¢

d*r[B —» K* (= Kr)¢Z]

(-2 2
~ Jigsin“Ok + Jy.cos“ 60
dg? dcos 6, dcos O dp L S K

+(Jog sin26K + Jog coszeK) c0s20y + J3 sin20K sinzee cos2¢

+J4 8in 20 sin 20 cos¢ + Js sin 20 sindy cos¢p
+(Jps sinzoK + Jge coszeK) cosBy + J7 sin 20 sinfp sing

+Jg sin20k sin20, sing + Jg sin20K sinzeg sin2¢

“Optimized” observables = reduced FF sensitivity

» guided by large energy limit @ low-g? and Isgur-Wise @ high-g® FF-relations

» FF’s cancel up to corrections ~ Aqcp/mp

[CB/Hiller/van Dyk arXiv:1006.5013]

@ high q2 HO - P, = \/§J4 [Matias/Mescia/Ramon/Virto arXiv:1202.4266]
7 =P —Y——————

V —J2¢(2J2$ - JB)

H® - p. = L H®
r V~Joc(2dos + Jg) r
H® 2 0= V2Jg HE)

=Qz ——M
r V=Joc(22s + Jg) !

[CB/Hiller/van Dyk arXiv:1212.2321]

JGS/2

(225)2 - (J3)?

_J9

(2'-]23)2 - (J3)2 16/26



Relations between angular observables

» given by theory = consistency check of measurement
» can change depending on type of NP effects = distinguish NP operators
» access to hadronic param’s (FFs, power corr’s, etc.) = data-driven methods

general / low-g>

[Egede/Hurth/Matias/Ramon/Reece 1005.0571, Matias/Mescia/Ramon/Virto 1202.4266, Matias/Serra 1402.6855]

» B — K*{Z transversity amplitudes fulfill symmetries

» 1t c)

SPT ™ 0 then out of 12 angular obs’s J;(g?)

= only 8 (10) of them independent for m, = 0 (m, + 0)

Jis=8das, Jic=-doe, Joc=0, Jac=...

» in general case can choose at low-g2:
= 10 optimized and 2 non-optimized observables

{dT/dg?, Aes, Py, ... Ps, My, Mo, Sy, Sp}
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Relations between angular observables

» given by theory = consistency check of measurement
» can change depending on type of NP effects = distinguish NP operators
» access to hadronic param’s (FFs, power corr’s, etc.) = data-driven methods
» follow from local OPE = approximate, but corrections small [Grinstein/Pirjol hep-ph/0404250]
» check level of violation — test for large duality violation [CB/Hiller/van Dyk 1006.5013, 1212.2321]
Scenario | [H{]=1  HP =H® KB - HE) Joc =0 Jr=0 Jae=0
SM v v ) v v v
SM + (S+P) v % RO AL ) ’g"' RO, AL % 3G, v
N2 m, . m . m, .
SM + (T+T5) Epf Bemcmcr(rs) ) E‘mCmCT 653010075 v
SM + SM’ v v v v v Ip2
A r . AT . .
all 2" RCr15)B5s) oM Jo2 RCr(58psy  ICr15B5p) Ip2

v~ ... valid up to corrections asA\/my, ~ 0.02 and C7/Cq x A/mp, ~ 0.01
(V') ...even H(T4’5) = 0 up to above corrections

A=Agep,  Q=0O(my, V@), p] =<|CTP+[Crsl’,  p2=R(CrgCly),  Agp=Csp-Corpr
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Relations between angular observables

» given by theory = consistency check of measurement
» can change depending on type of NP effects = distinguish NP operators
» access to hadronic param’s (FFs, power corr’s, etc.) = data-driven methods
endpoint-relations [Hiller/Zwicky 1312.1923]

» follow from Lorentz-invariance = strict relations at g2,

2dps = —doc=-J3=ds,  Js6s60c,7,89=0, Jis—dJas/3=Jic—Joc/3,

» do not impose them in fits and check after fit whether fulfilled
= consistency check of experimental analyses

» close to endpoint expansion in small momentum of V meson
= relations between J;, depending on NP scenario
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Constraints on scalar & tensorial couplings

In some angular observables vectorial couplings suppressed by m,/~/q?

b Bg—tl:  Br, Aar, S
» B— Pi:  Fuy, Am = enhanced sensitivity to Cg}, -
» B— Ver: (J1s—3J23), (J1C+ch), JGC

» current data from Bs — pjiand B — Kufi
already allow to bound simultaneously all

r
complex-valued Céa, T
[Beaujean/CB/Jahn 1508.01526]

» for B— K*pji current likelihood fits NS
) _ [

assume Cs,P,T =0 NS

T

&

= should use method of moments for
(J1s = Bdas), (J1c + J2c) Joe

Constraints from

Br(Bs ~ uji) o< |Cs - Cg'? Y0 05 00 05 10
Fi(B* - K*pji) o< |Cg + Cg/|? Re(%s+Cy)
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Time-dependent analyses
[Descotes-Genon/Virto 1502.05509]

» most interesting modes: By - K*0(— Kgn®)0l, Bs — ¢(— KK, or K*K~)el
» time-integrated CP-av & CP-asy:

- P+ J; - i+ J; AT AM,
J/JrJ/% Jl+Jl J,'*J,'% JI+JI with Eiq Xziq
1-y2 1+ x2 2rg Mg
» at LHCb new angular ob’s s;, h;, apart of J;, J; from flavor-specific decays
= requires time-dependent measurements
» observables with small SM uncertainties: Q5 and Qg (RH)
S L
Q; = — 8 — — Qo= —2
V-2( o + Je2) [2(as + Jos) — (Js + 35)] 2(as + os)
1.0 &, 4 oo
o 0.5
SM prediction
NP ¢ 3§ 00 General scenario
LHC: C7g10#0 [ o ] e
NP “0.5F" micscenaio e
RHC: C7,‘9,710, +0 10 General scenar\'o. . . . 10 LHG scenario —
2 3 4 5 6 7 8 2 3 4 5 6 7 8
s (GeV?) s (GeV?)
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Gaining control over hadronic contribution

Central object H*(q,p) =i [d*x &/ 9* (Kﬁ*)

T{ 5" (%), £ C01(0) }|B(p))

Decomposition into 3 functions Hl’”,o(qz)

M (p,q) = My, [STHH, - SHH

[y~ S5 H |

1) accessible for theory @ g° < 0

» QCD factorization [Beneke/Feldmann/Seidel hep-ph/0106067 + 0412400]
» soft gluons (LCSRs with B-meson DAS)  [Khodjamirian/Mannel/(Pivovarov)/Wang 1006.4945, 1211.0234]

2) contributes to B — K* + (J/v,¢")
> transversity amplitudes .4, %" measured in angular analysis of B - K* + (J/, ") by
LHCb, BaBar, Belle, CDF
5 Ay ¥n
¥n Yn A
> HA(GP > )~ +
(e -t )
3) contributes to B — K* uju
» most information expected around J/+, ¥’ poles,
where short-distance contributions are comparable or smaller
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Parametrization from analyticity

Analytic structure of # given by poles and branch cuts from  [CB/Chrzaszcz/van Dyk/Virto 1707.07305]

B, B, (o K B

T
narrow charmonia, DD production: % —3m,...:q°23m,  g?-dep. imaginary due
assumed to be stable g’ z2mp suppressed by OZI to branch cut in p?

Use parametrization that respects_analytic structure:

» conformal mapping ¢° — z(g?) ep-ph/9412321]

> Hi(g%)/F(§?) analytic in unit circle |z| < 1

= Taylor expand around z = 0, since |z| <0.52 for -7 GeV? < ° < 14GeV?
1 7zzj/w 1 —zzjb, R
» factor out J/v, ¢’ poles: HA(Z) = ——————H(2)

zZ - ZJ/w zZ— Zd/
» parametrize actually ratios (Fy = B — K* form factors)
¥ N
Ha(2) _ oM 2K,
Fa(2) k20

= take N = 2 — 16 real parameters:
2x(A=3)x(k=0,1,2)-2=16  where o) = 0'since Ag[B —~ K*¢Z](q? = 0) = 0

af(” e complex-valued
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Determination of H
“Prior”: Use only 1) theory at g° < 0
2) data of angular analysis B — K* + (J/v, ")
“Posterior”: 3) include spectral data from B — K* i (decay rate & angular observbles)
= assume something about NP
SM fit assume Cy = C3M

NP fit assume Cg = CM + C3* with C3* = 0

¢ [GoV?] ¢ [Gov?]
5 “ 1‘3 1‘(] f‘) (‘i (‘) 4 1‘3 1‘() ? (‘i (‘]
s
K L SM prediction (prior) 3 [ SM prediction (prior)
oA i SM fit (posterior LLH2) D SM fit (posterior LLHZ2)
S X NP fit, (posterior LLH2) S 5 : NP fit (posterior LLH2)
:1 3f RN B K, :! ¥ B Ky
& 3 F theory <z / ) 3 3 theory
- a4 17%
Wooof K ’
= =
4 1F i
‘® ‘®
& =
o =
= of )
L == | kos N7 7 R -
—-0.4-03-0.2-0.1 0.0 0.1 02 03 04 05 - —-04-03-02-0.1 0.0 0.1 02 03 04 05
z z

= imaginary part of #, less well determined

EOS public repo https://github.com/eos/eos 22126



Fit for C9 and cc contributions
Sensitivity study [Chrzaszcz/Mauri/Serra/Silva Coutinho/van Dyk @ LHCb Implications WS, CERN, Nov. 2017]
» simultaneous fit of CJ and #H(z) from B — K*(uji) data

> 7 (z) parametrized up to z% with / without priors from:
1) theory constraints at g% < 0
2) B— K*(J/v,v") angular distribution

» g?-unbinned fit of events in g° € [1.1,9.0] & [10.0,13.0] GeV?

» toy generation with 4K events, with Z2 terms only s PR

Performing Cg & H., fit only with B > K* uji
> toys for benchmark point: C)¥ = -1
» fitis stable for both: 22 and z3
» BUT
Col,s — Col,o = 0.17
7(Co)l,s =069 vs. o(Co)l,e =0.17

Statistical significance [o]

= need to include priors on H

3 5 10 30 50
NBIE u Ty 8) 23/26




Extension to LFU tests

Sensitivity study [Mauri/Serra/Silva Coutinho @ b — s¢Z WS, MIAPP, Munich, Feb. 2018]

» simultaneous fit of C&;% and H,(z) from B - K*(uji, ee) data

» common nuisance parameters: FFs, CKM, H (2)
» (g?-unbinned fit of events in
L=p:q?€[1.1,80]&[11.0,12.5]GeV? ¢=e:g?>€[1.1,7.0] GeV?

g T T ] —
%_. GEDOW E ACi=Cl'-C?
% g Only angular (u+€) é ,S, 12 T T T ]
FWuwerarse | el — e |
E |:| ngular muon i E 10| Bellell —/ -]
45‘. J— e _E § Bellell (indl. B K**Il) E
3b N i £ 8| —
E V3 o ]
3 4 ER 1
2F 7 | ER:] 6 g
2 y 13 iof M-
15 4 / : ] g 4 / é 3
3 E N 2 2
Op s &\ == 19, Z : g 3
- ~ i< g 3 o
—25""""““"“E 0 200 25 2030-
-4 -2 0
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Hadronic contributions to b - d¢¢

[Hambrock/Khodjamirian/Rusov 1506.07760]
up-quark current-current operators important in b - d¢Z because Vo Vig ~ Vo Vig
= at ¢° 5 1 GeV? contributions B — = + (ut) to H(¥) with ul = (p,w, d)
currently B — 7 + (uu) “modelled” with QCDF results from [Beneke/Neubert hep-ph/0308039]

= could use also measurements (LHCb, Belle II)

use dispersion relation to calculate H(“®) in physical region 4m? > g2
from calculation at g% < 0

Alternatively

» can use also parametrization based on analyticity for 7{(¢:¢)

= need measurements of B - m + (p,w, ¢; J/1, ")

— still some home works to do
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Summary

b — qe?' processes constrain Wilson coefficients
— SM predicts zero for most of them
= measure as many as possible observables / processes

there are some solid theory predictions

= Bg — ¢ (theory golden channel, §Br < 2%, Aar)

= LFU ratios R¥/E + optimized versions
[Altmannshofer/Yavin 1508.07009, Capdevila/Descotes-Genon/Matias/Virto 1605.03156]

relations between angular observables in B — V(- Py P,)¢Z to be tested
= discriminating NP scenarios
= testing hadronic contributions and local OPE at high g?

data-driven approach to hadronic contributions to B — (P, V)¢Z:
= parametrization allows to fit them simultaneously with NP from data
= requires also measurement of angular analyses of B — (P, V) + (cc, ut)

See also presentations at previous workshops ‘
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Tensions and NP interpretation
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Breaking of LFU at loop-level: b — s¢f

/e _
Ry =

Br(B - Huji]

[42.42]

Br[B — Heg]

[q2.92]

» in SM “universality”

» estimating QED

in SM cancellations of
H=K, K", ¢, Xs, ... » CKM and hadronic uncertainties
[Hiller/Krliger hep-ph/0310219] > experimental systematics
Rz/e ~1+0(m}/q*) + O(ae) [CB/Hiller/Piranishvili 0709.4174]

m2/q? < 0.01 for g > 1 GeV?

R,‘f,/e[1 ,6]1=1.00+£0.01 (H=K,K*)  [Bordone/lsidori/Pattori 1605.07633 |
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Breaking of LFU at loop-level: b — s¢f

o BriB— Huﬂ][qz,qz] in SM cancellations of . N
HZ = BBH—'” H=K, K*, ¢, Xs, ... » CKM and hadronic uncertainties
1B~ HeBligz gg)  hienirager ep phioatoz1s) > experimental systematics
» in SM “universality” Rﬁ/e ~1+0(m}/q*) + O(ae) [CB/Hiller/Piranishvili 0709.4174]

» estimating QED  R//°[1,6] = 1.00 + 0.01

Measurement I-'n'l‘(‘/e

-o-LHCb -m-BaBar —&Belle
2

T T T T
o LHCb
1.5 4
;
I EY
(SO S A
05 1
% R R TR
[LHCb 1406.6482] 2 [GeVZ/cd]

RI/°[1,6] = 0.745%0:9% 1 0.036

correponds to tension 2.6 o

Ryo

Measurement R,‘;fe

(H=K,K*)

m2/q? < 0.01 for g > 1 GeV?

2.0

[Bordone/Isidori/Pattori 1605.07633 ]

[Babar 1204.3933, Belle 0904.0770]

EI

15+
{ I '
i E )
@ LHCh 10

BIP J *
v CpHMY ] EP i

m Eos 051 ° Ln(b{

LHCh $ e LHCD T bt
T R AR AR A A | 1 S S S S R SR |

) 1 2 3 5 6 0 5 10 15 20
? [GeV?/c] [LHCb 1705.05802] 7 [GeV?/c!]

R./°[0.045,1.1] = 0.66'011£0.03 220

RI°[1.1,6.0] = 0.69*011£0.05 2.40

-0.07
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Tensions in angular distribution B - K* i and rates

fil) Jys8in?0k + Jy cos20
-~ J;gsin“Ok + Jis cos
dg? dcos 6, dcos 8y dp is SO b

+(Jos SIN2 0 + Jog G020 ) COS 20, + Jg sinZ 0 sin20, cos 2¢

i |5

’s

+J4 8iN20)¢ sin 20 cos¢ + Js sin 26 sinby cos¢p
+(Jps sin29K + Joc coszeK) cosfy + J7 sin 260 sinf, sing

+Jg SN 20 sin 20, sing + Jg sin? 0 sin®0, sin2¢

.| CSR Lattice -e-Data
T T T

, , . — '
ind LHCb = > 5 + +oh -
= 9 o oY 8., B K
Bl ] T
3 o % Fa+ ]
o b+ -+
4+ Fz fhﬁf % 3 2 +HT E
ies 1 3
o ] =
1 1 1 a 1 1 1 1
0 5 10 i ° % 5 10 15 20
o [Gev?re] P [Gevct]
Pl = _ /2 Br(B* > K*uji)
° \/—dacdos [LHCb 1403.8044]
[LHCb 1512.04442, Belle 1612.05014)  data below SM prediction

AB(B!—gup)/dg? [10°GeV=>e]

E‘
‘\
K
i
Al ot

(U

>
z

\

\

T 3
LHCb 3

M o
——

15
F [GeV/ch)

Br(Bs — ¢uji)
[LHCb 1506.08777]

data below SM prediction
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R,‘é/ € 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: Oé(g') = [é’y‘uPL(,q) b] [Z’YH f] and O$0(10’) = [.§'y“ PL(R) b] [Z”/H75 6]
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R,‘é/ € and R,‘ge — What type of operators?

» dipole and four-quark op’s can not induce Ry + 1

» scalar op’s: strongly disfavored

» tensor op’s: only for ¢ = e, but require interference with other op’s

= vector op’s: Oé(g,) = [89"Py gy bI[ 2 €]

CH

modifications of 9.9/ 10,10’

[Geng et al. 1704.05446]

[Hiller/Schmaltz 1408.1627]
[Bardhan et al. 1705.09305]

and  Ofy 1) = [87Prr) bIEvuys €]

e
and/or 6979,’10’10,
[D'Amico et al. 1704.05438]

New physics in e

l6———————r
A Q
\ S

1.4 cpsats, Ko -
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1.2

S22\
Nz
=
T Y Y Y A

1

0.6 v

0.6 0.8

points = steps AC; = +0.5

Rk

K
5 S = 7
(=
L L

S
Lw i Lo b o b b
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Rx

04 06 0.8

arrow = step AC; = +1.0

14

1.6
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Fits of R*/®_and combination with global b - suji

K,K*

Fit Ry and Ry~ for various Cf,

» include DP£,5 measurement [Belle 1612.05014]
» chirality-flipped C/ disfavored
» no preference ofany f=eorfé=p
» compatible with global b — sy anomalies
Coeff. best fit 1o pull
cl -1.59 [-2.15,-1.13] 4.2¢
Cly +1.23  [+0.90, +1.60] 4.3c0
Cs +1.58 [+1.17,+2.03] 4.40
C5, -1.30 [-1.68,-0.95] 4.40
Cl=-Cjy | -0.64 [-0.81,-048] 420
Cs=-C7 | +0.78 [+0.56,+1.02] 4.30
Gy -0.00 [-0.26,+0.25] 0.00
(o +0.02 [-0.22,+0.26] O0.10
Cg° +0.01 [-0.27, +0.31] 0.0c¢
Cis -0.03 [-0.28,+0.22] 0.1c0

pull = /x2 - x2; intdm 3, =24.4for5dof

[see also Capdevilla et al. 1704.05340, Ciuchini et al. 1704.05447]

[Altmannshofer/Stangl/Straub 1704.05435]

4

g
3
00
05
Ry and R
7 b= syt global fit
“L0T" flavie —
£ I
20 15 -10 05 00 05 10 15
ReC¥
1.5
1.0
. 05
)
Py
00

054

—~1.04

" Ry and R,
b spp global fit
— all
lavio ~—-all, fivefold non-FF hadr. uncert.
|

-20 -15 -1.0 05 0.0 0.5 1.0 15

ReCl
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Interpretation within SMEFT

» global WEFT fits prefer certain op’s, which correspond to op’s in SMEFT

b-cTv vector op’s preferred

(but scalar not excluded)

[0V = [Bvuo®e )@y o%q)]

b stl left-handed vector op’s
Og,m with £ = i sufficient

1 - — 5
(O 11y - [Tyt (3" gL and OFF
other op’s disfavored [Celis et al. 1704.05672]

» in SMEFT 5 Wilson coefficients (after weak — mass basis) for b — ¢t and b — suji

Cv,~2 V2/[Cg)]33/3
1

@), ()
Cllyo ~ = [l +Clg ]2223
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Interpretation within SMEFT
» global WEFT fits prefer certain op’s, which correspond to op’s in SMEFT

b—cri vector op’s preferred [og)]kﬁj = [By,020][G) 7" 0%q]]
(but scalar not excluded)
b stk left-handed vector op’s [Oé;)]kﬁj = [,,1(Gj~"q}] and Oég)
Og,m with ¢ = p sufficient | other op’s disfavored [Celis et al. 1704.05672]

» in SMEFT 5 Wilson coefficients (after weak — mass basis) for b — ¢t and b — suji

- Te®... b [ (3) (1)]
Cy, Z/: Vai[Cpy lsia Co10~*(Ciq *Ciq |ppo
Fit works including (unp = 2 TeV) [Buttazzo/Greljo/Isidori/Marzocca 1706.07808]
0.0 700
w/T wle M Ay <23 Ay? <23
> Ro(*) and .‘?K(*> 0 600 ) 4 ]
» EWP: Z, W coupl's .- ' & 500
/e g -o04 i
> RLL < :: 400
> B> K®up = 06 < 300
' 1
> 73 < g2
. . -0.8 N
= compatible with flavor 100
symmetry U(2)q x U(2), _
N ) 1'01.() 1.1 12 13 14 15 O0 1 2 3 4 5

= correlation between R/ RSM BB - Kvv)Bey
Zr7 & B> K®up e Ky 33/26



Cs

NP models

see “definition” of A- & B-type models [Hooman Davoudiasl, talk @ KEK pheno WS 2018]

» “A-type models” (MSSM etc.) usually predict Cg <« Cqq (modified Z-penguin)

= contradict global fits Cg ~ —Cjg

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

0.06

0.04 \
\

0.02 \

(1Y) S ——— 3
1|

-0.02

-0.0

-0.0

4 I
!

6 H

3o

20

S7

~0.06-0.04-0.02 0.00 0.02 0.04 0.06
Cr

» UV completions for

= extended gauge & Higgs sectors
= LQ’s: weakly interacting (elementary scalar or gauge boson)

= LQ’s: strongly interacting (scalar as LQ as GB, composite vector LQ)

[Buttazzo/Greljo/Isidori/Marzocca 1706.07808]
B’ =(1,1,0), W' =(1,3,0)

S =(3,1,1/3), Sy = (3,3,1/3)
Uy =(3,1,2/3), U; = (3,3,2/3)

Colorless S=1:

LQ’s (LeptoQuarks) S = 0:
LQs S=1:

= U; most promising single-mediator scenario

= combinations of several LQs (also other rep’s)

Il single-mediator B’, W’ problems with Bs-mix & high-pt

[too many to mention]
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Hadronic contribution to b — s¢¢
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Theory at space-like g2
Using LCSR setup with (LC = light cone) [Khodjamirian/Mannel/Pivovarov/Wang 1006.4945]

A) B-meson LCDA
B) light-cone dominance (x? < 1/(2mc - v/q2)?)

» LC expansion of charm propagator yields
[Balitsky/Braun 1989]

~ (% + Cg) 9(g°.m2) [STb] < recover pert. 1-loop

+ coeff x [§7, (ins - D)"GasPLb] +. ..

!
calculate matrix element with LCSR

» include 3-particle contributions to form factors F
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Theory at space-like g2
Using LCSR setup with (LC = light cone) [Khodjamirian/Mannel/Pivovarov/Wang 1006.4945]
A) B-meson LCDA
B) light-cone dominance (x? 5 1/(2me —/q2)?)

following contributions are known (at LO in QCD)

» B — K* form factors [Khodjamirian/Mannel/Pivovarov/Wang 1006.4945]

> soft-gluon corrections to B — K*~ and B - K(*)¢¢ from 01(02)
[Khodjarr;irian/ManneI/Pivovarov/Wang 1006.4945]

» soft gluon correction to Og contribution for B - K [Khodjamirian/Mannel/Wang 1211.0234]
> results for H(®) for B KeZ [Khodjamirian/Mannel/Wang 1211.0234]

B — wil [Hambrock/Khodjamirian/Rusov 1506.07760]
» results for () for B - el [Hambrock/Khodjamirian/Rusov 1506.07760]

Potential for improvement

» going to NLO in QCD

» including higher twist and higher-particle DA’'s
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Renormalization scale dependence

??? Are there issues for cancellation of 1, scale dependence between Cy(up) and Cy 2(pip)

= No, but the fitted values of parameters depend on the used value for pup,
similar to determinations of PDFs (parton distribution functions) in collider physics

Here
» split amplitude in contribution from semi- and non-leptonic operators

A= Asp(Cg; pip) + Anontocal (C1 2; i)
» use theory for Asp(up)(Cg; pp) With some fixed value for
» in general — with My » non-perturbative
Anontocat (C1 23 pp) = C1 (pp) M (pp) + Co(p6) Mo (126)
> Anontocal (C1,2; 1p) €Xpressed in z parametrization and fitted, assuming no NP in Cy 2(up)
= could also fit for My >(up) using SM values for Cy >(up),
but we know only analytic structure of Aponiocal

— would be more in spirit of collider physics: “hard kernel(uf) ® PDF(uf)” (My » ~PDF)
— ADM’s of Cy »(up) would determine running of My o (1)

= Anonlocal (C1,2; 1p) is fitted for the chosen particular value of 1, which must be used for
consistency everywhere throughout the analysis
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Prior fit to z parametrization for N = 2

[CB/Chrzaszcz/van Dyk/Virto 1707.07305]

k 0 1 2

Re[a(”] | -0.06+021  -6.77+0.27  18.96+0.59
Re[alP] | -0.35:0.62  -3.13:041  12.20:+1.34
Re[al”] 0.05:1.52  17.26+1.64 -
Im[a{”] | -0.21:225 117+358  -0.08+224
mla’] | -0.04:367 -2.14:2.46 6.03 +2.50
mm[a(”] | -0.05+4.99 4.29+3.14 -

Mean values and standard deviations (in units of 10~*) of the prior PDF for the parameters a,(()\)

Obtained including

» theory constraints at g% < 0

» angular analysis of B — K*J/¢(— pi) and B - K*¢' (= uj)

= Going to z3 requires to include B — K* uji data for convergence of the fit (posterior fit)
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Convergence of z-expansion

Current fit of #(z) for N = 2
1-zz5 1-zz*%,
iiwq.“(z)

» remember: 7 (z) has no poles #,(z2) =
Z_ZJ/'LZJ 2—21/)/

Il also in form factor z-parametrisation pole is factored out
» a priori difficult to say whether

71(z) ~ const

or H(z) ~z
or A(z) ~ 22
or H(z) ~ 2" (n>3)

But would expect higher powers z” less relevant in considered range
|z <0.52 for —7GeV? < g? < 14GeV?

» current fit shows rather strong #(z) ~ z2, which might be still acceptable

III for form factors find usually closer to linear ~ z,
BUT quadratic terms ~ 22 also needed to fit to lattice and/or LCSR results

= 7—2(2) is @ much more complicated hadronic object than a form factor,
so why not z3?

» including B — K*¢Z data the z", n > 3 can be tested, hopefully less relevant
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Light-hadron cut

» a brunch cut due to “c¢ — gluons - qq”
= starts at /g2 ~ 3m;
II1'in QCD only (N¢ — Nz) conserved, but not (N¢ + N;)

» same mechanism gives rise to very narrow width of

J/¢ and ¢’

» assume OZI suppression effective, similar to other decays,
however no first-principle methods to prove this

= Current precision of data too limitied to be sensitive to this effect
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SM predictions + Fit including B - K* .jz data

[CB/Chrzaszcz/van Dyk/Virto 1707.07305] LLH = log likelihood & MOM = method of moments measurement
.. V8. ...2=w/ovs. W/ interresonance bin

BN SM prediction (prior)

[ZZ1 NP fit (posterior LLH2)
W LHCD 2015

B K4y,

0.4 1
5 - - LLH
e Z || — LLH2
00 ) S moum
g. — MOM2
—04 1
—08 1
EOS ..
0 2 1 6 8§10 12 11 5 ; ! 30 35 40 15
7 [GeV? Cy oM
. . . . H NP H
Prior- and NP-fit posterior predictions of P% = NP hypotheses with Cg™ ~ ~1 is favored
in global fit
= Improvable with [work in progress]

» NLO QCD corrections to theory at g% < 0

» better angular analysis of B - K*p

» better spectral information of B — K* pfi in narrow-resonance region
= extend the z expansion to N = 3 (%)

» generalize parametrization to account for small effects from light-hadron cut 96



