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Motivation to study b — q!?ﬂ (g=d,s and f=e, pu, 1)

» test of the SM CKM-picture at loop-level (FCNC decay) = loop-suppressed
b w s b

b u,c,t s

s

» angular distributions = plenty of CP-averaged and CP-asymmetric observables
B - K*(— Kr)0t: (12+12), B— K0t: (3+3), Bs— jiu:2
also Bs — ¢(— KK)i¢ and b — d?¢ decays
» constrain semi-leptonic new physics couplings o< [T g b] [0T 40 0]

> Tgp®Ter = vu(ys) @ v (75) right-handed currents
> Tgp®Te = 1(75) @ 1(75) (pseudo-) scalar currents
> Mgp®Ty = v ® o (7s) tensor currents

» test of non-standard CP violation in b — s = since SM contribution o V,;: ASC“;‘, $0.1%
» test of lepton flavour universality (LFU) among ¢ = e, u, 7

» excellent experimental prospects (for £ = e, 1) @ LHCb and Belle II,
some cross checks from CMS & ATLAS possible
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Global fits and “anomalies” [LHCD 3/fb LHCb-CONF-015-002]

aw I T T T
Global fits of b — s + (v, £¢) | prefer non-SM values 0-5:#—1- Iﬁrl-eu(i:nbwi nary
FI SM from DHMV ]
of Cg = C$M + CYP with C$V ~ +4 and C)* ~ -1 - 1 ]
oF——— .
driven in part by ¥ ﬁ ]
» angular obs’s in B - K*2¢ at low g? -0 —+ _rl;
» measured branching ratios B — K and I ) I%t - ]
Bs — ¢fip smaller than SM at low g2 R 5 10 15

q? [GeVZcd]
largest deviation from SM of 3.7 in
P{(B — K*£L) in ¢ <[4, 6]&[6, 8] GeV?

[DHMV = Descotes-Genon et al. 1407.8526]

[Descotes-Genon et al. 1307.5683, Altmannshofer/Straub 1308.1501 +
1411.3161, Beaujean/CB/van Dyk 1310.2478, Mahmoudi et al.
1312.5267 + 1410.4545]

= | Q: underestimated hadronic effects mimic new physics (NP) in Cg ??7? ‘
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Global fits and “anomalies”

Global fits of b — s + (v, 2¢) | prefer non-SM values

of Cg = C§M + CYP with C5M ~ +4 and C)F ~ 1

driven in part by
» angular obs’s in B - K*2¢ at low g?

» measured branching ratios B - Kzp and

Bs — ¢jip smaller than SM at low g2

[Descotes-Genon et al. 1307.5683, Altmannshofer/Straub 1308.1501 +
1411.3161, Beaujean/CB/van Dyk 1310.2478, Mahmoudi et al.

1312.5267 + 1410.4545]

[LHCb 3/fo LHCb-CONF-015-002]

1
w1 T T T

a [
C LHCb.
05% preliminary ]
FlE ] SM from DHMV 1
o—— | 1
05F + .
C %t It
R 5 10 15
q? [GeVZcd]

largest deviation from SM of 3.7 in
P{(B — K*£L) in ¢ <[4, 6]&[6, 8] GeV?
[DHMV = Descotes-Genon et al. 1407.8526]

= ’ Q: underestimated hadronic effects mimic new physics (NP) in Cg ??? ‘

Non-LFU in B - KZe ? \

H[qslin7qliux] _ Y dg?
(A dqzw
Fain dg?

for M = K, K*, Xs
= hadronic uncertainties cancel for LFU

Recent measurement of

R[ f_p. 745+0-0%0 £ 0.086  [LHCb 3/tb 1406.6482]

deviates by 2.60 from SM (@ LO in QED)

R oy = 1.0008 £ 0.0004  (Bouchard et l. 1306.0434]

[Kruger/Hiller hep-ph/0310219, CB/Hiller/Piranishvili 0709.4174]
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B-Hadron decays are a Multi-scale problem ...

... with hierarchical interaction scales

electroweak IA >>  ext. mom’ain Brestframe >>  QCD-bound state effects
my =~ 80 GeV mg ~ 5 GeV Agcp ~ 0.5 GeV
my ~ 91 GeV 8 e

C. Bobeth LHCP 2015 — St. Petersburg September 2, 2015 5/18



B-Hadron decays are a Multi-scale problem ...

... with hierarchical interaction scales

electroweak |A >> ext. mom’ain Brestframe = decoupling heavy particles
my ~ 80 GeV mg ~5 GeV W, Z-boson, top-quark
my ~ 91 GeV

[,eff ~ GF VCKM X I:Z C,‘ O,‘ + Z C,' O,’+CC +(QCD & QED—peng)]
9,10 7,89

semi-leptonic ‘ ’ electro- & chromo-mgn ‘ ‘ charged current ‘ ‘ QCD & QED -penguin ‘
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B-Hadron decays are a Multi-scale problem ...

... with hierarchical interaction scales

electroweak |A >>  ext. mom’ain Brestframe = effective theory
my ~ 80 GeV mg ~ 5 GeV at scales below mp
my ~ 91 GeV

Lest ~ GF Vekm x [Z CiOj+ Y. Ci0;+CC+(QCD & QED—peng)]

9,10 77,89
‘ semi-leptonic ‘ ’ electro- & chromo-mgn ‘ ‘ charged current ‘ ‘ QCD & QED -penguin ‘
b - S b s b S \b\-/u'c/ b S
/\\ § y gg /l\\ /\
I | q q
u,.c S
C; = Wilson coefficients: contains short-dist. pmr’s (heavy masses M;, ... — 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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By s — £¢

experimental prospects for B(Bs — i)

@ LHCb after Run 2 : ~ 0.50 x 1072 ~ 18% error of current measurement (only stat. err)
with 50 fo= ' 1 ~0.15x 1079 ~ 5% [LHCb arXiv:1208.3355]

@ CMS after Run 2 (100 fb~") : 15% relative error
with 300 fo~" : 12% relative error [CMS-PAS-FTR-13-022]
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Hadronic matrix elements for By — £¢

Semileptonic op’s Hadronic amplitude Bq — 7¢

O10(10) = [87" Pr(ry b1 vuvs £]
Factorisation into well-defined
hadronic objects (@ LO QED)

= No conceptual problems !!!

>

A e Cio (2|[37"PLb] 7475 €]|B(P))

LOQED Cio (Zf|l7’w’75 Z|0) x <O|§7M’YS b]|B(P)>

o< C10 LH X I'pr”

only Oy contributes, since p# (£, £) = 0
for on-shell leptons

other O; can contribute only at NLO in QED
Oy is a conserved current under QCD (- no “Running”)

(pseudo-) scalar Ogpy o< [Sv5b][71(+s)¢] from
Higgs-penguins are down by m%q/mZW

hadronic uncertainty from B-meson decay constant fg
= from lattice < 2% accuracy [FLAG 1310.8555]

branching ratio @ LO QED: B o< |Cyo? x (f5,)?
= < 4% hadronic uncertainty
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C1o at LOEW

= C; are determined by requiring equality of full theory (=SM) and effective theory (=EFT)
amplitudes order by order in expansion in couplings G, as (QCD) and ae (QED)

GF:TQ | - C1((())0)
w - -
Lo /.\ ~ Y(©)

[Inami/Lim Prog.Theor.Phys. 65 (1981) 297]
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Adding NLO EW corrections . ..

b fNV‘/iW s b t s
t t w w b OV,A s
V4 Y b b 1Z
z
Qe h
GF22 ae I E T = I+ i
= fo) 10
b ¢ g
NLO EW
(o
v v

[CB/Gorbahn/Stamou arXiv:1311.1348]
= Technical complications arise:
1) electroweak parameters have to be renormalised

— choose a | set of input { Gg, ae, Mz, my, my}

m —
Only product Gg % Cyo (—1) invariant under change of EW renormalization scheme
S myy

w
I my and sy = sin(0yy) are dependant (1-loop relations must be used)

2) O4p not conserved current under QED = mixing occurs
— need to resum large (ae/as)™10g” (up/ o) With RGE Wp ~ Mp, g ~ My
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Impact of NLO EW at 1 . .. neglecting operator mixing

» ae always MS and m; always MS w.r.t QCD

» 3 different EW renormalization schemes:
0S) masses and (sZ, = 1 — m2,/m2) on-shell renormalized

MS) masses and s2, in minimal subtraction
HY) masses on-shell but sﬁ, in minimal subtraction

» 2 normalizations of L. [Misiak arXiv:1112.5978]

4GF ae [ ~00) . @e(f0) ~(01) Gemy, ©00) , @e(k0) &(01)
1>f52[+40<>]2>7r[c 4C()]

C. Bobeth LHCP 2015 — St. Petersburg September 2, 2015 9/18



» ae always MS and m; always MS w.r.t QCD

3 different EW renormalization schemes:

0S) masses and (sZ, = 1 — m2,/m2) on-shell renormalized

MS) masses and sﬁv in minimal subtraction

HY) masses on-shell but 32W in minimal subtraction

» 2 normalizations of L. [Misiak arXiv:1112.5978]
4G GZm?
1) 4Crae C(OO) , aelko) ae(to) C(o1)( o| 2 FETw C(OO) ae(po) C(o1)( )
\f 52 4z w2 47
50 <10~ OS-2 0OS-1 HY MS
O N | ET—
g ] i 1t 1t e ]
Sk 0 9[:‘@ S | S | S
_9.0 L L L L L L L L L L
100 200 300 100 200 300 100 200 300 100 200 300
Ho [GeV] po [GeV] Ho [GeV] po [GeV]
_ CB/Gorbahn/St Xiv:1311.1348
scheme dependence @ LO: [-8.9 ,-8.2 | - +8% atB I_[O _c;rozgd amonarty :
reduces @ NLO: [-8.31,-8.25] — +0.8% at B NLO = solid
C. Bobeth
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Branching ratios in the SM (in OS-2 renorm. scheme)

» NNLO QCD crrs. reduce pg-dep. from 1.8 % at NLO — 0.2% at NNLO at B
[Hermann/Misiak/Steinhauser arXiv:1311.1347]

SM predictions @ NNLO QCD & NLO EW Measurement
B(Bs - fip)sm = (3.65+0.23) x 107° B(Bs — fip)exp = (2.830)x107%  (6.20)
B(By — fipt)sm = (1.06 +0.09) x 10710 B(By — ip)exp = (3.9718) x 10710 (3.20)
[CB/Gorbahn/Hermann/Misiak/Stamou/Steinhauser 1311.0903] [LHCb + CMS 1411.4413]
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Branching ratios in the SM (in OS-2 renorm. scheme)

» NNLO QCD crrs. reduce pip-dep. from 1.8 % at NLO — 0.2% at NNLO at B
[Hermann/Misiak/Steinhauser arXiv:1311.1347]

SM predictions @ NNLO QCD & NLO EW Measurement
B(Bs - fip)sm = (3.65+0.23) x 107° B(Bs — fip)exp = (2.830)x107%  (6.20)
B(By = fipt)sm = (1.06 +0.09) x 10710 B(By — ip)exp = (3.9718) x 10710 (3.20)
[CB/Gorbahn/Hermann/Misiak/Stamou/Steinhauser 1311.0903] [LHCb + CMS 1411.4413]
Error budget B, CKM 7 m; s other non- >
param. | param.
B(Bs —» fin) | 4.0% 43% 13% | 1.6% 0.1% | <0.1% 1.5% 6.4%
B(By - fu) | 45% 6.9% 05% | 1.6% 01% | <0.1% 1.5% 8.5%
R = 2
Il used ‘Vcb‘incl = (42~4 + 0-9) -10 3 = rescale BB o< (| Vcb|y0ur favorite / | Vcb|incl)
comparable to indirect determinations (CKM-fits) UTfit: |Veplurse = (42.05 +0.65) - 1073

CKMiitter: [Vplckmiiver = (41.4¥24) 1073
Non-parametric uncertainties:
» 0.3% from O(ce) corrections from pp € [mp /2, 2my]
» 2x0.2% from O(ag, ag, aga,) matching corrections from g € [my/2, 2m;]
» 0.3% from top-mass conversion from on-shell to MS scheme
» 0.5% further uncertainties (power corrections O(mf,/mfv), ..
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B> K¢y
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Hadronic matrix elements for B - K(*)¢¢ — Part 1

| Radiative & Semileptonic op’s |

07"/(7’}”) = mb[EU‘“’PR(L) b]Fy,u
Og(9ry = [ Prcay bI[L v, 0]

010(107) = [E’YILPL(R) b][Z"/H’}G é]

Factorisation into well-defined
hadronic objects (@ LO QED)
= No conceptual problems !!!
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Hadronic matrix elements for B - K(*) ¢ — Part 1

‘ Radiative & Semileptonic op’s ‘ Hadronic amplitude B — K (*)7¢ @ Lo QED)

&«au%mﬁmﬂwwww» o< CrTA(GP)

07,\/(77/) = mb[E(r‘WPR(L) b]Fl“,
Og(er) = [87" Puiay b[Z4 €] Ag o< Colu (K[54 P b]|B(p)) o< Ca Vi (q?)
(@) n = [Sy*P, bl[? J4
10¢10) = [89% P b][E75 4] > g =ps - px dilepton invariant mass
» )= K®) polarization

Factorisation into well-defined
» V, and T,: B— K vector and tensor form factors (FF)

hadronic objects (@ LO QED)
= No conceptual problems !!!

@ low q2: FF’s from LCSR B—- K [Ball/Zwicky hep-ph/0406232, Khodjamirian et al. 1006.4945]
(10 - 15)% accuracy B—- K* [Khodjamirian et al. 1006.4945, Bharucha/Straub/Zwicky 1503.05534]
@ high g?: FF’s from lattice B—-K [Bouchard et al. 1306.2384]
(6 - 9)% accuracy B— K* [Horgan/Liu/Meinel/Wingate 1310.3722, 1501.00367]
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Hadronic matrix elements for B - K(*) ¢ — Part 1

‘ Radiative & Semileptonic op’s ‘ Hadronic amplitude B — K (*)7¢ @ Lo QED)

&«ag%mﬁmwwwww» o CrTa(?)

Ory(7+7) = Mo[85*" Pr) b1 Fyuv
Og(ery = [87*Py(my bI[Z, ] Ag o< CoLu(K{™|[8+* P b]|B(p)) oc CoVr(G?)

(@) n = [Sy*P, bl[? J4
10¢10) = [89% P b][E75 4] > g =ps - px dilepton invariant mass

» )= K®) polarization

Factorisation into well-defined
» V, and T,: B— K vector and tensor form factors (FF)

hadronic objects (@ LO QED)
= No conceptual problems !!!

@ low q2: FF’s from LCSR B—- K [Ball/Zwicky hep-ph/0406232, Khodjamirian et al. 1006.4945]
(10 - 15)% accuracy B—- K* [Khodjamirian et al. 1006.4945, Bharucha/Straub/Zwicky 1503.05534]
@ high g?: FF’s from lattice B—-K [Bouchard et al. 1306.2384]
(6 - 9)% accuracy B— K* [Horgan/Liu/Meinel/Wingate 1310.3722, 1501.00367]

FF relations at low & high g2

» allow to relate FF’'s = reduce their number = “optimized observables”
» valid up to corrections of Agcp/mp ~ 0.5/4 ~ 13% in B— K*{¢
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Angular observables J;(q?) in B - K* [ K=] + £¢

d*r & 2
~ JisSin“Ok + Ji. CcOS“6),
dg2dcos 0, dcos O dgp'° il K y ’
+(d2s sin20K + Joc coszeK) cos 20y + J3 sin26K sinzeg c0s2¢ \<6\\

+J, Sin 26 sin 260, cos¢ + Js sin 20 sinf, cos¢p

+(Jes sin20K + Joc coszeK) cosfy + J7 sin 20k sinfy sing

+Jg Sin 20 sin 26, sing + Jy Sin®6 sin6, sin 26

v
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Angular observables J;(q?) in B - K* [ K=] + £¢

d*r & 2
~ JisSin“Ok + Ji. CcOS“6),
dg2dcos 0, dcos O dgp'° il K - ’
+(d2s sin20K + Joc coszeK) cos 20y + J3 sin20K sin29g c0s2¢ \<5\\

+J, Sin 26 sin 260, cos¢ + Js sin 20 sinf, cos¢p

+(Jes sin20K + Joc coszeK) cosfy + J7 sin 20k sinfy sing

+Jg Sin 20 sin 26, sing + Jy Sin®6 sin6, sin 26

v

“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]

@ low q2 [Becirevic/Schneider arXiv:1106.3283]
atias/Mescia/Ramon/Virto arXiv: .
Matias/Mescia/R Vi Xiv:1202.4266

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

Ag.z) =Py = _J3 A?ﬂ =2P, = —JGS A(T““) =-2P3= Jg
2 Jog 4 Jog 2as
Py = Ja P = Js/2 P, = 2 Pl = ok
V —JZCJZS

V —J2cJ25 vV —JZCJZS ¢ V —J2CJ2s
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Angular observables J;(q?) in B - K* [ K=] + £¢

d*r
~ Ji58iN%0x + Ji o cOS20
dg2dcos 0, dcos O dgp'° il K y ’
+(d2s sin20K + Joc coszeK) cos 20y + J3 sin20K sinzeg c0s2¢ \<5\\

+J, Sin 26 sin 260, cos¢ + Js sin 20 sinf, cos¢p

+(Jes sin20K + Joc coszeK) cosfy + J7 sin 20k sinfy sing

+Jg Sin 20 sin 26, sing + Jy Sin®6 sin6, sin 26

v

“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

. 2 [CB/Hiller/van Dyk arXiv:1006.5013]
@ high g yh Zp, = V2dy [Matias/Mescia/Ramon/Virto arXiv:1202.4266]
T =r4= 7 (2J J ) [CB/Hiller/van Dyk arXiv:1212.2321]

—vY2c 2s — Y3

H.(rz) =P = —JS/\/E H'(I'3) = —J63/2
V=2 (22 + J3) (2J25)2 - (J3)2

4 _ ~e V2Jg 5) ~Jo
HY =Q= H

Ve ( %
 Vdoo(2dps + J3) ! (2os)% — (Js)2
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Hadronic matrix elements for dBridg?
B> K*)ge — Part 2

Nonleptonic | = “the bad guys”

O1y2 = [87"PL(T?) c][CuPL(T?) b]

O3.456=[8TspPL(T?) b] Y [GTaq(T?) q]
q

OSg(Sg’) = mb[§ OJ“/PH(L) T b] Ga

77

» at LO in QED = solved with different 1 6 a/zs 192GV
approaches depending on g2 (B ~'K*~)~pole open chafm threshold

_oe " o diax ()
AN hadr = E?fd xe (K)\

T{i"(x), 3 €i0i(0)}|B(p))

“resonant contributions” “spectator scattering” “weak annihilation”
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Hadronic matrix elements for dBridg?
B> K*)ge — Part 2

Nonleptonic | = “the bad guys”

O1y2 = [87"PL(T?) c][CuPL(T?) b]

O3.456=[8TspPL(T?) b] Y [GTaq(T?) q]
q

OSg(Sg’) = mb[§ OJ“/PH(L) T b] Gﬁu

» at LO in QED = solved with different 1 6 a/ 15 19 2[Gev?
approaches depending on q2 (B -'K*~)-pole open chafm threshold
_ e LM 4y ol Gx [ (%) jem 0.
A= 32 5 [ dtxe e (K| T{m 0, DELIONEG)
Large Recoil (low-q?) ‘ \ Low Recoil (high-g?) \
» very low-g? (5 1 GeV?) dominated by O » dominated by Og 10
low-g? ([1,6] GeV?) dominated by Og, 1 » local OPE (+ HQET) = theory only for
» 1) QCD factorization or SCET sufficiently large g?-integrated obs’s
2) LCSR [Grinstein/Pirjol hep-ph/0404250,

— . Beylich/Buchalla/Feldmann 1101.5118]
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]
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Uncertainties @ high-q?

Hard momentum transfer (q2 ~ mg) < x — 0 allows for local OPE (at each value of g°)

fd4x—T (), ZC,O,(O)} 20 52¢,, Q% +nodim-4+ Y Cs, QL + O(dim > 5) J
a b

[Buchalla/Isidori hep-ph/9801456, Grinstein/Pirjol hep-ph/0404250, Beylich/Buchalla/Feldmann 1101.5118]
dim=3 oc B— K(*) FF’s = from lattice & also NLO-«s corrections known

dim =5 suppressed by (Aqcp/Mp)? ~ 2%, explicite estimate @ g2 = 15 GeV2: < 1%
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Hard momentum transfer (g? ~ m3) < x — 0 allows for local OPE (at each value of ¢%)

fd“x—T 00, ZC,O(O)} 20 52¢,, Q% +nodim-4+ Y Cs, QL + O(dim > 5) J
a b

[Buchalla/Isidori hep-ph/9801456, Grinstein/Pirjol hep-ph/0404250, Beylich/Buchalla/Feldmann 1101.5118]
dim=3 oc B— K(*) FF’s = from lattice & also NLO-«s corrections known

dim =5 suppressed by (Aqcp/Mp)? ~ 2%, explicite estimate @ g2 = 15 GeV2: < 1%

Duality violating (DV) effects ‘ = go beyond those neglected in Agcp/mp and as in the OPE

2 2
= |A1o|® +|Ag opE| +2R9(A9,0PEA§,DV)+|A9,Dv\2+-»-

———
similar in size 02 0<
I!l'no first principle methods to calculate Ag py
Ag pv = oscillatory in o = hope to minimize DV effects by g2 integration

with exponential suppression for g% — g2, = or stay close to endpoint (not much data)
using Shifman model for c-quark corr. = Ag py affects integrated rate (¢? > 15 Gev?) by +2%

OPE predicts relations: H(T1) ~1and H;g) o H® [Beylich/Buchalla/Feldmann 1101.5118]
large breaking from DV can be checked for experimentally [CB/Hiller/van Dyk 1006.5013, 1212.2321]

vV V. vyvVvyyYy

» allowing for large DV does NOT improve goodness of global fits [Altmannshofer/Straub 1411.3161]
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Uncertainties @ low-g?: 1/m,, corrections

» Aqcp/mp ~ 13% corrections to QCDF not known, only partially (contain endpoint divergences)
[Kagan/Neubert hep-ph/0110078, Feldmann/Matias hep-ph/0212158, Beneke/Feldmann/Seidel hep-ph/0412400]

» 1/my corrections = ruin “optimised observables” (some more, others less):
A) due to use of FF-relations ~ and  B) due to QCDF to B — K(*)#¢ amplitude
(factorisable) (non-factorisable)
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Uncertainties @ low-g?: 1/m,, corrections
» Aqcp/mp ~ 13% corrections to QCDF not known, only partially (contain endpoint divergences)
[Kagan/Neubert hep-ph/0110078, Feldmann/Matias hep-ph/0212158, Beneke/Feldmann/Seidel hep-ph/0412400]
» 1/my corrections = ruin “optimised observables” (some more, others less):
A) due to use of FF-relations ~ and  B) due to QCDF to B — K(*)#¢ amplitude
(factorisable) (non-factorisable)

structure of vecto £])-amplitudes (omitted helicity index A = O 1)

A o< (él + AFgS + AF;/mb) Cq + (f, + AF;XS + AF;/mb) C7 + pnon-—fac 4 pCc

» FF-relation breaking from as = known [Beneke/Feldpfann hep-ph/0008255]

1/my, = “unknown” (LCSR predictions of FF’s ag€ount for some)

ot 1/mp, 7 q*
ad-hoc parameterisation: AF; =a+ b’? +Cior ..
B B

» 1/my corrections to non-factorisable parts (resonant, spectator sgatfering, WA)

N . . 2 . 4
similarly Aren—fac - (1 + Aelta + Belts q? + Celvcd
B B

» soft gluons to ¢c resonant-contributions

[J#§er/Martin-Camalich 1212.2263]

AT Descotes-Genon et al. 1407.8526]
with A, B, C « [0, 0.1], arbitrary ¢4 g ¢

[Khodjamirian/Mannel/Pivovarov/Wang 1006.4945]
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Uncertainties @ low-g?: 1/m,, corrections

» Aqcp/mp ~ 13% corrections to QCDF not known, only partially (contain endpoint divergences)
[Kagan/Neubert hep-ph/0110078, Feldmann/Matias hep-ph/0212158, Beneke/Feldmann/Seidel hep-ph/0412400]

» 1/my corrections = ruin “optimised observables” (some more, others less):
A) due to use of FF-relations ~ and  B) due to QCDF to B — K(*)#¢ amplitude
(factorisable) (non-factorisable)

How does it affect “optimised” observables ??? Example Pé

Ref. | ?c2541GeV2 P <[4, 6] GeV?
ABSZ and DHMV = g €[25 4] g <[4 6]
simult. scan of groups of parameters LHCb (3/fb) ‘ _0_07+0<34 ~0.30+0.16
(ABSZ incl. corr. of FF parameters) -0.36
= error = linear or quadratic sum of ABSZ (qua) _050+0.10 _0.77 £+ 0.07
spreads in observable . . . .
ABSZ (lin) -0.50+0.16 -0.77 +0.11

JMC (68%)=

gaussian priors for parameters DHMV (qua) _0.49+8.1g _0.79+8.1(2)
= error = 68% of posterior predictive ’ ’

DHMV (lin) -0.49+0-26 -0.79+0-16
JMC (max spread) = g’?g g'i
simult. scan of all parameters JMC (68%) _0~28t0:13 -0.71 t0:1o
= error = max spread in observable JMC (max spread) _0'28t8:ié _0.70t8:g§3

LHCb = LHCb-CONF-2015-002
ABSZ = 1411.3161 + 1503.05534, DHMV = 1407.8526 + 1503.03328, JMC = 1412.3183 + talk S. Jager Portoroz '15
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Uncertainties @ low-g?: 1/m,, corrections

» Aqcp/mp ~ 13% corrections to QCDF not known, only partially (contain endpoint divergences)
[Kagan/Neubert hep-ph/0110078, Feldmann/Matias hep-ph/0212158, Beneke/Feldmann/Seidel hep-ph/0412400]

» 1/my corrections = ruin “optimised observables” (some more, others less):
A) due to use of FF-relations ~ and  B) due to QCDF to B — K(*)#¢ amplitude
(factorisable) (non-factorisable)

How does it affect “optimised” observables ??? Example Pé

» ABSZ (contrary to DHMV and JMC) uses full QCD FF’s from LCSR

= do not need to consider 1/mj, corrections from FF relations,
only due to B — K*¢¢ amplitudes and cc tails

» DHMV try to implement error estimates as closely to JMC

= same parameterisation of FF-relation breaking corrections
» for linearly added errors: uncertainties of DHMV only half of JMC

» central values of Pg between DHMV/ABSZ and JMC very different,
due to choice of central values of FF-relation breaking corrections:
JMC uses heavy quark limit < DHMV/ABSZ use LCSR results

ABSZ = 1411.3161 + 1503.05534, DHMV = 1407.8526 + 1503.03328, JMC = 1412.3183 + talk S. Jager Portoroz '15
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Summary
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Summary

> branching ratio hadronic short-distance )
B(Bg — ) o< fgq/rg x (Gemw)*|Vyp Vi Crol
N~—— k
4(7)% for Bs(By) in SM 6(9)% from Vis(Viy)

» short-distance Cyg under control @ NLO EW + NNLO QCD

= excellent probe of short-distance part, given experimental precision reaches < 5%
(Bs — fipr @ LHCb with 50 tb~")
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> branching ratio hadronic short-distance )
B(Bg — ) o< fgq/rg x (Gemw)*|Vyp Vi Crol
N~—— k
4(7)% for Bs(B4) in SM 6(9)% from Vis(Vig)

» short-distance Cyg under control @ NLO EW + NNLO QCD

= excellent probe of short-distance part, given experimental precision reaches < 5%

(Bs — fipr @ LHCb with 50 tb~")
B K®ge

» global fits favour —25% deviation in Cg from SM prediction,
but no individual measurement with significant (> 50) deviation from SM

» form factors uncertainties reducible in future by lattice (mainly @ high-g?)

» need theory progress @ low g2 concerning 1/my, corrections:
to go beyond simple parameterisations used in global fits

» show-stopper for ultimate precision @ high g?: duality violation to local OPE
(accounted for in global fits with some ad-hoc size), test duality violation @ high g? with data

= wait for final experimental results 3 fo~! and results of LHC Run 2 after 2018 (about 8 fb~1)
continue global fits to tighten constraints on new physics
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Backup Slides
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Adding QCD corrections to By — ¢ ...

GFai&s
Sy
NLO QCD

[Buchalla/Buras NPB 398 (1993) 285, NPB 400 (1993) 225, Misiak/Urban hep-ph/9901278]

Gr 2 a2
W
NNLO QCD

N C/(‘m)

>E3

N Cfo)

ol

[Hermann/Misiak/Steinhauser arXiv:1311.1347]
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Adding QCD corrections to By — ¢ ...

GF:*;‘XS -@— - clo
NLO QCD /\\

[Buchalla/Buras NPB 398 (1993) 285, NPB 400 (1993) 225, Misiak/Urban hep-ph/9901278]

Qe 2
GF 2, é‘@ N C(zo)
NNLO QCD

[Hermann/Misiak/Steinhauser arXiv:1311.1347]

Ca - C(OO) Qg C(10) as C(zo) 0.25 R T
4 47r - - — N
0.24f NNLO
implicite — via m;(ug) (= MS QCD) — and -
explicite 119 dependence mi(my) = 163.5GeV = 0_23¥ _ S
Mg = 50GeV) = 180.8GeV = , 7 T
m;(po = 300GeV) = 156.2 GeV 0.227/ / X
= NNLO QCD crrs. reduce pp-dep. from
1.8% at NLO — 0.2% at NNLO ‘ on Br ~|Cal? 0-21 50 100 150 200‘ 250 300

Ho in GeV
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Up to now discussed (NNLO QCD + NLO EW) corrections to Ca(up)
= need to calculate (matrix elements)? to obtain B

B ~ |(tlLaB) ~ [Calun)(087,75bIBY + O(ce)

1) Hadronic matrix element (to all orders in QCD and LO in QED):
o E o fg, = (190.5 + 4.2) MeV
(0gv*~sb|Bq(ps)) = ifg, P fo. = (227.7 + 4.5) MeV. [FLAG (attice average) 2013]

2) Account for Bs-mixing: fully time-integrated CP-averaged Br [De Bruyn et al. arXiv:1204.1737]
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Up to now discussed (NNLO QCD + NLO EW) corrections to Ca(up)
= need to calculate (matrix elements)? to obtain B

B ~ \M|,ceff|3\ ~ |Ca(pp) \ (0|57,75b|B)? + O(ae)

1) Hadronic matrix element (to all orders in QCD and LO in QED):
= m = P f, = (190.5 + 4.2) MeV
<0|q7 'YSb‘Bq(PB)) - IqupB fB = (227_7 + 4_5) MeV [FLAG (lattice average) 2013]

2) Account for Bs-mixing: fully time-integrated CP-averaged Br [De Bruyn et al. arXiv:1204.1737]

Il for consistency should include O(«,) corrections:

‘A) bremsstrahlung ‘ ‘ B) virtual corrections
can be sizeable depending on photon energy expected to be small, but non purely
cuts in experiment perturbative — no theoretical framework,

perhaps Lattice calculations
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Soft photon bremsstrahlung: initial and final state
Y H u

[ Initial state radiation | (& X&) [ Final state radiation| (& Y

» helicity suppressed
» soft-photon approximation

» tiny in signal window

» phase-space suppression instead of H
helicity suppression » extrapolated from signal window over all
mim, via PHOTOS by LHCb and CMS

u

» can be avoided with cuts

100

ISR [Aditya/Healey/Petrov arXiv:1212.4166] 10

FSR [Buras et al. arXiv:1208.0934]

experimental signal windows

(LHCb, CMS)
[LHCb arXiv:1307.5024, 0.1

CMS arXiv:1307.5025]

m,, [GeV]
5.0 5.1 52 53 54 55

0.01 —
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» no need to include ISR — currently removed by cuts

I it should be counted as background in MC

77?7 should not be included in PHOTOS in experimental analysis
(especially when experimental accuracy increases)

» FSR should be included due to cuts in experimental analysis

BUT already accounted for by LHCb and CMS using PHOTOS

(extrapolation along red curve to zero on previous slide)
= this corresponds to the limit where:

photon-inclusive B = non-radiative B
[Buras/Girrbach/Guadagnoli/Isidori arXiv:1208.0934]
» virtual corrections — requires nonperturbative method

= NOT included
— here we assign 0.3% uncertainty from p-variation
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Ratio of B(By - £¢) and B,-mass difference Amg,

B(By > ) ry (sM)  3|Calup)[?

Amg, (Grmwm)?Bqe w3 Cui(up)Bs, (1ib)

Rqe =

NLO EW crr. to Amg [Gambino/Kwiatkowski/Pott hep-ph/9810400]

depends in addition only on

= Cy1(up) Wilson coefficient of AB = 2 operator
= Bg,(up) bag factor of AB =2 hadronic matrix element

SM prediction ke = 0.0126 + 0.0007
ke = 0.0132 £ 0.0012

with comparable theory uncertainty to B(Bg — £¢), dominated by lattice
prediction of Bg, (1)
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