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b — s transitions

Radiative and semileptonic rare B decays are highly sensitive probes for new physics

Inclusive decays B — X;y and B — Xs{1 4~

Precise theory calculations (see e.g. Huber, Hurth, Lunghi, JHEP 1506 (2015) 176 and refs therein)

Heavy mass expansion

o Theoretical description of power corrections available — they can be
calculated or estimated within the theoretical approach

@ Require Belle-lI for full exploitation (complete angular analysis)

Exclusive decays

@ Angular distributions of B — K* ™
— many experimentally accessible observables

e Also: B— Kutp™ and Bs — ¢ut ™

@ Issue of hadronic uncertainties in exclusive modes
no theoretical description of power corrections existing within the theoretical
framework of QCD factorisation and SCET
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transitions

Inclusive:
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b — s/{ transitions

Exclusive (2016):
The situation has changed drastically with the measurements of many angular observables!

B— Ktutu=, B— Koutu=, B— K*tutu=, B— K*°utu~ (FL, Ars, Si, P;),

Bs — putp—, ...
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LHCb anomalies

3 main LHCb anomalies:

e B — K*u"u~ angular observables (P§ / Ss,...): 3.4 tension + supported by Belle
@ Rk =BR(BT — KTu"u™)/BR(BT — KteTe™): 2.60 tension in [1-6] GeV? bin
@ BR(Bs — ¢utp™): 3.20 tension in [1-6] GeV? bin

——LHCb —=—BaBar ——Belle 10°
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New Physics or theoretical issues?
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Theoretical framework

Effective Hamiltonian for b — s transitions

Heff = Hle—l&d + Heff

Hzlﬁ = 4GF thVts[ Z C ,)O ]
i=7,9,10
(K*|H2%|B): B — K* form factors V, Ag12, T123
Transversity amplitudes:
2
AiR ~ N, {(Cg FC 0)#(%)’0 + 2;,”7 ¢, Ti(q )}
A1(q%) 2mb

mp — Mk

At = m{(c 7 ) e )|
AFF 2= No{(Co % Co) (- )AL + (- DA ()]
+2myC; (- )Ta(q”) + (- ) Ta(a)]
As = Ns(Cs — C5)Ao(q%)
(GF=G=(Q)
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Theoretical framework

Effective Hamiltonian for b — s transitions

Heff = Hle—l;d + Heff

4G
7

had
Heff
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i=1...6
A()\had) — q /d4xeflq X<[+ﬁ ‘Jcm Jlept (X)|0>
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Theoretical framework

Effective Hamiltonian for b — s transitions

Her = H22Y + 1L

4G
7

had
Heff

Vi Vit [ Z GO + csos}

i=1...6
A(had) _ e2 d4 —iq-x [+ — | rem,lept
N =i [dxe PO (00)

x [dty e R T () (0)} )
2

& fromo M, A :
_q2eMLV[LOmO(mb,EK*)+ ha(q?) ]

power corrections

Non-Fact., QCDf

— unknown

Anomalies can be explained with 20-50% non-factorisable power corrections at the observable
level in the critical bins (Ciuchini et al., 1512.07157)

This corresponds to more than 150% error at the amplitude level for the critical bins!
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Model independent global fits

Many observables — Global fits of the latest LHCb data

Relevant Operators:
(97, Os, OQN« et Og&he and OS—P X (§PRb)(/_LPL,LL) = O{)

NP manifests itself in the shifts of individual coefficients with respect to the SM values:

Gi(p) = C™M(p) +6G

— Scans over the values of 4C;
— Parametrisation of power correction uncertainties ‘;AAJ = aye'® + o

with ay(bi) varied between —X%(x2.5) and +X%(x2.5)

chvz bxe

Several groups doing global fits:

Using the latest LHCb results:
Ciuchini, Fedele, Franco, Mishima, Paul, Silvestrini, Valli, 1512.07157
Hurth, Mahmoudi, Neshatpour, 1603.00865
Descotes-Genon, Hofer, Matias, Virto, 1510.04239v2
Previous studies: Beaujean, Bobeth, Jahn, 1508.01526
Altmannshofer, Straub, 1503.06199, 1411.3161
Hurth, Mahmoudi, Neshatpour, 1410.4545
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Global fits

Global fits of the observables by minimisation of
X° = (0 = 07®) - (Zun + Xewp) ' (O™ — O°)
(Xen + Zexpr1 is the inverse covariance matrix.

More than 100 observables relevant for leptonic and semileptonic decays:

@ BR(B — Xiv) e BR(B — K°utu™)

e BR(B — Xu7) o BR(B — K*utu™)

e Ao(B— K*) @ BR(B — K*ete™)

o BR™(B — Xsutp™) ® Rk

e BRMEN(B — X, ut ™) o B— K*®utu~: BR, Fi, Ars, Ss,
o BR(B = X,e'e") S4, S5, S7, S8, So

in 8 low g2 and 4 high g?bins

e Bs — ¢outu~: BR, Fi,, S3, S4, Sz
in 3 low g2 and 2 high ¢?bins

o BRMeN(B — X.ete™)
@ BR(Bs — pu™)
@ BR(By — pu™)
@ BR(B — K*utu™) Calculations done using Superlso
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Fit results for two operators: form factor dependence

Fits with different assumptions for the form factor uncertainties:

@ correlations ignored (solid line)

@ normal form factor errors (filled areas)
@ 2 x form factor errors (dashed line)
@ 4 x form factor errors (dotted line)
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T. Hurth, FM, S. Neshatpour, Nucl. Phys. B909 (2016) 737
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Fit results for two operators: form factor dependence

Fits with different assumptions for the form factor uncertainties:
@ correlations ignored (solid line)
@ normal form factor errors (filled areas)
@ 2 x form factor errors (dashed line)
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T. Hurth, FM, S. Neshatpour, Nucl. Phys. B909 (2016) 737

The size of the form factor errors has a crucial role in constraining the allowed region!
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Fit results for two operators: effect of power corrections

Fits assuming different power correction uncertainties:
@ 10% uncertainty (filled areas)

@ 60% uncertainty (solid line)
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Fit results for two operators: effect of power corrections

Fits assuming different power correction uncertainties:
@ 10% uncertainty (filled areas)
@ 60% uncertainty (solid line)
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Fit results for two operators: effect of power corrections

Fits assuming different power correction uncertainties:
@ 10% uncertainty (filled areas)
@ 60% uncertainty (solid line)

/ e m
(G = Guo) (G- G) (s ¢f)
8% CL 68% CL. 5
" LR mma 1 2 e
— Gowpcen 0! — G0 pCen 05| B ssa
B 0.2 B . 00l @
22 z s
3 ) S -05
S 00 = 00 3 |
2 2 $-10
‘ 02 -20
-04 —25!
~05 -04 -03 -02-0.1 00 0.1 02 06 -04 -02 00 02 04 -06 -04 -02 00 02 04
5Cy/CSM

5Co/CSM 8Cy,/CSM

T. Hurth, FM, S. Neshatpour, Nucl. Phys. B909 (2016) 737
Not a huge impact!
60% power correction uncertainty leads to only 20% error at the observable level.
Nazila Mahmoudi
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Hadronic effects

Description also possible in terms of helicity amplitudes:

2 A
- - 2 - .
Ay (A) = = IV CoVia (%) + Vi (a) & 2 [ (G T (0) + CF Tra (%) = 1672N3(67)] |

Ha(\) = —i N'(CioVia(9®) + Clo Vra(d?)), Nx(g?) = leading nonfact. + hy
Ly M =
Hs =i N'mfb(Cs - C8)S(q?) </v’ _ _4Grmg & \/mv,‘;>
w V2 1672

Helicity FFs ‘N/L/Ra 'IN'L/R, S are combinations of the standard FFs V, Ao,1,2, T1,2,3

Nazila Mahmoudi CERN, Oct. 12, 2016 11 / 17



Hadronic effects

Description also possible in terms of helicity amplitudes:

2 A
- - 2 - .
Ay (A) = = IV CoVia (%) + Vi (a) & 2 [ (G T (0) + CF Tra (%) = 1672N3(67)] |

Ha(\) = —i N'(CioVia(9®) + Clo Vra(d?)), Nx(g?) = leading nonfact. + hy
. rﬁ I\ &
Hs =i N'mfb(Cs - C8)S(q?) </v’ _ _4Grmg & \/mv,‘;>
w V2 1672

Helicity FFs \N/L/Ra 'IN'L/R, S are combinations of the standard FFs V, Ao,1,2, T1,2,3

A possible parametrisation of the non-factorisable power corrections hA(:+7_,o)(q2):
¢ o, 4@ e
1GeVZ *  1GeV*

S. Jdger and J. Camalich, Phys.Rev. D93 (2016) 014028, M. Ciuchini et al., JHEP 1606 (2016) 116

ha(q?) = h +

It seems

hO — " A — "

However, VL(R),\ and 7~'L(R)A both have a g? dependence

= g* terms can rise due to terms which multiply Wilson coefficients

= CMP and CJF can each cause effects similar to hf\o’l’z)
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Hadronic effects

Hadronic power correction effect:

1672

2
Br (@) = iNmd o (W) + HY + ')

SHE® (X) = i m3

New Physics effect:
NP - . 1672 , , ,
SHP (\) = —iN' V() )" = iN’mZBZ—;T (aACg\‘ £ @?b AT 4 gt )

and similarly for C7

= NP effects can be embedded in the hadronic effects.

We can do a fit for both (hadronic quantities hfy’i”%) (18 parameters)
and Wilson coefficients C7¥F (2 or 4 parameters))

Due to this embedding the two fits can be compared with the Wilk's test
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Hadronic effects

Fit with 2 parameters (complex Co) Preliminary

low q2 bins up to 6 GeVv2 low q2 bins up to 8 Gev?

e o

Fit with 4 parameters (complex CG7 and Go)

low q2 bins up to 6 Gev?
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SM vs 2 parameters and 4 parameters p-values were independently computed through 2D
profile likelihood integration, and they give similar results

q% up to 6 GeV?

Preliminary

L1 2 | 4 | 18 |
0 [[45x1073(2.80) [ 9.4 x 1073 (2.60) | 6.2 x 1072 (1.90)
2 0.27 (1.10) 0.37 (0.890)
4 — — 0.41 (0.860)

q? up to 8 GeV?

Ll 2 | 4 | 18 |
0 [[37x107° (4.10) [ 6.3 x 10" (4.00) | 6.1 x 103 (2.70)
2 — 0.13 (1.50) 0.45 (0.760)
4 — — 0.61 (0.520)

Adding 16 more parameters does not really improve the fits

Nazila Mahmoudi

CERN, Oct. 12, 2016
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Lepton non-universality

Cross-check with other R, . ratios

Hiller & Kruger 0310219, Altmannshofer & Straub 1411.3161, Jager & Camalich 1412.3183

@ Ry is theoretically very clean compared to the angular observables

@ Its tension cannot be explained by power corrections
@ All tensions could be explained by new physics in Cy'

Cross-checks needed with other ratios. Our predictions (within the {C}', C5} set):

| 95% C.L. prediction

Observable

BR(B — Xspu"p7)/BR(B — Xse"e ™ ) 2cp eqev)? [0.61,0.93]

BR(B = X;u"p7)/BR(B = Xse*e™) 2514 2(qev)2 [0.68,1.13]
BR(B® — K*°u*u™)/ BR(B® = K*%e"e™) 211 6)(cov)2 [0.65,0.96]
(FL(B® = K*Ou* ™)) /(FL(B® = K™®e"e™)) 2epa,6)qev)2 [0.85,0.96]
(Am(B® = K™utu™)) /(Am(B® = K™%ete™)) 2 cpa g1(Gevy2 [-0.21,0.71]
(Ss(B® = K*%utu™))/(Ss(B® = K*®e"e™)) 2 cla 6y (covy? [0.53,0.92]
BR(B® — K*°u*u™)/ BR(B® = K*%e*e™) 2 15 10)(cev)? [0.58,0.95]
(FL(B® = K™ur ™)) /(FL(B® = K*®e"eT)) 215 10)(Gov)2 [0.998, 0.999]
(Am(B® — K™ u™)) /(Am(B® — K*°e+67)>q2€[15,19](GeV)2 [0.87,1.01]
(Ss(B® = K*°utu™))/(Ss(B® = K*%e"e™)) 2 c s 10)(cev)? [0.87,1.01]
BR(B" — K*u*u™)/ BR(BY — K*e'e™) 2y gjcevy2 [0.58,0.95]
BR(BT — K"uu™)/ BR(BT — KTete ) 215 201(cev)2 [0.58,0.95]

T. Hurth, FM, S. Neshatpour, Nucl. Phys. B909 (2016) 737
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Lepton non-universality

Cross-check with other R, . ratios
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@ Ry is theoretically very clean compared to the angular observables

@ Its tension cannot be explained by power corrections
@ All tensions could be explained by new physics in Cy'

Cross-checks needed with other ratios. Our predictions (within the {C}', C5} set):

Observable

| 95% C.L. prediction

BR(B — Xsu"u”)/BR(B — Xse+ef)qz€[176]<ce\,)2
BR(B — XspuTp”)/BR(B — Xse+ef)qz>14.2(Gev)z
BR(B® — K*°u*u™)/ BR(B® = K*%e"e™) 211 6)(cov)2
(FL(B® = K*Ou* ™)) /(FL(B® = K™®e"e™)) 2epa,6)qev)2
(Am(B® = K™utn™)) /(Am(B® = K™%e*e™)) 2 cpa gjGevy2
(Ss(B® = K*%utu™))/(Ss(B® = K*®e"e™)) 2 cla 6y (covy?
BR(B® — K*°u*u™)/ BR(B® = K*%e*e™) 2 15 10)(cev)?
(FL(BO - K*°H+Hi)>/<FL(BO - K*°e+67)>qze[15,19](GeV)2
(Am(B® — K*°u*p™))/{Am(B® — K*°e+67)>q2€[15,19](GeV)2
(Ss(B® = K*°utu™))/(Ss(B® = K*%e"e™)) 2 c s 10)(cev)?
BR(B" = K*u"u7™)/ BR(BT — K" e"e™ )2 gj(qevy2
BR(B* — KTu*p~)/ BR(BY — K+e+ei)q25[15,22](Gev)2

[0.61,0.93]
[0.68,1.13]
[0.65,0.96]
[0.85,0.96]
[~0.21,0.71]
[0.53,0.92]
[0.58,0.95]
[0.998, 0.999]
[0.87,1.01]
[0.87,1.01]
[0.58,0.95]
[0.58,0.95]

T. Hurth, FM, S. Neshatpour, Nucl. Phys. B909 (2016) 737
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Future LHCb upgrade

Assuming a possible future upgrade, with an integrated luminosity of 300 fb~!

— Scaling down the present LHCb uncertainties by a factor 10,
assuming the current central values

low q2 bins up to 6 GeV2 low q2 bins up to 8 GeV?

e o

Fit with 2 parameters
(complex Go)

12 -ie 68 06 04 02 50 -1z e 08 05 04 02 50
G, Rec

Preliminary

LHCb upgrade would clear up the situation!
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Conclusion

o The full LHCb Run 1 results still show some tensions with the SM
predictions

e Significance of the anomalies depends on the assumptions on the
power corrections

o We compared the fits for the NP and hadronic parameters through the
Wilk's test

o At the moment adding the hadronic parameters does not improve the
fit compared to the new physics fit, but the situation is inconclusive

e The LHCb upgrade will have enough precision to distinguish between
NP and power corrections

o If the issue remains, Belle-Il will be able to resolve it
(see T. Hurth, FM, S. Neshatpour, JHEP 1412 (2014) 053)

e Confirmation of Rk by other rations would indirectly confirm NP also
in angular observables

Nazila Mahmoudi CERN, Oct. 12, 2016 17 / 17



Backup
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B — K*u™u~ — “Standard” observables

. . . dr 3 J>
Dilepto ariant mass spectrum: — = —(J; — =
liepton Iinvariant m P rum dq2 4( 1 3)
Forward backward asymmetry:
d?r dr 3 dr
Ars(g?) = [[°, — [} dcos) ——— 44;4/—7
rB(9%) [ffl fo] cos quzdcos¢9, de? 8 6 e

eff (2
Forward backward asymmetry zero-crossing: g3 ~ —2mmeC9?(q°) + O(as, N/ mp)
7
— fix the sign of Co/C7

Polarization fractions:

Ao? [ALIZ+ A2
Fi(q?) = | , Fr(q?) =1- Fi(q?) =
H) = A e iae 1) Ha) = BT 1A R+ AP
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B — K*u™u~ — Optimized observables

1 fbin dqz[J3 + -1_3] 1 fbin dqz[-jﬁs + J_Gs]

P. n = — = — — P in = T.
Puw 2 [in dg2[J2s + Jas] Fan 8 Join da?[J2s + Jas]
! ) -
Piyoin = | dg?[Ja + J P)oin = 57— | dq’[Js + J
< 4>b N];m bin q [ 4 + 4] < 5>b 2./\/;;“] bin 7 [ °t 5]
1 - -1 o
Pon = g [ o+ ) (P = - [ dala
bin </ bin bin ¢ bin

with

Nipin = \/_ Join d92[J2s + Jas] Join 963 [J2c + Jac]

+ CP violating clean observables and other combinations
U. Egede et al., JHEP 0811 (2008) 032, JHEP 1010 (2010) 056

J. Matias et al., JHEP 1204 (2012) 104
S. Descotes-Genon et al., JHEP 1305 (2013) 137

Nazila Mahmoudi CERN, Oct. 12, 2016 20 / 17



Comparison of exclusive and inclusive b — s/

At Belle-1l, for inclusive b — s¢¢:
expected uncertainty of 2.9% (4.1%) for the branching fraction in the low- (high-)g? region,

absolute uncertainty of 0.050 in the low-g2 bin 1 (1 < g% < 3.5 GeV?), 0.054 in the low-g2 bin 2
(3.5 < g2 < 6 GeV?) for the normalised Arg

L A — 2
[ kX3 [ EX3
. @20 3 _ o[-Ma2c =
E,O.Sﬂjns — £ O1e
=~ L E = F 1
2y 5
>f” 0z E 3 o4 E
3 E o
g ' %
L o1 E < ¢ 1
oberie b 300 02 e L L A0®
0 1 2 3 0.1 -005 0 005 01 0.15

Apg(BoX W)

e
BRE-Xnw )\nW L4 bin 2

T. Hurth, FM, JHEP 1404 (2014) 097
T. Hurth, FM, S. Neshatpour, JHEP 1412 (2014) 053

Predictions based on our model-independent analysis
black cross: future measurements at Belle-ll assuming the best fit solution

red cross: SM predictions

— inclusive mode will lead to very strong constraints
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Theoretical framework

Effective Hamiltonian for b — s transitions

Her = He" + Hog

2 :_4GFV Vi Ci(/)oi(/)
= Ve t[lzgm ]

Transversity amplitudes:

LR V(q?) 2my, 2
C Cly)———— T
AT = No {( 9 F 1O)mB+mK* + — P 7 1(q ) +(5Al(q )

N L Al(g? 2
ALR _ N” (C9 F Clo)ﬁ mb —— G T ( 2) +5A|‘(q2)

—
AFT = No{(Co % Co) [+ VAU + (.. .>Az(q2)J
+2mpC, [(. IT2(q?) +(...)Ts(qg } +6A0(q°%)
As = Ns(Cs — C5)Ao(q”)
22 /17
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Helicity form factors

1/2
Ve(@) = 5 |(1+ 25) Au(e®) 7%(23 s V(qz)] ,
Vo(q?) = ! [(ms + my)2(m3 — ¢? — m2)A1(a) — Mia(e?)]

2myAY/2(mg + my)

m2 — m2 \L/2
T+(q?) = 372\/ T2(q?) F ﬂTl(qz),
B

2m B
To(e?) = 53 {(m'f; + 3, — ) Ta(e?) (mé)\mi)ﬁ(qz)} ,
2 — ao(e?
5(a%) = Ao(4?), Vo(e?) = 2n1\31>2fvo(q )
To(q%) = W To(e?),
S(q?) = - 2melT M) 5 g2)

Vi1(q?) = Vii(q?),
T11(q%) = T21(q?),
where VR)\ = —V,)\, TR)\ = —T,)\, SR = _SL-
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Helicity form factors

The form factors V1 o and T4 0 when using the updated results from version 2 of Zwicky
et al.

— BoK = B-K
06 V@) — @)
Vola®) ad Tola®)

) 2 4 s s o 2 a 6 8

Figure: The central values and uncertainties of the helicity form factors Vi o and T4 o for
B — K* using form factor results of V,A; 2 and Ty 2 3 from version 2 of Zwicky et al.
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Helicity form factors

Traditional form factors:
(K*|57y"b|B) — V(q*)
(K*[37"95b| B) — Ao(q°), A1(q®), A2(q”)
(K*|50"b|B) — T1(q?), T2(4?), Ts(q°)

Helicity form factors:
(RKX[5¢" (N Purybl B) — Vigra(a®)
(NG (R[50 Piryb|B) — Tura(q®)
(Kx(=0)|5PL(r)b|B) — 5(g°)
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Role of S5

Removing Ss from the fit:
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While the tension of CQSM and best fit point value of Cg is slightly reduced in the various two
operator fits, still the tension exists at more than 20

— Ss is not the only observable which drives Cy to negative values!
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