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Prologue



Self-consistency of the SM

Do we need new physics beyond the SM ?

e It is possible to extend the validity of the SM up to the Mp as weakly coupled theory.
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High-energy extrapolation shows that the Yukawa couplings, weak gauge couplings
and the Higgs self coupling remain perturbative in the entire energy domain between

the electroweak and Planck scale (no Landau poles !).

e Renormalizability implies no constraints on the free parameters of the SM Lagrangian.



Experimental evidence beyond SM

e Dark matter (visible matter accounts for only 4% of the Universe)

e Neutrino masses (Dirac or Majorana masses 7)

e Baryon asymmetry of the Universe (new sources of CP violation needed)

Caveat:

Answers perhaps wait at energy scales which we do not reach with present experiments.



Hierarchy problem

Quantum corrections to Higgs boson mass:

Higgs Higgs

ma ~ (ma)tree + 1/(16"2)/\ﬁp

—> Quadratic sensitivity to highest scale in the theory

Planck
Standardmodel

. J

e S W
1012 GUT {'1027 E
[eV]

After inclusion in larger theory: No stabilisation of the Higgs boson mass at the SM scale

Comparison:
Photon and quark masses protected by gauge symmetry and chiral symmetry, respectively

Many solutions to the hierarchy problem on the market:
Little Higgs Models, Extra Dimensions, Supersymmetry, ....

ma ~ (ma)tree - 1/(167r2)/\ﬁp = Anp < 4dmmw = 1 TeV



Summary of experimental searches for New Physics

by Glinther Dissertori (CMS)

xx x 0 = 7



Summary of experimental searches for New Physics

by Glinther Dissertori (CMS)

x x 0 = 7

Infinite experimental NoO deviation

measurements from SM

But still LHC Run-II, Belle-II, .... to come !



Flavour In the Standard Model

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

3
J
q Ly N Im[Vi; Vu Vi Vil = Jckm D €ikm€in
' ~ \..CKM m.n=1
i
wht Jckm ~ O(107°)

All previous and present measurements (BaBar, Belle, CLEO, CDF, DO, LHC, ....)

of rare decays (AF =1),

of mixing phenomena (AF = 2) and

of all CP violating observables at tree and loop level
are consistent with the CKM theory.

Of course there have been and there are tensions in the flavour data at the 1,2,0r 30 level.

Impressing success of SM and CKM theory !!



Flavour In the Standard Model

CKM mechanism of flavour mixing and CP violation: Vekm, Jokm

3

q :I}_f,,r N Im[Vi; Vu Vi Vil = Jckm D €ikm€in
' ~ \..CKM m.n=1

Vi

wht Jckm ~ O(107°)
SUSY . ,1?7 ¥
Photon, £ §
N
= D D

T his success is somehow unexpected !!
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Global fit, consistency check of the CKM theory
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There is much more data not shown in the unitarity fits which

confirm the SM predictions of flavour mixing like rare decays



For comparison: some historical CKM fits
f
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However

e CKM mechanism is the dominating effect for CP violation and flavour mixing in the
quark sector; but there is still room for sizable new effects and new flavour structures.
The flavour sector has only be tested at the 10% level in many cases.

e [ he SM does not describe the flavour phenomena in the lepton sector.



Flavour problem of SM

Loy = EG{I’HQE (As, ;) + EHngS (D, ¥y, v)
e Gauge principle governs the gauge sector of the SM.
e NO guiding principle in the flavour sector:

CKM mechanism (3 Yukawa SM couplings) provides a phenomenological descripton
of quark flavour processes, but leaves significant hierarchy of quark masses and mixing

parameters unexplained.

[Vius| &~ 0.2, |V,3| ~ 0.04, |V,3| &~ 0.004 versus gs~ 1,9~ 0.6,9'~0.3

e Approximate symmetries (Froggatt -Nielsen)

e Geometry in extra dimensions (Randall-Sundrum)



Many open fundamental questions of particle physics are related to flavour :

e How many families of fundamental fermions are there 7

e How are neutrino and quark masses and mixing angles are generated 7
e Do new sources of flavour and CP violation exist 7

e Is there CP violation in the QCD gauge sector 7

e Relations between the flavour structure in the lepton and quark sector 7



Flavour problem of New Physics or how FCNCs hide?

L = L:Ga.-u.ge T EH'iQQS T Z Z/\
7

o> + .

e SM as effective theory valid up to cut-off-scale A

o KU — K%mixing 0° = (3d)?: SM/MZ, x (5d)2+ cNew/A? x (5d)2 = A > 10% TeV

e Natural stabilisation of Higgs boson mass (i.e. supersymmetry) = A ~ 1TeV

Ambiguity of new physics scale from flavour data

(Csm/Mw + Clp /Anp ) X O;



Flavour problem of New Physics or how FCNCs hide?

5
L= L:G'a.-u.ge + ‘C'H'i.gg.s + Z Z/\ Oz( ) + ...
)

e SM as effective theory valid up to cut-off-scale A

e KY— K%mixing 0° = (5d)?: SM/MZ x (5d)2 4 New/A? x(5d)2 = A > 10% TeV

e Natural stabilisation of Higgs boson mass (i.e. supersymmetry) = A ~ 1TeV

Possible New Physics at the TeV scale has to have a
very non-generic flavour structure

(Csm/Mw + Clp /Anp ) X O;



Flavour problem of New Physics or how FCNCs hide?

. _ 1
L = 'C'Ga."u.gc‘f + ‘C'H'i.ggs + Z JAN
1

o> + .

e SM as effective theory valid up to cut-off-scale A

e KY— KO%mixing 0° = (5d)?: SM/MZ x (5d)2 4 Nw/A? x(5d)2 = A > 10% TeV

e Natural stabilisation of Higgs boson mass (i.e. supersymmetry) = A ~ 1TeV

The indirect information will be most valuable when the general
nature of new physics will be identified in the direct search (LHC),
especially when the mass scale of the new physics will be fixed.

(Csm/Mw + Clp /Anp ) X O;



Minimal flavour violation as solution of NP flavour problem

-‘—

contribution of the new

W K o “ h d f freed
(Vﬂ; Vm)z , 1 “.--"'"- cavy aegrees o o111

!

M(Bd-ﬁd) ~ + 1! Cyp |
l6mM2 W A
tree 'strong + generic flavour
o1 TR TE > A22x10*TeV [K]
.- . loop + generic flavour
~1/(16 12) » A=2x10°TeV [K]
E"‘JP .
] ®Y7 N0 tree /st MEFV
~ (Vi V)2 e > A25TeV[K&By]
o ) loop + MFV
~ (V' V2 /a6m)  ZET T 8 A20.5 TeV [K & Byl

Courtesy of Gino Isidori



Minimal flavour violation hypoyhesis

e SM gauge interactions are universal in quark flavour space:
flavour symmetry SU(3)g, x SU(3)u, x SU(3)p,

e Symmetry is only broken by the Yukawa couplings Y;; and Yp
responsible for the gquark masses

e Any new physics model in which all flavour- and CP-violating

interactions can be linked to the known Yukawa couplings is MFV
d'Ambrosio,Giudice,Isidori,Strumia,heo-ph /0207036

e MFV implies model-independent relations between FCNC processes

e usual CKM relations between [b — s| « [b— d]| «— [s — d] transitions:
-we need high-precision b — s, but also s — d measurements

-B(B — Xay) « B(B — Xs&), B(B — Xowi) « B(K — ntvi)

¢ CKM phase only source of CP violation:
-phase measurements in B — oK or QME{JM are not sensitive to new physics

e The usefulness of MFV-bounds/relations is obvious; any measurement

beyond those bounds indicate the existence of new flavour structures
Hurth,Isidori,Kamenik,Mescia,arXiv:0807.5039

Hurth,Mahmoudi,arXiv1207.0688

MFV hypothesis is far from beeing verified



New Quarks ?



An additional chiral family of fermions (SM4)

()6 ()

()G E)

Resurrection of the fourth family Kribs,Plehn,Spannowsky, Tait arXiv:0706.3718

('Four statements about the fourth generations’)
Holdom,Hou,Hurth,Mangano,Unel arXiv:0904.4698

3 CP-phases (enough for baryogenisis ?7)

not excluded by electroweak precision data (as often stated in the PDG)

the mass of the fourth neutrino m, > Mz/2 (LEPI)

large loop effects in flavour observables possible (weaker constraints on Vis, Viq)

higgs production and decay are heavily affected by fourth generation via loops
(enhancement of gluon fusion process by factor 9)

— Data of the Higgs discovery rules out a perturbative fourth generation
Lenz et al. arXiv:1204.1252,1209.1101
/?j%

998883

loop hole: m, < My/2 opens a new invisable decay channel, but H — 77~ data closes it .



Vector-like quarks 7

e [ he left-handed and right-handed chiralities of a vector-like fermion transform in the
same way under the SM gauge group SU(3) x SU(2)r x U(1).

Example: weak charged current interactions %
SM chiral quarks (V-A) J¥ =9 v (1 —7vs) ¥ = Py, I+

_ _ _ K
Vector-like quarks (V) J¢ =y ¢' =yt + Yryrd,

e Mass term of vector-like quarks (my) is SU(3) x SU(2) x U(1) gauge-invariant
(no need for Higgs mechanism!)

— independent mass scale in the theory

e Vector-like quarks are introduced in many new physics models:

Composite Higgs, Little Higgs, Warped and universal extra-dimensions, non-minimal
Supersymmetry, Eg grand unification,...

Vector-like quarks can mix with SM quarks‘introducing large FCNC (even at trée level)



Search for vector-like quarks at LHC
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Implications of the measurement of Bs — pu



Recent theory effort to eliminate perturbative uncertainties of 7%

NLO QCD corrections Buchalla,Buras 1999, Misiak, Urban1999
— NNLO QCD corrections Hermann,Misiak,Steinhauser arXiv:1311.1347

Leading-m¢s NLO electroweak corrections Buchalla,Buras 1998

— NLO electroweak corrections Bobeth,Gorbahn.Stamou arXiv:1311.1348

CMS and LHCb (LHC run |)

© 0o 90 9
o N o ©

B(B®— ut ) [10°7]

©c ©
> o

O
w

|IIII|IIIIlllllllllllllll IIII|IIII|III

O
no

SM

O
—

1 2 3 4 5 6 7 8 9
B(BY — ut u) [107]

Q
o
©



Error budget:
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Implications of the latest measurements of B; — uu

Agpm ~ my/my < AHU,AD ~ tan3 3

b Wol. + T




Constraints on CMMSM Mahmoudi,Neshatpour,Virto arXiv:1401.2145

CMSSM - tan =40, A =-2 m,

;2000_'I'I'I |'I' I'I'l'l'l'l'l
) L ] Allowed
S : Egﬂ(%—mu)
£ 1500 B EIBR(B—HS(S'-()
[l BR(B—1v)
1000
/IZAIQ
500 ‘ G-
| I IR Al. ) I L | I s | | e | |

500 1000 1500 2000
m,, (GeV)

Black line correponds to direct search: ATLAS with 20.3fb—1



Constraints on CMMSM Mahmoudi,Neshatpour,Virto arXiv:1401.2145

CMSSM - tan B=20, A =-2 m,

] Allowed
L_1BR(B —up)
B B-K up

[CIBR(B—X.y)
B BR(B—1v)

500 1000 1500 2000
m,, (GeV)

Black line correponds to direct search: ATLAS with 20.3fb~1



Semileptonic penguin decays



Motivation

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

e Exclusive modes are experimentally easier (LHCb), but have larger the-
oretical uncertainties (issue of unknown power corrections !)

e Inclusive modes require Belle-II for full exploitation (complete angular
analysis) but are theoretically very clean

e Inclusive modes allow for crosschecks of recent LHCb anomalies



T heoretical tools for flavour precision observables

"’ My N

short-distance physics
QCD my, perturbative

_________ I o= few x AQCD:

long-distance physics
nonperturbative

AQcp
Factorization theorems: separating long- and short-distance physics

e Electroweak effective Hamiltonian: H.¢f = —470-25- > Ci(ps Mheany) Oi(p)

o =~ MZ, >> M3 : 'new physics' effects: C*M(Mw) 4 CN“(Mw)

How to compute the hadronic matrix elements O;(p =my) 7



Inclusive modes B — Xsv and B — X /10

How to compute the hadronic matrix elements O;(p =my) ?

e Heavy mass expansion for inclusive modes:

I'(B L XS7) mb_—';}c I_(b N Xg)a'rton,y) ’ Anonpert. ~ /\%CD/mI?

No linear term Agcp/my, (perturbative contributions dominant)




Inclusive modes B — Xsv and B — X /10

How to compute the hadronic matrix elements O;(p =my) ?

Heavy mass expansion for inclusive modes:

F(B . XS’Y) mb;;xa r(b . Xgarton,y) , Anonpert. N A%C'D/mg

No linear term Agcp/my, (perturbative contributions dominant)

An old story:

— If one goes beyond the leading operator (O4, Og):
breakdown of local expansion

A new dedicated analysis:

naive estimate of non-local matrix elements leads to 5% uncertainty.
Benzke,Lee,Neubert,Paz,arXiv:1003.5012
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Analysis in B — X ¢ work in progress, Benzke,Fickinger,Hurth, Turczvk,..



Difference between exclusive and inclusive b — sv, // modes:

Inclusive

/\2/an corrections can be calculated for the leading operators in the local
OPE .

A\ /my, corrections to the subleading operators correspond to nonlocal matrix
elements and can be estimated !

Exclusive

No theory of A/mb corrections at all within QCD factorization formula (in
the Iow—q2 region); these corrections can only be "guesstimated” !



Perturbative calculations in B — Xsv

Perturbative QCD corrections double the rate and lead to large logarithms
as(Mw)Log(m# /| Mg,) — resummation of Logs necessary:

LL Leading logs Gr (agLog )N N=0,1,2,...
NLL Next-to-leading logs Gr as (as Log )N
NNLL Next-to-next-to-leading logs Gp a§ (as Log )N

NLL 1996 Chertyrkin,Misiak,Munz: Greub,Hurth,Wyvler: Adel Yao; 1996

NNLL 2006 Misiak et al.; collaboration of 17 scientists, arXiv: 0609232

Update of NNLL 2015 Misiak et al.; collaboration of 18 scientists, arXiv:1503.01789
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Perturbative calculations in B — Xsv

Perturbative QCD corrections double the rate and lead to large logarithms

as(Mw)Log(m# /| Mg,) — resummation of Logs necessary:

3.

3.

3

LL Leading logs Gr (agLog )N N=0,1,2,...

NLL Next-to-leading logs Gr o (as Log )N

NNLL Next-to-next-to-leading logs Gpa?(asLog N

NLL 1996 Chertyrkin,Misiak,Munz; Greub,Hurth,Wyler; Adel Yao; 1996

NNLL 2006 Misiak et al.; collaboration of 17 scientists, arXiv: 0609232

Update of NNLL 2015 Misiak et al.; collaboration of 18 scientists, arXiv:1503.01789

S
B x 10*
8 - NLO . “Central” values:
6: L Ho = 160 GeV
JAF / 4
8 = 1.5 GeV
J/ __——— ' NNL
¥ charm mass renormalization scale [,

2 4 6 8 10



Perturbative calculations in B — Xsv

Perturbative QCD corrections double the rate and lead to large logarithms
as(Mw)Log(m# /| Mg,) — resummation of Logs necessary:

LL Leading logs Gr (agLog )N N=0,1,2,...
NLL Next-to-leading logs Gras (as Log )N
NNLL Next-to-next-to-leading logs Gp a§ (as Log )N

NLL 1996 Chertyrkin,Misiak,Minz:; Greub,Hurth,Wyvler; Adel Yao; 1996

NNLL 2006 Misiak et al.; collaboration of 17 scientists, arXiv: 0609232

Update of NNLL 2015 Misiak et al.; collaboration of 18 scientists, arXiv:1503.01789

Experiment: Theory:

BEP = (3.43+0.21 £0.07) x 10~* B = (3.36£0.23) x 107*

The theoretical NNLL prediction of the SM branching ratio
Is consistent with the experimental data within 1lo.



Perturbative calculations In B — Xy

Perturbative QCD corrections double the rate and lead to large logarithms
as(Mw)Log(m# /| Mg,) — resummation of Logs necessary:

LL Leading logs Gr (agLog )N N=0,1,2,...
NLL Next-to-leading logs Gr as (ag Log )N
NNLL Next-to-next-to-leading logs Gp a§ (as Log )N

NLL 1996 Chertyrkin,Misiak,Minz:; Greub,Hurth,Wyvler; Adel Yao; 1996

NNLL 2006 Misiak et al.; collaboration of 17 scientists, arXiv: 0609232

Update of NNLL 2015 Misiak et al.; collaboration of 18 scientists, arXiv:1503.01789

Experiment: Theory:

BEP = (3.43+0.21 £0.07) x 10~* B = (3.36£0.23) x 107*

Bounds on NP parameters: M+ > 480 GeV at 95%C.L.

M+ > 358 GeV at 99%C.L.



Complete angular analysis of inclusive B — X/
Huber,Hurth,Lunghi, arXiv:1503.04849

W

w s b, S b S
=Y ZVL/V\Pé
' Z
/N N\ (-

e Phenomenological analysis to NNLO QCD and NLO QED for all angular
observables

e Electromagnetic effects due to energetic photons are large and calculated
analytically and crosschecked against Monte Carlo generator events

Size of logs depend on experimental set-up

We assume no photons are included in the definition of q2 (di-muon
channel at Babar/Belle, di-electron at Belle)

Babar’'s di-electron channel: Photons that are emitted in a cone of 35 mrad
angular opening are included in g2

Monte Carlo techniques needed to estimate this effect !



e "Latest” Belle measurement of branching ratio is based on less than 30%
of the total luminosity

Belle hep-ex/0503044 (!!1) (based 152 x 10°BB events)
Babar hep-ex/0404006 (!!1) (based 89 x 10°BB events)

Integrated luminosity of B factories

>1ab™!
On resonance:
Y(5S): 121 b !
Y(4S): 711 !
Y(3S): 3!
Y(2S): 25 b
Y(1S): 6 b !
Off reson./scan:

~100 b !

~ 550 fb!
On resonance:
Y (4S): 433 b
Y(3S): 30 fb '
Y (2S): 14 b
Off resonance:
~54 fb™!

1998/1 2000/1 2002/1 2004/1 2006/1 2008/1 2010/1 2012/1

Two new analyses from the B factories:
New Babar analysis on dilepton spectrum arXiv:1312.3664

New Belle analysis on AFB arXiv:1402.7134



Huber,Hurth,Lunghi

Observables

der 3 2 2 2 2 2
= = [(1+Z°) Hr(q%) + 2z Ha(g°) +2(1 — 2°) HL(g%)] (z = cos ;)

dg2dz 8
dArg
= 3/4 Ha(q
dgz — 24 Ha(@)
0.5
Res
Sy
cF
M
I
-0.3 E— < -
G 05, 5 10 15 20
q° [Gevz][Ghiﬂcu|OV.Hurth.ISidO”.YaO] q? [GeVZ] [Ghinculov,Hurth, Isidori, Yao]

Low-q? region: 1GeV? < g2 < 6 GeV? High-g? region: g2 > 14.4 GeV?



Huber,Hurth,Lunghi

Dependence on Wilson coefficients Hr(g?) o 2s(1 — s)? [|C9 + 2 C7|2 + |C10|2]
S

Ha(g%) x —4s(1 —s)® Re [010(09 + % Gz)]

Hp suppressed in low-g2 window Hi(q?) o (1 — 8)2[|Cg+2C7|2+|C10|2]

Devide low-g? bin in two bins (zero of Hy4 in low-g?2)
Lee,Ligeti,Stewart, Tackmann hep-ph/0612156

Most important input parameters

m,> = (4.691 +0.037)GeV, (M) = (1.275 + 0.025)GeV
|ViEVin/ Ven|? = 0.9621 4 0.0027 , BR>* = (10.51+0.13)%

b—cev

Perturbative expansion (NNLO QCD 4+ NLO QED) s K = Qem/ Qs

A = &k [ALO + (g ANLO + ai ANNLO + O(O‘:;)]
+ K2 AT+ as AT, + a2 A o + O(a?)] + O(°)

LO= aem/as, NLO= aem, NNLO= Xem (s



Huber,Hurth,Lunghi
e Normalization:

d BR(B — Xll) 2 1 dr(B— X,1I)/ds
ds - beeer V| C (B = Xyen)
2 s —
C= Vi I'(? — Xceli) = 0.574 +-0.019 Gambino,Schwanda, arXiv:1307.4551
Voo | T(B— X,ep)




Huber,Hurth,Lunghi

e Collinear Photons give rise to log-enhanced QED corrections aem Iog(mg/mg)

e Higher powers of z in double differential decay width

— Definition of H; 7 Sensitivity for QED observables ?

We use Legendre poynomials for Hy and Hjy and Sign(z) for Hy

We can construct QED sensitive observables (vanish in absence
of QED) by Legendre projectors Pz(z) or P,(z): 108




Huber,Hurth,Lunghi

e Collinear Photons give rise to log-enhanced QED corrections aem Iog(mg/mg)

e Higher powers of z in double differential decay width
— Definition of H; 7 Sensitivity for QED observables ?

e Size of logs depend on experimental set-up
q2 — (P£+ + Py— )2 VS. q2 - (pg+ + Pe— + p*y,coll)z

— We assume no photons are included in the definition of ¢2
(di-muon channel at Babar/Belle, di-electron at Belle)

— Babar’'s di-electron channel: Photons that are emitted in
a cone of 35 mrad angular opening are included in g2

Monte Carlo techniques needed to estimate this effect
Be|

s —1=1.65% TP P s 1= 6.8%
[B ee ]q:pe- +P,— [ eleg

l
Ly q=Pet +Pe— +Preey

] q:pe+ +pe—



Monte Carlo analysis
(event generator EVTGEN, hadronization JETSET, EM radiation PHOTOS)

high
[Bgv]q Pe+ +Pe— 1P [Beg ]q Pat +Pe— +P
o = 5 el {1 —1.65% — E e Pt {4 — 6.8%
12
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Huber,Hurth,Lunghi

Results Significant electromagnetic corrections:

Shift of Hp of 70% (no breakdown of perturbation theory)



Huber,Hurth,Lunghi

Results Significant electromagnetic corrections:




Huber,Hurth,Lunghi

Results

Low-¢2 (1GeV?2 < g2 < 6GeV?2)
BR(B — Xgee) = (1.67 £0.10) 107°
BR(B — Xsup) = (1.62 +0.09) 10~°
Babar:BR(B — Xll) =

= (1.60 (40.41—0.39)514¢(4+0.17—0.13) 55t (£0.18),,,4) 1076

good agreement with SM



Huber,Hurth,Lunghi

Results

High-¢2, Theory: ¢2 > 14.4GeV2, Babar: ¢2 > 14.2GeV?2
BR(B — Xsee) = (0.220 £+ 0.070) 10~°

BR(B — Xspp) = (0.253 4+ 0.070)10~°

Babar:BR(B — Xll) =

(0.57 (40.16 — 0.15)5¢at(+0.03 — 0.02) 5¢) 10~6

20 higher than SM

Significant higher values predicted in Greub et al. due to missing power
and QED corrections and different cut Greub,Pilipp,Schupbach,arXiv:0810.4077

(but perfect agreement if we use their prescriptions)



Huber,Hurth,Lunghi
Further refinement

Normalization to semileptonic B — X, /v decay rate with the same cut
reduces the impact of 1/m; corrections in the high-¢? region significantly.

Ligeti, Tackmann arXiv:0707.1694
Theory prediction for ratio
R(sg)ee = (2.25 +0.31) 103

R(sg)up = (2.624+0.30) 103

Largest source of error are CKM elements (V)

Note: Additional O(5%) uncertainty due to nonlocal power
corrections O(as/\/my)



Further results

in units of 10—°

Hi[1,3.5]ee =0.64 + 0.03 H.[1,3.5],, =0.68 + 0.04
H;[3.5,6]ee =0.50 + 0.03 H.[3.5,6],,, =0.53 + 0.03
HL[1,6]ee =1.13 +0.06 H.[1,6],, =1.21 +0.07
Hr[1,3.5]ee =0.29 + 0.02 Hr[1,3.5],, =0.21 4 0.01
Hr[3.5,6]ee =0.24 + 0.02 Hr[3.5,6],, =0.19 + 0.02
Hr[1,6]ee =0.53 + 0.04 Hr[1,6],, =0.40 + 0.03

Huber,Hurth,Lunghi

Ha[1,3.5]ee = — 0.103 £0.005  Ha[1,3.5],,, =— 0.110 + 0.005

HA[3.5,6]0 = +0.073+0.012  Ha[3.5,6],,, = + 0.067 + 0.012

Ha[1, 6]ee = — 0.029 + 0.016 Ha[1,6],, =— 0.042 +0.016

Total error O(5 — 8%). Still dominated by scale uncertainty



) I Huber,Hurth,Lunghi
New physics sensitivity

Constraints on Wilson coefficients Cq/C3M and C1q/C7) R — Ci(po)

| | - CM(po)
that we obtain at 95% C.L. from present experimental data

(red low ¢2, green high ¢2)

that we will obtain at 95% C.L. from 50ab—! data at Belle-II
(yellow)




Constraining power of exclusive and inclusive modes
Hurth, Mahmoudi arXiv:1312.5276
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Exclusive observables
(B— Kptp™)

Exclusive observables
(B— K*utp™)

Inclusive observables



Exclusive modes B — K )¢y

QCD-improved factorization: BBNS 1999

T = COE + ¢p T ® ¢g g+ + O(A/my)

— Separation of perturbative hard kernels from process-independent
nonperturbative functions like form factors

— Relations between formfactors in large-energy limit

— Limitation: insufficient information on power-suppressed A/my terms
(breakdown of factorization: 'endpoint divergences')

Construction of optimised angular observables
Egede,Hurth,Matias,Ramon,Reece,arXiv:0807.2589,arXiv:1005.0571
see also Altmannshofer et al.,arXiv:0811.1214; Bobeth et al.,arXiv:0805.2525 .........



Careful design of theoretical clean angular observables
Egede, Hurth,Matias, Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and &, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

A o= AEL”_J] (1 -|—CJ__~||_~[|) vary ¢; in a range of £10% and also of £5%
Guesstimate

q°(GeV") a?(GeV’)
The experimental errors assuming SUSY scenario (b) with large-gluino mass
and positive mass insertion, is compared to the theoretical errors assuming the SM.



Careful design of theoretical clean angular observables
Egede, Hurth,Matias, Hamon,Reece,arXiv:0807.2580 arXiv:1005.0571

— Dependence of soft form factors, £, and &, to be minimized !
form factors should cancel out exactly at LO, best for all s
— unknown A/m; power corrections

A o= *4Dl,ll,ﬂ (1 -|—CJ__~||_~[|) vary ¢; in a range of £10% and also of £5%
Guesstimate

q° (GeV’)

T his was the dream 1in 2008



Differential decay rate of B — K*W/

Assuming the K* to be on the mass shell, the decay B° — K*%(— K—=xT)¢te-
described by the lepton-pair invariant mass, s, and the three angles 6;, fg-., ¢.

diT 9

= —J(q°, 0,0
dq? dcosO;dcos O dpp 32w (4”01, 0K, )

J[{IE! EE! Hf‘f! ¢'} —
= Jy sin? O + Ji.cos® O + (Jog sin? O + Jo. cos? O ) cos 20; + Jg sin? B sin® 6 cos 2

+J, sin 20f sin 26) cos ¢ + J5 sin 20 sin 8 cos ¢ + (Jgs sin? O + Jg. cos? O ) cos 6

+.J5 sin 20 sin @) sin ¢ + Jg sin 20k sin 26; sin ¢ + Jg sin? 8 sin? ; sin 2¢

Large number of independent angular obervables



Optimised basis of clean (formfactor-independent)
observables: P,

J4ﬁ
) = (Aﬁ?) , ML

ni[?—|ny|®> s
Py 2 2
In-l-| + |n||| 2J25
Pg Re(nl n“) f JGS
|2 + [ |? 8.J2s
P, Im(njrL n) Jo
2+ nif? 4
- Re('n.f) n”) V2J,
4 — , - ?
\/|n|||2|'n.0|2 \/—ch(szs — J3)
B Re(nin,) BeJs
T VPP V202 + J5)
Im(n/, n) BeJ7
6 = - ;
\/|n|||2|'n.0|2 \/_Qch(szs — Ja)

A
) (—A’E*> ST (

Definition of P

J
P, =P\/1-P, = .

V _J2c']23
J-
P = P14+ P = =
’ 1 2\/ _J2C.J2s
J7
P,=Ps\/1—P = —
° ’ l 2\/ —J2c-]2s



B — K*¢t¢— observables in the high-¢2 region

Grinstein,Piriol hep-ph /0404250, Beylich,Buchalla,Feldmann arXiv:1101.5118
Bobeth Hiller,van Dyk arXiv:1006.5013,1105.0376

local operator product expansion is applicable (g% ~ m?)

the leading power corrections are shown to be suppressed by (A/my)2 or as\/m;,

Magnitude of A/my can be estimated due to existence of an OPE/HQET

Formfactors at high-qz: extrapolation, future unquenched lattice results

thus, small theoretical uncertainties,
but less sensitivity to short-distance

Wilson coefficients than in the low-¢? region

The theoretical treatment in the low- and high-¢g2 based
on different theoretical concepts.

= the consistency of the consequences out of the two sets
of measurements will allow for an important crosscheck.



Measurements of forward-backward asymmetry in B — K*utpu—

14

2]
backward forward

Theory I Binned
- HCD

—T T I Excellent agreement with SM
at current level of precision.

However:

Many more angular observables
iIn B — K*up to be measured,
more sensitive to NP than AFB.

New flavour structures needed !

10 15 0
q° [GeV</c] LHCDb arXiv:1304.6325



First measurements of new angular observables LHCD arXivi1308.1707

SM predictions Descotes-Genon, Hurth, Matias, Virto arXiv:1303.5794
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Good agreement with SM in P/, P, and Py,

but a 3.7¢ deviation in the third bin in F;



First measurements of new angular observables LHCb arXiv:1308.1707

SM predictions Descotes-Genon, Hurth, Matias, Virto arXiv:1303.5794
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LHCb Anomaly

a statistical fluctuation, an underestimation

of A/my corrections or new physics in Cqg 7
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LHCb Anomaly Hurth, Mahmoudi arXiv:1312.5276,1411.2786

e Power corrections: No strict theory: A’ = A;(1 + C;), 10%

C;

3% on the observable level: 4.00
More realistic: 10% on the observable level: 3.60

Dimensional estimate, some soft arguments

Assume 30% : 2.20 Descotes,Matias,Virto arXiv:1307.5683

e Validity of QCDT and of perturbative description
of charm loops: [1GeV?2,6GeV?],
but local bin is ¢2 € [4.3,8.63]GeV ?

e Issue of charm loops Khodjamirian et al. arXiv:1006.4945

Only soft gluon (but no spectator) contributions
iIncluded yet



e Analysis of factorizable power corrections
Descotes,Hofer,Matias,Virto,arXiv:1407.8526
mpg

As(q) = A £1(q%) = §(¢®)] + AAS(¢°) + AAZ (7).
2 E 2 as (2 Ay 2 (2), 2\ _ MK* 2
Ao(q”) = — iI(q°) + AAG*(¢°) + AAy(q7) §7(@7) = ——A(a)

Only central value of power corrections fixed
Guesstimate of factorizable power corrections: 10%
Nonfactorizable power corrections still open



e Analysis of factorizable power corrections
Descotes,Hofer,Matias,Virto,arXiv:1407.8526

(") = P [61(6°) ~ §(@)] + DA (@) + DY),
2 E 2 s (2 A2 (2)/.2y — MK* 2
Ao(q”) = — iI(q°) + AAG*(¢°) + AAy(q7) §7(@7) = ——A(a)

Only central value of power corrections fixed
Guesstimate of factorizable power corrections: 10%

Nonfactorizable power corrections still open

e Suggestions beyond guessing numbers

Direct calculation of QCD formfactors including correlations
(problematic correlations used due to internal parameters of

the QCD sum rule approach)
Altmannshofer et al.,arXiv:0811.1214 Zwicky et al., arXiv:1503.0553

Methods used in an analysis of B — KW/
Kjodjamirian,Mannel,Wang,arXiv:1211.0234

Kjodjamirian et al.,arXiv:1006.4945



e New physics explanations

® "The usual suspects, such as the MSSM, warped extra
dimension scenarios, or models with partial compositeness,
cannot accommodate the observed deviations ..... "

Gauld, Goertz, Haisch arXiv:1308.1959:1310.1082
Altmannshofer, Straub arXiv:1308.1501

Coefficient lo 20 30

cF [—0.05,—0.01]  [-0.06,0.01]  [-0.08,0.03]
Co" [—1.6,—0.9] [—1.8,-0.6] [-2.1,—0.2]
Clo (—0.4,1.0] [—1.2,2.0] [—2.0, 3.0]
chF [—0.04,0.02]  [=0.09,0.06] [—0.14,0.10]
cor [—0.2,0.8] [—0.8,1.4] [—1.2,1.8]
chy (—0.4,0.4] [—1.0,0.8] [—1.4,1.2]

Model-independent analysis Descotes,Matias,Virto arXiv:1307.5683

e 10 solutions: Z' -models (331-models....): only change Cq

Descotes,Matias,Virto arXiv:1307.5683
Altmannshofer, Straub arXiv:1308.1501
Gauld, Goertz, Haisch arXiv:1308.1959:1310.1082

Buras,De Fazio,Girrbach arXiv:1311.6729
Altmannshofer,Gori,Pospelov,Yavin arXiv:1403.1269



e SUSY are compatible with the anomaly at the 20 level

Overall fit at the 1o level  Mahmoudi Neshatpour,Virto arXiv:1401.2145
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Update of LHCb at Moriond 2015

[LHCb-CONF-2015-002]

A 1 L l ] 37pL
B LHCb _
05k preliminary -
SM from DHMYV -

[1407.8526]

O_ I -
e e ol :
05 _
: T ++*
5 I T R T —

¢ [GeV et
Tension seen in P in [PRL 111, 191801 (2013)] confirmed
4.0,6.0] and [6.0, 8.0] GeV?/c* show deviations of 2.9 each
Naive combination results in a significance of 3.7¢

Compatible with 1f6=' measurement



Signs for lepton non-universality 7 LHCb; arXiv:1406.6482

B(Bt — K utu™)

Ry = BB = Kioe) 0.7451000% (stat) £ 0.036 (syst) 2.60 deviation from SM
erte '
T heoretically rather clean Hiller,Schmaltz; Ghosh et al.; Biswas et al.;
Straub et al.;Hurth et al.;Glashow et al. .........
Global fits to the b — s// data Hurth,Mahmoudi,Neshatpour,arXiv:1410.4545
0.45_ ! ! | ! ! ! | T T lggsg"ctl —g _:_ ....... L I.,.,.].,.].,.,.].,.I.E
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0.2— | = )
i | E
= - ] N
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O 0 ’ e -
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Fit results for two operators

Tensors, scalars difficult, sign for tension in Cg‘

Electromagnetic corrections are taken into account !



Fit results for four operators

{CQ, CS,)a 0107 CiO}

I I WoscL
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1 0 1
8C,/C3"
{Cy, Cy} {Co,Cio}
Best fit point: x2: 52 (52) 52 (52)

SM
10

3C,/C

0.5

0.5

Larger new physics contributions are allowed within 1o

L [ I
[os cL
[CJeescL —

51 (50)

1r~SM
8C,,/CY,

{CQaC{)vClOa 10}

/
Adding C‘% or primed operators does not improve the fit !



{C5.C", C5,Co°}
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Best fit point: x%: 52 (52) 42 (50)

Fit improved by 2.60

Assuming that this specific four-operator scenario is
correct, the one with the two-operators is ruled out by 2.6c




{CF.C§,C1y,C5o } Larger new physics contributions are allowed within 1o
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Again X-Q favours the non-universal extension against the universal one

Many 1o NP solutions on the market (even to resolve several anomalies Ry, Ry, 9 — 2)



Crosscheck of LHCb anomalies with inclusive modes
Hurth,Mahmoudi,Neshatpour,arXiv:1410.4545

if SM deviations in Rgx and P; persist until Belle-II
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If NP then the effect of Cg and C, are large enough to

be checked at Belle-II with theoretically clean modes.



Future experimental opportunities

e LHCb 5fb=1, LHCb upgrade to 50fb—1!
allows for wide range of analyses, highlights:
Bs mixing phase, angle v, B — K*up, Bs — pp,Bs — ¢¢

e Dedicated kaon experiments J-PARC E14 and CERN P-326/NA62:

rare kaon decays K? — n%w and Kt — ntuvw

e Super-B factory Belle-II at KEK (50ab™1)
Belle-II is a Super Flavour factory: besides precise B measurements,

CP violation in charm, lepton flavour violating modes 7 — u~,...



Michelangelo Mangano (Aspen2014):

e [ he days of "guaranteed” discoveries or no-lose theorems in particle physics are over,
at least for the time being .....

e but the big questions of our field remain open (hierarchy problem. flavour, neutrinos,
dark matter, baryogenesis,...)

e T his simply implies that, more than for the past 30 years, future HEP's progress is
to be driven by experimental exploration, possibly renouncing/reviewing deeply rooted
theoretical bias.
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Giacomo Caccianaalia IPN Lvon

pvark wiatier in tne wilky way

Fabio locco ICTP-SAIFR & IFT-UNESP, S&o Paulo
Arianna Di Ci—*- ==~ = - -

Miguel Pato |
Christoph We
May 2-13, .

Neutron Skins of Nuclei

Charles Horowitz Indiana Univ.

Jorge Piekarewicz Florida State Univ.
Concettina Sfienti, Marc Vanderhaeghen JGu
May 17-27, 2016

Exploring the Energy Ladder of the Universe
Pasquale Di Bari, Steve King Univ. Southampton
Qaisar Shafi univ. Delaware

May 30-June 10, 2016

TOPICAL WORKSHOPS

Flavor and Electroweak Symmetry Breaking

Giulia Ricciardi Univ. Naples Federico Il
Tobias Hurth, Matthias Neubert JGu

June 13-24, 2016, Capri, Italy

Understanding the First Results from LHC Run Il
Tilman Plehn Univ. Heidelberg

all for proposals for activities in 2017

June 27-July 22, 2016
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Deadllne 31.1.2016

relx Tu, JOse LUria Jeu
August 22-September 9, 2016

MITP SUMMER SCHOOL
New Physics on Trial at LHC Run I

Joachim Brod, Maikel De Vries
Anna Kaminska, Felix Yu
Matthias Neubert JGu

July 25-August 5, 2016

Determination of the Fundamental Parameters in QCD
Irinel Caprini IFIN-HH Bucharest

Konstantyn Chetyrkin INR Moskau

Cesareo A. Dominguez Univ. Cape Town

Antonio Pich Univ. Valendia, Hubert Spiesberger Jcu

March 7-12, 2016

Relativistic Hydrodynamics: Theory and Modem Applications
Francesco Becattini Florence Univ.

Dmitri Kharzeev Stony Brook Univ. & BNL

Dirk H. Rischke Goethe Univ. Frankfurt

Dam Thanh Son Univ. Chicago

Mikhail Stephanov Univ. lllinois, Chicago

October 10-14, 2016

For more details: http://www.mitp.uni-mainz.de
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Review of previous calculations for B — X/

e On-shell-ce-resonances =- cuts in dlepton mass spectrum necessary :
1GeV? < g2 < 6GeV? and 14.4GeV? < g2 = perturbative contributions dominant

d 5 _ _
LBR(B — XI*1~) x 1075

N%s b b s
)| SN (- (-

%
o.¢ c.s

s = q2/m§

e NNLL prediction of B — X./T¢—: dilepton mass spectrum
Asatryan,Asatrian,Greub,Walker, hep-ph/0204341;
Ghinculov,Hurth,Isidori,Yao hep-ph/0312128:

BR(B — X007 s prenicev-scevs] = (1.63 £0.20) x 107°

BR(B — X117 )cur go14.4cev> = (4.044+0.78) x 10~7
NNLL QCD corrections ¢? € [1GeV?,6GeV?]
central value: —14%, perturbative error: 13% — 6.5%



e Further refinements:

— Completing NNLL QCD corrections:
Mixing into Og (4+1% ), NNLL matrixelement of Og (—4% )

— NLL QED two-loop corrections to Wilson coefficients
—1.5% shift for aen(p =my), —8.5% for aem(p = my )
Bobeth,Gambino,Gorbahn,Haisch, hep-ph/0312090

— QED two-loop corrections to matrix elements
Large collinear logarithm Log(ms/m¢) which survive intregration
if a restricted part of the dilepton mass spectrum is considered
+2% effect in the low-g? region for muons, for the electrons
the effect depends on the experimental cut parameters
Huber,Lunghi,Misiak, Wyler, hep-ph/0512066

e NNLL prediction of B — X /+¢—: forward-backward-asymmetry (FBA)
Asatrian, Bieri, Greub, Hovhannisyan, hep-ph/0209006;
Ghinculov,Hurth,Isidori,Yao, hep-ph /0208088, hep-ph/0312128:

1 . d’r 0 d’r
A = / d(cos @) - / d(cos @)
[ semitep \JO dg?d cos 6 Y dg?d cos 6
(6 angle between ¢t and B momenta in dilepton CMS)
Arp(gd) =0 for ¢3~C7/Co q5 = (3.90+0.25)GeV?




e Again additional subtleties = additional uncertainties

— Locally: breakdown of OPE in Agcp/ms in the high-s (¢°%) endpoint
Partonic contribution vanishes in the limit s — 1, while the 1/m}
corrections in R(s) tend towards a nonzero value.

Theoretically: s-quark propagator in the correlator of OPE:
K+iDD
k24 2ik-D— DD +is

Endpoint region of the q2 spectrum in B — X171~ different from endpoint
region of the photon spectrum of B — Xv:

> ~mi~ Mz = k~N, k?~A? = complete breakdown of OPE

no partial all-orders resummation possible, shape-function irrelevant
Buchalla,Isidori

Ss(k) =

Practically: for integrated high-s (g?) spectrum one finds an effective
expansion (smin & 0.6): Ghinculov,Hurth,Isidori,Yao hep-ph/0312128

1 B 1.6)\2 1.8p1 + 1.7f1 '
/S ds R(s) = [1 — 21— V)2 + m3(1 = \/mpl X Lm ds R(8)| o

min



— Hadronic invariant-mass cut is imposed in order to eliminate the background
like b — c(— seTv)e v = b — sete 4 missing energy

*

*

*

Babar,Belle: my < 1.80r2.0GeV
high-g? region not affected by this cut
kinematics: X; is jetlike and mif < mpN\ocp = sShape function region

SCET analysis: universality of jet and shape functions found:

the 10-30% reduction of the dilepton mass spectrum can be accurately
computed using the B — Xy shape function

5% additional uncertainty for 2.0GeV cut due to subleading shape functions
Lee,Stewart hep-ph/0511334

Lee,Ligeti,Stewart, Tackmann hep-ph/0512191

Lee, Tackmann arXiv:0812.0001 (effect of subleading shape functions)
Bell,Beneke,Huber,Li arXiv:1007.3758 (NNLO matching QCD — SCET)



Quark-hadron duality violated in B — X ¢t¢— 7  BBNS, arXiv:0902.4446

Within integrated branching ratio the resonances J/i» and i;-i:’ exceed the
perturbative contributions by two orders of magnitude.

B(B — X_ITl7) /ds [1079]
L




Quark-hadron duality violated in B — X /t¢~ 7 BBNS, arXiv:0902.4446

Within integrated branching ratio the resonances J/v and yb’ exceed the
perturbative contributions by two orders of magnitude.

for

2)|E

The rate I; — lrete™ (a) is connected to the integral over IM(q
which global duality is NO'T expected to hold.

In contrast the inclusive hadronic rate I{ — [,X (b) corresponds to the
imaginary part of the correlator M(g?).



