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The context

The Higgs discovery at LHC run | completes the
Standard Model. No compelling deviations from theory,
but some anomalies (mainly in flavour physics).

This is in contrast to theory expectations, or at least
hopes (such as light superpartners).

Need to revisit preconceptions/prejudices, eg move
beyond CMSSM etc. Likely to be data-driven, by
upcoming high-luminosity LHC run and non-LHC
intensity-frontier and precision-frontier experiments.

The “obvious™ next step is precision Higgs physics
(branching ratios etc). | will argue that this is on equal
footing with a much larger class of measurements
including flavour violation, anomalous SM particle
properties, etc.

The UK PP community is a main player across the board



Why and what BSM physics?
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Discovery of a fundamental scalar makes the naturalness
problem real, i.e. more severe than ever. If there is a physical
scale M above Mz, as suggested by near-unification of
couplings, the baryon asymmetry, neutrino masses, gravity,...
then the weak scale is unstable to quantum corrections.

1D . ZFz'a Fia,uz/
»CSM Z wf/y uy Z 19 EW scale settlng
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fermion masses and SM flavour physics

Naturalness problem is (mostly) caused
by top Yukawa, a flavour-specific term

H- - ---H

Physics addressing naturalness should
be flavourful, too

This happens in supersymmetry, extra dim/composite Higgs, ...
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BSM flavour

The new particles’ couplings tend to mediate flavour changes
(they do in all the “natural” proposals for TeV physics)

At least they will have CKM-like flavour violations (minimal
flavour violation), so will always affect rare decays.

be W b Xk
t Y tiY )
B->K'y
S S B->Xsy

Of course BSM particles will mediate X\ BN Y
flavour-conserving processes, too. ... 3



Flavour constrains the new physics scale...

A[TeV]

100 ¢
i J Kamenik, Beach 2014
10° :
10% . .
. (D and Bs CP violation

1071 constraints are expt limited;
10° . K and By, at the moment,

10 theory limited)

k9-x0 po_po0 pBO_BO BB

... and its flavour-symmetry-breaking structure

Eg supersymmetry (MSSM) is minimally flavour violating (and
the EW symmetry unbroken) in the absence of soft SUSY
breaking; non-minimal flavour violation probes the SUSY
breaking mechanism.
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What BSM effects?

Heavy physics with mass scale M described by local effective
Lagrangian at energies below M

Effective Lagrangian dimension-5,6 terms describes all BSM
physics to O(E4/M?) accuracy. Systematic & simple.

_ _ Buchmuller, Wyler 1986
Qu (Lpyuly ) (Lsy™ L) Grzadkowski, Misiak, Iskrzynski, Rosiek 2010

qq (%74:)(27"a:) operators (vertices) are catalogued for

(q
w | (@7T'e)(@"'e:)  arbitrary (heavy) new physics
(1)
qu (p’yu )( s Qt)
(q

Only trace of BSM physics is in their
Ql(s) (p’yu IZ) Y PRy

AT ) (Wilson) coefficients

Higgs physics (production & decay) probes 19 operators

B physics O(100) operators (more if lepton flavour violation)
Lepton flavour violation O(100) eg Crivellin, Najjari, Rosiek 2013

(Top physics in principle many more, mostly 3-body hadronic
decays.)



What UK activities?

UK has an large and influential flavour physics community
LHCDb (11 UK groups)
NAG2 (rare kaons) covered in
SHIP (light dark sector) this session
COMET/PRISM (charge lepton flavour violation)
g-2 (anomalous muon magnetic moment)

further related activities covered in different sessions
(neutrinos, EDM,...), also ATLAS/CMS B-physics

growing flavour theory/phenomenology activity
spread across at least 7 institutions (Sussex, Southampton,
UCL, Oxford, Liverpool, Durham, Edinburgh)

strong interconnection with UK & lattice QCD
theory/experiment workshops, often led by UK researchers

In 2014 alone, three international flavour conferences in UK
(Flasy IV / Sussex&So’'ton, Beauty XV/Edinburgh,
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\What measurements?

B and D physics
LHCD

Lepton flavour violation

Rare K decays COMET/PRISM

NAG2

light dark sector
muon g-2 SHIP

FNAL
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light dark sector

strong interconnection/synergy with lattice QCD
community - UK major player (UKQCD, HPQCD, ...)



Timeline

2015 2016 2017 2018 2019 2020 2021
1/02{03 Q4|01 @203 ]04]01]@2]03 04]a1]Q2 /03 04]a1]02 03 ]a4 Q1 a2 03 04|01 Q2]03 Q4
LHC b Q11Q2:Q3iQ4)1Q1Q
O T W
- into 2030s
NAG2 10-12/2014 low-intensity run; 2015/16/17 full runs

10% measurement of BR(K* -> pi* nu nu)

COMET/ 2016 (data)?

measure BR(Al y- -> Al ) to 10-'7 accuracy

(factor 10000 improvement relative to PSI Au limit)
PRISM further factor 200 improvement

g-2 2017 (beam)?
factor 4 improvement on precision of
u anomalous magnetic moment

SHIP Search for Hldden Particles (CERN/SPS)
early stages; data taking anticipated for 2020’s
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iInduced
CP violation

LHCDb B(S) — B(S) miXing mixing-

e flavour violation: A(MO — MO) x Mis — %Flz =+ ()

dr, < dr;
w W -+ ; OPE (ms/mw) ZC>< Mo
o Q;

@)1 = (ECL”%bCLL)(glm“b%D only operator present in SM AM = 2| Mo
QZ — (g%{b%)(g%b%)?
Q3 = (5%()%)(5%1)%), + 3 more
Q4 — (g%{b%)(g%b%)v
Qs = (5%b7)(5,0%)
b s b S
Im >@< PPy D » L'12
_ /1 1\ - _ i\ -
o gt : b
no NP contribution to N2 unless NP lighter than mg or NP AT’

significantly affects b->c decays (which are tree-level size in the SM)
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B mixing: status

Only 3 independent observables in mixing, cannot disentangle
different operators. Instead fit to transition amplitude M2
(normalised to SM)

. i I AT, & 1% &1, (K'K) & 1, (J/wf )
Average involving : 5 ]

DO, CDF, ATLAS, CMS Y ar e

data. L I 2 :

E .
Average dominated by af ]
LHCb and CMS. - Aganda,8)83,(B) :
2 gﬁrgﬂ New Physics in B_ - B, mixing i
C l Ll ' Ll l L | : -
2 -1 0 1 2 3
Re A

CKMfitter, based on Lenz et al 2010,2012
see Matt Needham’s talk for updates, prospects and details

11



Exclusive decays at LHCD

final state strong dynamics #obs NP enters through

Tuesday, 22 July 14

Leptonic
decay constant o) 5 S}:)“”‘
+ oI Z
e O|B) = fe ; T,

semileptonic,

form factors s
radiative O(10) SDW
- BTT((y2 v z
B> K'|* - K*Y <-|T|JH|B> « f 1T(q ) b b S

B->mrm, K, ¢¢, ...  (1rmT|Qi|B) O(100) bbm?g

By

Phenomenology: QCD factorisation, light-cone sum rules, fits

Crucial theory input provided by lattice QCD.

Intense theory-experiment interaction, 5 workshops
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Altmannshofer,
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Global fits

[Altmannshofer, Paradis, Straub 2012;
Altmannshofer, Straub 2013;
Descotes-Genon, Matias, Virto 2013;
Bobeth, Hiller, van Dyk 2011-2012;
Beaujean, Bobeth, van Dyk 2013, ...]

Various theorists: fits to (mostly) B->K* | | anqular distribution.

3

6 T

........... _— ,,,,,,,,, Béauje.a_fn_,__Bo_ﬂ)eth, van Dyk 2013

Re(Cy'h)
Tension with SM, driven largely
by a single bin of a single
angular coefficient (Ss ~ Ps’) .

0.05

power corrections

LHCb 3 fb-" update eagerly awaited

1 sigma

[ —_ LHCb central value contour
, 021
j 70.00

2 000
@ |

Strongly depends on QCD andt _0_05/

SM central value

Ps' [1..61 GeV? 5 Martin Camalich JHEP 1305

(2013) 043, arXiv:1212.2263;
SJ @LHCb 10/2013, Aspen 2014, etc;
SJ, J Martin Camalich, to appear]
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... and more

Bs.a2u*u- (and their ratio)
highly BSM sensitive

Lepton universality tests with rare B decays
clean BSM probe

bottom and charm spectroscopy
important for QCD development (NRQCD, QCD potential...)

CKM angle gamma determinations
needed to determine SM “backgrounds” to BSM effects
accurately. Very strong UK presence.
Eg CP violation in Bs mixing, charmless hadronic B decays

... and much more (see Matt Needham'’s talk)

Beyond LHCb: Belle 2 (Japan) is on its way, will do a number
of BSM-sensitive measurements LHCb cannot do.

14



NAG2

Rare K processes

N
_|_
| o
N 0
% JrA 5 ;&‘) Jlf‘) f t;
S| BRI R| S| >
AR RN R
S|+ S S N T g
Operator Sl ||| S |d|T] & in MSSM?
0 | (Dy*Si)(LryuLr) Vivivin|-|-]-]-] - v
O | (Dey*o'Sp)(Lrvuo'Ly) VIv I v bhs|hs| v |v]|—] - v
Oqe (DL"}/’“SL)(Z_R’}/’MZR) — — vV | hs | — — — — — small
Oua (dry*sr)(LryuLr) VI iv | VvV ihs| -] —-—|—-]|—-]| —
Oed (CZR’}/MSR>(_R’)/MZR) — — \/ hS — — — — — small
o (@rSL) - (IrLy) R e I Y v e tiny 77
OV | (GrowSL) - (Igo™ Ly) o e e e e Ty (!
que (JRSL)(ELZR) — | — v |V — — — — — riny (7) (PQ 7)
O;de (Drsr)(IrLy) — | = | V|V |V |V I|V|—-| - yes? large tan 3 7
0% | (Dpy*SL)(H'D,H) ViV ivisl-|-]-|v]) v
O | (DpyoiSL)(H! Do H) VIV |V bslhs|v | v ]|V ] ) v
O d (dry*sr)(H'D,H) vV v |V |hs|—|—|—|V | (V)] large tan 3 (non-MFV)
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SJ at 2010 NA62 workshop
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BR.x 10" [/

25 ¢

20 -

15

10

E949

— [Cnpl = 3x10-4

_Iowl = 110+
10wl = 3107

— [Cnel = 110

@

10

15

20

25

30

BR+X|O“




combinafion

BR.x 10! [

E949

25 ¢

— [Cnpl = 3x10-4

Iowel = 1x10

15

NA6Z. 107 wmsmt of BR. )

10

_— Cnrl = 3x10
— [Cnel = 110

)

o 5 10 15 20 25 30| BRs&x 10!




combination

E949

— [Cnpl = 3x10-4

Iewel = 1104

NA6Z. 107 wmsmt of BR. )

_— Cnrl = 3x10

7 | — [Cyel = 1x10-9
S 207 error on €7/€
L/}10 15 20 25 30 BR+X|O”



combinafion

BR. x 10!

25 ¢
20 -
15

10

NA6Z. 107 wmsmt of BR. )

] f

E949

— [Cnpl = 3x10-4

Iowel = 1x10
— Owel = 3107

— [Cnel = 110

207 erroron e/€

/

20% precision on €'/ seems achievable over timescale of first NA62 run
with upcoming RBC/UKQCD lattice calculation
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a more excmnq scenano
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Charged lepton flavour violation
COMET/PRISM (also cLFV final state searches in NA62, LHCD)

1) Very suppressed in the SM € W
(m, ~ 0) " 7

M ! o

2) New flavour violation in SUSY (for example) ¢ \gz
0 .

in SUSY GUTs, correlated with quark flavour X’§~ x.’MN\'fY
and usually 1
Easy to saturate current experimental bounds € Xi
e.g.

BR(T — ) < 4.4-10~% Babar 1006.0314 [hep-ex] Vi 4
BR(T — py) < 4.5-107° Belle 0705.0650 [hep-ex] 1

alsoT — ey, u—ey,™— 38,@ — € conversion Iin nucIeD etc
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COMET/PRISM
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Conversion in nuclei (COMET: Al)

-----

nucleus

hhhhh

(& Z-mediated contributions)
current limit BR(Au p- -=>Aue’) <7 x 1013 [SINDRUM 2/ PSI]

COMET (J-PARC/Japan) aims at 10-'" level - 4 orders of
magnitude improvement. Long-term: PRISM, 2x10-1° |evel
(COMET competitor experiment: Mu2e, Fermilab)

(other cLFV planned/studied experiments: DeeMe/JPARC; PSI)

see talk by Ajit Kurup

19
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FNAL E989 Muon g-2

Theory/BSM analogous to cLFV, but flavour-conserving.

(Historically goes back to early days of QED.) 10 A

-----

Experiment: |
= (116592089 + 54 + 33) x 10711 B Xk ’}VVV"V

hhhhh

~ 3. 5 sigma deviation from SM

LO NLO L-by-L
/é\ /@\ Ké\, fig S Maxfield

one two-loop effect with hadronic vacuum polarisation
extract from e+ e- data and tau decays

one three-loop effect with hadronic 4-point function (“light-by-
light scattering”), no first-principles determination exists, but
many different model calculations agree

E989 goal: reduce error to 16x10-", which would give 5 sigma

significance _
See talk by Steve Maxfield

20



SHIP

Many models (eg of dynamical SUSY breaking) involve a
hidden/dark sector. Some states may be light, even lighter
than a few GeV, eg sterile neutrinos Shaposhnikov et al

Dark sector

Visible sector

Long-lived states?

Hidden forces?

Messengers?

Dark matter

J Kamenik / C Smith

They can be searched for in production or in rare decays (of
top, Higgs, B, D, leptons). Need high statistics.

SHIP - proposed beam-dump experiment at CERN-SPS
10" D-mesons, 10" tau over 4-5 years

see talk by A Golutvin (SHIP interim spokesperson)

Tuesday, 22 July 14
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Summary

After run | of the LHC and the Higgs discovery there is a very
strong case for a broad programme of indirect probes of new
physics.

UK flavour community very well positioned to make a major
impact, based on size, diversity, quality, leadership experience
in the relevant experiments (and theory)

This was to provide an intro and context. Please see the
detailed experimental presentations for proper accounts of
plans and specific physics cases.

LHCb - Matt Needham

NAG2 - Evgueni Goudzovski
SHIP - Andrey Golutvin
COMET/PRISM/cLFV - Ajit Kurup
Muon g-2 - Stephen Maxfield

22



BACKUP



Flavour symmetry group

SM gauge interactions

_ 1 . i
»Cgauge — Z %’-‘VMDM%" — Z ZgiF/iavo'u
f 1,a
J =Qrj,urj,drj, Lrj,er; Jj=1,2,3

have a large global (= flavour) symmetry group

[Gﬂamr — SU3)® x U(1)g x U(1)a x U(1)L X U(1)E]

QL _>€i(b/3+a)VQLQL7 UR Hez’(b/3—a)‘/vuRuR7 dp _>€i(b/3—a)VdeR

_ _ [Chivukula & Georgi 1987]
The SM Yukawa couplings break this to

to U(l)pxU(1l)e xU(1), xU(1);

Neutrino mixing break the three lepton numbers
Current data accommodated by the unique dimension-5 operator

(@Tlp)TC([p’Tlr) If correct, lepton number is violated in nature.

BSM flavour breaking will leave its imprint on the Wilson coefficients
(correlations).
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weak AB=AS=1 Hamiltonian

= EFT for AB=AS=1 transitions (up to dimension six)

2
m
4G W
Hhad — TQF DA |C1QY + CHQh + _Z CiP; + CgyQsg C; ~ gnp 2
p=u,c 1=3...6 NP

4G

Hsl —
eff \/§

At [07(0277 + C7Q7, + CoQov + CoQoy + Cr0Q104 + C1oQ'04
+C5Qs + C5Ql + CrQp + Cp@p + CrQr + Ol ]

S
v (& n U S |
bbw O, = = my 50, PrE™D, Oy = 9 My 50, PRG*b, Z:: ’

1672

s  Oem ,_ 7~/ M Cem [ S
bbw»W Oy — o (57, PLb)(I7"1) S O, = o (S’YMPL[?)(Z’}/“VW)A bbwwz

OS — A mb<SPRb)(ll) ) bbﬁH Op — Zi;nmb(EPRb)(l’YW) ,
Op = (ij iy (50 Prb) (10" Prs)
7T

look for observables sensitive to Ci's, specifically
those that are suppressed in the SM
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Global fits to the CKM matrix by two expert groups
CKMfitter http://ckmfitter.in2p3.fr/
UTfit http://utfit.org/

0-7 I I I

0.6

0.5 |

/7,
(2
i

27, O
0.4 7 3
V (&)

7
7,

=3 Z
0.3 F
V

T ' (B2 JwKs )

0.0 0.2 0.4 0.6 0.8 1.0

Each observable constrains p + 217 to lie on a one-dimensional
set (one or more lines). Bands due to uncertainties (theory & expt)

No apparent inconsistencies, CKM paradigm appears to work
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Global fits to the CKM matrix by two expert groups
CKMfitter http://ckmfitter.in2p3.fr/
UTfit http://utfit.org/

0.7

I I I I I I I I I ]

0.6 FPCP 13

: , : 7 = :
05 | %Q/{{/z/////é//ﬁ/// , ’[ B-> 1T, TP, PP J

7/
Z
7/
Y

0.4 ;’A Z ;
= g s
0.3
0.2
[ Ty (B> JiyKs )
B* > DOK® )I Y 02 o4 06 08 10

Each observable constrains p + 217 to lie on a one-dimensional
set (one or more lines). Bands due to uncertainties (theory & expt)

No apparent inconsistencies, CKM paradigm appears to work

Of all constraints, only the
v and |Vub| determinations are robust against new physics as they
do not involve loops.
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Global fits to the CKM matrix by two expert groups

CKMfitter http://ckmfitter.in2p3.fr/
UTflt http://utfit.org/

07 1 1 1 1 1 1 1 1 1 1 1
i ! i / | I -
' S € \I fitEt D
0.6 K —]

FPCP 13

////////// / it B->1T1\T1Tppp]
1= . //// 7 e%/ %g//% _E
0 4 / R ////////// Vol \
.2 /////// ]
[BO—)DHT' . /// - [B—)J/Lsz )
B> DOK* J 02\ o4 o.ls T 1.0

Each observable constrains \p + 17 to lie on a one-dimensional
set (one or more lines). Bands Yue to uncertainties (theory & expt)

No apparent inconsistencies, CKM paradigm appears to work

Of all constraints, only the
v and |Vub| determinations are robust\against new physics as they
do not involve loops.

It is possible that the TRUE (p, 1) lies here (for example)
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“Tree” determinations

0-7 I I I I I I I ! I I I I I I I I I I I I I I I I I I I

| fitter

v (o) FPCP 13

0.6

0.5

0.4

excluded area has CL > 0.95

1=

0.3

0.2

= IIII|IIII|IIII|IIII|IIII|IIII|IIII

[BO—)D”’TF ,
B> DOK* J o0 ez o4 o o8

P
Plot showing only “NP-robust” measurements of y and [Vub| .

Note: the y(a) constraint shown depends on assumptions (absence of
BSM AI=3/2 contributions in B->1717); the “pure tree-level” y
determination (grey band) is more robust. Such determinations will be
greatly improved by LHCb.

Tuesday, 22 July 14
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“Tree” determinations

0-7 I I I I I I I ! I I I I I I I I I I I I I I I I I I I

| fitter

v (o) FPCP 13

0.6

0.5

0.4

excluded area has CL > 0.95

1=

0.3

0.2

= IIII|IIII|IIII|IIII|IIII|IIII|IIII

[BO—)D”’TF ,
B> DOK* J o0 ez o4 o o8

P
Plot showing only “NP-robust” measurements of y and [Vub| .

Note: the y(a) constraint shown depends on assumptions (absence of
BSM AI=3/2 contributions in B->1717); the “pure tree-level” y
determination (grey band) is more robust. Such determinations will be
greatly improved by LHCb.

Certainly there is room for O(10%) NP in loop processes as far as
UT fits are concerned, moreover UT fit mainly constrains b->d
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Bs2>u*u- Standard Model

¢ NMediated by short-distance
Z penguin and box - long distance  p_
strongly CKM / GIM suppressed

¢ including QCD corrections, matches
onto single relevant effective operator

Qa = bry'ar lyuyst

INPME 3

8 I'%,

Eqﬁ = Bt Tc21£ |CA(Mb)‘2 + O(aem)

[Buchalla&Buras 93, Misiak&Urban 99; De Bruyn et al 2012; Guadagnoli & Isidori 2012;
Buras et al 2012,2013; Bobeth et al 2013]

® includes: NNLO QCD, NLO EW (matching); photon
bremsstrahlung; time-averaging

e nonperturbative QCD in decay constant and O(aem) only
main uncertainties: decay constant, CKM

more SM theory: D Guadagnoli talk

Tuesday, 22 July 14
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Beyond the SM

_|_
e New physics can modify the Z S H
penguin .... B,
b /‘L_
. . . s ut
... Induce a Higgs penguin ...
B, b )
7
... or induce (or comprise) four-fermion /S pt could also
contact interactions d|reCt|y BS violate |epton
_ _ flavour
e for the most general effective b !
Hamiltonian,
_ Gra> M3, f3 15,
B(By — p'u) = —— L5tV Va1 —4mz{<1 — )| P + |Fp+2mMFA|2}
Cg pMy — Cg pM
where Fsp= Mp S . , Fa=cio—dy
’ ! mp + My

[Bobeth, Ewerth, Kruger, Urban 2002]
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Impact of Bs2>u*y-

Arbey, Battaglia, Mahmoudi,
Martinez Santos 1212.4887

PMSSM range

Bs=>u*u- provides strong constraints on scalar/pseudoscalar
operators

[Car = ms Cs, Caz = mo Cp,

in other words, basically fully complementary to
semileptonic decays

30



Role of flavour in constructing the SM

1934 Fermi proposes Hamiltonian for beta decay
Hy = —Gp(py"'n)(€vuv)

1956-57 Lee&Yang propose parity violation to explain “0-1
paradox’.

Wu et al show pairity is violated in 3 decay
Goldhaber et al show that the neutrinos produced in
152Ey K-capture always have negative helicity

1957 Gell-Mann & Feynman, Marshak & Sudarshan

Hy = —Gp(vuy" Pop)(evuPrve) —G(py" Prn)(€yuPrve) + - ..

V-A current-current structure of weak interactions.
Conservation of vector current proposed
Experiments give G = 0.96 Gr (for the vector parts)
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1960-63 To achieve a universal coupling, Gell-Mann&Levy
and Cabibbo propose that a certain superposition of
neutron and A particle enters the weak current.
Flavour physics begins!

1964 Gell-Mann gives hadronic weak current
In the quark model
Hw = —GpJ"J}
J" = uy* Pr(cos0.d + sinf.s) + vey" Pre + v, y" Pru
1964 CP violation discovered in Kaon decays (Cronin&Fitch)

U
1960-1968 J, part of triplet of weak gauge d 72
currents. Neutral current interactions W Gr =1 NGIVE
predicted and, later, observed at CERN. o y v

+
However, the predicted flavour-changing 7 70 -
neutral current (FCNC) processes
such as KL =u*u- are not observed! d L

32
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1970

1971
1972

1974

1974

To explain the absence of KL =2u*u-, Glashow,
lliopoulos & Maiani (GIM) couple a “charmed quark”
to the formerly “sterile” linear combination

—sinf.dy, + cosf.st,

The doublet structure eliminates the Zsd coupling!
Weak interactions are renormalizable ('t Hooft)

Kobayashi & Maskawa show that CP violation requires
extra particles, for example a third doublet. CKM matrix

Gaillard & Lee estimate loop 3 c 7
contributions to the K. -Ks mass

difference

Bound m¢ < 5 GeV d ¢ S
Charm quark discovered
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1977 71 lepton and bottom quark discovered

1983 W and Z bosons produced

1987 ARGUS measures Bg - Bq mass difference b
First indication of a heavy top

The diagram depends quadratically on mt d

1995 top quark discovered at CDF & DO

<UL> UR (CL> CR (tL> tR QZ—I—Q/S
dL dR ST, SR bL bR Q:—l/S

() o) ) el
er, ER 753 IR T, TR = —1

Precision measurements: masses, running coupling,
direct CP violation, B factories, determination of CKM
elements, neutrino oscillations, search for electric dipole
moments, proton decay, ...
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