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Symmetry violations at the LHC

Probing CP violation systematically in differential distributions

A global approach to top FCNCs



Multibody hadronic decays

1. Large statistics
B - KTK-K*xF 1700 candidates [LHCb '14]
BY - K*TK-KtK~ 4000 [LHCb '14]
D - K*K—ntx— 170000 [LHCb '14]
BY - Ktm=K—r™ 700 [LHCb '15]

2. Multidimensional phase space

g @ i ® T Yk, O e | @
g zz . -D(CT,>0) . E g . - DYC,>0) . “DUT>0)
z X H
3 BT g oop e §F BT<0)
o3 2 e .
) <5 8 4000f .
§ o . JE i 5 5,
. E| Paid S 2000) "
8% L Ll § owp e s
CER TG ¥ ¥ s T S RN
M) [Gev/icy me) [Gevic?] mKK) [Gevic] mKK) [Gevic?]
§ 10 - 07(C,>0) @300 LHcp § 0 0C,20) ©F b-pi(c0 LHcp @ S 0k 0C,20) @ B°(T>0) LHeo @
g 100f + (<) D(T,<0) g HO0LDC) D(T,<0) o, € 1a00f *Y(C,<0) D°(T,<0)
% 0 S 100 ", 3 12 -
ol ut, w G
g o "mwm“ww ‘mww..,, "t k P e e o 2 - .‘/” .,..y
o et ] o™ RO Wil B oot o i
= o o "w.,;y'."‘f“ g
P
T R T R T I & I R : 5 g
cos8,) cos(8,) cos,) cos(@) ! ? ol ! 7 o

on which motion-reveral-odd quantities can be defined.


http://arxiv.org/abs/1403.2888
http://arxiv.org/abs/1407.2222
http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/1503.05362

Multibody hadronic decays

3. Rich variety of interfering contributions

Intermediate states in DO — KT K~ ntzn~ Br/10~*%
(60%)s, ¢ — KTK=, p° = xtr~  93+12

< b 0.83+0.23

(KK s, KO — KEnF 1.48 +0.30

_é d(rtnT)s, & — KTK— 2.50 4 0.33
< (K- 7+)p(KT7—)s 2.6+0.5
KiK=, K — K*%ﬂ 1.84+0.5

K, K, K =K r 0.22 +0.12

KfK=, K — p°K+ 1.14 £0.26

Ky KT, Ko — 0K~ 1.46 +0.25

K*(1410)+K K*(1410)* — K*Oﬂ 1.02 +0.26

K*(1410)~ K+, K*(1410)~ — K ’n— 1.14+0.25

— Opportunities for CP violation

[CLEO '12]


http://arxiv.org/abs/1201.5716

Analysis techniques

Based on phenomenological parametrisations

- Full unbinned likelyhood fits

- Measurement of expected asymmetries

— may miss unexpected manifestations of CP violation

More systematic, relying some milder dynamical assumptions

- Phase-space binnings

[LHCb '14]

. Decomposition in moments [Dighe et al '98, Beaujean et al '15, Gratrex et al '15]

- Series of asymmetries

dr T-odd

d{ﬁf} CP-odd

i.e. integrated observables /d{ﬁ,-} f{Bi})


http://arxiv.org/abs/1408.1299
http://arxiv.org/abs/hep-ph/9804253
http://arxiv.org/abs/1503.04100
http://arxiv.org/abs/1506.03970

CP-violating distributions
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Probing CP violation systematically
in differential distributions

High statistics allows for the accurate measurement
of rich multidimensional differential distributions.

Symmetries characterize distributions measurable
- in the presence or absence of strong phases,
- in untagged samples.

Systematic procedures should be used to assess
the departure from zero of CP-violating ones.

with Yuval Grossman (Cornell), [1508.03054]


http://arxiv.org/abs/1508.03054

Symmetry violations at the LHC

A global approach to top FCNCs



Flavour-changing neutral currents

Vanishingly small in the SM

e.g. top decays:

BroM
t—scg ~107H%
t—=cy ~10712
t—cZ ~10713
t—ch ~1071*

[Eilam et al, 91]


http://dx.doi.org/ 10.1103/PhysRevD.44.1473, 10.1103/PhysRevD.59.039901

Flavour-changing neutral currents

Vanishingly small in the SM

e.g. top decays: BroM BreP [Eilam et al, 91]
t—cg ~1071 <107
t—cy ~10712 <1073
t—cZ ~1071 <1073
t—ch ~1071 <1072

. .
from production processes

vs. about 11-10° tops produced at the Tevatron and LHC
+1.6-108/fb~ ! at 13 TeV
+6-10%/ab~! at 100 TeV


http://dx.doi.org/ 10.1103/PhysRevD.44.1473, 10.1103/PhysRevD.59.039901

Effective field theory for top FCNCs

Two-quark operators: 10 x 2(,_1,7) complex coefficients
3a)
Scalar: Cw , Clgcp )
Vector:  C.\" = c P =/ (down-2Z)
C(;q(a3) _ C;;3a) C (a+3)’ (Up—Z)
Cé;au?,) _ C;3ua)* = C(au+3)7

Tensor: c@® G,
a3 3a

C1(1W )7 Cy_(zlél )7

a)

CuG ) CuG .

Two-quark—two-lepton operators: 9 x 2 x 32 complex coefficients

Scalar: C}Sﬁ), Clle(és)v

Vector: qu(a” = C;;@a)* = Cf;(aﬁ), (up-v, down—¢)
leq(as) _ C;(3a)* = C;l(a+3)’ (up~£, down—v)
Cl(is) = Clga)* = CI(EH), (up—¢, up—v)
Céf) = Céga)* = Cés+3), (up—¢, down—¢)
P =l =i,
Tensor: Cfe(;i'), CIBSZ'),

Four-quark operators: ...



The broken-phase effective Lagrangian

Schematically: Issues:
Scalar: iq h 1. O_perat.ors of seemingly different
v - 2 dimensions
ector: _t’Y q 4y 2. Missing four-point interactions:
. uv

Tensor: EU DCI A - four-fermion operators
_ to# Cl\ ZWA - a tqgh vertex arising from
to"T"q G, Ow =go"' T*u ¢ G,

3. Hidden correlation:
of ‘'v+ h' type

et J et J
>,\,\< >< of ‘(tr [Vaxmdi]®)™" type
v, Z
e~ t e t
I h & h
> e
q t q t



Existing searches

tqg, tqgh  tqy  tqZ  tqll tqqq tqh
T T T VvV, T SV.T SV,T S
The broken-phase effective Lagrangian: v oxX 4 4 X X 4
eete” =t OPAL, DELPHI, ALEPH, L3 v /X X
e p—et H1, ZEUS v X X
<
2 epp ot CDF, ATLAS v/
S pP —t) DO, CMS v/ X X X
-g epp >ty CMS X v
S pp—titeT CMS v X XV X
pp—tyy — X X X X
> t—jy CDF, DO, ATLAS, CMS v
g et — jlt CDF, D0, ATLAS, CMS x VX X
© et — jyy (bb, £'s) CMS, ATLAS X v

One single contribution is often assumed, although:

NP could generate several operators at A.

RG mixings (and fixed order corrections) would contaminate more of them at E.

EOM, Fierz identities, etc. have converted some op. into combinations of others.

= A consistent EFT treatment should include all operators of identical dimension!



A first global analysis at NLO in QCD
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Constraints at NLO in QCD

05 or €52 e
|C;q(a+3)‘ or |Cﬁ+3)| I 2.2
0] op |06 fmmeem 1.1
wB UB | | r—— N=1TeV
\Cz(;xlazi)‘ or |C1(43v;)| I ().51)42 red: a=1
) blue: a =2
(a3) (3a) 0.041
1Cua”l or 1O Foi093 W ‘non-global’ limits
1(a3) 1(3a) e 1.6
Gl or Ol e Observables:
|C—(a+3)‘ or |C(;l+3)| _—_1.5 L=y
lq( +3) l( 13) 1r-6 t— e
CET ) or |CETY | = pp — ty, ty
|Cg(a3)| or |CB(3a)| — 0.49 pp — ta t

lequ lequ

0
Experimental improvements:

- Off-Z-peak region in t — j 410~
- Constraint on pp — tyvy
- Statistical combinations

ete™ — tj, tj

and update of pp — t {74~

- Angular distributions like ‘helicity fractions’



A global approach to top FCNCs

High statistics allows for precision tests in the top sector.

A fully gauge-invariant EFT permits an accurate interpretation
of the data in term of generic parameters.

Direct FCNC constraints can be set globaly.

Such an analysis could be combined with observables from
other sectors, the B sector notably.

with Fabio Maltoni (Louvain) and Cen Zhang (BNL) [1412.7166]
12


http://arxiv.org/abs/1412.7166
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