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e Standard Model very successful
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e Standard Model very successful
e but incomplete

e Flavour changing processes are a sensitive probe
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Can the LHC compete with precision experiments? 2



Operators



D6 Operators with 2 Quarks and 2 Leptons

Buchmiiller, Wyler NPB268(1986)621; Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884

Scalar
Qeaq = (L*O(QY) Q) = ([*)eap(@7u)
Vector
Q) = ()@ @) & = (Iyr'D)(Q7#7'Q)
Qe = (Pu)(@r'u) Qe = (Prub)(dr"d)
Qu = (Iyul)(E's) Q= (Iyul)(dr*d)
Qge = (Q'Yu Q)(Z'YW)



D6 Operators with 2 Quarks and 2 Leptons

Buchmiiller, Wyler NPB268(1986)621; Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884
Scalar with same-flavour quark
_ (T« TN (1) « B
Qledg = (L*€)(d Q%) Qloqu = (L 0)eas(Q7u)
Vectorca rpentier, Davidson 1008.0280; Petrov, Zhuridov 1308.6561

QY = (Lnul)(@v"Q) QY = (I, 7' L)(Qv7' Q)

ey = (Z )( ) Qed = (gfyug)(dfy“d)
Qu = ([WL)( Hu) Qi = (LyuL)(dv"d)
Qge = (Q1uQ)(1"0)

Tensor

Qg’gu = (L% l)eap(RP o u)



Scalar Operators

Qtedq = (L*0)(dQY) QY = (L)eap(Q°u)
Wilson coefficients =% in Lagrangian [unbroken phase]
— £ == 14 (Qedg)j s + =i s <Q§elgu> . h.c..
Effective four fermion Lagrangian [broken phase]
Lar = —Ucf(/(VL/ﬁRJ)(deUL/) = Nd (21i¢r;)(dredLr)
o :U,k/(VLiERj)(de ury) + :,'J'7k/(£Li£Rj)(ULk URy) -

Thus the most general four fermion coefficients are

=Nd O —d —=Cd v

—ij,kl — U V/k —ij,kk —ij,kl — U Vlk —i'j,kk
=Nu __ oy =u =Cu vk d* =u
—ij,kl — Uu’ kIl —ij,ll —ij,kl — U k/ —i'j,ll

= In general there is quark flavour violation.

We do not consider top-quark, because phenomenology is different.



Scalar Operators

Quedy = (I0)(dQY)  Qlg, = ((*Deap(Q"w)

Wilson coefficients =% in Lagrangian [unbroken phase]
— — 1

L= :5,kk (Qledq)ij,kk + S Kk <Q§e3u>ij o +he. .
Effective four fermion Lagrangian [broken phase]

Lar = —Ucf(/(VL/ﬁRJ)(deUL/) = Nd (21i¢r;)(dredLr)

o :U,k/(VLiERj)(de ury) + :,'J'7k/(£Li£Rj)(ULk URy) -

Choose basis in which charged lepton mass matrix is diagonal as
well as E,’-J\-’?kk
_,Ijvk/ 5kl—u kk Ei(jil = Ui Vig = Ij kk
=Nu = *
:ij,kl = —5kl:ij,kk :ij,LL/ = Ui Vig= —,J I

= No new flavour changing neutral current processes (FCNCs).

We do not consider top-quark, because phenomenology is different.



Renormalization Group Corrections

e Main effect are QCD corrections q 4

q q q ¢

e Following the standard discussion at

N LOBuchaHa,Buras‘ Lautenbacher hep-ph/9512380

() = =) ( 22 )

as(fo)

with coefficients
fo=11—-2ng/3 and 79 =6C(3) =38

e Wilson coefficients become larger at smaller scales.

= Increases reach of precision experiments
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Precision Experiments
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i1 — e Conversion

. - . K e
e Agnostic about mediation mechanism
[ ] Following discussion N conzalez et . 13030596 N{F )N
48Ti 197Au 208Pb

Rmax 43 %1071 70x10718 46x10°U

ne

gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 []
cc 150 [-] 290 [-] 110 [-]
bb 84 [-] 170 [-] 61 [-]

Direct nuclear mediation [Meson mediation]



i1 — e Conversion

- . K e
e Agnostic about mediation mechanism
[ ] Following discussion N conzalez et . 13030596 N{F )N
48Ti 197Au 208Pb

Ry 43x1071 7.0x1072 4.6x 10"

gu 1100 [870] 2100 [1700] 760 [610]
dd 1100 [930] 2200 [1900] 780 [680]

5s 480 [-] 950 [-] 340 []
cc 150 [-] 290 [-] 110 [-]
bb 84 [-] 170 [-] 61 [-]

Direct nuclear mediation [Meson mediation]

=- Strongest limit for first generation quarks,
and non-negligible for other quarks if pure direct nuclear mediation 7



LFV 7 Decays

e Only light quarks u,d,s -
e Weak dependence on phase
e fy: v, parameterizes quark content T
. m
e Quark FCNC parameterized by A 0
—u Kl = )\—U,// Vi —u Kl = >\—U,kk Vi
decay Bri#x cutoff scale A [TeV]
=) =d =d
=ij,uu =ij.dd =ij,ss
7~ — e 8.0 x 1078 10 10 -
T e 9.2 x 1078 34 34 7.9
T e 1.6 x 1077 42 42 12
T — e K2 2.6 x 1078 - 7.8V 7.8V
77 — e (£(980) —» wtr7) 3.2x 1078 13/singm, 13/singm 16 \/cos o
T~ = p7° 1.1x 1077 9.0 - 9.6 9.0 - 9.6 =
T =y 6.5x 1078 36— 38 36 — 38 8.4 -89
= 13x1077 42 — 46 42 — 46 12-13
7~ = u~ K 23 %1078 - (7.8 -83)VA (7.8 -83)VA

7 = (£(980) » 7taT) 3.4x 1078 (12— 14)\Eng, (12— 14)sing, (15— 16),/c0sgm 8




Leptonic Neutral Meson Decays M° — ('

e Assumption: no quark FCNC processes or
e What if assumption does not hold?
—-u —-u - e MO
Zij = A=jj Vi :Z,k/ = )\:Z’,kk Vi
&
decay Br{" cutoff scale A [TeV]
—u =d =d —u =d
—ij,uu —ij,dd —ij,ss —ij,cc —ij,bb
70 — pte 38x10710 22 2.2 S S =
w0 — et 34x1079 1.2 1.2 = = =
70 = pte +pu~et 36x10710 26 2.6 - - -
n—ute” +pet 6 x 1076 0.52 0.52 0.12 = =
n — eu 47x107* 0.091  0.091  0.026 . =
KP — ety 4.7 x 10712 - 86V 86V - -
DO — etuF 26 %1077 6.4V = - 6.4\ =
B — et T 2.8x107° = 10V = = 6.6V
BO — e*r¥ 2.8 x107° - 097V - S 0.62v\

B — pytr¥ 2.2 x 1072 = 0.18 VA = = 012X 9




Leptonic Charged Meson Decays M+ — (v

e Ry — Br(Mt —etv) g;l—
M = Br(Mt—putv)
e Theoretical error for R, (Rk) about 5%
+
e Improvement by factor 20 (2) possible M
e  indicates constraints
) v
e Second index corresponds to charged lepton
decay constraint cutoff scale A [TeV] Wilson coefficients
A Roogmre  hem A = . =i
ue.eq,eT Te, T m ij,dd ij,ss ij,cc ij,bb
Re R £5% 25-280 25-2600 @ @ - - -
Rk REP +£5% 24160  24—150 v = [ ) = =
Br(D* — etr) <88x10°° 2.8-29 2.9 - v - v -
Br(D} — etr) <83x107° 32-33  32-33 = - v -
Br(Bt —etr) <9.8x1077 2.0 2.0 v - - - @
Br(rt — ptv)  Bro® +£5% 19-74 19-94 @ @ o = =
Br(K* — utv) Bro® +£5% 17-58 17-74 - @ - -
Br(D* — utv) (3.824+033)x107* 1.1-27 11-34 = v = v -
Br(Df — ptv) (5.564+0.25)x 1073 13-43  13-53 - - v @ =
Br(BT — ptv) <1.0x107° 19-27 17-30 v - - = [ )
Br(D* — 7tv) <12x1073 0.21-078 0.23-073 - @ - v -
Br(Df — rtv) (554+0.24)x1072 033-12 033-11 - - © @ =
Br(Bt — r+y) (114+£027)x10™* 049-13 049-12 @ - - . @ 10




Large Hadron Collider



LFV at the Large Hadron Collider (LHC)

e Processes at LHC: pp — Lilj + jets

g q
q li q li g ¢
q
2
q
q 4 oq & b oq 4

Signal: opposite-sign different flavour pair of leptons and

possibly jets
ATLAS 7 TeV: LFV in eu continuum [E and R]ATLAS 1205.0725

ATLAS 8 TeV: LFV heavy neutral particle decayarias 1sososas0
e Projection to 14 TeV with 300 fb~!

Study invariant mass distribution of ey pair
11



Comparison for Different Quarks
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Production cross section normalised to same value for each quark.
12



ATLAS Searches
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Backgrounds

> T T T T
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T =y Vs=8TeV,20.3fb" —V, (1Tev) MJetfake
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Main backgrounds: tt, WW, Z/v* — 77
also W/Z plus jets, WZ/ZZ, single top and W /Z + ~

Efficiently reduced in exclusive 7 TeV analysis by rejecting jets
and Ess < 20 GeV

Limit setting: Maximum likelihood estimator for 7 and 8 TeV

and estimate significance for 14 TeV. 1



Limits from LHC on Cutoff Scale in TeV

it _ _ _
_ eu er nT
el
7TeV 8TeV 14 TeV 8 TeV 8 TeV
iu 2.6 2.9 8.9 2.4 2.2
dd 2.3 23 8.0 2.1 1.9
Ss 1.1 1.4 4.0 095 0.88
e 0.97 1.3 3.6 082 0.78
bb 0.74 1.0 2.7 063 061

e 8 TeV analysis gives only a slight improvement compared to 7 TeV
despite 10 times more data because of large background

e e7 and u7 limits weaker than ep because of low 7-tagging rate and

higher fake background

e 14 TeV projection: same search strategy as 7 TeV exclusive search 15
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Conclusions

uu, dd, 8s, ¢

T (N — = | HC8
T Ufy w0y

Te er ur

Precision experiments win for light quarks

A > 600 — 800 GeV



LHC more competitive for vector operators with right-handed
quark currents

Qe = (£1,6) (87" u) Qed = (£yut)(d"d)
Qi = (LyuL)(@"u) Qi = (LyuL)(dy"d)
Qypﬁgg Froatjga
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LHC more competitive for vector operators with right-handed
quark currents

Qe = (£1,6) (87" u) Qed = (£yut)(d"d)
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Thank you! 16
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Selection Criteria 7 and 8 TeV

Same selection critera as in ATLAS analysis.

oppositely charged leptons
Electrons:
o Er > 25 GeV
e tight identification criteria
e || < 1.370r 1.52 < |n| < 2.47
Muons: pr > 25 GeV, |n| < 2.4
Tau: Er > 25 GeV, 0.03 < |n| < 2.47

Lepton isolation: scalar sum of lepton pr within cone of AR = 0.2(0.4)
is less than 10% (6%) of lepton pr for 7 (8) TeV search

Jets reconstructed anti-k7 algorithm with radius parameter 0.4

7 TeV analysis: jets rejected if pr > 30 GeV or EF™ < 25 GeV

Invariant mass of lepton pair: > 100(200) GeV in 7(8) TeV analysis
azimuthal angle difference A¢ > 3(2.7) in 7 (8) TeV analysis



Selection Criteria 14 TeV

Cuts follow 7 TeV inclusive analysis.
In addition

e pr(£) > 300 GeV
o EMSs <20 GeV



Limit setting

7 and 8 TeV

e Maximum likelihood estimator for 7 and 8 TeV
Li(u, 0;|n;) = P(nilus; + b1)G(6;,0,1)
‘P is Poisson function and G Gaussian function
e SM background and observed events taken from ATLAS publications

e Total likelihood function is product
=%
14 TeV

e Estimate reach for 14 TeV using
S

V'S + (AS)2 + (AB)?
with AS = 10%S and AB = 10%5.

Significance =
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