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The CKM Matrix

The Lagrangian for the mass term of the quark fields after EWSB in the Standard
Model is

L = (Mg);jD’1iDg; + (My);U' 1 Ug;,

with U=(u',c’,t), D'=(d’,s’b)  and M, = vY9//2
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The CKM Matrix

The Lagrangian for the mass term of the quark fields after EWSB in the Standard
Model is

L = (Mq)iD'1iDrj + (My) U’ i Ug;,

with U=(u',c’,t), D'=(d’,s’b)  and M, = vY9//2

Loe = =L T 1= (Vews) DWF 41
wE = NG iy 5 ( CKM),‘j W, +h.c.,

Verm = V), Vo is the unitary CKM matrix:
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Vud Vus Vub

VCKM = Vcd Vcs Vcb

Ve Wis Vi
| Vual : Nuclear 8 decays |Vus| : Kaon Decays V| : B decays
|Veql : D decays + v scatter |Ves| : D Decays Vep| : B decays

[Vl - 0.97417 £ 0.00021 | |Vys| : 0.2248 + 0.0006 | [Vyp| - (4.09 £ 0.39) x 102
[Vql © 0.220 + 0.005 [Vos| : 0.995 £ 0.016 | |Vep|: (40.5 £ 1.5) x 102
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Vud Vus Vub
VCKM = Vcd Vcs Vcb
Vie Vis Vi

|Vua| @ Nuclear 3 decays

|Vus| : Kaon Decays V| : B decays

|Veql : D decays + v scatter

|Ves| : D Decays

Vep| : B decays

[Vyq] : 0.97417 £ 0.00021

[Vus| : 0.2248 + 0.0006

[Vp|: (4.09+0.39) x 103

|Voq| - 0.220 £ 0.005

[Vos| - 0.995 + 0.016

[Vep| : (40.5£1.5) x 103
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Directly measuring Vy, at the LHC

Direct determination without assuming
unitarity possible from single top quark b /
production.

W

t-channel Single top production, pp — 1,
oM o | Vip?
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Directly measuring Vy, at the LHC

Direct determination without assuming

unitarity possible from single top quark b !
production.
W
a,
Vil =, | 22 g g
O—theory

assuming |Vip| >> | Vis|, | Vid|
\ |Vip| = 0.97 £ 0.01 @ 8TeV LHC \

t-channel Single top production, pp — 1,
oM o | Vip?
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Directly measuring Vy, at the LHC

Direct determination without assuming

unitarity possible from single top quark b /
production.
W
a !
Vol =, [ q q
O—theory

assuming |Vip| >> | Vis|, | Vid|
\ |Vip| = 0.97 £ 0.01 @ 8TeV LHC \

t-channel Single top production, pp — 1,
oM o | Vip?

[Indirect measurements]
@ Weak constraint on | Vy| can be obtained from precision electroweak data,
r(Z — bb), |Vi| = 0.77°% %,
@ R=B(t— Wb)/B(t — Waq) = [Vi|*/ (34 | Vial®)
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Directly measuring Vy, at the LHC

Direct determination without assuming

unitarity possible from single top quark b /
production.
W
a !
Vol =, [ q q
O—theory

assuming |Vip| >> | Vis|, | Vid|
\ |Vip| = 0.97 £ 0.01 @ 8TeV LHC \

t-channel Single top production, pp — 1,
oM o | Vip?

[Indirect measurements]
@ Weak constraint on | Vy| can be obtained from precision electroweak data,
r(Z — bb), |Vi| = 0.77°% %,
@ R=DB(t— Wb)/B(t — Wq) = \V,b\g/(zq\v,qﬁ) =|Vip|?, |Vi| > 0.975
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What about V;,, Vs ?

12.2.7. |Vl and |Vig : CEM s=cti
The CKM elements |Vj4| and |Vic| are not likely to be precisely measurable in

tree-level processes involving top quarks, so one has to rely on determinations from B-B
lass Asatad e bhowr A3 . it + 1- 1 Aiatad L~ A D
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What about V;,, Vs ?

12.2.7. |V;d‘ ﬂ.nd|VfS| . CKEM section
The CKM elements |Vj4| and |Vi| are not likely to be precisely measurable in

tree-level processes involving top quarks, so one has to rely on determinations from B-B
ceallads Aiatad bar bhoesr A3 . atla Lo 1 liatard ) s A 2

Indirect measurements \

B wil 3 @ Indirect determination (loop level) and
B? x B model dependent
8 ; b @ Theoretical uncertainties in hadronic

(e effects limit the accuracy

W
2 ,KU @ |Viy| =(8.2+0.6) x 1073,

[Vis| = (40.0 £2.7) x 1073

% LHC Limit from R, /| Vig|?> + | Vis|? < 0.217| V|
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@ Loop mediated processes are sensitive to new physics effects

@ Heavy new particles may contribute to the 100p s. rajter, B. Melic, M, arxiv:1801.07115

Bpp)
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@ Loop mediated processes are sensitive to new physics effects

@ Heavy new particles may contribute to the 100p s. rajter, B. Melic, M, arxiv:1801.07115

@ New physics scenarios with Vector-like top quarks, destroys the unitarity of the
SM CKM matrix, Zx:d,s,b | Vtx\z <1 A. Girdhar, B. Mukhopadhyaya, MP, arXiv:1404.3374

@ The left and right handed component of the vector-like quarks have the same
quantum number under SU(3) x SU(2). x U(1)y

1) t,ts = (3,1,4/3) with electric charge +2/3, and mixes with ¢
Il) b;, bg = (3,1,—2/3) with electric charge —1/3, and mixes with b
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Vector-Like Quarks

dw d
Sw _ s
bw =V b
by, b’

where

Ve Vus Vi Vi

U4x4 _ ( V3><4 > _ Vcd Vcs Vcb Vcb
Xix4 Ve Vs Vb Vi

Xoag  Xas Xap  Xap

e < .
iz = oy BT = 8)|Uss[* — 4sin® b (| Uss * + |Uss ) 12"

evu = .
Lerz = ginagy, [0 =) Ul — 4sin® Ow(|Usa[* + | Usa[*)) FZ"

e i % . * % L
ﬁsz = ¢f(3(1 — 75)(U33U34) — 4S|rl2 ew(U33U34 + U43U44))FZI + h.c.
6sin20y
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Vector-Like Quarks

A.Saavedra, arXiv: 0210112

0.05 0.07

0.031 b

4

0.021 x\*
0.01F b
0 . I | . | I
200 300 400 500 600
m_r

Compare with indirect measurements :
[Vig| = (8.2+0.6) x 1073 | Vis| = (40.0 +£2.7) x 1073
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Directly measuring Vi, at the LHC

& Proposal : tW associated production at the LHC, dg — tW~,dg — tW"' o | Vi|?

Alvarez, Da Rold, Estevez, Kamenik [1709.07887]

@13 TeV LHC
o(dg — tW™) ~ 20 fb,
o(dg — TW*) ~ 6 b

& Special Features :

— Charge asymmetry from (valence) d-quark vs (sea) anti-d quark
— W~ is more forward then W+

& Dominant backgrounds are charge symmetric :
@ bg — tW~ bg — tW*, o ~ 28 pb
@ gg — tt, o} ~ 680 pb
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Directly measuring Vi, at the LHC

Alvarez, Da Rold, Estevez, Kamenik [1709.07887]

i o ne) - ™)
, signal : l,._.,........-‘ signal
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* Motivates the kinematical variables :
Aln()] = (") = n(£7)], (0] = [n(€") + [n(e)I,
Apr(f) = pr(") —pr(¢7), Tpr(¢) = pr(£7) +pr(¢)
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Directly measuring V;, at the LHC

Alvarez, Da Rold, Estevez, Kamenik [1709.07887]

Background Background-Signal

Signal
1.0 1.0 1.0
0.5 1 " 0.5} : . 0.5
& & &
S) 4 00 S)
Q. Q Q.
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-1.0 -05 00 05 1.0 -1.0 =05 00 05 1.0 -1.0 -05 00 05 1.0
Alnl/z|nl Alnl/z|n| Alnl/z|n

* Signal Region : 1st quadrant, Background Region : Symmetric

¥ The following asymmetry is proposed
+ —

- N
A(n, pr) = Nt T N= where N* = N (A[n(¢)] 2 0& Apr(f) 2 0),
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Directly measuring Vi, at the LHC

Alvarez, Da Rold, Estevez, Kamenik [1709.07887]

1.0 }_ SM {
[— NP 1
05F .
ST — ]
- [ ]
g r 1
S t ]
< 051 ]
-10f -
-15[ 3
L | | | S ]
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r= VighVig™

@L = 3000 fb~".
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Directly measuring Vi, at the LHC

Alvarez, Da Rold, Estevez, Kamenik [1709.07887]

currentdirectlimit (20)

ViaVia™M|

r

100 300 500 1000 3000

Luminosity [fb™]
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Directly measuring Vs at the LHC

12.2.7. |Vi| and |Vis| : CEM se

The CKM elements |V and |Vig| are not likely to be precisely measurable in

tree-level processes involving top quarks, so one has to rely on determinations from B-B
Mlats Aiatad b Tos i b e

1-. 1 Alatad L A 2
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Directly measuring Vs at the LHC

@ Top dominantly decays via t — bW, with
BR(t — sW') ~ |Vis[2 ~ 1.6 x 103

@ No charge asymmetry possible as Viy

@ Strange and Down quark jets are indistinguishable at Atlas/CMS
K* ~ 7+ since no particle ID
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Directly measuring Vs at the LHC

@ Top dominantly decays via t — bW, with
BR(t — sW') ~ |Vis[2 ~ 1.6 x 103

@ No charge asymmetry possible as Viy

@ Strange and Down quark jets are indistinguishable at Atlas/CMS
K* ~ 7+ since no particle ID

Can we measure /| Vis|2 + | Vig|2 at the LHC ?

Required conditions

@ plenty of top quarks
@ need a light-quark jet tagger, "s-tagger"
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Directly measuring Vs at the LHC

@ Top dominantly decays via t — bW, with
BR(t — sW') ~ |Vis[2 ~ 1.6 x 103

@ No charge asymmetry possible as Viy

@ Strange and Down quark jets are indistinguishable at Atlas/CMS
K* ~ 7+ since no particle ID

Can we measure /| Vis|2 + | Vig|2 at the LHC ?

Required conditions

@ plenty of top quarks : at the LHC, with \/s = 13 TeV and £ = 30 fb~ ',
O(2 x 107) tops will be produced

@ need a light-quark jet tagger, "s-tagger" : Jet tagging technology : b-jets,
quark/gluon jets, jet substructure techniques etc
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tt production
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tt production

two possible single top processes
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tt production

p
Vh
Ve
q b
P b
g 1 W+ q w
_ I/‘/'*
g q Z b
g b
b
1 LU g boq W

W+ jets, Z+jets and Diboson process
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Jets

@ Jets are the most common objects arising in high energy collisions and heavy
particle decays. The LHC is a very jetty place with the Signal, Background all
containing jet

@ They are a collimated bunch of energetic hadrons flying roughly in the same
direction leaving tracks and energy deposits in the detectors

Jets make this
correspondence

What we calculate What we measure

Simulated event from ATLAS Experiment © 2011 CERN
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Jets

@ Jets are the most common objects arising in high energy collisions and heavy
particle decays. The LHC is a very jetty place with the Signal, Background all
containing jet

@ They are a collimated bunch of energetic hadrons flying roughly in the same
direction leaving tracks and energy deposits in the detectors

{Il} — {lk}

calorimeter towers, ..

+ parameters (usually at least the radius R)

+ recombination scheme

Reminder: running a jet definition gives a well defined physical observable,
which we can measure and, hopefully, calculate
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Jets

@ Jets are the most common objects arising in high energy collisions and heavy
particle decays. The LHC is a very jetty place with the Signal, Background all
containing jet

@ They are a collimated bunch of energetic hadrons flying roughly in the same
direction leaving tracks and energy deposits in the detectors

{EM} — {lk}

calorimeter towers, ..

+ parameters (usually at least the radius R)

+ recombination scheme

Reminder: running a jet definition gives a well defined physical observable,
which we can measure and, hopefully, calculate

Capability to discriminate light-quark jets (u, d, s) from heavy quark jets (b, c) & g-jets
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b-tagging

b-tagging relies on

@ long life time, high mass and large
momentum of b Hadrons
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b-tagging

Displaced
Tracks

b-tagging relies on Secondary

Vertex

@ long life time, high mass and large o
momentum of b Hadrons
@ based on the position of the
secondary vertices (SV), # of SV,
energetic charged leptons due to e
decays b — (T X
lllustration of a possible hadronically decaying top quark. From DO collabora-

tion
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b-tagging

b-tagging relies on
@ long life time, high mass and large
momentum of b Hadrons

@ based on the position of the
secondary vertices (SV), # of SV,
energetic charged leptons due to
decays b — (T X

pr() > 100 GeV, In(j)i< 1.0

pp — Z(u* 17 )i, [DF, JK, MP, JZ]
08
0.6
> b
< 04
0.2
0.0

0 5 10 15 20 25 30

Number of SV in jet
Getting to Grips with QCD, SE

lllustration of a possible hadronically decaying top quark. From DO collabora-

tion

Secondary
Vertex

Displaced
Tracks

[ Cuts

[

€q

[

€b

[

€c

[

g

l

[[Nsv >3 | 0.0091 | 0.636 | 0.094 | 0.016 |

Tagging and mis-tagging efficiencies for b-taggers, from the process pp —

Z(pt 7).
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Light quark tagging

Light quark tagging opposite to b-tagging

@ Absence of secondary vertex and
energetic charged leptons
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Light quark tagging

Light quark tagging opposite to b-tagging

@ Absence of secondary vertex and
energetic charged leptons

@ Requires all prompt tracks in jet to
have dy < 25pm

dy — transverse impact parameter

Getting to Grips with QCD, SE

Displaced
cks

Secondary
Vertex

Primary
Vertex
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Light quark tagging

Light quark tagging opposite to b-tagging

@ Absence of secondary vertex and
energetic charged leptons

@ Requires all prompt tracks in jet to
have dy < 25pm

dy — transverse impact parameter

— multiplicity of (charged) particles in jet
— mass and width of the jet
— 2-point energy correlation function :

U= 3 2rz; (Ry)®, 2 = pi/pF

i<jed

RE = (yi— y)? + (61 — ¢))°

Getting to Grips with QCD, SE

Displaced
cks

Secondary
Vertex

Primary
Vertex

N
2
o det . <
pr(j) > 100 GeV, |n(j)l< 1.0 g”
0.100 w
0.050f 5
b
5 0.010
< 0.005
0.001
13TeV, pp= jZ

0.15 0.20 0.25 0.30 0.35
Uy (2-point energy correlation func.)
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Light quark tagging : contd.

QCD factorization theorem : High pr hadron production cross section in
hadron-hadron collisions can be written

hard 2 2 hard 2 2
doag—sn = fasa(x1, Q°) @ fo/p(X1, Q) ® doab (X1, %2, Q7) ®  Desn(z, Q)
4 4
PDF’s Parton-Parton c.s. Fragmentation Function
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Light quark tagging : contd.

QCD factorization theorem : High pr hadron production cross section in
hadron-hadron collisions can be written

doktlon = faa(x1, Q%) @ foyp(x1, @°) ® dosslio(x1, X2, @°) ®  Doon(z, @)

4 4
PDF’s Parton-Parton c.s. Fragmentation Function

Fragmentation functions encode the
probability of a parton to fragment into a

hadron

hadron with a momentum fraction , ‘;paw
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Light quark tagging : contd.

QCD factorization theorem : High pr hadron production cross section in

hadron-hadron collisions can be written

dolBl,h = faya(x1, Q%) ® foya(X1, Q) ® dotp,o(X1, %2, Q) ®  Dosn(z, Q°)

PDF’s

Fragmentation functions encode the
probability of a parton to fragment into a

hadron

hadron with a momentum fraction , ‘;paw

— Consider z, = 2%
| Bet |

fragmentation function

— Fraction of the jet momentum carried by
the hardest charged track,

Zmax = m'dX{Zx}xejet

— Observable has been studied at ATLAS

and CMS. Good agreement with
Montecarlo generator, Pythia

related to the jet-

Getting to Grips with QCD, SE

4 4
Parton-Parton c.s. Fragmentation Function

DFJK,MPJZ

pr(j)>100 GeV, [n(jI< 1.0

0.100 ‘LLH
-
0.010 ‘
5 L,
<
0.001 bg HA, |
Iy
104
13TeV, pp= jZ
02 0.4 0.6 0.8

2k meson fraction
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104

DFJK,MPJZ

pp=Zj, LAC13TeV

1000

b, ¢, g Rejection
=]
S

o

& Bottom
u Charm

Gluon

—— Ny =0 & zmagcut
—— = Ny =0 & Uy aut

'] L
0.05 0.10

0.20

Light-quark (u, d, s) Acceptance

ROC curves for the two g-taggers

Cuts

t

[ ®type | | g [ & [ e [ ¢« |
g-tagger | Nsy =0 & zmax > 0.3 | 0.18 | 0.0031 | 0.038 | 0.049
g-tagger | Nsy =0& U; <0.21 | 0.19 | 0.0017 | 0.036 | 0.019

Getting to Grips with QCD, SE

Tagging and mis-tagging efficiencies for q— taggers

Monalisa Patra

18/30



Leptonic Final State

& Events with 2 isolated leptons
[mini-isolation criteria]

& ep final state, to reduce Drell-Yan Z
boson production

& Select 2 jet candidates :
leading & sub-leading jets
prj,j2) > PF, [n(jr, )l < 1.1

© Tag j; and j» with light-quark and bottom
tagger

Signal Region : jij> tagged as gb

Background Region : jij» tagged as qq, bb,
Q1. by, 37

Getting to Grips with QCD, SE

1

v

(‘ ISR/ FSR

(4

Monalisa Patra 19/30



[cAolfb] [ w [ 49 [ sb [ gb | qq [ bb |
ffl>bb | 459 | 26 | 1156 | 35 | 0.27 | 665

tt — gb 3.3 | 0.79 3.4 0.65 | 0.033 | 0.054
tW — bqg 41 3.7 77 4.6 | 0.046 27

Computed fiducial cross-sections for each tagged di-jet bin in the jj + en channel at the 13 TeV LHC, assuming
the SM values for Vi

Getting to Grips with QCD, SE Monalisa Patra 20/30



* Select pair of high pr jets from the top-decays tf — jijp W™ W~
@ no jet from the top decays selected (background-dominated [ISR/FSR]) [ao]

@ only one jet correctly assigned to a top decay (combination of signal and
background) [a1]

© two jets correctly assigned to the top decays (signal-dominated) [c2]

Relative contributions of the above three classes of events expressed by weights «;,
with >, o = 1
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* Select pair of high pr jets from the top-decays tf — jijp W™ W~

@ no jet from the top decays selected (background-dominated [ISR/FSRY]) [vo]

@ only one jet correctly assigned to a top decay (combination of signal and
background) [a1]

© two jets correctly assigned to the top decays (signal-dominated) [c2]

Relative contributions of the above three classes of events expressed by weights «;,
with >, o = 1

< The «;’s can be estimated directly from data using the kinematic properties of
the events

Getting to Grips with QCD, SE Monalisa Patra 21/30



Extraction of the /s

& The lepton-jet pairs originating from the
same top quark decay are kinematically
correlated with a kinematical end-point at

M = \/m2 — m3, ~ 156 GeV

LHC, 13 TeV

100000 |

80000+t

60000}

AU.

40000

20000

0k
0 100 200 300 400 500 600

Lepton-jet invariant mass [GeV]
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Extraction of the /s

& The lepton-jet pairs originating from the

same top quark decay are kinematically
correlated with a kinematical end-point at

M = \/m2 — m3, ~ 156 GeV

LHC, 13 TeV

100000 |
80000} ‘ ‘

60000} ‘

AU.

40000 ‘ ‘

20000

0k
0 100 200 300 400 500 600

Lepton-jet invariant mass [GeV]

Getting to Grips with QCD, SE

& "random rotation" of the momentum of
the selected leptons in the (cos 8, ¢) phase
space & recomputation of M;;

LHC, 13 TeV
100000
80000
> 60000}
<
40000 F
20000
ol
0 100 200 300 400 500
Lepton-jet invariant mass [GeV]
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Extraction of the /s

& The lepton-jet pairs originating from the

same top quark decay are kinematically
correlated with a kinematical end-point at

M = \/m2 — m3, ~ 156 GeV

LHC, 13 TeV

100000 |

80000+t

60000}

AU.

40000

20000

0k
0 100 200 300 400 500 600

Lepton-jet invariant mass [GeV]

Getting to Grips with QCD, SE

& "random rotation" of the momentum of
the selected leptons in the (cos 8, ¢) phase
space & recomputation of M;;

LHC, 13 TeV
100000 -

80000
= 60000F
<

40000

20000+ H‘R

oL ~—— ]
0 200 400 600 800 1000
Lepton-jet invariant mass [GeV]
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Extraction of the «;’s

LHC, 13 TeV

T

100000 |

80000

60000}

AU.

40000

20000}

Ok ]
0 100 200 300 400 500

Lepton-jet invariant mass [GeV]

Getting to Grips with QCD, SE

@ N : All lepton-jet pairs (Red)

@ Nnodal : All randomly rotated lepton-jet
pairs (Blue)

@ Niis : All mis-assigned lepton-jet pairs
(Red- )
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Extraction of the «;’s

LHC, 13 TeV
100000 | I ]
[ ] @ N: . i

80000} ] N : All lepton-jet pairs (Red)
S 60000} ] @ Nioda : All randomly rotated lepton-jet
< pairs (Blue)

40000} ] . . | |

@ Niis : All mis-assigned lepton-jet pairs
20000} ] (Red- )
Ok

0 100 200 300 400 500

Lepton-jet invariant mass [GeV]

My; >z
Correctly assigned ¢ pairs o = "5 = 50 (1 - %) =0.812 for the "ep" sample

model

az =a? =0.675, oy =2a(1—a)=0.295 ay=(1—-a)®=0.030
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N(itkt'|2jets) =

2

1=0

ZNObS(z) ar: pnkt”

= (q7 b, .7)

5 N"bs(2) : total number of observed events with exactly 2 jets prior to tagging

3 nkv : probability of tagging i t-jets and k t'-jets, (gb, qqg, bb, g1, by, 77)

Rq =

Getting to Grips with QCD, SE

Monalisa Patra

pol2 _ 253*52;*
[ 1+5n'
P2 _ (th*sz + E[C;*Elb) + (Elq*gt(; + EE;*EE,)pZ
W (14 0w)(1 + p?)
pele _ 2(cb+<00°)(eh + <5 F)
t (1 —+ (Sll/)(1 + [)2)2
€tq'* :aslq+b5[b+05‘c+(1 *a*bfc)gfq
B(t— sW)+B(t—dW) o _ Rq _ B(t—sW)+B(t— dW)
Yjmasp B = W) 7 PFP=R B(t — bW)
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LHC 13 TeV, 300 fb™"

0.15H
0.10¢
@
0.05¢
a=0.812
Aa=10%
0.00
0.00 0.05
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0.10 0.15

0.155F
0.150
0.145
0.140
0.135f

0.130}
a=0.812
0.125F aqos59%

LHC 13 TeV, 300fb™" |

0.00 0.01 0.02 0.03 0.04 0.05 0.06
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0.30F
0.25F
0.20F
0.15¢
0.10F
0.05F
0.00E

Leptonic tops ,

gb - category limits

SM value

2 g limit CMS 8 TeV

13 TeV LHC ]

20

40 60
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Boosted semi-leptonic tf category

@ Select events with 1 isolated lepton
and a Fat-jet with R=1.5

@ The subjet j; within the fat jet is
tagged as b or g jet

@ Remove top-jet from event and
re-cluster jets with R = 0.3 and pr >
100 GeV

_ /3 ISR/ FSR @ Jet j» which best reconstructs leptonic
top is selected and then tagged as
bottom or light-quark jet
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Boosted semi-leptonic tf category

LHC, 13 TeV
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[Actb] [ 5 ] g [ b |
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tt — gt 3 0.5 | 0.095
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Computed fiducial cross-sections for the tagged probed jet bin in the semi-leptonic boosted tt channel at the 13
TeV LHC, assuming the SM values for Vi,
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Conclusions

@ The CKM parameters Viy and V;s are fundamental parameters of the SM
governing flavor conversion in the top sector

@ These elements are constrained indirectly as their determination through direct
measurement requires processes with on-shell quarks with a very small
branching ratio making it difficult

@ We propose a light quark tagger, which discriminates the light quark jets from the
gluon and the heavy quark jets

@ The fully leptonic and the boosted semi-leptonic scenarios are analysed

@ We show that the current bound on the direct determination of 1/ V2 + V2 can be
surpassed with the existing LHC dataset

@ It will be possible to exclude |/ VZ + V2 > 0.06 at the 20 level with a luminosity of
100 fo~" at the 13 TeV LHC
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