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2. T. Plehn: 4™ generation theory and relation to LHC physics
3. A.Lenz: Constraints from Flavour Physics
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1. Th ical F f a 4" generation

 No good argument yet for only Ngen=3 (Why generations at all?)

Ngen23 => CP violation in CKM matrix, but Ngen=3 not sufficient for baryogenesis

. Ngen=4: sufficient CP violation for SM baryogenesis in e.w. symmetry breaking
(EWSB) due to large quark masses (Hou, Chin. J. Phys.47:134, 2009)

* Heavy 4™ gen. quark masses => strong EWSB
--> 2" problem with Ngen=3 baryogenesis (MHiggs too large) possibly solvable

(Carena et al., NPB 716, 319, 2005)
* EWSB w/o Higgs: Heavy Quark condensate (Holdom)

* SU(5) gauge coupling unification w/o SUSY possible (Hung, PRL80, 3000, 1998)
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m Points that fall into the 95% CL contour of the S-T-space
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* m(u,)>m(d,) preferred but opposite not excluded, m(u,)-m(d,) > M not excluded

* m(l, )>m(v,) preferred but opposite not excluded

(Study with support from T. Plehn and M. Spannowsky: D. Wendland & M. Mamach (HUB))

* PDG statement about exclusion of 4™ generation assumes mass degeneracy
1. assumption not needed 2. Is the 3™ generation mass-degenerate?
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4. Limits: FCN

CDF (1.06 fo™"), PRD 76, 072006 (2007):
pp—b'b’' . b'(d,)>b+Z

Assumption: BF(b'->Z+b)=100% & prompt b' decay
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Striking search scenario: same-sign dilepton final state + high jet multiplicity

4. Limits:

CDF, note 9759, 2.7 fb-1:

CDF Run Il Preliminary (2.7 &)
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4. Limits: lik h(CD
CDF note 9446, 2.8 fb™
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4. Limits: lik h(CD

e Limit: m > 311 GeV @ 95% C.L. * Excess @ 450 GeV?
P-value=0.01 for SM hypthesis

CDFRun2(28fb1)} 4{ . o >0 I
) Preliminary observed expected
21 3 t'—=Wq, = 4 jets q
;}' Hy VS Mreco * Possibilities for excess:
g * fluctuation
® 0.1+ observed J ¥ badly understood SM BG

* NP signal:
a) no 4" gen. quark
b) 4™ gen.: contributions from
200 300 400 500 t' and b’ decays ?
t' mass (GeV/c?)

theoretical prediction
Bonciani et al.




4. Limi nd on m

Hung & Sher, PRD77, 037302 (2008):

t'— W +q : CDF assumes BF(t'->W+q)=100% & prompt t' decay

m-m_>m_: BF(t'->W4+b') dominant => BF(t'->W+q) small
m >m_-m > 0: t'->W* + b’ can still dominate for small Vt'q

m-m <O0: T, could be so small (for tiny Vt,q) that quark could

transverse cm-m before decaying (stable quark
searches exclude more than ~3 m)

=> Constraint dependent on m and Vt'q in a non-trivial way

Similar in line for other constraints (for b' limit even more involved)



5. CKM and PMINS sector

Directly measured 0.97418 0.2246 0.0039 <0.038
matrix elements: et 022 >0.84 0.041 <0.51
‘VCKM = my numbers
at ~20 <0.06 <0.26 =0.78 <0.62
<0.105 <0.51 <0.62 =0.74

2

\%

th

Limiting factors: * |V_| from single top (+ Rl C WD)

r(t—>W+q) |V,d|2+|Vtsz+|th|2 )

(Note: |V | constraint does not take into account R info)

" |V_| from semileptonic D-decays: form factor

* |V_| constraint significantly improved when using BF(W-> | v)

0.97418 0.2246 0.0039 <0.038
axa| | 0.22 0.97 0.041 <0.2
‘VCKM o
<0.04 <0.125 =0.78 <0.62
<0.07 <0.20 <0.62 =>=0.78

* Currently, a consistent extraction of |V_| (together with |V | and [V_[) missing.



5. CKM and PMINS sector (A. Lenz)

Most recent work on CKM constraints for 4™ generation CKM matrix
using loop-induced processes (Bobrowski et al., Phys.Rev.D79:113006, 2009):
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* Improved constraints on [V [, [V, | and [V _|(?) but at the same time

still significantly different values possible compared to 3x3 unitarity:
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5. CKM and PMINS sector

Funny enough but only recently taken into account (Chanowitz, ):
e.w. precision fit incl. a 4™ generation can not rely on 3x3 unitarity
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: Bobrowski et al.

Yo 225 ]

20.0

E.g.|V,|20.95 @ 95% CL
(for m =326 GeV)

17.5

].5.{}_"II|I"'|||III'III|'_
0.00 0.05 0.10 0.15 0.20

sin 034

=> However, combined CKM & e.w. precision fit is still missing



5. CKM and PMINS sector

r(t—rvy) o« G, > |U,

2 2
2. U, => No strong constraint on G_

i=1,2,3 k=1,2,3
- - 2 2 — P Tl
I'(p—ev,v) < Gy 2, ‘UW- > v, => CKM & e.w. precision fit?!
i=1,2,3 k=1,2,3

V,/=0.97418+0.00026  (superallowed B-decays)

With 4" generation: I (B-decay) < G ‘Vud‘z 2. ‘Uek
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2. K /m ,: dependency on lepton sector cancels — v |'/|v,,

* Possibility to determine G_ by avoiding this problem to leading order:

I'(Z—>1"I') o Gi(3-gen. SM + Loop Contr. from 4th family )
=> Combined CKM, PMNS and e.w. precision fit required



. h ] LHC: same-sian dil n

CMS, PAS EX0-09-012 (200 pb™, 10 TeV)
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Caveat: usual assumptions

Also studied by ATLAS groups
HU Berlin, UCI & SLAC



- h i LHC: t'->W+

* BG: ttbar+jets |ldea: W from t'(b') decays have large boost for high t' (b') masses
jets from hadr. W-decays tend to merge => look for single jet invariant mass

B. Holdom 1on S s crma
JHEP 0708, REN——

069 (2007); o™ Understanding
Skiba, Tucker- | of high-p  top's?
Smith, hep-ph/

0701247

Ozcan, Sultansoy and Unel (ATLAS) EPJ C57, 621 (2008):

Assumption primarly - e | £ °F  For 50 discovery 3
mixing with first two : ' “wovam | B (14 TeV!)
families =>b'—>W+q 3 wt — e =
If not: t—W+b : gL ;
Problem: BF(t—W-+b) 0 E
might be small “ )
s e 0 o0 T T T T T T R T

mf.& (GeV) m_, (GeV)



MMARY OF THE SUMMARY

1. 4" generation has several attractive theoretical features

2. In contrast to PDG: 4™ generation not excluded by e.w. precision fit
3. If existing: very different Higgs phenomenology possible

4. Current mass limits should be interpreted with care

5. Phenomenology quite involved and correlations between
CKM, PMNS & e.w. precision fit still to be studied

6. Experimental activities inside CMS & ATLAS starting to rise

=> There is still a lot to discover in the land of four generations
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2.2 TEVATRON constrain

CDF (1.06 fo™"), PRD 76, 072006 (2007):
pp—b'b’' . b'(d,)>b+Z

assumption:
BF(b'->Z+b)=100% & prompt b' decay

+ - + -
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2.3 TEVATRON con

CDF note 9446, 2.8 fb™
pp—t't'+X,t'" > W+g, W—Ilv,W-—qgqg
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2.3 TEVATRON constraint: lik h

* Limit: m > 311 GeV @ 95% C.L. * Excess @ 450 GeV?
P-value=0.01 for SM hypthesis

CDF Run 2 (2.8 fb'1) :
-a 1L Preliminary . ’ * Gobserved> Gexpected )
- TE t'—=Wgq, = 4 jets ]
.ff g Hy vs Mieco L
) * Possibilities for excess:
QL
% * fluctuation
0.1 observed 4 * badly understood SM BG

* NP signal:
a) no 4™ gen. quark
b) 4™ gen.: contributions from
t' and b’ decays ?

theoretical prediction
Bonciani et al.

[ | L | L 1 M
200 300 400 500
t' mass (GeV/c?)
* Caveat: exclusion limit assumes

a) final state BF of 100% => mass limit could be lower
b) short lifetime => no limit for very small CKM elements



2.4 TEVATRON constraint: sam

In many mass/CKM scenarios: pp—b'b'+X, b'>W+it(—>b+W)

Striking search scenario: same-sign dilepton final state + high jet multiplicity

CDF, note 9759, 2.7 fb-1:

same-sign dilepton
invariant mass

* Fakes: mainly W+jets

* Z+jets:

Z—e*e with hard bremsstr.

+ asymmetric conversion
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2.4 TEVATRON con int: same-sian dil n

Extraction method: likelihood fit in jet multiplicity

CDF Run Il Preliminary (2.7 fbh 95% Limits for b’ (CDF Run Il Prelim 2.7/fb)
PTTTITITITJITTITJITTITITIT[ITIN TT
§1 AT | | | . Daia 7o) 400 \ I I I
2 r I — — Theor
@y Lncert. — y
- 167 (330 GeVie?) o \ — Observed
- o = 300} —
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N t
0.8 [ - Fak U(.g |:| t20
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: S
0.6 [~ ] (_‘)
0.4F — 100"
- PSSt —-—- 1 e “-x=
0.2 N ]
""" : 1 | | 1
— 0 280 300 320 340
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Usual caveat: CDF assumes BF(b'—>W+1)=100% & prompt b' decay



2.5 TEVATRON con ints: mption

The following is based on Hung & Sher, PRD77, 037302 (2008)

t'— W +q : CDF assumes BF(t'->W+q)=100% & prompt t' decay

m-m_>m_: BF(t'->W4+b') dominant => BF(t'->W+q) small
0< m-m <m/: t'>W* + b’ can still dominate for small qu

m-m <O0: T, could be so small (for tiny Vt,q) that quark could

transverse cm-m before decaying (stable quark
searches exclude more than ~3 m)

=> Constraint dependenton m_and V,



2.5 TEVATRON con ints: mption
First CDF result (760 pb”), PRL 100, 161803 (2008): m >256 GeV, 95% CL

=) N, obser.ued 95% E.L upper |il';'lil —
a SN,  expected 95% CL upper limit === ;
— theoretical prediction = -
Hung & Sher, PRD77, 037302 (2008): 51
300 ' ... S, . S SO, . . SO . SO, U, SO ¥
B
280 |- et 0.1

150 200 250 300 350 400

260 | t' mass (GeV/c?)
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(1) Region where CDF limit applies
200 | (2) Region where a smaller mass limit
| Is obtained requiring BF(t'->W+q)
still being dominant
190 - (3) lifetime region: no mass limit



2.5 TEVATRON con ints: mption

CDF (1.06 fb"), PRD 76, 072006 (2007): pp—b'b',b'(d,)—>b+Z
m_ > 268 GeV @ 95% CL

Hung & Sher, PRD77, 037302 (2008):

300 T
— mt,
T 260
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T 240 ] e
< o 04 -
- &3]
220 F .
0o L e 200
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180 b

BF(b'—Z+b)=100% for
m, > 255 GeV never met:

b'->W + t threshold opens



2.5 TEVATRON con

CDF note 7244 (163 pb™): ' —>Z+b

Long-Lived 7° Parent Search
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g E f a 4" generation on Sinale T jon

t-channel Wt production Gives direct info on |V_|
tb

qf
q b)
T b
b4 .
t foc +0
y;‘ b meas theo

IV |<1 (=>4" gen.)
or other NP

t-channel Wt production s-channel

TEVATRON(,/5= 1.8 TeV,pp) 1.08+0.30 pb [149, 161] = 0ph 0,88 £0.14 ph [149, 161]
LHC (s=14 TeV,pp) 45+27 ph[161,162  622H'57ph[1d5] 102407 ph [144, 161]
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* SM

v fw ECHG
g,,=0-04 4,

w |V, =02

A

Top Flavor
m,=1TeV
Top Pion
m_=250GeV

=

s-channel cross section [pb]

g y S
t-channel enhanced
PDF(s) >> PDF(b)

~ |V, [2inN_ =3-SM

GSingIeTop

Nonetheless, it is possible to have:
c,-SingIeTop(Ng n=4) > GS (Ng n=3)

although |V |<1ife.g. |V [is sizeable

e ingleTop e

4
&

s-channel suppressed: |V | <1



JE f a 4" generation on Sinale T jon

Single Top Quark Cross Section August 2009 .,FZ', 3_— Tevatron Preliminary, August 2009
CDF Lepionets 32157 | Hed 2.17 352 pb % E For Gglet)ory = 3.14 pb
CDF METsjols 2.1 1" 50 25 pb | Q9 5[PRD66 054024, 2002]
Lt
D@ Lepton+jets 2.3 fb” i 3.94 iggg pb .9 i |th| =0.91+£0.08
! -
'Prejlvatron Combination i 2.76 X022 pb ..dm.’. 2__ 95% C.L. limit: 0.79
- zVr\;dii::set:FImP;Dii;S: ?;2:'0(;002) Miop = 170 GeV no' - For Gtsl-ll-etory =3.46 pb
N TR : 5__[PRD74114012, 2006]
0 2 4 6 8 .
b 95% C.L.limit: 0.77
DO:  0903.0850 [hep-ex] 0 53_
CDF: 0903.0885 [hep-ex] f
I | ] | | | | | | | |
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JE f a 4" generation on Sinale T jon

* Final remark: Cross section measurement, respectively, extraction of [V _|

assumes t—Wb to be dominant (--> b-tagging)

2

— |4
* Relevant branching ratio: Rzr(t W+b)_ ‘ i

r(t—>w+q) ‘th‘q‘vts

2 2
+\th\

determined in ttbar events by measuring 0, 1, =2 tagged b-jet rates

BF(t—Wb) dominant fulfilled in N__ =3-SM: |V,,|=0.999142"77%"! (CKMfitter)

-0.000014

+0.09

* However, best measurement by D0: R=0.97 '

v

tb

* Most often not taken into account => Single to

p: |V, |
\/|th| 4

It's even more involved (pdf effect!) --> see F. Maltoni's talk

v

ts

2 2
+ |th\




5. What do we know about the CKM & PMNS matrix elements?

* Recent discussion of constraints on 4x4 CKM- & PMNS-elements:

1. Kribs et al., PRD76, 075016, 2007 ---> See talk by T. Plehn
CKM: CKM-Treelevel + W-decays + D-mixing
PMNS: p— ey, p—e conversion

2. Bobrowski et al., PRD79, 113006, 2009
CKM-Treelevel + K-, D-, B-mixing & b—»sy ---> See talk by A. Lenz

3. Chanowitz, PRD79, 113008 (2009)
e.w. precision fit: taking into account CKM elements in T

Caveat: All studies here assume lepton universality and, implicitely,
U_,=1 in all observables and also in the e.w. precision fit.

In presence of a 4" generation: maybe not justified



5.1 Mixing in quark sector

0.97418 0.2246 0.0039 <0.038
Directly measured ‘V4><4 _| 0.22 >0.84 0.041 <O0.51
matrix elements: KMl 1 <0.06 <026 =>0.78 <0.62
<0.105 <0.51 <062 =0.74

my numbers

at ~20

* Limiting factors:

2

Ir(t—>W+b) Va

F(t—>W—|—q)_|th|2_|_‘Vm

" |V, | from single top + r=

v not well constrained yet
+|V
tb

(Please note: |V _| constraint does not take into account R info)

" |V_| from semileptonic D-decays: still large theoretical error

(form factor, decay constant)



5.1 Mixing in quark sector

0.97418 0.2246 0.0039 <0.038

Directly measured ‘Vé,j;: 0.22 >0.84 0.041 <0.51 T LT
matrix elements: <0.06 <0.26 =>=0.78 <0.62

<0.105 <0.51 <0.62 =0.74

* Constraints discussed by Kribs et al. (my numbers):
* |V

|
t 0.97418 0.2246 0.0039 <0.038

CRM <0.04 <0.125 =>0.78 <0.62
<0.07 <0.20 <0.62 =0.78

* D-mixing (Golowich et al., PRD76:095009, 2007) — ‘Vud V' 1<0.002
Limit depends on d, mass (200 GeV used) ~ + _
See talk by A. Lenz concerning D’ b| ‘ b D’

uncertainties in predicting D-mixing



.2 Con int fromn W

* BF(W—had) used by Kribs et al. calculated from measured BF(W — [v) !

W+<l+u C r(wW-iv) 1
v, d's’ TW=Al) 313% 3 |v [ (1+a (M,)/m)

[

i=u,c j=d,s,b

* Unitarity check in the first place

* Ngen>3: Strengthen constraint on |V__| and, consequently, on [V |, [V [and|V_|!

* Consistent with 3x3-Unitarity: > [v, [+ > |V, [=2.002+0.027

j=d,s,b j=d,s,b

* However: formula assumes lepton universality BF (W )=0.1075+0.0013
—ev)=0. +0.

N =4: lepton universality possibly violated BF (W — uv)=0.1057 +0.0015

gen
i — Bl ”‘ > T —0.1125_| 00020

2
I(W—lv) k§,3 ‘Ulk‘

~

rw—ai) > 3 |v[+3> X [v,[(1+a(s,)im)

l=e,u, ™ k=1,2,3 i=u,c j=d,s,b




2 Mixing in | n r:T-an
Constraints on 4" generation from 1 mass & (leptonic) BF's:

* Dova, (Swain & Taylor), NP Proc.Suppl.76:133,1999; (hep-ph/9712383; PRD55:1,1997)

1) Since then:  Significant improvements in m_& BF measurements
2) Assumption: Only significant mixing between 3™ and 4™ family
W/o this assumption:

I'(t—=Iv,v) o Gi > ‘Uﬂ,z > |Ulk‘2 [=elu

i=1,2,3 k=1,2,3

2

r(r—hv) « G v | > |u

F uj

j=d(m)/s(K)

Ti

2

Fh—wpv) o« Grv] > |u

F uj
i=1,2,3

Fw—ev,v) o« G2 > vl > v,

i=1,2,3 k=1,2,3

j=d(m)/s(K)

uj

2

=> No strong constraint any more on G_ => CKM & e.w. precision fit?!



4 Combinina CKM, PMINS and e.w. ision fi

v d‘ =0.97418=+=0.00026 (superallowed [3-decays)

With 4" generation: I'(B-decay) o G, ‘Vud‘z > |Uek

I'u—ev,v,) o G;Z ‘U,“-\z > |u.

-|VUS|: 1. Consider separate averages for KeS&KHS - > ‘Uu,.‘z/ > ‘Uek‘z

i=1,2,3 k=1,2,3

2 2
2. K /m_: dependency on lepton sector cancels — |V [/|V |

* Single top and R not affected!

* Possibility to determine G_ by avoiding this problem in leading order:
I'(Z—>1"l') o Gi(j’-gen. SM + Loop Contr. from 4th family )

=> Need to combine CKM-, PMNS- and e.w precision fit
Work started @ HU Berlin (A. Menzel & H. Lacker) within CKMfitter



2 Th ical ice: U  howcloseto 1 ?

Consider e.g. mixing angle 0 between 3 and 4™ generation:

* Seesaw models — sin9=\/mT/mE~0.13

ixi i utri IX —sin0=\m_/m_ ~5x10
* Mixing only in neutrino mass matr 0 Im_ ~5x10°

4

* Global or discrete family symmetries realized that are
broken —sin0=m_ /m, ~10"

unbroken —sin0=0
by Planck scale effects

* Flavor democracy — U, ,~10°-10"* (V, ~107"=107,V_ ~10"—107)

e Benchmark: |Uu .| ~0.023 corresponds to a |V [ change of 10

(possible for sin6,,=+m /m ~0.03)
, COSO

. g :
Scenario already excluded? —=0.9976+0.0022=
g

34

~(0.9911

y 008924



CMS, PAS EX0-09-012 (200 pb™, 10 TeV)

CMS Preliminary

10}

MNumber of Entries [ 200 GeV
Number of Entries [ 200 GeV/
|

25. T T T T I T T T T I LI L L I T T T T I T o LI T T I T T T T I LI L L I T T T T I

[ [Jv% signal [1] Wiz+njidibosons ] T[] v¥® signal [Z] wiz+njidibosons
ok [ fjets [ fiowizes of Oiges [ dewizis)

[ mib)=300 GeVic® / 200 pb™'at 10 TeV ] E mib’)=400 GeVic® / 200 pb™' at 10 TeV ]

CMS Preliminary

Mumber of Entries [ 200 GeV

0 1500 E'DOD ﬂi}.” 500 1000 .iEI}D 2000
HT (GeV)

CMS Preliminary

b'b’ cross section (pb)

Sto 30 a0 &0 oo
b’ mass (GeV/c?)

HT (GeV)

E [ tisjers [l fewizisj)
m(b)=500 GeWc? / 200 pb™' at 10 TeV
CMS Preliminary

b B T B o e B T B M
T

=

0 500 1000

_l LI T I T T T T I LI L L) I T T T T
F ] v signal [Z] wiz+njidibosons

1500 2000
HT (GeV)

Same-sign
dileptons (Njet>3)

+ trileptons (Njet>1)

Ideal for searches with early data

Caveat: usual assumptions

Also studied by ATLAS groups
HU Berlin, UCI & SLAC



2 h ] LHC: t->W+

* BG: ttbar+jets |ldea: W from t'(b') decays have large boost for high t' (b') masses
jets from hadr. W-decays tend to merge => look for single jet invariant mass

B. Holdom -

wl | Alpgen-Herwig CTEQEM
JHEP 0708, )T knd 25 10 |
069 (2007); o Understanding
of high-p_top's?
Skiba, Tucker- T
Smith, hep-ph/
0701 247 i T 2 o 0y Crel 110

Ozcan, Sultansoy and Unel (ATLAS) EPJ C57, 621 (2008):

Assumption: o F e " —i " F  For 50 discovery E
orimarly mixing with first 5 | | £ (14 TeV!)
two families => b'—=W-+q %’ 10tk — i = E
If not: t—W+b : gL ;
Problem: BF(t—W-+b) 0 E
might be small “ )
B R = R T 1050050050000 500800 5061900

mf.& (GeV) m_, (GeV)



7. Summary

1. A 4™ generation has several attractive theoretical features:
special role in EWSB, baryogenesis, unification w/o SUSY, ...

2. E.w. prec. fit prefers: small Am (Am>m_ not excluded)

m(u,)>m(d,), m(l,)>m(v,) (opposite not excluded)

3. * 3x3 unitarity in lepton sector assumed in all analyses (CKM, ...) so far
* Combined analysis of CKM-, PMNS-, & e.w. precision fit required

4. Current limits depend on assumptions concerning 1/BF's!
=> Correct constraints: functions on masses & mixing angles

5. LHC: * excellent place for discovery 4" (M<1 TeV—partial wave unitarity)
Complementary search scenarios: b'(t")->W+q(b) <> b'->W+t

* BG-suppression with single jet invariant mass (—boosted W's)
(also interesting for other channels)

* Heavy quark with long lifetime searches need more attention



d, qg=d,s,b
U u
4 l+ 4
~ q ~
Wt W
2 5 Vl q 3
2 Gqu md 2 Gqu
‘Vud . ; 3( 4) ‘qu . :fZ(MW’mu’mq)
474 1927T m4 4 87_‘_\/2 4
G .m
2 Try,
g=u,c,t ‘qu : fz(MW,md,mq)
d 4 8”\/5 4
* ~ for md—mq>MW
\W_ )

else: 3-body decay rate
(only for top possible)




4™ Generation Pair ion (w/o Hi Ll
pp—ffX (14 TeV)

£8—4,9, 99—49,4, qq—1,1, 4994—>V,V,

L=1-10 fb-

N=coL=103-104events
(w/0 acceptance, BF's &
efficiency)

100 200 300 400 500 600 700 800 900 1000
m(GeV)



2.2 moloagical con ints: h neutrin

1) m_ <m,  preferred (e.w. precision fit)
=> v, could have long lifetime => Dark Matter candidate !?
2) Direct searches for Dark Matter
Bigbang: n_(m_)

If neutrinos clump together like baryons do:

m > 500 GeV, since no signal observed by CDMS I

3) Argument can be circumvented, if:
* Neutrinos do not clump together like baryons (=> m > 100 GeV)

* Lifetime significantly smaller than age of the universe

(BTW: Cosmological neutrino mass bound only valid for “light” neutrinos)



2.3 Lifetimes: Example of h h | n

1) No heavy hydrogen found

: [,
=> cannot be nicht quasistable re *

2) Finite lifetime cosmological constrained:
a) CMB
Perfect black-body spectrum
=T([,)<10"=10""s

i

-1
Erightness (10 ergs."gecfmzfsteradim."m )
b &
L I

4

b) Primordial nucleosynthesis I
Photons from decay products would break up D (He)
=> decrease (increase) of deuteron abundance

D/He compatible with standard nucleosynthesis

= 1(1,)<10"—10"s



5.1 Mixing in quark sector

0.97418 0.2246 0.0039 <0.04

Directly measured ‘V4><4 _| 0.22 >0.75 0.041 <O0.6
matrix elements: M <0.08 <0.40 =>=0.78 <0.65
<0.1 <0.60 <0.65 =0.78

* Constraints discussed by Kribs et al.:
* |V

|

t 0.97418 0.2246 0.0039 <0.04

* r(W_>had) ‘V4><4 _ 0.22 0.965 0.041 <0.2
caM <0.08 <0.15 =>0.78 <0.65

<0.09 <0.17 <0.65 =0.78

* D-mixing (Golowich et al., PRD76:095009, 2007) — ‘Vud V' 1<0.002
Limit depends on d, mass (200 GeV used) ~ + _
See talk by A. Lenz concerning D’ b| ‘ b D’

uncertainties in predicting D-mixing



M & PMS matrix: Wl ep & T-/ - decays

Constraints on PMNS elements:

>k >k >k

sk
4% 4
U=

sk

<0.2
<0.2
<0.2

<0.25 <0.25 <0.25 =09

|F GF IS constrained to

vary by 5% around its
standard value

PMNS constraints are sufficiently strong to improve

CKM constraints from I'(W—1v) but less constraining
compared to constraint assuming lepton universality

In such a case
Constraints on CKM elements:

‘/4><4=
‘CKM <0.08 <0.3

<0.09 <0.3

0.97418 0.2246 0.0039 <0.04
0.22 0.965 0.041
>(0.78 <0.65
<0.65 =0.78

<0.3




M & PMGnatrix: Welep & p—ey

Constraints on PMNS elements:

* * *  <0.1 | Similar constraints
|U4X4|= * * * <0.1
* % * <0.1
<0.1 <0.1 <0.1 =099
+
€ BF (p—ey)<1.2-10"
W )
, — |l]€4l]IJ4 <4.10-4 Kribs et al.
; 2 2 /0
+ <\/ Z ‘Uui Z ‘Uek ) mVY>1(())OGeV
U - i=1,2,3 k=123 “

Constraints on CKM elements:

0.97418 0.2246 0.0039 <0.04
‘V“X“ _ 0.22 0965 0.041 <0.2
CKM
<0.08 <0.15 =>0.78 <0.65
<0.09 <0.17 <065 >=0.78




