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anniversary of the “tau” nomenclature

The Discovery of the t, 1975-1977:
A Tale of Three Papers

© G. J. Feldman 1993

Department of Physics
Harvard University
Cambridge, MA 02138

1. Evidence for Anomalous Lepton Production in e* - e~ Annihilation; Physical Review Letters, Vol. 35, Issue 22, 1489-1492; 1975
2. "Properties of Anomalous e-mu Events Produced in e+e-Annihilation"; Physics Letters, Vol. 63B, Issue 4, 466; August 16, 1976
3. "Properties of the Proposeﬁﬁlh?harged Lepton"; Physics Letters, Vol.70B, Issue 4, 487; October 24, 1977
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first mention of “tau’ 1n a published journal

A Proper Name

As we approached the writing of the third paper, [ realized that this was the last
chance for the 7 to get a proper name. You will remember that it was still being called
the U particle at this time. | reminded Martin that U stood for unknown and that it was
meant to be a temporary name. Now that we had identified it as a heavy lepton, the
name should be changed to one that reflected that identity. And we had to do it now,
because if we published one more paper with the name U, it would stick forever.
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Overview of T physics
Contents of this talk:

® Physics with t decays
® Mass, lifetime
® [ epton universality
® |V from Tt decays
® [ epton Flavor violation 1n T decays

® Physics with T produced
® from B decays
e from Top decays
e from Higgs decays

Apologies for not covering as, g-2, SUSY, exotica, Lepton Flavor
violation at the LHC, CP Violation : this list 1s not exhaustive!
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Introduction to T decays

LEP

CLEO

BaBar

Belle

Belle Il
Naive prediction:

V

T

20% 20% 60%

€ W u u

Ue UM d! d!
|ld’> = Vud|d> + Vus|s>
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Including QED &
QCD corrections:

174

ﬂ 3.0
Cabibbo

suppressed

Cabibbo allowed
61.8
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T mass and lifetime

H-I-I-ITI-I-I-ITI-I-I-ITI-I-I-ITI-I-I-IT ] I ] 1 I ] ]
@ 5’7079 2015 a‘;ezfage P HFAG Summer 2014
6.86 = 0. 290.29 + 0.52
HeH BES 2014
1776.91 + 0.12 +8.1g Py PDG 2014 average
BaBar 2009 : 290.30 = 0.50
o 1776.68 + 0.12 = 0.41 P Belle 2013
H—e—ii KEDR 2007 _ 290.17 =+ 0.53 = 0.33
;Ziz'zz)(;?o.zs =015 " Delphi 2004
o 1776.61+ 0.13 = 0.35 290.90 = 1.40 = 1.00
, OPAL 2000 H H L3 2000
1775.10 = 1.60 = 1.00 293.20 + 2.00 + 1.50
- CLEO 1997 ALEPH 1997
I . . H+H
;;75'2109;60'80 *1.20 290.10 = 1.50 = 1.10
H—e— +0.18 +0.25
1776.96 * o) T 017 H—e—H OPAL 1996
o ARGUS 1992 289.20 = 1.70 + 1.20
1776.30 = 2.40 = 1.40 : ® : CLEO 1996
DELCO 1+95%0 289.00 + 2.80 = 4.00
1783.00 * 300 L PR
1776 1776.5 1777 1777.5 1778 285 290_1 5 295
m, [MeV/c?] PDG 2015 T, [x 10" s] Summer 2014
e most precise measurements by e Belle

+

eTe~ colliders at 77+ threshold

» 3-prong vs. 3-prong decay length

» few events but very significant » |argest syst. error: alignment
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Lepton universality from leptonic t decays

Standard Model for leptons A, p = e, u, 7 (Marciano 1988)

By G, G mi m>
_ A A
FA—=wvapr,(7)] = Ty, = MBy,, = —£ = ES 5| rwrs
(D) 1927 my
g2 3 4 2 m?
G, = A f(x)=1—8x+8x" —x" —12x“Inx f.=Ff| -2
v, T v (mk)
where 5 (m))
bY 3 my bY Q\ My, 25 2
— A —1 =
w T35 M, g T o < s >
Tests of lepton universality from ratios of above partial widths:
g’f VT
> a
5 [T —>—
8-\ _ | Bre Tampfueryry B, T L
(gﬂ) = \ B,. T,.mf.f.,.erﬂ'vr; = 1.0010 + 0.0015 = Bi? < ]
SNy,
5 [T
g-\ | Brpmumpfueryr, B, 0
(—T> =\l B : —— =1.0029 + 0.0015 = T +T/ Vs
8e \ e T‘rm‘rf‘rp,rWr'y BT/J,
g By f <
(—“) = TR T —1.0019 4+ 0.0014 ge \V
8e Bre - ‘

e precision: 0.20—0.23% pre-B-Factories = 0.14—0.15% today

thanks essentially to the Belle tau lifetime measurement, PRL 112 (2014) 031801

Lepton universality tests limited by precision of Bey, not any more by 1
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Lepton universality from hadronic t decays

e
B(r— — 7 v.) | Tl zk B(r— — K~ v;)
B —p o) w s | BE S pw
.

Standard Model:
g . B(t — hv,) 2m,m- T, 1— m2/mi :
(—T> — B a A (h=mor K)

8L - B(h— pvy,) (1 + 5/,)!77:73-7'7. 1— mﬁ/mi
rad. corr. 6, = (0.16 + 0.12)%, Jx = (0.90 £ 0.22)% (Decker 1994)

(g_f> = 0.9961 + 0.0027 , (g_.,.) = 0.9860 + 0.0070 .
8L Tt Ep K

(electron tests less precise because hadron two body decays to electrons are
helicity-suppressed)
Averaging the three g, /g, ratios:

gu

[recent useful contribution from BABAR

(g—T> = 1.0000 £ 0.0014 , (accounting for statistical correlations)
T+7w+K

K v,

€ Vels

measurement, PRL 105 (2010) 051602]
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Lepton universality improved Bet™Y

Universality improved B(T — evp)

e (M. Davier, 2005): assume SM lepton universality to improve B, = B(T — ev v, )
fit B, using three determinations:
> Be p— Be
> B. =B, f(m2/m2)/f(m},/m?)
> B, = B(u — evev,) - (m-/7,) - (me/m,)° - f(mZ/m3)/f(me/m}) - (870w)/ (6561
l[above we have: B(y — ev.v,) = 1]

o Bi™ = (17.815 £ 0.023)%  HFAG-PDG 2016 prelim. fit

= improvement by almost a factor of 2 from the value of B. = (17.816 = 0.041)%
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The |Vys| element of CKM Matrix

Vii: Mixing between Weak and Mass Eigenstates

Ve @9 Vi IO
m B @

V= Va Vs Vo | ~
Vie Vie Vi 93 =2 -
Irud +|Ius +|Iub =1

® Vi =0.97417 £ 0.00021 (from nuclear B decays)
J.C.Hardy & |.S.Towner, PRC 91 (2015) 025501

e V| =(4.09+0.39) x 10 (from B — Xy £ v decays)
Particle Data Group 2016

= |Vys|“¥M=0.22582 + 0.00091

Precision measurement of IVysl is a test of CKM unitarity
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CKM Unzitarity

V-A interaction via W-exchange with quarks have V;j;

(. A

l )--—

Vi e SUSY, Z,
charged
R — T I S E— .
| i Higgs,
|

e ><

Gr ~ g2Vi/Mu? ~1/Vv2 | /\?
Standard New
Model Physics

Ackm ~ (V/A)? sensitive to new physics in large class of models

CKM Unitarity violation: |Vug|? + |Vus|* + |[Vw|? =1 + Ackm
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Approaches to |V
KI3 decays:

I /+
KO 0, K+ C éﬁzﬂo = |Vus|f+(0)

KI2 decays:
’ ” L 4 Vie| Fye
o @ G R

Hyperon decays:

1%
[~
EO é‘ .i :'?Zf Z+ = ‘Vu8|f1(0)

[ = V:udd + Vuss

T decays:

= Mg, |Vis]
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Hadronic width of the t lepton

Parton model:

QCD: R =R +R=|V,[ N +,['N,

( Oclvudl2 OCquslz\
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Hadronic width of the t lepton

QCD corrections : R, =
Spectral Moments: Rk — fol dz(1 — z)kzt B o — a

Zeroth order moments are simply the T branching fractions

Finite energy sum rules = SU(3) breaking sensitive to m;:

kil ki 2

; Rr oo R SR, = 0.1544(37) + 9.3 (3.4)m

4 L 7P + 0.0034 (28) = 0.242(32)
ud us ms = 95.00 £ 5.00MeV  [PDG2015]

E.Gamiz, M.Jamin, A.Pich, J.Prades & F. Schwab, arXiv 0709.0282 [hep-ph]

Truncation errors studied with QCD lattice inputs 1n terms of weights:

Ry ‘U (80) w _
Vis| = \/ Y aus(80)/ | =5 ORYV A (S0)

Vial?

K.Maltman, R.J.Hudspith, R.Lewis, C.E.Wolfe, J.Zanott1, arXiv 1511.08514 [hep-ph]
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Non-strange spectral functions

RT,V :> T_ — VT + hv,s=0

(even number of pions)

R, ,=> 1 >v +h,

(odd number of pions)

\‘3,_ 3 :_ e ALEPH vector \3’_ | e ALEPH axial
— Perturbative QCD (massless) 12 [ — Perturbative QCD (massless)
2.5 :— --- Parton model prediction 1 .. Parton model prediction
[ [ n2n0,3ﬂ:
2 :_ [ n3no,3mc0,6n(MC) 0.8 n4no,3n2n0,5n
N o’ kkO(MC) nkk-bar(MC)

nkk-bar(MC) 0.6

0.4

0.2

L 11 L1 11 1111 1
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
s (GeV?) s (GeV?)

Originally published 1n 2005, Revised calculations in 2014
M.Davier, A.Hoeker, B.Malaescu, C.Z.Yuan & Z.Zhang, EPCJ 74 (2014) 2803
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Non-strange spectral functions

RT,V :> T_ — V'z' + hv,s=0

(even number of pions)

R, ,=> 1 >v +h,

(odd number of pions)

/33_""""""""""I""I'_/a3_""""""""""I""I
ES | - OPAL vector = - OPAL axial
2.5 — +T| R — 25 — ] 3m, w2 —
1 M 3nx’,x 37 ] — M 3n2x .
5 [ + | B MC corr. _ 5 _ B MC corr. _
I * — perturbative QCD (massless) - - — perturbative QCD (massless) | |
[ | -- naive parton model ] [ ~-- naive parton model ]
15 - [ 1 15F -

Overview Swagato
of T physi Banerjee




Strange spectral functions

Strange spectral functions from ALEPH & OPAL are not so precise

& -~ :l [T 1 | 1T T 1 | 1T T 1 | 1T T 1 1T 171 T T 1 |:
T 6f | ALEPH T + OPAL -
: 7 ~ e + (K) from PDG f
5F I_(Tl: 3r L] (Kn+Kn) E
K 5 : : (Knn+Knr)” i
4 5 - Y (Knan) 1
[ N I_<3E+K N (MC) ) - — = naive parton model i -
3L =] Kdw (MC) : T ]
il . X
1 _ j ¢ 0.5 —
0:.|...I.. P il //.\. L :|||
0.5 1 1.5 2 2.5 3 05 1 15 2 25 3
Mass” (GeV/c?)? slGeV
ALEPH, Phys. Rep. 421 (2005) 191 OPAL, EPJC 7 (1999)
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Strange spectral functions

< f | | T 10%F
x 108 Kre2 | |~
o . - R -
E I S, | S 10
N 15_ v_‘.’ - Poe _E m E
s @ ", IS |
2 ; e, ] 0
8 o1k ¢ X i ~ 107
o ; E \l
i \‘é’ :
ol | 10
102 ;] E
q 1%
10°E I_@ 1
0.4 . 22 0.8. . 1. . .1.2. . .1.4. . .1.6.
e (GEV/ET) Vs, GeV/c?
BABAR, PRD 76 (2007) 051104 Belle, PLB 654 (2007) 65
(not background-subtracted)
0.045F 0.05
- ’.0 - ﬁ
c\’.(: 0.04:— ® c\’,(:; B # “+§
S 00355 . S 004 ¥y
0] - o ° 0] - ¢ '
O 03 ) O - '
S oomst. S o s S 0.03 ¢ f o
o 0.025¢ . . T Ky S C $ A 1> K Kgn'v
= 0020 . “~ =~ R ¢
i [ -
S - " A S 0.02_ ¢ ®
T 0.015F by % ) - .
EF . 5 I ’ "
2 N "~ S oot ' A
= 0.005F- S ‘“\ - - N “
Oi_....m...l |||||||||||||||| [N NN N 0:_|||||||||||||||||||||||||||||||||}||||||||||||
08 09 1 11 02 13 WREY: 16 17 18 1 11 12 13 14 15 16 17 18 19
Ko , (GeV/c?) Ko . (GeV/c?)

%)

([AN/AM(K 7v'*)/N)/(10MeV/c

measurements from B-Factories are available

3

0.04

0.03

0.02

0.01

(e)

BABAR

preliminary

e Il ‘ L F“‘*
1 1.2 1.4 1.6

M(K v rct) (GeV/c?)

([dN/dM(K K K )I/N)/(10MeV/c?)

0.1

0.05

BABAR

preliminary |

1.7

M(K K'K") (-GeV/cz)

Ryu [Belle] Nucl.Phys.Proc.Suppl. 253-255 (2014) 33

Nugent, Nucl.Phys.Proc.Suppl. 253-255 (2014) 38.
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T branching fractions are well measured

» Most of the branching fractions are highly correlated.
» Sources of correlation between the same experiment:

» Track reconstruction ~ 1% for 1-vs-1 topology

» Secondary vertex reconstruction ~ 1.5% for Ks
» Calorimeter bump reconstruction ~ 1-3% for ©t*
» Particle 1dentification ~ 2-4 %

» Luminosity uncertainty ~ 1%

Sources of correlation between different experiments:
» Tau-pair cross-section uncertainty ~ 0.36%
» Uncertainty on Branching Fractions of backgrounds

= Simultaneous averaging of all branching fractions
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Heavy Flavor Averaging Group (HFLAV)

» Global fit to 170 measurements of T Branching Fractions:
»39 from ALEPH

¢35 from CLEO HFLAV tries to take into account correlations
»23 from BaBar between measurements, as well as dependence
219 from OPAL on common external parameters such as tau-
»15 from Belle pair cross-section and background

#14 from DELPHI normalization errors between experiments.
<11 from L3 As much as possible, HFLAV tries to avoid
»6 from CLEO3 inflating measured uncertainties using old
3 from TPC PDG-style scale factors to account for spread
2 from ARGUS between the different measurements. Instead, a
¢7 from HRS confidence level (CL) for the average 1s quoted.

] from CELLO

Overview Swagato
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HFLAV style fits in PDG

From 2016, HFLAV-style fits have been adopted by PDG.

Chin.Phys. C40 (2016) no.10, 100001.

According to PDG naming convention,
4’7 basis nodes are fitted to 170 measurement

with constraint that linear sum of basis nodes add up to unity
= 170 - 47+ 1 =124 degrees of freedom

In H

FLAV notation, 135 quantities consisting of 47 basis nodes

and 88 linear combinations or ratios of linear combinations

Overview
of T physics

are expressed as constraints.
Both the methods are equivalent.
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'Vus| from 1nclusive strange decays

[Preliminary]

Branching fraction

HFAG Summer 2016 fit (%)

K v,
K21, (ex. K°)
K~ 31%; (ex. K% n)

™ K m v,
_ 0
7~ K 7%, (ex. K°)

K h=h=htu.

K~ n°nu,

W_?OUVT

K~ wr,

K ov: (¢ — KTK™)
K=6vs (6 — K2K?)

K n ntu, (ex. KO w)

K n ntn%, (ex. K° w,n)
K 2n 2n%v, (ex. K°)

K 2r 2nt 10, (ex. K°)

0.6960 £ 0.0096
0.4327 +=0.0149
0.0640 = 0.0220
0.0428 £ 0.0216
0.8386 = 0.0141
0.3812 £ 0.0129
0.0234 = 0.0231
0.0222 £ 0.0202
0.0155 + 0.0008
0.0048 = 0.0012
0.0094 + 0.0015
0.0410 = 0.0092
0.0022 £+ 0.0008
0.0015 == 0.0006
0.2923 = 0.0067
0.0410 £ 0.0143
0.0001 += 0.0001
0.0001 += 0.0001

2.9087 = 0.0482

Overview
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_5R eor
Va2 }

‘VUS"TS — \/Rs/

By = (2.909 + 0.048)%

Bhadrons — Ba]] - Be - Bu — (6476 + 010)%
BVA: Bhadrons —BS — (6185 =+ 010)%

To get R, we normalize by

B.=(17.816 £ 0.041)%

However, the error on Be
can be improved using
lepton universality and
improved measurements

of mass (my) and
lifetime (t:).

*
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Lepton universality improved |V

A(— r(T — hadrons)/l'un;\,(T — 61/17)

r(T — hadrons) L Bhadrons L 1 — Bgniv - f(mi/mi)/f(mg/mi) 'Bgniv

® Rh — — — : = -
ad runiv(T_>eVV) Bunlv Bgnlv

(S

» two different determinations, second one not “contaminated” by hadronic BFs

 Ri.qg = 3.6349 == 0.0082 HFAG-PDG 2016 prelim. fit
® Ry.q(leptonic BFs only) = 3.6397 £ 0.0070 HFAG-PDG 2016 prelim. f

= |[Vus| = (0.2186 + 0.0021) [Preliminary]

It

The measured |Vys| values & errors are numerically almost identical using

e measured Bhad = Bnon-strange + Bs from unity non-constrained
o Bhada=1 - (1 + f/fe) Be"™V from unity constrained t |

T BR fit, OR
BR it

This 1s because error on Rnad feeds to error on Ruon-strange in calcul
In both cases, Rnaq is normalized using B

Dominant contribution to error on |Vys| comes from error on the m

ation of |V

easured Rstrange.

ORtheory contributes to 47% of the relative error on |Vis|.

Overview
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V| from exclusive t decays

B(r — K v,) _ f2|Vis? (1= m3/m?)’
B(r — 7 v;) 2|Vl (1 — m2/m2)?

TK /1T

* Independent of convergence of OPE, as electroweak corrections cancel
e Radiative corrections Sgw=1.02010 = 0.00030 [Erler 2004]

* | ong Distance effects (Rrk/rmr) known [Decker & Finkmeier 1995, Marciano 2004]
e All non-perturbative QCD effects encapsulated as ratio of meson decay constants:

fx/fr =1.193 £0.003, fx = 155.6 £ 0.4 MeV [FLAG 2016 Lattice Averages]
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Summary of |Vys| results

- K, PDG 2016
0.2237 £ 0.0010
o+ K,, PDG 2016

0.2254 + 0.0007

o CKM unitarity, PDG 2016
0.2258 + 0.0009

- d - Vudd + Viyss ———i T — sincl., Maltman 2017
>,\‘<’ 0.2229 + 0.0022 + 0.0004
1 —— T — s incl., HFLAV 2016
= = = 0.2186 + 0.0021 -3.1o
T T o
—— 1T - Kv/1—- nv, HFLAV 2016
w- N, d}n_ w- N S}K‘ 0.2236 + 0.0018 -l.lo
u u —— T average, HFLAV 2016 D46
0.2216 £ 0.0015
TR T W T T T T T
0.22 0.225 HFLAV

Spring 2017

[Preliminary]

Vel

* |Vus| has been measured using inclusive and exclusive tau decays.
* Preliminary results from Maltman’s estimate agrees with unitarity.
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Search for lepton flavor violation 1n t decays

® |epton flavor violation (LFV)

» not forbidden by SM gauge symmetry
® most new models naturally include LFV vertex

°

In SM, LF is conserved for zero degenerate » masses

Now we have clear indication that v’'s have finite mass
= Lepton Flavor is violated in Nature: but by how much?

°

®» SM extended to include finite ¥ mass and mixing predicts LEV
B(T% — 1™ 7)iLee-Shrock, Phys. Rev. D 16, 1444 (1977)]

2 2
3 Am ) _
= Tog— ( 2—3) sin” 20mixB(T — puv,v,)

With A ~ 1072 eV?, Mw ~ O(10'Y) eV
~ O(107°*) (Omix : Max)

.. many orders below experimental sensitivity!

® Observation for LFV = (unambiguous signature of new physics)

Overview Swagato
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Search for lepton flavor violation 1n t decays

» Some models predict LF'V upto existing experimental bounds

B(t — {v) | B(t — LX)
SM+v-mixing (PRL95(2005)41802,EPJC8(1999)513) 10—54 10—14
SUSY Higgs (PLB549(2002)159, PLB566(2003)217) 10—10 107
SM+Heavy Majorana v (PRD66(2002)034008) 10~ 1010
Non-Universal Z’ (PLB547(2002)252) 10—2 10—8
SUSY SO(10) (NPB649(2003)189, PRD68(2003)033012) 10~8 1010
MSUGRA+seesaw (EPJC14(2000)319, PRD66(2002)115013) 10—7 10—2

MSSM+seesaw (PRD66 (2002) 057301) B(1 — pvy): B(m — ppp): B(t — pun)=15:1:8.4

lllustrations:

Overview
Of’c o '




Status of lepton flavor violating

limits

90% CL upper limits on t© LFV decays

E + ‘S rin 2017|
: + +++ 4+ + + + 4+ L=2PTNI
- + + + +
= +
C 4T [ Lt +
"+
N +
+ T+
-6
108 T o+
N I 1 bz
- A A A X
A A AL a
- A A
)\ 4 A -
| ™ | A, A
- [ |
- [ | |
- - : CEEE { A 0 " 0
N A
. om )y A LI A X o o i
A A o o A ol o
» O a [ | A m N o
. A dn a4
i O A O - m N
o i :
-8 -
20t s S S S S [ [ [ [ A S S [ [ (N S S [ [ [ [N (N (N (N S S S S|
NN R LS00 IRS Sl 00 sk ke ke ok LSl Ll L Sol LT /= L
R N IR T ARSI OF O  ALEEC I B AS alal gl Falfal sl tao S el MRS
o & CAAA oy oYYty Ne et e xRNy
2 3 o 3

¢ ATLAS 4 BaBar = Belle + CLEO = LHCb
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Combined upper limits
90% CL upper limits on t© LFV decays

0
i o Spring 2017
0
A
o
2
A A
, o o
10 + o
X A
" A
A ol 2 +
L 1 o
B T o A . o O
¢ +
+
o o + A A o
o &
A ® o
A -+ + ®
o - A
A A ®
A
+ + + -+
A i L
10° = +
+
| | | | | | | | | | | | | | | | | | | | | |
o 3 § S & & & 9 ST S
® 3 () 3

Overview

¢ BaBar 4~ Belle = LHCb + HFLAV combination
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Evolution of LFV limits

Approximate number of t decays studied

o 10° 10° 107 10° 10° 10"
g 10-2 ? ||||||| I I ||||||| I I ||||||| I I ||||||| I I ||||||| I I ||||||| I I ?
fn ~  Markll e T—=1Y =
= 3 e ¢ T— E
-5 ) — ARGUS a -
= 107 E- ¢ e DELPHI BT UUU S
& — s B -
= ¢ —
g s " 4 CLEO =
L . —
= 10° = ° =
é = ¢ Belle BaBar =
- L ¢ LHCb —
St = °* ¢ n =
o = i 2 =
= s [ -
5“ 10 = mSUGRA + seesaw 5
= = SUSY + SO(10) %5 =
&) = SM + seesaw E
S — . ]
g 10-10 | SI|JSY T nggs ] | ] ] ] ] | ] ] ] ] | ] ] ] Ble"e| .
= 1980 1990 2000 2010 2020
YEAR
2 F  hy IP° ISC A I Ihh Ah
8 1()‘5=E m - - EEEgm - . - - . ?:
L= — - == - - - - - 5
| oud - - - - - - - —
5 10°E = -- E
— E v Vv v M g
5 = . S v . - v v - . v v vV . . n
‘.; 107 = ’ v X T ” v vw v 3
g E v? v?Y v b4 X o N/ . v E CLEO
s 10°F Belle II can reduce most of thees its by 1 ~2 orders of magnitude = - BaBar
=y - . 3 - Belle
= = . . . 7 - LHCb
5 10°EF o . . - S . e.e"" . .« . o -Bellen
d E P L J Py ® g - . L L 4 ® - o ~ e ® o - ® o E
O\o 1 0—10 | N N I [ N NN N N U AN A N N N (N N A U N I N [N I A N [N N N NN (N U N NN I U N I A N NN NN SN N N A A | .
S TR T S S ERRARDLDNL KRS T 22 oo 'm0 = B e B EMRRIEE M i <l<<I< I. Heredia
o=z sz v="p 3_'0'3_-0,-3_.0 o B Be N\
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Overview of T physics
Contents of this talk:

® Physics with t decays
® Mass, lifetime
® [ epton universality
® |V from Tt decays
® [ epton Flavor violation 1n T decays

| ® Physics with T produced
@ from B decays

e from Top decays

e from Higgs decays

pologes or not covring , g-2, SSY, exotica, Lepton Flavor
violation at the LHC, CP Violation : this list 1s not exhaustive!

Overview Swagato

of T ph Banerjee




B—o1tvVv

The B decay constant f; encapsulates all hadronic effects
Lattice QCD: fs= 0.191+0.009 GeV
HFAG-2014: IV | =(3.53 £0.29) 10-3

Bt —» r+

[Viplexe [Vabline

v, Current status

Belle (hadronic tag):

= (0727928 +0.11) - 10~

Belle (semileptonic tag)
(1.25 + +0.28 +0.27) - 1074

SM Prediction PDG 2016 _
: BaBaiO(b:)adrom; tag) y
B(BT >ef ue) (1.09+021)-10"" <9.8-1077 CL=90% | | | B
B B+ — ,u+l/u) (465 + 091) . 10_7 <1.0- 10_6 CL=90% : — 7 | BaBar (semileptonic tag)

(1.74 +0.84£0.2) - 1071

B B+—>T+I/T) (1.03+£0.2)-10°%  (1.06 £0.20)- 10"

PDG 2016 ,,
(1.06 £0.2) - 1074

3
B(B — 1v)/107*

Already tightly constrained by weak radiative B meson decays

M i > 580 GeV

Steinhauser, https://arxiv.org/pdf/1702.04571.pdf
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B—D®tv

e Ratio R(D™)) = B(B— D™ +rv) / B(B— D™ uv) is sensitive to charged Higgs, leptoquark

ut ot ut )t

= S.L. decays mvolvmg a T+ have an additional helicity amplitude (for D*tv)

AP 967r3mB (1‘ 2 (|H+| +|H_| +|Ho|) 1+_ @

For Dtv, only Hyg and Hscontrlbute!

= A charged Higgs (2HDM type II) of spin 0 coupling to the t will only affect Hs

tan®s  ¢* ) PRD 78, 015006 (2008)

2HDM SM :

H ) =H " X (1 T2 1 F me/ms ) - for Dtv PhD 85, 094025 (2012
H*E cC

+ for D*tv

This could enhance or decrease the BF, depending on tanp/m,

Spin 0
H- - T

—_— _—

-~ SM: Left-handed 70%, Right-handed 30% Av, = + Ar = +

-7~ polarizationin B — D™+, T, <

-~ 2HDM: Left-handed 0%, Right-handed 100%
Overwew Swagato

Banerjee



Strategy 1n e"¢” colliders

Hadronic or
Semi-leptonic

[llustration of
background
separation for
hadronic tag

Overview
Of’C o '

mrfu’ss = (P _PB

ee fag -

Missing mass squared

PD(*) ‘Pe)z Py

e* ,u* momentum in B rest frame

150
100f

SO
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Strategy 1n ¢ ¢ colliders

Hadronic or
Semi-leptonic

* Signal/normalization separation on smaller cosf,_,+,

-

R * * 2 2
g’\“"l/"x\pv 9 _ EbeamED*l — Mp — Mp+
<= ——y COS B—-D*l — 2 * *
7] |pbeam”pD*l|

Signal event

[1lustration of 2o {

. o b
'Normalization mode’

background g | ;

Normalization event

separation for ‘ | +
semi-leptonic tag |

¢

Signal mode it
W &

-]
*,
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Strategy 1n hadron colliders
B— D*tv B— D*uv
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Current status

0.33+0.0240.02 _'_ Tag D e C ay
0.44%0.06 +0.04 _— i E

BaBar had. tag BaBar had. tag
: Belle had. tag o . B _
Belle had. t: 0.29 £0.04+0.01 : -—
O.:S i()(.‘06 :503 _‘_ B a B ar ( 2 O 1 2 ) hadronlc T — ’E VBVT

LHCb

03440.03+0.03 —

e | B. ‘ | | Belle (2015 ' >

: ; Belle sl.t: : :
0403500400024 | ; e o P e elle hadronlc T ﬁ ViVt
FNAL/MILC (2015) | : Belle (hadronic tau) | '

0.299+0.011 "" E 0.2700.035£0.027 * |_H C b (20 1 5) T_—) IJ,_VM V1

Average

HPQCD (2015) 0.310£0.015 £ 0.008 '—“— . . — _
TR, | Belle (2016) ESuSS O g sy v
e B e | B Belle (2016) [ CRENEE Ry A S
I | L i L I L L L PR SN NN TN SN S TR SR N S S S T
0.2 0.4 0.6 0.2 0.3 0.4
R(D) R(D*)

0.5 1 T T T I

8 b =iy e 3 [RO)and ROP) exceod SM predictions
F e oo, 3|0 220200 340 espectively.
0.4 D Avenge ror-020) s mierata o) | Considering the R(D)-R(D*) correlation
sk 3 |of -0.23, the resulting combined %2 is

. 1 |18.62 for 2 degree of freedom,
3 7 [corresponding to a p-value of 8.8 x 10-5.
025 m The difference with the SM predictions
02 - —— — ST 06 reported above, is at about 3.90.
R(D)
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Prospects of using t — a;"v:at LHCb
Riaa(D%) = gyt te)=— Signa ——{ina otate

)\ Normalization /

l “““ SRR > Most of

| -
| External | gystematic
)

B(BO—=D*—utv input -
BB )y uncertainties
cancel

Signal mode: -

BaBar had. tag : :
D' vertex ke 0.33+£0.02 +0.02 § |
~ BO vertex Belle had. tag i i O&\:{
0.29 £0.04 £ 001 '—‘—Tﬂ (‘\
I A LHCb f(?\P;‘

A B 0.34 +0.03 £0.03 i\\,\»\)s —
Primary Belle sl.tag
Vertex 0.30 +0.03 001 § -

Belle (hadronic tau)

0.270 +0.035 + 0.027 °

Average

Normalization mode: et | ——

S Fajfer et al. (2012)

U 0.252 +0.003 "

HFAG

.—i—.

Potentlal LHCb statlstlcal precision for Run 1
| (assummg central valf,le from world average)
| |

D*™ vertex
~ B9 vertex

«----"1" — wt 0.2 0.3 0.4
P\;inla ry B R(D*)
Expect results later this year
Swagato
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O (2015)/0 ., (Year)

12

10

Future prospects at Belle 11

0.5

- Belle n Prolectlon (Feb 2017) >
+ Be"e (") Basehhe ............... ............... ............... ............... ".'4
o Belle)k, 8T
- e Belle (Il) Btag | R
e Be"e (") 100% Y(4S), ........ : ............... ............... .......... ' ”’.,'./,ﬂ_

LHCb Hadronic BRI
-m- LHCb Leptonic _— .

P
' L - 0
-

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

AR(D) [%]

Stat Sys
le 0.7 ab1 14 6
le II 5 ab-1 5 3
e Il 50 ab1 2 3

o~
Q
oC

Total
16

0.45

0.4

0.35

0.3

0.25

020

Stat
6
2

Belle Il Projection
—— Belle Combination
—— Babar
—— LHCb
—— World Combination

- SM prediction: PRD92 054410 (2015), PRD85 094025 (2012)

ICHEP 2016 Preliminary

-

10 contours

1

Phillip URQUIJO

025 0.3 035 04 045 05 055 0.6
R(D)
AR(D*) [%]
Sys Total
3 7
2 3
2 2
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Tau lepton from Top decays

In the SM, BR of the t-quark 1nto leptons are same.
But, in new physics models, the BR to t-leptons could be different,
eg. via contributions from the charged Higgs (t — H™D),
or decays containing supersymmetric stop quarks (t — t + X).

At the LHC, pair production of t, decaying via t — b v; T channel
followed by T — 1t + gravitino could change BR to t-leptons.
Predicted cross-section for pair production of t-quark is similar
(or 12%) as that of pair production of t-quark for mi = 120 (or 180)
GeV. ICHEP2016 limits on mi from LHC are > 800 GeV.
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Tau lepton from Top decays

Results presented here were recorded at center-of-mass energy of Vs = 7 TeV,
the full 2011 data sample corresponding to an integrated luminosity of [L = 4.6 fb™!.
Reference: ATLAS Collaboration, Phys. Rev. D 92, 072005 (2015)

Measured SM LEP
(top quark) (W)
o7 | 178 & 3 (stat.) & 16 (syst.) & 3 (lumi.) pb | 177.3 +£9.07 ¢ pb
B; 66.5 0.4 (stat.) + 1.3 (syst.) 67.51x0.07 67.48+0.28
B. 13.34+ 0.4 (stat.) & 0.5 (syst.) 12.72+0.01 12.70£0.20
B’u 13.4 + 0.3 (stat.) & 0.5 (syst.) 12.7240.01 12.60x0.18
B 7.0 £ 0.3 (stat.) & 0.5 (syst.) 7.0540.01 7.2040.13

 This analysis 1s the first measurement of top quark hadronic and
semi-leptonic branching ratios. The precision ranges from 2.3% for

t — jets to 7.6% for t — tn, + X. The measured B: will vary by

more than observed uncertainty if B(t — b v: ) times production
cross-section of t-quark is > 3% of pair production of t-quark.

Overview
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Origin of mass

Direct observation of H—t" 1 ' '
confirms the Higgs-like nature K. <t:{t H. jg::éw
of the newly discovered particle. t W
) 7 7 7
BT
cosnd" 7

Fermions i )LL' Lﬂ( 5 )Lj ¢ + > L — <
Bosons + )Dﬁ\%(z P \/(¢> IMWI N

B(H—1"1) ~ 6.3% at 125 GeV o
B(H—bb) ~ 57.5% at 125 GeV o
but 17t has less backgrounds. 2my f
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H — 1"t : event topology

e Vector Boson Fusion (VBF) process (o = 1.6 pb) with 2 well-separated jets
e Boosted Higgs recoiling against jets from gluon fusion process (o = 19.4 pb)

separation’ 100

800
600
400

0

Overview

q(')

VBF Process

: T | T T T | T T T | T T
C Thadhas TESElECEION

Z—det=2o.3fb'1 {s=8TeV

ATLAS Internal

—— Data

Mz

B Others
I Muttijet
7/~ Uncert.

—— 50 x H(125)—>tt ]

Events / 10 GeV

10%E

103

10°

Gluon Fusion Process

10°E

F T | T T T T | T
[ ThaqThag Pr€SElEction

;det=2o.3fb" {s=8TeV

ATLAS Internal

—— Data

"— 50 x H(125)>tt |

I- Z—Tt
- Others
i Multijet
'///% Uncert.

. “total
fransverse
momentum’

50 1('.:0 150 200
! pi[GeV]
-->Boosted
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H — 1"t : status in Runl

JHEP 04 (2015) 117

.  ——e - CMS, 4.9 b at 7 TeV, 19.7 fb™ at 8 TeV
[r— T T ] 1 L] | | L] L T
8 E ATLAS ® Data i % B ! 40k 2 SMH(125 GeV)>tt
© — - - — ut , et., T.T., el =—e— Data - background
- 80— H— 1t VBF+Boosted = ;I(_1>22 (u=1.4) . (\5 ool b €t Thth 1 =i
@ - 1s=7TeV,4.5fb" . - 20F 7
c | - I Others et Xz
o 7/, Uncert ' E [ T
; — — u 2;000
= e - E -20f _l_ '
%) E |
= 20— . g 1500 | A0 T T 00 300
c E o 2 m., [GeV]
E ] L
0 =) e ~___~ SMH(125 GeV)—>11
~ T o 1000 [ —e— Observed —
2 [ — H(125) (u=1.4) = ] zow
& [ - H(110) (u=1.6) ™) C
w 10[ -~ H(150) u=6.2) + 500l D Electroweak -
= | . N B C—Jacp -
gl Ee . - K : : ~ L i
% O_—Q—O—Q—z—%’ﬂ/ - L .
% C 1 1 1 I | 1 1 m 0 C i 1 -
= 90 100 0 100 200 300
mMMC [GeV] m_. [GeV]

JHEP 05 (2014) 104

At 125 GeV ATLAS

Observed Significance

450
340

CMS

320
370

Expected Signifiance
Signal Strength 1.40 +0.43 -0.37

0.78 £ 0.27

Swagato
Banerjee
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Highlights from Runl at LHC

ATLAS and CMS -e-Observed +1o — ATLAS and CMS -®- ATLAS+CMS
Th. . CMS and ATLAS combined 7 and 8 TeV
- LHC Run 1 e = Th: uncert results Run 1 legacy papers: LHC Run 1 =% ATLAS
Lé) ZZ: »> Mass: Phys. Rev. Lett. 114, 191803 — \ - CMS
O ww| < Rates and couplings: arXiv:1606.02266 : — 1o
s + uyy _:*_ —+20
— eple—
w7 1o =
m zZ e — Mass has been measured to | :
> ww! b 0.2% precision :
| jo- my=125.0910.24 GeV uzz — ———
— e le—
ml T ———
g ww | e — Angular distributions - ;
| —— | consistent with spin 0 and :
bb - even parity Www =
YY ! . u s e _:h'_—
5 WW/{ ! . - Al cm;xlings are consistent — :
| —+—— with SM within 2.5¢ :
S SO ———
1y :
%E WXYC . . : Coupling strengths B
bb—‘l,l.,ll.,.lﬁ._l,L,l P | 1 ubb ~ E
6 -4 -2 0 2 4 8 8 10 | | | i : | | | | |
Precision test of Higgs boson coupling strendths 1 05 0 05 41 15 2 25 3 35 4
- — — Parameter value
Production process Measured significance (c) Expected significance (o)
VBF 54 4.6
WH 2.4 2.7
/ZH 2.3 2.9
VH 3.5 4.2
ttH 44 2.0
Decay channel .
—H= Tt 5.5 5.0 = |Combined > 5c
H — bb 2.6 3.7
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Higgs Parity

: 2D distributions of BDT discriminants "
VW 2Re(M g\M y4)
ATLAS: 9D He O, = :
HZZ: y ) M,
(p77¢, Nat, Mat,M1 2, COSO1 2 P, COSE™) SM
—-d =Kk, =K, | Ky, tana M =My, +d -M_,
(: 30 " T l T T I T 11 T T T T 17T I T T T I I TT I | l T 171 I T ] :II J__ I | T T I | T T T | T T | I I I | I __L
~ | ATLAS H— Z2Z* - 4 1 Z 2.2 ATLAS —— Combined (Obs.) =
osf SoTTevAs T 1 9 of ws-sTev,208t’ g e {95) -
- Observed [9=8TeV, 2030 i = Fitto Optimal Observable ~*~ Tiesiep (90S) ]
.~ Expected: H—- WW* = evuv - 1.8 = - -o- - Expected (d=0, 1=1.55) 3
20 B signal strength fit to data /s =8TeV, 20.3 5" B 1. 6 :_ =
RINGREEEEE Expected: SM 7 - -
- | 1.4FT== e -1
15[ - 1.2 P
- i oy
- ] 1 P
L 4 . .
10— B 0.8 o e
o6 X S f s —;
e N A 0.4F T o3
02 - -
O Tl]lllllllllll ....... r ARy 4N L‘{'/’I¢|I|I]I|I.|III|I..I OI: .'.é A };‘é’( I l | I I I | I :I
8 6 4 -2 0 2 4 6 8 -0.4 -0.2 0.2 0.4

( Kap/Kgy ) - tan o N
d

Coupling ratio Best-fit value 95% CL Exclusion Regions

Combined Observed Expected Observed
Kuvv/Ksm —-0.48 (—00,—0.55]J[4.80,00) (—00,—0.73](J[0.63, o)
(Ravv/ksm) - tan @ —-0.68 (=00, -2.331J[2.30,00) (—00,—2.18](J[0.83, 0)

68%
(-a,-1.5)U(1,0)

EPJC 75 (2015) 476

Overview

of T ph

(-a,-1.5)U(0,0)

violation. The regions d < —0.11 and d > 0.05 are excluded at 68% CL. The expected confidence intervals
are [—0.08,0.08] ([-0.18,0.18]) for an assumed signal strength of u = 1.55 (1.0). The constraints on the

The 68% CL interval presented in this work is a factor 10 better

EPJC 76 (2016) 658
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H — 17t : status in Run2

* Four decay topologies for t*t": ey, et,,ut,,T, T, HIG-16-043
LHCP (May 2017)  Three production modes: O-jet (gg), VBF, boosted (additional

Update from CMS:|  objects)

35.9 fb™ (13 TeV) CMS Preliminary 35.9 b (13TeV)
4(2107%| I T | T T | T T | T T 1 | T 1 |? % 1§| T | T T | T T | T T T T | T T | T T | T 1 |§
c - ) T T T - - .
O . CMS 1 —¢— (Obs. - bkg.)/bkg. o J 10
Lﬁ 10° g Preliminary 19E — (H—tr)/bkg. E 2107 E

- 0.81 [ ] Bkg. unc. C_l E — Observed 2()'E

5 - STl -

10 04 Q10% -- Expected =

0.2 - -

r =7 o i O F ]

10%E S 9 05 3 __30__

I0g(S/(S+B)) 107

103 E 10_4:_ _:

10°F E S N

E -+— Observed |:| T E 10 % %

10l§_ .MTh .e'ch | 6: _

E 3 10" E

= De“ — H—>tt (u=1.06) - = =

1k S -

E |:|Bkg. unc. a 1077 = —=

10—1 [ 1 1 1 I2| 1 1 1 1 |2I 1 1 1 1| I 1 1 1 |1 1 1 I I E| L 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 1 |E
-3 -2.5 - -1.5 - -0.5 0 105 110 115 120 125 130 135 140 145

log(S/(S+B)) m,, (GeV)

» H->vt has been updated with full 2016 luminosity. EXpeCted: 4.709 ObSGI‘VCd: 490
n=1.06+0.25-0.24 Combined CMS will be > 56
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Charged Higgs decay modes

BR(H%)

0.1¢

0.01 }

0.001

tan 3 = 2

tan 3 = 30

0.1}

BR (H%)

0.01 }

0.001

150 200 300 400 500 150
My [GeV]

200

300 400 500
Mpyz [GeV)]

A. Djouadi, L. Maiani, A. Polosa, J. Quevillon, V. Riquer (arXiv:1502.05653)

« two different scenarios: |heavy charged Higgs:

Overview
Of’C o '

MH+: > Mt - Mp

light charged Higgs:

MH: < Mt - Mp

sensitivity dominated
by H*—tb

sensitivity dominated
by HE*—=1v
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H*= — t v : status in Run2

60
a LT T I I [rrrrT I I R % C
% - ATLAS Preliminary ] =35¢L
> L \s=13TeV, 14.7 fo” _ 50k
(5 - = [
2 - —— Observed (CLs) 3 &
------- Expected (CLs) ’ 45¢
E'\I:, I tioc . H
510 — = - 40¢ ]
O H"hMSSM tanB=60 - 35¢ ATLAS Preliminary
T [ 30 \s=13TeV, 147167 3
§1 ol h c H" — tv; m"* scenario  J
T 0 s E 255 Observed exclusion
e ] 20 f_ 2015result e Expected exclu3|on_
© 15; — - Observed R
3l b b b b v e b b by 1y F ----E ted +2 -
10 200 400 600 800 100012001400160018002000 10:IIIIlllflplelclelllllllFllllclllIlllllllllli
My [GeV] 200 250 300 350 400 450 500 550 600
Ge

For 14.7 tb"! @ 13 TeV, in mass range of my = 200-2000 GeV,
upper limits were set in range of 2.0 pb! to 8fb-!

. 0.07CMSPrelminay 12917 (13 TeV) o CMSPemay___izot’(13Tey
A - t—Hb H - v, 1 8 ¢t pp — HB)H', H' — v, E
m:l: 0.061 th+|ets final state B - B T, +ets final state
< B -& Observed ] 1? - Observed
Qa B [ Expected median = 1o ] T [ Expected median =16 _|
jT: 0.05 = e Expected median + 20 ] (0] D Expected median = 20 3
o b : T F
S 004j -] b
et - ] S 107t
€ 003 - =
S : £
O 0.02 . = .
o\o ] Lg 10 =
S - %
8 (o))
8060 100 110 120 130 '1'46' 150 160 100 Py
+ (GeV) m,- (GeV)
my+= 80-160 GeV my+= 180-3000 GeV
Observed limit: 2.8-0.28% Observed limit: 1.8-0.0042 pb
- + - -
» light H* almost ruled out in MSSM my™°9+ (and most of other) scenario(s)
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