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Global flavor symmetry

[see e.g. Nir, hep-ph/0109090]

In absence of Yukawa couplings

Standard Model (SM) globally symmetric under



http://arxiv.org/pdf/hep-ph/0109090.pdf

Charged vs. neutral currents

[see e.g. Nir, hep-ph/0109090]

Charge currents measure only left-handed misalignment

urWdy, — urWdy, = ur,Wdr,

parameterized by Cabibbo-Kobayashi-Maskawa (CKM) matrix V. Instead,
neutral currents

urfur — urZur = lurpZur

remain flavor diagonal at tree level, due to enhanced SU(3)u.xSU(3)d.
flavor symmetry


http://arxiv.org/pdf/hep-ph/0109090.pdf

Flavor changing neutral currents

[see e.g. D'’Ambrosio et al., hep-ph/020/036]

In fact, neutral meson mixing & other flavor changing processes test
structure of Yukawa interactions beyond tree level

(YT)qb (Yu)gra dr,

Y, = diag (yua Ye,s yt)
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http://arxiv.org/pdf/hep-ph/0207036.pdf

Boxes & Z penguins

[see e.g. Buras, hep-ph/98064 /1]

Within SM, only two |-loop topologies lead to a quadratic dependence
on top mass
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http://arxiv.org/pdf/hep-ph/9806471v1.pdf

SM Higgs sector

[see e.g. Sikivie et al, Nucl. Phys. B173, 189 (1980)]

Litiges = Tr | (D, ®)7 (D*®)] + 2 Tr (@10) — A [Tr (o10)]°
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In limit of vanishing hypercharge coupling (g1 —0), SM Higgs sector
has global SU(2)L symmetry & accidental global SU(2)r symmetry


http://www.sciencedirect.com/science/article/pii/055032138090214X

SM Higgs sector

[see e.g. Sikivie et al, Nucl. Phys. B173, 189 (1980)]

o - @0 G
(@)

Litiges = Tr | (D, ®)7 (D*®)] + 2 Tr (@10) — A [Tr (o10)]°
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Higgs vacuum expectation value v breaks global SU(2).xSU(2)r
down to diagonal subgroup SU(2).=r aka custodial symmetry


http://www.sciencedirect.com/science/article/pii/055032138090214X

Electroweak gauge sector

[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]
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Custodial symmetry guarantees that in SM, p parameter
equal | at tree level. What happens at loop level?


http://www.sciencedirect.com/science/article/pii/055032138090214X

Yukawa sector in SM

[see e.g. Sikivie et al., Nucl. Phys. B173, 189 (1980)]

'CYukawa — — Yt QL €¢* tR — Yp QL ¢bR —+ h.c.

Yukawas would be SU(2).xSU(2)r invariant if y.=y». Symmetry breaking
proportional to squared mass difference (m¢-mp)? of top & bottom

|0


http://www.sciencedirect.com/science/article/pii/055032138090214X

|-loop corrections to p

[cf. Veltman, Nucl. Phys. B123,89 (1977)]

Ap = aAT =
p=a 8/ 212

Dominant |-loop corrections due to top exchange & proEortionaI
to yZ. In contrast, Higgs contribution scales as g% In(mh/mzz)


http://www.sciencedirect.com/science/article/pii/055032137790342X
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Events: [http://en.wikipedia.org/wiki/ | 98/]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

12


http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/February_23
http://en.wikipedia.org/wiki/SN_1987A
http://en.wikipedia.org/wiki/Supernova
http://en.wikipedia.org/wiki/1604
http://en.wikipedia.org/wiki/March_9
http://en.wikipedia.org/wiki/U2
http://en.wikipedia.org/wiki/The_Joshua_Tree
http://en.wikipedia.org/wiki/May_28
http://en.wikipedia.org/wiki/Mathias_Rust
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Red_Square
http://en.wikipedia.org/wiki/June_12
http://en.wikipedia.org/wiki/Ronald_Reagan
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Mikhail_Gorbachev
http://en.wikipedia.org/wiki/Tear_down_this_wall!
http://en.wikipedia.org/wiki/Berlin_Wall
http://en.wikipedia.org/wiki/Microsoft
http://en.wikipedia.org/wiki/Windows_2.0

13


http://www.spacetelescope.org/static/archives/images/screen/opo1030a.jpg

1987

Events: [http://en.wikipedia.org/wiki/ | 98/]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”
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1987

Events: [http://en.wikipedia.org/wiki/ | 98/]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

e May 28 —18-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow
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1987

Events: [http://en.wikipedia.org/wiki/ | 98/]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

e May 28 —18-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow

® June |2 — During a visit to Berlin, Germany, U.S. President Ronald Reagan
challenges Soviet Premier Mikhail Gorbachev to tear down the Berlin Wall
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1987

Events: [http://en.wikipedia.org/wiki/ | 98/]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

e May 28 —18-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow

® June |2 — During a visit to Berlin, Germany, U.S. President Ronald Reagan
challenges Soviet Premier Mikhail Gorbachev to tear down the Berlin Wall

® December 9 — Microsoft releases Windows 2.0
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Not on list: Y(4S)— B°B%— B°B°

[ARGUS, Phys. Lett. B192, 245 (1987)]

22


http://www.sciencedirect.com/science/article/pii/0370269387911774

Implications for top mass

[ARGUS, Phys. Lett. B192, 245 (1987)]

r>0.09(90%CL) this experiment
x>0.44 this experiment
B'"?fa=f,. <160 MeV B meson ( ~ pion) decay constant

my, <5 GeV/c*’ b-quark mass

1<1.4Xx107"s B meson lifetime

| Vigl <0.018 Kobayashi—-Maskawa matrix element
p<0.86 QCD correction factor

m,> 50 GeV/c? t quark mass

By 1987 it was general belief that top mass was much smaller than
50 GeV, but ARGUS found that it is (probably significantly) larger

px


http://www.sciencedirect.com/science/article/pii/0370269387911774

Top mass from unitarity triangle

[CKMfitter, CKM |4 results]

(excl: at'CL > 0.95)

Toy
2
o
A
—
)
9
©
<
©
[}
S
©
°
@
°
=]
o
X
o

a

mP°® = (169 + 5) GeV
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http://ckmfitter.in2p3.fr/www/results/plots_ckm14/num/ckmEval_results.html

Top mass from Bs— U U: Present

[Bobeth et al,, [311.0903]

NNLO QCD NLO EW
g g Z,y W h

3.06
pole
BI‘(BS — U 'u_)SM = 3.065 ( e ) (1 T 6.4%) 1077

44

173.1 GeV

Br(Bs = p'p”),,, = 28 (ﬁ%ﬁ) 1077 [CMS & LHCb, 141 1.4413]

25


http://arxiv.org/pdf/1411.4413.pdf
http://arxiv.org/pdf/1411.4413.pdf
http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Bs— UM relative error budget

[Bobeth et al,, [311.0903]

6.4% total uncertainty

‘ st ‘ CKM

‘ TBs ‘ Mt

@ non parametric

Improvements in lattice QCD calculations may reduce errors due to
decay constant fgs & Vcb. Might result in future total uncertainty of 3%

26


http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Top mass from

Bs— U Reach

[Bobeth et al,, [311.0903]

3.06
pole
— ny —9
Br(Bs — ppu™ ) gy = 3.65 (173.1(16\/) (14+3%) - 10

- 4%) - 1077 LHCb, 1208.3355]
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Top mass from K —=110VvV

[Brod et al., 1009.0947/]
10% 2%
5%

N

35%

Br(Kp — n'up)g,, = 2.4(1+15%) - 10~

S

489 — 5m§016 — 14 GeV
10% measurement

U if V., known to 1%
14% 3%

9%A

22%

BI"(KL — WOVD) = 2.4 (1 4+ 10%) - 10~

SM

— SmP'® =11 GeV

10% measurement

52%
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History of m. from electroweak fit

[Gfitter, November 2014]

Measurements Results of the EW fit
Tevatron LEPEWWG

¢ Tevatron + LHC Gfitter, incl. M,,
(searches or meas.)

2005 2010

Even before top discovery at Fermilab in 1995, global electroweak (EWV)
fits have always been able to predict mass correctly

29


http://project-gfitter.web.cern.ch/project-gfitter/Figures/History/2014_07_16_Historymtop_large.gif

Theory behind EWV fits

W-boson mass: full 2-loop EW corrections as well as higher-order
contributions, including 4-loop QCD effects in p parameter

[Awramik et al., hep-ph/03 1 | 148; Chetyrkin et al.,, hep-ph/060520 1]

Weak mixing angle: complete 2-loop EWV corrections & dominant
higher-order effects

[Awramik et al, hep-ph/0608099, 081 1.1364]

Partial widths of Z & W boson: full EW corrections up to 2 loops &
leading higher-order effects for Z, |-loop for W

[Frertas, [401.2447; Cho et al, | 104.1/69]

Determination of &sfrom hadronic Z width: all O(c?) QCD effects

[Baikov et al,, 1201.5804]
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http://arxiv.org/abs/hep-ph/0311148
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http://arxiv.org/pdf/1201.5804v3.pdf

Top mass from EWV fit: Present

[Kogler, Moriond EW 2015]

.

SM fit w/o\in, and M,, measurements
m¥i" world verage [arXiv:1403.4427]

HH 0P from ‘vatron o,; [arXiv:1207.0980]

P4 mP°" from CNIS, o,; (CMS) [arXiv:1307.1907]

FO mPo'® from AT RAS, o [arXiv:1406.5375]

FH mP" from ATLRS, o [ATLAS-CONF-2014-053

- 2.3

ti+jet

- 0.6,

-2 nf
Mwy ,sin® 0.

€] fitter|s.:

+ 0580, + 0.4MZ) GeV
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https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf

Top mass from EWV fit: Present

[Kogler, Moriond EW 2015]

.

SM fit w/c ‘r_nt and M,, measurements

m¥i" world verage [arXiv:1403.4427]

HH 0P from ‘vatron o,; [arXiv:1207.0980]
P4 mP°" from CNIS, o,; (CMS) [arXiv:1307.1907]
FO mPo'® from AT RAS, o [arXiv:1406.5375]

A mP°" from ATLRS, o

_ [ATLAS-CONF-2014-053]f

ti+jet

mP°'® = (177.0 + 2.5) GeV
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https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf

Does our fate depend on m¢!

[see e.g. Coleman & Weinberg, Phys. Rev. D/, 1888 (1973)]

v~ 246 GeV

High-scale Higgs potential can be calculated via renormalization group (RG).
In quartic approximation, stability of V(@) is equivalent to positivity of A

33


http://journals.aps.org/prd/abstract/10.1103/PhysRevD.7.1888

RG evolution of Higgs quartic

[cf. Chetyrkin & Zoller, 1205.2892 for 3-loop results]

34


http://www.apple.com

RG evolution of Higgs quartic

[cf. Chetyrkin & Zoller, 1205.2892 for 3-loop results]

dA(p) _
ole 1
Br(mf*e) ~ ) (0.4 + 1.4 —6.0) ~ —0.03 < 0
ole m2 e \/§mpole
A(mP'¢) = ﬁ ~0.13 . (mP) = Ut ~ 1.0

Measured top & Higgs mass imply that beta function B negative at low
energies. Higgs quartic A will thus approach zero at high energies

35


http://www.apple.com

RG evolution of Higgs quartic

Fact |:SM can be extrapolated
up to Planck scale Mp

Fact 2: Higgs mass of 125 GeV
leads to A(Mp)) = 0

Fact 3: ) vanishes close to Mp

Disclaimer: All this could be
an accident & new physics
can (is likely to) change these
results by a bit or by a lot

f<
50
=
:
o,
=)
S}
3}
Q
=
—
S
=)
o
|95]
50
&0
o p—
T

[Buttazzo et al., 1307.3536]

30 bands in
M, =173.3 + 0.8 GeV (gray)
az(Mz) =0.1184 + 0.0007(red)
M, =125.1 £ 0.2 GeV (blue)

y=0.1163 &=
]\2;:‘ 1756 GeV

104 10° 10% 109 10'2 10'% 10'¢ 10! 10%
RGE scale u in GeV
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http://arxiv.org/pdf/1307.3536.pdf

RG evolution of Higgs quartic

Fact |:SM can be extrapolated
up to Planck scale Mp

Fact 2: Higgs mass of 125 GeV
leads to A(Mp)) = 0

Fact 3: ) vanishes close to Mp

Disclaimer: All this could be
an accident & new physics
can (is likely to) change these
results by a bit or by a lot
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[Buttazzo et al., 1307.3536]

30 bands in
M, =1733 + 0.8 GeV (gray)
a3z(M;) = 0.1184 + 0.0007(red)
M, =125.1 £ 0.2 GeV (blue)

108 109 102 104 10'% 10'® 10%°
RGE scale u in GeV
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http://arxiv.org/pdf/1307.3536.pdf

Vacuum (meta)stability

[Buttazzo et al., 1307.3536]

Instability - Instability

. 7.5 \
4 . 1= 1. -
LA=10°GeV o 23l L
Meta—stability- - | |17/ |-

>
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@)
g
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%)
<
=
=
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¥
@)
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Ananeqinizod—uoN
Top pole mass M, in GeV

—

Stability

Stability

50 100 150 120 122 124 126 128
Higgs pole mass M), in GeV Higgs pole mass Mj, in GeV

SM parameters rather special, in sense that vacuum in a near-critical
condition, at border between stability & metastability. Is this significant?
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http://arxiv.org/pdf/1307.3536.pdf

Conclusions

® Discovery of top in 1995 at Fermilab & Higgs in 2012 at CERN
completes SM.Without doubt, one of the greatest scientific
achievements of mankind

¢ Quantum effects involving top play a crucial role in SM, since they
drive flavor breaking in quark sector & represent leading source
of violation of custodial symmetry.While well tested, meaning
(if any) not understood

® |ntriguing observation that top & Higgs mass conspire to make
EW vacuum close to critical. Whether this special condition,
allowing for a prolonged vacuum lifetime, is just a numerical
coincidence or an important feature of SM is an open question
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Results of current global EVV fit

X?nin B 17.8

dof J !

p-value 21%

[Gfitter, March 2015]

Miterl| o0

A (LEP)
A (SLD)

.2 lept
sin“e_, (QFB)

AO,c

FB

AO,b

FB

(Oﬁt - Omeas) / Omeas
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[Degrassi et al., 1205.649/]
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https://indico.in2p3.fr/event/10819/session/12/contribution/116/material/slides/0.pdf

Top contribution to Ba

[Buttazzo et al., 1307.3536]
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SM vacuum phase diagram

[Buttazzo et al., 1307.3536]
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Vacuum decay

[Strumia, Moriond EW 2015]
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Lifetime of EVV vacuum

[Buttazzo et al., 1307.3536]

1o bands in
M;=125.1+0.2 GeV
(red dotted)
a3=0.1184+0.0007
(gray dashed)
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