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IS HINCHLIFFE’'S RULE TRUE? -

Borns Peon

Abstract

Hinchliffe has asserted that whenever the title of a paper
is a question with a yes/no answer, the answer is always no.
This paper demonstrates that Hinchliffe's assertion is false,

but only if it is true.

* Accepted for publication in Annais of Gnosts.

J. Cline, McGill U. —p. 2

See also G. Servant’s talk . ..



The SM BEH?

MORIOND 2017 EW Session March 19-25
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=enka Duric Studies of Diboson production at LHC
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Englert & Brout

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

It is of interest to inquire whether gauge those vector mesons which are coupled to cur-
vector mesons acquire mass through interac- rents that “rotate” the original vacuum are the
tion'; by a gauge vector meson we mean i ones which acquire mass |see Eq. (6)].
Yang-Mills field® associated with the extension We shall then examine a particular model
of a Lie group from global to local symmetry. based on chirality invariance which may have a
The importance of this problem resides in the more fundamental significance. Here we begin
possibility that strong-interaction physics orig- with a chirality-invariant Lagrangian and iniro-
inates from massive gauge fields related to a duce both vector and pseudovector gauge fields,
system of conserved currents.” In this note, thereby guaranteeing invariance under both local
we shall show that in certain cases vector phase and local y,-phase transformations. In
mesons do indeed acquire mass when the vac- this model the gauge fields themselves may break
uum is degenerate with respect to a compact the y. invariance leading to a mass for the orig-
Lie group. inal Fermi field. We shall show in this case

Theories with degenerate vacuum (broken that the pseudovector field acquires mass.

No mention of the dynamics of the scalar whose VEV
breaks the symmetry ...
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Higgs

Vorume 13, Nosmser 16 PHYSICAL REVIEW LETTERS 19 OcTorer 1904

BROKEN SYMMETRIES AND THE MASEES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotiand
(Received 31 August 1964}

In a recent note' it was shown that the Gold- about the “vacuum™ solution ¢ lx) =0, @b} = @,
stone theorem,® that Lorentz-covariant fleld
theories in which spontaneous breakdown of at{a I:.ﬁqal}—:f:;fuﬁl #}- =10, (2a)
|'.|.

symmetry under an internal Lie group occurs
contain zero-mass particles, fails if and only if

the conserved currents associated with the in- (9% =y’ V! g ) {Awp) = 0, (2b)
ternal group are coupled to gauge fields. The

purpose of the present note is to report that, EIUI-‘”":E@:-‘}{H“{awI J—Eu‘.'ﬂ.-'i ;]' (2c)
as a consequence of this coupling, the spin-one ‘

guanta of some of the gauge fields acquire mass; Equation (2b) describes waves whose guanta have
the longitudinal degrees of freedom of these par- (bare) mass 2, V"' (@ 5112 Eqs. (2a) and (2e)

Equation of motion and mass of the Higgs field are front
and center
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Outline

e Has electroweak baryogenesis been ruled out?
e How adding a singlet scalar to Higgs sector helps

e Working model with dark matter producing the baryon
asymmetry

e LHC constraints from MSSM 7 searches
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Why Electroweak Baryogenesis?

Why is there more baryonic matter than antimatter in the universe?

np —Ng .
B ~gx 1010
Ty

from CBM and BBN. Standard model cannot explain it.
Leptogenesis is an elegant solution, but might never be testable.

Electroweak baryogenesis relies on minimal new physics near the
weak scale; it is the most testable framework.

Is there still room for it to work after LHC Run 17
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Electroweak Baryogenesis

EWBG relies on a strongly 1st order electroweak phase transition,
and CP violating interactions of fermions at the bubble walls,

L

#-< - R

baryon conserved R
violation

by sphalerons
Vg * X

Needs new physics at the electroweak scale to get both ingredients.
It is practially ruled out in MSSM and two Higgs doublet models.
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EWBG in the MSSM

Strong EWPT (with m;, = 125 GeV) needs light right-handed stop,
mg,. S myp, and heavy left-handed stop, m;, 2 100 TeV

Such a light stop increases hgg fusion production; * *owy - n |
essentially ruled out ot

Getting large enough baryon asymmetry requires too much CP
violation and too light charginos/neutralinos:

200

7/ Cline & Kainulainen,

/| PRL 85 (2000) 5519
Y /] (hep—ph/000272)

150

maximal CP phase
ruled out by neutron

EDM, need even lighter
sparticles

200
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EWBG in two Higgs doublet models

MSSM is a two Higgs doublet model. More general 2HDMs have
the needed ingredients for EWBG. But the parameter space that
works is extremely small.

Results from MCMC scan of 10,000 models (JC, Kainulainen, Trott,
1107.3559). Only a handful give big enough asymmetry.

Demanding no
Landau pole

below 1 TeVis a
crucial constraint!

log, ("l My o)
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Difficult to get strong phase transition

First order phase transition requires potential barrier,

2nd Order 1st Order

Higgs Field, H H

Traditionally, the barrier came from finite-temperature cubic
correction to potential,

T T
—= ) _(mi(h)*? = - (m}o + gih® + ¢iT?)?
T~ ’

It is typically not very cubic, and not big enough. Tends to give only
a 2nd order or weak 1st order phase transition, v/T < 1.
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Tree-level barrier with a singlet scalar

A more robust way is to couple a scalar singlet s to SM Higgs h.
Choi & Volkas, hep-ph/9308234; Espinosa, Konstandin, Riva, 1107.5441

e 0.5 "‘--J-'-"L" 0.5
S 0.0.0

At T = 0, EWSB vacuum is deepest, but at higher T', the h = 0,
s # 0 vacuum has lower energy.

The transition is controlled by the leading T%¢? corrections in the
finite-T" potential.

Phase transition can easily be very strong.
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Singlet can help with CP violation

JC, K. Kainulainen (1210.4196) introduce dimension-6 coupling* to
top quark, i(s/A)?Q Htg, to give complex mass in the bubble wall,

me(z) = 3—%}*(3) (1 +1 A(f)) = |my(z)]e™

This gives the CP-violating interactions of ¢ in the wall, producing
CP asymmetry between t;, and ¢x.

MCMC no longer needed to find good models, a random scan
suffices.

But need A ~ TeV to get large enough BAU. What is the new
physics at this scale?

*Dimension-5 also works, but with dim-6, S can be stable dark matter candidate.
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Singlet can be dark matter candidate

\mh?s? coupling provides tree-level barrier, and Higgs portal
Interaction.

A determines both relic density and cross section o for s
scattering on nucleons.

For strong EWPT, \,, = 0.25, singlet can only constitute fraction
fre1 < 0.01 of the total DM density, but still detectable

Define oog = fre1 0

Blue: allowed by XENON100 (and mostly
LUX) with \,,, < 1

E 1 JC&KK, 1210.4196 E
C | I | a

S0 100 150 200 J. Cline, McGill U. — p. 14
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Can we do better?

EWBG with singlet to facilitate EWPT is less constrained,
but needs additional new physics below the TeV scale.

Can we find reasonable UV-complete (renormalizable)
models that satisfy all criteria?

Need to couple singlet to new fermions, with CP-violating
couplings.

CP asymmetry in new fermions must be communicated to
sphalerons.

J. Cline, McGill U. — p. 15



Heavy top partners

A simple UV completion is a vector-like top partner T 1, coupling to
singlet,
ntrSTL + MTTr + y'TrHty,

Integrate out heavy state:

H S
> \ Y- >
L T R

Generates desired coupling

/
ny'
1Yy SHt
MoREARE

which can be CP-violating and large enough.
ATLAS limit M = 900 GeV might be weakened by T' — St decays.

Here we consider a different model . .. J. Gline, McGill U. - p. 16



A working model with dark matter

Introduce Majorana fermion y,

2 X [my + S(n P +n"Pg)] x

with Im(m,, ) # 0. Creates CP asymmetry between x helicities at
bubble wall. Bonus: y is a dark matter candidate

To transfer CP asymmetry to SM leptons, need an inert Higgs
doublet ¢ and coupling (“CP portal interaction”)

Y XPL~

Asymmetry is transferred by (inverse) decays, *— 4 ¢ —"

T

xL: — ¢, ¢ — Ly,

New coupling also controls the DM relic density, ¢

Note Zo symmetry ¢ — —o¢, x — —x.
DM must be x rather than ¢ because of direct detection constraints. J. Cline, McGill U. — p. 17



Scalar potential

For simplicity we impose S — —S symmetry on the potential,
V = 2An(h® = v*)? 4+ 1As(5% — w?)? + 3N 0757
and take (CP-conserving) pseudoscalar coupling to ¥,
X (my +in759)x

giving no S or S° terms from fermion loop. (Must break S — —S
slightly to avoid domain walls.)

CP violation is spontaneous, due to (S), disappears at T' = 0:
No constraints from EDMs

At finite temperature, we just need leading O(T?) correction. V' can be written as

A V2 S
V=" <h2 —v2 + —CSQ> + ZSQhQ + 5(T% = T2)(cnh® + ¢55%)

c 2
4 Wz

where T. = [(An /cn)(v? — v2)]1/2 = critical temperature,
ve, we = critical VEVs.
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Nucleation temperature, 7, T,

T

n

For not too strong phase transitions, bubbles nucleate near the
critical temperature. For stronger PTs, T;, can be significantly < T-..

Criterion to avoid sphaleron washout inside bubbles is

Un, Ve
511, mnot -%>1.1
T, T

Must compute bubble action S5

Sg = 47T/ dr 7"2 (%(h,2 -+ 8,2) -+ V(h, S) — V(O, ST))
0

- & (42 (52)”

for T},. Finding bubble wall solution at T" < T, is numerically tricky.

and solve
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Small wall width L,, = larger baryon asymmetry, but we need
L., > few /T to justify semiclassical approximation for diffusion egs.

We find

Ly, ~

1 8
V )\hvc Tn

for our working models.
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The baryon asymmetry

We need chemical potentials for x helicity, ¢ and = near the bubble
wall: iy, pg, r

Baryon production via sphalerons depends only on .,

405 Fsph / > —45T 4
_ dz - £, sph 2/ (4vw)

— 00

NB
with I'spn fopn(z) = local sphaleron rate in wall.

pr comes from network of diffusion equations together with i, 114,
and velocity potentials u;,

(*1-!1'[';1-& 1 ) (,Hf,l ) B ( ~ g _-"lflfi,rr\ + 2D iy 4+ D (15, + 212 — o)

— Ky tui; u'
1.y ! )

i -. f 2"_ . | ) T
5 —Uy Hg MZ 1ty — Dy 1ty + 55

K1 1 r“'.:f.i - U (po — ptr — E.“-‘x,] + 20 oty — fir) Fd - decay rate for ¢ _>_XT
Koy UK \ 4 i T I'y¢ = rate of x helicity flips

.F'-!I'I\'Fl_l:_l 1 |”';. lﬂhr{;{?- - ("*”‘k o J”J._-J - EIHX.T{HT - J”-,‘::I Fel’j — elaStIC SCattel’Ing rate
—Kii vike i for particle 4

{1
L , o o I'y ; =rate of o7 — @™ 1
K,; = thermal kinematic coefficients due to x mass insertions

Sy = source term from semiclassical force ~ v, (m20")’ J. Cline, McGill U. — p. 21
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Diffusion equations

Formalism developed by JC, Joyce, Kainulainen hep-ph/0006119,
refined by Fromme, Huber hep-ph/0604159

Split distribution function into two pieces,

1
+ of;(p, x
f (p} ) pﬁ[’}’w (wtvwpz)—pi(@)] 4 . devi]:%ig%)f}rom)
deviation from chemical equﬂlbrlum kinetic equilibrium

encoded in [,

with fd3p 6f; =0, fd3 (p,/w)d f; o< u;: “velocity potential”

To leading order in small quantities, Boltzmann eq. is

dfi Y y
J: (vwFis — i22) + Zop = CIfi, £,

Ow i

wall velocity \ o _ |||’ s(|m[*6")
Semiclassical force, p = — + Sop

w, D

Then take first two moments to derive diffusion equations,

/d?’p (B.E.), /d?’pzﬁ(B.E.)

W
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Decay and scattering rates

These processes govern the rates appearing in the diffusion
equations. N

(T

J. Cline, McGill U. — p. 23




Decay and scattering rates

Scattering is dominated by IR divergent processes

(Thp)

— T B 0 Intermediate fermion can
go on shell

(Due to ¢ decay followed by
inverse decay)

Thermal width of t—channel
particle renders cross section
finite
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Solution of diffusion equations

Benchmark model: (subscript ¢ = critical, » = nucleation)

0.45 | 0.66 | 0.51 | 56 | 124 | 102 | 85 | 111 | 82 | 140 | 129 | 112 | 0.9 0.12

107"

| ..
{jtl-T”:l-'rED
10— —=f T ]

L Ty - |

20 30

J. Cline, McGill U. — p. 25



Dark matter relic density

We get thermal relic abundance from annihilations
XX — TT, UrlUr

Cross section is p-wave suppressed,

' my (m), + mj}) J

47 (m2 + m3 )

<{'.T'TI'.F> e

We get right relic density for reasonable values of parameters,

, Mo
;. o | I ]
o] | 1™ my ~ 4555 GeV,
ey - o ; | Bz
3" | [ mg ~105-140 GeV,
C::E 0.6 """:&% DM-allowedy @ — M.,
o : | F. y=06-0.75
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Direct detection: signal is small

Higgs portal at one loop gives strongest interaction with nuclei:
Cross section is

h\ : 2.4 12 2 4
N, o o 0-371" Am My My ~ 1048 cm?
S//’M‘\\S 162 7> mé mi
X Lo X Well below LUX bound of 10~45 cm?

Anapole moment xvsv,x 0, F'*¥ Is also induced at one loop,

(l) Cross section is velocity-suppressed,
) 2.4 .2
/ T a“y m
X = X Op 2 P >~107% ¢m?

\ L2 Y ™
1673 m;l)
even smaller
Y

Small S VEV would give tree-level Higgs portal:
Cross section is suppressed by higgs-scalar
X = = X mixing angle,

S !
- /‘<S> o~ 10746 cm? < Ons )2
0.03

assuming scalar coupling n.Sxx J. Gline, McGill U. — p. 27



Sample models

A region of parameter space that gives relic density and baryon
asymmetry of right order of magnitude:

y €10.6,0.8], ne€0.1,09], An € [0.3,0.6]

my € [40,60], mg € [100,140], -2 € [1,10], —= € [0.01,2]
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(600 good models out of 380,000 tries in random scan)
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y € [0.6,0.8],

Sample models

A region of parameter space that gives relic density and baryon
asymmetry of right order of magnitude:

n €10.1,0.9], An € [0.3,0.6]

my € [40,60], mg € [100, 140], Z—O c [1,10], Z— < 0.01,2]

Now we have
good overlap

2000 NP AL T T MY i i B e, - i

1 P
, 1.|il-|--

| s 0
]Dgu}(nﬂ "F “B.ﬂhs )
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Sample models

A region of parameter space that gives relic density and baryon
asymmetry of right order of magnitude:

y €10.6,0.8], ne€0.1,09], An € [0.3,0.6]

my € [40,60], mg € [100,140], -2 € [1,10], —= € [0.01,2]
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Couplings are reasonably small, we succeed in being UV complete
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LLHC constraints

Drell-Yan production of ¢t ¢~ followed by ¢ — 7%y is main collider
signature. This resembles pp — 77*, 7 — 7} in the MSSM.

ATLAS (1407 0350) has constralned this in Run 1,

dek bl die i PR I i ] i ' | A i RN N i i | i il i i P i
106 1540 200 29l M 1063 156} AL E 2540 S0 JLEL 156k 2l £ A0
i, [Geh] m, [Ged] m, [Een]

Limits are still weak, but could improve significantly in Run 2.
Analysis has not yet been redone! 1. Glne, MGl U p 51



Conclusions

e Singlet Higgs field can significantly enhance allowed
parameter space for electroweak baryogenesis

e First example of EWBG where CP asymmetry is
generated by the dark matter.

e New “CP portal” mechanism to transport CP asymmetry
into SM sector

e We find renormalizable example without fine tuning or
too large couplings

e Potential for discovery in Run 2 of LHC

e Basic mechanism can be realized in other ways, e.g.
using heavy top partner

J. Cline, McGill U. — p. 32
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EWPT & observable gravity waves

A strongly first order transition can produce gravity waves,
potentially observable by eLISA experiment.

Huang, Long, Wang (1608.06619) find

Real Scalar Singlet (Z5—Limit)

10°"

! eLISA sensitivity
= 0.010 j 10 | i
S 0005 i <
i = E
e e CEPC / ILC-500 ] 2
E fg“:'?" FLC-aa g 107"
S 0.001 f,-;;?},;t E
L -4 ._s;_,s-&*- ¥ e % .l
N S i L%%ﬁ = ¥
. e i

1. %1074 107 .
0 100 200 300 400 B e e e ol
singlet mass: M. (GeV) frequency: f[Hz]

blue: strongly 1st order (EWBG);
green: very strongly 1st order (gravity waves)

Small perturbation to hZZ coupling may be observable at future
colliders 4. Clne, MoGil U —p. 54
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