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Electroweak Phase Transition

* A strong 15t order EWPT is required for Electroweak Baryogenesis, but is
hard study from cosmology (see D. Egana-Ugrinovic’s talk yesterday and C.
Grojean’s talk this morning)

* EWPT in the SM is not first order (unless the m, <40 GeV)
* New physics is required for a strongly first-order phase transition
* The new physics will alter the finite-temperature Higgs potential

* We can reconstruct the zero temperature Higgs potential by collider
measurements!

* After measuring the vev and m,, the next measurement will be Higgs
trilinear coupling, the third derivative of the Higgs potential



Relating the EWPT to the Higgs Trilinear

Coupling

A lot of models can be consistent with a first order EWPT

SM + singlet (more on this in M. Sullivan’s
talk in 10 min)

SM + scalar doublet (like MSSM stops)
SM + chiral fermion (like MSSM gauginos)
SM + varying Yukawas (like flavons)
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The trilinear coupling could deviate significantly from its SM value in the
region consistent with a strong first order EWPT

O(1) deviation is typical can go up to 74;,°M

PH, A. Joglekar, B. Li, and C. Wagner, arxiv:1512:00068; PH, A. Long, and L.T. Wang, arxiv:1608.06619



Probe the Trilinear Coupling at the LHC
Production Cross Section
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A3 =AM, a(pp -> hh) = 40 fb A
A3 =545°M, o(pp -> hh) = 100 fb

Spira, figure from Barger, Everett, Jackson, and Shaughnessy
De Florian and Mazzitelli, Grigo, Melnikov, and Steinhauser



Probe the Trilinear Coupling at the LHC, bbyy

[CMS-PAS-HIG-17-008]
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Current projection shows very limited sensitivity, especially in the
region can be consistent with a strong 1%t order EWPT
Acceptance goes down significantly for large values of A,



In most of the analysis, m,,, > 350 GeV, 2r - -
ABBB= 2 45 x A Re M, -----
or something equivalent is required. P
The destructive interference occurs
between the real part of the triangle
and the box diagrams
Above the tt threshold, the amplitudes
develop imaginary parts, the i /
cancellation does not occur S
When A; increases, the amplitudes | o
increases more below the tt threshold |
than above the threshold L,
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Parton level, MCFM

14 TeV and 3000 fb —1

Big Improvement!

0.7 o for A; ~ 5A;°M if using the cut m,,, > 350 GeV

arxiv:1512.00068 PH, A. Joglekar, B. Li, and C. Wagner



The More The Merrier é@ ﬁ@ |

t h_ ) Sensitive to the trilinear
A — - :’ coupling -- tightly related to
t AL the nature of EWPT
g - 2) Sensitive to new loop
g . . particles and y, -- indirect
T probes of new physics
—@-->---




Modifications to Double Higgs Production

Modified vy,

Kt

PH, A. Joglekar, M.Li, C. Wagner, appear soon

1.2

K, (8. /8 V)= 1.1 leads to
a 50% increase in the cross
section

4
~ Ghtt

Destructive Interference
Box dominates in the SM



New particles, stops as an example,

Constraints

* modification in gluon fusion

compensated by the mixing between the two stops
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enhanced from an enhanced tth coupr\@

* Vacuum stability

Xz

m2 m%

X? = Xt(At + psin o/ cos a)

11— 7| m2
A? < (3.4 + 0.5 ] (mé + m%]) + 60 72 cos(28) + m/%l cos® 3 . m%]3/mgg3
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Blinov, and Morrissey, 2014



Constraints : Stop Direct Limit

weak constraints whew stops are heavier than 500 Gev
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Possibly Ways to Hide the Light Stops?
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diphoton + missing energy final state

In all three cases, the exact limit should be obtained by recasting the current data.

Double Higgs provides a model independent probe for stops
Will consider light stops as light as 300 GeV




Modifications to Double Higgs Production
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500 GeV stops, all couplings SM-like

PH, A. Joglekar, M.Li, C. Wagner, appear soon



Modifications to Double Higgs Production

EFT

k. = 1.1 for blue, k, =1 for the rest
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Larger modifications for
lighter stops

Larger modifications for
larger X, (Green vs Red)
Larger modification with
an enhanced top
coupling(Red vs Blue)

PH, A. Joglekar, M.Li, C. Wagner, appear soon



N 40

35

30

|IIII|IIII|IIII|IIII|I

-
| |
L L NN NN R

o SM

e 320 GeV, k, = 1,0,=A5"
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Number of events for

HL-LHC, 3000 fb*

» expect a second peak at
2mS’EOp

» exact location depends
on mg.., K and A; but it
is hard to see

» 500 GeV stops will be
hard, unless with large
modifications iny, and A;

PH, A. Joglekar, M.Li, C. Wagner, appear soon



PH, A. Joglekar, M.Li, C. Wagner, appear soon

my(GeV) | mg(GeV) | X; (GeV) | &7 | ke m;, (GeV) | by
BMA 1000 2000 1 1 | 0.83 320 2.4
BMB 1048 2262 0 1 | 0.87 400 2.9
BMC 1048 2262 1 1.1 | 0.97 400 2.5
BMD 1072 2375 0 1.1 500 3.9
Assume the ATLAS projected sensitivities
S/v/B | SM | BMA | BMB | BMC | BMD
1.05 | 2.52 | 3.05 | 2.63 | 3.68
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Back Up Slides



Probe the Trilinear Coupling at the LHC
Acceptance goes down with A,

Event Selection Criteria

> 2 1solated photons, with pr > 30 GeV, |n| < 1.37 or 1.52 < |n| < 2.37

> 2 jets identified as b-jets with leading/subleading p7 > 40/25 GeV, |n| < 2.5
No isolated leptons with pr > 25 GeV, |n| < 2.5

< 6 jets with pr > 25 GeV, |n| < 2.5

0.4 < AR?’ <2.0,0.4 < AR <2.0,AR" > 0.4
100 < m,> < 150 GeV, 123 < m,, < 128 GeV

7Y pbh > 110 GeV >
Pr s Pr I S CUt on mhh

m,, > 350 GeV is required in most theory studies

ATLAS Simulation Preliminary
\'s = 14 TeV: 3000 fb"
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Modifications to Higgs Decays

1.2 The decay branching ratios of h->bb, and
f9= 08 k=l 1 h->yy depend strongly on k,, and k,

For given value of k, and k;, show the

: 1 region consistent with the Runl data

: = within 1o and 20

S 08F 038 1 BR(h->bb)xBR(h-> yy) normalized to SM

TNy 1 #,=1.281k,~0.28 K, to account for the

x ~.] top and stop contributions
0o / Run 2 data, central value in solid, 1 & in
< / — dashed, for h-> yy in and CMS, h-
oab / 31 >bbin dotted

=N A Fow o LT

YR Largest modification ~ 20%
K, PH A. Joglekar, M.Li, C. Wagner, appear soon
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Complimentary to lepton colliders and

gravitational wave detections

Real Scalar Singlet Model
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First order phase
transition

Strongly first order
phase transition

very strong first order
phase transition, could
detect GWs at (e)Lisa



Modifications to Double Higgs Production
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PH, A. Joglekar, M.Li, C. Wagner, appear soon



Modifications to Double H|ggs Production
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300 GeV stops, k, = 1, )\3 _ )\3$M 400 GeV stops, k, = 1.1, )\3 =2.5 }\3SM
Almost recover SM rate even with the strongest
PH, A. Joglekar, M.Li, C. Wagner, appear soon cancellation



EFT for stops
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