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The Two-Higgs-Doublet Model Il 3

» For a review of 2HDMs, see e.g.
» 2HDM Potential:

A A
V(®1, @2) = mi O1D; + m,®hdy — miy(B1d, + OLD,) + 31@1@1)2 + 72(@;‘1)2)2

A
+25(@]01)(@h02) + Aa(@]02) (@] 01) + 5 | (@]02)? + (@]1)?]

» Two Doublets (i =1,2): » Parameters: _
Convert with
+ - A17/\27A37A47A57Tle?Tnlh,n’LQQ
_ (bz (%)
i (i + &0 + iG0) /3 - mlg,mHo,on,mHi,cos(B—a),tanﬁzU—l
» muo = 125.1GeV, v4,, = ¥ + 12
» Five Higgs particles: h°, H°, A°, H" H- " SM LT
» [ couplings: » Two ways to recover SM h° behaviour:
€a o —tanf, e, occotfy = Alignment Limit — cos(f — a) =0
0 N
> 1" couplings: w \Wrong Sign Limit — cos( — «) = sin(2/5)

Ky =sin(f — a)
Ky = sin (f — a) + cot Bcos (8 — a) » CRC research on 2HDMs:
Kae = sin (f — a) — tan S cos (6 — ) -
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Theoretical Constraints

» Unitarity 20

» Perturbativity: 5
|)\’L‘ S 4 404

» Vacuum Stability: ‘3:
)\172 > 0 gul—

)\3 > —()\1)\2)1/2
s 4 A — [As] > —(Aho) Y2

—0.5 0.0 0.5 1.0 15 2.0
log,[tan 3]

» Monte Carlo scans for allowed mass basis
parameters — 108 points

.

» 3 regions based on B — X,y constraint

» Tight mass degeneracy for higher scales

» tan (5 2> 1 for mys = 1210 GeV
w with the addition of flavour constraints

log o [m a0 /GeV

0 - 2 » Exact constraints on mass splittings and more in
the paper
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Higgs Signal Strengths 5

» We use the flavio package

» Signal strength:

0.20

/if _ (07 Bpexp
" (o Bpsm 015 1
» 31 channels 0.10 4
» Signal strengths yield the result 0.5

| cos(f — a)| < 0.05(20)

cos(ff — )

—0.05 1
» Strong demand for cos(f — a) > 0
—0.10 1

» This constraint is strengthened later in global fit

—0.15 1

» In the Wrong Sign Limit,

—0.20 T T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5

Ky =1, Ky =1, Rae = —1 logo[tan f]

= cos(ff — a) = sin(25)

» Higgs Signals alone exclude the Wrong Sign Limit

Cornering

the 2HDM-I| Matthew Black



https://flav-io.github.io/

Flavour Observables 6

» We agai

» 241 flavour observables included overall

» BrB—

- e > 820 (1210) GeV at 20 (1o)

>

n use flavio here

XAz, >1.6Gev:

w e > 800 GeV at 95% CL

4.0

3.5

w
o
L

logyg[mpy+/GeV]

2.04

Br[B — X]|g,>1.6Gev

15
—1.0

T T
—0.5 0.0 0.5 1.0 15

logyo[tan ]
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2.0

» Tree level leptonic and semileptonic B, D, K decays
» B-mixing
» B— Xy
» b — sT{~ observables
» LFU observables: Ry, Rpe

» Ry cannot be resolved simultaneously with
other observables

logyo[mpy+/GeV]

cos(f — a) = —0.0012,
mpyo = 250 GeV, m 4 = 9660 MeV

1.0

0.5 4

0.0 4

—1.04

—2.0

T T
2.50 2.75

2.00
logyg[tan /3]

T
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Flavour Observables 7

» Two scenarios: excluding and including R )
» Flavour anomalies lead to upper bounds on my+

» Small region of overlap between anomalies and
others — some tension with theory constraints?

Excl. Rp, cos(8 — a) = 0.0100,
B mpo = 2360 GeV, m 4 = 2430 GeV

=)
L

o
&

2.01

1.5

b— slT0 excl. Ry

log,o[m+/GeV]

-1.0 —0.5

00 05
logg[tan f]

1.0
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2.0

Excl. Ry, cos(f — a) = 0.0100,
. myo = 2360 GeV, m 4 = 2430 GeV
0T : ‘

\ L

| |
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All flavour excl. Ry
2.5

T
-1.0 -0.5

T T T
0.0 0.5 1.0

1?5 2.0
logyoftan 5]

» Excluding Ry: *preliminary
tan § < 13.4(9.7) at 20 (1o)
mpy+ =, 740 (930) GeV at 20 (10)
» Including Rye:
tan f < 13.4(9.7) at 20 (1o)
mge > 640 (810) GeV at 20 (1)
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Global Fit 8

» Now also include EWPOs: S, T,U
» 275 observables total; 10 R bins

Best fit, {tan 3, my+, myo, mao, cos(f — a)}:
» Excl. RK<*)
w {4.1,2340 GeV, 2360 GeV, 2430 GeV, 0.0100}
w \?/dof = 1.10 = p-value = 13.7%

» Incl. Ry:
w {4.0,2310 GeV, 2230 GeV, 2320 GeV, 0.0098 }
w \?/dof = 1.16 = p-value = 4.0%

» Wrong Sign Limit disfavoured by global fit
w 2 /dof ~ 10

» Excluding Ry:

cos(f — a) < 0.041(0.026) at 20 (1o)
tan 8 € [1.2(1.8),13.7,(8.4)] at 20 (10)
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0.20

mpyg+ = 2340 Ge\/,
mpo = 2360 GeV, m 4 = 2430 GeV

0.15 A

0.05

0.00

cos(f — «)

—0.05 4

—0.10 4

—0.15 1

All observables excl. RK<
-1.0 70.5 (].U logloﬂ[tmn d] 1.() 1 5 2.0
» Including Ry *preliminary
cos(B — ) < 0.041 (0.025) at 20 (10)

tan 8 € [1.2(1.7),13.4 (9.9)] at 20 (10)
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Global Fit 9

Excl. Ry, cos(f — a) = 0.0100, Excl. Ry, cos(B — a) = 0.0100,
mgo = ZSGLGeV, ma = 2430 GeV - mpyo = 2360 GeV, m 40 = 2430 GeV
?'7:" ‘i
\f \ —
45 { \ 2500 / \\\‘
= )T
g u B | 2 2] e
= D < L/.’%../_:_;_\ ______________
Sas Y Emzaom \ ~
k — N/
~ + theory ‘ |
| |_—Constraints —~—
|All observables excl. Ry \
-1.0 —0.5 0.0 logm[iﬁan d] 1.0 1.5 2.0 -1.0 —0.5 0.0 logmﬂ[:an ﬁ] 1.0 1.5 2.0
» Excluding Ryq: » Excluding Ryq: *preliminary
my+ 2 1240 (1480) GeV at 20 (10) my+ € [2350,2450] GeV
tan 8 € [0.3(1.2),8.6 (6.1)] at 20 (10) tan 5 € [1.2(1.7),9.2(7.2)] at 20 (10)
» Including Ry): » Including Ry):
mpg+ 2 1150 (1370) GeV at 20 (10) mpg+ € [2240,2320] GeV
tan § € [0.6 (1.7),8.8 (6.7)] at 20 (10) tan 8 € [1.2(1.8),9.2(7.1)] at 20 (10)
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Electroweak Phase Transition (EWPT)

*preliminary

» Sakharov criteria for Baryogenesis = Strongly First-Ordered EWPT (SFOEWPT) needed
» Only in SM for myo < 70 GeV

» Recent studies find SFOEWPT possible for my+ < 1 TeV

» We use the BSMPT package to find

We

&= 7 > 1 for SFOEWPT

C

» Best fit points yield £, ~ 0.14 = SFOEWPT incompatible with other 2HDM-II constraints?
» We plan to test £. across our parameter space

» To what confidence could we find &, > 17
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Summary

» We have presented a comprehensive study of the 2HDM-II

\/

Tested its parameter space using theory constraints, Higgs signals, flavour observables, and EWPQOs
= 275 observables in total

w with fits including and excluding 10 Ry, bins

Excluding theory constraints, we find lower bounds on m g+

Including theory constraints, we find a small region still allowed for fixed myo, m 40, cos(8 — «)

In all scenarios, tan 8 ~ O(1) — O(10)

Only small deviations from the alignment limit are allowed, and the Wrong Sign Limit is excluded

So far, we do not find a SFOEWPT within 20

Y Y Y VY VYY

Outlook: = Extend to other 2HDMs: |, XY = Collider searches

Thank you for listening!
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