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Outline

| will talk about two papers on
“Flavor phenomenology of extended scalar sectors”
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J. Martin Camalich, M. Pospelov,
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“Quark Flavor Phenomenology of
the QCD Axion”
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U. Nierste, M. Tabet, RZ

“Cornering Spontaneous CP Violation

with Charged-Higgs Searches”

_Phys.Rev.ett. 125 (2020) 3. 031801 ,
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The QCD Axion

% Motivated by strong CP Problem & Vanilla Dark Matter candidate

% Single scale suppresses interactions (x1/f.) and sets mass (xm?/s.

% Practically massless and stable (necd /. > 107GV <= m, < 16V)

Y Can be searched for with

* Astrophysics (star cooling via axion emission)

* Microwave cavities (conversion to photons)

* Flavor physics (rare decays with missing energy)




Flavor-violating Axion Couplings

- Most general axion couplings to fermions are flavor-violating

* Present whenever axion sector has new sources of flavor violation

possibly connected to origin of SM flavor hierarchies, e.g. Wilczek ’82

- Need to constrain 8 independent flavor-violating quark couplings

+ 2-body meson decays K —ma,B— Ka,D — ma,B — K*a, ...

+ 2-body baryon decays A — na,Ap — na,...
4+ Neutral meson mixing typically much less constraining than meson decays

- Same signature as SM decays with neutrino pair K — mvv, B — Kvv, . ..



Light vs. Heavy New Physics

Looking for 2-body decays gives sensitivity to much higher NP
scales than looking for deviations from SM in 3-body decays

B — Ka B — Kvy
0,a- 1 ~—
;aa byH s e (bv”s) (Tyuv)
Do M2 I o M5 /A
v v
fo =3 x10°TeV | A Z 10TeV

(moreover heavy NP typically stronger constrained by mixing than decays)




Constraints on Meson Decays

- Experimental bounds often old/non-existent
e.g. no bound in literature on D — n"a,B — K*a, B — pa

- Need to recast available data for SM decays pairs in 2-body region

KT = rta DT > 1ta BT —» nta BT - K'a
Decay sd cu bd bs
, BR(PI— P +a) 7.3 x 107! [85] no analysis 4.9 x 107° [86] 4.9 x 10~° [86]
x Cyj Pi = Py + a)recast no need 8.0 x 107% [87] 2.3 x 10 [88] 7.1 x 10~° [89]
90 [

Py — Py +vw) 1477030 x 107° [85]  no analysis 0.8 x 107° [90] 1.6 x 10> [90]

BR(
BR(
4 BR(PL— Va+a) no analysis no analysis
X Cij BR(P, — Va + a)recast no data 5.3 x 1077 [89]
BR(P; — Vo + uvD) 2.8 x 107° [90] 2.7 x 10~° [90]

B — pa B — K*a

* best data on B-decays from Belle, but do not allow for 2-body recast
e.g. in 1303.3719 2-body region cut out to reject bg from radiative decays

X took BaBar data to get bounds for B — (7/K/K*)a
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Present Constraints & Prospects
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SN1987A constraints Hyperon Decays

Best handle on axial-vector coupling to s-d from hyperon decays

Many hyperons in hot neutron star
formed few seconds after SN explosion
[T = 30 MeV]

o
.
o
.

Hyperon decays to axions - o
provide effective cooling
mechanism for SN1987A

Gives strongest bound on invisible hyperon decays! &g < 10-¢ Br.., < 102
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Spontaneous CP Violation

% In 1964 existence of CPV established by observing K; — 7m

% In 1973 two theoretical landmark papers:

M. Kobayashi & T. Maskawa: | — T.D. Lee: !

~can have explicit CPV ‘ ,f can have spontaneous CPV 1|
| with 3rd fermion generation | | with 2nd scalar doublet |

% Today we have discovered 3rd generation & established CKM
mechanism, but origin of CPV still unclear! Complex fermion mass
matrices could be due to real Yukawas + complex Higgs VEV

% We studied this possibility in the most general 2HDM: SPCV
implies stringent upper bounds on new Higgs states with
flavor-violating couplings: nevertheless model is alive!




Setup: Higgs Sector

- General CP conserving 2HDM potential

V = m2,6]¢1 + m3phen — (m2apl o + h.c.)

A A
+ 5 (@161)° + 5 (6362)° + As(@161)(032) + Ma(0]02)(8ho1)
+ [@bi@ (%@bwz + Ne(d] 1) + )\7(¢£¢2)> — h.c.] ,

...has for suitable choice of parameters global CPV minimum

<¢1>—<0>> <¢2>—< OZ{)
vCp UVSp€

- 3 minimization equations: 3 mass scales fixed in terms of EW scale!

Perturbativity gives stringent upper bounds on all Higgs masses

mg+ S 435 GeV, M,

Y Y

< 485 GeV , m, < 545GeV |



Setup: Yukawa Sector

- General CP conserving 2HDM Yukawa couplings

Lyuk = QL ( u1$1 + Yu2$2) UR —@L (Yor 1 + Yao2) dr + h.c.

- Quark masses are only complex if phase from Higgs VEV is physical

M Mg
Tu = Yyic5 + Yuse %55, = = Y105 + Yae'© s

...necessarily implies flavor violation (u and/or d) Y,:Y, — YoV [ #0

- We want to study the most general, realistic scenario: a priori huge
parameter space, but largely ruled out by FCNC constraints

- Shortcut to viable region: avoid d-sector FCNCs by setting Y2 = 0




Phenomenology

% Parameter space is still huge
* 3 heavy Higgs masses: mpg+,mmg,, Mo,
* 3 neutral Higgs mixing angles
- 2 vacuum angles: 5,¢§
» 3 angles + 6 phases parametrizing Higgs couplings

(M, = Vimd®8VE — Y1, Vs can be parametrized by unitary matrix]

% Parameter space is strongly constrained by precision
observables like EDMs, neutral meson mixing, b—sy, etc.,

but not sufficient to rule out scenario entirely!

% Similar for constraints from direct searches, but interesting
future potential for charged Higgs searches




Charged Higgs Phenomenology

Get sum rule for charged Higgs couplings to b-quarks

LD H+ﬂiRF§£bL

r Y
N7 nE? = mi L2 (2 RerRL _ [l

| 1b v2 USQB 203 tb t§

1=u,c,t

. J+O<|Vcb|%>

Combination with perturbativity gives lower bound on charged

Higgs couplings

(D8P PR P > 0.20

{ max

Couplings to charged leptons are small: quark couplings dominate
charged Higgs production and decay at LHC

gmmam/

b(t)
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Flavored Charged Higgs Phenomenolgy

Categorize phenomenology according to dominant channels: gb-g’b

production decay

tb-tb: The standard search, ATLAS and CMS exclude signal
strengths above O(1 pb) in relevant mass range; still can have
viable BM point with charged Higgs mass = 180 GeV

cb-cb: “Can only use low-mass dijet searches, not sensitive yet
below charged Higgs masses < 450 GeV.”  cori Grojean, duste, Paul ‘18

Signal strengths as large as 1 nb are not excluded!?

cb-tb: “Associated c- and b-jets typically too soft, can use only
searches for tb resonances, but presently not available below 1TeV”

Gori, Grojean, Juste, Paul ‘18

“Discovery potential in signal region with 3b,1I,MET and optimized
cuts for charged Higgs masses 300-500 GeV?”  Ghosh, Hou, Modak ‘19

work in progress...
O



Summary

% The QCD axion can have large flavor-violating couplings and would
contribute to 2-body meson decays with missing energy

% Interesting exp. target because can probe much higher NP scales
than deviations from SM 3-body decays (constraints from meson
mixing much weaker)

% Full data set of Belle Il could provide bounds of order 10° GeV
on effective axion coupling

% Spontanous CPV in 2HDM is alive despite stringent upper
bounds on heavy Higgs states with flavor-violating couplings

% Surviving parameter space might be explored with new
searches for charged Higgs with large ub/cb couplings




