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Complementary Approach

o We don’t know what the Higgs couplings are to lighter
generations: What else can we do?

o Complementary approach: What if the SM Higgs is not the
source of mass for the lighter generations?

Proposal

The origin of mass of the 1st and 2nd generation fermions is not the
125 GeV Higgs but an additional source of EWSB




Generic Two Higgs Doublet Model

o &, & with mixing angles o and /3 giving rise to five physical
states
o Two CP-even scalars, h and H
o One CP-odd scalar, A
o Two charged Higgs, H*
@ Most general Yukawa Lagrangian is

—Ly = Z (A;g.(q-,uj)é + AL (@dy)® + X (Ziej)q>> +H.C
%]

3 (A;;%qiuj)é’ NG X wej)@') L HC

%)

@ Fermion mass matrices

1 1 1
MY = \ﬁ(“"“’w")’ M = ﬁ(mdw’xd), M® = ﬁ(m%v’xe)

o Can not diagonalize mass and Yukawa matrices simultaneously
— flavor changing neutral Higgs couplings
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Yukawa Textures

@ So far, everything we’ve done is completely general and holds in
any 2HDM.

o We can consider different Yukawa textures.

Main Assumption

The main assumption of this setup is that the Yukawa couplings of ®
are rank 1, and provide mass to only one generation of fermions
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o Quark Sector
o Must also reproduce the CKM matrix!
o Assume that the quark mixing is generated from down quark
Yukawas — Up quark Yukawa texture analogous to leptons

00 O mg Ams Amy
A~ Q 00 0], MNn i? mg  ms ANy
v 0 0 my mg Mg Mg

This Yukawa texture naturally gives the observed quark and lepton
masses




2HDM
o

Yukawa Textures

@ Lepton sector

0 0 0 Me  Me  Me
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e Quark Sector
o Must also reproduce the CKM matrix!
o Assume that the quark mixing is generated from down quark
Yukawas — Up quark Yukawa texture analogous to leptons

00 0 ma  Ams  Nmy
A~ @ 00 0], M~ i? mg  ms ANy
v \o o mp mg Mg M

v’ < v naturally gives some mass hierarchy between 2nd and 3rd
generations




2HDM
o

Yukawa Textures

@ Lepton sector

0 0 O Me Me  Me
S V2 00 0], A’ZNQ Mme My My
Y \o o M v Me My, My,

@ Quark Sector
o Must also reproduce the CKM matrix!
o Assume that the quark mixing is generated from down quark
Yukawas — Up quark Yukawa texture analogous to leptons

00 0 ma  Ams  A3my
)\dwﬁ 00 0], /\’dwi/5 mg  ms ANy
v \o 0 my U \mg ms my

Off diagonal couplings are naturally suppressed in this model J

10 /18
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2HDM
o

Phenomenological Consequences

o This Yukawa structure has some interesting phenomenological

consequences
K Ky Ke
nom s o=
Bl gl gl
1
A ? —tg —tg
+
H i —tg —tg

e tan § enhancement in the couplings of the 1st and 2nd
generations

@ tan 8 suppression in the couplings to the 3rd generations

o Decays do not primarily have to be to 3rd generation fermions.
Branching ratios involving 2nd generation quarks and leptons can
become sizable

o Production cross sections involving 2nd generation quarks become
sizable



Constraints
[

Constraints from SM Higgs

o Combine production mechanisms and branching ratios to
construct a X2 function: AX2 = X2 — Xst
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W. Altmannshofer, J. Eby, S. Gori, M. Lotito, M. Martone, DT, 1610.02398



Constraints

Collider Constraints

o In currently studied theories, we expect third generation to be
the most constraining. This is not the case in our model.
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Constraints

What about flavor?

Meson Oscillations

o FCNCs — Is this model safe from constraints on flavor
observables?

o Compute NP contribution to meson mixing using EFT. For
B-meson mixing

Heff = CQ(BRSL) + éQ(BLSR) + C4(BLSR)(BRSL)

where

)2 1 (5, s:.. 1
027(751)) (ﬁ L 5B )

202 s%cg m3 mi  m}
. 2 2
Gy me)? 1 (o 5o 1
2 202 S%C% mi m%, m?4
. 2 2

Cy = (més)(m/bs) 1 Cﬁ—a + Sﬁ—a o i
1 202 s2¢2 \ m? m2 m2
3C3 h H A

L !/ ! ! I
o For kaon mixing my, — m/,, my, — My,



Meson Oscillations

Meson mixing can be quantified by the mass difference

AMy = 2Re(K [Hey|K°), AM, = 2/(BJ[Hesf| BS))
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New Signatures

tanf

o We have some constraints, but parameter space is still available.

What new searches can be performed?

a(pp-tH-ttc) [fb] for cos(B-a)=0

100 00 o (pp—~tH*—tcb) [pb] for cos(B—a)=0
90 1 /
80
/3

70

2

£ 60 2
50
40
30
200 300 400

my [GeV] my+[GeV]

03

500

600

W. Altmannshofer, J. Eby, S. Gori, M. Lotito, M. Martone, DT, 1610.02398

o Many other interesting signatures
o pp > H/A — v, pp = tcH/A,H/A — Tv
o pp — tHT H* — ¢s, pp — tHT HT — nv,



Summary

o Experimentally, we don’t know if the Higgs gives mass to all
massive particles.
o Complimentary approach: the 125 GeV Higgs is not the main
source of mass for the 1st and 2nd generation quarks and leptons
o 2HDM with non-standard Yukawa texture
@ Results in interesting phenomenology
o Couplings of heavy Higgses to 1st and 2nd generation are
enhanced — distinct production and decay modes of heavy
Higgses
o Constraints:
o High energy: 2nd generation quarks and leptons for both H and
HT; relatively weak constraints.
o Low energy: Stronger constraints from Bs meson mixing on
Yukawa matrices. Parameter space is still available!

o New signatures can have sizable cross sections and can be
searched for in colliders



Thank you!
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Phenomenology

Decays

tanB=50, cos(B-a)=.05

1

0.500

0.100

0.050
BR

0.010

0.005

0.001

tanf=50, cos(S — @) = 0.05

‘W. Altmannshofer,

J.

Eby, S. Gori, M.

o 1
N 0.500 —— Flavorful
rrrrr Type Il
0.100
ww
0.050
BR
} 0010
/
f
‘ 0,005}
i
200 400 600 800 1000 0001 A
my; [GeV] 200 400 600 800 1000
" my: [GeV]

Lotito, M. Martone, DT, 1610.02398
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Decay modes involving second generation quarks can be dominant! )




Phenomenology
Production
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Phenomenology

Production
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Production modes involving second generation quarks can be
dominant!




Heavy Neutral Higgs

Decays
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Generic Two Higgs Doublet Model

o Consider two Higgs doublets ® and &’

¢+ , ¢/+
*= <j§(v+¢+ia)> &= (}i(v’+¢’+ia’)>

o v? +v? =0}, = (246 GeV)? and t3 = %

T

@ The most generic potential can be written as
V= mi0id 4+ m3,810 + A (8T0)” 4+ 2 (910)% + Ag (BT 0) (@10

+ A (D7) (T0) + ( I %(@@’)2 + A (@1 0) (BT )

+ A7 (2T@") (@T0') + H.c) :



Generic 2HDM

Mass Spectrum

o After EWSB, ® and &' mix
¢\ _ (sinp —cosB\ (G
¢t ) \cosp —sinp) \H')’
a\ _(sinf —cosB\ (G°
a')  \cosB —sinf A)

/
) cosa  sina h
<;S’> - (sina cosa) (H)
e G° G7 are eaten up by the Z and W gauge bosons (as in the
SM).
@ Remaining physical states
o Two CP-even scalars, h and H

o One CP-odd scalar, A
o Two charged Higgs, H*



Generic 2HDM

Yukawa Interactions

@ Most general Yukawa Lagrangian is
—L:y = Z ()\?j (@u])(p =+ )\d ( d )(I) =+ )\e (&6])(1)> + HC
4,J
S (M@ + XG0+ Ns(iey)o) + 1.
4,J

@ Fermion mass matrices

MY = 7(’[))\“4—'0/)\/“), Md 7(,0/\(1_’_,0 )\/d) ME = (U)\e-i-?j )\/e)

<[
g
%\H
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Yukawa Interactions
Physical Higgs boson

Rotate to physical Higgses, fermion mass eigenstate basis
Ly ==Y (wPrug) (h(Yy)i; + H(YH)ij +iAY L))
0,J
— > (diPrd;)(M(Yy)i; + H(Y)ij + iA(Y)i;)
]
=Y (@GPl (R(Yi)is + H(Y)ij +1A(YA)))
©,J
— " V2((di Prug ) H™ (Y))ij + (@ Prd;) H™ (Y2))ig

i,J
+ (7 Prt;)H™ (YL)ij) + h.c



Yukawa Couplings

Some notation

(apIMg/\qR), for q,q¢" € {u,c,t}
mh, = (| M$lag), for q,q' € {d,s,b}

!/
mqq/

/ 14 / /
My = (| Mg/ [ly), forl, ¢ € {e,u,7}.
Yukawa Couplings
Y, Y, Yo Yy
! m, m’ m
h mefca _ Mg li-a Mg [ ca _ Maq' Co—a _Mypr e a9 Ch-a
v \ 83 my sgep ww \ g mg sgeg uw sgeg v 8gcs
;
H m(saq Mefia) mMgsay Maqdia My 85-a Mo/ 85-a
v \ 93 Ty $3C3 v \ 85 Mg $3C3 W 83CH U 83CH
}
mg(1_my 1\ omg (1 my 1 _Me 1 My 1
W t_/j my Sﬁﬁﬁ Tw tg mq Sﬁﬁﬁ vw Sﬁﬂﬁ Uy 83C3
! /
e M(L_@l) m(ﬂi_zmﬂh m&“ﬂ_z@h
vw \ g my sgcg v\ i w \ i
z=d,3,b My 5565 T=u,c,l My 8pCH

for g € {uc,t} and ¢’ € {d,s,b} for g € {d,s,b} and ¢’ € {u,c,t}
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Yukawa Couplings

o Behavior of Yukawa couplings as a function of ¢g
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Comparison with Other 2HDMs

o These couplings are different than other 2HDMs. For example,
define k; = % Then, for the SM-like Higgs we have the

following:

W,Z Up Quarks Down Quarks Leptons

kv KtsKeyloy KbsKg,kd H‘NH‘;MH’E
Ca Ca Ca
Type 1 S8_a - o o
Cqo —S8 —S
Type 11 S8—qa o 406 Jcﬁ
Flavorful S8—a Ca =Sa =Sa Ca =Sa —Sa Ca =Sq —Sa
sg’ cg ¢ sg’ cg ¢ sg’ cg ’ cg

o In general, the couplings in this model are not universal, as
compared with 2HDMs with natural flavor conservation or flavor

alignment.
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