Higgs Flavor and
Multi-Higgs Production

arXiv:1811.00017 (PRL 123.031802)
arXiv:1908.11376 (PRD 100.115041)

arXiv:2101.04119

Samuel Homiller

Harvard University

In collaboration with
Daniel Egana-Ugrinovic (Perimeter) and
Patrick Meade (Stony Brook)

Samuel Homiller — shomiller@g.harvard.edu Flavor and Multi-Higgs [arXiv:2101.04119]



The Higgs Is responsible for Flavor
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. Direct constraints on light Yukawas very weak!

< 500 ng

(from fit to Higgs signal strengths)

IIlll




Multi-Higgs Production Probes Higgs Flavor

2h and (and 3h!) '

Higgs-quark | g | production at
couplings | | theLHC

Multiple Higgs boson production at the LHC is an
exquisite probe of the Higgs couplings to quarks
(especially 1st gen)
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Di-Higgs Production at the LHC

Much interest is because it is the only direct test of the Higgs
self-coupling

x Azh® D V(h)

Unfortunately, the LHC does not have enough sensitivity to
measure this coupling precisely

Current bounds: —3.3 < \/Agm < 8.5
CMS-HIG-19-018

HL-LHC Projections: —0.18 < A/Agm < 3.6
arXiv:1910.00012
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What is di-Higgs at the LHC Good For?

Searching for new scalar states via resonant HH production!
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This happens naturally in a tremendous variety of theories:

Additional singlets, SUSY, DM Portals, all types of 2ZHDMs, ...

See, e.g., Lewis, Sullivan 1701.08774, DiMiccio et. Al 1910.00012, Englert et. al 1403.7191,
and many many more...
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Production of Extra Scalars

Most frequently studied: top coupling

(Alternatively: new heavy quarks in the loop)

q
b New target: light quark couplings
)\ngng
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Decays into Higgs Pairs

! '

. " N(HLH)(HH)
______ % 1
v = 246 GeV
h 3Av X hh

For fun let’s assume Br(X — hh) ~ 1
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Typical Cross Sections

Quark-fusion OX / Onh ool (SM top loop)
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The largest cross sections are obtained when extra Higgses
couple to light quarks!
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What about SM Higgs Yukawas?

Clearly, di-Higgs production is a powerful test of models
where extra Higgses couple to light quarks...

...but what does this have to do with the 125 GeV Higgs?

Everything! An irreducible modification to Higgs couplings
arises via mixing:

S\ v Xhh —> 3 \v°Xh —> X — h mass mixing

Di-Higgs production is correlated with
I modifications of the 125 GeV Higgs couplings
' to quarks, especially light ones
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Models of Enhanced nght Yukawas

arXiv:1811.00017, 1908.11376
o Clag(ySMa ySMa yt )
In the quark mass eigenbasis, aligned Yd = diag(y7™, vV up )
Yukawas take the form: d
K® = diag(rg, ks, Kb)
Diagonal in

d c 3 T~ u — New Yukawa couplings
the same )" QHl d — V'Y QHlu with no relation to the

basis! )
SM quark masses!

+ KQHSd — ¢VIY"QHyu
Tree-level FCNCs vanish — even if diagonal entries are large!
- Demonstrated in 1811.00017 that

d d alignment can be achieved in a
H, technically natural, UV complete way
12 12 “Spontaneous Flavor Violation”
S o k2. = 5 The only catch is that Yukawas can
12 only be aligned in one quark sector
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Models of Enhanced nght Yukawas

arXiv:1811.00017, 1908.11376
T Clag(ySMa ySMa Yz )
In the quark mass eigenbasis, aligned Yd = diag(y7™, vV up )
Yukawas take the form: d
K*® = diag(rg, ks, kp)

Diagonal in _ .
th d cyj T~ u — New Yukawa couplings
°Same Y QHl d V Y QHl U with no relation to the

basis! )
SM quark masses!

+UKIQHSd — VIYYQHyu

100 "/B’;BS,K—MixingC straints E
d;
d 10710
K’LZ |Kdl
...... 24
1072 E
, SM _5 :
d/l/ : yd NlO Ksa’{b:07€:()‘1:
\ \

! \ ! I ! ! !
100 200 500 1000 2000 5000

Flavor and Multi-Higgs [arXiv:2101.04119]

Samuel Homiller — shomiller@g.harvard.edu



Models of Enhanced nght Yukawas

arXiv:1811.00017, 1908.11376
_ Clag(ySMa ySMa yt )
In the quark mass eigenbasis, aligned Yd = diag(y7™, vV up )
Yukawas take the form: d
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Diagonal in ,
New Yukawa couplings
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Enhancement of SM Higgs Yukawas

i/ Mg N/ g™
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N See also.

| ILC TDR 1306.6352
Kagan et. Al 1406.1722

| Perez et. Al 1505.06689
Zhou 1505.06369

Brivio et. Al 1507.02916

Bishara et.Al 1606.09253

| Soreq et.al 1606.09621

Duarte et.Al. 1811.09636

| Coyle et.Al 1905.09360

| D—Mixing Confstrainf
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* also see 1905.09360.

0.0+
—0.4

It is important to study the viability of enhanced
Higgs Yukawas within full UV completions!
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Tree-Level Di-Higgs Production

Resonant di-Higgs production from

decays of new neutral Higgs 2
y 99 NeH! HyH| Hy — \gv(HR?)
Mg = 0.1, cos(ff —a)=0.05
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Scalar couplings typically dominate — natural to have large
BRs to lighter Higgs
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Tree-Level Di-Higgs Production
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Down Quark Couplings Bounds

Di-Higgs Production is a Stringent Test of the 125 GeV Higgs Couplings!
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Strange Quark Coupling Bounds

hh starting to bound strange Yukawa — will improve at HL-LHC

B 200
0.5
I Flavor Bounds : 100
0.2 H—-ZZ (140 fb™ s )
: : i — 90
0.1 H—hh (36 fb! ~ SM Higgs Measuremeﬁts (80 b~
: ”"/ . o
'% 005 ,’,¢;¢' ””, - 20 &Dl
= AoZh (140161 =
< Z@.S—Q ™) 10 S5
O 02 ~ ,,\\\ ‘$$//, : vy z
\\ PR TS ll ___:-;’ . : -
TN NV, 5 : —5
OO]. — ~~\\ I, ] _
- NN*\II
0.005 > P >
- || 1l Ll P
- cos(f —a)=0.1 = O :
0.002| (5 | ) T = 2 9
200 300 500 1000 1500 2000
my (GeV)

Samuel Homiller — shomiller@g.harvard.edu Flavor and Multi-Higgs [arXiv:2101.04119]



Triple-Higgs Production?

Tri-Higgs production at the LHC, even in BSM theories, has not
been explored (thought to be out of reach?)

But if production of additional scalars is large, rates are significant!

0.2

q . h h
,/

X R4 0.05

oo ST

B 14 Yo , 002
q *

0.01

0.002

|
610"
yoi0.-
925,?0—
006107
> Ty >
| -7 I Vol |
------------ = o s
(\) (@) ‘I (-}
cos(B — a) = 0.025
\ \ ! ! !
500 1000 1500 2000 3000

Samuel Homiller — shomiller@g.harvard.edu

Flavor and Multi-Higgs [arXiv:2101.04119]



Triple-Higgs Production?

Large rates can be achieved even in models with preferential
couplings to the top (e.g., the famous types I-IV 2HDMSs)
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Could be useful in parts of parameter space due to distinctive
final state, semi-resonant topology — need detailed studies

Samuel Homiller — shomiller@g.harvard.edu Flavor and Multi-Higgs [arXiv:2101.04119]



Summary

* Di-Higgs production is a very sensitive probe of enhanced
Higgs couplings to light quarks

e Currently, it gives the best bounds on the couplings to the
down quark within 2ZHDMs, over wide regions of parameter

space
e Several future directions to pursue:

> Triple Higgs production

> Gaps remain with extra Higgs masses below the di-Higgs
threshold

» Other models (vector-like quarks?) Couplings to light leptons?

Thank you!
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SFV Bilinears

d(VIY2V*)d', d(VIY2v*)Ydd , dTYHVIY2V*)Ydd

uw(VYRVIUT ) w(VYAVE) Y,
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SFV Can Be Applied to Any BSM Model

* The SFV flavor Ansatz can be applied to any of your favorite BSM
models, or even to the Standard Model EFT.

* The results Is a strong suppression of flavor bounds.

* |t can be shown that in the SFV Ansatz, all FCNCs are CKM and
Yukawa suppressed.

. Operator SFV factor
Example. (lequ)Z Ctl) :(V!KSVT )%2
A theory with anyMS

Ck =(V'YSV)E
(VTY2V' K,
1 & 2&1
Peld and only en  (®0Q.® (VTR K
newf3avor breaking spuriog.u«i=ar, | *

(VTY2V' K

23
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SFV Strongly Suppresses FCNCs

* Even if you allow for any imaginable FCNC operatar physics
close to the EWV scale may preferentially couple to light quarks
without being excluded by flavor bounds

Operator vanarchic rray] v SEY [TeV] " NEY [TeV]
(Q,18"Q2)° 1.5! 10% m) 262.7(1/0 "2 5.1
(Q:#)(Q;&) | 21! 10°wws) 193%|"d"b| !
(&) Q&) | 24! 10w 727 oJ'a"s|

2eH! " Q. & Fy, 276.3(re) 543, "b 7.0
2eH! " Qz & Fy, 276.3re) 54.34, |"s 7.0
2eH! ' Q3 @ Fyui | 140.500s) 132 |"4 7.0

Samuel Homiller — shomiller@g.harvard.edu Flavor and Multi-Higgs [arXiv:2101.04119]



FCNC Suppression due to Pattern of Flavor Breaking

* Such suppression can be easily seen from symmetries

d b
(di Cij dj)2 1=1,] =3
: ® di ("ol g
dl (! u! u)12 d2 — I dl(VTYUZV! )12 d2 T

dy Y2Va1Vi, + y2Vo1 Vs, + ... d,

Yukawa, GIM and CKM suppression of FCNCs!
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Radiatively Induced FCNCs

UV SFV scale
set at 100 TeV

£ =0.1

100 200 500 1000 2000 5000
my (Ge\/)
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Limits from D! et Searches

» SFV Higgses are copiously produced and decay to dijets
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UV Completion for Flavor Alignment

Assume we start with a completely flavor symmetric SM:

Flavor-preserving SM + BSM+

Mag UaUs + ! Sia Up & Mag > 100 TeV
U U U; u u
P 48 Dyg
Sja" T 'Ja

In the context of extra dimensions,
see Csaki et.al. 0709.1714

This is nothing more than a Nelson-Barr model.
In fact the strong CP problem is automatically solved in all SFV
realizations!
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UV Completion for Flavor Alignment

Ansatz: All quark family number & CP breaking via renormalization of either
right-handed up- or down-type quarks

The only source of flavor violation

/
L iZi‘-J 6 'D,e + @YD, & + iQ, B'D,Q
:|-|JC2I 1q+lglein ""qungd?"'---
~— A

Couplings to the other sector remain aligned

g Z_“! 1 —> Recover the CKM matrix
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CKM via Wave-Function Renormalization

G %D, b

+ Yi'QHa ! Y'QH&! ! Y;"QHoe ! " QiH,&

YUl YY Z =19 =V Y

L Y?, I'Y Remain real-diagonal and aligned

In the context of extra dimensions,
see Csaki et.al. 0709.1714
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The Catch: Alignment in One Sector

* Assume we also introduce a generic Yukawa for the up-sector

Real-diagonal

» After WF renormalization, large misalignment is introduced

vtz Not simultaneously |
diagonalizable, unless ' Y | Y"
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More Details on the UV Completion

L! Mag Upa¥g + ! Sia B Up

No additional spurions/fields
transforming under U(3);

IS QHG L 1 QHE the + Loy

Introduce mixing between up-quark
and heavy VLQs in a flavor breaking

vacuum

g, g
\\_U(A_/'/
X 4 N
I' ~~
¢' ~~ l
SjA SIA
u — . !
= T Sia Sja

UBu U@ UBs ULs 2
U 3 1/ 3 1 1
9 3 1 1/3 11
S g g 1 1

Integrating out heavy quarks leads
to wave-function renormalization of

the SM up-quarks

The source of all flavor-breaking!
CKM matrix arises from returning to
canonical basis
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Is Non-Resonant Di-Higgs Ever Important?

Yes, but barely, and only in production blind-spots.

Tune resonant production to zero.

Then only effect left is modification
of Higgs cubic

Tiny region
if you impose
perturbativity

001 | | ‘ ‘ | |
300 500 1000 1500 2000 3000

my (GeV)
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Di-Higgs Has Limited Reach for Top-Coupled Models

e.g., Singlet-extended SM

Maximal pp — hy — hyh, rate (13 TeV)

—— all constraints '+ EW scale constraints only
oy 7 CMS comb. (1811.09689)
= 18 . o .
= e Di-Higgs cannot yet
? .. test even the
—11 - .
& 10 o simplest models
5 B with couplings to
X .
102 ,, the top, but there is
1 reach to other top-
= | Di Miccio, et al. 1910.00012 ™. coupled models
10 300 400 500 600 700 800 900 1000
mo [GGV]

Figure 3.1: Maximal allowed pp — h, — h,h; signal rate at the 13 TeV LHC in the softly-broken
Z,-symmetric case. Shown are values after applying (red solid) all constraints and (blue dotted)
only constraints at the EW scale. The corresponding BR hl ™ values are given in Table 3.1. For
comparison we include the current strongest cross sectlon limit (at 95% CL), obtained from the
combination of various CMS h, — h; h, searches at 13 TeV with up to 36 fb~! of data [63].
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