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Motivation - Flavor in the Leptonic Sector

In the SM:
C_;Jf

/\2

EWSB

- o~ h\ -
yﬁL,HEJ + L,HLJH - mf5u (1 + ;) g,’fj + m}]z/,-l/j

Higgs Physics drives flavor structure

o Flavor puzzle:

(y67 y/u y‘r) ~ 10(76’74’72)7 my, — tiny7 UPMNS - 0(1) mix

@ OLHC - can probe underlying flavor theory =—> | New Physics
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Leptonic Flavor Anomalies

Several Hints of (Flavor) New Physics:

@ Higgs LFV decays: h — 71
&8 y f BR(h — 7= uF) in %
V/5=8 TeV
° (g—2), = CMS 0.89 £ 0.39
ATLAS {T,, 0.53 + 0.51
@ Proton radius Te 0.77 4+ 0.62

| CMS result ~ 240 |
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The dominant 7 decay modes

Leptonic: Hadronic:
T — UpTT
T — v, ~ 35% T — VT ~ 65%

T — U,MTT

inherent Missing-Energy signature
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7's @ The LHC

Trigger on the visible-7 decay products

@ leptonic, 7. = lepton triggers: ~ pr > 20 GeV

@ hadronic, 7, = 1-prong, 3-prong: “hadron + strips”

fully reconstructs 7,

but

partially reconstructs

7-LHC searches are Ef-inclusive
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7's @ The LHC

7 Reconstruction:

@ The collinear approximation
Ellis, Hinchliffe, Soldate, & van der Bij (1988)

ﬁTinv = ﬁTvis <ﬁ7-vis %)

boosted 7: Ty || -
> _g
pTinv

e The Missing Mass Calculator (MMC) / SVFIT

Elagin, Murat, Pranko, & Safonov

Bianchini, Conway, Friis, & Veelken
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CMS h — Ty

In h — 7 CMS uses

Iftah Galon - UC Irvine

m = \/ (P + Prs + Puss)’

SR: 100 GeV < m®" < 150 GeV, with cuts

Variable H— pte H— um,
[GeV] 0-jet 1jet 2-jet | O-jet 1-jet 2-jet
Py > 50 45 25 | 45 35 30
PS> 0 10 10| — — —
pr > — — — |33 40 4
M < 65 65 25 | — — —
My > 50 40 15 | — — @ —
My < — — — |5 3 35
[radians]

Mp > — —  — |27 — =
Bfpe g < 05 05 03 | — — —
Ay > 27 10 — | — — —
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CMS h — Ty

Te +0j

60—CMS preliminary 19.7 fb, (s=8 TeV
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from CMS-HIG-14-005

fit 0, 1, & 2 jet channels = BR(h — 7u) = 0.89%
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LFV Higgs Couplings

Simplest SM-extensions (w. only h — EWSB):

- i -
0 i
L2 YjLHE; + 5 LHE (H'H)

Kopp, Harnik & Zupan

implies
m=—_v, v Y v _ Ly y 13y Vi
2 o) R YT A 22
Then in the mass basis
m;
Lo ]
Vi = 6 f/\Q ViAV,

Iftah Galon - UC Irvine May 9, 2017 Phenomenology 2017 9



Conspiracy and Dark Matter

Additional £+ source: new light complex scalar ¢
-
1 h _ 1 h _ . h ¢
Kﬁnump, or KEMLTRSD ----&-----
wt

2- & 3-body BR's are comparable

Br(h— m5u¥p Jp*) 1 ( mh, )2 066 (500GeV)2<0.01>2

Br(h— 7+t7-) 6 \4n\y, A Vs
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Conspiracy and Dark Matter

Can h — ur¢ mimic h — ur:

@ softer decay products

0.03

0.025

0.02

0.015

\\\‘H\\‘HH‘HH‘HH‘HH‘H“

@ angularly denser

search acceptance reduced ‘
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Events / 10 GeV

Conspiracy and Dark Matter

Can h — ur¢ mimic h — ur:

@ Broadening and shifting of m

=]

R3S SN AT
o

160 180
"":;CAOH) [Ge

(with similar plots for 1 & 2 jets)

Coll
T

Events / 10 GeV
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, (worry about Z — Thu )
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Recast Results

For A=1TeV:
Decay  m, [GeV] Br Coupling
[ - 3.6 x 103 Yy = 2.4 x 103
h— Tue 5 1.9 x 1072 o3 =14
h — Tup 10 2.6 x 1072 3 =17
h — Tup 15 3.4 x 1072 3 =21
h— Tue 20 4.8 x 1072 3 =27

Reasonable agreement with CMS: Y,, = (3.7 +0.8) - 103
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Recast Results - Upshot

To account for h — 7Tpu:

e m, ~ O(10 GeV) - light(ish) New Physics
@ o3 ~ O(1) - very different than the SM Yukawa structure

@ ¢ invisibly decays —-
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Model Building

The model: ¢ = mediator to flavorful Dark-Sector

Lyis. O —y;LiHE; + h.c.

Cii — C/ _
‘Cvisfmch ) ﬁL,HEJ(ﬂ + KUL,HEJ(,D* + h.c.

Laak D 8o XaPLXb + &0 XaPrXb + hec., a,b=12

A flavor theory at A =1 TeV determines all couplings
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Model Building - Feasibility

Account for both Y, ¢, ¢/, and gt, g ?

[EWSE [0 (ciPr + ¢ PL) Lo + U (clPr + ;PL) "]

vis—med. ) \[ A

@ mediate tree-level LFV processes
@ induces LFV dipoles

G AN

L 1

e —_
.y 1224
c;]PR+CszL ijPR—Q-C;};PL 'Cdipole ) 8’/"{'2 m_/ éko— (ij P[_ + ij PR) é Fl“’
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Flavor Violating constraints:

(4] gj —)gk’)/

® £ Nuc — & Nuc Other constraints:

(4] Ej —>£,-€mt7k ° Z—>€J€m¢

o gj — E,-Emzkyﬂ ° Z — an(ZSO)

Flavor Conserving constraints: ° (= tixX

° Aay o [ — 3lp/p*

e Z — (;l; Universality

e FB-asymmetry
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Symmetry Arguments

SM lepton flavor symmetry
U1)e ® U(1), ® U(1),

Naively broken by ¢, ¢’ couplings
Unless,

Turn on a single Off-Diagonal coupling, c,,

Then break to residual subgroup

U(1l)e ®
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Symmetry Arguments

@ Suppressed CLFV transitions (arise at higher-loop)

@ Still contribute to flavor diagonal observables

Can we build such a Flavor Theory realization at A =1 TeV ?

Non-trivial, need y, c,, + Symmetry Structure
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Froggatt-Nielsen 101

U(1) flavor symmetry = higher-dim op’s = Flavorful couplings

S or 5*)";

Evis. D) —(XUZ,HEJ < M

o Oé,'j ~ O(l)

@ S - complex is a scalar SM-signlet, [S]o = —1

- nf>0=S5
o ny =[Llo+[Ele+IHla {707

n,}/<0:>5*

o A=)~ 0.2 (Cabibo angle)

¢ Iy
Yi = agA"i
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Froggatt-Nielsen 101 + New Scalar

If © is light we can also expect

- S or §¥\ "3/ - Sor §* 590*
['med. D ﬁUL,HEJ < ) N +ﬁIIJLIHEJ ( ) W

M M

leading to

SiT.HE» —C’{JIHE/*
‘Cvisfm(‘d. D) A i P + A i P
with

Ci;; ~v )\‘”Z‘ C/ ~ A'njl‘

ij , ij

Similarly, x — ¢ interactions can be generated and chosen to be
dominant.
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The Model

[éllQ = (7a 1)7 [EI]Q = ( 7, 7)7
[éZ]Q = (_67 _2)7 [E2]Q = (6 3)7
[L3]Q = (_27 _4)7 [E3]Q = ( 76)7
[H]Q = (07 )’ [SO]Q = (57 4)

These are consistent with the lepton mass eigenvalues

v
Me, m,, m.} ~ —{\& A% A3}
{ ? 22 } \@{ ) ) }

)\9 )\18 )\10 )\17 )\10 >\14
c~ X X 1 c~ AP N8\
)\5 )\14 )\6 7 )\17 /\4 /\12
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Flavor Checklist

LFV Process Present Bound Our Model
Radiative Decays
Br(ut — et7) 5.7 x 10713 [7] 3.1x107Y7
Br(r% — etn) 3.3x 1078 [?] 1.1x 10716
Br(r® — u*y) 4.4 x 1078 [7] 1.8 x 10711
u — e Conversion in Nuclei
M — €)au/Tcapture Au 7 x 10713 at 90% CL [?] 1.2 x 1071
3-Body Decays
Br(ut — etete) 1.0 x 10~12[7] D 1.9 x 1071
Br(t— = pu~putu") 2.1 x 1078[7] T 1.4x107°
Br(t— — e"ete™) 2.7 x 1078[7] D 1.1 x 10718
Br(t— e putp7) 2.7 x 1078[7] T19x10° 1
_ o s D18x1071
Br(r— — p~efe™) 1.8 x 107°[?] {T 19 % 10-13
Br(t— —eTu—p7) 1.7 x 1078[7] T 49x10~%®
Br(r— — pte7e™) 1.5 x 1078[7] T 2.1x10~%
Muon g — 2
Aa, 288(80) x 101! [7] 43 x107°
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(g —2)u

The anomalous magnetic moment we express as

) — m, /1 ix(1 — x)? xmy|cxs|? + m2Re{cxschy}
0

1672 xm?2 4 (1 — x)m2 — x(1 — x)m?’

2.0,
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Conclusions

@ Searches with 7 signatures at the LHC are E5-inclusive, and are
therefore sensitive to additional invisible particles in the event

@ Interestingly, an invisibly decaying O(10 GeV) scalar with
O(1) 7 couplings can account for the observed CMS-8TeV
h — T excess

@ Surprisingly, the (g —2), anomaly can also be accounted for this
mass and coupling range

° can generate the SM Leptonic
Yukawas, as well as the couplings which account for the excess

@ Low-energy constraints may be avoid, if the couplings exhibit a
residual global symmetry structure vq). o va), © vy, — v = va), _,
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Thank you for your attention
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(g —2),

The anomalous magnetic moment we express as

ijsl-(j) + m,P,(J)
ay

1
mj 2
= dx(1 —
7 1672 Z/O X(1=x) xm? + (1 = x)m? — x(1 — x)m?’

where

SY = —2/\2( i + ¢ ¢+ cigi + ¢ )
0) v? :
P = W( FCj + Cicii + ¢ Gi + Cicyy) -

Iftah Galon - UC Irvine May 9, 2017 Phenomenology 2017

28



The Model - Flavor Basis

The flavor dependent couplings in the flavor-basis are

)\8 >\15 )\15
YKN )\18 /\5 /\9
)\12 /\11 )\3 7
)\9 )\24 )\16 )\17 )\10 )\14
C ~ )\9 )\14 1 7 C,N )\27 )\6 )\18
)\5 )\20 )\6 )\21 )\4 >\12

generate the rotation matrices

1 )\10 )\12 1 )\13 )\9
Vi, ~ [ A0 1 X, Ve~ [ A 1 )8
A2\ 1 AN 1
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CMS h — Ty

event yields (minor differences between CDS and arXiv versions)

Sample [ H — {Tja | H— ute |
\ 0-jet [ L-jet [ 2get | Oget | Tet [ 2det |
Fakes 1858.1+558.8 | 3629+ 110.0 | 05+05 | 41.5+173 | 161+68 | 1.1+07
Z—1t 1988+ 11.0 505+35 |04+02| 650430 | 386+20 |13+02
ZZ,WW 470+£80 146+26 |03+02 | 408+66 | 21.2+35 | 07+02
Wy — - - 20+21 19£19 -
Z — eeor up 945+252 176+67 | 01+£01 | 1.6+08 1.8+038 —
tt 25+06 243432 | 07403 | 48+07 300+34 [18+03
1t 27+12 199439 | 04+05] 19+02 68+08 [02+01
SM Higgs background 70£13 49407 [19+07 | 19+03 1.6+02 [06£01
Sum of backgrounds [ 22104 +£559.6 | 4947 +1104 | 434+ 1.1 | 1594+189 [ 1181+89 [ 56+09
[ LFV Higgs signal | 697+17.0 [ 297467 [30+£10 ] 242457 | 136+3.1 [12+04 |
[ data | 2255.0+475 | 5060+225 [8.0+28 [ 180.0+13.4 | 1280+ 113 | 6024 |

from CMS-HIG-14-005

where BR(h — 711) = 0.89%
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CMS h — Ty

7-e"i_o_/. Th+0j

60—CMS preliminary 19.7 b, (s=8 TeV. CMS preliminary 19.7 fb” \s=8 TeV.
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> a0 [ ti+dets ] > L - i
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\RAE SRMRRRE 595 & S8 OpFee et Seettterippoty
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from CMS-HIG-14-005
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CMS h — Ty

Te+ 1)

CMS preliminary 19.7 b, (s=8 TeV.

60,

Th+1j

CMS preliminary

19.7fb™ s =8 TeV

3 [ ] 3 180 —
O - e Data,pt, — o) o e Datapr ]
o r =3 Bckg Uncertainty ] o 160 - [ Bekg Uncertainty ]
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2 - . 21 (not,T,) ] 2 140 2 ottT ) —
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> a0 [ ti+dets ] > I - E
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[ W B F w ]
- [ Fake leptons ] F [ Fakes (jet—1) ]
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CMS h — Ty

7

Te +2J

CMS preliminary
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Conspiracy and Dark Matter

Can h — ur¢ mimic h — ur:

@ Broadening and shifting of m&°!!, worry about Z — 7u
m

; | ERE B ST E
3 3 S 04 3
g ER E
@ E @ TElm E
3 0.2} wemy = 20 GeV {
o.é é 0.4~ E
O(; 20 40 60 8 100 120 14 160 180 21)0 % 2‘0 4‘0 6‘0 8’(‘)““‘ 100 1‘20 160 180 T 0
rn'“(io”) [Ge\/] mﬁﬁoﬂi [Ge\/]
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Conspiracy and Dark Matter

Can h — ur¢ mimic h — ur:

Coll

@ Broadening and shifting of m>", worry about Z — 71

> osETT T T p > 05F 7 =
s E E 8 E W u NAe.s ]
S = 1 Q 0.4F 5=8Tev i
> £ 1 2 —h - ]
£ | c m, = 5GeV |
o 3 2 0 =10 GeV -
> | & my J
o E Foimy=15Gev B
E { 02: my = 20 GeV {
= 3 01— 3
0 £ . | ] 0 £ e i 7

0 20 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
1COH) [Ge\/] KCOH' [Ge\/]

Iftah Galon - UC Irvine May 9, 2017 Phenomenology 2017 35



Conspiracy and Dark Matter

Can h — ur¢ mimic h — ur:

Coll

7. worry about Z — Ty

@ Broadening and shifting of m

T T
T,H N =

Jets -

Events / 20 GeV
Events / 20 GeV
o
(=)

-

20 40 60 80 100 120 140 160 C1H80 200
mi [Gev]

=]

Iftah Galon - UC Irvine May 9, 2017 Phenomenology 2017 36



