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The Higgs boson

We cannot write a mass term

m g
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The Higgs boson

VWe cannot write a mass term

m g

crHyr — e (H +v)g > cv YR
mass term
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The Higgs boson

We cannot write a mass term

m g

crHyr — e (H +v)g > cv YR
mass term

Gives mass to particles

Breaks SU(2)L

LNGS Sep-13-2012 PAN Machado



The Higgs boson

How do you see a Higgs boson!
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The Higgs boson

How do you see a Higgs boson!?
|) You have to produce it
102+ 1
Ns= 8 TeV

LHC HIGGS XS WG 2012
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The Higgs b= )

How do you see a Higgs
20
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The Higgs boson

How do you see a Higgs boson!?

|) You have to produce it 2) and see its decay products
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The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)
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The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)

' LARGER is not always BETTER
200 N

HO b
t v 1 ———
t 7
fl
gg fusuon

W, Z bremsstrahlung
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The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)

' LARGER is not always BETTER

200 ‘;““W'\\t HO ,  This looks like the

.......................

e ,. " QCD background!

gg fusnon

S|

W, Z bremsstrahlung
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The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)

' LARGER is not always BETTER

200 ?m'\\t HO ,  This looks like the

e P :._.._.___._. " QCD background!

gg fusnon

>’W"‘< _______________________ * tag the W,Z decays,
'7 boosted Higgs

W, Z bremsstrahlung

‘—-
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The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)
LARGER is not always BET TER

1

SOTBL IO t
g Hop
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o0agepagal” !

g g fusion

W, Z bremsstrahlung
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here, tagging the W,Z decays
and requiring high pt reduces
QCD background but kills
highest production mode
(overall improved signal/BG)

PAN Machado



The Higgs boson

~ Z o;(pp = H + X) x BR(H — whatever)
" LARGER is not always BETTER

9 N e »  here, tagging the W,Z decays
I , ' and requiring high pt reduces

QCD background but kills

G
wz W W2 - highest production mode
: po [ < (overall improved signal/BG)
?ﬂm t Ho
: u> S YY: clean signal
g g fusion _
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The Higgs boson

~ o;(pp — H + X) x BR(H — whatever)

LARGER is not always BET TER

op »  here, tagging the W,Z decays
I , ' and requiring high pt reduces

QCD background but kills

q wz W W2 - highest production mode
; o T < (overall improved signal/BG)

W, Z bremsstrahlung

g t HO
S a2 YY: clean signal
peagcgagel” !

g g fusion .
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The Higgs boson

[
m, = 125 GeV CMS Preliminary

\s=7TeV,L=5.11fb"
\s=8TeV,L=5.31fb"

H — bb (VH tag)
H — bb (itH tag)
H— tt (0/1 jet)

H — =t (VBF tag) —;—
H — tt (VH tag)
H — vy (untagged) R =
H— vy (VBF tag) ——

H— WW (0/1 jet)
H — WW (VBF tag)
H — WW (VH tag) -

H%Zlelllllllllll lllllllllllll
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Best fit G/GSMH
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The Higgs boson

[
m, = 125 GeV CMS Preliminary

\s=7TeV,L=5.11b"
\s—8TeV. L=53f' | Probe many channels to

disentangle production
cross sections and decay
widths

H — bb (VH tag)

H — bb (itH tag)
H— tt (0/1 jet)

H — =t (VBF tag) —;—

H — tt (VH tag)

H — vy (untagged)
H— vy (VBF tag) —a—
H— WW (0/1 jet)
H— WW (VBF tag)
H— WW (VH tag) =

H%ZZ 1 1 1 11 1 L1 1 1
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The Higgs boson
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(Observed Limit: 106.2GeV/c? @ 95% C.L.

Source: Sau Lan Wu talk, 1999, California, see[
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my < 215 GeV/c? at 95% C.L.
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The Higgs boson
@ TEVATRON
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Source: Fermilab Wine and Cheese seminar July 2nd
http://theory.fnal.gov/jetp/talks/ejames_jul02 wine_cheese.pdf
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The Higgs boson
@ LHC
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The Higgs boson

The question is:
s this particle the standard model Higgs?
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The Higgs boson

The question is:
s this particle the standard model Higgs?

Let’s see the Higgs signal strength data

[Zj Uj—)h X Br(h — i)]observed
[Zj Oj—p X Bl‘(h — Z)}SM

i =
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The Higgs boson

How well this data agrees with the SM expectations!?
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The Higgs boson

. Production

C B | \ \ T | \ \ ]
X< - . . ' El-
<8 £l i
7 1t P
o b B S
5
4 — 34 Joesm A i [ 0 i =
I I A W AN 1o= = N I Y A
z
P S A i< .= = W V& S A N E

O : | ‘ | : : | | | |
0 6 0 3
Rano/BRSM UOHO/USM

Best fit | 95% CL allowed range
fw = fz (TevV—2) -0.8 [—13, 20]
fww = fee (TeV—2)|-0.4, (1.8)|[—0.8, —0.1] and [1.5, 2.2]
fy (Tev—2) 3.7,19 | [-0.3,7.3] and [15, 23]
BRY°/BR3M 2.9 [1.4,5.4]
BRY, | BRYM, 1.1 0.8, 1.3]
BRYY /BRZY 1.1 [0.7,1.3]
oine oS M 0.4 0.1, 1.1]
oW oV 1.0 [0.8,1.5]
o oo 1.1 (0.6, 2.1]

Tevatron + LHC7 + LHCS8

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344

See also Espinosa et al 1207.1717, Carmi et al 1207.1718, Giardino et al 1207.1347, Ellis You
1207.1693, Banerjee Mukhopadhyay Mukhopadhyaya 1207.3588, Plehn Rauch 1207.6108
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The Higgs boson

H — ~~ would be the perfect
channel to find new physics

Y 7
t W
-—- t ho==- W
h + + ...
t W
Y 7
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The Higgs boson

What sort of new physics would be needed
to accomodate such a signal?
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The Higgs boson

What sort of new physics would be needed
to accomodate such a signal?

| am *not™ interested in
the standard model only
scenario
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H— Yy
* The BR is rprocess/ [ total

* Hence, changing an individual [ process changes [ total

* But H to YY is < |% of [ torl, SO we do not need
to worry
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Higgs mass

2 3
O~ m
LU= 97) = {gp 43
JgHSS
c | N,
oy 14 . 2(7¢) g Ve
new fermion scalar

This will be positive and

T These are loop functions,
O(top contribution)

Tx = (Mn/2my)?, see

1207.5254 for details
What about this coupling?
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iJi _10 2.
mey, O gmfz(v)

7

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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2ngifi
mf.

7

Eigenvalues of MTM
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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We want this coupling
to be negative

2ngifi
mf.

7

Eigenvalues of MTM
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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We need mixing!

2ngifi
mf.

7

Eigenvalues of MTM
Ellis Gaillard Nanopoulos 1976, Shifman et al 1979
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H=—>YY

2 O
i Ji 1 2
mf — _i’U Og mfz (U)

(2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

* The LHC puts severe bounds on a chiral 4th family
CMS collaboration, PAS EXO-11-098
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H=—>YY

2 O
i Ji 1 2
mf — _i’U Og mfz (U)

(2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

* The LHC puts severe bounds on a chiral 4th family
CMS collaboration, PAS EXO-11-098

* Mixing with the SM can lead to dangerous FCNC
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H=—>YY

2 O
i Ji 1 2
mf — _i’U Og mfz (U)

(2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

* The LHC puts severe bounds on a chiral 4th family
CMS collaboration, PAS EXO-11-098

* Mixing with the SM can lead to dangerous FCNC

* 2 vector fermions which mix among themselves
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H=—>YY

iJi ] 2
mf — —5/0 og mfz (U)

(2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

* The LHC puts severe bounds on a chiral 4th family

CMS collaboration, PAS EXO-11-098
* Mixing with the SM can lead to dangerous FCNC
* 2 vector fermions which mix among themselves

* Renormalizable Higgs coupling: 2—1 and 3-2
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H=—>YY

iJi ] 2
mf — —5/0 og mfz (U)

(2

Ellis Gaillard Nanopoulos 1976, Shifman et al 1979

* The LHC puts severe bounds on a chiral 4th family
CMS collaboration, PAS EXO-11-098

* Mixing with the SM can lead to dangerous FCNC
* 2 vector fermions which mix among themselves

* Renormalizable Higgs coupling: 2—1 and 3-2

* Assume that these will be the dominant contribution
LNGS Sep-13-2012 PAN Machado



2—1 model

SU(2)L,
Field | doublet-singlet U(1)y
XL.R 2 J=y—3
VLR 1 Y
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2—1 model

SU(2)L

Field

doublet-singlet

XL,R

Yr.R

2
1

U(1)y

J=y— 3
Yy

Write most general Lagrangean and the mass matrix is

(VR X% Xcz?z)

LNGS Sep-13-2012
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2—1 model

SU(2)L

Field

doublet-singlet

XL,R

Yr.R

2
1

U(1)y

J=y— 3
Yy

Write most general Lagrangean and the mass matrix is

Mwl,wz —

(VR X% Xcz?z)
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2—1 model

SU(2)L

Field

doublet-singlet

XL,R

Yr.R

2
1

U(1)y

J=y— 3
Yy

Write most general Lagrangean and the mass matrix is

Mwl,wz —

(VR X% Xcz?z)

DN | —

LNGS Sep-13-2012

/mgcv O\

cv mp 0

[(m1 +ma2) 7

\ 0 0 my )

/wi\

XL
\ X% /

=/ (mg —my)2 + 40202}
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2—1 model

SU(2)L

Field

doublet-singlet

XL,R

Yr.R

2
1

U(1)y

J=y— 3
Yy

Write most general Lagrangean and the mass matrix is

Mwl,wz —

(VR X% Xcz?z)

DN | —

LNGS Sep-13-2012
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2—1 model

Wait a minute...
Why this is different from the top contribution!?
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2—1 model

Wait a minute...
Why this is different from the top contribution!?

~ 9 10gmfz( v)

myf,

2 2 92
]\4top CtopV

1
Morwz = 5 {(ml +ma) F /(g —m1)? + 4c?
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2—1 model

Wait a minute...
Why this is different from the top contribution!?

~ 9 10gmfz( v)

myf,

2 2 92
]\4top CtopV

1
Morwz = 5 {(ml +ma) F /(g —m1)? + 4c?

s it true that more mixing leads to higher H to YY!?
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2—1 model

X

200 GeV

500}

150 GeV
100 GeV

300 GeV

250 GeV

/
[/

/

—
\400(30\/:

350 GeV

[

200- \ ———— Lightest mass q

_' \ - HighR,, |

_ Low R,, )

100 200 300 400 500 600
mi (GeV)
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2—1 model

600_, v — — — — — —T — — ]
\ —
' 400 GeV | c=|
™
- 350 GeV :
500} oy
| 300 GeV |
j 250 GeV \
~ 400}
> | 200 GeV - R,, = L(H — vy)
S | | ISM(H — y7)
S ' 150 GeV -
’ o \ -
| — Lightestmass|]  Yes, more mixing means
200+ : .
| B =% || larger enhancement!
I : N
| Lowr, || Letsfocus on m;=my

100 200 300 400 500 600
m; (GeV)
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21 model

7 v

7 v

'(H — vy)
ISM(H — )

600 [ g
\ h==- ho==- -+ h==-
500+t
| 250 GeV -
~ 400}
> | 200 GeV - R,y =
g | 3
o 150 (va -
g 300}t | _
j 100 GeV -
| \ — Lightestmass|]  Yes, more mixing means
200+ i .
| \ B =% || larger enhancement!
K ’ —
| Lowr, || Letsfocus on m;=my

m; (GeV)
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Doublet—singlet, y = 1

....................................
2 0 I~ 1
o /
/

P
n

(=

¢ (coupling to the Higgs)

05¢

=
/
;
.A/

AAAAA

AAAAAAAAA

100 200 /300 400
m, = m;

mass of lightest particle

— = Ryy
68% CL
95% CL
99% CL
Excluded by LEP
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¢ (coupling to the Higgs)

—
(e}

05t

Doublet—singlet, y = 2

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

- Ry
68% CL
95% CL
999% CL
Excluded by LEP

/

500 600 700 800
my (GeV)

charges are
Y Y, y-1
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2—1 model

What about the EWV precision parameters STU!?
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2—1 model

What about the EWV precision parameters STU!?

* S: neutral current at different energy scales
* T: difference between charged and neutral current

* S+U: charged current at different energy scales

Let’s see the y = | case as an example
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2—1 model

AS =5 — Ssm = 0.04 £ 0.10 1 10.89 —0.45

AT =T —Tgy = 0.05+0.11 V=408 1 —0.69

AU = U — Ugy = 0.08 £0.11 —0.45 -0.69 1
T: Doublet—singlet, y = 1

Y ——— 1

S: Doublet—singlet,y = 1

201

¢ (coupling to the Higgs)
=

=
W

00 ..
100

68% CL
95% CL
99% CL

¢ (coupling to the Higgs)
=

.C
W

200 300 400 500 600 700

m, = nmp (GCV)

e 20F

—
)

4 S
100

68% CL
95% CL
99% CL

m, = nmp (GCV)

700




20¢}

¢ (coupling to the Higgs)
o

o
n

0.0

Combined STU fit

S+T+U: Doublet-singlet, y = 1

[o—Y
u . v v

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

100 200 300 400 500 600 700 800

m; = my (GeV)
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S+T+U: Doublet-singlet,y = 1,c =1
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2—1 model

Doublet—singlet, y = 1

PO

7/ [/ lightest mass
above 100 GeV

ju—
n

STU: 68% CL
STU: 95% CL
STU: 99% CL
R,,: 68% CL
R,,: 95% CL

1/10 200 300 400 500 600 700 800

myp = mp (GeV)
LNGS Sep-13-2012 PAN Machado
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~ 25% enhancement is feasible
Doublet-singlet, y = 1

11| = = e me s s 2=
| - A7
7
S /
215 / o |
56
e
Qo
s
2 |
[=T)) 1.0 P
R= :
-
-
S W STU: 68% CL
o STU: 95% CL
05t S STU: 99% CL
* & Ry, 68%CL
[[[]] Ryy: 95% CL
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3—2 model

SU(2)L,

Field

XL,R

Yr.R

triplet-doublet

-
=
=~

3
2

N

DO —

LNGS Sep-13-2012

PAN Machado



3—2 model

SU(2)L,

Field triplet-doublet |  U(1)y

XL.R 3 J=y—3
VLR 2 Y
Write most general Lagrangean and the mass matrix is

(mg cv 0 0 0 \ (¢%

cv mp O 0 0 Xy

Msyz = (VpXRVRXRXR) | O 0 m2 —cj5 0 i

0 O —c\% mi1 0 X%
\ 0 0 0 0 m \ x5/
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3—2 model

500}

350 GeV

300 (JLV

25Q GeV

b | . SM(H —
S 7Y)
g 300l
| | — Lightestmass || Again, more mixing means
200' HighR’vy |
| i 7 |§ larger enhancement
| LwRr, || Let’s focus on m; = my
100 200 300 400 500 600
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Triplet — Doublet, y = =7/2

20}

in

¢ (coupling to the Higgs)
=

05¢

Triplet — Doublet, y = =5/2

'y o
.
......... /AAA‘AAAA.A‘AA‘A‘A‘I

Triplet — Doublet, y = =3/2

100 200 300 400 500 600 700 800100 200 300 400 500 600 700 80000 200 700 800
my = m; (GeV) m; = m; (GeV) m; = my (GeV)
Triplet — Doublet, y = —1/2 Triplet — Doublet, y = 3/2 Triplet — Doublet, y = 5/2
2.0 .v L2 T T T T l- .' Y L2 T T T L2 T T T

n

¢ (coupling to the Higgs)
=

=
n

- — Ry
I 68% CL

B 95%CL
99% CL

100
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3—2 model

Triplet — Doublet, y = =5/2

O T—_——
S / /
% 1.5} / Vol |
80 / -
B0 - A
. / / ’3/
w0 1.0} ) S
c , /
Qo /
° / 175/ =
05 IURTEEL" _— ——
§ S 68% CL
] APy A A 999% CL
100 200 300 400 500 600 700 800
Excluded by LEP

|Q| = (29 3), (2, 3, 4) m; = my (GeV)

Let’s see the y = —5/2 case as an example
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S: Triplet—doublet, y = =5/2

20F

S

[o—
in

¢ (coupling to the Higgs)
o

¢ (coupling to the Higgs)

<
in

20F

[o—
in

i
(=]

T: Triplet—doublet, y = =5/2

T

¢ (coupling to the Higgs)
=&

=
in

00t
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20F

¢ (coupling to the Higgs)
= 0

—
-
)

3—2 model

Combined STU fit

S+T+U: Triplet—doublet, y = —5/2

AAAAAA

68% CL
95% CL
99% CL

......

A A |

100 200 300 400 500
m; = m> (GeV)
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my (GCV)

S+T+U: Triplet—doublet, y = =5/2, ¢ = 0.75

800 F
700}

600

400}
300}

200}
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300 400 500 600 700 800
m; (GeV)

PAN Machado



3—2 model

Triplet—doublet, y = —=5/2
73| R R R ARy =
| s | lightest mass
| above 100 GeV

[—
N

STU: 68% CL
STU: 95% CL
STU: 99% CL
R,,: 68% CL
R,,: 95% CL

¢ (coupling to the Higgs)
o

&
n

y@ 200 300 400 500 600 700 800
mp = mp (GeV)
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3—2 model

~ 50% enhancement is feasible
Triplet - Doublct y ==5/2

[—
n
v . v
N
\\
|

[
o
\
N
N\
\
\

¢ (coupling to the Higgs)

gl STU: 68% CL
Ao = /STU: 95% CL

: N / STU: 99% CL
- » ;J £ C N
\\V// h A /- Ryy: 68% CL

— s UI1I|] Ryy: 95% CL

(-
i
T
!
\ \\\
O\
\
~J
N

100 200 300 400 500 600 700 800
mi = my (GeV)
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Production @ LHC

10

-=-== Triplet—doublet, y = =5/2
—— Doublet—singlet, y = 1 3

| CMS stau bounds
10° | Excluded by LEP

109 |
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some comments

* With |Q| = | fermions, the H to YY enhancement is limited
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* With |Q]| = | fermions, the H to YY enhancement is limited

unless there are many copies of these fermions (e.g. colors)

* STU play an important role

* The enhancement does not need to be due to fermions
Spin-0: the loop contribution has the same sign as the W, but is

smaller than the top (many copies? mixing with the Higgs? higher
multiplets? see Primulando@Fermilab Theory seminar 2012)
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unless there are many copies of these fermions (e.g. colors)

* STU play an important role

* The enhancement does not need to be due to fermions
Spin-0: the loop contribution has the same sign as the W, but is

smaller than the top (many copies? mixing with the Higgs? higher
multiplets? see Primulando@Fermilab Theory seminar 2012)
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some comments

* With |Q]| = | fermions, the H to YY enhancement is limited

unless there are many copies of these fermions (e.g. colors)

* STU play an important role

* The enhancement does not need to be due to fermions
Spin-0: the loop contribution has the same sign as the W, but is

smaller than the top (many copies? mixing with the Higgs? higher
multiplets? see Primulando@Fermilab Theory seminar 2012)

Spin-1?
€6 b D .
* In a“natural” scenario, a large enhancement of H to Yy

confront vacuum stability issues (instable below [0 TeV)
see Arkani-Hamed Blum Agnolo Fan 1207.4482
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some comments

* H to YY is correlated to H to ZYy (same particles in the loop)

number. Therefore, simultaneous measurements of the decay widths in the vy and Z~

channels would probe the weak isospin charge and the electric charge of the new particles

running in the loop. Carena Low Wagner 1206.1082
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H to YY looks unconfortably inconclusive

We have analysed how new uncolored fermions,
not mixed with SM, could enhance H to YY

We mapped the masses, charges and couplings

required for this enhancement
In a complete model, more particles can enter the game, but

for simplicity we assume that their contributions are small

LNGS Sep-13-2012 PAN Machado



Conclusions

H to YY looks unconfortably inconclusive

We have analysed how new uncolored fermions,
not mixed with SM, could enhance H to YY

We mapped the masses, charges and couplings

required for this enhancement
In a complete model, more particles can enter the game, but

for simplicity we assume that their contributions are small

This Christmas (or even before), we may receive a

precious gift... W 0%-/
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Unconverted
central low PTt

| — T @ | E—
Unconverted | )
central high PTt : g:

ATLAS Preliminary —
Data 2011+2012 —

Unconverted
rest low PTt

Unconverted

rest high P i
Converted N ' Z o

central low P, | : / -1 |
Converted | \jg =7 TeV,f Ldt =4.8 fb
central high P_ :

Converted ! %
rest low P ! -1
onverte N : / @ =8 TeV,f Ldt =5.9fb —
r(e:si higﬁ I'f‘lTt _.:_%

Converted | : / o

transition | E SM H— VY ]
Two jets i @ (mH =126.5 GeV)
Combined - E ---------------------------------------- N
| | I 1 1 | | I | J/ | | I | | | | I | | | | | | |

Signal strength
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The Higgs boson

How to fit the Higgs couplings!?

Dimension-6 operators invariant under SM gauge groups
These will lead to anomalous Higgs couplings

fn

Leff — F On

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344
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The Higgs boson

How to fit the Higgs couplings!?

Dimension-6 operators invariant under SM gauge groups
These will lead to anomalous Higgs couplings

f
Leff — A_Zon
mn
Oce = ®td G2,Gw | Oww = &TW, WHe | Opg = ®'B,,B"d
Opw = ®'B, WHo Ow = (D,®)'W*(D,®) , Op=(D,®B"(D,®) ,

Op1 = (D,®) &' (DrD) | Opo = Lo" (070) 9, (0T0) |
Expanding these terms, we get an effective Lagrangean

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344
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The Higgs boson

OV = grgy HGS, G + gy HAWA™ + i) A 2P0V H + g4y, HAZM
gg)zz Ly 2" 0" H + gg)zz HZ,, 2" + gg)zz HZ,z"
0w (WEWTHOH - h.c) + gy HWEW=# 4 g8 HW W= # |

v

+ o+

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344
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The Higgs boson

LIV = grgy HGS G + G HAWA™ + g3, A 2P0V H + g4y, HA,,ZM
QS)ZZ Zuw 470" H + 95—?)22 HZ,, 2" + gg)zz HZ,Z"

0w (WEWTHOH - hc) + g HWEW=# 4 g HW W= # |

+ o+

These effective couplings are combination of the previous

B (9MW> s*(fee + fww — few)
JH~~y — — A2 9

Corbett, Eboli, Gonzalez-Fraile, Gonzalez-Garcia 1207.1344
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Loop functions

Ai(1) = —[27% + 37+ 3(27 — 1)g(7)]/7°
Ara(m) = 21+ (1 = 1)g(7)]/7°
Ao(T) = —[r—g(7)]/7°

g(1) = arcsin® /7, for 7 < 1.

Ta E (mH/Qma)za a4 = W7t7fas
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M% CWSW
o(Mz) VE WE
W Z
HNP M2 —HNP 0 HNP M2 —HNP
(M) UM = ashy | B Siw @) (22 Taz0)
%74 A
17 (M3) NP (M)
_9 YZ N4 2 Ty Z
W T T T M
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