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INTRODUCTION

Observation of a new boson at a mass of 125 GeV with the CMS experiment at
the LHC™

CMS Collaboration™*
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cenn ' Observation of a new particle in the search for the Standard Model Higgs boson
woni With the ATLAS detector at the LHC* ;
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Rece-m'ARTICLE INFO ABSTRACT /

Accep|

Availa| Article history: A search for the Standard Model Higgs boson in protg#~proton collisions with the ATLAS detector at |

Editor; Received 31 July 2012 the LHC is presented. The datasets used correspond tg/integrated luminosities of approximately 4.8 fb™! !
| Received in revised form 8 August 2012 collected at /s=7 TeV in 2011 and 5.8 fb~! at \/s% 8 TeV in 2012. Individual searches in the channels !

Keywa Accepted 11 August 2012
™ — 4¢, ww® TeV .
CMS | Available online 14 August 2012 H—Z7ZZ% — 4, H—yy and H — — evpuv in the 8 TeV data are combined with previously !

Physid Editor: W.-D. Schiatter publfshed results of searches for H — ZZ™®, WW®), bb and t+7~ in the 7 TeV data and results from '
Higgs! improved analyses of the H — ZZ™ — 4¢ and H — yy channels in the 7 TeV data. Clear evidence for

th¢ production of a neutral boson with a measured mass of 126.0+£0.4 (stat) 0.4 (sys) GeV is presented. | '
is observation, which has a significance of 5.9 standard deviations, corresponding to a background :
uctuation probability of 1.7 x 10~9, is compatible with the pfoduction and decay of the Standard Model :

|
|
© 2012 CERN. Puplished by Elsevier B.V. All rights reserved. |
|

mass of 126.0+0.4 (stat):I:O 4 (sys) GeV

H—-ZZ® -4, H— yy and H > WW® — evuv
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HIGGS DECAY MODES AT LHC

Direct measurement

W —77" >4/ ATLAS, Phys.Lett. B 716, 1 (2012) m, =126.0+0.4 +0.4GeV
0 . ATLAS, Phys.Rev.D 90, 052004 (2014) m, =125.36+0.41GeV
h” >V =40 ] cus, Phys.RevLett. 114 191803 (2015) m, =125.09 £0.21%0.11GeV
h > WW = vive CMS, Phys.Lett.B 716, 30 (2012) m, =1253+0.4£0.5GeV
l=e,l
s T (Vv CMS, Nature Phys. 10 557 (2014) m, =125GeV
T — had.+V  ATLAS, JHEP 1504, 117 (2015) m, =125.36GeV
1 s bh ATLAS, JHEP 1501, 069 (2015) m, =125.36GeV
CMS, Phys.Rev.D 92 032008 (2015) m, =125GeV
Upper bounds
h° — uu ATLAS, Phys.Lett.B 738, 68 (2014) m, =125GeV
h' — Hpi(ee) CMS, Phys.Rev.D 92 032008 (2015) m, =120 —-150GeV
W' = ut CMS, Phys.Lett. 449, 337 (2015) m, =125GeV

ATLAS, JHEP 1511, 211 (2015) m, =125GeV

W =27y Z— 0 ATLAS, Phys.Lett.B 732, 8 (2014) m, =120—150GeV
CMS, Phys.Lett.B 753 341 (2016) m, = 125GeV]
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HIGGS DECAY MODES AT LHC

Direct measurement

FANINT SNy, “The data are found to be compatible with the Standard
E . . ! Model expectations for a Higgs boson at a mass of
Lh” =y i% 4/ 125.36 GeV... Together they account for approximately

88 % of all decays of a SM Higgs boson....”

ATLAS, Eur. Phys. J. C (2016) 76:6

ATLAS and CMS, JHEPO8 (2016) 045
Exploring electroweak symmetry

W = bb i aking at the LHC.
| P R —— ]
Upper bound
FroT Teesesew 2
% i
ho — ﬁﬁ(ee)i ‘CME+h — LFermionic + ‘EGauge _ V((I))
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HIGGS PRODUCTION IN THE LHC

In the SM, Higgs boson production at the LHC mainly

Direct measurement  ccuyrs through the following processes:

W — 77"
h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds
h’ — uu
0
h™ — up(ee)
h’ — ur
h’ — Zy

Gluon fusion production Vector boson fusion production

_____ h
. ﬁ 87% 7.1%
q /\ q
Associated production with  Associated production with
a gauge boson a pair of top quarks

q _h 4
> V g >
/7

q %V q
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CP VIOLATION IN HIGGS DECAYS

0
The main mechanism for Higgs & 4
boson production at hadggn NN £, o J\S\S\)
colliders is gluon fusion, in t,b _——
which the gluons couple to
Higgs bosons via top and g "\/J/\/\y t,b
bottom quark loops Ve

W —zz7" —44 ATLAS,PLB716,1(2012)

. , W0 ot _sag ATLAS.PRD90,052004(2014
The Higgs can be decay into 7Y CMS, PRL114,191803(2015)

gauge boson, for example: S WW = vIiv/e CMS,PLB716,30(2012)
W s 7y 7 s i ATLAS,PLB732,8(2014)
Y CMS,PLB753,341(2016)

All the results are compatibles with the expectations from a standard model Higgs
boson. However, a future deviations from the predictions of the Standard Model

can be signal of new physics.




CP VIOLATION IN HIGGS DECAYS

The Higgs boson couplings to gauge bosons is V
induced at tree level in the SM.
At one loop level we have new interesting H J\S\S\)
contributions: S G —

2Z hZ Z“+aIZZ A a“h+a22hZ Z’Iw +cz3ZhZ~ 7 1Y
u uv v v
2 COoSs HW

hZZ ~—

L =gm,hW W*4a'W W' " h+a)hW  WH'|+a) hW , W

L, =0 t+al A, A" 0" h+alhA ,, A" +alhA , A"
Tree level CP- CP-odd
even

But in general the vertex function can be written as:

T (p.p)=a 8" +a)[(p, p,)§” - pipS1+ae™ p,,p,,
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CP VIOLATION IN HIGGS DECAYS

The Higgs boson couplings to gauge bosons is V
induced at tree level in the SM.
At one loop level we have new interesting H
contributions: S G —
gm z v Z v, Z15 v
L = COSZZQ hZHZ“+a1 ZWZ 0" h+Ha, ZWZ“ +a3hZWZ“ y
w

Ly = gmy,hW W¥ WO hHa W W +al R W W

L =0 Ha'W A" 0" hHalpA ,, A" +alhA , A"

CP-even form factors

But in general the vertex function can be written as:

T(p,.p,) =l k™ Ha(p,- )8 = pi P 1+ale™ p,,p,,
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CP VIOLATION IN HIGGS DECAYS

At one loop level we have new interesting H

contributions: —_——
L = &My hz 7Z"+a;Z Z oM h+azhZ VZ“ HahZ VZ“

L. =gm,hW W*+a'W W' 0" h+a)hW ,W" +a/hW , W

The Higgs boson couplings to gauge bosons is V
induced at tree level in the SM. J\S\S\)

L =0 +al A, A" 0" h+alhA ,, A" HalhA , A"

CP-odd form factors

But in general the vertex function can be written as:

T (p.py)=a/ 8% +a[(p,- p,)g™ — p PY1Ha ™ s,




CP VIOLATION IN HIGGS DECAYS

The Higgs boson couplings to gauge bosons is V
induced at tree level in the SM.
At one loop level we have new interesting H
contributions: -

. gm 4 vV U 4 uv Z71.77 v

= L—nz ,2"+a;Z,, 2" 0" h+a,hZ . 2" +a;hZ |, Z

"2 2cos’ 0, v

L. =gm,hW W*+a'W W' 0"h+a)hW W +a)hW , W

=L

L, =0

The measurement of Higgs boson production in the diphoton decay channel at
7 and 8 TeV, collected by the ATLAS detector:

n”, =132+0.38 ATLAS, PRD90 (2014) 112015

al A, A" 0" h+alhA A" |+ alhA , A"

The Higgs boson mass measured was m,=125.4 GeV.

“No significant deviations from the predictions of the Standard Model are
found”
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CP VIOLATION IN HIGGS DECAYS

At one loop level we have new interesting H
contributions: - _

- 8% 7 7'+alZ,,2" 9" h+dthZ 2" +alhZ 7"

"2 2cos’ 0, %

L. =gm,hW W*+a'W W' 0"h+a)hW W +a)hW , W

The Higgs boson couplings to gauge bosons is V
induced at tree level in the SM. J\S\S\)

=L

al A, A" 0" h+alhA A" |+ alhA , A"

L, =0
The measurement of Higgs boson production in the diphoton decay channel at 7

and 8 TeV, collected by the CMS detector:
T 1.13%03]  CMS, Eur. Phys. J. C. 74 (2014) 3076

The Higgs boson mass measured was m,=7124.70+0.34 GeV.

“All the results are compatibles with the expectations from a standard model
Higgs boson”
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CP VIOLATION IN HIGGS DECAYS

0
The CMS collaboration has ¢ V
been exploring the as NN t,b J\S\S\)
coupling in different Higgs t,b —

boson decay to neutral
diboson, and from the g RN/ t,b

combined Run 1 and Run 2 Ve
analysis.

Where the effective fractional cross sections is defined as follows:

2
la, |

]fa3 — — :(),()()jgjgg With 68% C.L. and where o; is the cross section
2| a; " o, for the h> ZZ/Zy*/y*y*-> 2¢ 2 process.
j

And the phases ¢, =arg(a;/a,) > —0.38cos(¢, ) <046 With 95% C.L.

CMS, Arxiv:1707.00541
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

W — 77"
h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds

h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy

In the SM the lepton flavour violating h->ur decay is not induced
at tree level. The CMS Collaboration has the first direct search

for h>ur decay and reported a slight excess of 2.4 standard
deviations. The best fit was:

0 +0.39
Br(h® — ut)=0.84",3,% CMS, Phys.Lett. 749, 337 (2015)

The data sample used in this search was collected in pp
collisions at a centre-of mas energy 8TeV, and corresponds to
an integrated luminosity of 19.7fb-1.

The ATLAS collaboration find a mild deviation of 10 significance,
and a best fit is of the:

Br(h® = ut)=(0.53+0.51)% ATLAS, JHEP11 (2015) 211

At 13 TeV and an with integrated luminosity of 19.7fb-', CMS
reported that “No excess is observed”. The best fit is :

Br(h’ — ut)=0.76":,% CMS-PAS-HIG-16-005
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

W — 77"
h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds

h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy

However, in some SM extensions the lepton flavour violation are
associated with heavy particles. Thus, the h->ur decay could be
induced to up one loop level.

Heavy neutral gauge boson contributions
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

0 . However, in some SM extensions the lepton flavour violation are
h — 77 associated with heavy particles. Thus, the h->ur decay could be
induced up to one loop level.

Heavy neutral scalar bosons contributions

h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds

h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

W — 77"
h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds
h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy

Additional diagrams are needed to cancel UV divergences

Heavy neutral gauge boson contributions

Vi U U
Ty
h——— h———
T V;,’ T

Heavy charged gauge boson contributions
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

W s 77" Additional diagrams are needed to cancel UV divergences

JAUNEN W* Heavy neutral scalar bosons contributions

W —>WWwW*
[ —

h° — bb
Upper bounds

h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy
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LEPTON FLAVOUR VIOLATING DECAY

Direct measurement

W — 77 The matrix element for this coupling can be written as follows:
h’ —=yy’ 5
B s WW M =u(m, )A+iBy u(m,)
. Where A and B are one-loop form factors.
h" — 1T, For m,=m =0, the decay widths has the following
_ form:
h’ — bb -
Upper bounds r(h%uf)z¢(|A|2+|B|2)
0
ho — Ui
h™ — pu(ee)
h’ — ur
h’ — Zy
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LEPTON FLAVOUR VIOLATING DECAY

Phenomelogical results

Direct measurement

W — 77"
h’ —=yy’
W —->WwWw’

[ —

h° — bb
Upper bounds

h’ — uu

h’ — pp(ee)

h’ — ur

h’ — Zy

Heavy rigth-handed neutrino ~10-° Phys. Lett. B 285 (1992) 68-74
The minimal SUSY SM ~10-2 Phys. Rev. D62 (2000) 116005
Type-l see-saw ~10-° Phys. Rev. D71 (2005) 035011

The minimal SUSY neutrino Phys. Lett. B679 (2009) 376381

See-Saw ~108

SUSY economical 331 ~10® Nucl. Phys. B864 (2012) 85112
SUSY without R-parity~10- Europhys. Lett. 101 (2013) 31003
Vector-like |ept0n3 motivated by JHEP 05 (2014) 092
Composite Higgs models ~10-°

Inverse see-saw ~10-2-10-10 Phys. Rev. D91 (2015) 015001
Simplest Little Higgs Model ~10-12 Phys. Rev. D94 (2016) 056001

Little Higgs Model with T-parity ~10-4-10-° J.P.C.S.761 (2016) 1, 012051
THDM with 4F ~10-5-10-6 ArXiv:170.00100
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TRIPLE HIGGS BOSON SELF-COUPLING

Direct measurement

Upper bound
v ettt =2

St Sy

/ “The data are found to be compatible with the Standard
Model expectations for a Higgs boson at a mass of
4 125.36 GeV... Together they account for approximately
v { 88 % of all decays of a SM Higgs boson....”
=e,U ATLAS, Eur. Phys. J. C (2016) 76:6

ATLAS and CMS, JHEPOS8 (2016) 045

Exploring electroweak symmetry
aking at the LHC.

=L

Fermionic

+ L

Gauge

‘CME+h o V((I))

Higgs self-couplings

00 V(®)=- WD O+ A(P'D)

= W*h* + vk’
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TRIPLE HIGGS BOSON SELF-COUPLING

Direct measurement

Upper bound
v ettt =2

> uu(ee)i

I
I

oy
=

4

144

“The data are found to be compatible with the Standard
Model expectations for a Higgs boson at a mass of
125.36 GeV... Together they account for approximately
88 % of all decays of a SM Higgs boson....”

ATLAS, Eur. Phys. J. C (2016) 76:6

ATLAS and CMS, JHEPOS8 (2016) 045

Exploring electroweak symmetry
breaking at the LHC.

“Searches for both resonant and nonresonant Higgs boson
pair production... No evidence of their production is
observed....”

ATLAS, Phys. Rev. D 92, 092004 (2015)
Higgs self-couplings
V(®)=-W'O D+ A(P D)

= MW’h* + Avh® '

RED-FAE 2017, Hotel Posada,Tlaxcala.



TRIPLE HIGGS BOSON SELF-COUPLING

Direct measurement

-

4

144

ATLAS, PRL.114, 081802 (2015).
CMS, PRD.94, 052012 (2016).

— Yybb
h" — h°h’

— 7 ATLAS, EPJC75, 412 (2015).
—s bbbb (2015)

CMS PAS HIG-16-026.

" 0.0 —> TTbb

SRR ww

h° ATLAS, PRD92, 092004 (2015)

B = hOKh° — bbVV — bb (Vv CMS PAS HIG-17-006.

Higgs self-couplings
V(®)=- WD O+ A(P'D)
= MW’h* + Avh® '
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TRIPLE HIGGS BOSON SELF-COUPLING

Direct measurement

-

Upper bound

o S ey .

4
4
9 (11 N .
vi The cross sections for three Higgs boson
=e, U production processes are reduced by three
\4% _ orders of magnitude compared to those for the
ad.+V double Higgs boson production ....”
Eur. Phys. J. C 10, 45 (1999)
Higgs self-couplings
00 V(D)= -0 'O+ AP D)

= 'h* + Avh® +
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TRIPLE HIGGS BOSON SELF-COUPLING

Two Higgs production in hadron collider

Self-coupling hhh Background
0 t’b 0
8 t,b 7 h g ——=-h
t,b ———h0<: t,b t,b
N
& NN 1:b SH 8 NN

“The phenomenology calculations show

W 10 //ho that it is difficult to measure the trilinear
< Higgs self-coupling at the large Hadron
W S~ o collider (LHC) due to the large QCD

7 — h background.....”

Phys. Rev. Lett. 89, 151801 (2002)
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TRIPLE HIGGS BOSON SELF-COUPLING

Self-coupling hhh at tree and one loop level in SM

At tree level the self-coupling hhh is independent of h'(q)

h the higgs bosons 4-momentum. ¢
A |
i . qg+p+p,=0 ’
— =190.549GeV > f i i f
AN v 2 2 2 2
q #p,Fp,Fm, X
A4 4 s\
h Soro
At one loop level and with off-shell Higgs, we ¥ R
need more driagrams to satisfy Bose symmetry. h(p,) h(p,)
N q s q2 p N 42 p, N =2 P22 p,
pEp, P, p g2 p, g p,

3_’””; 1 Here A,,, is the correction to
hhh

=T ...(q",p},p3) =
wiri (PP self-coupling hhh.
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TRIPLE HIGGS BOSON SELF-COUPLING

Self-coupling hhh at one-loop level in SM

h'(q) ’N.

Sf 1 l—x:ME
@)= 1 [ [T s, s, vy |
w

where s,=m;/m, and s =q/m,, further the dimensionlees
function given by:

—ME _ 4SJ2c—2y+S§(2y—1) N 4s§—2x+s§(2x—1)

~
~
~
~
- o~
i D---»
b A
7
7
7
7’
7

K \ —/ S]%+y(y—1)+s§x(x+y—1) s§+x2+s§(y—1)+x(s§y—l)

h(p)) h(p,) +4s§+s§(1—2x—2y)+2(x+y—1)
s]% +x°+y(y—1)+x[1+ (sj —2)y]
The correction to self-coupling 4,,, is:
AYE(m?) =9.1404% arXiv:1610.06299 previous results™:
ﬂ,tf(m,f) =~ 9.14693%
Top quark Phys. Lett. B558, 157 (2003)
ME 2
*With some approximations for the 4-momentum ﬂ’top (m,;)=9.8221%
magnitude of the off-shell scalar boson: Eur. Phys. J. C23,
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TRIPLE HIGGS BOSON SELF-COUPLING

Self-coupling hhh at one-loop level in SM

h'(q) h*(q) h*(q)
T '? h (q) :
| :\
0 // \\ hO
4 JUS——
v P AN
‘* h(p ]) €==v=zVors=es > h(pz) ¥ R
h(pz) h(Pz) h(l?]) hp») hp;) hp;)
The correction to self-coupling 4,,, is: h(q)

AYE (m)) = 9.1404%+0.0726%+1.8397% ~ 11.0528%

Top quark l Self-coupling
Gauge bosons Total
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TRIPLE HIGGS BOSON SELF-COUPLING

Self-coupling hhh at one-loop level in SM

h'(q) h'(q) h(q)
h'(q)

o~
=~
T
< S
///// ‘
~
®---*
~
f\i
IR -
| 7
la” S~
S

¥ 3 ¥ " h(p;) €§=====Vezr==3 > h(pz) ¥ y
hp,) hp,) | hp)) hp,) h(p;) hp;)
The correction to self-coupling 4,,, is: h'(q)
A
ZME(m,f) ~9.1404%#0.0726% +1.8397% ~11.0528% i
Thus, the main contribution comes from the top quark. /"’\\
Therefore, the largest correction to the A,,, parameter V‘/ Sy v
comes from the heavy fermions of any SM extensions. \\ A
h(p) «--=>==-> h(p))
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CONCLUSIONS

The radiative corrections are crucial to understand the
production and decay of Higgs boson at LHC. They also, open a
theoretical window for physics beyond SM.
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