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HIGGS THEORY OVERVIEW

» Slides from 3 to 20 pages
» You may skip them
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Higgs Mechanism

» A few basics on Lagrangians

L = T(kinetic) — V(potential)

 The Euler-Lagrange equation brings the equation of motion
d (0L dL 0

Localar = ( . 0) (0% 0) — m 2¢? — Euler-Lagrange — \(0#('?" +m?)¢p = q

Klein-Gordon equation

In general, the Lagrangian for a real scalar particle (¢) is given by:

L= B9)? +  p& + ¢ + ¢
v v .v. .v.
kinetic term mass term  3-point int. 4-point int.
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Higgs Mechanism

> A real scalar field

1
L = (0:0)" —V(9)
. 1 2 1 50 1 4
= 5(0u0)” —gp'¢" — A9

L i1s symmetric under ¢ — —¢

» For u? > 0, the minimum (vacuum)is at ¢ =0

I 1 1 1
V) £= 509 - ot k4 _ZA¢4
“ V
free particle, mass ¢ Interaction
o
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Higgs Mechanism

» For u? <0, introducing a particle with imaginary mass?

» To study a particle spectrum, we look at an excited state (near ground
state), n=0¢ — .
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Higgs Mechanism

» Rewriting the Lagrangian in terms of 7

Kinetic term: Ly,(n) = %(8#(77 + v)0*(n + v))

= %(8#77) (0¥n) , since d,v = 0.

1 1 |
Potential term: V() = +§,u2(77 + v)2 + Z)\(n + v)“

= \v’n® + o’ + %)\774 — %/\‘U‘i,

we used p? = —\v?

> Symmetry is broken> spontaneous symmetry breaking.

V(—n) # V(n)
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Higgs Mechanism

» Full Lagrangian

1, _ . 1 1
L(n) = 3((“),177) (0"n) — Mv’n® — dunp® — T At — 7 A\

» This describe the kinematics for a massive scalar particle

m? = \v® = my, = V 2Av? (= \V —2u2) Note: m, > 0.

n

b | -

» Adding a particle with imaginary mass with a four-point self-interaction,
thus we examine the particle spectrum using perturbation around the
vacuum

* We find that it actually describes a massive scalar particle (real,
positive mass) with three- and four-point self interactions.

 The vacuum is not symmetric in the field 7 though the Lagrangian
is symmetricin ¢ =2 spontaneous symmetry breaking.



Higgs Mechanism

» The Universe is filled with a spin-zero field, a Higgs field that is a
doublet in the SU(2) space and carries non-zero U(1) hypercharge
but a singlet in color space

» Spontaneous Symmetry Breaking
» A real scalar field

L= 2@ V(o)

1 1
= —(dm #chz——w

L 1s symmetric under ¢ — —¢

1 1
(0,m)(8"n) — A?n? — don® — =g — = o*

4 4
= VvV 2\v?

b | =

Ln) =

vacuum 1s not symmetric in the field 7: spontaneous symmetry breaking. 2



Complex Scalar Field

» A global symmetry
L= (8,6)(0"¢) —V(g) , with V(¢) = p*(¢"8) + A(¢"9)?

¢ = %( 1 +1¢2) U(1) global symmetry, i.e. under ¢’ — €'*¢
1 1 1 1
L(b1,62) = 5(0u61)” +5(0ud2)” — 5*(6} + 63) — M6} +63)°

1 :
,/¢§+¢g=‘/_T”2=U ¢0=E("7+U+2§)

v
1, . )
Lian(n,8) = 50u(n+v—1i£)0"(n+v+1f)
1 1 : ,
/4’2 = 5(8#77)2 + 5(3,,5)2 , since d,v = 0.
5 - 0,
I/ § V(n,§) = u'¢"+r¢"

S = ) + €+ A0+ €

1 1 1 1
2 - 7+ AT 4+ don® 4+ 20t 4 2AE + dong? + S’



Complex Scalar Field

» A global symmetry

[Py 2y, 2 L o 2 2 : 2 I¢_2. 1§—-
L(n,€) = 3(()#77) — (MW)p* + 5(0,,5) +0-¢ + higher order terms 219 o M
= - ~~ - N v d —\on® — l Ant - circle of vacus
massive scalar particle  massless scalar particle & v = M S

no ‘force’ acting on oscillations along the ¢-field.

» This Lagrangian describes a massive scalar particle and a massless
particle (Goldstone boson) by spontaneous symmetry breaking
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Complex Scalar Field

» A local symmetry

L = (9,0)"(0"¢) — V(¢9)

¢ = %(Cbl + i¢2)

, with V(¢) = p*(¢*¢) + A" ¢)”

¢’ - eia(:r)d)

Oy — D,=0,—1eA, X
A, = A +18,a £ = (D*$)' (Dug) — 7FuF™ = V(9)
e
Lin(n,€) = (D")' (Dyg)

1 .
= (0" +ieA")$ (0, —ieA)p T BITYTE)

1 1 1 1 :
L(n,§) = 5((’%7])2 — \in® + 5(@,15)2 — ZF,,,,F”” + §e2v2Aﬁ —evA,(0"E) +int.-terms
—\,—1 \-\,-/ N J h\f—/
. . v ?
n-particle &-particle photon field :
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Complex Scalar Field

1, » 1 1 1, ] 1 :
5(0,1{)2 — evA*(0,€) + 56’.2’02/‘1,21 = §e2'v2 [Ay — 5(()’16)] = §e2v2(A#)2
6 eithg = it Ly ynyie) = et Ligpmerien o Lpin
| V2 V2 V2
102 2,2 1 59,0 2. 42 1 92,2 3 1.4
Localar = 5( h)" — A'h® + 7€V A, t+evAh+ 2¢ ALh™ — Avh” — Z/\h
massive scalar  gauge field () interaction Higgs Higgs self-
particle h with mass and gauge fields interactions

» A mass term for the gauge boson and a massive scalar particle.
» (Goldstone boson of the previous section has become
the longitudinal polarization state of the gauge boson

Un-ki Yang, KCMS Collider Lecture
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The Higgs Mechanism

Breaking the local gauge invariant SU(2)y, x U(1)y symmetry

& — (¢+)_i(¢1+i¢2)
¢° V2 \ @3+ 104

Lutie = (D*9) (Dud) ~V(6), D=0, +igke W, +iglvs,
1 ==, =
Vacuum =¢g = — ( U ) Pr=02=04
V2 \ v+h b3 = v
0 1 1 0 1 h
SUQ)L: Ty — (1 0) ﬁ(wrh) —2("”5 )7é0—>broken
0 —2 1 0 ) v+ h
T2Pp = (z 0 >ﬁ(v+h) ﬁ( 0 # 0 — broken
. 1 0 1 0 1 0
o — (o _1>ﬁ(v+h> %(v_i_h)aéO—)broken
1 1
U(1l)y Yoo = Ys, E(v-(l)—h) \/_(U_?_h)%O—)broken
Un-ki Yang, KCMS Collider Lecture
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The Higgs Mechanism

W, W, W; B
o e, o’
W+ and W~ bosons  Z-boson and 7y

1 1
Ul)em: Q¢o = 5(73 +Y)do = ( é 8 ) ﬁ ( v _?_ h ) = () — unbroken

1) W; and W5 mix and will form the massive a W and W~ bosons.
2) W3 and B mix to form massive Z and massless 7.
3) Remaining degree of freedom will form the mass of the scalar particle (Higgs boson)

Locatar = (D*¢)'(Dyo) — V()

, N ! 1 0

Un-ki Yang, KCMS Collider Lecture 14



The Higgs Mechanism

1) Masses for the gauge bosons (o< v?)
2) Interactions gauge bosons and the Higgs (o< vh) and (o< h?)

1 '
(D#6)! (Dud) = gv* [ (WP + W3) + (—gWa + 9V, B,)’|

FWE+W3) =W+ W)

(—gWs + ¢'YpBu)? = (6> + ¢'*) 22 + 0 - A2

1 1

Mwy+ = My- = =vg A/IW . 3Ug o
2 — = = cos(fw)
1 ﬂ’IZ %v, /92 _I_ g/2

Mz = 5vy/(9*+97)

M,
! » V~246 GeV,

but A is a free parameter
mp = V2\v? g

I
o

Un-ki Yang, KCMS Collider Lecture
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Fermion masses

A term like —min) = —m[rr +Ypy] is not gauge invariant

left handed doublet = y; — X’L — XLeiW"fH'aY

right handed singlet = ¥ — 1,0;% = Ype'¥
- a term: @Ldm is not invariant under SU(2);, x U(1)y
- a term: o YrPPg 1S invariant under SU(2)y, x U(1)y

using the complex (Higgs) doublet -

Lfermion-mass = —Af [WrLdVR + YrdUy]

Un-ki Yang, KCMS Collider Lecture
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Lepton masses

L, = —,\e% [(D,é)L ( v.?_h )eR+éR(0’v+h) ( : >J

Ae(v+h) _ _
—————|€,€R + ERE
\/§ [ L*R R L]
Ae(V+h)_
= ———¢e
V2
= — At ee — ﬁhée
V2 V2
N Ne—
electron mass term electron-higgs interaction
/\e'U )\e
Me = — X M,
V2 V2

1) The Yukawa coupling is often expressed as A\; = V2 (ﬂf-)

v

2) The mass of the electron is not predicted since A, is a free parameter.

2
['(h — ee) . A2 _ (9me/2Mw \" _ 15.10-2
F(h — WW) )‘IQ/VVVh gA{[uf 4
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Quark masses

The fermion mass term Liown = A fd_)LquR (leaving out the hermitian conjugate term zj_z RQ_WJL
for clarity) only gives mass to ’down’ type fermions, i.e. only to one of the isospin doublet

Ly = )ZLQEC(}&R + h.c., with

= ing = - (40

down-type: Ag(tp,dr)ddr = )\d(ﬂL,JL)(

up-type: )\u(ﬂL,ch)q’z;cdR - )\u(ﬂL,(ZL)(

Un-ki Yang, KCMS Collider Lecture
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Higgs Mechanism Summary

Catd g s U(1) SU(2)
SIFAL | L= 0,9) -V(9) | £ =10, - A1 - V() | £ = (i, - g5 - Wy )¢l" - V(9)
=94 19" g+ Algp* o) 19" 9+ Alg" ) 19" +A¢" )
sget A ¢ = 1 +igo ¢= ¢ +igy 4,:(4’1”4’2)
Y3 +idy

AAR | ¢'o=3pi+ ) =0" | ¢Tp=3(p1+2)=0" | "0 =3(pi+ 3+ 3+ 91)=0"

- \/—;42//\ = \/—;42//\ V= \/—yz//\

Sy $1=0,¢2=0 $1=0,¢2=0 P1=¢2=¢1s=0,3=0
_ 0 _

HEO|1F | ¢=Lo+nx)+iE(x) | ¢=~L(0+hx)e™* $=—~L TN

2 2 2 v+ h(x)
mz =0 my, = V2A0? my, = V2A0?
AF

m, = V2402 My = qu Mmy = %gv

Un-ki Yang, KCMS Collider Lecture
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Higgs Mechanism Summary

SU(2) x U(1)
SFIFAD | £ =169, - 83 W~ g FBuIoI - V()
ZeA4 W o+ A" )
~zket -7 ”4’2)
lp3 + i¢4
274 $ P =31+ 3+ 95 +45) =0
v= ‘/—yz//\
Az $r=¢2=s=0,¢3=0
0 -
g ol =7 )e"'é(x)/v
v+h(x)
my = V2A0?
=1
a5 e
mz = 5|8 +8°v
ma=0

Slide from Prof. I. Park
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Higgs Production at LHC

H
i q
(a) Gluon Fusion t/b
P4 H
(c) W/ZH (d) tiH (bbH)  t/b

» What process dominates?
- depending on Higgs mass?

Un-ki Yang, KCMS Collider Lecture
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Parton Distributions Functions

MSTW 2008 NLO PDFs (68% C.L.)

‘;\1.2

xf(x,Q

V
0.8
0.6
0.4

0.2
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YV V VY

Higgs productions at the LHC

\'s=8 TeV

[N

LHC HIGGS XS WG 2012

] IIIIIIII

|1 lIllIll

IIIII|

2
a t o 1 0 =
figi — -
Qg TUSKN >-§ 1 0
T -
a wZ T :
o a [
a wZ \g/
WW, ZZ fusion > 9 1 =
! W.Z w.z ] B
g HO 1 O- E._
W, Z bremsstrahlung E
I ,,/'// , 1025
ug_.u.u_..u._v,_'._g‘—,\‘z ‘o E o |
8 1 80 100 200
FTUEITIET
11 fusicn T

300 400

1000
M, [GeV]

ggF: a dominant process through the top quark loop = indirect probe of

Higgs-fermion coupling

VBF: two forward jets - direct probe of vector boson coupling
VH: signature with hi-pt leptons - direct probe of vector boson coupling

ttH: direct probe of Higgs-top quark coupling



Higgs Production at Tevatron

Primary production modes:

hﬁ!ﬁﬁﬁﬁﬁﬁﬁ 10 o [ | | [ [ [ [ [ [
g L o : o(pp — H+X) [pb]
q iy 1 8 O 2 b r /8 =196 TeV
gopgepang t .O~V. - MSTW2008
. p 1 gg—H my = 173.1 GeV
g a fusion -
@q—WH
| q@q—ZH ................. i
: "E aggqlt I ]
W 0.5~0.03 pb ; TR e, ]
; HO I ..
W, Z bremssirahlung 0.01 = 5
: pp— ttH ]
0.001 | | | | | | | |

- W.Z 114 120 130hI L{l%; \}5]0 160 170 180 190 200
H ©
q | 0.1~0.02 pb

WW, ZZ fusion ™9
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Constraints on Higgs Before Discovery

8, 10
< 3 / ! ! ‘ 3
9 : Plo - v R shafeeeessnn 30
Y -
6 E
5F g
4B / -4 ___________________________________ _: 2
3B : | Theoryuncertainty
4 — Fit including theory errors 3
2 | - Fit excluding theory errors -
1 --------------------------------------------- 10
0 : SCA LS SV G T PRI NS T SR S N S N S
50 100 150 200 250 300
M, [GeV]

PVI2

= W [14 AParks p Abisess ]

M2 cosfw

M3 3 /my\2
= W 1y 2(_t) 11
M7 cos by 1672\ v

Y VYV

80.54 - LEP1 and SLD

150 175 200

h
N

t h
WOLIES LI e

July 2010

I
1 —LEP2 and Tevatron (prel.)

68% CL

)

Global EWK fits: preferred a light Higgs with large uncertainty
LEP and Tevatron exclusions
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Discovery of a Higgs boson (2012)

Run/Event: 194108 / 564224000

o p+ Top quark loop
%
< 7
N

W Higgs Boson
Top Quark/W Boson loop

Gluon%
o
,YO
Un-ki Yang, KCMS Collider Lecture




Discovery of a Higgs boson

Run/Event: 194108 / 564224000

> m ; v ' ' ' v o v ' —_
% & = Selected diphoton sample 3
0] : o 6000F ®  Data 201142012 —
=1 H->yy ~ = Sig+8kg Fit (m, =126.5 GeV) 3
To) §=7TeV,L=5.1 " S Bkg (4th order polynomial) =
1500 %, S=8TeV, L=5.3 1" 8 = : 3
— ke 4000 ATLAS Preliminary 3
2 - =
L - - -
= 3000 — —
2 = =
i 2000 {3=7 TeV. f Ldt=481" -
Ll51000 S ® :
@ I 1000 fz=8 Tevfun 130%" =
—-— b -
= - SO : : : : =
2 © %o =
| —4— Data » = =
= 500_ —— S+BFit z 3
—_ | eeeee Bkg Fit Component § 100(- -
Q S w - -
=2 ¢ -
o | EE-o - | bt 3
c?) 0 1 1 1 L 1 1 L1 1 1 1 1 1 : E
110 120 130 140 150 '2%00 10 120 130 140 150 180
m,, (GeV) m,, [GeV]
Top quark loop
Higgs Boson
Gluon Fusion Top Quark/W Boson loop

P
,YO
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Discovery of a Higgs boson

ZO

Higgs Bosoni

0 L+
P Un-ki Yang, KCM&Collider ecture

(EATLAS
EXPERIMENT
http://atlas.ch
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Discovery of a Higgs boson

@EATLAS

EXPERIMENT
P CB&*Q%% http://atlas.ch

o o

CMS Preliminary VE=7TeV, L=505f"Ns=8TaV,L=526fo"'

W
4]

* Data Rand
@ Background ZZ ATLAS Preliminary

I Background Z+jets, tt R
[ Sign (m =12 GeV) H_’ZZ‘ —4l

[ Signal (m —150 GeV)
I Signal (m -190 GeV)
W Syst.Unc.

s=7TeV:[Ldt =4.8 fb”
s=8TeV:[Ldt =5.8 fb”

® o TTEV e 4y, 262
00 BTV de, 4y, 202y

—
N
T T

Events/5 GeV
N w
(4] o

Events / 3 GeV
o
‘ T
'_l

o)
T ‘ T T7T
-

ﬂ mH:1 26 GeV

N
o

-
%))

H

140 160 180 HWNY
m, [GeV] i

AR XN

Top quark loop Zo

Higgs Bosoni
Gluon Fusion

0 +

P Un-ki Yang, KCM&Colllder IEecture
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Higgs decays at the LHC

Discovery channels: H>vyy , H>-ZZ" 5440

NS AL B LA B (N B R g e —— — o g £

o
N

rrrTm

Higgs BR + Total Uncert [%]

T T

107

104 'y f L1 1 T - L
80 100 120 140 160 180 200

Rich decay modes
at m,~125 GeV

>

mu=125.5GeV BR(%)
H=rr 0.23
H—ZZ 2.8
H-WW 22
H-Ttt 6.2
H—bb b7

H->vy : decays via W or t loop:
negative interference
- indirect measurement on couplings

(a) W loop 7 (b) t loop 7
H?Y ~N= 16h\2/\/ - 0.7/'{WHt ‘I‘ Olhg



_h.
¥
V=W/Z
_h_
V=W/Z
h t
-— t
t
w
h
- W
w

F(h—)ff)z#’;.gm?mh\/l—x , with T=

Higgs Decays

2
4mf

2

F(h—)VV)—WthVV (1—I+ .'172)\/1—1'

4MV

, with r = and Sww,zz = 1

a’

2

, Where e 1s the fermion’s electromagnetic charge.

Note: - WW contribution =~ 5 times top contribution
- Some computation also gives h — vZ
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Higgs Searches

» Two special channels in the search

H>ZZ*>4l (I=e,u), H>vy
Fully reconstructed final state (no neutrinos):
a special role in mass determination

Well reconstructed objects with excellent energy/momentum
resolutions (only tracking and EM calorimeters)

> H>ZZ*>4l (I=e,u)

So small branching fraction: ~ 10

But extremely small bkgds.:

- irreducible: ZZ->4l

- reducible: mis-identified leptons (mostly 2 real + 2 mis-id)
Challenges:

- Maximize lepton eff. & acceptance, down to low pt, 5 GeV
- Optimize lepton resolution and estimation of mis-ID

Un-ki Yang, KCMS Collider Lecture
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—
N
71 T

Events /3 GeV
o

H->ZZ*->4l (Discovery)

CMS Preliminary VE=T7TeV. L=505m"\N5=8TeV,L=5261"

> . Data . .
- o Data 08 T K 35 o Sackgrounazz  ATLAS Pre.llmmary
To e v B Background Z+jets, . H—»ZZ''—4|

- W zx # 30 [ Signal (m =125 GeV)
— S [ Signal (m, =150 GeV)

D 2v*.22 I.i 25 I Signal (m =190 GeV)
; [T %4 Syst.Unc.
I [ |m=126 GeV

100 120 140 160 180
m,, [GeV]
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CMS

H->ZZ*>41 ( Full Run 1)
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mz, (GeV)

H->ZZ*—>4l (Kinematics)

» Masses of lepton pairs and decays angles: additional information

CMS 1370 (VS =13TeV)  Bkg. Sig.
c - o
) c
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' : : "o ' ] 5 é
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o e L s Sas ., . g
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| - S = o..o > .t * * .- = 2
s . W - . e —10" |1
025" ¢ * L B e * 3 7
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- ’ < |52 - . 107 2
ST BT AT A AT B 1 1 H
S ) 10 o KCMS Collider Lecture




H -2 vy

» Small branching fraction: ~ 2 x10-3 (larger than H>ZZ*->4l)
» Significant bkgds.:
e Irreducible: pp—=2>yy ( relatively large cross section)
e reducible:y + jet with one mis-ID and multijet with two mis-IDs
e Challenges:
- Maximize lepton eff. & acceptance, down to low pt, 5 GeV
- Optimize diphoton mass resolution
- Photon ID efficiency
- Background modelling (mass fit)

q oy g oy g q

Un-ki Yang, KCMS Collider Lecture
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Search for H = vy

10" 197" (8TeV)

S OE ML, o
o 18 ™ == v-y
jet — —
S R %;}_‘;et My~ = \/2E1 E2(1 COS 912)
‘ar:‘> [ Drell-Yan
>
(w

[ TH-=yy(125 GeV) x5

10

2 2
Om _ 1 "521+"_522
Moy~ 2\ E E5
100 120 140 160 180

m,. (GeV)

» Search for a small narrow mass peak on top of a large smoothly
falling background

» Take an advantage of multivariate techniques to optimize the sensiti
vity, but basically, “oump hunt”
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S/(S+B) weighted events / GeV

x10°

o - N w
()] - (4] N (4] w (4]
TT T [ TT T T[T T T T [TI T [ TT I [ TT7T

o

200

100

-100

Search for H - vy

19.7 b7 (8 TeV) + 5.1 b (7 TeV)

- EMS S/(S+B) weighted sum
- —
o . L ¢ Data
— S+B fits (weighted sum)

------ B component

0= 1.14t8§
m,, = 124.70 + 0.34 GeV

FURNN N T N T T N T T [T T T N T A T T M I Y SO A

0

LN U U A I N L L L L L L B |

B component subtracted

PR N TN N T T T T N T T T T I T T N T T Y T

110 115 120 125 130 135 140 145 150

m,, (GeV)

Results extracted from
simultaneous fit to 25
event classes, but
combined mass spectrum
useful for visualisation

Combination of all 25
event classes, weighted by
S/(S+ B) for a +oex
window in each event
class

Weights are normalised to
preserve the fitted
number of signal events
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H - yy: event classification

CMS unpublished
B o B B B

Slide from J. Bendavid

19.7 "' (8 TeV)

[ sis+Binta,

Untagged 0
Untagged 1
Untagged 2 [RE
Untagged 3 [RES
Untagged 4 (R0

VBF Dijst Tag 0 [P
VBF Dijst Tag 1 [
VBF Dijet Tag 2

VH Lepton Tignt |

VH Lepton Looze [
VH MET Tag [BF
VH Dijet Tag B

ttH Leptonic Tag

ttH Multijet Tag [}

Combined i BT et

.........

0 10 20 30 40 50 60 70 80 90100 O

Signal Fraction (%)

1 2 3
Width (GeV)

0

02 04 06
S(S+B)in + ¢

Events classified according to di-photon MVA output plus tagging of

additional objects

Large variation in resolution and S/B across categories
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S/(S+B) weighted events / GeV

Search for H - yy (full Run II)

19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

x103:
asE CMS S/(S+B) weighted sum
“E Hovyy
E ¢ Data
3fa
E — S4B fits (weighted sum)
oo™ eema B component
2'55 - 1o
o Thea,,. e
15F
£
F K =1.14")3;
0.5:— M, = 124.70 + 0.34 GeV
O:I|II|llllllllllIIII|IIII|II1I|IIII||III
||||Il]|llIllll|I||I||||I||||I|I||I||||
200 __ } B component subtracted
100 } -
0-] l,l’fr 1} * { I 11111+ %
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-1oor | | | | | | | _
110 115 120 125 130 135 140 145 150
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S/(S+B) weighted events / GeV

/CMS 137 fb" (13 TeV)
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- H-yy,m =125.38 GeV All categories .
50 - S/(S+B) weighted ]
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40 — S4B fit ]
=N B component
30— Htio 4
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Higgs Mass

I T Ll I Ll 1 1 I
ATLAS and CMS

I ] |l 1 I I I ] ]

1 I T L ] ] I 1 I Ll ) I L] L\l |l Ll l ! Ll

—e—i Total Stat. 1 Syst.
LHC Run 1 Total Stat. Syst.

ATLAS H—yy F—e=e=—  126.02+0.51 (+0.43 + 0.27) GeV
CMS H—7y ————i 124.70 + 0.34 ( + 0.31+ 0.15) GeV
ATLAS H-ZZ -4l } - { 124.51+ 0.52 ( £ 0.52 = 0.04) GeV
CMS H—ZZ —4i e 125.59 £+ 0.45( £ 0.42 £ 0.17) GeV

| ATLasioms yy | —_— 12507+ 0.29 (£0.25 + 014) GeV
ATLAS+CMS 41 F—'IE—'I 125.15+ 0.40 ( £ 0.37 £ 0.15) GeV

| ATLAS:CMS yyeat H%H ---------------- 125.00 + 024 ( £0.21+0.11) GeV

T T 7 S T T T T ST R T T

m,, [GeV]

» Higgs mass is measured from the peak position in yy and 4l

» Calibration of the photon, electron, and muon, mainly
using the Z peak

» vy channel has small statistical error, but larger systematics
due to e—> photon extrapolation



Search for H 2 uu

» Tiny branching fraction and larger DY 2> uu bkgd
» Bump hunting

-1
137 fb.‘ (13 Tev) > T T T l T 7T T LI T LR T T I 111317 flbl T $13I' TelVT)-
> | A | LI ] 1] LB l LI T ] I T T I ] T m 800'— -
© 30 - CMS Data ]
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~ : ) Zi-EW DY i) :_ categories — otb (U=1. -
£ 25 Postit =T” } D,b o S, S(S+B)weighted ... Bkg. component ]
! i . L J
¢ - VBF category _V‘;"Fq”a _gg:so - KT m,, = 125.38 GeV Bl
@ t = r 1
£ 2 400
m m
2 = a0t
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) B 200F
% 7]
= 100
w o ]
O'|||||11111|||||11[11||111[ 117
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o 5 -
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H 2>WW*> 212v

» Relatively large branching ratio and significant bkgds from WW, ttan
d W+jets with mis-ID

» Bkgds with two real leptons from control regions (WW, tt with b-tag,
DY with Z mass)

> BN I B IR T S B i e B e B
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Events / 0.25

10°

10?

H->Dbb

» Large branching ratio, but huge QCD bkgds
» Strategically, use V+H-> Il, Iv, vv + bb with large W/Z Pt

—_—
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Vs=13TeV, 139 fb™

-
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Events / 10 GeV (Weighted, B-subtracted)
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H =21t

» Select events in ey, et(h) ut(h) t(h)t(h) final states.

» Tt mass reconstruction using various techniques (kinematic fit, and
constraints on decay kinematics etc)

» Categorized with lepton, VBF tagged, boosted, jets

CMS Preliminary 137" (13 TeV)
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Discovery to Higgs

I The Standard Model of particle physics w Loptons | Theorised/explained
Years from concept to discovery : gf:?:: | Discorvered

1880 90 1900 10 20 30 40 50 60 70 80 S 2000 12
Electron P
Photon ==

Muon

Electron neutrine
Muon neutrino
Down

Strange

Up

Charm

Tau

Battom

Gluon

W boson

Z bosoen

Top

Tau neutrino
HIGGS BOSON

Source: I'te Economist

Almost 50 years !
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Higgs Couplings

» Parameterizing compatibility with the SM (or small deviations)

1t = (0 X BR)observed /(0 X BR)expected

r parameterize the ratio of the coupling of the Higgs to a
given particle as a ratio to the SM prediction

» Loop-induced couplings

H

(a) W loop i (b) t loop /

2 2 2
Kg ~= 1.06k7 — 0.07ktkp + 0.01K H?y = 1682, — 0.Thyyhe + 0.142
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Higgs Couplings

ATLAS and CMS -®- ATLAS+CMS
LHC Run 1 - ATLAS
-+ CMS
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Parameter value
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Higgs Couplings

w 1.6

L — T — 35.9-137 fo”' (13 TeV)
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» Consistent with the SM predictions
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Higgs Physics

240 CMS Prefiminary 2016 + 2017 + 2018 13717 (13 TeV) 35.9-137 o (13 TeV)
> > ll] T T TT lllll T T T—TTT Ill T T L lllll T
gl> [ t .-
v CMS Wz"’,«
5 | my=125.38 GeV
w107k o .
gl=" { pvalue = 44% :
o X
102F tp-t -
Sl . ¢ Vector bosons
107 B«"" # 3" generation fermions :
¢ Muons ]
104 e SM Higgs boson __
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» Higgs mass: 125.38 GeV with 0.1% precision

» Couplings to the SM particles: consistent with the SM predictions
» All consistent with the SM Higgs world
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Backup Slides
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Photon ID

< 1500 : i I - : l 19.7[‘|b" (;B TeV?
Main sources of S [CMS + vaasonal @
.- . .ge g - z. ¢ Data: background l
Misidentified Prompt P B Simulation -
& [ Simulation: statistical uncertainty|
Photons: z

1000

o ™ — v (at high e
energies, the decay is
collimated and tends to
merge into a single

shower) : .

500

. DOO
o Electrons where primary g
track is not reconstructed, S el i ]
- .d .f- d E_ 1 i‘i‘++ = T 41_
or misidentitied as 8 002 003 004 005 006
. . G
belonging to a conversion ™

Transverse shower width (parallel to
B-field)

Un-ki Yang, KCMS Collider Lecture



Electron ID

. A0° 19.7 fb (8 TeV)
Main sources of B oy, aam cMS
@ F ectrons from Z, simulation ]
Misidentified Prompt 3 2000 S Niientiied electrons. data 3
5 180k 3
Electrons: 8 T cracane E
140F- =
o Heavy flavour decays 2 uf
(e.g. B and D hadrons) 1oof E
80 =
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. 20 7
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Muon ID

Main sources of
Misidentified Prompt
Muons:

o Heavy flavour decays
(e.g. B and D hadrons)
producing displaced
muons

e Decay in flight of
charged hadrons (e.g.
/KT — pv), can be
supressed with track
quality, “kink-finding"

e “Punch through” of
charged hadrons
(negligible with enough
hadronic interaction
lengths upstream)
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EWK Fit
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Eur. Phys. J. C78, 675 (2018)
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