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Collider Physics I/

Hadron collisions at Tevatron and LHC, Parton
distribution functions and parton-parton
collisions, Physics results

High pT Physics at hadron colliders
Modern Particle Physics, M. Thomson
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http://www.cambridge.org/uk/catalogue/catalogue.asp?isbn=0521835097
http://www.cambridge.org/no/academic/subjects/physics/particle-physics-and-nuclear-physics/modern-particle-physics

Drell-Yan process: qq=>utu-

You calculated the process
€e >u'y ; €e >qq
Corresponding cross section for g — ﬂ*ﬂ'

_ 1 Ana’®
c(Qq>u'n )= -
N, % 3S
N_.=3 accounts for conservation of color charge 471_
Implying that of the g possible color combinations of the qgbar d20'u = 02 up(x )dx up(xz)dx
system, annihilation process only occurs for 3: rrbar, ggbar, bbbar
7iP P _
Parton Distribution Functions u"(x)=u(x)=ux)
u-quark within proton with momentum fraction x,2x,+3x, 2 4 4 o
anti-u-quark within anti-proton with momentum fraction d Ou= 5 9§
X, DX, +0X,
CoM energy of hard process
2 2
S=(Xp+X,p,) :X2p12+x2p2+2X1X2p1'p2 2 4 Ara’
_ rnz d'o,=—- u(x, )u(x, )dx,dx,
pl=p =m ~0=8~ 2XX,D - P, = X 9 9x,x,S
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Accounting for (smaller) contribution from ubar from proton and u from
anti-proton and contribution from ddbar annihilation:

o= 47 {f[mxl)u(wa(xl)v(xz)] +[d(x1)d(x2)+a(xl)a(xz)]é} dx,dx,

9x,x,s19
o — 4 et
9x x,S

f(x, x,)dx,dx,

In terms of experimental observables:
Rapidity & invariant mass of di-muons M? =8=XxX.§

y:lln(EﬁE;+Psz+P4zJ:11n(Eq+Eq+qu+quJ M, M
2 E3+E4_p3z_p4z 2 Eq+Eq_pqz_

pq=f(x1,0,0 X) ; pfé()g,O,O,—)e)

Ly [(x+x2)+(x %) Lg%
2 5+ %)~ (% —%)
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Differential cross section: dx, dx, > dy dM

Determination of the Jacobian matrix

2
Fo— 2T f(x,, x,)dx dx,
oy oy 9x,X,S
oy, M) 0% ox, et o
dy dM = ax, dx, = dx. dx T
P ) T o am | o g Fx k)= dy oM
ox, 0Xx,
d’c 8rna’
S = f(x,x
dydM_del dx, dy oM oMS (X, X,)

As in project 2
Z-exchange (and any other exchange, Z', ...) can be added
Experimental distribution

CDF @ Tevatron (1989-2011), showing Z-resonance
ATLAS @ LHC (pp=2utu+X)
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Drell-Yan cross section in ppbar
collisions at 1.8 TeV, CDF @

pp~>e*e +X at 8 TeV, ATLAS at LHC
And search for new gauge bosons

ATLAS Preliminary

Z'— ee Search
Ldt=20fb"
ys=8TeV

et an  Babeahs ++L+l$
hASRER AR S 2h o i

| 4

o Data 2012
Olan”
Bl
[C]Dijet & W+lets
[ Diboson
Z'(1500 GeV)
(] Z'(2500 GeV)

Tevatron
'102 §I T T T 1 T T T T T T 1 | T T T 1 § E 107 —
- - 5
e _ _ ] > 108
a2 . pp — X -
10 fj _E 105
:+_ ° E 10*
T 164 E 10°
0] C . i
2 10071 E Tt % 3 10
b =) - —— . !
o % 102 . 10"
- —4— ’ : 102
-10—3 E_ _E é; |2§7A‘ _
- [ . [ ot
_4 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 8 100
10 100 200 300 400
Moy [GeV]
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Gluons and QCD

See M. Thompson: chapter 10 on QCD
Short summary on how to calculate QCD
processes
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https://www.hep.phy.cam.ac.uk/%7Ethomson/MPP/partIIIparticles/Handout_8_2011.ppt

Example of hard QCD
scattering
Contributing to 2-jet cross
section

Back-to-back in transverse
plane (no p+)

Boost in the other view (net
momentum of colliding
partons along beam axis)

Many other contributions, \
gg, qg, qqgbar, ... (see later) I

_do 47[0:[ @ i
s Q4L [ XXSHQ( , X, )ax,dx,

9(x;, X,) = [l U(X,) + (X )d(X, )+ A )X, )+ d(X%,)d(X,)]

d’o _47m'§[ Q@ 2
dQaxdx, oQ Ll{l xlxzsj }g(x” %)
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EXxercise

@ 10.6 The observed events in the process pp — two-jets at the LHC can be described in terms of the jet pr and the

jet rapidities y; and y4.

(a) Assuming that the jets are massless, F = p2 + pz, show that the four-momenta of the final-state jets can
T F4
be written as

ps = (pr cosh ys, +py sin @, +py cos @, pr sinh y3),
Pa = (pr cosh yq, —pr sin ¢, —py €05 ¢, py sinh yy).

(b) By writing the four-momenta of the colliding partons in a pp collision as

1 § ;
P = “—2{“&.01 O,X]) and b= _\2/-'{}:%0-0! '_x”"

show that conservation of energy and momentum implies

P1 . e -
X1 = ———{Eiy' +E+y"_] and X5 = _p_.(e £ + e J’--}I
S VS

(c) Hence show that

¢ = g1+ e ™).

(}) 10.7  Using the results of the previous question show that the Jacobian

09.03.2020
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EXxercise

(@, %, %) > (P, s, ¥i)
p"=(E, p, P, p,)=(mycosh y, p cos g, p;sin g, m; sinh )

M=0 >My=p; = P, =(Prcoshy;, prcosg, prsing, psinh y, )
p, =(prcoshy,, p;cosd, p;sing, psinh y, )

x| = p—T(€+y3 + €+y4)
Conservation of E/P Vs
Js Js X2 = ‘H—T(f?_m' +e %)
91=7(X1,0,0,X1) ; p,=—1(x,,0,0,—Xx,) Vs

2 Q2 = p%(l + Y4793
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EXxercise

(Q27X]7X2)_)(p]'7.)/37.)l4)
_ P_T + + a(ysyspz) 2
Vs dQ o(x, x,, Q) Pr ;s
PT _ _
X7 = — (e B + ) 1
N =— do’dy,dy,

1772

Q2 = p%(l + Y4793

Add all other contributions E X K E %j{

2-jet cross section!

Need higher orders QCD! i 21 jﬁi ?ﬁ{ ?mi
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2-22 processes

5. 111,
s = (p1 + ;Ji’“’ = (p3 +pa)°

Mandelstam variables F= (p1 —p3)2 = (py — p1)?

w= (p j”l}2 = (P2 ;“-'ij'_

u-channel

s-channel JII.-

Example: P T x

Drell-Yan QCD processes - _ .
X

w o L. K
b iZE%«Q
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QCD matrix elements

— point-like scattering of partons

Process | A|2 Value at 6 = w2
P0|nt'||ke q+9 ' —>g+q’ £[32+u2]/t2 299
partons have T 94 8 -
Rutherford like SIET U4 (S ) U] (57 ) |
behavior q+d > q'+7 g[tzwz]/sz 0.22
qg+9—>Qg+q g[(sz+U2)/t2+(t2+U2)/SZ]—%(U2/St) 2.59
> ....................... < q+q _)g_l_g %[tz-l_uz]/tu_%[tz-l_uz]lsz 1.04
g+9g—>0q+Q 1 3 0.15
G ~ (o, L) Al?/s RUGRT TR (GTS T
+q—o> g+
ARG —g[sz+u2]/su +[u® +s%]/t? 011
+0—>0+
|A|2 1 at y=0 9Ty %[3—tu/sz—su/t2—st/u2] 30.4
(9=TC/2). a4 =r+s g[t2+u2]/tu
+qQoy+
R RCA —%[32+u2]/su
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Proton structure functions (seep.Green, M. Thomson)

Assume proton is incoherent sum of “valence” u and d quarks, radiated gluons, and a “sea”
of quark and anti-quark pairs.

Proton quantum numbers satisfied if proton is bound state of u + u + d “valence” quarks.
The “sea” can arise from radiation by the valence quarks and the antiquarks and
subsequent gluon “splitting” or virtual decay into quark-antiquark pairs.

“Hard” py, scales well above the binding energy scale, Pr >> A o

For large E;/P+, or short distances, the proton
can be treated as containing partons defined
by distribution “structure” functions.

f(x) is the probability distribution to find a
§ parton with momentum fraction x

X = ppm‘m \/3 — \/(pA + p3)2
Poon  /§=xx,/s
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Parton distribution functions

Assume very weak binding of the u,u,d “valence” quarks in the proton =
all 3 quarks same velocity

szparton/pproton ~1/3 \ i
f(x) 0-function / R
AxAp, =h

But quarks are bound = Ax =1fm —=Ap. =02GeV ~ A
= x Y. =~ 3 ocp

m,~5MeV = relativistic system
valence quarks can radiate gluons (xg(x) ~ constant for small x)

gluons can split into g-gbar pairs (including strangeness with xs(x) ~ constant)
The parton distribution is, in principle, calculable but not perturbatively

In practice measured in lepton-proton scattering
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Proton structure functions - pictorial

Single Dirac Three static Three interacting  +higher orders
proton guarks quarks >
qp (x)n qp (x)n qp (x)n >

=V
w\H EEEsEEEEEEEEEESE TLLLL]
-

P

1% 1
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Experimental determination of parton distribution

functions

In proton, u & d quarks have

largest probability density at 157
large x

residual memory of x~1/3 for

valence quarks 101

reduction due to gluon
emission
Gluons and “sea” anti-quarks

have large probability at low “l
X.
gluons carry ~ 50% of proton 0 RN O
momentum 0 0.4 0 04 O 0.4 08
Simple parameterisations X X "
xg(x)=1(1-x° ; | xg(x)dx=

xf(x) ~ (1— x)*

09.03.2020 Research-based particle physics - E. Gramstad 17




Parton Distribution Functions

& Ultimately the parton distribution functions are obtained from a fit to all
experimental data including e-p and e-n scattering, neutrino-nucleon scattering,

« Hadron-hadron collisions also give information, especially on gluon pdf g(x)
 different experimental measurements give access to different PDFs

Fit to all data: constraints imposed by theoretical QCD framework
such as DGLAP evolution equations

Note:
1 E— * Apart from at large X
R ) ~~
< Q*=10GeV? | uy (x) = 2dv (x)
= 08 : «For x< 0.2

gluons dominate

0.6 i e In fits to data assume

NG B
1 - d(x) > u(x)

not understood - suppression

04

0.2

il g — uu due to exclusion
principle?
el M el T ; N
000102 03 04 05 06 07 08 09 1 « Small strange quark
Bjorken x component  s(x)
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Experimental determination of parton distribution

functions

g dominates forx < 0.2

at large x, u dominates overd and g
“sea” dominates for x < 0.03 over

x f(x)

valence
5
Z10 e MRST
:. —— MLt TSN Tl proten beam data
L
I1
10 - B h
Lines: different fits to experimental data
j Points: simple xg(x) parameterization
m
g 7 ¢
Xg(x)=,(1-x)
In CompHEP:
107k can run different distribution functions
x (MRST, CTEQ, ...) for same process.
09.03.2020 Research-based particle physics - E. Gramstad
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Structure functions and ep-collider HERA

S - HERA I+I1 inclusive, jets, charm PDF Fit
Parton distributions 1 L
(xf(x,Q2)) are obtained  * - Q= 10 GeV? z
from (QCD) fits to _ =
. —— HERAPDF1.7 (prel.) =
cross section of 08 B exp. uncert.

various measured
processes (ep NC, CC,
high PT jet 0§
production, charm |
production, ...)

And theoretical
extrapolations,
DGLAP evolution Ll
equations

model uncert.
| parametrization uncert.

----------- HERAPDF1.6 (prel.)

HERAPDF Structure Function Working Group

—

0%

09.03.2020 Research-based particle physics - E. Gramstad 20



>~
=
=
©
0o
O
-
o
<
2 4
Ll
I

n
=
0
e
&
=
=
e
s
=
n
=
)
O

xf

xf

H1 and ZEUS HERA I+II PDF Fit

0.6

0.2

4

Q’ =10 GeV?

March 2011

—— HERAPDF1.5 NNLO (prel.)

B exp. uncert.

model uncert.
v_

Xu
y

| parametrization uncert.

HERAPDF Structure Function Working Group

0.6

0.2

Hl and ZEUS HERA I+II PDF Fit -
! > > 3
" Q% = 10 GeV? =
5
—— HERAPDF1.5NNLO (prel)
B - uncert.
model uncert.

parametrization uncert.

HERAPDF Structure Function Working Group

02 lO..-1 0.6
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xf

xf

0.6

0.6

- xS (x0.05) \

0.2

H1 and ZEUS HERA L:1I PDF Fit
\ xg (< 0.05) Q7 = 10000 GeV?

—— HERAPDF1.5 NNLO (prel.)

I exp. uncert.

model uncert.
parametrization uncert.

March 2011

HERAPDF Structure Function Working Group

107 107 10!

[E -

H1 and ZEUS HERA L+I PDF Fit
' Q® = 10000 GeV?

—— HERAPDF1.5 NNLO (prel.)

B exp- uncert.

model uncert.
parametrization uncert.

02 0.4 0.6 08

March 2011

HERAPDF Structure Function Working Group
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LHC parton kKinematics

Parton kinematics —
overview i

M =1 Tey oo

-\.“11. - T T ||||||| T T ||||||| T T TTTTTT T T TTTTI T T TTTTIT T T TTTTIT T T TTTIT “;; 1':;:IE— N
o h : : : :
210 8L [ RAtlas and CMS = 1o'k M = 100 GEY A rsteneneshonsnengbonsn gl i)
f\']"'“ [ Atlas and CMS rapidity platean "‘":‘j. - ! !
:}IID 7| E= D0 Central+Fwd. Jeta 10" E : K :
CDF/D0 Central Jets F y="6 4 2 02 4 B
B ”}?E = E : - __,..-"
10 & E1 Er-.-1=1-:.‘-|3na*-.-' /
M Z2Eus 10 i fixed
10°E NMC F target
g ECDMS ia” - T | X < ke I
4 10 10 10 0 10°
10 " OO0 Esss %
—
10° Yo ) The LHC data probe regions
¥ =z e of the distribution functions
10°F o e which were not explored by
fixed target and HERA
10 H H‘ H‘ H H‘ experiments
Ll [ H | L
| R Tl itisimportanttohavea
. it reliable set of verified PDF in

- : . 2 | order to model new physics

-B -0 i
10 10 10 10 10 0" 10 1 and SM backgrounds.
= Glag&?éﬁ:%z?fgh_ 37 (2007) 793. Research-based particle physics - E. Gtamstad
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F,(x,Q?) structure function Results

10° ¢
c x=0.000063
C Lt , X=0.000102 Proton
108 L ,n‘*”. x=0.000162 x Hi
. . E wm* ™ Lea X=0.000253 ® ZEUS
* No evidence of rapid decrease of : (et xmomms i Booms
: - 107 L wah
cross section at highest 00008 A stac
& I L x=0.00102
_ 10° b \ . x=0.0013
‘ unark < 10 18111 g g T x=0.00161
C T e .. x=00021
10° £ o LT x=0.00258
* For x >0.05, only weak dependence | F’“ Il e A0
of F,on @ : consistent with the = & 10* £ leloee™ owrem" L. 0008
. X 5 0% s ) o menewr et ts x=0013
expectation from the quark-parton C 00 | B e T eters 320021
3 o et e epeproaiiiy X000
model 5 ; e eoss
. . . 8(\] 102 - u“::G ® e ss pakeiek Ak kb m g ¥ & x=0.08
* But observe clear scaling violation + R avpcinatt. i, SR e
at high and low values of x ol A ovmin< L s
; pera _ i ﬂ"':--i#%x:O.ZS
2 - #? POt T hriget e
FQ(X,Q ) =+ F) (x) 1L o * 141 x=04
1| o, e Hﬁfi 11 x_oes
10 %%uwom% ﬂ I Jf | | | 0.75
AR x=0.
102 | o
‘s x=0.85 (i,=1)
10—3 pol v vl T BT B
10~ 1 10 10° 102 10*  10° 108
Q%/GeV?
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Proton-Proton Collisions at the LHC

* Measurements of structure functions not only provide a powerful test

of QCD, the parton distribution functions are essential for the calculation
of cross sections at pp and pp colliders.

Example: Higgs production at the Large Hadron Collider LHC

 The HE-LHC will collide 7 TeV protons on 7 TeV protons
« However underlying collisions are between partons
* Higgs production at the LHC dominated by “gluon-gluon fusion”

P G » Cross section depends on gluon PDFs
% 1,1
7 TeV : o(pp—HX)~ [ [ glan)g(xe)o(eg — H)duidyy

X1

Ho  ° Uncertainty in gluon PDFs lead to a +5 %
-—- uncertainty in Higgs production cross section

X2

P @ >
’ ‘ %
7 TeV

* Prior to HERA data uncertainty was +25 %
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Hadronic cross-sections (see D. Green)

A+B21+2+XD>M+X23+4+X
Cross section is a convolution of matrix elements (ME) and parton distribution
functions (PDF)

o= | £ (%) FA(x,)dx a6,

Ij

; do,, = f,(x) F,(x,)dxdx,do(1+2 > 3+4)

— Js=\(pa+Ps)* =2P
J8=/xx,s=M
> < X=X —X,

M

— «— 2 X=0=>(x :\/;:—

p1=X1P p2:X2P T M:’ze < > \/5
S
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More 2-body kinematics

x=0:>(x>=\/;=M

/s

M~2m;~350GeV Tevatron(1.8) :M=2m, = (x)~0.194
LHC(8/14)  :M=2m = (x)~0.044/0.025

1+22M=23+4
<x> to produce tt

Higher x means higher M

To produce mass of 100 GeV with accelerator running at 14 TeV
requires <x>=0.007

To produce mass of 5 TeV requires x = 0.36
To produce M at zero rapidity
need partons with same x
M at higher rapidities
one parton at higher x, the other one at smaller x
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Hadronic cross-sections

Values x, from A and x,
from B picked out of
probability distributions
with the joint
probability f f, to form a
system of mass M
moving with
momentum fraction x

Cis a color factor.
Change of variable in
order to express ¢ in
terms of variables in
final state

M and y measured =2
determine x, and x,

d()'12 = Cfi(xl)fz(xz)dxldxzd(l\f(l +2 —=3+ 4)
dx,dx, = ds/sdy = dtdy
T=5/s=M"/s

do = Cf,(x,) f,(x,)dtdydo6(1+2 —=3+4)
y=0—=x=x, = VT
(dotdwdy), = Cfi (D) (D)1 +2 =3 +4)

On the rapidity plateau, the cross
section can be estimated as

do ~ (dG/dy)yzoAy

At fixed energy, value of Ay varies
only slowly with mass ~ In(1/M)
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2—>2 Cross sections

(do/ddy) = Cf(x)f,(x,)do(1+2 =3 +4)

Estimate cross y=0

section T=5/s=M>/s=dt=2MdM /s
Change of variable  gg —=gg : f(x) =g(x)

z:jnl\s/lider 10346 (sdG/2Mdey)y=0 = C[xg(x)]z/x2 (d(}ﬁ/Mz)
x*=M?/s
M*(do/dMdy)_ =2C[xg(x)] (d55)
2—2:
M*(do/dydM), _, = 2C| xf, (x)xfy(x) ] -(d%)

do=ma,a, /s
M*(doldydM?),_, ~ CLxf,(x)xf,(x)] _ - (wayax,)
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QCD matrix elements

— point-like scattering of partons

_ _ Process | A|2 Value at 6 = w2
Point-like GTq g b e 2.22
partons have ol* V]

Fll:trg)ergord ara=4+a g[(sz+u2)/t2+(32+t2)/u2]—%(32/ut) 3:26
IKEé Denavior —
q+0—>0q'+J g[t2+u2]/sz 0.22

> ...................... < 9+4—>4q+9 g[(s2 FUP) 7 4 (1P +u2)/32]—%(u2/st) 299
q+gT—>9g+g 1.04

32 2 2 8 2 2 2
— [t +ul/tu—=[t“+u-l]/s
27[ ] 3[ ]

2 —
) TC(OLlOLz)lAl /S g+9—>Qq+qQ %[t2+u2]/tu—§[t2+u2]/sz 0.15
+g—>g+
ITA= I —g[sz+u2]/su +[u®+s?]/t? 011
2 _ +g—>g+
|/g| ~1at Y=0 9r8—>9+9 %[3—tu/sz—su/t2—st/u2] 304
(0=m/2). -
ard=rry g[t2+u2]/tu
g+q—>7+q

1 2 2
——[s“+u“]/su
3[ ]
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Low mass LHC rates - design numbers

_ o ~100 mb
Total reaction rate
34
For small x and strong production, the cross L ~10" /(cm™ sec)
section is a large fraction of the inelastic cross
Therefore, the probability to find a “small Pt oL ~10° Hz

“minijet” in an LHC crossing is not small.

L ~ 25 minbi nts/ crossin
“Minijet” rate (see D. Green) <n, >~25 bias events/ crossing

M*(doldMdy),_, = 2[xg(x)]*C(dos)(hc)’ , 1| 1]
2 2 2 2 [6]_[L]_LM2J LTSJ

Ao(M > M) ~ Ay[xg(x)[wa® |AF [ M?]

xg(x)~T7/12,Ay ~10,a, ~0.1,C =3

forM, =10 GeV,IAF=30(gg —>gg)
= Ao ~1mb (hc)> =04 (mbGeV)’ ,1mb=10""cm’
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2->2 decay kinematics

Formation System Decay CoM Decay

X1 X2 X,y,M Y3 Ya

The measured values
— y —

ofy,, y,and p;allow to % =[M/sle’y = (¥, + v.)/2
solve for x, M and the X, =[M /~/s]e””
com decay angle,
hence the initial state y =(y,-¥,)/2
X, and X, . .

cosfd =tanh(y)
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*1vs x2
0.2 T T

gg—>9g9g

CompHEP

p>50 GeV
6=0.013 mb

Ky - o for M= 200 GeV, 2 Tel/ cm Energy, 1%, = M/

I:I? I 1 1 I I 1

OB f

0af

| Fixed mass
kinematics: x, x,=M?/s=0.01

0 0.1 0z 03 0.4 05 &E g.? _ _
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221 Drell-Yan processes

Resonance (I'<<M)
Partial wave unitarity (D. Green) J 0dS= 7[2(2J+1)(I12/M)

Integrate over narrow width

M?*(do/dy) _, = Clxh()xE,(x)], [7°L,2J+ 1)/ M|
L /M ~"a,"

M*(do/dy), _, = Clx, ()X, (0] _ |7, (2d+D)]

x=+t

“scaling” behavior — cross section
depends only on t and not on M
and s separately
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Hadronisation

Quarks and gluons have color,
while hadrons ( the asymptotic
states ) are colorless.

The process of “hadronization”
occurs at energy scales where

QCD is strong ~ A so that Space e
perturbation theory cannot be
used.

This makes direct experimental
QCD predictions difficult.

Time

Electroweak
Processes
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Simulation tools

jet

O
T

A "Monte Carlo” is (a usually) C++ program that
generates events

Events vary from one to the next (random numbers)

expect to reproduce both the average behavior and fluctuations y

of real data /1
Event Generators may be

calorimeter
T

m
<

parton level:

Parton Distribution functions

Hard interaction matrix element
and may also handle:

Initial state radiation
Final state radiation
Underlying event

_~’ parton jet

Hadronisation and decays
Separate programs for Detector Simulation

GEANT — most commonly used /

]
*

-
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A Monte Carlo event

Hard Perturbz oS ing:
sffally calculated at leading order

Hadron

soft underlying

event
Multipl irbative 2
scatter g - =

Y

/((((Finally the Gty Srga\ié parton showers resum the
’ de'b'Q?eﬂ‘?rt JAlE N0

O
b,p hadronization process. ve et
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* Test QCD predictions by looking at production of pairs of high energy jets

pp — jet jet + X

09.03.2020 Research-based particle physics - E.
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7

* Measure cross-section in terms of

0 —
P >, e P
> 107
>
Q — QCD Prediction
=) JETRAD Program

- “transverse energy” E7 = Ej¢;sinf
e “pseudorapidity”

1 =In [cot (9)]

* QCD predictions provide an
excellent description of the data
over many orders of magnitude

g
r o
I Q)
3 o
: )
L @y
= 10° =
b'i i )
(@] - —_
= S *xNOTE:
; § e at low £; cross-section is
; dominated by low x partons
i < I.e. gluon-gluon scattering
o
: = - at high £ cross-section is
L @ . .
g < dominated by high x partons
[ N
- 9=5.7-15° ‘ § I.e. quark-antiquark scattering
50 100 150 200 250 300 350 400 450 500
ET (GGV)
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Inclusive jet cross section at Tevatron

CDF and Do results

D@ Run Il ® |y| <0.4(x32)

0 0.4 <|y| <0.8 (x16)
m08<|y| <1.2(x8)
01.2<|y| < 1.6 (x4)
A 16<|y] <2.0(x2)

A20<|y| <24

Vs =1.96 TeV
L=0.70 fb!
Reone = 0.7
— NLO pQCD

+ non-perturbative corrections
CTEQB.5M pg = e =py

—=210"F 107 o
o ‘|ﬂ” - Data comested to the hadron level 105_:
e = : 5
L =4 % 1ﬂ“‘ - Systematic uncertairty 105 4
M . - MLO: EKS CTEQ 6.1M !J=F":='."2. R, =13 104 ;
=100 M., _— _ _ 8.
ol — . Midpoint R__ =0.7.f__ =0.75 _ 10° 4
Ble 10°F ™ - —1.04 ib" g 103
— e —_— L=1.04 fb S E
P —— 8 10 3
- .""_._ i " —_— ‘Z_ 1 _2
10 =, . e [¥]<0.1 (1ot ° i1 E
— ) - _._—I— f-g E
10°F =, " S— B.4<[¥]<0.7 (x10%) 1072 =
10°F '+++ T —— 0.7<[¥|<1.1 10
| — . = -4
wE - 11e¥]ers x10) 1073
1n‘ z - 10—5 :
B , qu'” o CDF Run II Preliminary 3

- | J - W -

WM 1 107°

0 100 200 300 400 500 600 TOO

Py (GeVic)

FIG. 2: The inclusive jet cross section with MidPoint algorithm in the
different rapidity regions. The different rapidity region cross sections

are scaled by a given factor for preseptation purposes. _
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10 "F D@
43 ® pM™ 5 180 GeV (xB000)
10 F 0 130 <pM™* <180 GeV (x400)
F ® 100 < pM™* <130 GeV (x20)
103~
:
§ &
10°
10
;
-1
10
: : HERWIG 6 .505
m-z' »"  --- PYTHIAG 225
: < [ | PYTHIA
:f,,/ e increased ISR
-3 ol (CTEGEL)
-1[:] | e | [ | [ | [ | | | | | | |
e 3m/4 )
09.03.2020
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Initial,
Final

State
Radiation

I The initial state has ~ no
transverse momentum.

Thus a 2 body final state
is back-to-back in
azimuth.

Take the 2 highest E;
jets.

LO 3-jet calculation fails to
describe very small or very
large angle regions

NLO 3-jet calculation
(NLOJET++) does a pretty good
job

HERWIG and PYTHIA (with some
tuning) also describe the data
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m; = 4.7 TeV
pY=2.3TeV

High-pT di-jet: M:; = 4.7 TeV!

)

<=3 Run Number: 209580, Event Number: 179229707

E_I_miss =47 GeV

Date: 2012-08-31 20:24:29 CEST

TR e =
§ Y e
— :

n 1 2




X=X—X, :0:><x>:

% To produce M at rapidity
> y~0 - need partons with same x

> Highy - one parton at high x, the other at low x

% Di-jet event in 2 views
> Back-to-back in transverse plane (no p;)

> Boost in the longitudinal view (net momentum of
colliding partons along beam axis)

Event: 482
2015-09-29 15:32:53 CEST

% High mass di-jet

=

> my 6.9 TeV
> 2jets: py=3.2




Measurement of inclusive jet and
dijet cross-sections,

Inclusive Jet cross sections

Theory/Data

QCD works well and fits data over orders of magnitude!

At LHC

JATLAS
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Drell-Yan U+u—>Z—>e +e,0+d >W e +v,
production of

W/Z bosons

Single production of o'}
W and Z bosons :
o at the LHC, 10
times more than
Tevatron

oB(W->e+v),cB(Z->e+e)
= =,

—
L]
(=}

10"

10-22 I I IIII‘I‘S I I IIII‘I‘IJ I ‘ IIII‘IE
10 10 10 10

) ) sqrt(s) (GeV)
Cross section and width for W:

O~ TCZF(ZJ+1)/M3, I~ 2GeV, OC =47 nb. Oy, zEz/M3 z6”12/M2
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Z production

Arg

uu — ete”

T T T T T T 1 T T T T T T T T

1B o5 s Z 350 GeV ¢ = 60° — |
— — —Z 500 GeV ¢ = 70° CDF RUﬂ I

Standard Model

Asymmetry, Az

.

50 100 150 200 I I T N N ! | .
+ o ’) o0 70 100 200 300 o000 700 1000
eTe” Mass (GeV/c9)

M(ee), GeV/c?
Z couples to LH and RH quarks differently

Leading to parity violating asymmetry in y-Z
interference.
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W production at LHC

= 18— | LA L L R |
&k Woetv .
o 16 ATLAS E
@ 14 13 TeV, 81 pb”’ 3
’E -e- Data ‘
T [ IMC Stat. ® Syst. Unc. 1
10 Cw—ev E
8 I Multijet ]
S - @®/O ATLAS/CMSW-l  eeeees W (pp) 6 E\f:e‘f E
c | E/O0 ATLAS/CMSW Iy — W (pp) 4 [ Minor backgrounds ~ —|
- T - 1
L A/A ATLAS/CMSW = v * 2 |
—_ , TR W’ (pp) \‘\ o
®/O CDFW-(lle)v . . O e —— 0 AA S0 00
> 1 - o ‘..' E 1.2+ . T _
T C ® UAIW-Iy g 09- aalii) 4 H + %
3 B ¥V UA2W-ev © a0 e0 80 00 120 140
= | ®/0 PhenixW' (e'e)v __, ‘ m1GeVl
-_-'.. ........ xﬂ}ﬁ
L™ P > Cr T T (R |
m 1= R g o~ & 18 Woptv =
X = o N ATLAS 3
: ““““ * - ; -1
3 C et T L 8 1 13 TeV, 81 pb E
— . h = E —e- Data |
© L w 12p [ |MC Stat. ® Syst. Unc. |
10f CJwW—py .
B A TLAS af H. I Muttiet 1
-1 F Cz-pw 3
10- 13 TeV, 81 pb o "\ Evow 3
- K 4F [ Minor backgrounds
- P o _‘
- + CT14nNNLO i )
- . Siol T &
'3 | 1 1 1 I 1 1 | 1 1 1 1 1 I [?"j 1.1
1 1 0 E 0.91 B Wﬁ%’%‘ﬁﬂ# ++ +++$
QOB .
\ S [TeV] 40 60 80 100 120 140




Z production at LHC

107"

Gy, . % BK(Z/y*— II) [nb]

1072

@
«0OemOOe®

ATLAS Z/y*—> Il =ssssas Ziy*
CMS Ziyv*=l
CDF Z/y*— ee/up
DO Z/y*—>ee
UA1 Z/y*— ee
UA1 Ziy*—>up
UA2 Z/y*— ee .

- [JMC Stat. @ Syst. Unc.

o
T

13 TeV, 81 pb”

Entries / GeV

[ Top quarks

.l.l:J.J.JlJl.

Data / Pred.

F [JMC Stat. @ Syst. Unc.

= Diboson 13 TeV, 81 pb”

Entries / GeV

[ Top quarks

ATLAS
13 TeV, 81 pb™

|II|| Ill.l I|II TTTTTT[ToT

CT14NNLO

OO =
[os ] JFREN\V ]
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W-mass measurement
by ATLAS

= Transverse mass: data vs
simulation including signal
and background
contributions

® my
o Stat. Uncertainty
— Full Uncertainty

LEP Comb.

BOIBTL16 MeV

Tevatron Comb. — == T

LEP+Tevatron o 20385415 MaV

ATLAS

Electroweak Fit

80320 80340 80360 80380 80400 80420
m,, [MeV]

Research-based particle physics - E. Gramstad

----------------------------

ATLAS e Data

1s=7TeV, 411" W= u'v
[ 1 Background
y2/dof = 57/59

.]I.l.]ll].lll]]llJ]Il.JIll]II.l.lJl.]Il.]]I..]J

| sbrbeleed) 8

120
my; [GeV]

ATLAS present measurement
of my, compared to SM prediction
from global electroweak fit [16]
updated using recent
measurements

of m,=172.84+0.70GeV [122]

and m_,=125.09+0.24GeV [123],
and to combined values

of m,, measured at LEP [124] and
at Tevatron collider [24]
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SM Cross section measurements: 7, 8, 13 TeV

T Impressive agreement
data - theory Next-Next
-Leading-Log (NNLL)

—

o
—_
N

I I Epp_)x

— —
ATLAS Preliminary 7 TeV, 20 ub™!, Nat. Commun. 2, 463 (2011)

8 TeV, 500 ub™, arXiv:1607.06605
13 TeV, 60 ub™, arXiv:1606.02625
Zpp->W T po—o2ZIy
7 TeV, 36 pb™!, PRD 85, 072004 (2012)
13 TeV, 81 pb", PLB 759 (2016) 601 T LHC surpassed (Or
T pp o IF does as well as)
7 TeV, 4.6 fb™", Eur. Phys. J. C 74:3109 (2014) Tevatron and LEP
8 TeV, 20.3 fb™", Eur. Phys. J. C 74:3109 (2014) _ e
13 TeV, 3.2 fb™, arXiv:1606.02699 INn Many precision
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L pp—2Z processes,
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Standard Model Total Production Cross Section Measurements @ JLd
W [

Inclusive Jet Cross Section Measurements

Status: July 2018
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ZZ-production

Cross-section

Steep rise near
threshold.

20 fold rise from the
Tevatron to the LHC

a(ZZ)-pb, proton-p, antiproton-p

6,,~10pb at LHC o'l

Possibility to
investigate triple gauge

boson coupling 10° 10° sy 10
sqrt(s) Ge

Not much gain in using
anti-protons once the

enerqy is high enough .
that %Ke glu%ns or “sgea" At o0.4TeV: <x>~2M,/sqrt(s)~0.46 dominated

quarks dominate. by valence quarks (ppbar > pp)

At LHC: less than 2 difference between pp
and ppbar
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Di-Z-boson
production
at LHC

LHC Data 201642015 (1s=13 TeV)
+ ATLAS ZZ— llll (m” 66-116 GeV) 36.1 fb™

LHC Data 2015 (1s=13 TeV)
< CMS ZZ— 1l t’_m” 60-120 GeV) 2.6 b

LHC Data 2012 (1s=8 TeV)
o ATLAS ZZ- ll(li/vv) (m” 66-116 GeV) 20.3 fb™
O CMS ZZ— il (m” 60-120 GeV) 19.6 fb!
LHC Data 2011 (\s=7 TeV)
® ATLAS ZZ- Ii(llvv) (m, 66-116 GeV) 4.6 b
® CMS ZZ- Illl (m 60-120 GeV) 5.0 fb!
Tevatron Data (15=1.96 TeV)
® CDF ZZ— lI(l/vv) (on-shell) 9.7 fb”
® DO ZZ— lI(lvv) (mII 60-120 GeV) 8.6 fb™"

ATLAS ozt

EXPERIMENT

de
Run Number: 284285, Event Number: 4210157909

Date: 2015-11-01 14:56:38 CET

Combined

09.03.2020

MATRIX CT14 NNLO

2z (pp)
2z (pp)

\s =13 TeV, 36.1 fb

Measurement

Tot. uncertainty
Stat. uncertainty
NNLO + corrections
s

+ 20

1.6 1.8

GdatelJII lSlheory
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4-lepton invariant mass at 13 TeV

L

ATLAS
fs=13TeV, 36.1 10"

‘CATLAS  eDaa  WH-7Z
~Vs=13 TeV, 36.1 fo'' WG~ Z2(") W99~ ZZ()
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=
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== Powheg ® NLO EW @ NNLO QCD

— Matrix fixed-order NNLO

c
=
o
J
o

{ Observation
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Prediction
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WW and WZ production
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Misid. leptons
z
eV
I Others
&= Tot. unc.

L IDI taI T T
—— Dal
+ ATLAS s SM (sys @ stat)
r El ) WW
Vs = 13_Tel\.l’: 3.161b 5 Top Quark
F WWoetvpv, SR B Drell-Yan

[ REOES
B Diboson

Events / GeV
Events / 18 GeV

e
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e
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e
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T
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WZ-hvil
ATLAS ys=13 TeV, 36.1 fb” NNLO WW (MSTW PDF)  (arXiv:1408.5243 [hep-ph])
ATLAS {528 TeV, 20.3 fb" + NNLO H->WW (MSTW PDF)(arXiv:1307.1347 [hep-ph])
ATLAS {s=7 TeV, 4.6 fb" — WW (pp)

CMS Ys=13 TeV, 35.9 fb” — WW (pp)
CMS Ys=8 TeV, 19.6 o™ !
CME {5e7 TaV, 4.8 b (incl. H= WW above 7 TeV)
D0  {s=1.96 TeV, 8.6 fb"
CDF Vs=1.96 TeV, 7.1 fb” LHC Data 2015 (1s=13 TeV)
— MATRIX NNLO, pp—WZ ATLAS WW (3.2 fb™)
= MCFM NLO, pp—WZ LHC Data 2012 (15=8 TeV)

. _ ATLAS WW (20.3 fb™)
MCFMNLO, pp—WZ LHC Data 2011 (1s=7 TeV)

ATLAS WW (4.6 b™)

Tevatron (15=1.96 TeV)

DO WW (9.7 fb'?
| 1 L 1 I

10 1 14
\s [TeV]

JIIIlIII|III|II

Ratio to NLO
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Top quark @ ATLAS

= Ttbar, cross sections Tevatron
(85%)

ATLAS+CMS Preliminary LHCIOpPpWG G, summary, {s=8TeV Mar 2016

NNLO+NNLL PRL 110 (2013) 252004, PDF4LHC ; LH C
My, = 172.5 GeV ' :

scale uncertainty o ‘ (8 7%)

t(stat) = t) H{lumni
scale @ PDF @ o uncertainty % (stat) £(syst) {lumi) (14 TeV)

ATLAS, Iepton+jels ——4#— 260+ 1 ’:gg +8pb
PRD 91 (2015) 112013, L,=2031b"

CMS, lepton+jets —tot—| 2285+ 3.8+ 13.7+ 6.0 pb
arXiv:1602.09024, L,,=19.6fb"

T T T | T T T [ T T I T T T I T T T

Tevatron combined 1.96 TeV (L = 8.8 f5) P Mar 2016 —
ATLAS o 7 ToV (L= 4.6 1) ATLAS+CMS Preliminary

CMSeu7TeV(L=51b" LHCtopWG
ATLAS ep 8 TeV (L =20.3 fb')
CMSeu8TeV(L=19.71")

LHC combined ep & TeV (L = 5.3-20.3 f5')
ATLAS ep 13 TeV (L=3.21t")

CMS ep 13 TeV (L = 43 pb')

ATLAS ee/pu 13 TeV (L =85 pb )

ATLAS I+jets 13 TeV (L= 85 pb")

CMS l+jets 13 TeV (L=42 pb )

CMS, lepton+, F——ot—— 257+ 3+24+7pb
PLB 739 (2014) 23, L,,=1961b"

—_
o
™

ATLAS, dilepton ep i 242.4+1.7+55+7.5pb
EPJ C74 (2014) 3109, L,.._=2031b'|

oEul N I BEA N BN B

CMS, dilepton (ee. . e) g 239.0+2.1+11.3+6.2 pb
JHEP 02 (2014) 024, L, =5.3 fb"

Inclusive tt cross section [pb]

LHC combined ey (Sep 2014) 2415+ 1.4+ 5.7:6.2pb
ATLAS-CONF-2014-054, CMS-PAS TOP-14-016,

800

L,=5.3-20.3 b

CMS, dilepton e e 2449+ 1.4'3+6.4pb
arXiv:1603,02303, L,,=19.7fb" 600
== NNLO=NNLL (pp) L

CMS, all jets ot | E—— NNLO+NNLL (pP) 13 1s[Tev]
arXiv:1509.06076, L,,=18.41b" 275.6+6.1+£37.8+7.2 pb Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 =
Mgy = 1?12.5 GeV, PDF&i Oy uncer‘laintieis. according to F’IDF4LHC -
1 L 1 L L L L L L L L L 1 L

Effect of LHC be: rtainty: 4.2 pb
(not induded n the igurey 0+ 6 8 10 12 14

AT AR \s [TeV]
350
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single top-quark cross-section o [pb]

107

10

\\ t
1}ummf
/

/ N\

t

Tevatron

75%

EATLAS Preliminary
I single top-quark production

October 2014
t-channel -

——

Wit

- i NLO+NNLL at m, = 172.5 GeV

" MSTW2008 NNLO PDF

T stat, uncertainty
s-channel

¥ t-channel 4.59 fb" anv1408.7844

Zt-channel 20.3 fb™" ATLAS CONF-2014-007 -

BWt2.05 fb" pLe 716 j2012) 142

| Ewt20.3 fo'! aTLAS.CONF-2013.100

E ¥ s-channel 95% C.L. limit 0.7 fo ' atias.conrz011-118

L & s-channel 95% C.L. limit 20.3 fbo' arxiv1a10.0847

PR (S (TR T (T ST T
5 6 7 8 9 10 11 12 13 1
\s [TeV]

LHC (7T TeV)
B t—channel
B s—channel y
171% 4
W :
o R L L L L L L
= - ATLAS Preliminary December 2015 -
_5 t-channel single top-quark production
§ |
2
2
o 1 2 — —
e 0T =
0 L 4
% L fop+antitop -
= ]
# 4.59 " PR 8o 113008 (2014)
¥ 203" atLas 8
antitop r2000nk, NNPDF2 ks (POFALHC)
1L S L iy i T
5 6 7 8 9 10 11 12 13 14
Vs [TeV]

Tevatron single top summary

Measurement

s-channel;
CDF
ar Xy 1402, 7358

Do

L8 738, 666 (2013

Tevatron combined

L]

ar i 1408, 5126

t-channel.

Cross section [pb]

. 1.36%037
+0.33

Cw 1.10 0.31
+0.26

. 129775,

D0 0 53
FLE 726, 656 (2013 3.07 -0.49
S+t: :
CDF l4jets —e— 30477
COF nobz 10793 0,53
CDF £ +ets - 3.20"1%
COF note 10979 43
DO P . +0.59
FLE 726, B5E (2013 . 41 I -0.55
0 1 2 3 4
Cross section [pb]
i Theory (MLO+MNMLI
’ m,,, = 172.5 GeV
- ATLAS+CMS Preliminary LHCIOpWG = 1
r Single top-guark production ]
March 2016

Inclusive cross-section [pb)

:
_;_}_ :
o CM

# LHC combination, Wt
ATLAS. CONF-2014.082. CMS-PAS. TOR.14.009

302003, PRL1IZ (2014) 23802
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10:—l= ——
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Top mass
measurements

» dilepton w150
L, =47

ATLAS+CMS Preliminary LHCIOpWG

World Comb. Mar 2014, [7]

stat

total uncertainty

My, = 173.34 + 0.76 (0.36 + 0.67) GeV
ATLAS, l+jets (7) et
ATLAS, dilepton (*) —t—
CMS, l+jets —+
CMS, dilepton —t—
CMS, all jets
LHC comb. (Sep 2013)

——
—+
World comb. (Mar 2014) -

My, SUMMary,’s = 7-8 TeV

total stat

My, % total (statt syst)

172.31£1.55 (0.75:1.35)
173.09+ 1.63 (0.64+ 1.50)
173.49£1.06 (0.43£0.97)
172.50£1.52 (0.43% 1.486)
173.49+1.41 (0.69£1.23)
173.29+ 0.95 (0.35+ 0.88)
173.34+ 0.76 (0.36+ 0.67)

Sep 2015

ATLAS Preliminary m,,, summary - Mar. 2015, L =35 pb™ - 20.3 fb”

|+jElS' CONF-20 110083

L, =35pb"
|+jF.'IS Euwr. Phys. J. C72(2012) 2048
L, = 10485
all jets* ConF2012:030
L, =205 15
a“ jets arkiv:1409.0832
Ly=46%’

single top* w‘;?:‘:-,:'Es

s IjeES arkiv.1503.05427
L

L=t

305427
m'

l
I
l

m., # flol (stal# JSF+ bISF+syst)
169.3 + 6.3 (40 + 49 )

1745 + 24 (06 + 04

:

T
¥
.-l.-

L

1749 + 43 (21

1751 £ 1.8 (14

1722 + 21 (o7 + 2
17233+ 1.27 (023025 06711.02)

173.79+1.41 (054 +1.40)

i) I+jetsk -
oltt) 1+] CONF-2011-054, L «35pb
Eur Phys. J. G74 (2014) 3108

o(tl) dilepton Gt

o(ti+1-jet)* conF2014083
L, »46 1

i

166.4
1729

173.7

-

World Comb. + 1a

stat. uncertainty

stat. ® JSF @ bJSF uncertainty

total uncertainty

*Preliminary, —Input to ATLAS comb.

ATLAS, l+jets H—e—
ATLAS, dilepton —

172,33+ 1.27 (0.75+ 1.02)
173.79+ 1.41 (0.54+1.30)

ATLAS, all jets
ATLAS, single top I 1 t
ATLAScomb{ﬁ;;ﬂ;
CMS, l+jets

CMS, dilepton

CMS, all jets

CMS comb. (Sep 2015)

[l
HeH

o=
HeH
-

(*) Superseded by results
shown below the line

175.121.8 (1.4+1.2)
172.2+2.1 (0.7+2.0)
172.99+ 0.91 (0.48+ 0.78)
172.3520.51 (0.16£0.48)
172.82+1.23 (0.19£1.22)
172.32+0.64 (0.25+ 0.59)
172.44+ 0.48 (0.13:0.47)
[1] ATLAS-CONF-20

[2] ATLAS-CONF-2013-077
(3] JHEP 12 (2012) 105
14] EurPhys.J.C 2 [10)
I5] Eur Phys.J.CT4 (2014) 2758

[7] arkiv:1403.

Phys.d.C

[11] CMS PAS TOP-14-022
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Events / GeV

Vs =7 TeV J Ldt=0.02fb " Apr18, 2011

ATLAS Preliminary
H—vyy channel
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(Statistical significance)

Plot number of events or cross section as function of chosen

variable
observed or measured (Data)
expected “background” (SM or some established theory)
ratio observed/SM
predicted by new physics theory

n*i Data
2| My
c C
* 1 Prediction with Higgs
% % H\** LT ‘ H : b "/ (or new physics)
= ¢ '
. +§
[0} . B
§ Expected background/ ‘“‘?iﬁiﬁ :
Yiviige
*
some parameter
Figure B
New Physics?

Local probability p, for a background-only experiment to be
more signal-like than the observation as a function of new
particle mass

The higher the Significance, the lower the probability of
background fluctuation

95% CL Limit on o/og,,

—_
o

Explanatory figure (not actual data)

LU [ — 1 T

T '| T 1 1 7T '| L '| LI [

UJ’USM

Ll
=

Deficit

“Observed” (example data)

Excess The data is higher than the expected background

Higgs production cross section we exclude, divided by
the expected Higgs cross section in the Standard Model

Higgs excluded at 95% CL below this line
Expected without Higgs (background)
Expected region at 68% Confidence Level

Expected region at 95% Confidence Level .

The data is lower than the expected background
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Mid-term evaluation

Feedback most welcome CERN visit
Things to improve —short-term

Method

Projects See link to preparatory material
All-hands sessions & tools go through the stuff before
Lectures

Final Projects

See googledoc preparatory document
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\Ns=7TeV

Higgs production
and decay at LHC

—_
(an]

LHC HIGES X5 WaE 2010
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o(pp — H+X) [pb]

gg Fusion tt Fusion
h e
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I IIIIIII|
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processes
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Higgs mechanism in SM

For details about Higgs, see Djouadi’s book: The
Anatomy of Electro-Weak Symmetry Breaking:

The Higgs boson in the Standard Model
The Higgs bosons in the Minimal Supersymmetric Model
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http://arxiv.org/pdf/hep-ph/0503172.pdf
http://arxiv.org/pdf/hep-ph/0503173.pdf

Higgs couplings SM

09.03.2020

Feynman rules for the SM Higgs:

f
o = me = WEG) g G
f
Vi,
“-—-—‘“:i guve = Mo = AV, M (~ig)
Vi
v,
ﬁ-t:j; gunvy = 2M{ [0 = 2V2G, M{ X (—igu)
- v,

.- H
H ,"‘! a4 , 1/2 142 .
—————— « guan = 3M%LJv = 3(V2G,)Y? M3 x (+i)
~H
.-H
H ~~_._ .-~ aas? /.2 . r2 ;
g gunnn = 3ME/v* = 3v2G, M% % (+i)
- ~H
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Higgs decays to fermions and gauge bosons

G N, Ny 3 — 2
T (H — ff 5 3:; 3= (1- —lm /M jl
—l‘v/_ N.=3(1) for qudllm (leptons)
. G.Mj, M2
I'(H—VV)= Hm V1—dz(1 -4z +122%) , z= —

w} - M
dow =2and dy =1

[(H — WW + ZZ) ~ 0.5 TeV [My/1 TeV]?
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Loop induced

Higgs decays

H
. 2
000QQ0, g Gpﬂgilf}jf

3
['(H — g9) = 1= Afls(mq)
f - 9.3 |/ .'
36273 |4 5
G.o” My 2 AH H 2
['(H— ) = 4——= N.Q: Ay (17) + AT (Tw
{ , 128‘//5”3 Zf: Qf L,E{ f) 1 (Tw)
Al (r) = 2+ (r—1)f(r)] 72 i — Mj/AM? with i — f,W
A (1) = —[2r°+37+3(2r —1)f(r)] 772
arcsin® \/T T<1
f(r) = 1 14+v1I—71 7°
1 lﬂgl_ 1_r_1—'lﬂ T>1
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The 125 GeV Higgs cake ..

Decays of a 125 GeV Standard-Model Higgs boson

charm;’anti-charm 7z W Z¥Y others

0.2% _0. z?{]
taufanti-tau_i% '3%1 2 -0.6%

6%

2 gluons _
9%

bottom,/fanti-
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Higgs discovery?

HOWW*S lvly H>ZZ7>l

L. a  “L SM{ ) : * Data imi
ATLAS Preliminary & b= (sye0 _ ~ ATLAS Preliminary
. Bww EW B Background zz" )
\s=8TeV,| Ldt=207f6" i C . H=ZZU-4l
" . W Zejets [T Weiets so— [l Background Z+jets, fi
H—-WW' —evuv/pvev + 0 jets B H 125 GeV] [ ] Signal (m =125 GeV)

g+Bkg Fit (m =126.8 GeV)
Bkg (4th order polynol
ATLAS Preliminary
H—yy

/2 GeV

Events
Events / 10 GeV

Syst.Unc.

1s=7 T:-.V._[Ldt =481’ . _Fs=7Tev:[Ldt =46 1b"
\s=8 Te\.f,_[Ldt =207 \s = 8 TeV:[Ldt = 20.7 !

Events - Fitted bkg

-o- Data 2015+ 2016
150 A—TLAS -1 COH-srr{p=1.09)
Vs=13TeV, 36.11b 7o
All SRs B Other backgrounds
Misidentified
Uncertainty

{s=13Tev, 79.81t" Il VH, H — bb (1=1.06) 5
_ 0+1+2 leptons | Diboson .

243 jets, 2 b-tags [ Uncertainty

Weighted by Higgs S/B Dijet mass analysis

Weighted events/ 10GeV

IR EETE TR R e e |

Lo Lo Lo Lo Lo n Lo b 157
40 60 80 100 120 140 160 180 200

m'MC [GeV] m,, [GeV]

=)
o
m
|
8
©
(]

Events / 10 GeV (Weighted, backgr. sub.)
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Events / GeV

Vs =7 TeV J Ldt=0.02fb " Apr18, 2011

ATLAS Preliminary
H—vyy channel
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H>ZZ">1*1-1*1-

EXPERIMENT
http://atlas.ch

@ATLAS

Vs =7 TeV j Ldt=0.05f " Apr 24, 2011

204769
71902630

ATLAS Preliminary
H—)ZZ( J—>4I channel

Date: 2012-06-10
Time: 13:24:31 CEST

Run:
Event:

[_] Signal (mH=125'GeV)
[ Background zz"

I Background Z+jets, tt
—4— Data

Data - Background

Most of which is due to important physics at the
heart of the gauge structure / symmetry of
electroweak interaction

Higgs showed up between 2 relatively busy

: |
regions. 09.03.2020 72



ATLAS Preliminary —¢— Data

HoWW =>1vlyv > 400 ie-oTen L oo RN

H—WW'"'— evuv with 0/1 jet

]+
[ ] Single Top
B Z+jets
[ ] Wijets
\ B H (125 GeV]

®

O 06.04.2012

o w

m Y

mM

NS

N

!

¢S E

w —

[N @

O 5 oc

S0

~ =

e !.

2 N -

. = Understanding of background is crucial
¥ \ ;\ Most of which is due to important physics

at the heart of the gauge structure /
symmetry of electroweak interaction

JATLAS
EXPERIMENT

a
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A new particle discovered

ATLAS Preliminary
—- Observed
= Local probability p, fora -~ SM expected
background-only experiment
to be more signal-like than
the observation as a function
of my,

Vs =7 TeV, [Ldt = 4.6-4.8 f
\s = 8 TeV, [Ldt = 13-20.7 fb 5

= Combination of all channels
1t and bb not all included yet

* 106 signal @ M~125.5 GeV
» Probability of background fluctuation: ~1072
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= Observed local p,
as a function of - Cbsorved b PO Po ATLAS
the Higgs boson
mass m, for the

'\/S = 7TeV Data 2011ys =7 TeV
"’E —Obs. 2011 J'Ldt=48fb.1
data(blue), the +/s SF - Exp. 2011 e
- — Obs. 2012 Data 2012 \s =8 TeV
= 8TeV data (red) g - Exp. 2012 [iat-z07 15
and their 0 ,
. . 10 115 120 125 130 135 140 145 150
combination
my [GeV]
(black)
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From excess to discovery

progressive significance(pd) piots

o
Q
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From excess to discovery

progressive significance(p@) plots

ATeptons HIggs comblinatio

1008 L 18c 1070 o e e e 186 10 e et 186

115 120 125 130 135 115 120 125 130 135 115 120 125 130 135
m,, [GeV] m,, [GeV] my, [GeV]

Research-based particle physics - E. Gramstad 09.03.2020




From excess to discovery

progressive significance(p@) plots

4 1eptons H1ggs comDbinatio
...................... ] 4o L o e e e mmmmmmmmmmmm————
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1078 e e mmm—aa 180 10 e 186 10 e 180
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From excess to discovery

progressive significance(p@) plots
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From excess to discovery

progressive significance(p@) plots
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From excess to discovery

progressive significance(p@) plots

ATeptons HIggs comblinatio

ol Mo R . ‘ PLB 07/2012

1008 L 18c 1070 o e e e 186 10 e et 186

115 120 125 130 135 115 120 125 130 135 115 120 125 130 135
m,, [GeV] m,, [GeV] my, [GeV]
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From excess to discovery

progressive significance(p@) plots

ATeptons HIggs comblinatio

PLB 07/2012

03/2013 Moriond EW

1008 L 18c 1070 o e e e 186 10 e et 186

115 120 125 130 135 115 120 125 130 135 115 120 125 130 135 >90
m,, [GeV] m,, [GeV] my, [GeV]
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ATf:AS .Preliminary ::‘C{{,ﬁc) Total uncertainty Decays to bosons and fermions
established, not yet uu, ..

= Measurements of the signal strength parameter p
for m, =125.36 GeV for the individual channels and
their combination

=  Combination of all channels

= Consistency with SM: 1.18%°% |

= Quantum numbers consistent with Scalar: JP¢=0**

ATLAS Preliminary
s=7TeV, 45471
s=8TeV,20.3fb’

— Observed
--- SM Expected

\s=7TeV, 4.5-4.7 fb’
\s = 8 TeV, 203 fb” Signal strength (u)

Decays to fermions — difficult channels with high
background — are a priority, especially bb
(B~57%!)

Searches for rare decays started: Zy, uy, ....
Hidden decays, ...

10 10?
Reduced coupling consistent with SM Particle mass [GeV]
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Higgs to Fermions and bosons

~ Vs=13TeV,36.1-79.81b"
- m,=125.09GeV, ly | <25

— Combined H—yy

—H-=2Z H—WwW

0.5

H—bb —H-r1r

L TS AL B I
~“L ATLAS Preliminary

+ Best fit
—68% CL
----95% CL
* SM
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ATLAS Preliminary
Vs=13TeV, 36.1-79.8 b
m,, =125.09GeV, ly, | < 2.5

SM Higgs boson
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Higgs boson mass

I I I T I | T I I T I I I

ATLAS ~Total | I Stat. only

Run 1: Vs =7-8 TeV, 25 fb™, Run 2: fs = 13 TeV, 36.1 b Total  (Stat. only)

|
Run 1 H—4l b . ' 124.51+ 0.52 ( £ 0.52) GeV

Run1H-yy ' ' 126.02 + 0.51 (+0.43) GeV
Run 2 H—4l 124.79 + 0.37 ( + 0.36) GeV
Run 2 H—yy 1 124.93 + 0.40 ( £ 0.21) GeV
Run 142 H—4l 124.71+ 0.30 ( £ 0.30) GeV
Run 142 H—yy 125.32 + 0.35 ( + 0.19) GeV

Run 1Combined 125.38 + 0.41 ( £0.37) GeV

Run 2 Combined ] 124.86 + 0.27 ( £ 0.18) GeV
Run 1+2 Combined —— 124.97 £ 0.24 ( £ 0.16) GeV

_________________________________ _I___________________________________________________

ATLAS + CMS Run 1 —e—j 125.09 + 0.24 ( £ 0.21) GeV

| | | 1 | | | l | | | | | | 1 | | |
125 126

| | |
128
m,, [GeV]

1 | | | | | | | |
123 124 127
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Cross sections time branching fraction

Cross sections time branching
fraction for the main Higgs
production modes at the LHC
(ggF, VBF, VH and ttH+tH) in each
relevant decay mode (yy, WW,
ZZ, tT1, bb).

All values normalized to SM
predictions

In addition, combined results for
each production cross-section are
also shown, assuming SM values
for the BRs into each decay mode

Research-based particle physics - E. Gramstad

ATLAS Preliminary  «Total
Vs=13TeV,245-79.8fb"
my = 125.09 GeV, |yH| <25

= 1% Total Stat.

Stat. == Syst.

ttH+tH vy
ttH+tH VvV
ttH+tH 1t
ttH+tH bb

4 6
Parameter normalized to SM value
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ttH signal in diphoton
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= Assume theoretical prediction, at 139 fb?,
LHC should have produced

= ~ 7,000,000 Higgs bosons
= ~ 70,000 Via ttH production

» ~160inthe ttHyy channel ATLAS

invari

The signal strength (obs/SM) is measured to be
+0.41 0.33

peim = 1.38 Toae = 1.38 1037 (stat.) *o-q7 (exp.) To37 (theo.)
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Data
Continuum Background
- Total Background
—— Signal + Background

# Data

Events / 1.0 GeV

™.
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— Signal + background

\\ ===+ Gontinuum background

ant mass spectrum

ATLAS Preliminary
Vs=13 TeV, 139 fb™
my = 125.09 GeV

All categories

In(1+S/B) weighted sum

150 160
m,, [GeV]

ATLAS Preliminary
VE=13TeV, 70.8 16"
my = 125.08 GV
Diphoton Fiducial

150 160
m,, [GeV]
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Higgs cross-section at LHC

oot My =125.09 GeV

AH—yy i HoZZ*—4l QCD scale uncertainty
¢ combined data Bl Total uncertainty (scale ® PDF+a,)

systematic uncertainty

| ATLAS Preliminary —

—
—
—
—
—
—

Ys=7TeV, 45fb"
Ys=8TeV, 20.3fb"
Vs =13 TeV, 36.1 fb™

10 11

1 I | | l 1 1 1 I 1 1 1

F
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Is the new boson a Higgs?

= Measure its quantum numbers! Spin, parity, c-parity: J°*=?  If Higgs: o**

= Decay angle of H=>yy
Expected data (background not subtracted)

— =0 (SM) —— Background
JP =2 (100% gg) JP= 2! (100% qq)

e Data
=0
[] Background

-
=)
0
@
=
o
>
L

Entries (normalised to unity)

ATLAS Preliminary
Data 2012,Vs =8 TeV, |Ldt =20.7 1b”

"04 02 03 04 05 06 07 08 09 1

|cos®*|

02 03 04 05 06 07 08 09 1

|cos 67|

ATLAS
H— vy
1s=8TeV [Ldt=207fb"

>
=
c
=
o
)
©
Q
B!
©
£
-~
o
=

- "The hypothesis of a spin-2 particle
(Graviton-like) produced by gluon fusion
is excluded at 9g9% CL”

- Spin 1 cannot decay to yy [
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Is the new boson a Higgs?

= Define production & decay angle for H>ZZ-> 4l

Beam axis in the lab frame, the Z, and Z, in X rest frame and leptons in their
corresponding parent rest frames

>
=
> —Data
= H— ZZ* - 4l .
3 —F=0
3 0.2 \s=7TeV det=4.6fb'1
. T [ \s=8TeV [Ldt=2071b" - FP=0
= Likelihood [
(=]
. = 0.15 v
ratio for
various
hypotheses

= Higgs-like boson found to be compatible with SM expectation of o*
when compared pair-wise with o-, 1+, 1-, 2+, and 2-
" 0~ and 1* states are excluded at the 97.8% C.L.
= WW analysis leads to similar conclusions B



Any New Physics out there?



8.2 TeV-Mass di-jet event

ATLAS - NS o ¢
EXPERIMENT y Y g\
Run: 305777 \ _ e N . /
Event: 4144227629 » I i L { 4
2016-08-08 08:51:15 cm-s\ il o . /
" i




What & How? Excited

quarks/gluons &g

Heavy gauge bosons, Z' and W/,

From higher symmetry (e.g. E6) ‘ EKtrEE—
breaking, and more dimensions

Composite models for quarks, (RS graviton) p

g*, and leptons, |* Extended
with substructure scale A gauge

Randal-Sundrum gravitons, G* symmetry

and
Technicolour
G*, s from warped extra /

J —

Composite RN
Low-scale strings with large Higgs

dimensions
EDs, I
™ \ H /4
and TeV~* Kaluza-Klein excitations of SUIp
9z I, vy, ZZ, WW, ...
: : = Traditional
TeCthOIOrI Chiral bosons Jets or Rutherford — Hammer method
(W*/Z*) Missing
Quantum black holes, ADD, - M'X“L t y . o
. eptons-quarks-gauge nosons-missin
Contact Interactions (non | ':_ RIS .
= Innov
resonant) ... OVare

“Lepton-jets”
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New phenomena in di-jets

New physics

u]

u]

new particles could be produced,

new interactions between particles could manifest
themselves,

interactions resulting from the unification of SM with
gravity could appear in the TeV range

probe the structure of the fundamental constituents of
matter at the smallest distance scales

Modification of di-jet mass and angular distributions
- experimental test of the size of quarks, excited quarks




Di-jet invariant mass

Anti-kT jet algorithm

f{r} = pl':] - _r}mx.”}"'ﬂ_-i Inx

Background fit

1{]5 ) ' TrTrTrTTe T T I- Tl ' E 7)) T T T T T T T T T T T
5 Ns=7TeV.|Ldt=48f0" 3 T @ ATLAS Preliminary -
10 = o Er?ta EE o 10 .- gatall( . E
s = — Background 7
10°= - q*(1200) 5 i J -
1{]3 —E A q*{gﬂﬂm E_ 10 E_ \E =8 TeV _E
= -4~ q"(3000) = - [Ldr=13.01fb" ]
10° = | E 10° E
1gé- —é B ]
= 3 102 = E
1 - 3
A _ _:
10 E_IATLAS ] | ] 3 10§ E
g qEr - an E - -
E D . .-.-" i S 1 E_ I . . . . 'E
‘ﬁ q‘) I T T T T | T T T T | T T T T | T T T ]
= -1 Q 2 =
o] 2 % B N
5 5 g Of :
o o — - .
£ {1 5 -2 -

E —2 — U) P 1 1 | | | I -

S R TR R RN T PR ST TP SRR T
1000 2000 3000

PR P R T
4000
Reconstructed m, [GeV]

PR I S .I.l.l.
2000 3000

.I.l.l.
4000

Reconstructed m, [GeV]



Phys. Lett. B754, 302 (2016)

Search for new phenomena in dijet mass and angular distributions

+ Di-jet production dominated by t-channel
gluon exchange

> Steeply falling di-jet mass

LXXXX
XX XHH

% Standard Model QCD background

> f(z) =p, (1-2)P2/ 2 P3° z=m;/s

% Angular distributions, b-quark jets
(appendix)

Data-MC  Si

MC

gnificance

data - fit

- oo m

I
—

LI (L R B B R L B B B R LR RS LA R RRALY LALLRLRLLY LLLLLLR ¢

ATLAS

\s=13 TeV, 3.6 fb™
« Data

= Background fit
= — BumpHunter interval
C -o-q~, m, .=4.0TeV
E aOBH( )m =6.5TeV
E g, ox3
_ QBH (BM)
= p-value = 0.67 i St
n Fit Range: 1.1 - 7.1 TeV
= ly*| <0.6
e N A NN NN NN N SRR TR A NI
=
= JES Uncertainty
eeesescsses 000000t00ernetsronstatyunyss «m
; 1 I 11 1 1 11 111
2 3



http://www.sciencedirect.com/science/article/pii/S0370269316000447

Events / Bin

—

Significance

Data-MC

Di-jet results at 13 TeV

E ATLAS D ATLAS
10 \s=13 TeV, 37.0 ib™ ~ 10 1s=13 TeV, 37.0 fb™’
()]
s « Data E . « Data
10 Background fit o 107} Background fit
- —— BumpHunter interval ) M=as S — BumpHunter interval
10 - G, m .= 4.0 TeV 10 ' --g-- W'(sin(p )=0), m,=28 TeV
g g m =50TeV - W(sin(p,)=0), m  =3.8 TeV
104 10*
10° 10°
10° 10°
10 g*, ox 10 10 W(sin(¢ )=0}, o x 100
p-value = 0.63 p-value = 0.83 :
1 Fit Range: 1.1 - 8.2 TeV _ 1 Fit Range: 1.7 - 8.1 TeV
ly*| < 0.6 ' ly*l<1.2
ﬂ ! A NN RS AR AN (N1 ARRIATTTITIIT! 1 1{] 1
2 % 2
0 £ o
-2 & -2
> i
FD.S JES Uncertainty 1 %‘FDE JES Uncertainty R
0 | g (Omeese - W" H
it E S AN
2 3 4 5 6 7 8 2 3 4 5 6 7978



Search for new phenomena in dijet angular distributions

+ Di-jet production dominated by t-
channel gluon exchange

> Angular distribution peaked at
|cosO|=1

< Variable x=e2¥"l ~ (1+cose")/(1-
cosg®’) in bins of m;

% Sensitivity to BSM scenarios
> Contact interaction — excited quarks
> Quantum Black Hole

> Extended gauge sector (W’, Z’)

1/N dN/dy

—
=
=

0.04

0.08

0.04

0.05558

Vs=13 TeV, 37.0 fb™

m, > 5.4 TeV |

ATLAS
e Data —SM
see== Gl =—1, A=22 TeV
LL
cl M, = 1, A=15TeV
[ ] Theoretical uncert.
- Total uncertainty

0.041" =5

0.03

49 <m <54 TeV

46<m <49 TeV

0.05-4%

004

0.03

% Data agree with Next to Leading Order (NLO) predictions




Search for new phenomena in dijet mass and angular distributions

o) I L L = a \ T T T T T T

=> 1= ATLAS _ 2 L N ATLAS ]

s F— 1s=13 TeV, 37.0fb" - o 4L AN 15=13TeV, 37.0fb" —

& N yl<12 1 % N vl <06 E

< N < AN
é 107'E - E 1075 N .
107°¢ E
1072 E — - We(sino,)-0) N E -

[ —— Observed 95% CL upper limit 10°° £ —— Observed 95% CL upper limit N

[ Expected 95% CL upper limit F o Expected 95% CL upper limit N

I WmExpectedt1cand+2c - mmExpected+1cand+2c N

el TR —

m,,- [TeV] m,. [TeV]

Model 95% CL exclusion limit 5

Q

Observed Expected <

Quantum black hole 8.9 TeV 8.9 TeV é
W’ 3.6 TeV 3.7 TeV

N 3.4 TeV

W 377 TeV 385 Tev 50 TeV
Excited quark 6.0 TeV 5.8 TeV
Z' (gg ="0.1) 2.1 TeV 2.1 TeV
Z" (g4 =0.2) 2.9 TeV 3.3 TeV
Contact interaction (npp, = —1) 21.8 TeV 28.3 TeV
Contact interaction (nr1, = +1) 13.1 TeV 15.0 TeV

17.4 TeV — 29.5 TeV

1072

107

107°*

107°

T T r|rr.|[

T r1|11||'|

—-QBH

—e— Observed 95% CL upper limit

- Expected 95% CL upper limit
wExpected+t1cand+2c

1 Il L | L 1 L J 1 1

= 1 T |
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T 1N 15=13 TeV. 37.0 0"
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<
X 107'E
5 3
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Ig— Expected 95% CL upper limit ~o
10—4:—-1Expecledi1cand’_r2c |3
:I | L L ] 1 L 'l =
2 4 6
m,, [TeV]
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New di-lepton resonances?

I I I I 1 LI

10" ATLAS

106k Vs=13TeV, 139 fb™
Dielectron search selection

Events

T T
& Data

Ozy
I Top quarks

[ Diboson
[ IMulti-jet & W+jets
—Z, (2 TeV)
—Z', (3 TeV)
— 7, (4TeV)
——Z, (5TeV)

10°

2x10°
M. [GeV]

E T T T T T T T T T T T T T T T T E_‘
2] 3
7] 7
L 10

© 1 s
107" g
1072 E
1 0—3 —— ATLAS Vs =13 TeV (ee 139 fb™"; upu 139 o) E_
ATLAS s =13 TeV (ee 36.1 fb"; pu 36.1 fb') 3
—e— ATLAS {s=13TeV (ee32fb"; pu3.2f") 7

1074 —=— ATLAS Ys=8TeV (ee 20.3fb"; yu 20.5f™")
E ATLAS Vs=7TeV (ee 4.9fb"; uu 5.0 o) ?:
= —=— ATLAS Vs=7 TeV (ee 38 pb™; up 42 pb™') 3
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