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Higgs lectures so far...

Lecture 1
— Higgs & EWSB introduction

Lecture 2

— Higgs boson properties

Lecture 3

— Detailed experimental searches

This lecture

— Missing channels and the future...




This lecture

e Recapitulation
— What we know and what we don’t
— Higgs mechanism
— Conclusions so far

* Beyond the Standard Model Higgs
— 2HDM and Higgs CP
— Constraints from Higgs couplings (see G.Hamity)
— Charged Higgs (see A.Mehta)
— A->Zh
— Di-Higgs (hh->2b2gamma; hh->4b)
— Future (see Rei’s slides)

5/22/14 LHC Physics Course - LIP



Recap of previous lectures
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The Standard Model Higgs Mechanism

* Inthe Standard Model with no
Higgs mechanism, interactions are
symmetric and particles do not
have mass

* The symmetry between the [ &
electromagnetic and the week
interactions is broken:

— Photon does not have mass
— W, Z have a large mass

\ : (P +i, )
e Higgs mechanism: NG
— mass of W and Z results from ¢ = O, +ip,
the Higgs mechanism L A2 )
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Added bonus

Non-zero average value of the Higgs field can also give
masses to the quarks, electrons and muons — to all point-like

particles.

Old theoretical problem affecting the quantum theory of
the weak force :
the probability of two W’s interacting becomes larger

than 1 at high energies (> 1 TeV).

Solved by the Higgs field!

lim A x E? lim A o const.

E—oo
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Lagrangians and coffee mugs

Throughout history,
we have been looking
mostly at the second
line

Interactions between
fermion matter -
particles transmitted

by force carriers

l.e. all of chemistry
and most of physics

Disclamer: gravity not
on the mug

5/22/14 LHC Physics Course - LIP 10



Electroweak symmetry breaking
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Wikipedia wisdom

Electroweak Lagrangian before
spontaneous symmetry breaking

‘CE'H' —_ £g+ ‘Cf +£h +£y

Electroweak gauge bosons: B W° W*

1 1
Ly=—3 W™ W, — 7B" B,

Fermion kinetic terms

L;=QiP Qi+ WiPui + diiPd; + LiiPLi + i De;

L. = 1D R2—\[IK2 v? 4 Higgs term (note: vacuum expectation
n = |Duh|” ~ [R]” - 9 value zero before symmetry breaking)

L, = —Yyije” hi @mu; — Yaij h @;dj — Yeij h.f,-ej + h.c.  Yukawa interaction
term between Higgs

field and fermions
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Wikipedia wisdom

After electroweak symmetry breaking

Lew=Lx+Ln+Lc+Ly+Lav+ Lwwv + Lwwyy + Ly

Spontaneous symmetry breaking:

New bosons y and Z° from W° and B°

v\ _ [ cosBy sinfy \ [ B°
Z%)  \—sin# Ww COS f W Wo

Kinetic terms: notice boson masses for Z°, W%, H

o= Z Ff “me)f = }14#,,,4#" Lo +[nz%‘.4.-v;+ If'If"—p}

2

1 | — 1
_ZZ#,,Z’“" {ﬁngpZ% (r)“H)(r) H) - —mH
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Wikipedia wisdom

Higgs boson mass: transverse oscillation modes

Higgs boson 3- and 4-point self-interaction

2 2,2
gm 3 Mg 4
Lp=-—"—2H¥_L = 5
dm W 32m W

Yukawa interactions between Higgs and fermions:
note fermion masses!

Mg —
Ly== —LFfH
f

2mw
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do/dQ? (pb/GeV?)

Because it’s real!

Why does it matter?

— Data shows Higgs mechanism (or something like it) needed in the theory
Because it may lead us to new discoveries and a new understanding of

Nature!

— “There is nothing so practical as a good theory” (Kurt Lewin)

ZEUS

=y
o

—

10
10
10

10
= ZEUS e*p CC 99-00

10 -5 e ZEUS e p CC 98-99

o ZEUS e*p NC 99-00
o ZEUS e p NC 98-99
-- SMe*p NC (CTEQ6D)

T IIIIIII T

JAp

—
<

IIIIII|T| T

op ¢

10*

SM e p NC (CTEQ6D)

dN,/dm,, [GeVT

10°4

10

T lllllll

Y(1S
Y

IlIlIII

les

T T T T 1T ll
L~40pb’
EF_mui5

IIIlIl|_|,| IIIIIII,I,I IIlIIII,I_I lIIIIll_I_I 11

-~ SMe'p CC (CTEQSD) .
&/ — SMepCC(CTEQ6D) 15~ ATLAS Preliminary
o 4 Data 2010,\s= 7 TeV
10 ’ ; L - 10 Lol 1 1
10° 10* ]

5/22/14

Q% (GeV?))
LHC Physics Course - LIP

10



p e

Cern, scoperta la "particella di Dio"
pe Hl ggs boson-like particle discovery

. PRECEDENTE _ Poto 1119  SUCCESSIVO ""a""i claimed at LHC
k YV BAN CUA 401 LIEN HICP THANH NiFN vutr NAM )

A Chionbg-xang

Quécphang  Thé
g6l ird  Kinh t
991 Vgt Gko de Congngny. [P
<

Cha nhit, 08/07 10:35:36 GMT
T

RSS Bl Newsle
tter Q
Khoa hae & Quang can 2 Bueng day nang M Dat 1am ¢

Sén béng cia céc hat nhan snv Gﬂn PA“TIBI-E

Nga 96
gn:’-‘l' 2 Go a, Thyy SL Vien Nghién cg
UYC cho 1a tuvong mg verl hot H

Yo RS -c

.x
ur‘"
x"“

wa. Nbu the
gt ay hoan toan

tirong din
oNA v vide Chr mnnhe( olumbus

‘e New Dok Eiimes o L
" Le boson ¢

R — -
“~ 8 | NY./REGION  BUSINESS I 99,9999

PHYDIK : ro

Haarscharf am gottverdammtn
Teilchen vorbei

ter o oy .
Die Belege scheinen iiberwilltigend: Forscher konn : |
ilchen gefunden haben. Unklarist,obes § = s ; . . u"E MnnE

ein neues Te v - weltbild . : ~
las Higgs-Boson ist, der letzte baus ein im ey 3,0 - i 50, ooy
IR RS AT & o GODDAMN TIME

W k. =
der Physi . e R ‘ guards

ists Find Elusive Pa

]
—

w
:

.\e'- 5 0 X 1 1 S \J
Pon L mme lt L.l "L‘.le BL;SLI)(‘ S 1011'
S P\ cy
|

The Higgs boson dis
m 7
giant leap for humdnkl:ltzlr} s another

London 2

- wuy 10 Ll Uis U
I CISs 0 y ') J P
&) l. COVer 1€ J (, t O r’ .)J

man on ¢
) he moon

n - snmemr* a hnrramr) can be pro

Wodroaday applauded the discovery of a id of



Going beyond the standard model

But the Standard Model is not complete; there are still many unanswered
guestions.

Why do we observe matter and almost no antimatter if we believe there is
a symmetry between the two in the universe?

What is this "dark matter"” that we can't see that has visible gravitational
effects in the cosmos?

Are quarks and leptons actually fundamental, or made up of even more
fundamental particles?

Why are there exactly three generations of quarks and leptons? What is the
explanation for the observed pattern for particle masses?

How does gravity fit into all of this?

5/22/14 LHC Physics Course - LIP 17



Many possible theories

There are a large number of models which predict new
physics at the TeV scale accessible at the LHC:

= Supersymmetry (SUSY)

= Extra dimensions

= Extended Higgs Sector e.g. in SUSY Models
= Grand Unified Theories (SU(5), O(10), ES, ...)
= | eptoquarks

= New Heavy Gauge Bosons

= Technicolour

= Compositeness

Any of this could still be found at the LHC

5/22/14 LHC Physics Course - LIP

18



Forces and expansion of the Universe

Tempcraturc E=k T k=8.62 10'5 eV K'l
of universe 10°*K 107K 103K 1013K 3K
LHC

Strong force
- | [ |

Electromagnetic force
T

Weak force

Gravity
Time after  107%s 10733 5 107125 10°%s 5 % 1017
Big Bang ( = now)
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The dark side of the Universe
Long standing problem:

We know that ordinary matter is only ~4% of the matter-
energy in the Universe.

What is the remaining 96%?

bserved +
observe ,ﬁ,‘;w#'”

P

e The LHC may help to

\,‘A
+ "* 34
N :

expected solve this problem,

from

; | W S -I‘u\mﬁin»CaUS\diS‘k d iscove ring dark matter

e R (kpc)

M33 rotation curve
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Supersymmetry

Some physicists attempting to unify gravity with the other fundamental forces

have proposed a new fundamental symmetry:
* Every fermion should have a massive "shadow" boson
e and boson should have a massive "shadow" fermion.

This relationship between fermions and bosons is called
supersymmetry (SUSY)

Particles

No supersymmetric particle has yet been
found, but we will now explore a much
bigger kinematic region ... more news
soon!

Supersymmetric “shadow” particles
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Higgs and hierarchy problem

In the SM the Higgs mass is a huge problem:

= Virtual particles in quantum loops contribute to the Higgs mass
= Contributions grow with A (upper scale of validity of the SM)

= A could be huge — e.g. the Plank scale (10%° GeV)

= Miraculous cancelations are needed to keep the Higgs mass <1 TeV

Classical SM
| |

I
I I
I I
Yo X ¢
I
I I
I I

This is known as the hierarchy problem

5/22/14 LHC Physics Course - LIP
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SUSY and the Higgs mass

¥ ol PR

CIassncaI SUSY
| | I |
| [ -
I I 7 S
o - X + +  0f,f, ixz
| I \ 7
| | S~ |
| | | |
m; =(mp)o — L \2p2 4
h h 16m2 R Cancellation
Higgs mass: 7‘
e correction has quadratic divergence!
— A a cut-off scale — e.g. Planck scale , , 1 1
my, :(mh)—WAA +W>\A
. . ~ (m?)o L(m% — m?)In(A /m ¢
Superpartners fix this: " m2 f

 Need superpartners at mass ~1-2 TeV

— Otherwise the logarithmic term becomes too large, which would
require more fine-tuning.
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The Universe expansion is accelerating

In 1998, two groups used distant Supernovae to measure the expansion rate
of the universe: Perlmutter et al. (Supernova Cosmology Project), and Schmidt
et al. (High-z Supernova Team)

26 . R e

o Supernova Cosmology Project

They got the same result: 2 e uigizsuemova searc
The Universe expansion 22, ...

. . Supernova Survey
is accelerating 2ol T

18

Some form of energy -
(dark energy) fills space  '45 (002 e o

22 Accelerating
Universe

Decelerating ]
Universe

21

20 . . . . . . . .
0.2 0.4 0.6 1.C
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Vacuum energy density

Dark energy responsible for acceleration of expansion is very small

From particle physics we know that Vacuum has energy:
* potential energy of scalar fields
* energy of quantum fluctuations as predicted by quantum

mechanics

This vacuum energy is 100 orders of magnitude larger than dark
energy!

This huge discrepancy is known as the vacuum catastrophe.

5/22/14 LHC Physics Course - LIP 25



New physics at a few TeV?

600
Triviali . .
Naturalness implies
500 |- Supersymmetry or another
- ‘New Physics’ below ~ 2
® 400 TeV
)
3 s
o
£ 300 L Electroweak
0
§ :
200 |- 10% e
| T Excluded id fi i
125 GeV [ : 3 xcluded to avol ne-tunmg
100 - &
P Vacuum Stabili
1 2 TeV 10 102
A (TeV)
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Pole top mass M, in GeV

_Abit

of

fun...

180 [ . T "‘ 167 ! _— ! ’1‘010'
—— - .- L 3 V() NOT IN SCALE
Instability = — =~ -~ Meta=stability - -~ eff
175 :,'..;rf;’—':f;,?ff-'ri'i’:"":r::ﬂ' ' 2z '_ . Instability
- [N\
13,'.[\2,3 a
170F
- 127
10 Stability
165 : e S S ] Vacuum Decay
115 120 125 130 135
Higgs mass M, in GeV RG-Improved poten‘ual
What if.ll

— At higher orders, Higgs potential doesn’t have to be stable
— Depending on m, and m,, second minimum can be lower than EW minimum =
tunneling between EW vacuum and true vacuum?!
“For a narrow band of values of the top quark and Higgs boson masses, the
Standard Model Higgs potential develops a shallow local minimum at energies
of about 10'® GeV, where primordial inflation could have started in a cold
metastable state”, I. Masina, arXiv:1403.5244 [astro-ph.CO]

— See also: V. Brachina, Moriond 2014 (Phys.Rev.Lett.111, 241801 (2013)), G. Degrassi
et al, arXiv:1205.6497v2; R.Contino, Workshop sulla fisica p-p a LHC, 2013
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Top mass M, in GeV

The universe seems to live

SM
near a critical condition Sroken EW/ l Unbroken EW
JHEP 1208 (2012) 098 M

Why?! 0 "
Explained by underlying theory?
Anthropic principle?

200 Instability
A

150 | ﬁ/S\a\v‘“ Z
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W 0

@

100 | Stability g

g

il

50 - =)
0 1 Il 1 " 1 lylx " i 1 " i n n
0 50 100 150 200

Higgs mass M), in GeV
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Back to the big
.....questions!!

29



In the meantime at the LHC...



v https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CrossSections

T T I T I I I I

\Js= 8 TeV

LHC HIGGS XS WG 2012

| | | 1

1000

200 300 400
: M, [GeV]
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Where do we stand?



* Most modes available with current lumi explored

* Precision: obvious signal in bosonic decays
— Mass around 125GeV
— Signal strength consistent with SM — some questions
— Main alternatives to J? = 0* discarded — questions remain

* Fermion couplings seen in H—tt (40)

e Evidence for VBF production (30)

* Mainly indirect sensitivity to ttH coupling through loops
 Many direct searches for other Higgses turned out nothing (yet)

T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.

H—bb H—T T H—-WW H—ZZ H—7Y7Y H—-ZY H—inv.

T T|A|C T|A|C T|A|C T|A|C T|A|C T|[A|C
goH PR - b - dib b 4 IR dib dib d IR-dib gl d IETRED - dlh A ¢ - K% K| -
VBF | Kk Kk Kk * K R ¢ * | - * *| - *| -
VH B - dIh-¢ | K K K *xOK * K| - *x x| - -
m * K| K | K *x K| - - -

See A.David and P.Conde’s lectures



Combining Higgs Channels

//}Wod
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C Background Z, ZZ*
C - Background Z+jets, tf

H->Z

(s=7TeV [Ldt=46fb"
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m, [GeV]
T T T T T
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A bit more technically

* Assumptions:
— Single resonance (at )
— No modification of tensor structure of SM Lagrangian:
* ji.e.HhasJP=0"
— Narrow width approximation holds
* j.e.rate for processi=>» H => fis: O XBR =

i—-H X FH—> f

* Free parameters in framework:
— Coupling scale factors: sz L o Qo8
— Total Higgs width: k2 O,=K; -0, I'y=x; - 1I' "\I'y =5, - T'y
— Or ratios of coupling scale factors: A = k; / k.

* Tree-level motivated framework

— Useful for studying deviations in data with respect to expectations
* E.g. extract coupling scale factor to weak bosons k,, by setting k, = k, = K,

— Not same thing as fitting a new model to the data



e Mass: around 125GeV nggs bOSOn M ass

— Used to be the only unknown

SM-Higgs parameter, remember? © A= L(my)
ATLAS: arXiv:1307.1427 L(m,,)
. é g ATLAS Combined (stat+sys)
e ATLAS: arXiv:1307.1427 N [ Vs=7TeV[Ldt=4648f" oo CH)ombined (stat only)
H->4| _ gl 's=8TeV [Ldt =207 fb! o
m, "> =124.3 +0.6(stat) +0.5(sys) | Ho 22" >4l

— m,"W=126.8 +0.2(stat) £0.7(sys)
— Assuming single resonance:
m,, = 125.5 +0.2(stat) 9>, ;(sys)

T L | B B8 R R A 26

* Tension between channels! [

— Compatibility P=1.5% (2.40)

— Rises to 8% with square syst.prior
BUYs /Y < AN N T~~~ W L\ A JANR W Y o
e CMS: arXiv:1312.5353

— m,">% = 125.6 +0.4(stat) +0.6(sys) i s A e e rer i ipe
. CMS: CMS-PAS-HIG-13-005 i e

— m.H>w

CMS
e Doesn’t look like two different resonances!...
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Spin and Parity

* Purel’=0,1% 1, and 2* excluded with 97.8, 99.97, 99.7,
and 99.9% Confidence Level (ATLAS arXiv 1307.1432)

* But note: Higgs could have CP-violating component!

H- >W ATLAS arXiv 1307. 1432

- 250 prrrrr ULARAE RERAR SRR AR SERA AR R
e ATLAS H—>yy —J =2 Expected—
£ 00 - V5 =8 TeV J.Ldt 207" ® Jf=2"Data
() B Bkg. syst. uncertainty -
> = -
" - f =0%) ]
150 [~ (qq- 0)
100 -
: = :
50 £ — ] ]
- Tt —e— -
0F —
00402 03704 05 06 07 08 09 1
Icos 6%
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1+ (pr” /myy) 8%
250 T P T
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00 [~ Vs = 8 TeV J-Ldt 20.7 fb ° S=0"Data -
C Bkg. syst. uncertainty ]
150 |- ‘ —
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Direct Evidence of Fermion Couplmgs

St T T T ]
* Challenging channels at the LHC! 5 oemromsomis
— Huge backgrounds (H->bb,H->tT) g .l ii?f:f,"’l"ﬁ:{fi ]
— Or low rate: H->pp : R
10°¢ E
* ATLAS: 7
. 10 ATLAS Preliminary E
4.10 evidence of H->tt decay 3.20 exp. - [Lot-=203
- Vs=8Te
u=0,, /0= 1.4 +0.3(stat) +0.4(sys) T L
' 3 2 1 0 1
log(S / B)
® CMS: B 20S:MS {s=7TeV,L=5fb"; Vs =8 TeV,L=19-20 fb"
— Combination of H->bb and H->tt: 3 m, =V1H25 Gs%’
. - o -
3.80 evidence (obs.) 4.40 (expected) 386 — How

— Combined

U =0, /O, =0.83 £0.24
CMS 1401.6527

Channel Significance (0) Best-fit :

(my = 125GeV) | Expected | Observed U I

VH — bb 2.3 2.1 1.0+05 e

H— 17 3.7 3.2 0784027 mode!

Combined 4.4 3.8 0.83 +0.24 oS
0 02 04 06 08 1 12 14 16 1.8
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* Total width not measurable at the LHC
— Hadronic decays invisible in huge jet

Higgs Width

background

e Sensitivity can be achieved through

“interferometric” measurement

— Use gg—H—ZZ with H on- or off-shell

11 \
LHC HIGGS XS WG 2010

e

7

[

10‘1E

/

10-2;/

* Proof of principle done, although still very

far from theoretically expected value
(4MeV)

— T, <22 MeV at 95% CL

on-shell

.

0,0

5/22/14
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g—~H—77Z ™

ff-shell ~
gg—H—Z7Z

2 2
8geHEHZZ

muly

4 égHg fizz
(Zmz)z

200 300 500 1000

100
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CMS Preliminary

Individual Results

V H— bb arXiv:1310.3687
u(mH=125.0 GeV)=1.0+05

H — 1T arXiv:1401.5041
#(m =125.0 GeV) = 0.78 +0.27

H— vy HIG-13-001
p(mH=125.0 GeV)=0.78+0.27

H—-> WW arXiv:1312.1129
u(mH=125.6 GeV)=0.72+0.19

H— ZZ arXiv:1312.5353
(m =125.6 GeV) = 0.93+0.27

u=

Take-home

Ys=7TeV,L<51fb" ys=8TeV,L<19.7 fb"

0 05 1

Signal

152
Best fit c/oSM

O

meas

USM

mesSsages:

e Need more datal

* Always run two experiments!
LHC Physics Course z LIP
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strength

ATLAS Prelim.
my = 125.5 GeV

— o(stat.)

—O (t
— o(theory

ys inc.
heory

Total uncertainty
+1loonp

H- vy
M _ 1.57+0.33

-0.28

+0.23
-0.22
+0.24
-0.18
+0.17
0.12

——
|—_|
!

H— 2z* - 4l
w=1.44"

0
-0.35

+0.35
-0.32
+0.20
-0.13
+0.17
-0.10

—
—

H— WW* - Wiv
u=1.00"%

-0.29

+0.21
-0.21
+0.24
-0.19
+0.16
-0.08

11

Combined
H-yy, ZZ*, WW*
w=1.3 5+o.21

-0.20

+0.14
-0.14
+0.16
-0.14
+0.13
-0.11

W,Z H— bb
H _ O-2+0.7

-0.6

+0.5
+0.4
<0.1

H — 1t (8 TeV data only)
H _ 1 -4+0.5

-0.4

+0.3
-03
+0.4
-0.3
+0.2
-0.1

Combined
H—bb, tt
w=1

+0.24
-0.24
+0.27
-0.21
+0.08
-0.04

Combined
W= 1.30"0-18

-0.17

+0.12
-0.12
+0.14
-0.11
+0.10
-0.08

——
N L
| A i

\s =7 TeV [Ldt = 4.6-4.8 fo” -0.5

\s=8TeV |Ldt=20.3 fb"

i
0

05 1 15 2
Signal strength (1)



Fermion and Boson couplings from fit

Set one scale factor for all fermions (k. = k, = k,= K. =...) and one for all
vector bosons (k,, = K, = K)

Assume no new physics

Strongest constraint to k. comes form gg->H loop
ATLAS and CMS fits within 1-2c of SM expectation (compatibility P=12%)
Note ATLAS and CMS k, different — see signal strength below

CMS Preliminary Vs=7TeV.L=5.1fb"' ¥y s=8TeV,.L=<19.6fb"’

. ¢ SMm Higgs @ Fermiophobic m Bkg. only

w

5/22/14

¥ 4E ATLAS CiHod HHoM 12
- \s=7TeV Ldt=46481b" #H - vy [JCombined | ~
31— \s=8TeV [Ldt=20.7 b + SM X BestFit U
2 - i [N
- Jw
— )
v 2r 1N
2 5 1
o = 45
S - 1
go! (0] = -
O - .
o : :
-1 —
----- 2E =
:l L1l I L1 11 I L1 11 I'l L1l | L1 11 I L1 11 I L1 l L1 III I L1 11 I L1l l:
06 07 08 09 1 11 12 13 14 15 1.6
LHC Physics Course - LIP 4%V



Production Modes

%

Combination of channels

allows consistency checks

Evidence for VBF
production (30)

e Sensitivity to top Yukawa
coupling only through

loops so far

5/22/14

ATLAS Prelim. ""’((ss;?;&c_ Total uncertainty
_ G\theory
Y +0.7 : : ; :
- 05 I
MYY +0.4 [ g :
VBF+VH _ +0.8 |7 02 f : :
+2.3
H— ZZ* — 4l ~09 : : |
f +08 .
VBF+VH __ +2.4 | : i ;
MggF+ttH - 0.6_0'9 tgg T —
“14 e
H—- WW* = Iviv 7?'2 : : :
M +1.9| 04
Hogrom — 1'8_1'0 fg:g | : : S
+5.3
H— 1t 10 ; 5 5
Hyaeavi +oo |06
Combined - |
* S—
Hyerav -1 4+0-7 o : :
l'ng|:+ttH ] _05 t l T I T | B e
\s=7TeV [Ldt=46-481b" 2 3 4 5

LHC Physics\§z8TeV |[Ixt = 20.3 fb™

1 VBF+VH H ggF+tH



New Physics in the Loops?

W z
* New heavy particles may show up Higgs
in loops
— Dominant gluon-fusion through a Z:D Wz -~
(mostly) top loop production for H- '

>ZZ, H->WW and H->yy Higgs

_ H->yy decay throughtopandW
loops (and interference)

Photon

ATLAS 1307 1427

(T

oo s by vy by s by by v v by v s by v Ly
0.8 0.9 1 11 12 13 14 15 16

* Best fit values: K,=1.04+0.14,k,=1.20£0.15
* Fit within 20 of SM (compatibility P=14%)
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o oof ATLAS + SM ]

* Assume no Change in Higgs width = \'E=7TeV}Ldt=4.6-4.8fb" X gse;thItL =
” - Vs=8TeV )Ldt=20.7 fb" _ ° 3

and SM couplings to known 18 Combined Hoyy, z2o, wwe " 95%CL 3
particles 1.6[- =
1.4 =

. . 1.2~ —

* Introduce effective coupling scale E E
factors: " E

— K, and Kk, for ggH and Hyy loops 0.6E- E

1.7

Ky



Going beyond the Standard Model



Two Higgs Doublet Model (2HDM)

No reason for simplest Higgs sector scenario to be true!
One of the simplest alternatives: 2 Higgs doublets

J

¢ = ( (v; + p; (—{;771')/\/5 )

Leads to 5 different Higgs bosons:
— CP even (scalar): h, H

— CP odd (pseudoscalar): A

— charged: H*, H"

Two doublets => two vacuum expectation values (mean field strength in
the vacuum) —v, and v,



Two Higgs Doublet Model (2HDM)

* Free parameters:
— 4 masses (Do we know one? Assume it’'s m, )
— tan B =v,/v, ratio of v.e.v.’s
— Mixing angle of hand H: a

4 possible Yukawa coupling arrangements (“types”)
* Most common SUSY benchmark (MSSM) is based on Type Il
If cos(B-a) = 0, h = Standard Model H°

Type | Type ll Lepton Specific  Flipped
Ky sin(B-a) sin(B-a) sin(B-a) sin(p-a)
K, cos(a)/sin(B) cos(a)/sin(B) cos(a)/sin(P) cos(a)/sin(PB)
Ky cos(a)/sin(B) -sin(at)/cos(PB) cos(a)/sin(B) -sin(a)/cos(B)
K, cos(a)/sin(B) -sin(a)/cos(PB) -sin(a)/cos(PB) cos(a)/sin(B)
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Constraints from SM channels

 What can our data already say about the 2HDM?

— If it exists in Nature, then some of the measured rates (signal
strength) are modified

— Existing measurements can already rule out many possibilities
— Used final states vy, ZZ, WW, bb, TT

2HDM Type | ATLAS Preliminary 2HDM Type Ii ATLAS Preliminary 2HDM Type Ill ATLAS Preliminary 2HDM Type IV ATLAS Preliminary
—— Obs.95% CL 1s=7TeV: [Ldt=4.6-4.8 fb ——— Obs. 95% CL \s=7TeV: [Ldt = 4.6-4.8 fb"' —— Obs. 95% CL \s=7TeV: [Ldt=4.6-4.8 b —— Obs. 95% CL \s =7 TeV: [Ldt = 4.6-4.8 fb”'
X Bestfit \s=8TeV: [Ldt=20.3 o' X Best fit \s =8 TeV: [Ldt=20.3 o X Best fit \s=8TeV: [Ldt=203 " X Best fit \s =8 TeV: JLdt = 20.3 fb!
- === Exp.95% CL Combined h — yy,ZZ*,WW* -~ Exp. 95% CL Combined h — yy,ZZ* WW"* - ==~ Exp.95% CL Combined h— yy,ZZ*WW* - === Exp.95% CL Combined h — yy,2Z*,WW*
— - SM h — tt,bb — - SM h — tt,bb — - SM h — tt,bb — - SM h — tt,bb
10[1(],|TT:!1| IIW‘WII|WWT[!V1 lI!:y\l‘rlllTvT_ &10]\I,11][Y]\1(!,V ] T tll(|!l]!!|[lll &107'1‘,'"T]Il["1“, 'V’W l I!‘ ‘TliilTl’ll!(llyl &10|1|"T||‘|"T‘T,"’7 ll‘V\IIl!(!]VWI‘IIIWI
iy 1y v = P Y, | XY \ d c gy ',»,"%' “\M T\ c R Y/ AR SN X J
| \ 9 Y % S\ \ S L AL A ) ‘ AR \ 9 3
af | 4} ARERNE 4T A 4
3_.‘ | 3 . | h 3 3_.} A2 P ‘ 3 ..
2} | 2f % 2R | 2}
. | £ 1A \ % et e 8
1B 4 15 S ! 1B \ 4 1B 1
| [ 1 | H [\ \ \4 ‘ \ ]
L | ) \ V| AT ] 99! l L
0.41 | 0.4+ |4 \ 0.4\~ V%, [ 0.4r7
0.3 | 0.3} b | v 0.3F T N\N \ 0.3
0.2 | 0.2 | \ 0.2 T\ ¢ 1Y | [ 0.2
II‘L« I'Il‘ A—il’l‘\ l‘ 1 l‘l ‘ll‘[ A1 I\J; AL LT WL V| all, /AR sl ‘)vl <|; 'II‘L l'll’ I‘»J[)J!J 7‘ t‘l IL‘I I\']‘ B I’I; 4]|‘L III’ L»J[) \'lj“ll’l 111 Vil‘l il'[ A7 IkJ;
0, 4Ll P 0, 4Lkl et | BT b 0. 4Hdarl e [ P e 0 R AT 1A e
-1-0.80.60.40.2 0 0.20.40.60.8 1 -1-0.8-0.6-0.4-0.2 0 0.20.40.60.8 1 -1-0.8-0.6-0.4-0.2 0 0.20.4060.8 1 -1-0.8-0.6-0.4-0.2 0 0.20.40.60.8 1
cos(fB-a) cos(B-at) cos(p-a) cos(f-a)
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Invisible Higgs

« Direct searches for Dark Matter usually hidden in deep caverns
for low noise. But there is another way...

— Dark matter has mass! Should couple to the Higgs. Do we see it?

— Weakly interacting particles would leave no trace in detector —
“Invisible” Higgs decays

— Could be e.g. neutralinos in SUSY scenario
— Would contribute to total Higgs width

v (km/s)

Ob?el'\.’ed ,#.“‘--ﬂ XLI\'()A\'ll)-LL-: CDMS-LE
[ T . I i)\ [EDELWEISS-LE
&

.

10 "
expected

from
luminous disk

2

CDMS+ERELWEISS

5/22/14

R (kpc)

M33 rotation curve
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Cross—section [cm”] (normalised to nucleon)
i

XENON100

LUX

pMSSM-
postLHC

CMSSM-preLHC

; 8%

L 05%

10' 107
~ WIMP Mass [GeV/c?]

10°



Invisible Higgs

Require dileptons from Z

Back to back with Missing E;
and pr(¢)

No jets

Events / 30 GeV

Data / Expected

10°

10°

10

| SN A A B LA A A A S A A A A B A A S A SN A A A B SN AN A A

=— ATLAS ®  Daw
i

\s=8TeV,[Ldt=2031"

ZZ - ffwv(ncl )

ZH — £¢ +inv. - WZ — ¢vee (incl.T)
—— -WW.dlooliM‘Z-rr
== ... N - e
..... W+ jots, multijet, semilep. op

E D "t v w4+ . BR(H —« inv.)=1
E S T

100 150 200 250 300 350 400 450

Et:l.w [GeV]

Main backgrounds ZZ, WZ

Claire Shepherd-Themistocleous - 26th Rencontres de Blois 2014

EHZR1ysics Course - LIP
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Z(H -> Invisible): Analysis Strategy

-l Z H X .
AQ‘)[_[ < 1.7(])%( :::::.— ——— — _— —— — _.::::: ‘:I]Lll.s.s > 90CeV
o o .
76 < my < 106GeV Ap, pmiss > 2.6
Pz.Ex

> Analysis cuts designed around the idea that the Z (/¢ system) recoils off of the H
(EF™) for signal
» Most important background is Drell-Yan (Z) production with fake EF™* from
mismeasured jets which is hard to estimate from MC
» Estimated by 2 dimensional sideband fit of events failing one or both 3

Requirement Justification
76 < my, < 106GeV Dilepton system consistent with Z — ¢/
E’T”iss > 90GeV Requiring the H to have p7 forces the Z to also have pt
E7'** Cleaning Cuts
Appe < 1.7 Boosted Z has leptons close together
AQbZ‘E?iss > 2.6 Z and H should be back-to-back
Ag(Etpiss EIes:tracky < 0.2 | Efss not correlated for background (Ef'sS from mismeasured jets) #
|EF™s — p|/pF < 0.2 Balance of Z and H momentum #
Central Jet Veto Drell-Yan background tends to have one or more jets
5/22/14 7 7 LHC Physics Course - LIP 51
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Invisible Higgs

g 600;_ 4 (\'|_|10_37 III . T T T LI III T T T LI III H
= E ATLAS Omren | S ss B Higgs-portal Model ATLAS
> r : : - ] S.10 \s=7TeV, |Ldt=45fb"
E 500f 's=7TeV,|Ldt=45®" — opserved 95% CL limit = 439 ) ’ y
£ - {" 8=8 TeV.] Ldt=203f" ... Expected 95% CL limit 2 10 40 S I s
e ; ZH — ¢¢ +inv. P E g 10 E \\ ZH - ¢¢ +inv.
!13 ] » 104 :
. 21042
N 8 143
e} . b 10
] -44
] <10
R o -45 7
. 10 :
] % 10-46 000::.5: po 0 1 1
4 8%, IS seaiite 90% CL limits
. ; =z10 Seest i
P P S T s arseer 100 g™ Gowwme o
150 200 250 300 350 400 3 1040f 1 cous s CoGeNT
S0 LUX === ATLAS, scalar DM
mH [GeV] 10 51 Ba@&4 ATLAS, vector DM eriericrds ATLAS, fermion DM
E H H 0 10- L 1 Ll 1 Ll 1 A —
Upper limit Br to inv. 75% 1 0 o e

DM Mass [GeV]

Upper limit interpreted as limit on DM-nucleon scattering cross section
Fox et al. Phys. Rev. D 85 050611

DM scenarios scalar, vector or Majorana fermion

Higgs-nucleon coupling 0.33 *0-30 / - Djouadi et al. Phys. Lett. B 709 65 (2012)
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1 q

Invisible Higgs

q q
Other search channels: > 10°E cms e Observed
Search in VBF and ZH , Z — Il and bb O I sc8TevL=195m" — somotior
O A3l .
N 10 = VBF H(inv) .‘i*'°‘s
VBF mode requires 2 jets in forward region £, B ot
(An;>4.2),EMs>130 GeV o
W 10
Central jet veto on any jet p; > 30 GeV. ,

Dominant beckgrounds 107!
Z(vv) + jets, W(lv) + jets

150 200 250 300 350 400 450 500
EM [GeV]
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Invisible Higgs

s 2r
o [ CMS 95% CL limits
,g 1.85— (Z:ﬁmeinat.ior! q}f)|VBF and Observed limit
hoeE invisiole ... Expected limit
- Vs =8TeV (VBF + ZH) -
% 145 (2189197 " Expected I!m!t (1o)
X 4o Vs=7TeV (Z(I)H only) Expected limit (20’)
© "C L=49f"
1E
08—
0.6/
0.4[feamssmanssasssanmman s e ===
02 :_| l | l | |
115 720 125 T30 13 140 145

my [GeV]

Upper limit on Br to invisible
0.58 for Higgs mass 125 GeV

EHZR1ysics Course - LIP

7 TeV 4.9 fb"8 TeV ~ 19 b

-1
L | 1 o e A T L I T T T T T 1T T T T T T T
Qo "./ Combination of VBF and
2 102 l&/% ZH, H— invisible CMS
> 3 Y {s=8.0TeV, L =18.9-19.7 fo' (VBF+ZH)
%% 10 | < Vs=7.0TeV, L =497 (ZH) B(H~> inv) <0.51 @ 90% CL
o 1 0-4 ’ \\ \ ///" my, =125 GeV
c N QA
-5 \ \
S 10°F \'\
[3) 6 \
© 10°E \
n 107 ANEAN _
n \ N A
»n -8 N _‘v‘ . —
9 10 _I_‘_I_I___\_\,_,_._\.\-\'-“' o ,__,_/—’-;//
O 1 0‘9 _____ —ar 7 —— — [ cRessT o
==z nTETT A [ CRESST 20
c 10 fermion .- -~ —— - XENON100(2012)
Q 100" .-~ =" <o XENON10(2011)
QO 7 E et . ) "] DAMA/LIBRA
[$) 1 0-11 —————— vector === Min @ CoGeNT(2013)/90%CL
35 - Lattice [0 CoGeNT(2013)/99%CL
cC 12 g=- " CDMS(2013)/95%CL
- 10 === Max {ZZZ) COUPP(2012)
—— - LUX(90%CL)
E 1 0'13 1 1 11 | | 1 1 1 1 1 11 | | 1 1 1 1 1 11|
()] 10 3

10° 10
My/2 DM Mass M, [GeV]

Higgs nucleon coupling 0.33 (range 0.26 - 0.63)
DM scenarios scalar, vector or Majorana fermiol
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Rare decays

Only way to probe Higgs decays to charm — charm Yukawa
coupling —at LHC

Deviations in coupling from SM value can lead to increase
in branching fraction

Analysis also probes Z decays to J/W or Y(nS) plus y —
improved LEP limits by 2

J/Y X (nS)




Backgrounds

_IIII|IIII|IIIIIIII|IIII|IIII|IIIIIIII_

. >

Dominant Backgrounds & 3505 | o, ATLAS -
» 56% Prompt J/1: Peaks in m,, N f__Fit @=8TGVJLdt=19_2fb~1_f
LN > 300r .
> 88 — J/wg Where g (Jet) IS S N Jy Loose Isol. Soft p 7
misidentified as a @ o5k Sy ychamel ]
.. C — === Background .
> Suppressed by requiring v be 3 - Barrel Categories -
isolated since there is usually W 2001 o=44+1MeV =
hadronic activity around a jet 150} -
» 41% Non-resonant: Smooth in my,, - .
» Production of a di-muon pair 1001 E
with invariant mass close to 50:_ E
I : z
O I | | 111 | 1| I-I-l-l-l-I-T.I-I-I-I-I-rI 1 171 L1917 I |

27 28 29 3.0 31 32 33 34 35
m,..- [GeV]

5/22/14 LHC Physics Course - LIP 56



Results

e Upper limit set on branching fraction of H decay to J/
W plus y at 95% confidence:

e Br(J/Wy)<1.5x1073 (expected 1.2*06_ . x 1073)
* 540 = SM Expectation

8

%24?IIIII IIllIIIIIIIIIIIIIIIIIIIIIIIIII'IE
O 22;— ATLAS —
= 20F s=8TeV [Ldt=19.2fb" 3
*UE) 18:— e Data _:
o — S+B Fit
L 16:_ [ Background

14 [CJH[B=107)

12;_ [Jz[B=107]

10F

onN A O

40 60 80 100120140160180200220
m,.y [GeV]
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Looking into the future
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Future LHC Running

2009 ¢ LHC startup, Vs =900 GeV
2010
2011 \ 5=7~8 TeV, L=6x10% ¢cms°!, bunch spacing 50 ns Run- 1
2012 ~20-25 fb!
2013 1 59 Go to design energy, nominal luminosity (Phase-0) LS1=Now
2014
2015
2016 Vs=13~14 TeV, L~1x103 cm2s'!, bunch spacing 25 ns Run-2
2017 ~75-100fb™!
2018 LS2 \ Injector and LHC Phase-1 upgrade to full design luminosity LS2
2019
Vs=14 TeV, L~2x10% ¢cm2s!, bunch spacing 25 ns

2020
2021 - ~350 fb!
2022 LS3 HL-LHC Phase-2 upgrade, IR, crab cavities? LS3
2023

1] ”
20807 . \ s=14 TeV, L=5x10% cm2s°!, luminosity leveling <p> = 140 HL-LHC 3000 fb
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— E.g. ttH increases faster than background (factor 4)

Not only more luminosity

* Higher centre of mass energy gives access to higher masses
* Hugely improves potential for discovery of heavy particles
* Increases cross sections limited by phase space

 But may make life harder for light states
— E.g. only factor 2 increase for WH/ZH, H—=bb and more pileup
— Could be compensated by use of boosted jet techniques (jet substructure)

Minimum bias

44

WH

t (s-channel)

H (ggF)

H (VBF)

t (t-channel)

tt

ttH

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)
Z'SSM (3 TeV)

Q* (4 Tev)

QBH (6 TeV)

5/22/14

Cross section ratios: 14 (13) TeV/ 8 TeV

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

J1.2 WJS2013
- 2.1 100 ———— ———————r ——
N 2. 1 L ratios of LHC parton luminosities: 13 TeV /8 Te 4
—l2.2 ]
s 2.6 And: pp — H(500) + X: 14 TeV/8 TeV ~ 7 /
S 2.6 - /
gmnd 2.8 o I 99 _ /
S 3.9 = ---- Iqq /
— 4.7 ; e qd Strong interaction ,'//
- J11  (for13TeV/8TeV:8.4) },:; 10 dominated processes ,/}/ 7
J16 (for13TeV/8TeV:12) 8 L
J 72 (for13TeV/8TeV:46) E
J 5700 (13/8:2700) 2
mmee———) 13
J 87
’ 12000 Electroweak processes
MSTW2008NLO
10 100 1000 10000 100000 | SN NP . A
100 1000 4TeV
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Run IlI/High-Lumi LHC Programme

Precision AND searches!
* Precision:

— Continue to look for deviations wrt Standard Model
e Differential cross sections:

— New physics in loops could modify event kinematics
* Complete measurement of properties:

— E.g. CP quantum numbers:

— Sensitivity in H—=ZZ and VBF

— Search for CP violation in Higgs sector
* Search for rare decay modes:

— H=—HH to access self coupling (long term!)
e Search for additional Higgs bosons:

— E.g. 2-Higgs Doublet Model is a natural extension and predicted in SUSY

Luminosity H— Zv | H— uu | H— Invisible

300fb—1! 230 230 Br < 23%
3000fb~! HL-LHC | 39¢ 70 o Br < 8%

» ATL-PHYS-PUB-2014-006 » ATL-PHYS-PUB-2013-014 » ATL-PHYS-PUB-2013-014



e ATLAS H-vyy and ZZ so far —

Higgs differential cross sections
* Get access to the loop structure

where there may be new

physics

more to come in run 2 ’

[pb/GeV]

H
T

do /dp
3

-

<
n
T

i

W HRes + XH
==== XH = VBF + VH + ttH + bbH

-¢- data, tot. unc.
\s=8TeV, 20.3fb"

* ATLAS pp—H
| ‘
g

syst. unc.

\S]

Ratio to HRes

(@)

0

20 40 60 80 100 120 140 160 180 200
Py [GeV]
5/22/14

Ratio to NNLOPS

1T T
t ATLAS pp—H M NNLOPS+PY8 + XH
antik, R=04,p">30Gev XH = VBF + VH + ttH + bbH
» ' T \s=8TeV, 203"

-¢- data, tot. unc. syst. unc.
10F ﬁ —|—+—L AHoyy g Hozzoat |
1,: ----------------------------------------- [

! ! L1 ! !
4 l
— I
i}
2 | 1 | .
o— _ _ ]
=0 =1 =2 >3
N
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data / prediction

doy,/dAG Tfbirad]

-
N

—_
N

—_
o

[ -4 data

I (Kagr

A ATLASI
- H-yy, s=8TeV
F [Ldi=2031"
T N 22, pr >30GeV

syst. unc.

=1.10)

L

==« XH = VBF + VH + ttH

L gg—>H (MINLO HJJ+PY8) + XH

...........

25 3
|A¢jj| [rad]
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FERMIONS BOSONS
First Second Third r _—‘
Generation Generation Generation
[ 10°
Another example: ttH
[} ° z °

.
v
Indirect constraints on top-Higgs Yukawa coupling 10 oo
from loops in ggH and ttH vertices . it Sl
— Assumes no new particles contribute to loops . @ sange quark
Top-Higgs Yukawa coupling can be measured directly T:D 8.1,,@“
— Allows probing for New Physics contributions in the g““ 9

ggH and yyH vertices 10
S 7 7 L MASSLESS

10710 BOSONS

Muon-

Top Yukawa coupling Y, = V2M,/vev = 0.996+0.005 s |- Elctron- |G| potons Procn

. . . neutrino o Gluon
— Does this mean top plays a special role in EWSB? .
. -1
CMS Preliminary (s=7TeV,L=5.015";s=8TeV,L=19.5fb" ATL/'I‘S IPlreIIIn?mIarly“ _ I\SI_8 Tle\/l, [L dt_2?3 ftl) .
- : === Expected= 10 i
: --- Expected = 20 Dilepton |— P |
- N --- Expected (sig. inj.) P i
bb [~ : ' —-& Observed
Hadronic tt [— +
41 = Lepton+jets |— i _
------ Expected* 1o
s : : : T e Expected + 26
Same-Sign 2| — . + Combination —— Observed |
: : - | 0 Expected (p=1)
Combination — : E + I N R R
| A Al L MR | L ! L Lo 0 2 4 6 8 1 0 12

10
95% CL limit on o/og,, at m,, = 125.7 GeV 95% CL limit on o/c,, at m =125 GeV



Sensitivity to New Physics

Degrande et al. arXiv:1205.1065

Ellis et al. arXiv:1312.5736 /5
2

|
5/22/14 -1 0 1

* Effective top-Higgs Yukawa coupling
may deviate from SM due to new
higher-dimension operators

— Change event kinematics — go
differential!

* ttH sensitive new physics: little Higgs,
composite Higgs, Extra Dimensions,...

* In the presence of CP violation, Higgs-
top coupling have scalar (x,)and
pseudoscalar ("k,Jcomponents

— Strong dependence on ttH cross
section

— Note: Indirect constraints from
electron electric dipole moment not
taken into account (give | k.| < 0.01)
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Summary

* Recapitulation:
— Electroweak symmetry breaking
— Higgs boson in Electroweak Lagrangian
— Higgs boson production and decay at the LHC
— The landscape at the end of LHC run |

 The Higgs sector beyond the Standard Model
— Constraints from current data
— Examples of rare and exotic channels

e Future Higgs measurements at LHC and beyond
— Fundamental questions at the end of run |
— Future LHC running — luminosity, energy, and physics reach
— Higgs physics in future LHC analyses — Precision and Searches
— An example: associated production with top-quark pair — SM and BSM



Backup Slides

- aUl A PEER

By

|3.8 BILLION YEARS AGO, '
A FEW SECONDS BEFORE THE  Ea T I = g
CREATION OF OURUNIVERSE,,, Lets fire upthis

Large Hadron Particle
Collider and see )
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Direct BSM Higgs Searches (ATLAS)

e FCNCint—->cH, H>vyy - upper limit on BR: Obs.(Exp.): 0.83%(0.53%) x SM for 125 GeV at
95% CL [ATLAS-CONF-2013-081]

* H->ZZ->llvv: Excl. 320 - 560 GeV [ATLAS-CONF-2012-016]
* H->ZZ->llqq: Excl. 300 - 310, 360 - 400 GeV. at 145 GeV 3.5 x SM [ATLAS-CONF-2012-017]
e H->WW->lvjj: at 400 GeV Obs.(Exp.) 2.3(1.6) x SM [ATLAS-CONF-2012-018]

e Higgs in SM with 4th fermion generation: model ruled out [ATLAS-CONF-2011-135]
 Fermiophobic H to diphoton Model ruled out [ATLAS-CONF-2012-013]

e  MSSM neutral H [JHEP: JHEP02(2013)095]

e NMSSM al to pp [ATLAS-CONF-2011-020]

e NMSSM H to a0a0 to 4y [ATLAS-CONF-2012-079]
e Hx-> cs[EPJC73 (2013) 2465]

e 2HDM WW(lvlv) [ATLAS-CONF-2013-027]

'It is an old maxim of mine that when you have excluded
the impossible, whatever remains, however improbable, must
be the truth.’

Sherlock Holmes
-The Beryl Coronet
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Future experimental programme

High-Luminosity LHC plus Linear Collider are “dream team” for Higgs properties!
 LHC (Vs=14TeV and L=3000fb™!) systematics limited

. only at Linear Collider (Vs=250GeV, L=250fb!: =10% accuracy)

« 2" generation couplings (A, A,) challenging at LHC but possible at LC

* A, opens up for LC500 (Vs=500GeV, L=500fb™*): =3-7% from HL-LHC + LC500
e Precision of HL-LHC + LC limited by LC statistical uncertainty, not systematics!

 NOTE: Not yet clear what machine will follow the LHC... but Higgs physics is a big part of
it’s physics motivation!

Shuer | __68% CL: 300010, 14 TeV LHC and 250 o', 250 GeV LC | Shurer|  68% CL: 3000 ", 14 TeV LHC and 500 fb™!, 500 GeV LC

4= 3000 fb 14 TeV LHC %= 3000 fb , 14 TeV LHC Za)

0.2 [am 2500, 250 GeV LC S0=0x  (1+8) {02} 500 fo!, 500 GeV LC O =0y (1+4) | c

@ HL-LHC + LC250 @ HL-LHC + LC500 ™

0.15 F.ae HL-LHC + LC250 (A # A,) 1 0.15 .4 HL-LHC + LC500 (A, # A,) 1=

0.1 0.1 Q

0.05 | 1 005} |

— R =

0 ¢ —i-4 S 0 <

-0.05 | {1 -0.05} 15

o

0.1t 1 01} 1P

w

-0.15 | 1 -0.15} 1@
%9 % % ¢ % % ¢ ¢ 9 v % % ¢ 2 3 1 ¢ 3
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Event topology

For low My, H = bb is the dominant decay

Decays of a 125 GeV Standard-Model Higgs boson

Consider Top and W decays:

tau/anti-tau
6%

| +j e tS charm/anti-charm
3%
- Exactly 1 lepton with pT > 25 GeV & |n| < 2.5; 2z
anti-bottom 3%
- At least 4 jets pT>25GeV & |n|<2.5, s 2 photons,

Z+photon
0.2% each

with at least 2 b-tagged ones;
- Veto of dilepton events;

Dilepton
- Exactly 2 leptons (e or ) of opposite charge:
leading |=: pT>25GeV & |Nn|<2.5 9 v
subleading |=: pT>15Gev 77 TTw—_ ’
- At least 2 jets, with at least 2 b-tagged ones; 2 < b
-Forep: Hr>130 GeV

- For ee & pp: Mii>15 GeV & M- 91 GeV|<= 8 GeV
(M > 60 GeV for events with exactly 2 b-jets)

g

B-tagged Jets with 70% efficiency 1% of light-jets mistag rate
Data at /s=8TeV recorded in 2012: Lint = 20.3 b

5/22/14 LHC Physics Course - LIP
S. Amor dos Santos, IDﬁASC Workshop on Foundations of HEP, 2015



Higgs Property Measurements at LHC

Higgs boson mass (Mu) & decay width (I'n)

“— M~u measured at 2-3 per mille precision. No sign of BSM in I'u, BRinv.
Higgs couplings to gauge bosons (gv) and fermions (gr)

“— Consistent with the SM prediction, gyvocmy? | gremy. Next, study in do/dX.
Higgs boson quantum numbers J'¢ and tensor structure

— Evidence for scalar nature of 0". No evidence for CP-mixture.

Higgs potential - Higgs self-coupling A

— Remains as an important territory to conquer in HL-LHC.

Beyond the Standard Model Higgs (MSSM, 2HDM, etc.)

— No evidence, but keep looking for BSM Higgs(es) and exotic Higgs decays.

We have observed the fist elementary particle of scalar - Higgs boson.
@ Brout-Englert-Higgs mechanism: what an incredible purely theoretical idea !!!
@ Experimentalists will make every endeavor for BSM physics discovery !l

LHC - hadron collider now enters in precision measurement era !

5/22/14 LHC Physics Course - LIP 70



The Terascale

Yukawa Couplings

\ /Higgs Field
L = Lo+ L + Lyuk+ Ly

Lo = (0,0M)(0"d) —V(P) . i

Lyvue = cp(YrLYro + YrYLO)
\ Higgs Fermion
Interaction
Gauge Boson masses: 10 — i(9, —ied,) | = o =6 — o
Fermion masses: ¢ /
Vacuum
expectation value
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The SM Lagrangian

Free Fields

\ Interaction

L = Lo+ L
Gauge Bosons

/

1 Lo
Lo = _ZEJJ/FIUJ +2¢7“5u¢\

Fermions
/I Jym/ M
£ = ey Ay

. / s\ s 9= 9

F -B = — — —
c%rﬂgﬁﬁg 0oson eA, 5 MG+ 57 W, + 5 YB,

E,F" = G,G" + W, W' + B, B"
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Lew

Electroweak Lagrangian before
spontaneous symmetry breaking

- Lg-{- Ef-f-ﬁh_ +£y

Massive Higgs boson:
transverse oscillation

mode

New
5/22/14

L,= _1“ WL — IBWB“" Electroweak gauge bosons: BO WO W+
L;=0QiPQ; + 7 szu + d; zﬁ)d + Lii]D L; + €;i]De; Fermion kinetic terms

Lh=|D,h|? - |h| 2\ ? Higgs term (note: vacuum expectation
St 2 value zero before symmetry breaking)

L:y = _yu.ijfab h; —mu§ — Yaij h Qi — Yeij h L g + h.c. Yukawa interaction
term between Higgs
field and fermions

Spontaneous symmetry breaking: ~y cosfy  sin By BY
bosons y and Z° from W? and B© 701 =\ _gin O cosby /] \ WO
LIP 73
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Lew=Lxk+Ln+Lc+ ﬁH + Luv + Lwwv + Lwwyvyv + Ly After sym. breaking
— | -
- = 'A — _— p HY 7+ Y37 — v 2 T T+ —
Lic =Y T —m))f - 7 AwA™ = Wi 4{mu, Whw

notice boson

1 1 1
—EZ,J,,Z“" +{§m§Z Z"} =(0"H)(0,H) — —mHH“ masses (Z,W,H)!
Ly =eJA* + J3 — sin® By J.)ZF Neutral and charged
' . COQB

1 “5 { current terms:

Lo = _9 [ﬁi’?‘“ f j\,,{l.f?ﬁ""fdj + TH XN :I n’+ + h.c.fermions and gauge
\/i 2 2 boson interactions
gmH g° mH A N

Ly= H® - H* Higgs boson 3- and 4-point self-interaction - - y \x/
A 32mn “LN

g° 1 . \ .
AL K Vi AL H2 WHw—* A Higgs boson interaction
R (g IR 4 ) ( g T 2cos? By " with gauge bosons

Gauge boson self interaction:
ﬁl.‘.f;.‘.fy-' = —1 q [(U r W —H W +“H i ,) (‘_.111 sin Hnr A V COS 9;\)4—“’; H::- (:1}") sin Bur YA H COS Bu)]

pv
Lwwvy =~ { 2WIW + (A, sin by — Z, cos b))

— [I’I-*"ﬂ»’l-*’,f + WF W, + (Aysin by — Z, cos b ) (A, sin by — Z, cos 9;}‘;)]2}

7
Ly = — wafH Yukawa interactions between Higgs and fermions:
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Supersymmetry

Double the whole table with a new type of matter?

5/22/14

quarks

leptons

oW oy
WO asEr
[ | ARG
e

Heavy versions of every quark and lepton
Supersymmetry is broken

LHC Physics Course - LIP
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Could DM be SUSY particles?

For every “normal” force quanta (boson), there are
supersymmetric partners:

photon photino
W, Z bosons  Wino, Zino
gluon gluino

Higgs boson  higgsino

These “...inos” are prime suspects to be the galactic dark
matter!

Relics from the Big Bang!
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Extra dimensions

Space-time could have more than three space dimensions. The extra
dimensions could be very small and undetected until now.

How can there be extra, smaller dimensions?

The acrobat can move forward and backward along the rope: one dimension

The flea can move forward and backward as well as side to side: two
dimensions

But one of these dimensions is a small closed loop.

5/22/14 78




Naturalness

At a Crossroad

1

m; = (m})o- NAZ+ —NA2+ ..

m; =(mf)o — = NN+ en’ 16m”
n = (mﬁ)0+ 16”2(m%— mf2)|n(/\ /mf") '

Savas Dimopoulos, CERN Colloquium, Sep 20, 2012
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History of the Universe Te|e5COpeS
Accelerators x

pece
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\L a\(o
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Key: W, Z bosons N\/\, photon
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Radius of observable Universe (meter)

e very elG@SMQlOgICAl inflation ... o

a high energy state to a low energy state.

The resulting energy shift drives a dramatic exponential expansion.

Explains why the Universe has a uniform Temperature (3 K)

Time (year)
10-20 10-40 10-30 10-20 10-10 1

o
S
o

1010

I | ! | I !

S
N
(e
|

Radius of observable Universe

—

/ Inflationary period

< < < <
@© D N no
S S IS (=)

10-45 1035 1020 1015 10-° 10°
5/22/14 ) LHC Physics Course - LIP
Time (second)

1015

The inflation theory
was developed
independently in the
late 1970’s by Alan
Guth, Alexey
Starobinsky, and others
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Higgs like field and inflation

Before the inflation (1034 s), the
Higgs-like field is trapped is a T

state of false vacuum. Falsevacuum |  Energy barrier
l

The Universe undergoes a

super-cooling transition: the o Energy
Higgs field 2 density
temperature decreases below
. . Real os field 1
Higes
the phase transition point but Vacuum 2

the Higgs field stays in the false
vacuum state.

While the energy density of the Higgs field is positive, the Universe expands at
accelerated rate (inflation) and the energy stored in the Higgs field increases.

Inflation stops when the Higgs field decays to the real vacuum.

The energy released by the Higgs field is converted into matter particles.
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So, where do we stand?

We have found the missing piece
of the Standard Model puzzle

The current data show us a SM-like
Higgs boson
— Each channel not so well measured

— But combination fits well with
expectations

Is this the end of the story?

Residuals (cpd/kg/keV)

' DAMA 0804.2741

—U.Jz
-0.04
-0.06

0.08

_(J\

LUX 1310.8214

25% Dark Matter

W/‘
‘ 70% DarkEnerg) !

WIMP-nucleon cross section (cm2)

10? )
e (GeVic?)

2-4 keV
— [)"\\l}\/Nél(tb"")t'(mxjr)—rl‘ """"""

(target mass = 87 3 kg..i llargtt mass ’3’ 8 k;,l

?&/\A/\ﬂﬂﬁ%ﬁ
Vo Y Y

E G i L il ! i | i R L
00 1000 1500 2000 2500 3000 3500 4000 4500
Time (day)

Discovery =» Precision! (& a few more channels)



Rk (k) A et s A

Many questions...

Higgs mechanism says how to give mass to
fundamental particles

It doesn’t say why fermion masses and Yukawa
couplings are so different:

— 10°19GeV (v) — 10%GeV (t)
Top mass at the EW scale. Does it play a special
role in breaking it?
(And by the way... why 3 families of leptons and
quarks?)
What is the underlying theory?

eh! £h! £h!
‘ Been there,
e done that!

- A
‘ATSTEPTST CAr | ) N
=) e E A
g (Ga | Ge [AS| S| " Kr 2 1% Kk
=l =l = A
Y| In | So | Sb [Te [ X< i
= - : 'i"
La TE[Pb | Bi | Po R [ e
La | 'Ce| Pr | Sm | Eu "Er | (Yb | Lu
== === == |=|= ===
-
-

“——emall\ sics Course - LIP

Mass (giga-electron-volts)

FERMIONS BOSONS
First Second Third
, | Generation Generation Generation

10
Top quark Higgs
@ -9
102 -
) 4
w
10! Bottom quark

Charm quark

10° ‘lb 4

Tau
’}Strange quark
0™
Muon
Down quark
107
Up quark
107
)
Electron
10
S S L MASSLESS
10710 BOSONS
Muon- )
neutrino Tau- | Photon
107!t Electron- ) neutrino
neutrino O Gluon
) )
10—.2

mass | 24 Mevic* 127 Gevic?

charge {24 L%
spin {33 ¥ C

name | 4P charm
43Mevic? 104 Mevic

9 -46‘:1 ¥

; ¥ ¥
& down srange

<22evik’ <017 Mevic’ll |<

»Ve : Vp

muon

¥
0511 Mevic * ll 105.7 Mevic?
il -l 5
»€ =
elecyon muon

Leptons




Luminosity
and cross-section measurements

o !<é‘!‘:‘['-"~"/~’m_—
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Cross section & Luminosity

0O =
[ Ldt-e
Luminosity Efficiency
determined by accelerator, many factors, optimized
triggers, ... by experimentalist
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Cross section & Luminosity

Luminosity
[Machine parameter]

: /
N =1- 0

[Measured] Cross Section
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Cross section & Luminosity

d
A —
T
V_a’ \'\\. E /A/,/
s
: I
il
‘5\\, //
il
-
AN B ‘?\\\
D, =NV, N, =n,Ad
N,
@a] — 7 — na va
G, flux

Na : density of particle beam
va : Vvelocity of beam particles

N =®, - Ny-op
N : reaction rate
Np: target particles within beam area

0. effective area of single
scattering center

L=3®, N

L : luminosity

5/22/14

N=L.o

N =0c-| Ldt

——

integrated luminosity

o=N/L

Collider experiment:

B _&_Na-n-v/U_Na-n-f
“ A A B A

7 :anaNb _anaNb

A drozoy
. ’ Na: number of particles per bunch (beam A)
LHC: Npb: number of particles per bunch (beam B)
N ~ 1011 U : circumference of ring
AX ~ 0005 mm? n : number of bunches per beam
N~ 2800 v : velocity of beam particles
foo~ 11kHz [ revolution frequency
A : beam cross-section
L~ 10%cm2s Ox: standard deviation of beam profile in x
Oy : standard deviation of beam profile in'y
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Luminosity determination @ LHC

Absolute Methods: ooy 10%

Determination from LHC parameters; van-der-Meer separation scans ...
Rate measurement for standard candle processes ...

LHC Examples: _ Accuracy: 5-10%
- [PDF knowledge, ...]

Rate of pp > Z/W LL/lv [needs: electroweak cross sections]

Ratg of pp > YY > UM, €€ [needs: QED & photon flux] - Accuracy: 1% ?
Optical theorem: Otot ~ Im f(0) [needs: forward elastic and total inel. x-sec] ~ [TDR; needs forw. tagging]
Elastic scattering in Coulomb region ... )

L " Accuracy: 5-10%
Combination of the above ... [needs Gtot?/needs forw. instrumentation]

‘Acouracy: 2-3% TOTEM

Relative Methods:

Particle counting; LUCID @ ATLAS; HF, Pixels @ CMS
[needs to be calibrated for absolute luminosity]

Aim: Luminosity accuracy of 2-3% ...
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Van-der-Meer separation scan

Determine beam size ...

measuring size and shape of the

interaction region by recording relative interaction
rates as a function of transverse beam separation ...

[LHC Project Report 1019: H. Burkhardt et al.]
3

— (S}
- n » in
T

relative le luminosity in arbitrary units

©
in

X2

oy

LumO
<0y>

7515 / 6
1914+ 0.6501E-01
-1.121+ 0.7290
16.83+ 0.5181

/ndf

5/22/14

N+ C N2
, Effective area Aer
Interaction region
y
N
[IPAC 2010, S. White et al.]
@ 200 F P2 —— *
©
e P8 ——
IP1 —
150 F IP5 ——— MW\'\/MWMAWW/VVWM
A
»M«wmdqa
100
50 |
0 L | | |
01:34 01:49 02:04 02:19 02:34
Time
First optimization scans at LHC performed for
squeezed optics in all IPs [November 2009].
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Luminosity and elastic scattering

Elastic Scattering:

t=(p; — pi) ~ p°0°

Elastic Scattering at low t is sensitive to
exactly known Coulomb amplitude ...

do/dt

Coulomb
| scattering (~[t|?)

Coulomb-nuclear interference

[fitting this region yields L,0twt, p and b]

Nuclear scattering g%ﬂgr(?ﬁ%?
(~exp(-blt])
Oc = ON
[t = 6.5 x 107 GeV?
—+ | : ; : >
00t et 0 i eev

Shape of elastic scattering distribution can also be used to
determine total cross section, Otwt, and the parameters p and b ...

Perform fit to:

2 2 2\ ,—b|t .
d_N — L Ama _ @POtot€ Utot(l TP )6 i with:
dt ] ] 167 p
— L L I
Coulomb Coulomb/nuclear Nuclear b
Scattering Interference Scattering Oot

5/22/14
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ratio of the real to imaginary part
of the elastic forward amplitude

nuclear slope

. total pp >X cross section
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Jet physics




Jet production @ LHC

Proton o Z/dmld@ fi(z1,Q?) fj($7Q2) 5(Q%)
]
D1 ==
Tip1 <R Jet 1
fiz)) 3
PDF
° fk(fk) D FSR
LkP2
p2 g Jet 2
Proton Available up to NLO

First NNLO calculations becoming available ...
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Higher orders

At least next-to-leading order (NLO) required
to compare to precision measurements
[First NNLO calculations becoming available ...]

Various divergencies; artifacts of perturbation theory;
the full theory gives finite results ...
[But we don’t know how to solve it]

Ultraviolet (UV) divergences, i.e. at very large momenta

Solution: renormalization; choice of correct scale ...
[“Status of peaceful coexistence with divergences”, S.D. Drell]

Infrared (IR) divergences, i.e. at very small momenta
Solution: cancellations, factorization, IR-safe observables

5/22/14 LHC Physics Course - LIP 94



Scale uncertai nty Factori%ation Scale pr 3

-

v
Proton 0= Z/dxld@ fi(z1, puF) fj(x,u%—») & (uR)
]

pP1 == . Jet 1

ijl ISR <
O° S
<0 ,\\' Q000000
filz;) ' ‘
PDFs 9l0j0j0j0]0l0
Jr(zk 2\ X FSR
( ) s (1) ("0’0000000
o,
e TgP2 ‘ e
P2 = . ©
([ ]
Proton Renormalization Scale pr 3
PERER——

The default renormalization and factorization scales (u; and p, respectively) are defined
to be equal to the p;of the leading jet in the event

Scale yncertainty estimation: vary “RulrltFp‘A’yigch&Jf%l@/@p 2u: ] and [pe/2, 2] o



Jet properties measurement

........
S~

“Measurement”

)

S
5]
=
3
g
z

u nc‘lcrlgingj

event

Calorimeter Jet

[extracted from calorimeter clusters]

Understanding of detector response
Knowledge about dead material “ “Theory”
Correct signal calibration
Potentially include tracks

From measured energy
to particle energy

Hadron Jet

[might include electrons, muons ...] Compensate energy loss

due to neutrinos, nuclear

Hadronization excitation ...
Fragmentation
Parton shower

Particle decays From particle energy to

original parton energy

Compensate hadronization;
energy in/outside jet cone

Parton Jet

[quarks and gluons]

Proton-proton interactions
Initial and final state radiation
Underlying event

Needs
Calibration
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Jet properties measurement

\/ \i/ W p
jet 1 jet 2 jet 1 jet 2 jet 1 jet 2 jet 1 jet 2

VO Y

Jets may look different at different levels
Robust jet definition > stable on all jet levels
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Jet reconstruction

lterative cone algorithms:

Jet defined as energy flow within a

cone of radius R in (y,) or (n,d) space:

R=+/(y—y0)®+ (¢ — o)

Sequential recombination
algorithms:

Define distance measure di ...
Calculate djfor all pairs of objects ...

Combine particles with
minimum dj below cut ...

Stop if minimum djjabove cut ...

e.g. kr-algorithm:
[see later]
ARjj
_ : 2 2
5/22/140i; = min (kT,h kT,j) R

A, Jet Cones in (y,d) Space

Jet 2

Jet 1

<y

Sequential
recombination

Step 3:

12
/ 56
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Jet algorithms performance

Purlty Nﬁ;::hed / Nftece

ATLAS

:5. 1= o Afmin o f
. . . : e | AA R T OO 3
Anti-kt clustering algorithm: 0% o, Ao E
0.96f o
0.9, =& o . = _;
in distance formula 092" Antikt Topo |n]<0.4 S 3
replace P2 by PP 05 o Cone Topo [n|<0.4 & E
- ) 0881 » Kt Topo |n|<0.4 o 3
p=1: standard Kt ZZi_ » SISCone T°p° |r1|<0 E
p=-1: anti-Kt w £Reco [Gon]

1~ — NjTruth Truth

EfflClency =N Matcho 4N
g 1-amas | o '_ o 0.0 0 00
AR2 :g_’ L e :hj:(;@*@

o
8
|
[
D
")
=
)
el
3)
=
o
N

Djj = mm(PT,, P )

2 o o ]

R F . %

OO qraro- ¢ AntiKt Topo|n|<0.4 S

Lesk o o Cone Topo |n|<0.4 ,_% -

. s+ Kt Topo |n|<0.4 o ]

0.8 ~ SISCone Topo |n|<0.4

Lo . ;
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Jet energy calibration

jet
Absolute
calibration
jet
.".’ W
jet
Z (ory)
e,M
e,M
5/22/14

22010 CEST

LHC Physics Course - LIP

jet

Relative
calibration

Photon
pr =76.1 GeV/c jet
n=0.0

@ =1.9rad

Anti-kr 0.5 PFJet
pr =72.0 GeV/c
n=0.0

@=-12rad

100



Jet energy calibration

Simple Photon+jet balance MET projection fraction method
Bias due to soft veto on second jet Sums over non-photon Er for balance

T T T T T T T T l T T T T T T T T |
§ 1.2~ cMS Preliminary 2010 ] § 1.2— cms Preliminary 2010 ]
& [ \s=7TeV.L=67np" i 8 [ Vs=7Tev.L=67nb" i
e L ] e L ° _
- * * * * e | S " d g tj g _
N o o <+ CF i . e e ’ -
Mo e e 4 . 08 E
- e l i ~  Less sensitive ’
0.6~ ] 06— to QCD radiation —
04— hi*1 < 1.3 ] 0.4~ 't < 1.3 ]
B @ Data (y+Jeb) i B e Data (MPP) i
0.2— © Simulation (y+Jet) | — 0.2— O Slmulatlon (MPF) | —]
B Antl-k, 0.5 PFJets * True Response ] B Anti-k, 0.5 PFJets * True Response i

0 1 1 1 1 1 1 1 1 I 0 1 1 1 1 1 1 1 1 I

2 T T T T T T T | g T T T T T T T T T
=12 FIT: 0.926= 0.017 - =121 FIT: 0.992+ 0.010

1 ® & + 1! 1 . id L ®
00 @ +¢ = (Y] E— B S
0.8l | | - 0.8 | -
20 30 40 50 6070 100 20 30 40 50 6070 100

Photon P, [GeV/c] Photon P, [GeV/c]
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Jet energy resolution

jet

Dijet Balance

using jet
. o)
Resolution: (pr) = 204 pT asymmetry: T T3
pT pT + Py
\s=7 TeV L=73 nb’ CMS preliminary \s=7 TeV L=73 nb’ CMS preliminary
g, LN LR i ’ ! T = . g : : EE. A
i CaloJets (Anti-k_ R=0.5) . - PFJets (Anti-k R=0.5) :
03 O<hi<isa ' ] 03 O<hml<1.4 =
u B - i S i
w Lw - .
C - GE ] IQI—
-Q;_ T —e— Asymmetry (MC) - = - —e— Asymmetry (MC) "
e- 0.2\ ¢ —e— Asymmetry (data) — e- 0.2 =— Asymmetry (data)
b TR :
g s [T | ]
£ 0.1 & 01 i —
=] =] B M.L\D* i
g ]‘ ﬂsxmﬂo___&__oﬁ_h“ g
Particle flow jets |
. | |
Z 20F : : g 20F LI 3
gl 10 E+ i + . E sl 10F 4 | 3
= L CIRE . .. S 1 T, E 9\, 3 I _____________________ Qe e S e S E
5F -10F L] 3
=2 20 E__ L L L L . . P = -20 = 3 P I =
50 100 200 300 400 G 1000 50 100 200 300 400 1000
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Resolution unfolding

Measured spectrum =

1.2

0.8

Unfolding factor

0.6

0.4

0.2

Real spectrum ® Experim. resolution
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W and Z boson decays

® e

: uv : up

™ TT

@® hadrons @® hadrons
® v

Leptonic decays (e/M): very clean, but small(ish) branching fractions
Hadronic decays: two-jet final states; large QCD dijet background

Tau decays: somewhere in between...
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Monte Carlo Generators
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Monte Carlo overview

ME Generator Process Selection .| Phase Space
v /’ Resonance Decays Generation
ME Expression |
A
Parton Showers \
SUSY/.... Multiple Interactions |« PDF Library
spectrum
~ calculation Beam Remnants
| \4 D
.. ecays
Use A Hadronization 4 J
specialized y
programs / _ Ordinary Decays
I “~—~ B Decays
\ 4\ v
~ < | Detector Simulation
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Monte Carlo interfacing

Many specialized processes already available in Pythia ...
but, processes usually only implemented in lowest non-trivial order ...

Need external programs that ...

include higher order loop corrections or, alternatively,
do kinematic dependent rescaling

allow matching of higher order ME generators
[otherwise need to trust parton shower description ...]

provide correct spin correlations often absent in Pythia ...
[e.g. top produced unpolarized, while t > bW > blv decay correct]

simulate newly available physics scenarios ...
[appear at rapid pace; need for many specialized generators]

L es Houches Accord ...

Specifies how parton-level information about the hard process and sequential
decays can be encoded and passed on to a general-purpose generator.
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Les Houches generator files

Specialized Generators:
[some examples|

AcerMC : ttbb, ...
ALPGEN : W/Z + < 6,

Specialized Generator
[ Hard Process]

* nW+mZ+kH+ < 3j, ...
AMEGIC++ : generic LO
Les Houches Interface CompHEP : generic LO
GRACE . generic LO
4( [+Bases/Spring] [+ some NLO loops]
GR@PPA : bbbb
Herwig, Pythia MadCUP  : W/Z+ < 3], ttbb
HELAS & : generic LO
|[:I):%ets.onasnhce Decays] MadGraph
Arton SHOWers MCFM  : NLO W/Z+ < 2j,
Underlying Event WZ, WH, H+ < 1]
Hao!romzahon O’Mega & : generic LO
Ordinary Decays WHIZARD

VECBOS @ W/Z+ < 4]
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From Partons to Jets

Hadronization &
Decay

Incoming
Proton

[T. Gleisberg et al., JHEPO2 (2004) 056]
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Parton splitting

g dQ? Splitting probability
APo—spe = — ——=—P,_, d ; - ,
Pa—e or Q2 ° be(2)d2 determined by splitting functions Pg»qg
414+ 22 Same splitting functions

Fo—as = 37— as used for PDF evolution
_ . 2

Pg_>gg = (1 Z(l Z)) z : fractional momentum of radiated parton
Z(l — Z) ni : number of quark flavours

n
Pymaa = 5 (° + (1= 2)°)

lteration yields 000 Need soft/collinear cut-offs to
parton shower ... 60000 avoid non-perturbative regions ...
000 [divergenciesl]
TR i -
U g0 ° : Details model-dependent

e.g. Q>mp=min(my) =1 GeV,
R e Zmin(E,Q) <ZzZ< Zmax(E,Q) or
¥y ‘N, pJ_>pJ_minNO.SGev
O 0
5/22/14
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Hadronization models

Non-perturbative transition from partons to hadrons ...
[Modeling relies on phenomenological models available]

Models based on MC simulations
very successful:

Generation of complete final states ...
[Needed by experimentalists in detector simulation]

Caveat: tunable ad-hoc parameters

Most popular MC models:

Pythia : Lund string model
Herwig : Cluster model
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Lund String Model

Lund String Model
[Andersson et al., Phys. Rep. 97 (1983) 31]

QCD potential:

Vi) = Cdas(1/r7)

k
3 . + Kr

String formation between initial
quark-antiquark pair

String breaks up if potential energy
large enough new quark-antiquark pair

Gluons = 'kinks' in string

: ' After: Ellis et al.,
At low energy: hadron formation QCD and Colider Physics

Very widely used ...
[default in Pythia]
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Overview of MC generators

Structure of basic generator process [by order of consideration]

From the 'simple' to the ‘complex’ or
from 'calculable’ at large scales to 'modeled; at small

Matrix elements (ME) Parton Shower (PS)
1. Hard subprocess: 3. Final-state parton
IM|?, Breit Wigners, PDFs showers: 9> a9
] -0 70 g~>g9
o qQ-state g~>qq
q ~ hO
. a->qy
2. Resonance decays: 4. Initial-state parton
Includes particle correlations showers:

A M+ quark
H C
_|_
o 5 vz
hO
-
_ luon
W - 9
[from G.Herten]
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