ASSIGNMENT 3

Kinetic terms for gauge fields:
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After writing in terms of physical fields W*-, Z and A one
finds trilinear and quartic couplings: W* W-Z, W* W- A,
W+ W- W* W- W+ W-2ZZ, W* W- ZA, W+ W- AA.

Assignment: show that these are the allowed trilinear and
quartic couplings of the SM




Observation of weak neutral currents

Gargamelle experiment:




Mass of the Z Boson: |[my =91.1875+0.0021 GeV

Precise energy calibration was done outside normal data-

taking using the resonant depolarization technique. Run-time

energies were determined every 10 minutes by measuring the From the
relevant machine parameters and using a model which takes Particle
into account all the known effects, including leakage currents Data Group
produced by trains in the Geneva area and the tidal effects
Earth Rotation due to gravitational forces of the Sun and the Moon. The LEP
Axis
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dependent gravity variation Ag(f) is simpler to measure and to predict. Using estimates for
the elastic properties of the Earth [10], the largest resulting strain is estimated to ~ + 210" %,
which corresponds to a change of the 26.7 kmn LEP circumference of + 0.5 mm. To a good 3



ZIyv* lineshape
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Neutrinos from Lineshape
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HIGGS AND VACUUM STABILITY

Higgs
potential




HIGGS AND VACUUM STABILITY
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Before LHC: where to expect the Higgs?

«  Fits to Standard Model data favors a “light” Higgs Boson
e«  After 2010, at 95% CL, a 40 GeV window was left for the SM

Higgs
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Summer 2011: Limits on Higgs Mass

Results from 2010 and up to Summer 2011: a lot of progress!
 Inlow mass range: excluded 146-242 GeV (131 GeV expected)
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ATLAS 2011 Combination
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ATLAS 2011 Combination

* At 126 GeV local signif.: 3.5¢ (p,: 2.7x 10%)
* Accounting for Look Elsewhere Effect (LEE)::
*  Global py~0.6% (2.5 o) for 114-146 GeV (HCP
mass range)
* Global p;~1.4% (2.2 o) for full mass range 110-600
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Diphoton, ZZ, WW had similar sensitivity for my~125 GeV



July 2012: Combination of Channels

*  Probability that the background fluctuated to produce
the distributions that we observe

« ATLAS left, CMS right
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Higgs Production

Cross sections for process 8TeV  13TeV

mH=1 25 GeV: | ggF  gluon-gluon fusion 19 pb 44 pb
VBF  vector-boson fusion 1.6 pb 3.7 pb
VH associated production 1.1 pb 2.2 pb
ttH associated production 0.13pb 0.51 pb




INPUT PARAMETER: HIGGS BOSON MASS

. 1_ |||||||||||||| | e
*The SM does not predictthe & ©=—
Higgs boson mass: we need to 5, -
" - b3
measure It 5

- -1 |

s 10 _

m

*Given a mass, we can make
predictions for the production
cross section and decay rates 102

 Around a mass of 125 GeV:

+ggH xs changes by ~1.5% per GeV 10° 05120 140 160 180 200
*WW BR changes by ~7.5% per GeV M, [GeV]

«ZZ BR changes by ~9.5 per GeV Higgs mass measurements (GeV):
ATLAS: 12806 £0.57 (stag)).138 (sy:!
CMS: [T2502 =0.27 (stax)0.15 (sy:




ATLAS MASS MEASUREMENT

Published in PRD arXiv:1406.3827
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Old: 124.3 7% (stat) 03 (syst) GeV 126.8 0.2 (stat) =0.7 (syst) GeV
Expected mass shift -450 +/- 350 MeV

New: [124.51 £0.52 (stat) £0.06 (syst) GeV | [125.98 +0.42 (stat) +0.28 (syst) GeV

Systematics greatly reduced




CMS MASS MEASUREMENT
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CMS combined mass result:

12302 +0.27 (stag)0.15 (syst)




HIGGS MASS MEASUREMENT
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SM HIGGS BOSON PHYSICS

*A comprehensive program to test
the SM Higgs hypothesis:

*Precision mass measurements
*Measurement of couplings
*Production modes
*ggH, WH, ZH, VBF, ttH
Decay modes:
vy, WW, ZZ, tt, bb
*Off-shell measurements

-Rare Decay modes: | Higes Bosons — HO and 1=
.“’M’ Z»}/, J/“V fy H® Mass m = 125.9 + 0.4 GeV
*Quantum numbers: Spin and CP HO signal strengths in different channels ["]

. . . . Combined Final States = 1.07 = 0.26 (S =1.4)
*Fiducial and differential W W* Final State = 0.88 + 0.33 (S = 1.1)
measurements Z Z* Final State = 0.897 03

~v~ Final State = 1.65 + 0.33
Width bb Final State = 0.5+

77~ Final State = 0.1 +£ 0.7

*Direct, off-shell, interference



H decays to bosons
WW, ZZ, yy




Hup Yy

. Main production depends on coupling to top quark (in
SM), with smaller contribution from VBF (and VH)
which depends on coupling to W/Z bosons

. Decay depends on coupling to top and W boson (in | t
SM) ty >---H

. Large backgrounds: need good photon identification
—  ATLAS EM calorimeter designed with this signal in

mind
. Small branching ratio, need integrated luminosity
. : 9 W, Z
. A good discovery final state: L o
—  Excellent Higgs mass resolution . Z"_’
q :

— Looking for a resonance on top of smooth
background

—  Probes new physics in loops:

20




Hw= 77 = 1111

Production depends on coupling to top quark (in SM), with small
contributions from other production modes

Decay depends on coupling to Z boson
Small branching fraction to 4-lepton final state (need int. lumi.)

A good discovery final state:
Very low backgrounds
Very good Higgs mass resolution

Requires good lepton reconstruction efficiencies
Can cope with high pileup environment

Clear/robust signal of coupling of Higgs to ,

21



HoZZ) oy 4 LEPTONS

" " . 3 ATLAS Simulati
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A TLAS |_*N \Sj::e: }.:Iﬂt-s ﬂj,' - ;Sniin=a|125 GeV u=1.51) 035
O 1_ = e =20.31fb 0-3
m L
H—Zzz* -4 BDT vs mass ; '. B .-
- 0.5 = B
4] selection : 110.2
: _ oF 1 40.15
i BDT variables: : ;
_ i 1 0.1
High mass two jets ° PT(4|) 05 _ _ -0.05
BF _’.‘..|‘..‘|‘.‘.|H..\..H\.‘..’_O
v i * n(4l) {10 115 120 125 130 135 140
. m,, [GeV
} . e Matrix Element u [GeV]
Low mass two jets Discriminant 2 ATLAS Simulation §0-1
W iH. 7 iH § H— 77" - 4]
(—> ”) ’ (_) ”) l:H \sj7TeV Jj-Ldt=4.5 fb"r‘ l:’ Background 72* ~0.08
i - VH enriched QA ]
. 1 —0.06
Additional lepton 05} .
W(— Iv)H, Z(~> I)H o 1 -0.04
i _ 05 L 1 -0.02
ggF — ggF enriched _1:....|...‘|‘.‘.|‘...\..H|.‘..’_0
110 115 120 125 130 135 140

- m,, [GeV]



HoZZ) oy 4 LEPTONS

Estimated signal composition
In various categories

ATLAS Simulation H— 7Z* - 41
my = 125 GeV 110 < my; [GeV] < 140

.ggF+be wmVBF XWH mZH .ttH

Inclusive

VBF enriched

VH-hadronic enriched

VH-leptonic enriched

ggF enriched

0 10 20 30 40 50 60 70 80 90 100
Signal Composition (%) 23



HoZZ) oy 4 LEPTONS

3 ATLAS
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QATLAS

EXPERIMENT
http://atlas.ch

Run: 189280
Event: 143576946
2011-09-14 12:37:11 CEST




4e candidate

@ATLAS

EXPERIMENT
http://atlas.ch

Run: 203602
Event: 82614360

Date: 2012-05-18
Time: 20:28:11 CEST




DIFFERENTIAL CROSS SECTIONS

— vy summary of measured variables:
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HapWWmy VIV

o -
W /€ -.’// W+
H V (soft H
W W
t,b, ... f \Y
%
& \Y,
v

- Large Br to WW:

— many Signal events ° EXplOlt Spln O klnemathS

— But final state features low pt - Use transverse mass as main

lepton and neutrinos discriminating variable

 Can'’t fully reconstruct final
state because of neutrinos

— Missing Et reconstruction is
important (and challenging in
presence of pileup)

M]% _ (E]liﬁ n E;niSS)2 _(1—57{% n Ejrfliss)2

(E;) =(p;)’ +(m,,)’
28



HapWWmy VIV

Results:
- Observed (expected) significance: ATLAS Prelim. H—WW™
\s=8TeV, [Ldt=20.3fb
61 @) (58(5) \s=7TeV, [Ldt=4.5b"
- Observed (expected) significance for 3 ™[ (@) ny< 1, ep+ee/uy
e t Obststat
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H decays to fermions

bb, Tt




H o bb

Production depends (mainly) on coupling to W/Z bosons
Decay depends on coupling to b quark (down-type quark coupling)
«  Small production cross section (but branching ratio is the largest)

A challenging final state:
- Very large backgrounds (W/Z+jets)
— Higgs mass resolution 1s not that good (two jets compared to two photons)
- Requires good b-tagging efficiency and fake rejection

31



Hw TT

Production depends on coupling to top quark (in SM) and WBF+
VH production (coupling to Z/W bosons)

Decay depends on coupling to taus (coupling to leptons)
Cross section times branching ratio 1s relatively high

Challenging final state:
Large backgrounds
Sensitive to pileup, was an extra challenge in 2012

32




RARE DECAYS

%1010'I"'l"'l"'l"‘l'"I"'l"'l“'l"'l‘ + —_ A I . t t
-4~ Data #+ MC (stat)
8 '°.F ATLAS s 2 Mo u u nalysis strategy
< ls=7TeV [ g-p4gp’ O W ww -
2 10°E {s—gTev” - =24 B s o> (5 e - 2 analysis channels (ggF and VBF)
7 ot H [125 GeV] . .
g 10 - Analytic background model (similarly to yy)
10
10° = LATLAS  Howw ]
4 o . o [ — Observed CL \s=7 TeV 451"
10 Results at 95 /O CL_ E 40—_ af):pectedCL \s=8 TeV 20.3fb™
10° R = vt ]
O 3o 3
10° c.Br<7.0(7.2)(c.Br)gyz | B
10 > 200 = -
1 . . 10 g
o e o Universal couplings Ao
80 100 120 140 160 180 200 220 240 260 ~260 times SM 120 125 130 135 140 145 [1G5§V]
H
M, [GeV] Accepted by PLB
S ————— . . PLB 732 (2014)
(0] ]
§ ool ATLAS 1 Zy Analysis strategy
g 5005 —e— Data . - Detector and pT Categories
L - = . ..
SR | NUT O Ho>Zy (m =125 GeV, og,<50) - Analytic background model (similarly to yy)
400F- =
E E S 305' 'Jvu;tL;.svfb"‘,yfé;;T;v' T T L Observed ]
300~ ] £§ 25;* J Ldt=2031", 5=8TeV  mem :):geded ]
200F- 1 Results at 95% CL: : =}
- fl_dt = 451", Vs=7 TeV ] 5
F ! 1 o.Br<11 (9)(oc.Br E
1005 o [Ldt=20.3 10", (5=8 Tev - OX )sm £
_J-"|'l-|-ll 1 II i-l-L 1 d d L I J 1 L l L 1 J 1 L Jd il L : i;g
020 130 140 150 160 170 N S R
120 125 130 135 140 345 150
m,, [GeV] m, [GeV]




SPIN/CP HYPOTHESES TESTS

Tests of spin/CP properties
performed in ZZ, yy, WW
channels

ZZ: full kinematic information available for
spin/CP determination

0.3

Arbitrary units
o
N
n

WW spin information from kinematic variables

ATLAS
s=8TeV, 203"

T | T T T T I T T T T | T T T T
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J =2k =

IIIIIII[I|IIIIIII

§ i
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2.5 3
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vy: use cos(6*) in Collins-Soper frame
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SPIN AND PARITY TESTS

*Probe deviations from SM of

Also Tevatron results: arXiv:1502.00967

' H CMS X —>Z7Z + WW 19.7 fb™ (8 TeV) + 5.1 o' (7 TeV)
decay k|nemat|CS 5 120: -o-Observed -~ Expected ]
— 100} mo'ic WS
. = g0 O:i26 -JziZG |
‘Results favour the spin 0+ < .,/ °*%¢ =7 ;
hypothesis and almost all X 40 I L 1
spin 1 and 2 variants Jseey rrlﬁ ‘A A As A Lk
0F ﬁi | | ' ‘
excluded at > 95% o hh li e : I I if I i I I | I
40 | | ;
0" hypothesis also excluded -6 — T R 2
at> 95% CL by both — _L SRS RS SR SHES SRS SIS R SR SR S &‘_?\f &f SRS S
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experiments
Tested Hypothesis p?_\Ppl,pzl pe’,‘_‘_’“p’. =i P Pyt Obs. CLs (%)
0} 25-100% 47-10° 085 7.1-107 4.7-107°
0~ 1.8-1073 1.3-107*  0.88 <3.1-10° <2.6-1072
2+ 43-107° 29-10*% 061 43-107 1.1-1072
2*(kqg =0; pr<300) <3.1-10° <3.1-10° 052 <3.1-10° <65-107
2* (kg = 0; pr < 125) 34-100°  39.10% 071 43-107° 1.5-1072
2*(kq = 2kg; pr<300) <3.1-10° <3.1-10 028 <3.1-10° <43-107
2*(kg = 2kg; pr < 125) 7.8-10°  1.2-107% 0.80 7.3-107 3.7-1072




FROM SIGNAL YIELDS TO COUPLINGS

'We measure event y|e|dS nevt CMS (s=7TeV,L=511";Vs=8TeV,L=19.71b"
> f' I T T T I 1 T 1 ] Y Y Y | 1§ 1 T l T T T [‘
© 35 * Data -
Q)

. . ™ : .Z+X

‘We need to extract signal yields 3 30| iy
= 1,22
S : :

-Need to evaluate and subtract a 2F | |my=126Gev ]

backgrounds ng = ng; - Ny,

*\We can extract the signal
strength u corresponding to the
ratio of the observed yield to the
SM prediction:

80 100 120 140 160 180

my, (GeV)

i - D i i i -
XEPKG X Br')gy| XA, X € X Lumi

pe(gglk,VBF,VH itH) i€ (W9ZZ9WW,bb,TT)



FROM SIGNAL YIELDS TO COUPLINGS

*WWe measure event yleldS nevt E 800:— \s=8TeV, 20.3fb" ]
= \s=7TeV, 4.5fb™

@ 600 - (a) njsl, eu+ee/up _|

- - o - Obsz*stat

‘We need to extract signal yields g * Blgroyet

400 —o B Higgs ~

*Need to evaluate and subtract : T

backgrounds n, = n,,; — Ny, 200 SEASEE.

B Dy
*Assume only SM backgrounds 0 f S

(b) Background-subtracted E
¢ Obs-Bkg —
— Bkgxsyst ]
M Higgs

150 [~
*We can extract the signal :
strength u corresponding to the
ratio of the observed yield to the
SM prediction

Events/ 10 GeV

pe(ggl .VBF.VH ,itH) e (yy,ZZ WW ,bb,77)



FROM SIGNAL YIELDS TO COUPLINGS

*WWe measure the signal

: : ATLAS Simulation H—ZZ* — 4l
Strength USIng SeIeCtlonS my = 125 GeV 110 < m4 [GeV] < 140
aimed at “tagging” production ——— be WVBF \WH mzH .ttH
mOdeS Inclusive
» These tags or categories VBF enriched

are Contaminated by Other VH-hadronic enriched
production processes

VH-leptonic enriched

can take into accou 070 20 B0 40 50 60 70 80 90 100
contributions arnd correlations Signal Composition (%)

] p ] c,i c,i .
u XZP(G X Br'), X AL x €57 x Lumi

pe(gglF,VBF,VH ,tH) i€ (yy,ZZ,WW ,bb,T7T)



SM HIGGS PRODUCTON

Analyses target the main 5 production modes in various final
states

10—

gg Fusion tt Fusion fl —
\s=8 TeV

10

o(pp — H+X) [pb]

—k
I IIIIIII| I IIIIIII|

10"

1072

1 1 | : 1 1 1 1 1 1 1 —
80 100 ' 200 300 400 1000
M, [GeV]

cil __ Dyl p I C,l C,l .
n, —Ep[u Ui | X (07 X Bri)g, X AY' x 5" x Lumi

Note that we fit to the product of production and decay signal strengths



COUPLINGS FRAMEWORK

2 9 9
m m Ima, L
TQIH H? +k 7 nZ ZuZPH + kw 7: W +[-1,‘-~ "I

I/GG/JI/H + f\w "1/_“/"1 I/H + /'Iny "1/_“/Z I/H

L = K3

N (g
91910 12710 M

¥

27

vy 5 — (cos” Ow Zyw ZH + 2 W5 W) H
I7If myg —
—re X SLTem Y LT Y ST H
f=u,c,t f=d,s,b f=epr

-“r framework”: signal strength parameters (u,,; u'gg) are further
interpreted in terms of modifiers

to the SM couplings: Assumptions (see LHCXSWG YR3):

*Only one Higgs

. ‘T — 12 T'SM

Decay: I = k= I *SM production and decay kinematics
*Production: O; = Ki2 GiSM *Tensor structure is that of SM
‘Width: T, = % .2 T';SM O+ scalar

Narrow resonance



COUPLINGS FRAMEWORK

*Loops and interference:

Encoded in effective
couplings K, Kg

(o -BR) (zg — H — ) Ky * Ky

Example: gg ->H ->yy

— 2
osm(gg — H) - BRsmy(H — vy) “H
*In terms of SM coupling modifiers:

ko (kg kip) = 1.06 - k7 — 0.07 - riyrip, + 0.01 - i

h‘%(h‘p. ky) = 1.59 - h'-%r —0.66 - kykp + 0.07 - hﬁ%

*BSM coloured or charged particles in loops could cause
deviations



COUPLINGS WITH SM PARTICLE CONTENT

“Absolute couplings”. Assumptions:

*No contributions to width from BSM patrticles
*No contributions to loops from BSM particles

ATLAS Preliminary

Vs=7TeV,45-471" Vs=8TeV,203 "
19.71b" (8 TeV) + 5.1 6" (7 TeV) 68% CL:
95%CL:
CMS - 68% CL BRi, = 0
—95°/CL IIIIIIIII|IIII|IIII|IIIIIIII!I|||||||
= 0.95%0 4 —-I-— =0.91+0.14
Kw— . -0.13 : Ky =U. T 0.
_ +0.16 :I Ky € [-1.06,-0.82]
Kz =1.0500 46 : U[0.84,1.12]
K = 0.81*8'12 —-.—— Ki= 0.94 +0.21

_ +0.33 Ky € [-0.90, —0.33]
K, = 0.74

0.29 u[0.28,0.96]

-1.22, -0.
K. = O 84+019 KTE[ ’ 080]
T = Y9 0.18 u[0.80, 1.22]

—*‘—
*l
Ku < 1 _87 ' i (95°/oCL) |KIJ| < 2.28
T Ly mH%12536GeV

1 1 1 1 1 I 1 1 1 1 1
O 0_5 1 1.5 2 2'5 IIII|IIII|IIII|IIII|IIII|IIIIiIIII|IIIl
-2 -15 -1 05 O 0.5 1 1.5 2

Parameter value

Parameter value



COUPLING TO FERMIONS AND BOSONS

L L B IR | | | |
8 - ATLAS Prelim. \ E
3:_ Vs=7TeV, 4.5-4.7»1fb'1 -
Test gauge vs Yukawa couplings — 2fm-isson E
1= =
*Assumptions: oF :
-Common scaling factor for fermions = > TS E
and gauge bosons: _2;// Doy
K¢ and Ky —3E * SM —68% CL [ ':':*:;W —§
*‘No BSM contributions to width g el | 1, G Copbined -
No BSM contributions to loops A o
5 CMS 19.7 " (8 TeV) + 5.1 fo™' (7 TeV) v
. | + Observed o &
*Interference in gg, tH, gg->ZH glli SMH@Qﬁ v,
can resolve relative sign between i
Ke and [

*Results compatible with SM




ATLAS Preliminary

NEW PHYSICS IN THE £/jC7LTeV,4.5—4.7fb‘1 \/s=8TeV,20.3fb™"
95% CL:
Ky<1 Kon = Koff BF?,;}U_ =0
LOQPS? IIII|I||I||||II|I||II||||
KW —‘?—
Relax assumptions on SM Kz i
couplings of known particles :
. . . Kt —emie——
and consider various scenarios: g
Kp —— —————— — :
*Blue squares: models with o I
Kt  — el

Higgs singlets or doublets «,,
<=1. Impose this constraint on D S B
gauge couplings in the fit

*Orange circles: add off-shell K,

measurements assuming on- B

shell couplings equal to off- K N

shell couplings s,

*Green diamond: impose no BRi.u el

contributions to the width from o, | ——"
. rSu ———

BSM particles ——— My = 125.36 GeV

I | I | [ 11| I | I [ 1
) —1 0 1 2 3

Parameter value



NEW PHYSICS IN THE LOOPS?

19.7 " (8 TeV) + 5.1 16" (7 TeV)
T T T T I T T T ]

. . . 10P i :
Allow for contributions from BSM particles 2 "fcus — omeorves t
- < | Kp Ky BR ----Exp.for SMH |]
with mass < my/2 ~ g = 5
7F =
*Relax assumption on the width 6 E
Bottom right: include direct limits 3 E
3l E
ATLAS Preliminary oF E
Vs=7TeV,45-47%" |/s=8TeV,20.3fb™" 15

68% CL: sl - ]
95%CL: 0~ T r W B

0 0.2 0.4 0.6
LA A AR AR A BR, .
K, = 1.00+0.12 + 10197 b (8 TeV) + 511" (7 Tev)
; £ o CMS — Observed ]
= 1127308 e R BR, e s |
I 7F é
(95%CL) Kz, < 3.3 sk E
5 1
(95%CL) BR; , <0.27 AL E
T 10358 - o
: my = 125.36 GeV 2F E

TR P DR P P 1F

o 05 1 15 2 25 3 ) it I N N B

Parameter value 0 02 04 BR 06

inv



MosT GENERAL FIT

*No assumptions on particle content in loops

*No assumptions on BSM decay or Higgs width

Drawback: can only fit ratios

0.14
K, = 0.98'

0.13
Awz

0.36

0.15
= 0. 87+o13

0.22 |
}\'bZ = 0. 59+O 23 |

0.17
A,z =0.93

0.14
+0.19
A, =0.79"1°
+0.54
A = 2187050

19.71b" (8 TeV) + 5.1 fb' (7 TeV)

- 68% CL
' == 95% CL

CMS

Kgz=1.18+0.16

Azg = 1.09°553

Awz € [-1.04, -0.81]
U[0.80, 1.06]
Ag € [-1.70,-1.07]
U[1.03,1.73]

Apz=0.60+£0.27

: ¢
E —*—
IS IS ST NS I
0O 05 1 15 2 2.5 3 3.5

Parameter value

Az = 0.9970%2
(95%CL) A,z< 2.3
Az=0.90%0.15

(95cy° CI_) A(ZV)Z < 3.2

ATLAS Preliminary
\s=7TeV,4.5-4.7f0"

68% CL:
95% CL:

\/s=8TeV,20.3fb"
el —

II|IIII|IIII|IIIIIIIII|IIIIII

ST

— o

my = 125.36 GeV

II|IIIIIIIII|IIIIIIIII|IIII|II

-2 -1 0 1 2 3

Parameter value



HiIGGS COUPLINGS AND MASS

Couplings versus fermion mass or vector boson mass?

IIIII| I |IIII|I| I T TTTTT I I|IIIII| I

£ > L
S L ATLAS Preliminary t ]
— - s=7TeV,45-4.7 1" Z-¥ 7
2 b s=8TeV,2031b" A
E |> - /"» W -
& 10 1. — Observed ’ —
- --- SM Expected ]
102E i E
: A E
i g i
[ b |
0% w7 E
_I"I"I’:I;‘r | 1 | IIIII| I L 1 IIIII| | 1 | IIIII| | |

10 1 10 10

Particle mass [GeV]

19.7fb (8 TeV) + 5.1 16" (7 TeV)

_Ill 1 IIllIII] I 1 lllllll I I IIIIIII ]

- CMS -

=== 58% CL
—95% CL
---SM Higgs

I | lIllllI
| - lIllllI

I llllllll
| llllllll

__“ (M, ¢) fit N
- =—68%CL | -
—095% CL | -
1 1 lllllll | 1 lIlIlIl | | lllllll | —

0.1 1 10 100

Particle mass (GeV)



