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o Life of the Higgs : Production mechanisms at
the LHC, Heavy top EFT.

o Death of the Higgs: Decays of the Higgs
boson.

o Future of the Higgs: Outstanding issues,
future measurements and prospects.
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Life of the HIggs boson.
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At pp colliders gluon fusion is the dominant Higgs
production mechanism

Since the gluon is a massless particle, the Higgs
couples to it via a virtual top quark loop.

Large top mass
gives Yukawa
enhancement.

| D [ L {

™ Gluon PDFs dominate M /v R
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The task is considerably more complicated due to the presence of the
top quark loop.

You’ve probably seen that loop diagrams often generate infinities. Do
we expect this process to have these issues? Why?

Lets see how we go about calculating this amplitude.
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We can write the amplitude as the following tensor combination.

A~ A (p)e(g)

If we were being smart then we would realize that the form of A is

constrained since y
v € (Q) =0

So we should find,

AM = Bg'v + Cp¥q*
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Note that as required,
ARYp = AP q, =0

We can use this to drop the more complicated structure from our

calculation (i.e. we calculate B as simply as possible!)
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Using the Feynman rules we find that this diagram gives us the
following contribution

QCD Vertices Higgs Vertex Propagators

-
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We define the numerator as follows

Ny = Tr (€ +p) = ma)yu (€ = me )7 (€ = q) — my))

(implicitly defining the momenta as slashed momenta, but dropping the slashes for readability)

And the denominator as follows,
D = ((t+p)? —mi)(l* —mi)((£ — q)* —m])

Lets first look at the denominator, we can use the usual Feynman
parameter decomposition

1 1

1 l—=x
= 2 d:c/ d
D1D2D3 /0 0 Y (CBDl -+ yDz -+ (1 — L — y)D3)3 m
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e”(p) P {4+ p —ém 40 N,
iA = —(—igs)?Tr(t%t") t =B ek (p)e” (q)
(Q) DDy D5 - 2/0 da:/o dy (CEDl + yDy + (1 — T — y)D3)3

So we can use this trick to group all of the loop momenta dependence
into one term (at the cost of additional integrals).

1—2/dd !
D e T mE 2 (pr — )P

This doesnt look like much of an improvement, however if we make the
following shift

(¢ =0 —px+qy="1

Then
1 1

=2 [ dxd
b =2 ST "
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We can simplify this even more since 2p - q = miyy

So 1 —Q/d g 1
D7) T —m  myP

Next we have to express the numerator in terms of the shifted
momentum

I’'ll leave the entire calculation as an exercise and instead use our result

-

that we can get everything from the p"q” term

N,ul/(glapl/q“) — 4(1 - 437y)mtpyq,u
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1 1
— =2 [ dxd
D / = mE 2 qayP?

€’ (q) 4 {—q Nuw (U, pugy) = 4(1 — dzy)mup, g,

Putting this all together we see that our (partial) diagram can be written
as follows

| 2g°m? dy’ 2p” q* (1 — 4xy)
_ _6ab s / /d d i %
i T RCE L R B R ERC

Great! Now we want to do the loop momenta integral

You can look this up in your favorite QFT textbook,

d/ 1 - i(4m)© .
/ (2m)d (02 — A3 32w Fl+e)A

Note that this is finite. (The pole cancellation for the other tensor m

structure is more intricate).
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Finally we can write the whole tensor structure as a finite integral

ast a 1 —4x 1
Apy = S50y, dxdy( 1= day )e%p)e ()

TV m; — My

Note that we are still some way away from a physical cross section (we
need to restore the full tensor structure, include the second diagram
(factor of 2), square the amplitude, convolve with PDFs...)

However, we can actually learn a lot from the above expression
1 —4x
I(s) = /da:'dy ( y)
1 — sxy

Apy = 2269 (e(p) - q)(e(q) - p)I (mZ /m2)

S -

If we define

Then
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Lets look at the ratio of (I(s)/1(0))"2 as a function of s
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Lets look at the ratio of (I(s)/1(0))"2 as a function of s
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Lets look at the ratio of (I(s)/1(0))"2 as a function of s
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We see that for the 125 GeV Higgs, the ratio is around 1.05
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We see that the effect of the top quark is a small correction to the full
result, motivating us to write the amplitude in terms of the s->0 limit.

OF:

2
./4 _ 5ab (g,uv 5 pl/qM) Eu(p)ey(q)

o The amplitude is independent of the top quark
mass

3TV

o |f heavier fermions were present, they would
scale linearly with the amplitude

=
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mypy << My &

When we take the heavy top limit, we decouple the top quark from the
calculation.

This is equivalent to working in an Effective Field Theory in which the
top quark is integrated out.

l.e. we could have calculated our amplitude by adding the follow term to
our QCD Lagrangian A

Eeff — _ZHGZVGZV

Lets look at this a little more. m
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o

This term has mass dimension 5

A
Lo = _Z

So A has to have an inverse mass dimension, we can get A from our

calculation.
A= & 1+ O(CVS)

3TV

We have matched our EFT operator to the full theory calculation. We can

now use this Lagrangian to calculate other quantities. m
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We can expand the field strength contributions to get the Feynman rules
for the coupling of the Higgs to two, three and four gluons.

p1pa
- === QAN (g" prpa — PYDh)
pa Vb
p1pa
o b % = —Afg, (g“”(pﬁf —py) + 9" (p3 —p7) + 9" (ph —p§)>
p3pc

b1 pa Py o d
Ag: (fabefcde (9"7g"" — g"7g"")+
= - - .- fa,cefbde(g'ul/gap — g“agyp)wL
fadefbce(guygap o g/,Lpgl/O')>

pavb pspc
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The benefit of the EFT is that it allows us to extend the reach of
perturbation to higher orders.

For Higgs production this is essential, e.g. expanding the cross section to
NNLO we see that

o NNV O(g9 — H) =12.937 x (1 +1.2840.77) pb

-
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The benefit of the EFT is that it allows us to extend the reach of
perturbation to higher orders.

For Higgs production this is essential, e.g. expanding the cross section to
NNLO we see that

o NV O (g9 — H) =(12.937 x (1

1.28 + 0.77) pb

LO cross section (we just looked at this (almost))
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The benefit of the EFT is that it allows us to extend the reach of
perturbation to higher orders.

For Higgs production this is essential, e.g. expanding the cross section to

NNLO we see that

NN (g - H) =

LO cross section (we just looked at this (almost))

NLO corrections are more than 100%!

@ 0.77) pb

-
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The benefit of the EFT is that it allows us to extend the reach of
perturbation to higher orders.

For Higgs production this is essential, e.g. expanding the cross section to
NNLO we see that

oV NLC (g9 — H) @@)pb

LO cross section (we just looked at this (almost))

NLO corrections are more than 100%!

NNLO Corrections are also huge!

-
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The benefit of the EFT is that it allows us to extend the reach of
perturbation to higher orders.

For Higgs production this is essential, e.g. expanding the cross section to
NNLO we see that

oNNLO (gq — H) C@pb

LO cross section (we just looked at this (almost))

NLO corrections are more than 100%!

NNLO Corrections are also huge!

Can you imagine what would have happened
without higher order QCD corrections?.....
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Impressively we now have predictions for Higgs production accurate to
N3LO.

Given how large the NNLO coefficient is, this correction was critical to
understand for the LHC program.

Anastasiou et al. 1602.00695
50,
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Anastasiou et al. 1602.00695
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We see that finally the perturbative expansion is under control, and that
the previous order lies within the uncertainty band of the NNLO one.

-
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We saw that we could derive an EFT in which we made the top mass
infinitely heavy. Is this always a good approximation?

No! If we probe scales near the top mass we see deviations from the
EFT result.

We can achieve this by looking at the Higgs at high transverse momentum

pr ~my = 5~ 2m;

S0 we have to be a little more careful when we study the Higgs at finite

-

momentum (e.g. in differential distributions)
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Chen et al.1607.08817

The state of the art for a
differential Higgs is to have
H+j at NNLO in the EFT,
reweighed by the LO Full
theory ratio.

Some progress towards

NLO in the full theory
(Neumann, CW 1609.00367)




.(é University at Buffalo The state University of New York

10

10

102

33
: :E
. s
g ek
= T ,{_’,._--—'"_'_':.'.'---:"_’_"-_E
- _ NN\’E).E)-(?? """"""" L S A= N _——— -
- T‘?Q\\E\\—EN-‘:\;O Q0D TE T T D g w0 O -
oo WA RS OOz Tl -
= PR T N0 S = _
S e <o z Know to NNLO in QCD
.- \O SO L ] C
e * N (Cacciari et al 1506.02660)
M, =125GeV -
- MSTW2008 - do/dAy;, j, [Pb]
E—l o ) | . . . Ly |_E 04 L Ngig |
7 8 910 20 30 40 50 60 7080 107 &
s [TeV] s i — POWHEG
N VBF CUTS |
LHC 13 TeV
The second largest Higgs production 02} - :
mechanism corresponds to Vector Boson 01 | - |

Fusion.

Complementary to gg fusion, since VBF probes
couplings to vector bosons (versus top quark)

Subleading production

NNPDF30 nnlo_as_118
Ho(pr,n)/2 <pPr =Hp<2 ”Ozpt,H%

1.1 [

L

”\E\\: N
09 L

()8' I I I I I I I

45 5 55 6 65 7 75 8 8
ijpjz




.(é University at Buffalo The state University of New York

Death of the Higgs boson.

-
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Firstly, lets recall the notation used for unstable particles in QFT.




.(é University at Buffalo The State University of New York WldthS Of part|C|eS

Firstly, lets recall the notation used for unstable particles in QFT.

The rate for each decay is called a partial width.

________ ~ Fbg [GGV]
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Firstly, lets recall the notation used for unstable particles in QFT.

Summing over all the partial widths yields the total width.
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Firstly, lets recall the notation used for unstable particles in QFT.

Finally, the branching ratio defines the relative fraction for a particular

decay.
L'x
Ftot

BR(H — X) =

-
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The 125 GeV Higgs is one of the most interesting to stud
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ZZ to four leptons, the “Golden channel”

100 « ,
gamma gamma”, clean, but low rate.

Phenomenologically the diboson and bb decays are most

relevant m
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We can jump straight to the matrix element squared here,

2 2

2 2
-------- ‘MH—>b(p1)5(p2)| — 4m%v (4p1p2—4mb)

The partial width is obtained from Fermi’s Golden Rule 1" = Slrp:zL M’
H

So that
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Here the matrix element is given by (on-shell W’s)

2
p1p
Muw+pyw-)|” = gwmiy (2 I o 42) >
My

With a partial width given by

3 2 \ 1/2 2 4

m 4dm m m

Caoww = 0w gga (1 2W) (1 g 12—“@
%%
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We see that approximately the widths
scale like

Y4

|1
LHC HIGGS XS WG 2011

mg E
FH—>b5 ~ 2 roww x
miy, 0

So in the regime where bb dominates
(before WW becomes on-shell) the 10° 545 500 300 200 500 M 'G '1\?00
Higgs width is suppressed by the (et
lightness of the b quark.

In the region in which WW dominates the Higgs width is much larger
(and more like the W/Z bosons)

-
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Future of the HIgQgs boson

-
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systematic uncertainty

—r 1 rrr 11 L L L L L R L I L R A L

100 ATLAS Preliminary — O,y My=12509GeV N
| AH-yy 1 H-ZZ*—4 QCD scale uncertainty ]

- combined data Bl Total uncertainty (scale ® PDF+a) J
80 |

Vs=7TeV, 451"
Vs=8TeV, 20.3fb™
Ys=13 TeV, 36.1 fb™

ST

10 11 12 13

Vs [TeV]

We are beginning to get to know the
Higgs quite well (see Bruce’s talks)

Where are we now?

ATLAS Prelim. |—o(stat)  Total uncertainty
my=125.36 GeV  |__ g(§sine. +ic onp
Phys. Rev. D 90, 112015 (2014)
H—vy 05
U= 1.17f8:§; o8 |——|
arXiv:1408.5191 ' 1 ' I
HoZzZ* >4 |0 »
n=1.4475 |55
arXiv:1412.2641 ' i
H-o WW* - Ivlv 152 -
w=1.097953 01 ——
arXiv:1409.6212 ' i
W,ZH— bb o3
w=0595102| =—1—
ATLAS-CONF-2014-061 l ' i '
H-o 1t o
W= 14705103 o
A SRR SRR B B
0O 0.5 1 1.5 2

\s=7TeV |Ldt = 4.5-4.7 fb”

Signal strength (u)

released 12.01.2015

\s =8 TeV [Ldt =20.3 b
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19.7 b (8 TeV) + 5.1 fb" (7 TeV)

- CMS -

I IIIIIII|

=== 68% CL

—95% CL
-SM Higgs

| IIIIIII|

I IIIII|

(M, €) fit
= 68% CL
—95% CL

| IIIIIII| | IIIIlII| | IIIIIIII | —

1 10 100
Particle mass (GeV)

In order to test the
Higgs mechanism
we want to see the
coupling
promotional to the
mass of the
particles
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| | | | | \s=7TeV,L<51fb" \s=8TeV,L<19.6fb"
Imi i m, =125.5 GeV o

ATLAS Preliminary P CMS Preliminary m,, = 125.7 GeV
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H o vy . H—> —
\s =8 TeV: | Ldt = 20.7 fb” : u=110%0.41 :
AL : §
\s=7TeV: [Ldt =48 10" D e— H— :
\s =8 TeV: ILdt 20.7 fo” “170.771: 0.07 —I—-
H- z7" - 4 : 3
\s =7 TeV: {Ldt 4.6 fo! e e— :
\s =8 TeV: |Ldt =20.7 fb” 5 H—> WW ;

_ : w=0.68%0.20 - :
Combined u=1.30%0.20 : :
\s=7TeV: }Ldt=4.6-4.8 o | o 5
\s =8TeV: |Ldt=13-20.7 fb" : H— Z7Z :
| | | | | | | u=0.92+0.28 .§

_1 0 +1 1 1 1 1 l 1 1 | 1 l 1 1 1 1 l 1 1 1 l 1 1 1

_ 0 05 1 15 2 25
Signal strength (u) Best fit 6/o,,

Each decay mode is measured and cross sections are determined using
the Narrow width approximation,

Oi—HOH—f
'y

OisH—f = 0isg X BRy_,
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Ultimately we want to extract information regarding the Higgs coupling to

SM particles, which is a difficult task since.

such that global fits are required to determine the couplings.
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Events

D

In the resonance region the “on- o
shell” cross section is dominated 107

ATLAS Preliminary e Data 2012

Z' — ee Search EZ’Y'
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by the width.
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o ATLAS Preliminary e Data2012
o 10°g 1 Z' — ee Search Bz
10° ! L dt =20 fb” Egijet & WaJets
I — 10* = '(o GeV)
. 10° o [JZ(2500 GeV)

Away from the resonance
region, the “off-shell” cross 107

section does not depend on

0.8
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the Width . " 100: 200 300 400 10‘00 2000 3000
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So if we are able to measure the off
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" e . 1 +T
process specific couplings. % 1
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(Kauer, Passarino 12)
(Caola, Melinikov 13)
(Campbell, Ellis, CW 11,13)

10“ LI I I | | I | L I
4-lepton production, CMS cuts, Vs=8 TeV

eg > h + 4leptons * Since [/ Mp=1/30,000 one
might expect off-shell
corrections to be very small.

* However this is not the case in
decays to VV, there is a sizable
contribution to the total cross
section away from the peak.

do/dmg[fb/GeV]

10°°

10—" [ ||_ | ] ] L v 40 . . . '
100 0 e o @0 4 Thig arises from the proximity of

the two VV threshold, and is
further enhanced by the

Energy ol ol threshold at twice the top mass.
7 TeV 0.203 0.044
8 TeV 0.255 0.061

-
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The SM has some problems, its not natural!

A natural theory would thus predict a (very) heavy Higgs.
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Naturalness can be restored if we add in some new contributions!

A 70
4 \ /
d g “:"Q'/-" T —— p—
0 N 9
t EW
E— a—

BSM contribution.

The search for the question of whether we live in a natural world is

one of the driving questions of particle physics. m
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We recall the form of the Higgs potential

And in the SM we completely fix the couplings once we know the mass
2 2
As = Ay = my /(207)

Deviations from this would thus imply new physics.

-
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95% CL limit on o(pp— X" — HH) (fb)
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Precision Higgs Couplings

= Measurements will built on, complement, and supersede LHC results

Projected Higgs coupling precision (7-parameter fit)

0/ 7RG 4 Dk oV 49N 740EY  isessemmseese
1 0 ol HL-LHC 14 TeV, 3000 fb' (CMS-1, Ref. arXiv:1307.7135) - -
- I HL-LHC 14 TeV, 3000 fbo' (CMS-2, Ref. arXiv:1307.7135) - I LC Basel ine
9 % L I 1LC 500 GeV, 500 fo'@® 350 GeV, 200 fo”’ ® 250 GeV, 500" ... ..... _‘/
ILC 500 GeV, 4000 fo”' @ 350 GeV, 200 fo'' ® 250 GeV, 2000 fb”'

I 1LC © HL-LHC 3000 fo”* combination
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0%

arXiv:1506.07830

DKLUTE o4 arXiv:1506.05992

Markus Klute
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Higgs Precision Measurements

= Recoil method unique to lepton collider

= Tag Higgs event independent of decay mode

= Provides precision and model independent measurements of
® o(ee—ZH) « ghzz?
® MH

= Key input to I'H

T T T T T T
Zh—=p'u'X
Model independent analysis
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Why Higgs at 100 TeV?

Michelangelo Mangano

e W/Z discovered in ’83. Still discussing today how to improve the measurement of
their properties! Hadron colliders played, are playing and will continue playing a key
role in this game
® reasonable to expect the same will be true for the Higgs 30-40 yrs after 2012,

with the measurement of Higgs properties intertwined with the testing for SM
anomalies

. . . . . . + — .
® Great improvement in precision will arise from e e colliders [see later talks by D’Enterria
(FCC-ee), Ruan (CEPC), Lukic (CLIC), Strube (ILC)].

® Depending on the configuration (linear vs circular) and energy (ILC vs CLIC), there

will nevertheless still remain a need for complementary input, which could be

provided by a 100 TeV pp collider:

® direct probe of EWV interactions and EWSB at scales > | TeV

® exploration of extended Higgs sectors

® precise measurement of rare Higgs decays and tests of rare production
mechanisms

® precise determination of top-Higgs coupling and Higgs self-couplings (if ECM of e
e~ colliders will stay below the TeV)

® At the LHC, the Higgs is already an analysis tool, if not a background, in searches of
new particles (like W/Z and like the top quark). This will be even more true at 100
TeV!!
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