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Outline NG

Motivation and introduction. What are pseudo-observables (PO)?
PO in Higgs Decay.
PO in Electroweak Higgs Production.

Linear EFT and Higgs PO.

Based on:

works with various subsets of
{M. Bordone, A. Falkowski, M.Gonzalez-Alonso, A. Greljo, G. Isidori, J. Lindert, D.M., A. Pattori}

Eur. Phys. J. C75 (2015) 3, 128 arxiv: 1412.6038
Eur. Phys. J. C75 (2015) 7, 341 arxiv: 1504.04018
Eur. Phys. J. C75 (2015) 8, 385 arxiv: 1507.02555
arXiv: 150800581

+ some work in progress
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Ratio to SM

Introduction: LHC Run-1 in one slide

* discovery of the Higgs and
good measurement of many of its couplings.

The Standard Model is complete.
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Questions we still have to find answers to:

' Naturalness problem ' WIMP Dark Matter ' Flavour puzzle
. of the Higgs mass
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How we are doing this

- Direct searches of new particles: LHC, DM, ...
- Precision SM measurements: Higgs, Electroweak, Flavour, Neutrinos, ... |

- Cosmology: CMB, Large Scale Structures, BBN, ...
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® SM
Predictivity
CMSSM

T ” Slmpllfled Models
In “Theory space”:

> Generality

o LHC - Higgs Legacy

How to collect all available information on a the Higgs,
iIn the most general and theoretically unbiased way?

We want to be able to come back to LHC Higgs data in the future and still be able to
reinterpret it in terms of any New Physics model which would have been discovered.

It will be extremely difficult to be able to repeat many experimental analysis.
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Generality How should the experiments present their result

Physical observables

Fiducial cross sections,
Number of events in a given bin, eftc ...

ALL the observables??
Difficult for theorists to control experimental effects.

Pseudo-observables

Pole masses, decay widths,
kappas, form factors, etc ...

=) T T :
e Lagrangian parameters
. . Which model?
IO Couplings, running masses, Which ;”aor o teren
‘ Wilson coefficients, eftc ... Fit at LO, NLO..?

+ o'~ V()
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Experimental data

Unfolding of collider &
soft radiation effects

Experiments

iIdealized observables,
well defined (in QFT) quantities.

Theorists

Matching to a given model
at given order in pert. theory

Constraints/measurements on theories



LEP-1 Strategy: on-shell Z decays

[hep-ex/0509008; Bardin, Grunewald, Passarino '99]

The goal was to parametrise on-shell Z decays as much model-independently as possible.
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1 ) Unfold QED (and/or QCD) soft radiation effect

1
o(s) = / dz Higp (2, 5)Oew(25).
4

m2/s

2 Parametrize the shape with some PO
)t .
defined at amplitude level:

mz, 1'z
Lineshape

Grms S
87‘(‘\/5 S — m% + ist/mz

X(s) =

3) Fit the PO from data



LEP-1 Strategy: on-shell Z decays

[hep-ex/0509008; Bardin, Grunewald, Passarino '99]

The goal was to parametrise on-shell Z decays as much model-independently as possible.

4

Parametrise the on-shell Zff vertexas v, (G + G7 7s5) ’\AA/“\T\

The PO are defined as | g{i = Re Q{j, g;{i = Re Q£ '

To be model-independent it is important to work with on-shell initial and final states.

Radiators: final state radiation

f GFm% 2 - J 2
g = IV, & o (\QAf\ Rat + |Gvil R\/'f) + Aew/QeD
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PO used at Run 1: the k-framework

At Run-1, measurements of Higgs properties were reported in the x-framework:

Narrow width approximation (& on-shell Higgs):

o(ii > h+X) x BR(h — ff) = 0;; =— = 2
rh Kh

osm X BRgy
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At Run-1, measurements of Higgs properties were reported in the x-framework:

Narrow width approximation (& on-shell Higgs):

o(ii > h+X) x BR(h — ff) = 0;; =— = 2
rh Kh

osm X BRgy

Pros: Clear SM limit (x — 1),
theoretically well defined,
systematically improvable,
model independent (on-shell Higgs is key),
can be matched to any EFT in any basis.

Cons: Limited to total rates:
can’t describe deviations in differential distributions, e.g. CPV or h — 4f

|
~ Need to extend the x-framework retaining all its good properties:

Higgs pseudo-observables
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Pseudo observables
in

Higgs Decays

@ATLAS

EXPERIMENT
http://atlas.ch

Tume: 29:28:11 CESY
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Higgs decays to two fermions

The kinematic is fixed.

No polarisation information is retained. ————_, ( the total rate is all hat can be
(maybe possible to measure in TT channel) ~ extracted from data |

\\ V

=

“Effective coupling” PO:
Alh — ff) = i

SM
 Jeft ]?(Ii —I—z)\ )f

Inthe SM #x — 1, A& =0

“Physical” PO: F(h — ff)(incl) — [“?" T ()‘?P)Z} F(h — ff)glsnl\i))
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Higgs decays to two fermions

The kinematic is fixed.

No polarisation information is retained. ————_, ( the total rate is all t can be
(maybe possible to measure in TT channel) ~ extracted from data |

\\ V

=

“Effective coupling” PO:
Alh — ff) = i

fSM
P (kg 077 7s) S

Inthe SM #x — 1, A& =0

“Physical” PO: F(h — ff)(incl) — [“?" T ()‘?P)Z} F(h — ff)glsnl\i))

£.SM bb TT
Yor from best SM prediction: Br(h — ff) | 5.77 x 1071 6.32 x 1072
> /M 1.77 x 1072 1.02 x 1072

f,SM)2 YR2 g o
(SM) Fluse 17 Br(h = 7f) | 2.91 x 102 2.1 x 10°1
L(h — ff)(mcl) = e 160 /M 1398 x 1073 5.99 x 1074

https://twiki.cern.ch/twiki/bin/view/

L HCPhysics/CERNYellowReportPageBR
13



Higgs decays to yy and Zy (on-shell)

“Effective coupling” PO:

9 GSM,eff
Ah = v(g,e)v(¢, €')] =i—-
VF

9 ESM,eff
A[h— Z(q.e)v(d,€)] = i—
vF

I'(h — —
“Physical’ PO: (h=77)
['(h — Zv) =

_1432 + ()\CP)Z} ['(h — 77)(SM)

’W
k5, + (AZ0)?]T(h — Z~) M)

14



Higgs decays to yy and Zy (on-shell)

“Effective coupling” PO:

SM . eff
2 €nny U Voo
Alh = (g, (d, )] =i euen [y (9" ad' — ") + A57e" 7 qp ]

2 €y
Alh = Z(q,e9(d )] = i—"— euev [5z5 (9" ¢:d — ¢"q") + X7 qp4s]
CP

physicar po: T 1) = [Ry A (5] Tl = 4y
[(h— Zv) = [kG, + (Ag5)?] T(h — Z~)BM

eg(M’eH from best SM prediction:
e A
eNbett2 3 |44 Y g
L(h — 7)W= 2 £, Br(h — VV) | 228 x 10° 1.54 x 102
6w v —p M off
€y’ 3.8x107° 6.9x107?
SMeff 2 5 2\ 3 YR2 VvV
T'(h— Zv)SM = oy Py (1 - %> y o
T V2 m2 https://twiki.cern.ch/twiki/bin/view
H | HCPhysics/CERNYellowReportPageBR
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Higgs to 4-fermion decays

Jr(gr1)
Four-body decays
h - 4f . L . _
The kinematics is much richer:
kinematical distributions.
Jr(q2)
~ Assumption: Neglect helicity-violating interactions, e.g.:
naturally suppressed by myralso in BSM.

h — ererpLitr X YelYu

. ——— - — e =

The process is completely described by this Green function of ON-SHELL states:

<O|T{J}‘( Jf, (0)}0)

R R —— = =

15



Higgs to 4-fermion decays
Jr(q1)

OT {J¥(x), J} (y), h(0)} |0)

Jr(q2)

Only 3 tensor structures allowed by Lorentz symmetry:

Example: h — ete u*ur

2m2 )
A = i—2(evae)(fivpp) X

VE

B _ 4aq B ozBpa
q1 - q2 9% — @2“q1 5 9 42,410

F* (a1, 63)9%° + Fs* (43, ¢5) ’ + PP (g, ) —— 22

my my
Longitudinal Transverse CP-odd

General approach: measure the double differential distribution in (¢12, ¢2%)

16



Higgs to 4-fermion decays

! | " T .y Long-distance (non-local) modes (poles):
\@T{Jf @’ I ), h(0)310) l / propagation of EW gauge bosons.
Jr _ ~
h Includes

....... \ Short-distance modes:

sy contact terms, x and/or y — 0
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Higgs to 4-fermion decays

! | " T .y Long-distance (non-local) modes (poles):
\@T{Jf @’ J7 W), h0)110) l / propagation of EW gauge bosons.
Jr ~

h includes

....... \ Short-distance modes:

sy contact terms, x and/or y — 0

We expand around the physical poles:

contact terms

17



Assumption: (To troncate the expansion)

No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale

contact terms

17



Assumption: (To troncate the expansion)

No new light state can mediate this amplitude.

New Physics scale > Higgs mass scale

contact terms
JH
f We neglect completely local terms,
+ - €——_ corresponding to operators with d > 6:
EFT assumption.

O(z) = h(z) e(x)yue(x) p(x)y" p(x)

T,

17



The Higgs PO are defined from the residues on the physi

Jr
o
b -
'LI+
Jr
"
€ =€L,€ER, H= UL, LR
om2 B
A =i= 2 (eva€) (rysp)

(ot
Pz(q7)P7(q3)

Inthe SM kx — 1, ex — 0

_I_

L
€Ze Uy

Iy

e
€Zu Y9z

m3, Pz(q5)

_I_

m3, Pz(q7)

Jf

+ AM (43, CJ%)) 9P+

Pz(¢°) = ¢ —my +imzly

cal poles.

eV ~38%x1077,

SM-1L

~ 6.7 x 1073
18



cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

Jr
o
h h h
R - Lo Lo
H Jh
Jr !
H J
€= €L,CR, M= KL, R
2m2
: 7 _
A==~ (evae) (Aysp) X

[(RZZ 124, + 2 + L9z + APM(gf CJ%)) g+
Pz(q})Pz(q5) m% Pz(¢3) m3 Pz(q?)

¢ 2
959z SM-1L< eQugy Qg ) sM-1L € WeQp SM( 2 2
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T 2 3 (41,93

: af _ a, B
% d1 - 42 g . q2 41 n
my

Inthe SM kx — 1, ex — 0

eV ~38%x1077,

ex M~ 6.7x107°

18
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cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

Jr
o
h h h
R - Lo Lo
H Jh
Jr !
H J
€= €L,CR, M= KL, R
2m2
: 7 _
A==~ (evae) (Aysp) X

[(RZZ 124, + 2 + L9z + APM(gf CJ%)) g+
Pz(q})Pz(q5) m% Pz(¢3) m3 Pz(q?)

¢ 2
959z SM-1L< eQugy Qg ) sM-1L € WeQp SM( 2 2
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T 2 3 (41,93

: af _ a, B
th q2 g . Q2Q1+
my

€
2 Pa)P2(3) 7 \BPz(E)  @Pz(d3 7 die 2

e M e eQ,.q" o2 caBpo
n ( CP 97,97 L (CP ( eQuay, n Q 92)) e QeQ,u) TquQpQ10]
7

Inthe SM kx — 1, ex =0

eV ~38%x1077,

ex M~ 6.7x107°
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cal poles.

Jf

The Higgs PO are defined from the residues on the physi

Iy

2 ft[ i
H S / /
€ = €L, €ER, M= HUL, R

contact terms
, only source of

2m2 ) _ flavor dependence
A =i—Z (eyqe) (iyam) X A//‘// p
VF
L

[ (%ZZ geZgg 4 €Ze Yz . €Zu g% 4 ASM<q2 q2)) go‘5+
Pz(a})Pz(¢3) ~ m% Pz(@3)  m% Pg(¢d)
9597 SM-1L < ¢Qudy Qe ) smo1L € QeQy SM( 2 2
+ | ezz + Kyz~€ + + Kon€ 4+ A (q q > <
( Pz(qi)Pz(g3) T \@Pz(d) i Pz(d3) N T2 3 (41,2

: af _ a, B
y d1 - 42 g . q2 41 X
my

€
2 Pa)P2(3) 7 \BPz(E)  @Pz(d3 7 die 2

e M e eQ,.q" 2 caBpo
n ( CP 97,97 L (CP ( eQuay, n Q 92)) L (CPE Qer) TquQpQ10]
7

Inthe SM kx — 1, ex — 0

eV ~38%x1077,

ex M~ 6.7x107°
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The Higgs PO are defined from the reS|dues on the physical poles.

Jr
e ”
----fl---- = __h__ + __h__
ur Z
Jr
b T
non-local NLO
e =€r,er, [ =[ML,HR Z-pole PO SM contribution
2m As measured at LEP-| — (very small)
A =1 e’y e IWY/J’,U | / |
VE “ / \ &
€Ze ‘

ngZ €Zu SM af3
KZZ + + + APM (¢ q))g +
[( PZ(ql)PZ(q2) mZPZ(qz) mZPZ(ql) b

9597 SM-1L < eQuyz Qe ) (SM-1L € QQeQu SM/ 2 2
+ | €22 + Kz ~€ + + K + A (q q > <
( PA)P2@) 7 \@Paa) T GPd)) T dd S

: af _ a, B
Xéh q2 g . Q2Q1+

my
n ( CP 9%9% + €SP ( eQQugy n eQcq’, > e eQQer) 5O‘BPUQ2pQ1a]
! )

27 Py(q?) P2 (d3) ¢ Pz(q)  4iPr(d; R m?

Inthe SM kx — 1, ex =0

eV ~38%x1077,

ex M~ 6.7x107°
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Charged current decays

The same approach can be extended to charged current decays

Onlyc.c: h — veepy, Interference
of c.c. and n.c.:

2

A Ziv—;](émave)(ﬁwﬁm) X

Wur (916/[/)*

h— ete v
h— putu v

(95 )* g (ewe,)" 9w ) af
KWW —+ + g "+
[( Pw(a)Pw(¢3) m¥ Pw(@d) m% Pw(d)
(95,) gh q1-q2 9°° — %¢l’ op (95 gt €9PP7qo,q14
T EWww > N X 3 T Eww > 3 5
Pw (q7)Pw (g3) miy Pw(qi)Pw(gy)  myy

19



Parameter counting and symmetry assumptions

- _

Neutral current

Charged h— etuvwv  kww,eww, e

Z Soorr KZZy K7y Kyys €27 current h—=euvv  ewe, ewy, (complex)
= U o2y By, €22 |
\ 7
h— eteete 58,50 57, N —
— vete — :
I/?) — ye+e- €CZerr€Zers€Zurs € Zur i —
YHTH ' N. & C. h — etewvv others +
h— yy 11 interf b 2
B - interference U VY €Zver €Zu,

~—

=

Symmetries impose relations among these observables.
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Neutral current

Charged h— etuvwv  kww,eww, e

|

2_’ il KZZy K7y Kyys €27 current h—=euvv  ewe, ewy, (complex)
= U o2y By, €22 |
\ 7
h— eteete 55,0 57, N —
— vete
Z — ye+e- €CZerr€Zers€Zurs € Zur - —
YHTH ' N. & C. h — etewvv others +
h— yy 11 interf b 2
~ interference U VY €Zver €Zu,

- = =

R = —
~ = e

Symmetries impose relations among these observables.

Flavor universality |

— €Zur >
€Zer — €Zup >
€Zve = €Zu,

EWer, — EWpuyp -




Parameter counting and symmetry assumptions

- _

Neutral current

Charged h— etuvwv  kww,eww, e

Z N e’;e',l.l’;,l.l' KZZy K7y Kyys €27 current h—=euvv  ewe, ewy, (complex)
= U Per ’ |
\ 7
h— eteete 55,0 57, N —
— vete
I/?) — ye+e- €CZerr€Zers€Zurs € Zur i — - 7
YHTH ' N. & C. h — etewvv others +

h— yy 11 interf b 2

. - - interference U VY €Zver €Zu,

A\
N\

~—

=

Symmetries impose relations among these observables.

CP Invariance

. CP _ CP _ CP _ CP __
| GZZ_€Z7 _677 = fww =

Lo

| €ZI/@ — € Jr—
| EWer, — EWpuyp - I
\\\ 7 o 7

Imey,., = Imey,, =0




Parameter counting and symmetry assumptions

e

Neutral current

A
Y
- e _ .

|

Charged h— etuvwv  kww,eww, e
2_’ il KZZy K7y Kyys €27 current h=eu vy  ewe ewy, (complex)
= U Ay By B4 |
\ 7
h— eteete 55,0 57, N —
— +e-
Z — ye+e- €CZerr€Zers€Zurs € Zur ) —
YU | N. &C. h — etevv others +
h— yy 11 : f - 2
- Interterence h — uutvv €Zver €Zu,

\
\

~—

=

Symmetries impose relations among these observables.

Custodial symmetry

2 f - 2
*EWW — C'wEZZ _I_ QCwaEZ'y + Swefyfy 3
cp _ 2 _CP cp 2 _CP
CP Invari Keyww = Cufzz + 2CwSwEzy + Sy€yy
| f 2
. cp _ CP _ CP _ Kww — Kzy = ——(\@e i 4 2¢ € )
€Zve — GZ} ; - - e Cw |
| ‘ g ; K Ewer = %(Ezu;; — €261 )
| EWer, = €EWpuy - | \_
\\\ —— - 7 - T

Y Accidentally true also in the linear EFT.

20



Parameter counting and symmetry assumptions

=

Neutral current

Charged h— etuvwv  kww,eww, e

Z - eie-/'l:/*l- K77 g b €7 - current h—= euwvy ey, ew,, (complex)
= T P AT P ’ :
h = e*eete ezt ST e5h p— S—
— vete-
Z R ye+e_ €Z6L7€ZGR7€ZML>€Z/LR . R — ERE————
. \;l; H » ' N. & C. h— etevv  others + o
- interference h = putvy €Zve €20,

\N
N _ I _
E — = __

|

.. - - —
e —— e = __ —

Custodial symmetry

2 ' : 2
FEWWw = Cofzz + 2CuSwezy + SiEyy |
cp _  2.CP cp , 2 .CP
CP Invarig Keww = Cufzz + 2CwSwezy + Sy,
| ( 2
. cp _ CP _ CP _ ww — Ky — __( Y i L 20 ¢ )
€Zve — GZ} ; —— - " Cy |
W ’ g ; K Ewei = %(€ZV}; — €201 )
| EWer, = €EWpuy - | \_
\\ e N . — — -

Y Accidentally true also in the linear EFT.
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Parameter counting and symmetry assumptions

_ = =

Neutral current

h— ete N*Mm ﬁ * T
Z - ‘e‘:g’ g: g Possibility to test such hypotheses from Higgs dataonly. |
h— yete | |

h— \\;wu' Contact terms are extremely important for this goal. ];
- h-yy ) | 2

.. - _
B e —— LS~

\
symmetries | 90 (general case)

Custodial symmetry

2 I l 2
Cw€ZZ + 2Cw5w€Z’y + S wEYY
2 CP 2 _CP

= c eZZ +20wswez7 + Sy

- (\/iéwei -+ QCwEZei )' .
) g | L L

Cw

= %(EZV}; — EZeZ]'.J) ;

. o 4

Y Accidentally true also in the linear EFT.
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Prospects in h = 4¢

[Work in progress]

At HL-LHC (2037) we will have ~ 8000 events in h — 4¢

ATLAS Selected signal event rates
ttH ZH WH VBF ggH

3000fb* 35 S5.7 67 97 3800

[From Aleandro Nisati's talk at LHCP 2015]

few % precision in h — yy » They already

~ 10% precision in h = Zy fix 4 PO to be really small.

A precise 11 parameter global fit is very reasonable.
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https://indico.cern.ch/event/389531/session/49/contribution/167/attachments/1148751/1650430/ProspectsAtHL-LHC.pdf

Radiative Corrections

The most important radiative corrections are
given by soft QED radiation effects since they
distort the spectrum.

m2 < m02

Effect described by simple and universal
radiator functions.

~15% effect!

Other NLO corrections are small: =1%

rarjdm,, (Gev™)

|
~

Ratio w.r.t. LO

0.100 |

0.050§

0.010§

0.005} /

1.15¢
1.10¢

1.05
1.00

0.95¢
0.90f
0.85f

m, =1 GeV h—2e2u

-- LO
— QED "dressed" LO

B « u: Prophecydf NLO EW
B ¢ e : Prophecydf NLO EW
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Radiative Corrections

0.100 | m, =1 GeV h—2e2u '
T 0.050
. |
Taking this effect into account is S

necessary to extract the PO from data. N
S 0.010¢
S ‘ |
. 0.005]/: N »
S S\ |
] “ |

0.001| / \ ]
All these benchmark points give a SM-like total rate. 0 20 40 60 80 100 120
€722.€2¢, €20 €20, + €241,

5 1.30F -.... (0, 0.26. 0. 01?26,/%} & . _ _

S | == {1.3,-0.05,0.05,-0.05,0.05) _ Showering algorithms

. 1.20F —— (03, -0450 0 0 -

s N -~1].. (e.g. PHOTOS or PYTHIA)

2 e, T correctly describe these

5 100F  see———— L corrections.

0.90¢t
0 20 40 60 80 100 120
M - (GeV)
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P
O

Tools: HiggsPO

In collaboration with Admir Greljo and Gino Isidori

www.physik.uzh.ch/data/HiggsPO

A Universal FeynRules Output model for
generating Higgs decays with MG5_aMC@NLO.

To be used to generate the on-shell Higgs decay amplitudes described before.

(use tree-level Feynman rules to generate the amplitude we need)

Extensively validated by comparing to our analytic results and other codes
(Higgs Characterization, MEKD).
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http://www.physik.uzh.ch/data/HiggsPO

Je

To summarize. Higgs PO in decay

- Related to physical distributions, measurable experimentally.

- Defined from the residues of the Green function on its poles.
(valid at all orders in perturbation theory)

- Can be used to test symmetries and/or dynamics of the NP sector.

- QED radiation corrections are easily implemented.

- Implemented a Montecarlo tool for event generation.

25



Pseudo observables

in

Electroweak Higgs Production
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PO in EW Higgs Production

[Work in progress with Admir, Gino and Jonas]

OIT {J (), J}(y), h(0) } |0)

By crossing symmetry, the same correlation function
(in a different kinematical region and with different fermionic currents)
enters also in EW Higgs production.

VBF: I,
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Associate Zh production

. , qu
(GZZ g g ) my, " (EZZ Pr(®) g ) m?,
Only quark contact terms are not probed in h — 4{ decays.
Form factor, _ 2 _ 2
mom. expansion validity only 1 observable: q = (ph + Kz )




VBF Higgs production

Again, same amplitude as decays.
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VBF Higgs production

Again, same amplitude as decays.

SM VBF - correct color flow pairing

500}

Initial state quarks are not accessible, so is g~.
(unless Higgs is reconstructed)

prof the jets is a good proxy for the g~.

0 TS b :
600} 2 g

0 100 200

300 400

V- (Gev)

500 600

700
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Initial state quarks are not accessible, so is g~.

(unless Higgs is reconstructed)

prof the jets is a good proxy for the g~.

Higgs VBF in the SM

10-1
400_ . ] I 3.x10
: f 4.8x1072
300: -
% 7.5%x1073
=~ 200_‘
E [ 1.2x1073
100:
- 1.9x10~4
0'_
""""""""""" 3.x107°

pr’® (GeV)

VBF Higgs production

Again, same amplitude as decays.

SM VBF - correct color flow pairing

700 e :
600} 2 - 2 ¥
- — 4 ~ D7

500}

0 100 200 300 400 500 600 700

V- (Gev)

F(Q%aqg) — F(p%lap%?)

General approach: measure the
double differential distribution in (p112, p12?)

With 3000 fb-1: ~ 2000 events in VBF

‘

precision physics!
29



2000 events in VBF Higgs production

Flavor-independent PO probed in 1—4¢ decay. —#% Focus on quark contact terms.
For simplicity let’s assume Minimal Flavor Violation. Consider 7 PO:
Rzz , Rww , €Zur €Zupn €Zdr €Zdr ; EWur

Momentum expansion

Do a fit of the 2D pr distribution, up to 600 GeV. &— .
validity.
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2000 events in VBF Higgs production

Flavor-independent PO probed in 1—4¢ decay. —#% Focus on quark contact terms.

For simplicity let’s assume Minimal Flavor Violation. Consider 7 PO:
Rzz , Rww , €Zur €Zupn €Zdr €Zdr ; EWur

Do a fit of the 2D pr distribution, up to 600 GeV. g Momentum expansion

validity.
Very preliminary result. Only at parton level:
( Rzz7 \ ( 0.46 \ . .
KUy 017 Assuming expected 2000 events in the SM.
€Zur, 0.015 (L 098 004 —018 031 —0.25 —0.04
€Zup . o= 0.023 ~0.98 1. -003 014 025 018 0.
0.021 ~0.04 —0.03 1. 022 055 -0.13 —0.33
€Zdy, : p=| —-018 014 022 1. —022 0.03 0.14
—0.31 025 055 —022 1. 012 022
\ €Zdr ) \ 0.031 ) ~0.25 0.8 -0.13 003 012 1. —0.29
EWup 0.004 \ —0.04 01 —033 014 022 -029 1. )

LHC will be able to measure all the contact terms with percent accuracy!
Same conclusion also if no information on the total rate is retained.
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Pseudo observables

and
the SM Effective Theory
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The Linear SM Effective Field Theory

Integrate out the heavy BSM dof.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2)L doublet Scale of New Physics is high
(linear EFT) 4

an
99_<(p+) 1( ) ) ANP>>mh

O ) v+ h(x)

V2
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The Linear SM Effective Field Theory

Integrate out the heavy BSM dof.
Low energy theory specified by Symmetries & Field content

Assuming h(125) is a SU(2)L doublet Scale of New Physics is high
(linear EFT) 4
an
et 1 0 Anp > my,
LA RPN V2 \ v+ h(x) )
| | Assuming L and B conservation
_ pSM Ci nd=6 :
Standard Model é
Lagrangian (d < 4)

i Leading deformations of the SM ]

E———

' 59 independent dim-6 operators if flavour universality.
2499 parameters for a generic flavour structure.

"N

v

[Grzadkowski et al. 1008.4884, Alonso et al. 1312.2014]
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

g 1 ]
Forexample: Oy = i(H'D,H)fy"f = =2/ g* + 92 Zu(v + 1) fA"

Z Z
- 0 W/“\_‘.—\‘ Z couplings odgzr

m
Jfl

Higgs decay & production
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

g 1 ]
Forexample: Oy = i(H'D,H)fy"f = =2/ g* + 92 Zu(v + 1) fA"

z Z
S <L > N £ S Z couplings dgz

m
Jfl

Higgs decay & production or &

|4 V
O <> - G Triple Gauge Couplings
5K2, 5g]’z, lZ
V V
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The power of the EFT: relating different observables

The same operator can contribute to different processes.

g 1 ]
Forexample: Oy = i(H'D,H)fy"f = =2/ g* + 92 Zu(v + 1) fA"

V4

Z
- 0 ’\/\/\/“Q—\‘ Z couplings odgzr

14
Jfl

Higgs decay & production

,
o <> - G Triple Gauge Couplings
5K2, 5g]’z, AZ
V V

Use LEP 1 and LEP 2 data
to obtain bounds on some Higgs PO.

Combine LEP data with Higgs data
to derive stronger constraints for the EFT.
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The power of the EFT: relating different observables

Let us impose the strong LEP | constraints (s1%).
[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

Assuming MFV, only 10 independent combinations of coefficients
contribute at tree-level to Higgs and LEP Il (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]
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The power of the EFT: relating different observables

Let us impose the strong LEP | constraints (s1%).
[Pomarol Riva 2013; Efrati et al. 2015; Berthier, Trott 2015]

Assuming MFV, only 10 independent combinations of coefficients
contribute at tree-level to Higgs and LEP Il (WW) observables.

[Corbett et al. 2013; J. Elias-Miro et al. 2013;
Pomarol Riva 2013; Gupta et al 2014; Falkowski 2015]

Global fit in the ‘Higgs basis’ [LHCHXSWG 2015]

[Falkowski, Gonzalez-Alonso, Greljo, D.M. 1508.00581]

0Cz;, Cyyy Cayy Cggs OYus OYds OYe,!

—————
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The power of the EFT: relating different observables

Constraints on TGCs

All other coefficients have been marginalised.

1-0= LEP I (WW) | EP |l data alone suffers from a flat
7 Higgs

B LEP II + Higgs j direction in the TGC fit. [Falkowski, Riva 1411.0669]

+

Higgs data (mainly via VH and VBF production)

IS sensitive to a different direction.
[Falkowski 1505.00046]

~05
Together they provide strong and robust
constraints on the TGC.

~1.0
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Constraints on the Higgs PO in the linear EFT

We match the Higgs PO to the SM EFT at LO: relations with LEP observables.

e.g h—4¢:
2mZ
€Zf — (5ng (C%T? S%Yf)lg(Sgl’Z thflgéliv)
2 ]- [Gonzalez-Alonso, Greljo, Isidori, D.M. 1504.04018]
OEyy = (5677 + —5627 — —25%7
tog Cy

LEP-I:

Naively ~10-3 bounds, however the theoretical error is of ~1%.
[Berthier, Trott 2015]

‘5 No qualitative influence for Higgs physics at present precision.

N

0g%‘'< 1072  [Efrati, Falkowski, Soreq 2015]

0y = 1073

From LHC:
~ 0&7y = 1072

= —

e = —— —

The less constrained coefficients are the TGC.

We use our combined LEP Il + Higgs global fit to derive constraints on the Higgs PO.
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Predictions for h — 4f in the linear EFT

5 independent PO only, in the linear EFT.

020———m™mmm 77— ——
i_ SM h—2e2u
( Kzz \ ( 0.85+0.17 \ 0.100 1 95% CL :
€70, —0.0001 £ 0.0078 - *
eze, | = —0.0254£0.015 |, T
KKJZW) \ 0.96 + 1.6 ) 3 7
Foryry 0.88 +0.19 L0
1 .72 .60 .19 .83 S o010 |
1 .35 —.16 .62 s
p=1| - - 1 .02 .47 ., 0.005- ]
.- - 1 .20
K N : : 1 0.002 - | i
- my>4GeV
000y e s oo
1.500
1.400 -
1.300 -
f% 1.200 -
From these bounds we can extract = Lo
precise predictions for Higgs data, £ 1000~
such as di-lepton invariant mass * 0900
spectra. 0.800 -
0'7000 20 40 60 80 100
m;, [GeV]

Small deviations allowed in the shape.
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Predictions for h — 4f in the linear EFT

5 independent PO only, in the linear EFT.

— SM | h—2e2u |
( Kzz \ ( 0.85+0.17 \ 0100 1 95% CL |
€0, —0.0001 £ 0.0078 o
€Z0R = —0.025 £ 0.015 : -

0.96 + 1.6
\ Zfz )\ 0.88 % 0.19 )

_ — — S

Crucial to test these predictions from data!

Any measured deviation would have deep physical consequences:

100
non-linear realization of EW symmetry, flavor non-universality, ...

\\ - — — ’ T7300T S ——

;3 1.200
From these bounds we can extract g L1001
precise predictions for Higgs data, £ 1000~
such as di-lepton invariant mass ~ 0900 |
spectra. 08001 |

0700 o
0 20 40 60 80 100
mj, [GeV]

Small deviations allowed in the shape.
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Conclusions

Higgs PO
- general framework to describe on-shell Higgs properties:
/ decay and production.
; - defined from physical properties of the Green functions
\ - easy to match to specific scenarios: test hypotheses.

- clear implementation of QED soft radiation (leading NLO effect)

Implemented in FeynRules/UFO model:
www.physik.uzh.ch/data/HiggsPO/

The linear EFT provides relations among Higgs and non-Higgs processes:
- combine LEP and Higgs data to derive stronger constraints

- derive predictions for h = 4{ processes
Testing these predictions: important test for the linear EFT.
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http://www.physik.uzh.ch/data/HiggsPO/

Backup
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“Physical” PO in h— 4!

Goal: provide a simple interpretation for the PO.

2

A =i

(evae)(fiypu) X
v

u p e
929 €ze Gy €zn 9% ) of
KzZZ7 T + g+
[( P ( . )

mQZ PZ(Q%) my PZ(Q%

'-----

q?)Pz(q3)
H Q e H
9595 : SM eﬁ‘( eQ .95 eQecy’,
+ (622 HKkzy€Eq, "
)y A ¢Pz(q})  4iPz(q3)
|
|

Pz(¢?)Pz(q3) '
N <e%§ 959 it )\%PESM,effI( eQ)u97 eQcq',
Pz(¢?)Pz(q3) V27747 N\ @2Pz(¢?)  #Pz(¢3)

amE == =P

['(h — Z~)

a1 g2 90 — @ q1”

vy €y

oW 2

0 SM,eﬂC}3 QQQH
ul . 2.2
1 : q145

¢

)

5
my

|

aOamE == =P

' 23

L'(h = 77)

) I \CP ESM,efﬂ€2QeQu)

EaﬁpUQQp(hJ]

5
my

_|_
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“Physical” PO in h— 4!

Goal: provide a simple interpretation for the PO.

2
A =i 22 (ey,0) (yam) %
vp
[(KZZ 0595  Neze 95 | czu 9% > 04
Pz(ai)Pz(a3)/y mz Pz(a3) ~ m7 Pzai)]
N <€ZZ 9%9% n K; -egl\a-,e?f-(- e -; "EQ.q ) e GSM,eff€2QeQ,u) q - q2 g*F — €120‘6]15Jr
P7(q7)Pz( T \@Pz(a))  @Pz(e3)) T 4 my

n )\%PESM,eﬂ“( eQugy n Qe ) 4 )\CP GSM,eff€2QeQ,u) g JQ2pQ1J]
T4 \@3Pz(a)) 43 Pz(g3) L 075 m%

2)

Single Z-pole.
Decay width if only the contact term is present:

I'(h — Z0707) = 0.0366|e 0| MeV
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“Physical” PO in h—4!
Goal: provide a simple interpretation for the PO.

2m>

A =i—=Z(evae) (Hys1e) X
;" s e M p e
i v 97975 €Ze Uy €Zu Yz ) af
Rzz =+ + g "+
[:( Pz(¢7)Pz(g3)  m% Pz(a3)  m7 Pz(qi)
. y 9597 sMeff [ €Qu’ eQeq’ e € QeQp\ a1+ q2 9°° — 2% q1”
T € 2 o T RZy€z, ) N T 3 o | T Ry ) 2 +
P2(q7)Pz(q3) ¢ Pz(q1)  qiPz(q3) 9143 mz
2 CP : 9%9% cp sMeff ([ €Qugy eQeQ% CP SM,eff€2QeQu 5aBpJQ2pQ1a
T\ €zz 2 oy T AZy €7, 2 N T 3 oy | T Ay €y 2 9 2
~__PZ(Q1)PZ(q2) Q2PZ(q1) qlpz(q2) q1q2 mZ

Double Z-pole. h—ZZ not accessible kinematically.
We define the physical PO from h— 2e2u:

['(h — 2e2pu)[kz7] 2
I'(h Lr7) = = 0.2 M
(h = Z121) B(Z — 2e)B(Z — 2u) 0.209 |rzz] eV

F(h — 262,&)[622] 9
I'(h — ZpZ7) = = 0.01 M
(h = Zr2r) B(Z — 2e)B(Z — 2u) 0.0189 Jezz|" MeV
D(h — 2e21)[5)]

B(Z — 2e)B(Z — 2u)

YV (n— ZpZr) = — 0.00799 |e55|* MeV
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NLO effects in production
QCD
As for the decay, the most important effect can be described by soft QCD radiation.

Complete NLO QCD corrections, for generic PO, can be implemented in automatic

tools for event generation. Work in progress.
[see also Maltoni, Mawatari, Zaro 1311.1829]

[INNLO corrections also dominated by real radiation effects:

Cacciari, Dreyer, Karlberg, Salam, Zanderighi 1506.02660]

EW

Electroweak corrections can be divided in:

- Local contributions. Such terms are parametrised as SM contributions to the PO
(e.9- &Mz, )

- Non-local terms. Unlike decay, in VBF such terms could be relevant. Would need
a dedicated study.
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Slide from Aleandro Nisati's talk at LHCP 2015

Precision on signal strength

slide 19

| channel | Prec. (%) 100fb? | Prec. (%) 300 fbl | Prec. (%) 3000 fb!

ttH H>yy

ttH H>ZZ*->4l ~85
VBF H>vyy ~80
VBF H>Z7Z*->4l ~60
H->puu ~70
H->11 ~18
H->bb ~20
H->vyy ~15
H->41 ~15
H->41 ~15

{

49
47
36
39
14
14
12
11
11

48
43
33
38
3
11
6
7
7

20
22
21
16

N © 00 N o

16
15
16
12

~ B B~ 01 O,

ATLAS: experimental & theory uncertianties; only exp. uncertainty

My personal estimates

CMS: current exp.l & theory uncertianties; exp. uncertainty o 1/NL and % theory unc.

ATLAS assumed luminosity uncertainty: 3%
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https://indico.cern.ch/event/389531/session/49/contribution/167/attachments/1148751/1650430/ProspectsAtHL-LHC.pdf

