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~ Pseudo Observables in Higgs physics

Higgs decays
Multi-body modes Two-body (on-shell) decays
e.g. h— 4t tly, ... [no polarization properties of
l the final state accessible]

e.g. h — vy, uy, tt, bb
There is more to extract from l

data other than the x,

The x, («>1) is all what
one can extract from data

[+ one more parameter if the
polarization is accessible]
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~ Pseudo Observables in Higgs physics

Higgs decays

i N

Multi-body modes Two-body (on-shell) decays

e.g. h — 4L, Ly, ... [no polarization properties of
l the final state accessible]

form factors — f.(s) [E.g.:s=m?y] e.g. h— vy, ppy, 1t, bb

Eg: A h—Zee)~ e J [ f"(d")g" + 17 (q")(pag" —q" p")+...]

N.B.: There 1s noting “wrong” or “dangerous” in using f.f., provided

~ they are defined from on-shell amplitudes
[hill-defined for h — WW?*, ZZ* but perfectly ok forh — 40 ]

= no model-dependent assumptions are made on their functional form
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~ Pseudo Observables in Higgs physics

Higgs decays
Multi-body modes Two-body (on-shell) decays
e.g. h — 4t tly, .. [no polarization properties of
l the final state accessible]
form factors — f.(s) [E.g.:s=m?y] e.g. h — vy, up, tt, bb

!

Momentum expansion of the f./. around leading poles, e.g.:

SM+NP — Ki + &
fi (51952) o ( 2 2. 2. -
S|-my“+imy ', )(s,-my~+imyl';)  (s;-my +imyI'y)

» No need to specify any detail about the underlying theory, but for the absence
of light new particles — momentum exp. well justified by the Higgs kinematic

» The {x, ¢} thus defined are well-defined PO — systematic inclusion of higher-
order QED and QCD (soft) corrections possible (and necessary...)
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~ Pseudo Observables in Higgs physics

Higgs decays
Multi-body modes Two-body (on-shell) decays

e.g. h — 4L, Ly, ... [no polarization properties of
l the final state accessible]

form factors — f;(s) [E.g.:s=m?y] e.g. h — vy, uy, 11, bb

!

Momentum expansion of the f./. around leading poles, e.g.:

SM+NP — Ki + &
fi (sl,sz)—( 2. 2. 2
s-my~timyl'y)(s,-mz~+imyl';)  (s;-mz~+imy,I'7)

The PO thus defined are based on a minimal set of QFT assumptions:
analiticity, unitarity, crossing-symmetry + no new light particles in the theory.
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~The h — 4f case

Two main hypotheses:

[. Fermion couples to the Higgs via helicity-conserving local currents
[ neglect helicity-violating interactions, naturally linked to my also BSM]

P
" Ly

"

Gram = (0T 17 (2), 5. (y) h(0) } 10) — @’
The amplitude 1s fully determined by this Green function J“ 7
that contains long-distance modes (<= non-local terms / T
in x and y due to the exchange of EW gauge bosons) /

& short-distance modes (<> contact terms for x or y — 0)

Only 3 Lorentz structures allowed, e.g.:

A—ZQmZ Yo D (evae) (s X

e=er,er W=/L R

B _ 4aCq B afpo
: : a1 -q2 9% — q@2q1 : € 42091
[Ff“(ﬁ,qg)go‘ﬁ + F5" (g7 q3) + E (g1, 45) nes

2 2
mo mo
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~The h — 4f case

Two main hypotheses:

[. Fermion couples to the Higgs via helicity-conserving local currents
[ neglect helicity-violating interactions, naturally linked to my also BSM]

P
" Ly

Gy = (0| T {J¥ (), J5:(y). h(0) } |0) 5
[I. Kinematical (momentum) expansion of Gy, around the J }” T f
leading SM poles: f

", A o\
\ Y \ i d

negligible
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~The h — 4f case

Following these hypotheses we can expand the form factors around the physical
poles and retain only the leading terms (in the momentum expansion), e€.g.:

2m?2 . } SM-IL 38 x 1073
A=i—L % ) (Ene)imx “ry 8
' e—cl en p=np uir eSZI}Y/I'lL ~ 6.7 x 1073

g%g% €Ze g% €Zu g% ) af
KZZ + + g+
[ ( Pz(qi)Pz(q3)  m3 Pz(q3)  m3 Pz(qi)

- , L 2 aB _ g0 q,P
9797 SMLIL ( Q.95 eQeg ) SM-11. € Qe@u) Qg 9 — @q
+ | €27 + Kz~€7 + K~~E +
( Pz(q7)Pz(q3) T \@Pz(qt) i Pz(g3) T qlg my
CP g%g% CP eng% 6@@9% CP GQQeQu EgﬁpUQZpQw
+\€zz 5 v Tt ez, | 3 n T3 o) Ty 22 2
Pz(q7)Pz(q3) a3 Pz(q7) a7 Pz(q3) 419> mz

Pz(q2) = q2 — mQZ +imyl'y

» The{x, €.} are defined from the residues of the amplitude on the physical

poles — well-defined PO that can be extracted from data and computed to
desired accuracy in a given BSM framework

s+ By construction, the g, are the PO from Z-pole measurements, while iK,, and Kz,
are the standard “kappas” from on-shell h — yy and h — Zy
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~The h — 4f case

Following these hypotheses we can expand the form factors around the physical
poles and retain only the leading terms (in the momentum expansion), e€.g.:

2m2 ) ) SM-1L ., 10-3
A=i—L % ) (Ene)imx €y 38x10
' e—cl en p=np uir eszl\qf'ﬂ‘ ~ 6.7 x 1073

9797 €zc G €Zu 9% ) B
KZZ7 + + g+
[ ( Py(a})Pz(q3)  m% Pz(q3) m% Py(q7)

. , L 2 aB _ g0 q,P
9797 SMLIL ( Q.95 eQeg ) SM-11. € QeQu) Qg 9 — @q
+ | €27 + Kz~€7 + + K~~E +
( Pz(q7)Pz(q3) T \@Pz(qt) i Pz(g3) T qlg my
CP g%g‘é CP eng% 6@@9% CP GQQeQu EaﬁpUQZpQw
+\€zz 5 v Tt ez, | 3 n T3 o) Ty 22 2
Pz(q7)Pz(q3) a3 Pz(q7) a7 Pz(q3) 419> mz

Pz(q2) = q2 — mQZ +imyl'y

» The K. are normalized such that the SM 1is recovered in the limit K. — 1

» The ¢; describe terms not present in the SM at the tree level (and always sub-
leading): SM recovered for ¢,(SM) = O(10-3) — 0

» To this amplitude we can apply a “radiation function™ to take into account QED
radiation — excellent description of SM (and NP) beyond the tree level.
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~The h — 4f case 0 100l = 1GeV h2e2u |

:”‘? 0.050¢t

“Dressing” with QED 3 NLO'vs. LO (SM)

.. = (Prophecy4f)

radiation — excellent L

description of SM beyond 3
2

the tree level " 0.010}
=
L 0.005¢}

\J

1.15}
S 1.10}
= 1.05
R e N o
2 0.95} |
§ 090} — OED "dressed" LO

0.85F B ,u+,u_.'Pmphecy-fffNLO EW

Ol m e ey oy,
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m g+ ¢ (GeV)
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~The h — 4f case

The “physical meaning” of the parameters appearing in this decomposition is not
obvious at first sight, but it 1s actually quite simple [— physical PO]:

m2
A=iZZ 30 (@) (o) s

€—C€L,€R =ML MR

{ /;Z“Z\ 9594 €ze 97 | €zu 95 )gaﬁ N
':' Py(q})Pz(@3)  m% Pz(q3)  m% Pz(q})
I 1 e M e K 2 . Oéﬁ — «x 6

9z sMaL [ €Qud” eQely VL€ ReQu 12 g ©R*q
H—(ezz vz + Kz-€7 ( + K€ +
' Pz(d1)Pz(3) T \@Pz(ad)  @iPz(e)) 7T 4ig my

' :
%“1‘(6%}2) "g-ezng + e%P ( eQugy + ¢Qegy > 4 €SP BQQeQu) 5a6pa@2p910]
(g Pz(63) 7 \a3Pz(a3)  @Pz(@3)) 7 dldd my

“double Z-pole” l
['(h — 2e2u) |k zz]
B(Z — 2¢)B(Z — 2u)
['(h — 2e2p)|ez7]
B(Z — 20)B(Z — 2p1)
Z CPV [(h — 2e2p)[ezy]
= Zr20) = 0 0 B(Z — 240)

I'(h— Zp71) —0.209 |kzz|* MeV

F(h — ZTZT)

= 0.0189 |ezz|* MeV

= 0.00799 |52]? MeV
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~The h — 4f case

The “physical meaning” of the parameters appearing in this decomposition is not
obvious at first sight, but it 1s actually quite simple [— physical PO]:

_szz Yo ) (Evae)(avsn) X

€=€L,€R W=UL,LR ammmmEEE——— ~men
[( gezngL t|_' €Ze gZ €Zu gZ ~)\ a
Pz(ql)PZ( 3% mZ Py(q3) PZ 21
9595 e e, 56' Qe e Q Q @ q2 9% — oq”
+ (GZZ QZ Z 5 +/1276%1\74 1L( a + - ) + K€ ilf 1L Sl J 5 +
Pz(q7)Pz(q5) QQPZ(%) Q1PZ(CJ2) q1q2 my

n ( CP ngZ n egp ( Gngz n GQegZ n CPBQQeQu 5a6pa(12p€71a
)

7 Py Py (63) GPz(at)  4iPz(q3 I W m7

“single Z-pole”

v

h L T(h — Z0T07) = 0.0366]€ 4[> MeV
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~The h — 4f case

The “physical meaning” of the parameters appearing in this decomposition is not
obvious at first sight, but it 1s actually quite simple [— physical PO]:

PO Physical PO Relation to the eff. coupl.
o AP D= 1) = T(h— 71)](m)? + (AP
Ry /\55 L(h—yy) = T(h—= 7)™ [(kyy)? + (/\CP) ]
KZys Az C(h— Zy) = T(h—= Zy)®W[(kz,)* + (AF)’]

Kzz D(h— ZpZy) = (0.209 MeV) x |kzz|?

€77 D(h — ZeZy) = (1.9 x 1072 MeV) X |ezz|?

€5 PYYi(h — ZpZy) = (8.0x 1073 MeV) x |51 |

€ ¢ I'(h — fo) = (3.7 x 107 MeV) x N/ |ez¢|?

Kww L(h— WrWr) = (0.84 MeV) x |kww|?

EWw ['(h — WpWyp) = (0.16 MeV) X |epw]|?

ey MY (h — WpWy) (6.8 x 1072 MeV) x |efihy]”

ew D(h— WFF) = (0.14 MeV) x N/ |2
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~The h — 4f case

N. independent PO for a complete description of h — 40 ({=e,u,v) + LLy + vy,
with or without specific symmetry assumptions:

Decay modes flavor +CP symm.  flavor non univ. ~ CP violation
h — vy, 2ey, 2uy Kz, Kz, K CP CP CP
f f j e (6) EZ;U»L? EZF*R (2) EZZ? EZ')/ 3 E*mr (3)

de, 4y, 2e2p €27,€Zeys €Zen
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~The h — 4f case

N. independent PO for a complete description of h — 40 ({=e,u,v) + LLy + vy,
with or without specific symmetry assumptions:

Decay modes flavor +CP symm.  flavor non univ. ~ CP violation
h — vy, 2ey, 2y KzZ,KZys Koy cP CP P
’ ’ ‘ ’ €7y € 2 €rm €r €
46} 4’% 262# €27, €Ze;, s €Zen (6) Zprs “ZuR ( ) ZZ> =2y Y (3)
. CP
h — 2e2v,2p2v, evpy W 4)| €zv,. Relewy) | eww. Im(ewe, )
EWW, €Zve, Re(EWeL) Im(EW,tLL) (5)
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~The h — 4f case

N. independent PO for a complete description of h — 40 ({=e,u,v) + LLy + vy,
with or without specific symmetry assumptions:

Decay modes flavor +CP symm.  flavor non univ. ~ CP violation
h — v, 2evy,2uy KzZ,KZys Koy cp .CP _CP
’ ’ ‘ ’ €7ur €70 €rm €y, €
de, 4u, 2e2p €27.€Z0, + €7en (0) Zus: €Zpr (2) 222 €276 (3)
fww (4| ez, Re(ew,,) | eihy. Im(ew,)

h — 2e2v,2p2v, evuv

EWW s €., Re(€we, )

Im(EWﬂ»L ) (5)

all modes RZ2Zs hzys Ry €7, €70 CP CP CP

. . €77 €Zer s €ZeR Lo orR 222y 7
with custodial Re(epe, ) 7)

symmetry

[ 20 (no symmetries) — 7 (CP + Lepton Univ + Custodial) }
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~The h — 4f case

N. independent PO for a complete description of h — 40 (L=e,u,v) + Ly + vy,
with or without specific symmetry assumptions:

Decay modes flavor +CP symm.  flavor non univ. ~ CP violation

h — vy, 2ey, 2uy KzZ,KZys Koy cP _CP _CP
1 1 b 1 € LE 2 € € je o
de, 4y, 2e2p €27,€Zer,> €Zer (©) 72 (2)| €220y ()
RWw (4) EZJ/},‘: Re(EW,u,L) E%/%/: Im(EWBL)

h — 2e2v,2p2v, evuv

EWW s €Zves Re(EWBL) Im(EWﬂ»LJ (5)

all modes RZ2Zs hzys Ry €7, €70 CP CP CP

. . €77 €Zer s €ZeR Lo orR 222y 7
with custodial Re(epe, ) 7)

symmetry

The symmetry assumptions can be directly tested from data, focusing on specific
kinematical distributions sensitive to the relevant PO's [e.g. CPV-violating
observables & LFU tests — key role played by the “contact terms” ()]
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~PO in Higgs EW production

The same Green Function controlling h — 4/ decays is accessible also in pp — hV
and pp — h via VBF, i.e. the two leading EW-type Higgs production processes
(N.B.: this follows from “plain QFT” no need to invoke any EF1T...)

(OIT { T4 (). T3 (y). h(0) } [0}

R
R4
’

R4
’
Re
.

.
.
.
’
.
'l
.

~

-
-
.
-
-
-
.
-
.
-
.”
.

e
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~PO in Higgs EW production

The same Green Function controlling h — 4/ decays is accessible also in pp — hV
and pp — h via VBF, i.e. the two leading EW-type Higgs production processes
(N.B.: this follows from “plain QFT” no need to invoke any EF1T...)

OIT {Jf (x), T7 (y), h(0) } |0)

Same approach as in h — 4/ (and, to some extent, same PO)
but for three important differences:

» different flavor composition (q <> £) — new param. associated to
the physical PO I'(h — Zqq) & I'(h — Wud)
» large impact of (facotrizable) QCD corrections
easy

» different kinematical regime: momentum exp. not always justified
point

(large momentum transfer)
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~ PO in Higgs EW production

Twofold problem:

[. identify which are the “dangerous” kinematical variables, and how to access
them when not directly measurable — p{/*t in VBF, p;Z in Zh

Higgs VBF @ 13 TeV LHC

q....l ..... 1....=.O,..._.0 .................. 2 x10~2
: Kzz = H Aq = 2 Q ) Q W —_— :
600F 0. éin =, mu=0 L '.I
. '
. q
% 1.6x1073 q /
S
.m ..... \\\\\\\
S P gl e S y
g: 13x107¢
q /\
'
q
1.x107°

0 100 200 300 400 500 600 700

Ve @Geny
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~PO in Higgs EW production

Twofold problem:

[. identify which are the “dangerous” kinematical variables, and how to access
them when not directly measurable — p{¢t in VBF, pZ in Zh

[I. how to control the validity of the expansion

q
E.g.: pp — Zh > < s = (myz)°

, Lg% kzy T 874 (s -mz?)/mz” + .. ]
s - my

Key point: since we expand on a measurable kinematical variable,
the validity of the expansion can be directly checked/validated by data




G. Isidori — PO note HXSWG Feb 2016

~PO in Higgs EW production

Twofold problem:

[. identify which are the “dangerous” kinematical variables, and how to access
them when not directly measurable — p-¢t in VBF, p;Z in Zh

[I. how to control the validity of the expansion

S V4

q
E.g.: pp —Zh >§;

R | g%, + €74 (s - mz)/mz? + ... ]
s - my

S = (my,z)?

General procedure:

~ Measure the PO setting close to the threshold region, setting a cut on the
“dangerous” kinematical variable [— a-posteriori data-driven check of the validity
of the momentum expansion = definition of a “threshold region”]

~ Report the cross-section as a function of the kinematical variable in the high-
momentum region [— natural link/merging with template cross-section method]
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