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Higgs Golden Channel

* Probe of Higgs-gauge boson couplings @LHC:

Resolution of the tensor structure with differential study
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Higgs Golden Channel in the SMEFT

Neglected
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Bounded at per-mille level at LEP1 [['(Z — sz)]

h
Jze—Z V' -l

0
[With D6 gauge invariant SMEFT]

2 2q

gy = =2 —=Yytp, Okiy + 2097 — —_ (Tsc,, + Yesg, )dg7
Cow Cow

- 8g7 bounded at per-mille level at LEP1
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Higgs Golden Channel in the SMEFT
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Neglected

h¢¢ strongly bounded
(Altmannshofer et al. 1503.04830,
ATLAS coll. 2007.07830)

Affecting the total rate,
but not the lepton angular distribution



Higgs Golden Channel in the SMEFT
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D6 SMEFT with linearly realised
SUR2), X U(l)y

Warsaw basis
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Oup = |H|?B,, B""
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Angular distribution

e We compute the cross section o(pp — h — ZZ — 4¢), in the h rest frame,

and its differential distribution in the lepton emission angles

— Towards the extraction of the maximal information from the measurements
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Angular dependence
in helicity amplitudes

- e, ~ 2 pairs of opposite-charge

27 =<<_ p and opposite-helicity leptons
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Angular dependence
in helicity amplitudes

i z -
A ) 2 pairs of opposite-charge
t - = PARDIEE Zﬂf}/ﬂf = and Oppositg—helicity leptons

ar‘fp 2, .t

- Convenient to analyse angular distribution for particles with definite helicity

- For Zf@ the dependence on the emission angles is determined by the angular
momentum quantum numbers (J, M) of the ££ system, in the £¢ rest frame

Scattering amplitudes o« d’, , .(0., @ |
g p M,Aﬂ( l ¢l) dl_l,A)‘Zl(ei’ SOZ) — 81112(91:/2)6—2307;

- InZ —¢¢, J=1, M=, e dL s arner (05, i) = cos®(6:/2)e ™

sin 6;

dS ax—1(0;, ;) = .
Angles of the lepton with A = + 1/2 0.ax=1(0i #i) V2
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Helicity h — ZZ amplitudes

o Starting point: 7 — Z, Z, decay with definite helicity for the final Z

Which are the possible helicities 1, and 1,?

Angular momentum conservation in the decay '
of a scalar (s=0) at rest
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Helicity h — ZZ amplitudes

o Starting point: 7 — Z, Z, decay with definite helicity for the final Z

Which are the possible helicities 4, and 4,?

Angular momentum conservation in the decay * 1 =2
f | =0) at rest =72
OT a Scaiar (s= at res
A = —2 (0997 +1) mQZ + 2 M2z mzmzx — 21 fizz Y N7 17 % 1 1
T , v v la T2 112 W 61212 Ta = M, M7 * (BrE + |1°) = M, M 7% 9z -9z~
Sa%., + 1) m? K77 k77 oL _ ,
A__ = -2 ( 27 " ) Z + 2 % Ya Mz Mz* + 20 i7 Yoz iz b= M, MZ* QB + E) = M, M7 * g
5~h 1)\, .2 .
Ago = —2 (0927 + 1) Ya — 2 hzz :
v v My mgs
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Helicity h - ZZ — ¢_ ¢_¢ ¢_ amplitudes

e Full helicity amplitude (with /2 production factorised out)

M(h— ZZ* = O P2 = gf i A(h — 22 — L0865 0%) ~ (3.7)
—g7 —g7
A(h — Z5 7%, L A(Zy — L0t 2 A(Z%, — 12 0%
%\; ( AT )q% — m% +i'zmyz (Z5 + )q%,, - mQZ +il'zmz ( A + )
(3.8)
—g7 ~94,

o Y A(h— ZxZ3)—

, A5 Ay_; (62, —
A g5 —m% +il'zmg A’A’\_l( 2, ~¥2)

dx 0
,\,A,\:l( 1, 1) q%* - mQZ +il'zmz

(3.9)
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Helicity h — ZZ — ¢ ¢_¢ ¢_ amplitudes

e Full helicity amplitude (with /2 production factorised out)

M(h— Z2Z* = C P 0%) = gl gf A(h— 22 — 0L 207 ) ~ (3.7)
~a;, A
A(h — Z5 7%, L A(Z5x — 0L ¢ 2 A(Z%, — 1202
/_\z;‘; (h A A)q%—m%—i-ﬂ‘zmz (5 N _)q%*—mQZ—f-irsz ( A +2)
(3.8)
~97, —g7
X ZA(]I — Z/‘\Z}:) 5 ! d%\,A)\:l(Hl’ 991) D) 9 - d}\,A)\Zl(H?: _992)

R Gy —my +ilzmz

(3.9)

e Breit-Wigner propagators (helicity independent) —

Common factor in the angular distribution
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Helicity h — ZZ — ¢ ¢ _¢_ ¢_ amplitudes

e Full helicity amplitude (with /2 production factorised out)

M(h— Z2Z* = C 0P %) = gl g7 A(h— 22 — L2027 ) ~ (3.7)
—97, A
A(h — ZxZ%, L A(Zy — (10t 2_ A(Z%, — 2%
/_\2)_\; ( ATA )q% — m% +i'zmz (5 + )q%* — mQZ +il'zmz ( A +2)
(3.8)
Z*
_gle 9y

Ah — Z5x 73
OC; (h = 2 ’\)q%—77122+ifz77zz

dy axe1 (01, 1) d5 ar (02, —2)

q%* — m2Z +iI'zmyz
(3.9)

e BSM corrections in h — ZZ amplitudes (helicity dependent) —

Modification of the angular distribution 5§§Z, K77, K77
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Visible angular modulation

e Angular distribution not for A = + 1/2 leptons
BUT for negatively charged leptons

(M(h— PP = Y [M(h— G265

AN
Q=-1fermions =P CLHAl=—1/2

2 7x2 2 %2
|M(h’ — @(1@2(2)'2 — (gé ngR |A(917 02: ¢)|2 + ngL gli |A(’/T o 01: T — 927 ¢)|2+

2 * 2 2 * 2
+ g2 g2 " |A(T — 01,00, + 9)* + o, gf IA(91,7T—92,7T+¢)I2)

18



Angular moments

* Angular differential distributions

f1 = sin®(6y) sin®(6s)

fo = (cos?(6y) + 1)(cos?(62) + 1)

f3 = sin(26;) sin(265) cos(¢)

f1 = (cos?(61) — 1)(cos?(62) — 1) cos(2¢)
f5 = sin(#1) sin(f2) cos(¢)

fe = cos(61) cos(62)

fr = (cos?(6) — 1)(cos?(62) — 1) sin(2¢)
fs = sin(#y) sin(f2) sin(o)

fo = sin(26;) sin(263) sin(¢),
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Angular moments

* Angular differential distributions, modified in the EFT
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Method of Moments

o Extraction of the a;’s coefficients with the Method of Moments

James, Statistical methods in experimental physics, 2006

* Dunietz et al., PRD43 (1991) 2193-2208;
Beaujean et al., 1503.04100

Transparent and advantageous when statistics is low

Let’s assume there exists a dual basis {w;}, orthonormal to {f;};, [dQ wifi =0,

— S VI _
and such that w; = /ll-j]? * A =M"", with sz — Jdgﬁ];

JdQ 2 (@, f)w; = q;
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Method of Moments

_ (52122; 55 00 00 0 0 0)
* In our analysis 128 6221 0 0 0 O O 0
0 0 %2 0 0 0 0 0 O
0 0 0 22 0 0 0 0 0
M= 0 0 o0 o0 B0 0 0 0 [,
o 0 0 0 0% 0 0 0
0 0 0 0 0 027 0 0
o 0 0 0 0 0 0 ¥ o0
\ 0 0 0 0 00 0 0 26
e Diagonalisation Ji=cosffy —sinffa, tan B = — = (5 + v/29)
fo =sin B f1 + cos 3 fa, 2 .

A . 647 647 2567 256w 167 8w 2567 167 2567
M = )\t = di _ §+ = (53 £9v29)
iJ ”g<225£+’ 29557 295 2957 0 9 2957 9 225)
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pp = h = ZZ — 4¢ @LHC
Simulated events

e Monte Carlo simulation (500k events) of gg

> h — 4¢ (MadGraph, Pythia 8)

@14TeV @LO [N’LO k = 3.155] in the scenarios: SM, k;; = +0.5,%,, =+ 0.5

e Selection of 47 final state, with 2 pairs of OSSF leptons (opposite sign, same flavour)

But also irreducible background pp — 47: qq — 4¢ and gg — 47

Selection cut SM gg — h | qqg — 40 | g9 — 4L
Jet veto 0.419 0.779 0.319
Er <25 GeV 0.348 0.667 0.248
2 pairs of isolated OSSF leptons,
AR(l;, 4;) > 0.02, 0.127 0.036 0.130
]\Jgﬂg/— >4 GeV
pr.e, > 20GeV, pre, > 10GeV, pr e, > 10 GeV 0.121 0.031 0.124
M(Zy) € [40,120] GeV, M(Zs) € [12,120] GeV 0.110 0.021 0.112
M(4¢) € [118,130] GeV 0.095 0.001 0.001

Cut-flow showing the impact of each stage of the selection on the fraction of retained
Monte Carlo events for the SM-driven gg — h — 4/ process, as well as on the q¢ — 4¢ and gg — 4/

irreducible backgrounds.
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Events / 2 GeV
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pp — h = ZZ — 4¢ @LHC
Some differential distributions

f L dt = 3000 fb™, Vs = 14 TeV

SM gg — h (2x)

qq — 2Z, zy*
B 99 > 22, zv* (29)
- Zi* + jets (2x)
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Moments estimates and bounds

- " | i 1 Ny
- MC estimated moments: a; = Nw, with Wi = N > wi(O1,n, 02,5 6n)
n=1
N @3ab™!
2 h ~ —
X (0877 Kz7:Kz7) =
Total Rate
EFT SM\s—1, EFT SM
| 2 @ = aPzGafT - My
05} | l:].
——\ 2
Wlth EZ] — (( :NYSA/[> + K’gyst) a’z’Sl\f’Ia]S'I\fI + NSZ\LTO-z‘Sle-
Ngum
@ 00 All moments
Systematic uncertainty: k;,,, = 0.02 [ATLAS coll ]
- <= Bounds @68% C.L. on CP-even couplings
Angular Distribution allows to set
Jg bounds along a flat direction
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Moments estimates and bounds

. With Ky,

e |R,;| < 0.5 (Marginalising over k,, and 58%.) [a4, ag, ay: small contribution to y*]

e 1/A* order negligible w.r.t. 1/A?

- Blue: pp - h — ZZ

- Green: pp — Vh[1912.07628]
- Combination

- Yellow ellipse: + pp > h > WW
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Summary and outlooks

* Angular differential study to probe the tensor structure of

the Higgs coupling to gauge bosons

* Angular moments extracted with the method of moments
Strong bounds as in the ML techniques in a more

=5

transparent way

e Angular analysis eliminates the flat direction in (5g§z, Ky7)
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EFT Lagrangian

n 2m% ZMZ _ h o
ALe D 83y —Z2h=—2+ 697 Zy"C+ ) gy —Zulye
14 14

v 2

R
+ Kzz %Z“ Zyw + RKzz %Z“ 2y
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EFT parameters and Warsaw basis

2
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2'0
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202
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— T4+ (1/2 = | TS ))en)

Opn = (H'H)O(H'H)
Oup = (H'D, H)*(H'D,H)
A
OHg = iHTD#HéR’}/“eR
OV —iHD,HIy"L
HL = pd LY
O%) = iH0* Dy H Loy L
gy = W 0 Pptt Loy
OHtG - Q3ﬁTA0'w/tRGA'uV
Ouve = Q_3ﬁTA0’M,,bRGA“”

Onc = (H'H)GA,GAw

Onp = |H|* B, B"
Onwp = H'c*HWS, B*
Onw = |H|*W,,, W
Oy 5 = |H|*B,,B"
Opvwp = Hic"HWS, B
Opw = |H‘2WauWaW

= |H|*(Q3Hbg + h.c).

— |H|>(QsHtr + h.c).




hZ/¥¢ contact interaction

o WZ£C: € 6 withJ=1and M = 1,
ggf contribution to h — Z2¢ — 4¢ can be expressed as a
shiftin g7 in M (h — ZZ* — 4¢)

2 2 :

Z* Z* h
9oy — 90, — 971, 972
mz
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Detalils of simulations

MC: gg — h — 47 signal @14TeV @LO with MadGraph and NNPDF31_lo_as_0130 PDF set;

qq — 47 bkg @14TeV @NLO with POWHEG BOX V2 and NNPDF31_nlo_hessian_pdfas set;

gg — 47 bkg (one-loop) with MCFM 7 and CTEQ6L PDF set;

pp — £¢jj reducible bkg, with j to £ fake rate 0.016 (0.044) for jets with |y/| < 1.48 (1.48 < |y/| < 2.5)

e PYTHIA 8 for parton shower and hadronisation

K-factors: gg — h with N’LO k = 3.155 (LHC HXSWG), g§ — 4¢ with NNLO/NLO k = 1.1, gg — 47

with NNLO/LO k = 2.27, pp — ££jj with k = 0.91

Gaussian smearing as implemented in RIVET to simulate the detector response

e Flat leptonic reconstruction efficiency of 0.92
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Backgrouds

* Reducible backgrounds:

jets as fake leptons — Mainly Z/y*+jets [tt, WW, WZ +jets]

* |rreducible backgrounds:

gg — 4¢ and qq — 4¢
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M(Z) plots

2 1200[— _ 3 600[—
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£ 1000~ g SO0
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Invariant mass distribution M (Z;) of the (left) Z; and (right) Z2 candidates after defining
the signal region M (4¢) € [118,130] GeV.
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