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Martini, KM, Sengupta [1601.05729, PRD]
Bernon, Goudelis, Kraml, KM, Sengupta [1603.03421, JHEP]
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® take a BSM model (symmetry, particle contents,...), i.e. Lagrangian

® derive the Feynman rules FeynRules

adGraph,
CompHEP,
FDC Gosam

- GAMBIT, Checkmate, FastLim, MadAnalysis

micrOMEGAs
MadDM




2012 July

p Observation of a new particle in the search for
the Standard Model Higgs boson with the ATLAS
detector at the LHC

p Observation of a new boson at a mass of 125
GeV with the CMS experiment at the LHC

©2013 July
p Evidence for the spin-0 nature of the Higgs boson
02013 October

p Physics Nobel Prize [F. Englert (Brussels) and P.
Higgs (Edinburgh)]

©2015 Spring
p LHC Run-ll



Higgs quantum numbers in weak boson fusion —

Christoph Englert,® Dorival Goncalves-Netto,” Kentarou Mawatari® and Tilman Plehn® S

@ Institute for Particle Physics Phenomenology, Department of Physics, Durham University,
DH! 3LE, U.K.
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ABSTRACT: Recently, the ATLAS and CMS experiments have reported the discovery of a H—
Higgs like resonance at the LHC. The next analysis step will include the determination of XC
its spin and CP quantum numbers or the form of its interaction Lagrangian channel-by-

channel. We show how weak-boson-fusion Higgs production and associated Z H production

can be used to separate different spin and CP states.



e HC provides an automated NLO(QCD)+PS accurate tool and predictions to

accomplish the most general and accurate characterisation of Higgs interactions in

the main production and decay modes at the LHC.

* The code is publicly available at the FeynRules repository:
https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation

»HCI:“A framework for Higgs characterisation” JHEP|1(2013)043 [1306.6464]
Artoisenet, de Aquino, Demartin, Frederix, Frixione, Maltoni, Mandal, Mathews, Mawatari, Ravindran, Seth, Torrielli, Zaro

= HC framework based on the effective filed theory (EFT) approach
» HC2:“Higgs characterisation via VBF/VH: NLO and parton-shower effects” EPJC74(2014)2710 [1311.1829]
Maltoni, Mawatari, Zaro

= VBF andVH @ automated NLO+PS
» HC3:“Higgs characterisation at NLO in QCD: CP properties of the top Yukawa” EPJC74(2014)3065 [1407.5089]
Demartin, Maltoni, Mawatari, Page, Zaro

= GF (H+jets) and ttH @ automated NLO+PS
» HC4:“Higgs production in association with a single top quark at the LHC” EPJC75(2015)267 [1504.0061 1]
Demartin, Maltoni, Mawatari, Zaro

= tH @ automated NLO+PS
» HC5:“tWH associated production at the LHC” EPJCxx(2016)xxx [1607.05862]
Demartin, Maier, Maltoni, Mawatari, Zaro

= tVWWH @ automated NLO+PS


http://inspirehep.net/author/Artoisenet%2C%20P.?recid=1240105&ln=en
http://inspirehep.net/author/de%20Aquino%2C%20P.?recid=1240105&ln=en
http://inspirehep.net/author/Demartin%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Frederix%2C%20R.?recid=1240105&ln=en
http://inspirehep.net/author/Frixione%2C%20S.?recid=1240105&ln=en
http://inspirehep.net/author/Maltoni%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Mandal%2C%20M.K.?recid=1240105&ln=en
http://inspirehep.net/author/Mathews%2C%20P.?recid=1240105&ln=en
http://inspirehep.net/author/Ravindran%2C%20V.?recid=1240105&ln=en
http://inspirehep.net/author/Seth%2C%20S.?recid=1240105&ln=en
http://inspirehep.net/author/Torrielli%2C%20P.?recid=1240105&ln=en
http://inspirehep.net/author/Zaro%2C%20M.?recid=1240105&ln=en
http://inspirehep.net/author/Maltoni%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Zaro%2C%20M.?recid=1240105&ln=en
http://inspirehep.net/author/Maltoni%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Zaro%2C%20M.?recid=1240105&ln=en
http://inspirehep.net/author/Maltoni%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Zaro%2C%20M.?recid=1240105&ln=en
http://inspirehep.net/author/Maltoni%2C%20F.?recid=1240105&ln=en
http://inspirehep.net/author/Zaro%2C%20M.?recid=1240105&ln=en
https://feynrules.irmp.ucl.ac.be/wiki/HEL

Tools for Higgs Physics ..

. POWHEG MINLO
Cross Section —  MadGrapn5 aMC@NLO
agF / — —  SHERPA MEPS@NLO
HIGLU (NNLO QCD+NLO EW) Y ONC
jHixs (NNLO QCD+NLO EW) / oy
FeHiPro (NNLO QCD+NLO EW) < e
HNNLO, HRes (NNLO+NNLL QCD) NOC NLO ME
SusHi (NNLO QCD) - Jet-veto MCEM, MG5_aMC@NLO
RGHiggs (NNLO+NNNLL QCD) gluon JetVHeto (NNLO+NNLL)*
ggHiggs (approx. NNNLO QCD) @ W/iZ
VBF top/bottom
VV2H (NLO QCD) Hi Deca
VBENLO (NLO QCD) -———- HDECAY (NLO++)
HAWK (NLO QCD+EW) Higgs (NLO)
VEBE@NNLO (NNLO QCD) Prophecy4f
WH/ZH Hi
V2HV  (NLO QCD) ™ H:im (NLO+NNLL) WiZ
VH@NNLO (NNLO) ~

Higgs Properties

ttH = ettt M, |
HQQ (LO QCD) // ~ME
bbH _— / i
HH PDF: MSTW, CTEQ, NNPDE, etc. T penra

+ private codes.

* NLO+NNLL in differential Compiled by R. Tanaka, Jan. 2014




Higgs characterisation [1306.6464, |HEP]
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Bishara et al. [1312.2955, JHEP]
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Choi, Miller, Muhlleitne

r, Zerwas [hep-ph/0210077, PLB]
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Higgs characterisation [1306.6464, |HEP] D5 D5
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{do/dA¢ ~ const. for 0y,
{do/dA¢ ~ 1+ Acos2A¢ for O,
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Plehn, Rainwater, Zeppenfeld [hep-ph/0105325, PRL]

Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP|C]

| GFvs VBF (shape comparison)
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do/dA¢ ~ const. for 0y,

do/dA¢ ~ 1+ Acos2A¢ for 05,




Kramer, Kuhn, Stong, Zerwas [hep-ph/9404280, ZPC]
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e
Hagiwara, Li, KM, Nakamura [1212.6247, EP|C] Hagiwara, Ma, Mori [1609.00943]
. . - . . - 00.2_
Longitudinal spin (helicity) effect | Transverse spin effect So1e
20.16F-
0.4
0.12F J —
o?);';: I 1 T
E —— [ L
0.06¢
0.04F
0.02(-
R R S - RV
Ad(rec)

dzl'/dzld22 ~ 1F 212 for spin-0/1, dI'/dA¢ ~1F AcosA¢ for 0+



Hagiwara, Li, KM [0905.43 14, |HEP]
Englert, Goncalves-Netto, KM, Plehn [1212.0843, |HEP]

X — 27" — 4 Vector boson fusion (VBF)
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do/dA¢ ~ const. for 0y, do/dA¢ ~ 1+ Acos2A¢ for 0F;.

Nontrivial azimuthal angle correlations of the decay planes (X — ZZ)
and the jets (VBF) can be explained as the quantum interference
among different helicity states of the intermediate vector-bosons.




| . |ntroduction Hagiwara, Li, KM [0905.43 14, JHEP]
2. Helicity formalism and kinematics
3. Helicity amplitudes for VBF processes
4.Azimuthal correlations between the two jets
- Higgs boson (J=0) productions
- (Massive graviton (J=2) productions)
5. Summary



k1,0'1—> —>k3,0’3

The VBF helicity amplitudes ~ « !

P, A
q2, A?T
The helicity amplitudes for VBF processes o — .
+ Dyt D + 92 B2y, 2,02 4,04
A ' . —g“’lﬂl my, Iy . —gl"'2#2 my, 12 . *
./\/((.,103”0204 —— .] l(kl,k3,01,0'3) > > J 2(k2,k4,0'2,0'4) > > rxvv(ql,QQ,A)
9 — My 92 —my,

can be expressed by using

completeness relation  —g,, + w = Z (—1))""'1 € (qis Ai)" €u(qiy Ai)
! A==.0
current conservation qi#J“(k{,ki_l_Q; 0i,0i42) =0
as the product of the three helicity amplitudes summed over the polarization of the
intermediate vector-bosons:

1 , Z )
Mfl}las,azaa = 2 2 ‘]#l(klfk?’;alao?) (_1)/\1+1 €u' (Ql’/\l) Gyl(QI,Al)
97 —my )
1 A1==+.0
X — 5 J"2(k2,ka; 02,04) E (1) e, (g2,22)" €4, (g2, X2)
49> — My,
A2==%.0

x T (g1, q2; A)”

1 5 \ 5 \ \ A A
— g Al 2
T (A2 2 2 2 p D chncra ‘720204 MXA1A2
(Q1 - mv)(‘b — mv)
A1=+,0A=%,0




Kinematics

I) q1 Breit frame (Q1 = +/—q3, 0< 601 <m/2):
q’l‘zk" k" (0, 0,0, Q1)
k‘l‘ —
kg —

2c059 se=t7-(1, sin 61 cos ¢1, sin #1sin ¢1, cosb1)

semt-(1, Sin 61 COS 61, Sin 61 5N p1, — COS B1)

II) g» Breit frame (Q2 = +/—¢3, 7/2 < 02 < m):
=k#_kﬁ=(07 07 07 _Q2)

2

—chof;o?(l Sin 6, COS ¢, Sin B> Sin ¢, COSH>)

—5o2—(1, Sin 02 COS ¢2, SiN B2 N ¢, — COS 6>)

£ SR S
|

III) VBF frame (X rest frame):
i +¢b =P =4" + ¢ = (M, 0, 0, 0)
1=%(1_QM2Q’005) aw'=7
¢ =M(1-%2% 0,0 -5); &' =21+ _gsine,0, - cos©)

2
(1 + Q'IM_'?,L’ B'sin®, 0, 3’ cos @)




Current amplitudes

«7ig:0':+2 = (—1)MT1I# (i, kigo; 04, 0040) €u(gis M)

e Quark current vectors

Iy ¢ pr(Kiy Kigo; 06, 0i42) = 9ol wp(kipa, 0ip2) v us(ki, 0i)

e Wavefunctions for the quarks

0 —sin(81/2) e~
u(k1,+) = /2E1 Cos(gl 2y | ulk, =)= V2B cos(gl/2)
sin(6y/2) ' 0
0 —cos(01/2) e
u(ks,+) = \/E sin(gl/Q) o u(ks,—) = \/TEI Sin(%l/Q)
cos(61/2) e 0

e Wavefunctions for the t-channel vector-bosons

1 .
6#((113 :t) - E(O) :Fla -1, O)

ey(qla O) = (17 Oa 070)



Current helicity amplitudes

A
j10%03 (quark)

-+ — — * 1 —1Q
= — 1+ cosfq)e "1
..71++ (jl__) 2C0591( 1 1)6
0O _ 7.0 :
= — sinf
T = J1-- 1\/5 cos 61 '
- =_(7nT ) = 1 — cosfq) el
jlj\.+ (;71__) 5cosor 1)
Ny =1 0

- The amplitudes with a transversely (longitudinally) polarized VB do (not) have a phase.
- The phases are opposite between those with transverse polarization.



XVV vertex

e VV — X fusion amplitudes:

MX§1A2 = €,(q1, A1) €(g2, A2) Ty (g1, g2, A)”

ki,01 — —> k3, 03

e Effective Lagrangian:

ko, o9 —> —> ky, 04
1 a a. v 1 a 1auv
Lyga= —ZgHggHFWF MY ZgAggAF;wF H
1
L= _K TG,
e XVV vertex:

X (A) Vv Tvv/axvy

H (0) W, Z gHv

H (O) s Z/’Ya g q1 - g2 g/.w — ngll/

A (O) s Z/’Ya g G”Vafqlang

G (£2,£1,0) W,Z,~.g €ap [ OPHY

* ¢5(P,\): the polarization tensor; I“"“G'f,""/’(ql,qg).' the GVV vertex



VV—H/A amplitudes

"713'10' klao‘l —>

C' P-even
A (A1 A2) H(WBF) H(Ioop mduced)

FM2+ QI+ Q5 ——
The helicity amplitudes for the C P-even/odd Higgs boson productions via off-shell
vector-bosons, M X3\\1A2' in the VBF frame. M is the Higgs boson mass, and ()1 and
Q> are magnitudes of the four-momentum squared of the vector bosons.

"i: —<M2 +03 + Q2> f 3 \/<M2 + Q2 + Q2)2

0 (00)

\\\\\\

For ¢),.()» < NI, where the VBF contributions dominant,
e WBF H: produced by the longitudinally polarized vector-bosons.

e GF H/A: produced by the transversely polarized vector-bosons.



VV—G amplitudes

A (M) G
L2 ()
+1 (£0) [Q2( “ | %)
+£1  (0F) 1 \/—A/[Ql(]\/—[2+Q2 Q3)
0 (F)  os|(@F - Q2)2 + M2(Q3 + Q3)]
0  (00) —%Qle
For (),.0)» < 0\, the A = =2 states are dominantly pro-

duced through the collisions of the vector-bosons which
have the opposite-sign transverse polarization.



Azimuthal correlations for Higgs bosons

The J =0 VBF amplitudes are the sum of the three amplitudes:

1

Mgla?azcu — E E jl '.7 A2 MX)‘zo
2 2 2 2 g103 0'20'4 A1A2
(Q1 +mi)(Q2 +my) —1.0M=t0

0 —i(d,—o 0 0 0
+ j1;103\72;204MX9—€1(®1_‘3"2)
T he squared amplitudes are

Z |M0103 oos| = 20+ 21C0S Ad+ 32005200 (Ad=d1— ¢2)

01,4

The azimuthal correlation iIs manifestly expressed by the interference
among different helicity states of the intermediate vector-bosons.

T he different tensor structures of the XVV couplings give rise to the
different azimuthal angle dependences:

1\ . Moo > Myyp =M__ —  do/dAd ~ constant
H(GF) Moo € Myp = M__ =  do/dAp ~ o+ |Xo|cos2A¢
A Mopo =0, Myy =-M__ = do/dAp ~3g— |23 Ccos2Ap



A distributions for Higgs bosons

GFvs VBF (shape comparison)
035 | PP—Xadil atthe LHC13 0 G, W) |
NLO+HERWIGE — gt( )
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00 | —
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| i T it - (e
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0.10 | —] m——— I
[ —— K
ﬁ_[_ s
005 F— I 15
Rl I = — R k1
....... p—— =
0.00 '
0 w2 bd
| AOGy.i0) |

H(WBF) = do/dA¢ ~ constant
H(GF) = do/dA¢ ~ g+ |Zo| COS2AP
A= do/dAd ~ 3>g— |2p|COS2A



Azimuthal correlations for gravitons

ki

The VBF G production plus its 2-body decay amplitudes are ~

dQ (e) —
E : § : 7 A /\—/\ A AN ! N'=o0s—0
0. 4,056 — 0,0 020 v M Os0 T
o Q2Q2 \71 103 20204 G 1A2 P2 — M 2 + M Gosoe

0.3

M

~ JlalaajzagaaMG” Ut ) g3 553 (O)
+ jIGIGJQ;f;mMGj it 21 (©)
T he squared amplitudes are

Y Mo, sioe|” = To+ T1cos2d (b =61 + o)

S
o

I/G do/dA®

where 0
(14 6cos?© +cos*®) for N = £2
Yo x (d35,(©))% + (d%,,(©))* = { L(1 — cos*©) for N = %1
2sin* © for ' =0
+% sin*®  for M = 42
Y1 2d3,5,(©)d%,,(©) =4 ~isin*© for X = =1

+% sin*® for =0

—— T he azimuthal ® correlations depend on © and ).



@ distributions for gravitons

@)1 =42 (b) A/ = £1 (©)A'=0
0.5 | | I 0.5 I | i 0.5 , | |
i q99—qqG 4 + — 0= il
0.4 = P O=m3 |,
S Vs = 14 TeV I — O = /6 ,
= B M = 600 GeV n B —
% 0.3 — 0.3 0.3
< Sl P —
'g B _
.E 0.2 — ] 0.2 0.2
b - —
0.1 W 0.1 - 0.1
0 ! | | 0 | | | N I. | I ...........
! " 2n 0 n 2T 0 T T
D =0,+0,

—{—% sin*@ for M = +2
do/dcos@dd ~ Yo+ X1c052D; X1 x —gsin“@ for ' = +1
+2sin*® for X =0

The © and )\ dependent azimuthal & correlations !



X decay to a vector-boson pair

k1,01 — —> k3, 03 ko
(11,)\1l
QQa/\QT T BA

kg, 04 —> —> ky, 04 ~—

! /
4y Oy

(a) (b)

Angular correlations in heavy-particle decays are also promising tools
to determine their properties.

The process of X decays into 4 jets/leptons via a vector-boson pair is

related by crossing symmetry to the VBF process.



T he helicity amplitude formalism

The helicity amplitudes for X — VV — 4f

qlp’ ql‘ll
—g“ll“l + —12_ _gu'2p2 +
Miws 0208 rnmv(‘h q2;A) q2 2mv J* (k1,k3;01,03) q2
1~ My 2 — My
can be expressed by using
Qi“IQi“ -
completeness relation —Guu + = E €u(qiy Ai)" €.(gi, Ai)
: A==%,0
current conservation i, J* (ki  kiy2, 04,0i42) =0

as the product of the three helicity amplitudes summed over the polarization of the
intermediate vector-bosons:
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1
X ————J*1(k1, ks; 01,03) E e (a1, A1) € (g1, A1)"
% —my A==,0
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Note: The total amplitudes are generally the coherent sum of the 9 amplitudes

which have the different helicity combinations of the decaying vector-bosons.



Kinematics for gg/qg — X — VV — (ff)(ff)

Note: The azimuthal angles (¢1 and ¢>) are measured individually from
the X production-decay (gg/qqg — X — VV') plane.
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Note: The amplitudes for transversely polarized vector-bosons have a

phase, e or e ', while those for londitudinal ones do not.



X — V'V decay amplitudes

o in the g2, — m2 limit (8 = \/T— 4mZ/M?)
A () H A G
12 (+F) - : —M?
+1  (£0),(0F) - - /Aa-m?
0 (£1) -1 FLBM? —%(1 — BHM?
0 00)  (1+p)/1-6) 0 —L(2-p)M?

e light H(B — O; M ~ 2my): decay into both longitudinally- and
transversely-polarized VBs.

e heavy H (8 — 1; M > my): decay into the longitudinally-polarized
VBs.

e A: decay only into transversely-polarized VBs.

e G(B — 1): decay into both longitudinally- and (A1A2) = (£F)
transversely-polarized VBs.



Azimuthal correlations for Higgs bosons

The J = 0 total amplitudes are the sum of the three amplitudes:

M2, = §: §: MR T30, T25
103,020, 2 A1z 10103 20,00 04— ————
- 1 0 _
~ MX ++J10103'-720204 z(qb —92) + MXOOJlaxaajzazm ° ]
+ MX8_31;103J2;26481(¢1—<D2) o ]

Therefore, the squared amplitudes are generally given by

> IMIT0, . [P = o+ Zicos Ad + Eoc0s20¢  (Ad = ¢y — 62) .
Ty1.-4 ¢' - gz
The azimuthal correlation is manifestly expressed by the interference
among different helicity states of the intermediate vector-bosons.

The different tensor structures of the H/A coupling to a Z-pair give
rise to the different azimuthal angle dependences:

Hineavyy - Moo > My = M__ — dI JdA¢ ~ constant
H(“gm) D Moo~ My =M__ (X1 <€1) = dIr/dA¢ ~ 2o+ |22 cos2A¢
A: Moo = 0, M++ = -M__ = dIlr /JdA¢ ~ 2o — |2 2| cos2A¢



0.20 - pp—tiX, atthe LHC13 (shape comparison)
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® | discussed

- how we can determine the Higgs spin/parity at
the LHC.

- azimuthal correlations in the various processes
are sensitive to the Higgs CP property.

- the correlations can be explained as the
quantum interference among different helicity
states of the intermediate particles.



