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Plan of my talk

@ Motivating Higgs Effective Field Theory

o LHC versus LEP

e hZ,ff interaction: Higgs-Strahlung at the HL-LHC
@ hZrZt interaction: Higgs-Strahlung at the HL-LHC

@ Summary and Conclusions
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SMEFT motivation

@ Many reasons to go beyond the SM, viz. gauge hierarchy, neutrino mass, dark
matter, baryon asymmetry etc.
@ Plethora of BSM theories to address these issues
@ Two phenomenological approaches:
o Model dependent: study the signatures of each model individually
o Model independent: low energy effective theory formalism — analogous to
Fermi's theory of beta decay
@ The SM here is a low energy effective theory valid below a cut-off scale A
@ A bigger theory (either weakly or strongly coupled) is assumed to supersede the SM
above the scale A
@ At the perturbative level, all heavy (> A) DOF are decoupled from the low energy
theory (Appelquist-Carazzone theorem)
@ Appearance of HD operators in the effective Lagrangian valid below A

L=t + S Ao

d>5 i
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|
SMEFT motivation

@ Precisely measuring the Higgs couplings — one of the most important LHC

goals [See C. Zhang's slides for a detailed discussion on Higgs EFT]

@ Indirect constraints can constrain much higher scales S, T parameters being

prime examples

@ Q: Can LHC compete with LEP in constraining precision physics? Can LHC
provide new information?
A: From EFT correlated variables, LEP already constrained certain
anomalous Higgs couplings — Z-pole measurements, TGCs

Going to higher energies in LHC is the only way to obtain new information

o EFT techniques show that many Higgs deformations aren’t independent from
cTGCs and EW precision which were already constrained at LEP — Same
operators affect TGCs and Higgs deformations
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Classification of anomalous Higgs interactions

@ The following terms are not constrained by LEP. First time probed at the
LHC

rimar: - R 1 _
cprmay — ghoh wHew, +2€—22ﬂzﬂ +gan h®+ gy (hfpfr+hec)
Ow

h h h
+ roa SGARGH, 4 W—A“ A + 675t~ A" Zy

@ In contrast, the foIIowing interactions were constrained by LEP

h
ACh = (ngZ2 hZ Z +ngf2 (Z JN+hC)+ngf’ (It +J“+il()
6‘w

+ Kww ?W*'“"Wﬂ_,, + kzz ?Z"“’Z,“, ,
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Couplings constrained by LEP

@ The coefficients of the following

h
hZtZ, +ngf2 (ZJ +h(’)+gwff, (H J“+h()
Cow

AL, = ‘SQZZ 2
+ kww %IV“‘"W’”‘V +kzz %Z"“’Zw

can be written as
2
()JZZ = (ijl el — M.,
Gu
€Sy,

9l = 209% — 2097 (97 ca0,y + €Q 520, ) + 20K, Y 3 g = 20gY — 209797 G,
o

w

1 -

Kz7 = 22 5 (Oky + KzyCony + 2"77‘?9“ ) KWW = 0Ky + Kzy + 2Ky
Cow

[Gupta, Pomarol, Riva, 2014]
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Proof of principle

@ If one of these predictions is not confirmed then either
@ Our Higgs is not a part of the doublet

@ A may not be very high and D8 operators need to be seriously considered
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Sensitivity at high-energy colliders

@ We have seen that there are a fewer number of SU(2), x U(1)y invariant

HD operators than the number of pseudo-observables
@ Hence, correlations between LEP and LHC measurements can be exploited

@ LEP measurements of Z-pole measurements and anomalous TGCs inform the
Higgs observables at the LHC

@ Apart from the 8 “Higgs primaries”, all other Higgs observables can be

already constrained by Z-pole and diboson measurements

@ For processes that grow with energy
do(s) ;

o5 (8) ~ mm?z

, one can measure the coupling deviation to per-mille level if the
fractional cross-section is O(30%) for /3 ~ 1 TeV
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Higgs-Strahlung at the LHC (hZZ*/hZff)

@ The leading effect comes from contact interaction at high energies

@ The energy growth occurs because there is no propagator

2mZhZ Z,

ALY 5ogh, Zng =Z,Fy1f

h h
+I’€ZZ*Z“VZ + Rzz —ZM Z
2v 2v
@ There are also contributions from
h h -
Rz~ *A#VZ;LV + /’%ny 7AMVZIU,D
v v

[SB, Englert, Gupta, Spannowsky, 2018], [SB, Gupta, Reiness, Spannowsky,
2019
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I —
Higgs-Strahlung at the LHC (hZZ*/hZff)

Beam Axis

@ InzhCoM
Oprlaneofzll @ mllcom

Note that in fact two different frames of reference are represented: the CoM frame of the Zh
system (in which ¢ and © are defined) and the CoM frame of the Z (in which 6 is defined). We
define the Cartesian axes {x, y, z} in the Zh centre-of-mass frame, with z identified as the
direction of the Z-boson; y identified as the normal to the plane of the Z-boson and the beam

axis; finally x is defined such that it completes the right-handed set.
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Higgs-Strahlung at the LHC (hZZ*/hZff)

@ For a 2 — 2 process f(c)f(—c) — Zh, the helicity amplitudes are given by

_ 14 oAcos© ggf my gh 5
M@t =g o2 m e T2 Zf—l—m — IR —
7 - o7 7z 22 ) o
A=0 ggf ng 1 §
= —sin® 1+ 08 2 —— 4+ —
s = o2 [ty o+ B ()|

@ A ==+1 and o = %1 are, respectively, the helicities of the Z-boson and
initial-state fermions, g# = g(T§ — Qrs5,,)/ o

o Leading SM is longitudinal (A = 0)

o Leading effect of kzz,Rzz is in the transverse-longitudinal (LT) interference

@ LT term vanishes if we aren't careful
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Precision measurement: LHC vs LEP (Contact term)

-Jr2m g §
M(ff = ZLh) = gf—qvf gz [1 ;”2m1
7 z

2
g v \
ggdl.dl, - Cow ((cgu - 01 )6 +W- 0_\(5 5”# ))

o LEP constrains dgf and &k at 5-10% and S at the per-mille level

@ In order to match LEP sensitivity, LHC has to measure cross-section

deviations at ~ 30% precision
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pp — ZH at high energies

@ We study the impact of constraining TGC couplings at higher energies
o We study the channel pp — ZH — (¢~ bb
o The backgrounds are SM pp — ZH, Zbb, t1 and the fake pp — Zjj (j — b

fake rate taken as 2%)
@ Major background Zbb (b-tagging efficiency taken to be 70%)

@ Boosted substructure analysis with fat-jets of R = 1.2 used

Cut-off

B Zh (EFT)
B Zh (SM)
= Zbb

0 Z+jets

550 1050
Mz,(GeV)

Cuts

[ZW ]2k SM)]]

At least 1 fat jet with 2 B-mesons with pr > 15 GeV
2 OSSF isolated leptons
80 GeV < Mye < 100 GeV, pree > 160 GeV, ARge > 0.2
At least 1 fat jet with 2 B-meson tracks with py > 110 GeV
2 Mass drop subjets and > 2 filtered subjets
2 b-tagged subjets
115 GeV < my, < 135 GeV
AR(b:, ) > 0.4, Br <30 GeV, |yn] < 2.5, proyz > 200 GeV

0.23
0.41
0.83
0.96
0.88
0.38
0.15
0.47

0.41
0.50
0.89
0.98
0.92
0.41
0.51
0.69

[SB, Englert, Gupta, Spannowsky, 2018]
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pp — Zh at high energies (Contact term)

@ Next we perform a two-parameter x2-fit (at 300 fb~!) to find the allowed
region in the dgZ — (0, — S)

004 2002 000 002 004

a Blue dashed line — direction of accidental cancellation
of interference term; Gray region: LEP exclusion; pink band: exclusion from WZ
[Franceschini, Panico, Pomarol, Riva and Wulzer, 2017]; Blue region: exclusion
from ZH Dark (light) shade represents bounds at 3 ab=! (300 fb~!) luminosity;
Green region: Combined bound from Zh and WZ [SB, Englert, Gupta,

DJ
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Bounds on Pseudo-observables at HL-LHC

@ Our bounds are derived by considering one parameter at a time and upon
considering only interference (at 95% CL). The 68% CL bounds are:

Our Projection
300 fb~! (3 ab™1)

LEP Bound

5gUZL
6gdZL
5gL,ZR
5gdZR
6glz

>
< w3

40.002 (-£0.0007)
40.003 (£0.001)
40.005 (£0.001)
40.016 (-£0.005)
40.005 (£0.001)
40.032 (£0.009)
40.032 (0.009)
40.003 (£0.001)
40.032 (£0.009)

[SB, Englert, Gupta, Spannowsky, 2018]
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—0.0026 + 0.0016
0.0023 £+ 0.001
—0.0036 + 0.0035
0.016 4 0.0052
000992
0.016°9%;
0.0004 £ 0.0007
0.0000 £ 0.0006
0.0003 £ 0.0006
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Constraining the LT terms

@ The differential cross-section for the process pp — Z(¢+¢~)h(bb) is a

. . . . . d(T
differential in four variables, viz., JET6d0d7

@ The amplitude at the decay level can be written as
A —i\/2g7Z Al s
An(3,0,0,¢) = # > M3(8,0)d T (0)e™,
DY

° djzll(é) are the Wigner functions, 'z is the Z-width and
g/ = &(T5 — Qisp,,)/ Cow
® (¢ — azimuthal angle of positive helicity lepton, 6 — its polar angle in Z-rest

frame
@ Polarisation of lepton is experimentally not accessible

[SB, Gupta, Reiness, Spannowsky, 2019]
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Constraining the LT terms

We sum over lepton polarisations and express the analogous angles (6, ) for the
positively-charged lepton

D IAG 0,0, = alAn(3,0,0,9) + arlAn(3,0,m — 0,7 + ¢)|?
L,R

® a r= (glfR)Z/[(g/f)2 + (g,ZR)Z] — fraction of Z — ¢~ decays to leptons with

left-handed (right-handed) chiralities ¢, p = oy — g ~ 0.16
@ For left-handed chiralities, positive-helicity lepton — positive-charged lepton
@ For right-handed chiralities, positive-helicity lepton — negative-charged lepton —
(0,8) = (m— 0,7+ )

Z |A(3,0,0, <,0)|2 = a;; sin’Osin% 6 + alTT cos © cos 0
LR

+ a%1(1 + cos® ©)(1 + cos? 0) 4 cos @sin O sin 6

x (aby + a2 cos 0 cos ©) + sin @ sin O sin 0

x (3} + &34 cos 0 cos ©) + ary/ cos 2 sin? O sin® 0
+ 377 sin2psin® ©sin 0
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Constraining the LT terms

@ The parametrically-largest contribution is to the LT interference terms
2 2.
ZLT cos psin26sin 20 + ZEL 4 T sin ¢ sin 20sin 20
@ These terms vanish on integration of any angle

@ Q: How to probe k77 and Kz7?

A: Flip sign in regions to maintain positive sin 26 sin 2©
@ Expect cos ¢ distribution for CP-even and sin ¢ distribution for CP-odd

[SB, Gupta, Reiness, Spannowsky, 2019]
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Constraining the LT terms

¢ Filtered Distribution

—— CP Even
1091 —— CP Odd
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Constraining the LT terms

o Perform x? tests
@ Look at high Mz, range to constrain ggf
@ Look at low Mz, range to constrain 6gzz — Total rate

@ Split into bins across all three angles (¢, 6, ©) to resurrect interference LT

terms

@ Use constraint on ggf, 087z and the aforementioned split to constrain kzz

and E/ZZ
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Constraining the LT terms

@ For an integrated luminosity of 3 ab™!, we obtain

—0.03< kzzr <0.03
—0.04 < kzz <0.04

[SB, Gupta, Reiness, Spannowsky, 2019]
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Summary and conclusions

LHC can thus compete with LEP and can be considered a good precision

machine at the moment

EFT’s essence shows that many anomalous Higgs couplings were already

constrained by LEP through Z-pole and di-boson measurements

It is essential to go to higher energies and luminosities in order to compete
with LEP’s precision
The full hZZ tensor structure can be disentangled by using fully differential

infomation

ZH, WH, WW and WZ are important channels to disentangle various

directions in the EFT space. They are intrinsically correlated
Orders of magnitude over LEP seen at HL-LHC and FCC-hh studies
Combining FCC-ee and FCC-he will be very important

Shankha Banerjee (IPPP, Durham) Higgs Hunting 2019, Orsay-Paris
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HD operators

@ Higher-dimensional Operators: invariant under SM gauge group

e d = 5: Unique operator — Majorana mass to the neutrinos: +(®7L)" C(®TL)

e d =6: 59 = 15 (bosonic) + 19 (single fermionic) 4+ 25 (four fermion)
independent B-conserving operators. Lowest dimension (after d = 4) which
induces HXY', HXYZ interactions, charged TGCs [W. Buchmuller and D. Wyler;

B. Grzadkowski, M. Iskrzynski, M. Misiak and J. Rosiek; K.Hagiwara, D. Zeppenfeld et.

al., Azatov, et. al., Falkowski, et. al.]
@ d = 7: Such operators appear in Higgs portal dark matter models

@ d = 8: Lowest dimension inducing neutral TGC interactions
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Effective Field Theory: The operators at play

@ There are only 18 independent operators from which the aforementioned

vertices ensue

On = %(&‘lHl?)? ) Ogpp = ¢°|H|* B, B*
Or=3 (HTB“H)' O = g;|H|*G},, G
= AH|° Ouw = ig(D*H)fo®(D* H)W2,
Ow =% (Hio “D“H) DYwe, Oup =ig(D*H)! (D" H)B,,
Op=1% ( HiD® H) 8"B,, Osw = Figeasc WY W Wween
0,, = vu|H*QrHug 0y, = ya|H*QLHdg 0, = y.|H|’ L Her
— (iH' D, H)(any"ur) 0% = (iH' D, H)(dry*dr) |05 = (iH' D, H)(errer)

0% = (iH'D,H)(Qiv*Qx)
O = (iH'0" D, H) (Quo*Qr)
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Higgs anomalous couplings: Dimension 6 effects

. ] - 1 _
cprmary — gh h WS +272ﬂzu +gsnh®+ gy (hfLfr+hec)

Ow

h _, , h h
+ Kea ;GA W('ﬁu T Ky ;AWAW + Kzqtoy ;AWZHV )

v h h, .
ALh = 89z 5a—hZ"Zu+ gy oo (ZuIy +hec) + gl — (Wil T+ hc.)
ow
S h
+ Kww ;W n';w + Kzz ;Z Zl“/ N
[Pomarol, 2014]

@ Higgs interactions were directly measured for the first time at the LHC
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Higgs Pseudo-Observables

@ Following are some of the Higgs observables (assuming flavour universality)
hw it w=rv
hZ,, 72", hA A", hALZMY, hG,, G
hff, 2 ff
hW W=+
h3
hZ,fi RV iR

@ These anomalous Higgs couplings are first probed at the LHC
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Electroweak Pseudo-Observables

@ Following are the 9 EW precision observables (assuming flavour universality)
Z,fL RV LR Wity dr

@ These couplings were measured very precisely by the Z/W-pole

measurements through the Z/W decays

@ Following are the 3 TGCs which were measured by the ete™ — WHW~™
channel at LEP
670, 24 (W W, — W)
Fiy S0, AR WiE W,

~

Aoy S, AR WP WS

pv
@ Finally, following are the QGCs
Z“Z”WM‘ Wk
wW—rwtv W, W, F
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Effective Field Theory: The operators at play

@ There are 18 independent operators and many more pseudo-observables
@ This implies correlations between the various pseudo-observables
@ Besides, the following operators can not be constrained by LEP
‘HPG“VG“’V, ‘H|2B[LI/B/“/7 |H|2 V\/[‘LQV Wa v
|HI?|DuHI?, [H|®
‘H‘QfLHfR + h.c.

@ |t is thus necessary to redefine many parameters, viz.,

e(h)vsﬁw(h)>gs(h)7)‘h(h)v Zh(h)a Yf(h)'
where h=v + h
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Many deformations from a single operator: Correlated

interactions

Let's consider the operator (HTo?H)W?2 BH”

v
Upon expanding, we get terms like:
RIWE, B + 2igey, W,y W, (AR — tg, Z0)]
Considering h = v + h and expanding further, we get the following

deformations

A, AR BA,,Z1  hZ,, 7" hWE W= — Higgs deformations

Nz

2igcp, W, WF (AW —ty,ZM) — Ok, 0kz (TGCs)

W,,, B*¥ — S-parameter

Hence, we obtain from a single operator
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|
Higgs-Strahlung at the LHC

@ The following interactions contribute in the unitary gauge

q wiz
LRGN
AN
q " H o )
AL DY 697 Zu IV [+ dgua(W,Fary"dr, + h.c.)
q Wiz 7
wz %
MW , , 1 Z"Z,
e, gty b (WHRWS 4 707, | 4 dgl, hE
q “CH ¢ 2(:BW 2(:6W
W/Z h P h o "
? +Ddk SZuI VT a5 (W iy de + he)
) 7 ) 2
N h h__. o h
q SO H +hzy :AJLVZJLV+N\1'I¢’ ;W +'WW/W+sz EZ’ Zyw

[SB, Englert, Gupta, Spannowsky, 2018]
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-
Higgs-Strahlung at the LHC (hZZ*/hZff)

e pp — Z(¢T¢~)h(bb) also gets contributions from operators that rescale hbb
and Zff couplings (5@:5 and §g7 respectively) and from the vertices

58s, — 0BL,+ 5@[,’5 +68f

Qre
Kzz — Kzz + —5Kzy
gf
Qre .
Rzz — FKzz+ —FFkzy
gf

@ For last two replacements, we assume § > m%

@ At the pp — Zh level, last two replacements become K7z — kzz + 0.3 Kz,
Rzz — kzz +0.3 Kz,

@ These degeneracies can be resolved by including LEP Z-pole data and
information from other Higgs production and decay channels
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The EFT space directions

° (5ng and 5g§z — deviations in SM amplitude
@ These do not grow with energy and are suppressed by O(m?%/3) w.r.t. gl

e Five directions: gh with f = u;, ug,d;, dg and gli,; — only four operators

B gh
974, — Y9Zay

I
. . Iwud = Cow
in Warsaw basis Y]

@ Knowing proton polarisation is not possible and hence in reality there are two

directions Also, upon only considering interference terms, we have

Z
Jup

z h
95 = Gy T =
v
9, L4(3)
Z _ _h Jdr h p 5 d(S) 5
9a = 9zd, T —7 9za, Z—gZ 4 g4 .
A E“(SJyd 97 = g(Tf — Qs ca,

ghy = 206k, — 1.52 gy, —0.90 g, +0.28 g%,
—0.14 8k~ — 0.89 597

9f = gb,, — 076 gk, —045 g}, +0.14 g,

ghp = —0.14 (b, — S+Y) —0.89 597 — 1.3 W
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EFT validity

o Till now, we have dropped the gg — Zh contribution which is ~ 15% of the
qq rate

@ It doesn’t grow with energy in presence of the anomalous couplings

@ We estimate the scale of new physics for a given (5ng

e Example: Heavy SU(2), triplet (singlet) vector W'@ (Z’) couples to SM

fermign currint )_‘a"’ﬁmf (?'yuf) with gr and to the Higgs current
iH1o" D, H (iH D, H

) with 8H
n gng*v®
Jzurde ~ “op3
h 9992 h - M
9zF ~ T2 9Zur,dn A2

@ A\ — mass scale of vector and thus cut-off for low energy EFT

@ Assumed gr to be a combination of gg = g’ Yr and gw = g/2 for universal
case
Higgs Hunting 2019, Orsay-Paris 12/25
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Higgs-Strahlung: Operators at play

Ouo = (HTH)O(H'H) o) = iHt 0° D, HLo"v L
Oup = (H'D,H)*(H' D, H) Oug = |H|*B,.. B*
Oy = iHTBHHaRqu Onws = H'o? HW3, B
Oha = iHTBHHc_Im”dR Onw = [H* Wy, WH
Ore = iH' D, Hery ex O, = |HPBu B
ob) = iH D, HQY*Q Ouie = Hlo?HW2, B
o) = iH'0°D,HQo*+"Q O = [HPPW2, Wy

g —
o) = iH D, HIy*L
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ZH: Relations to the Warsaw Basis

2
5@52 = % (CHD + 3C:D>
gl = —2—“—(|T3 T+ (/2 | TS ew)
2
Kzz = N (CQWCHW + SQWCHB + Spy, Coyy CHWB)
5 22
hzz = 53 5 (G i + S5, S + Sow Sow Civs)
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Bounds on Pseudo-observables at HL-LHC

@ Our bounds are derived by considering one parameter at a time and upon

considering only interference (at 95% CL). The four directions in LEP are at

g%, € [-0.004,0.004] (300 b~ ")
68% CL g%p € [-0.001,0.001] (3000 fb)
Our Projection LEP Bound

300 fb~! (3 ab™1)
6gZ | +0.002 (£0.0007) | —0.0026 + 0.0016
dg7, | +0.003 (£0.001) 0.0023 + 0.001

dgZ, | +0.005 (+£0.001) | —0.0036 = 0.0035
SgZ | +0.016 (+0.005) 0.016 + 0.0052
ogf | +0.005 (£0.001) 0.00979,%%
Sky | £0.032 (£0.009) 0.01679.9%%

S +0.032 (£0.009) 0.0004 + 0.0007
w +0.003 (40.001) 0.0000 £ 0.0006
Y +0.032 (£0.009) 0.0003 + 0.0006
[SB, Englert, Gupta, Spannowsky, 2018]
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BDRS: An aside

B —
filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rgi: and takes the three hardest

subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, y and Yeus:

1

S

Break the jet 7 into two subjets by undoing its last
stage of clustering. Label the two subjets ji, j» such
that mj, >mj,.

. If there was a significant mass drop (MD), mj, <

pim;, and the splitting is not too asymmetric, y =
20 Pi2) AR2 | > yeus, then deem j to be the
heavy-particle neighbourhood and exit the loop.
Note that y = win(py, )/ max(prs, pja).

. Otherwise redefine j to be equal to j, and go back

to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j; and jz have b tags. One can then identiy
Ry with ARy, j,. The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the

Shankha Banerjee (IPPP, Durham)

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pr ~
200 — 300 GeV because, from eq. (1), Ry = 2my/pr is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as % [15]. A second novel element
of our analysis is to ﬂﬁ ‘the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Reie < Ryp,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (a,) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Reie = min(0.3, Rys/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

Higgs Hunting 2019, Orsay-Paris
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pp — ZH at high energies

o o3M /0,5 without cuts ~ 4.6/165
@ With the cut-based analysis — 0.26

e With MVA optimisation — 0.50 [See also the recent study by Freitas, Khosa

and Sanz]

o S/B changes from 1/40 to O(1) — Close to 35 SM Zh(bb{* (™) events left
at 300 fb~!
[SB, Englert, Gupta, Spannowsky, 2018]
Differential NLO corrections from [Greljo, Isidori, Lindert, Marzocca, Zhang,
2017]
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|
Constraining the LT terms
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Table: Contribution of the different anomalous couplings to the angular coefficients up to linear

order. We have neglected subdominant contributions in v = v/3/(2m_), with the exception of

the next-to-leading EFT contribution to a;;, that we retain in order to keep the leading effect of

the 3gh, term. Here ¢,r = o —ag, G = gg?

Shankha Banerjee (IPPP, Durham)
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STU oblique parameters

2 2
) , S = ds2 c2 H‘>07MH’.07'V0]
L, (¢%) = ¢* Iy, (0)+... & S CW[ 2(0) Sutw 7(0) — T4 (0)
7, (¢") = ¢’ (0)+... wp = Tow(0) Tz7(0)
2
Tzz(q%) = Mzz(0) + ¢*T1,, (0)+... My, M
Oy (@) = My (0) + ¢ My (0) ... U =dsh [H'WW (0) = G105 (0) — 28,¢, 1T, (0) — sETT, (0)}

1. Any BSM correction which is indistinguishable from a redefinition of e, G- and M (or equivalently, g4, g2 and v) in the Standard Model proper at the tree level does
not contribute to S, T or U.

2. Assuming that the Higgs sector consists of electroweak doublet(s) H, the effective action term 'H‘ D,LH‘Z‘/’A2 only contributes to T and not to S or U. This term
violates custodial symmetry.

3. Assuming that the Higgs sector consists of electroweak doublet(s) H, the effective action term H W"'"’BW_,H/A2 only contributes to S and not to T or U. (The:
contribution of HT B B,‘WH,U\2 can be absorbed into g, and the contribution of H T T/#* W,,,,H'/A2 can be absorbed into gy).

4. Assuming that the Higgs sector consists of electroweak doublet(s) H, the effective action term (HT W‘"’H) (Hf W H) /A‘ contributes to U
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|
ZH: Four directions in the EFT space (SILH Basis)

2 t2
h _ 9 my O
IZupu, = CTF(CW +CHw — Cw — T(CB +crB — )
W
2 t2
h _ g My w
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ZH: Four directions in the EFT space (Higgs Primaries

Basis)

gguLuL ZJgZuLuL
g;dm = QJQZML

h _ Z
gzuuﬂjc - QJgZuHuu

h _
9zdpdp, = 26.gzdndu

[Gupta,

- 26912(.‘]?‘3201»‘ + ‘SQS?OW) + 2'5”1.9 h™g o)
Ow

3oy
Cg“
Sy

CEH

Sy

2897 (g7 95 Copyy + €Q820,,) + 20Kg 'Y,
2691 (gf Cooy + EQSQ{J" ) + Za-ﬂﬂ,g’Yh

2figl (gj Coay + €QS2s, ) + 2(5};.’g'Yh 2y

9“

Pomarol, Riva, 2014]
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ZH: Four directions in the EFT space (Universal model
Basis)

g tG,,
gglu,uL = _; ((Cgu' e“ )691 + W + 03 (S 5K'¥ Y))
w

2
924,40, = i((cﬁw )b} +W—&(S—6m—¥))

W

ggun‘uu = - 300 (S 6"{"’ + Cﬂu 691 )
w
2gs2
ggdndﬂ = 3630“ (S JK"'Y ng ngz - Y)
W

[Franceschini, Panico, Pomarol, Riva, Wulzer, 2017]
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The four dibosonic channels

Amplitude High-energy primaries Amplitude High-energy primaries
i ggdl.dl. - ggul.“l.
ﬁLdL b d WLZL, WLh \/Eags) uLdL - WLZLy WLh T
drug, — Wil O, @ g = Wil g
dydy — Zih G +aq dydy — Zih Zdud
JLdL — WLWL a(l) _ a(a) deL - WLWL g;u“”‘
druy — ZLh 1 q Uruy — ZLh
frfr = WiWr, Zh ay frfr = WiWr, Z1h 9% fatn

VH and VV channels are entwined by symmetry and they constrain the same set
of observables at High energies but may have different directions [Franceschini,
Panico,Pomarol, Riva, Wulzer, 2017 & SB, Gupta, Reiness, Seth (in progress)]
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The four di-bosonic channels

@ The four directions, viz., ZH, Wh, WT W~ and W~ 7 can be expressed (at
high energies) respectively as G°H, G*H, GG~ and G G and the Higgs

field can be written as
G+
H+iG°
2

@ These four final states are intrinsically connected
@ At high energies W /Z production dominates

@ With the Goldstone boson equivalence it is possible to compute amplitudes

for various components of the Higgs in the unbroken phase

@ Full SU(2) theory is manifest [Franceschini, Panico,Pomarol, Riva, Wulzer,
2017]
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Higgs-Strahlung at FCC-hh

o With a similar analysis, we obtain much stronger bounds with the 100 TeV

collider

Qur 100 TeV Projection

Our 14 TeV projection

LEP Bound

8y
) gé
89y,
dgi
dgi
Ok
S
W

Shankha Banerjee (IPPP, Durham)

£0.0003 (£0.0001)
£0.0003 (£0.0001)
£0.0005 (£0.0002)
+0.0015 (£0.0006)
£0.0005 (£0.0002)
£0.0035 (£0.0015)
+0.0035 (£0.0015)
£0.0004 (£0.0002)
+0.0035 (£0.0015)

+0.002 (£0.0007)
+0.003 (£0.001)
+0.005 (£0.001)
+0.016 (£0.005)
+0.005 (£0.001)
+0.032 (£0.009)
+0.032 (+0.009)
+0.003 (£0.001)
+0.032 (+0.009)

—0.0026 = 0.0016
0.0023 = 0.001
—0.0036 % 0.0035
0.0016 = 0.0052
0.00970:033
0.01675 oa
0.0004 + 0.0007
0.0000 = 0.0006
0.0003 + 0.0006

[SB, Englert, Gupta, Spannowsky (in progress)]
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