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PRECISICIN i PRI SICS

Studying the properties of the Higgs and other electroweak
states is an obvious goal for particle physicists today.

Precision Higgs physics has matured into a sophisticated field in
the last | | years since Higgs discovery

The theoretical framework that has become standard is the
dimension 6 Standard Model Effective Theory (SMEFT)
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model independent way to parametrise effect of heavy particles
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OVERVIEW

EFTs in the context of BSM studies have seen intense activity
recently on both the theory and experimental side.

Many new theoretical developments:

HEFT vs SMEFT

Dimension 8

Amplitude approach

Differential/multivariate signatures of EFT operators

Positivity bounds

Many technical breakthroughs in operator counting, matching, RG etc

o U1 hWPN —

| will cover the first 4 topics
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We are now entering the era of higher luminosities/energies
with many proposed future colliders.

These have the potential to achieve a new level of precision in
Higgs physics




Can we say anything qualitatively new with all this new data ?

Or just improve our existing constraints on EFT couplings ?
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PRESENT STATUS —— HIGHER LUMINOSITIES/
ENERGIES

Experimental observables used:

Mostly rates & some
ohe dimensional
distributions

Fully differentiable

» | observables, Multivariate

distributions, Machine
learning

Theoretical framework used:

Dimension 8 SMEFT, HEFT,
Amplitudes

Dimension 6 SMEFT >

Go beyond SMEFT assumptions, test them !
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Higgs Effective Field Theory

Amplitudes

o “New interest
in this region
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SMEFT

If we do establish that
BSM deviations lie in the

_ Amplitudes SMEFT subspace

This will be a way to
test the SMEFT!
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SMEFT not always the right choice.

SMEFT: Observed 125 GeV h and
goldstones eaten by W,Z make a Gt

doublet.
iGy+ v + hi\/2

v
Essence of Higgs mechanism!

HEFT: More general, includes SMEFT % .
as a special case. No connection (G_ [ lG()) +h
assumed between h and goldstones/ /

VEV. U = exp(2iX;m;/v)
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Lot of recent work:

Alonso, Jenkins & Manohar(2016)

Alonso, Jenkins & Manohar(2016)
Fallkowski & Rattazzi (2019)

Cohen, Craig, Lu & Sutherland (2020)
Banta, Cohen, Craig, Lu & Sutherland (2021)
Alonso & West (2021)

Alonso & West (2022)

Bertuzzo, Grojean & RSG (in prep)
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Recent work shows that UV theories that map to HEFT and not
SMEFT are ubiquitous.VWhenever we integrate out states that get a
majority of their mass from electroweak VEV, theory maps to HEFT.
Eg. 4th generation fermions, 2HDMS etc

Such particles were dubbed ‘Loryons’ by Cohen et al.

Parameter space for many such UV scenarios wide open.

Fallkowski & Rattazzi (2019),
Cohen, Craig, Lu & Sutherland (2020)



But what is the difference between these 2 expansions ?
How do we distinguish these 2 possibilities experimentally ?

Answer: The difference becomes clear at the level of anomalous couplings




ARNCIMALE COLs C ORI HNGS

Anomalous couplings are QCD & EM invariant Lagrangian terms

(1) Higgs observables (20): SM
hW‘j, W—H
hZ,fr.r¥" fLr h
SM
(2) Electorweak precision observables (9):
ZufrL.rY" fL.r Z°
NAN
S SR JUVV
W, oLy eL

(3) Triple and Quartic Gauge couplings (3+4):
p2
g co 20 (WHWg — WW,L) )
s AW W
AySo,, AW PWH

P3
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In SMEFT some linear combination of anomalous couplings are
suppressed by powers of wrt HEFT.

Eg.: VIl couplings (I is a lepton)
SM + égeZL Z eryep 5g§e L eprier = 5gUZL Zuryty + 5g," o e hac)

4 anomalous couplings
In HEFT all these arise independently at O(v?/A?)

COS QW(égyZ — 5geZ )
In SMEFT 3 are O(v?/A?) and 5g[‘j/ = = = o= @)

V2
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* 4 anomalous couplings related to Zff, Wff deviations
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SM + 5geZZ e yte; + 5ge Zegrrte + 5gy Zury'y, + 5g£V(W+yL;/ et C)

- At D6 level only 3 operators break these D4 predictions at O(v>/A?)

9
6, = iH'DH egzy'eg

€R

<> ot <> g8
O — D H L 0= iHioS DH Foiyl

* For leptons four anomalous couplings and only 3 operators so | prediction:

5g£V

cos Oy/(6g; —

ige) =

V2

RSG, Pomarol & Riva (2014)



BREAKING OF D6 CORRELATION AT D8

* At D8 level another SU(2)x U(Il) invariant operator breaks D6 prediction at
O(v* /A

6. =iH'D H (H'6"H)Lo""L
L3’_l U ( o )0}/

» So of the 4 D4 predictions 3 are broken at O(v*/A?) and | at O(v*/A%)

* At D6 level there were 3 independent couplings, at D8 we unblock a further
observable/ open a 4th BSM primary

Bertuzzo, Grojean & RSG (in prep)
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| D6 SME?T Prediction: Once Z
coupling deviations are

u measured, W coupling
deviation completely fixed!

Ble
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HEFT 4 anomalous couplings SM ET

: \ 3 O IN) \
} “Jinear combinations_~

g
Couplings

\ ) ) 3 /" P

\_linear combinations /

Bertuzzo, Grojean & RSG (in prep)



COINSHIER AL E MAKAR IS
PRCIC ESOES

We can extend this
approach to all the
anomalous couplings
that contribute to these
Higgs production/ decay
processes

List of Processes

gg — h, hh, hhh
VV — h,hh,hV
FE(FF) = Zh(Wh)
h — bb, cc, TT, i
h — vy, 2~
h— Wlilv,Wiq3,ZIl, 7293

Bertuzzo, Grojean & RSG (in prep)



A ANEIPAL LS
COURLHINGS

We find that these

anomalous couplings —»
that contribute to
these processes’

“under certain assumptions

List of Anomalous Couplings

V ff couplings (9)

Aﬁvff = Zf éngZ,,ffy“fL,R — (‘)'g:‘,f(W,}LDL'y"eL -+ h.C.) - 591%(W:'l_l,1,’7”d[, + h.c.

Anomalous TGC (4)

ALrcco = igegy, [6gIZZ,, (Wiw—r — W, WHev) + 6nZW:W,,_Z‘“’]
>
+ie 6/{“’WJW,,‘A“" -+ gse‘“"’"WjD,,W; Zy

Anomalous QGC (5)

2
ALgce = 93, 0955, 21 2V W Wi — 895,20 2, W W | + i h3,(242,)
2 - - _ 2
+% [JgVQVWIW HWHW W — 6916/2VW2 (W #W:) ]

Single Higgs (19)

— F VA
Aﬁh = (Sg"l}v h |:W+ /-"W“ -+ ﬁZ#Z#] =+ 6g"flf (hfoR + hC) + 59%Z thW&

S 9%y BZ VM + gl B (WiHarytdL + hee) + gty & (W oy*er + h.c.)
Y g B TP Ly + KIS A Ay + Ky AR 2, + Kl BWT W
+K"éG %GA“UG;?U

hV3 couplings (5)

v
>
+ie KhV® %SWjW;;;lfll‘" + ghV herroow D W, Z,
s AV g + —-v _ - +v
195n2 3¢y, wrZ, (WEW W, wtr).

ALMY = igegy, & g5y Z (WHW = — Wy W) + eV Wi W,z |

h?V?2 couplings (8)

acyp = oqlfy % [Weew; + 202, + s, 1 2ok
w

2 zZzZ 2 2cgw
hh (v h)® hh 8uhduh Z+Zv
1921 vz T 9227202 2
hh (duh)® - hh 8.hd,h —
town ez WHW + gy 5= (WHHW ™Y + hee.)

hh K2 - hh _hZ
+rww 253 WHHWEL, + Ky 455 2 Z .

h%2G? couplings (1)

hh _ ,hh h% A A
AEGG—K/GG WG “UG#V

Higgs potential corrections (2)

ALP = —§A30h3 — 6A4 Bt

Bertuzzo, Grojean & RSG (in prep)
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HEFT 52 anomalous couplings SMET

: \ |7 O(v*/A?) \
i “Jinear combinations_~

7 All linear
\ combinations |
Ll O P

i Y Pt OV*/A%) ,
\linear combinations ./

712 6(:5/A%) _
\_linear combinations /

Bertuzzo, Grojean & RSG (in prep)
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BINATIONS < O(v*/ A%

W /Z-decays (2)
095 698 — - (89Z, — 697,
Bgp¥ 91 — ~ K (g7, — 69Z,)
TGC (2)
58K% ok% — bgf + 1§ OK7
gs New Structure
QGC (5)
9w 89%wr — 2c5,, 097
9w S9vywa — 265,097
%9321 89%3 21 — 269
6°9% 72 89% 7> — 2697
h%% New Structure
Higgs Production and decay (12)
8%9% 7 89% 7 — (897 s5,, W oKYtG, Vg%
88kl Kb — OKY — ;%K}ZL‘Y - Kk
5%kl , K, — %657 ﬂr ’%7 — 527
gty gl — V2o, (09}, — 095, — gco, 09 + 2001 daf <5,
58!]&/(@ gWQ \/§C9w (5guL - 594L - 900w591 )+ 259 591 Co“
8% g — 2% thow 6K — 2697 + _'q—(Ts Cow + Y555, )591 + 2¢29,, 897 097
CorrectloNew Structure to Higgs potential (1)
h 2
5524 Oha — 66X + 2 (22 1 22 597 ) (h +36s)
h2G? coupling (1)
K,h
e ke — KEe + 5% ar
h2V? couplings (8)
58,{hh '{WW — 8K — _u_,{ié_y — K’Y’Y + —“—“—ar
hh h
S8kl Kzz =@ OKY — ﬁ:ﬁzv - Kkh + 2o,
45 5 5
vy Salfy — o 1 g7 ch,, + e, +4 (oKl +2°% ) dgfc],
5
%%y | 09y — 5(d9f 55, — OK7EG,)g” + _gzzar + 4("27320w + Ky 7020w — Kiyw)9?0g7
ghh New Structure
ghh, New Structure
gg’l‘ New Structure
grh New Structure
hV? couplings (5)
h
8Bghy* 9+ (fj” +0KY + Kkh ) +4 (—HL” ) (89%)%c},,
w ;
anﬁvq ;‘V + 2 n27 + 26k +46K78g7 cp
3 2 Copyyr
8KV KBV + 2 -8k + > 2-rh + 2577 +4 ((%ﬁ— + 1) okZ + tgwém) ogfcs
3
58g3;‘;2 gc')hZ + 4(5K’2029VV + 26”’730“‘- - 6glzcgw)églzcgw
gtV New Structure

Bertuzzo, Grojean & RSG (in prep)
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W/Z-decays (2)
095 698 — - (89Z, — 697,
Bgp¥ 91 — ~ K (g7, — 69Z,)
TGC (2)
58K% ok% — bgf + 1§ OK7
gs New Structure
QGC (5)
9w 89w — 2¢;,, 097
9w 39wz — 2¢3,, 99
6 9321 59221 — 207
8%93 22 893 22 — 2097
h%% New Structure
Higgs Production and decay (12)
8%9% 7 89% 7 — (897 s5,, W oKYtG, Vg%
88kl Kb — OKY — #R}Z‘7 - Kk
8,.h 2oy h h
6 Kzz K'ZZ - %61‘{7 Cow Sovy Z‘)’ - K'T'Y
gty = V2co, (89, — 097, — geo,,09F) + 20g} daf cy,,
589&/() gWQ \/509“, (591“_ - 5gdL - 900w591 )+ 259 591 ‘39“
8% g — 2% tho 6K — 2697 + _'q—(Ts Cow + Y555, )591 + 2¢29,, 897 097
CorrectloNew Structure to Higgs potential (1)
h 2
x4 Oha — 66X + 2 (22 1 22 597 ) (h +36s)
h2G? coupling (1)
K,h
e ke — KEe + 5% ar
h2V? couplings (8)
Brhb n%‘w —OKY — —“—n}v -rh+ —“—“—ar
hh h
S8kl Kzz =@ OKY — ﬁ:'izq - Kkh + 2o,
ésgVV Jg\’;’{/ - 469 + 92691 caw + 69 ar +4 ( + 269 ) 6‘9 ng
s
%9ty | 9%y —5(dgf 5], — 0K7E;, )g” + —guar + 4("27320w + Ky 7020w — Kiyw)9?0g7
ghh New Structure
ghh, New Structure
gg’l' New Structure
grh New Structure
hV? couplings (5)
h
589%/3 g%‘lﬂ + % (:0—2""‘ + 0KY + n ) +4 (—“L" ) (6g%)? CO“
w v ,
anﬁvq ';V + 2 KZ,T + 26k +46K78g7 cp
3 2 Copyyr
381V KBV 2 -0k + 2 2kl + 2;;77 +4 ((;—%‘i— + 1) okZ + t?,wém) o9t ey,
3
5893{2 9Nz + 4(0KZcapy, + 20KV}, — 893, )ogf 3,
gtV New Structure

BINATIONS=0

at O(v2/A?)

Dé level SMEFT
predictions !

Bertuzzo, Grojean & RSG (in prep)



W i

“AR COMBINATIONS < O(v°/A%

B kww — ng(ssh:zz = 2cgw 6%k

cow (6%9%., — 0%9%4,)

° 9 ud — /5 — (48%g% — V293, 6%k 2)
Co (dsghu - 58.qhe )
Bl e — 7 2 (488g% —\/2gck, 8%k )

68g 689Q1W — 2c5,, (58g(ZQZZ — 58gglz
hQ +c5,, (8°955 — 0°957

9Fna —4(8%95)"Y —2¢5,, 6%k z)

9ins +4(6%96," —2c3,,0%kz + c5,, (8%955 — 6°957))
ghh2 469” 589@1

iz +4cG,, 589@2

58,chZ _ % (ggsgi‘z/‘//;_ 589%22 4 3589?2

+66°%kz + 39 (320%kz +156%kz 7 + 658gzzcg“ ))

1 (968 v — 88gh
§8khY & ( gvv/g2 gzz

—66%kzch, + 83, ca, (260%kz + 156%k 2 + 68595 ,c., ))

— 3t (268987 + Kty + ¢79)

Cg“ + 368gh% — 333W (2(58gglw + 88kl + g%"%)

Bertuzzo, Grojean & RSG (in prep)



FROBING SMER I VS TES THNG SMER

Amplitudes

SMEFT

If we establish that
BSM deviations satisfy
SMEFT predictions,
it will be a way to test
the SMEFT!




List of Anomalous Couplings

PROBING
ALvis=3;0697Zuf7"fL.r+ 690 (WvLy*er + h.c) + 8gly (W, Fary*dL, + h.c.
Anomalous TGC (4)
S M I: I_ ‘ ALrce = iges,, [697 Z, (WiW = — Wy WH) 4+ 62 WE W, Z4]

>
+ie 6n’7W:W;A“” -+ g;,e“"""W,poW; Zy

Anomalous QGC (5)

2
ALgce = g%c},, [6g§ZlZ”Z”W#—WV+ - 6g§ZQZ“Z,‘W_"W,f] + I‘?z:th(Z#ZﬂV
2 - - _ 2
+ % [69Rw A W W W WE = 898y, (W)

Single Higgs (19)

Only |7 of these 52 _
ALy, =gk h [W+ W+ ﬁzrtzﬂ] +6g%; (hfLfr + h.c) +39%, hoz

I > b B2 AR + gl (Wianytdy +he) + glyy B (Wiopyber + hec.

anomalous couplings oy YT+ oo § (Vi ds 4 e) 3 it (Wirunves s he)

YY 2v h h oA A v
h g
+'€GG 2uG G;w

heed to be measured i

ALMY = igegy, & 95N Z, (WHW = — Wy W) + eV Wi W,z |
>
tie khVCBWEW, A 4 glV ek o WED W Z,

. hVvE g 9uh Z _
+ighV, 3co,, 2=Zy (W:W v —-W, W+u) .

h?V?2 couplings (8)

it =t oo + v o 0
w

All other anomalous couplings i
can be predicted R
as a function of these |7

hh K2 - hh hZ
+K'WW mw+ ’WW‘“, + Kz mZ‘“’Z‘“,.

h%2G? couplings (1)

hh _ ,hh h% ~A A
Aﬁcc—-nGG WG ,“JG#V

Higgs potential corrections (2)

ALP = —§A30h3 — 6A4 Bt

RSG, Pomarol & Riva (2014)
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. Beyond D6 SMEFT

2. SMEFT at D8,D10.. level/HEFT
3. Testing SMEFT assumptions

All these 52 anomalous
couplings need to be probed

List of Anomalous Couplings

V f f couplings (9)

ALvsr =35 ngZZ“f_"y”fL,R + 89, (W Fpyter + h.c.) + 6gly (W, Fary*dL + h.c.

Anomalous TGC (4)

ALrge = igeoy, (697 Zy (WIW™H — W WHY) + §kZWFW, ZH ]
>
+ie SKYW I W, A + gset P W D W, Z,

Anomalous QGC (5)

2
ALoce = g°¢3, (0985, 21 2 W Wi = 8931, 20 2, W WH| + g5 —h$ (24 2,)?
2 - — _ 2
+% [JQ%WIW HWHW oW — agngz (w #W;) ]

Single Higgs (19)

ALy =g h [W+ W+ ﬁZ#Zﬂ] + 69 (hfLfr + h.c.) +39%, hi—fj

> 9%y AZ Y+ 9o & (Wrhary*de + h.c.) + gty 2 (W,FoLyter + h.c.)
+6% 7 952" Zyy + Kby g5 APV Ay + Kzy RAMY Zyyy, + Ky BWHRWL
+hE 2 GAGY,

hV3 couplings (5)

v
. 3 3 hg
Hie KOV BWIW, Ame 4 gbV* bemver Wi D, W 2,
: hV -+ —v __ — +v
gty gt 1 2, (WEW ™ = W W),

ALMY? =gy, [ghY Zu (WEW 0 — Wy W) + el Wiw, 2]

h2V?2 couplings (8)

hh _ s.hh h% + pTA — 1 W hh h% Z"Z,
ALY: =09y 5 [W W, + 2C3WZ Zyu| +69%% % 233,

hh (3. h)? hh Ouhdvh Z4Z"
+gZ1 02 +gZ2 202 ng

+ghh u’;ﬁ‘ : WHHW, + i N Burdeh (WHHrW =Y + h.c.)

2v2
hh k2 - hh h2
TRww 2.2 wt ‘“/Wuu + K7y 124" 2y

h2G? couplings (1)

hh _ ,.hh h% —~A A
ALGG = kG 12 GG,

Higgs potential corrections (2)

ALM = —6Xz3vh3 — 6 B

Bertuzzo, Grojean & RSG (in prep)




TESTING

=

List of Anomalous Couplings

V f f couplings (9)

ALyer =Y, (ngZZ,lfT"/"#fL.H_ + 890 (W,Fopy*eL + h.c.) + 6gl (W ury*dL + h.c.

Anomalous TGC (4)

SMEE

ALrce =igcoy [69F Zy (WIW™H — W WHY) 4+ 6ZW W, ZH]
>
+ie SKYWI W, AM + gsehP* Wi D, Wy Z,

Beyo
SMEHR
Testil

All th

couplings need to be probed

|* Thus to go from probing to testing SMEFT many more

measurements are required.

* This motivates the development of sophisticated
differential observables, wrt energies, angles/Multivariate

distributions/Machine learning

* High energies/high luminosities required for such studies

)

hh — sahh hZ |y +uW — 7 hh h: 272,
ALY: = dgyy 5 |W YA 52 ZKrZy| +0g9%% —1—2(‘%
"W w

hh (v h)* hh Ouhd h Z1Zv
+ng v2 Uy -qZZ 202 o2

'H‘:"
8, h)*> fis 8,hd,h a*
+ght Ll WHuW - 4 ghh) Q2SR (WHEW =Y + h.c.)
2

hh h + pv - ShFhs Hv
+K’H"l-"" 2v2 w W;uz s Kzz 42 Z Z;u/'

h2G? couplings (1)

hhee  hiv =he ApvA
ALEG = k&G 152G G,u,

Higgs potential corrections (2)

ALP" = —grzvh® — 6 B

Bertuzzo, Grojean & RSG (in prep)
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Basic idea: one can try to find most general Lorentz invariant
parameterisation of an amplitude for a process.

There is a mapping between EFT Wilson coefficients and the
parameters determining the amplitudes.

No of parameters must equal no of Wilson coefficients.

Amplitudes much more physical. No redundancies in amplitude
parametrisation unlike Wilson coefficients.
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Many recent papers with similar objectives:

|. Shadmi & Weiss (2018)

2. Durieux, Kitahara, Shadmi & Weiss (2019)

3. Durieux, Kitahara, Machado, Shadmi & Weiss (2020)
5. Ma, Shu & Xiao (2019)

6. Baratella, Fernandez & Pomarol (2020)

8. Jiang, Ma & Shu (2020) We will focus on this recent work
in this talk

9. Dong, Ma, Shu & Zhou (2022) /
0. Chang, Chen, Liu and Luty (2022)
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As an example take the most general amplitude for Higgstrahlung:

M(f1f2 — Z3hy) = azI‘“ule;u

T =c1pi + caphy + capys + caphys + cs7* + cepiPs + crphps
+ cg7'vs + copiPsys + crophPsys + ci Y psy
+ €712 P30 (Cr2 + C1375 4 Crafs) + €77, (Ci5P1 P20 + C16P1 P30 + C17D02,P30)
+ " p1up2 P30 (618]153’)’5) + €"P7v,7v5 (C19D1 pP20 + C20P1 pP3 6 + C21D2 P53 5)
+ C22€1p0y Y PP DY + €PNy (Co3P1 pP20 + C24D1 pD3 6 + C25P2 D3 0)
+ €777, (Ca6p1 6 + C2D20 + C28D3 )
+ €*PY0,p1 gPaD35 (CaoP! + C30Ps + C31P5 Y5 + CaaPhYs) -

where ¢, = f(p; . p))
Chang, Chen, Liu and Luty (2022)




APSELHETUOUIES EOGIRIAPE B G 5 LA NG

L. = e NI
Primary: hZ, fy" f Descendant: 0 ,hd"Z fr* f Primary: ihZ, fy"o, f

Most general amplitude can be rewritten in above form where there is are
primaries in the amplitude with ‘Mandelstam descendant’ contributions

(B,C,B’,C’ etc) suppressed by powers of s/A?, t/A” etc

Each term in the above expansion corresponds to an anomalous coupling (HEFT
operator). Higher order terms above are couplings/operators with more
derivatives.

Chang, Chen, Liu and Luty (2022)



APSELHETUOUIES EOGIRIAPE B G 5 LA NG

While there are an infinite number of independent
parameters/anomalous couplings there are only a
finite number of primaries. These are all independent.

Chang et al list all primary operators (up to arbitrary
high dimension) for the important Higgs production
and decay processes:

(ff,99,W*W~,ZZ) — (h,hh,hZ, hv, hg)
(ff',ZW) — hW,

(fg, fv, fZ) — hf,

fW = f'h.

These can be distinguished in angular measurements.

Measuring these can become a target for experiments.

Ex: 12 primaries

for Higgstrahlung:

.

O?fo

hZ ”&L'Y/ﬂpL
hZMpRpY bR

hZM4ro,,R + h.c.
z'hzwiha“”sz + h.c.

ihZ" (0 ,r) + h.c.
hZ 9, (Yryr) + h.c.
ihZ19, (rbR) + hc.
hZM($1,8 4bR) + hc.

© |00 N O O ks W IN -

[ W'
= O

—
DO

ihZ, (br " BVQPL)
hZW@“ (@L’y”sz)
ihZ (YR 3V¢R)
hZ, 0" (bRY YR)




PEEESIC AL N ERPRE PN COF
PRIMARIES

Work done in collaboration with:

Debsubhra Sourav Susobhan



FPEEESIC AL AN EREPRE FAVE IO COF
PRIMARIES

A )+ b(A A)+dA
We use the partial wave expansion Al 00 > B L )

to get a more physical interpretation g T
of the primaries ‘ '

For a given set of initial and final
helicities the amplitude is given by
an expansion in the total | :

o J
Aoy = /pl S 2]" (2J+ 1)d] , O], (5)




FPEEESIC AL AN EREPRE FAVE IO COF
PRIMARIES

We use the partial wave expansion a(4,) + b(4,) — c(4,) + d(4y)
to get a more physical interpretation
of the primaries

For a given set of initial and
final helicities the primary
amplitudes are given by the
lowest | terms:

of primary __

i—f



NUMBER OF PRIMARIES

i ohZf1
There is one primary amplitude (the ! hZt L
ot 2 hZFprYR
Ic?west ] con.tr.lbutlon) for e.ach 3 | 7Z%Fs0m + B
different helicity configuration 4 | ihZuibro"pr +he.
5 | ihZ"(Ppd ) + hec.
. : : 6 | hZFO(vrir)+h.c.
No of primary amplitudes: | h2v0(Gosbe) + e
8 | hzt($Ld,aR) +he.
N — nll X Iflﬂ X Iflﬂ X n;t 9 ihZW(‘;L’YﬂaylpL)
1 % 5 - ~ "
10 | hZuwo* (Yry"yr)
11| ihZu (Pry* 0" YR)
Our approach enables us to also 12| hZu 0" (bry"vr)
construct these table is a simple, L r 7

Intuitive way.
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NUMBER OF PRIMARIES

1 hGHFY G~y G,
The set of primary ampll'.cude.s is o RGP G, Gup
simply the lowest | contribution tc . ;
the set of different helicity 3 hDrG Ci”pD G
configurations 4 hD*G? GapDPGpo

<~

5 hDHG¥Y D, G, , D" G-,

No of primary amplitudes: 6 hDaGPGBnéaﬂDnﬂGpa
<>
i 7 hDFGYY Do DynGypD"P G~y
N=n Xn Xm Xn, o~
8 hDX2GP° Dy, Dy, G o3 D" G o

Our approach enables us to construct
these table is a simple, intuitive way.

ool o ok
W=t Dokl e =



i O?WWZ
1 WL, W—HZ¥ + h.c.
NUMBER OF PRIMARIES || @
3 ihZ WHFW " + h.c.
4 ihDFW YW, Z, + h.c.
5 hDEWHYW,; Z, + h.c.
6 ithDFW YW, Z,, + h.c.
7 hDHW YW, Z,, + h.c.
8 ihZFWiEW,
The set of primary amplitudes is o | nozwiws e
o o o u + W—aBzu .C.
simply the lowest | contribution to N g A
. el ve 12 hOHW I, ZoPW, + hec.
the set of different helicity o | et g
configurations 14| hOMZagW W, + hc
15 | hO*ZagWTePW, +h.c.

16 | hO*WHW,_,0°2, +h.c.
17 | ihO*W+eW ;0P Z,, + hec.
No of primary amplitudes: 18 | 0w W02 4 b
19 | hdW,IW;50° 24 + hec.
20 | hOH*W, 0PW,, Z, + h.c.
21 hO** W, 0°W,, Z, + h.c.
22 | ho*W,FoPZ, W, +h.c.
23 hO** W, 0P Z, W, + h.c.
24 | hOHYZ,0PW,f W, +h.c.
25 ho* Z,0PW,f W, + h.c.

Our approach enables us to construct 5 | e W00y + e

these table is a simple, intuitive way. =W 6*;;;8 W, 8; +hch
+W—Z+

N = Hee Y Xl

N: n/h Xn/12Xn/13Xn/14




PRIMARIES IN HIGGS TRAHLUNG
PROICESS

Z-helicity
q W/Z {0) +) -}
q H <

0 + -
D gsme A pswr 2 Bsu

To interfere with SM we must have initial fermions with same chirality (LL or RR).

Averaging over initial spins this gives us 3 primary amplitudes corresponding to
the 3 Z helicities



Z decays as a polarisation analyser

@® InZhCoM
PlaneofZ-ll @ inllCoMm

The lepton decay angular distribution in 8, ¢ tells us about Z helicity



AU THAL DS ERIBU FIOING AS
DISCRIMINANTS

3 interference amplitudes: Dominant effect at high energies
S >
e S » - |—sin"Bsin*d < hZ,ar"q
£z

Y~ §in(©/2)sin(0/2) v

It ot = s1n(®/2)s1in(60/2)cos @ «— hz,Z

= §
A A s m_z sin(®/2)sin(8/2)|sinqo e hZWZ””
\4

Azimuthal distributions act as a discriminant between
these 3 primaries



ENERG Y GROWWING PEREC TS

View Menu

' W Zh (EFT)_— ’
| _B.Zh(SM)

" m zbb

- [0 Z+jets

550 1050 1550
Mzn (GeV)

reconstruction techniques to obtain per-mille level bounds on
hVff couplings that are competitive with LEP: b <5x 1074

We studied Z(l)H(bb) at high energies using boosted Higjs

Banerjee, Englert, RSG & Spannowsky (2018)



ATRIPLE

DIFFER

-NTIAL OBSERVABLE

@ Filtered Distribution

g° = C,865¢CeCy

Vanishes when
integrated over any of
the 3 angles

—— CP Even
1 —— CP Odd

'Y

9" = 5,508,CoCp

Vanishes when
integrated over any of

Events weighted by sign of [SeS¢CeCy the 3 angles

Interference resurrection!

Banerjee, RSG, Reines & Spannowsky (2019)
Banerjee, RSG, Reines, Seth & Spannowsky (2019)



A TRIPI

CHEE

-NTIAL OBS

@ Filtered Distribution

7]
: /
M, 0.0 -\\ /
-0.5 1 \\\ ///

—— CP Even
01 —— CP Odd

-RVABL

Vanishes when
integrated over any of
the 3 angles

Events weighted by sign of [SeSpCeCy

9=  Almost impossible to catch this effect in regular cut
based study, but machine learning should be useful!

Gives few % level precision

en
integrated over any of
the 3 angles

Banerjee, RSG, Reines & Spannowsky (2019)
Banerjee, RSG, Reines, Seth & Spannowsky (2019)



ANTEE LIRS AL CIRIFRS

S
b S - sk —_
Ao g+ LoD gsy —»

sin(®/2)sin(0/2)cos 44 «— hZ, 7"

St R NG fee s
a,— + a,— + +-+ ] sin - .+« ] cos
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CONCLUSIONS

SMEFT not the most general EFT for LHC studies. Amplitudes/HEFT
provide a more general framework.

Many viable UV models, map to HEFT not SMEFT.

SMEFT vs HEFT: In SMEFT different linear combinations of anomalous
couplings suppressed wrt HEFT by powers of v2/A”.

The ‘Amplutudes’ approach has identified a set of primary operators that
give leading contribution to amplitudes in the EFT derivative expansion.

Both approaches require new differential observables that can pinpoint
these effects. Many require multivariate studies, high luminosities and high

energies.



WWW/Z Wy PRODUCTION

Lwwv/8wwv = igf( %t’W”Vy - WJV.;W“V) + iy W, W, Y+ \ W, Zy

iy

+ m_%v W,(;W*;V”* — g},’ug‘w,( A"V + a*V*+)

+glere (WG W, )V, + ik W,iW, 7w
i .

+ —- WLWE P W
nyy

s-channel contribution

anomalous triple gauge vertices
(I 1— 6 CP even+5 CP odd)

How many of these | | can we measure if we use all the
energy/ angular information !

Budhraja, Chattopadhyaya, RSG & Mukherjee (in preparation)



FULL ANGULAR INFORMATION
FOR HIGGS TRAHLUNG

ff->Z(lllh matrix element squared

These 9 coefficients carry S L4(5,0,0,9) — ays sin ©sin? 0 + ajy cos O cos
full differential information  |**, o ,2 o

: SM d D6 SMEFT + app (1 + cos® ©)(1 + cos® 0) + cos ¢sinOsin f

in an

% (a4 a4 cos 0 cos ©) H- sin  sin O sin 0

X (8} 4 a3 p cos 0 cos ©) 4 ary+ cos 2 sin’ O sin? 0

+ ape 8in 2 sin” Osin” 4.

Can be extracted using an

ANAIOS GRPOUEIRS Sha e Consider these 2 functions
called the ‘Method of

Vanish when integrated
over any of the 3 angles

Moments’

Dunietz, Quinn, Snyder, Toki & Lipkin (1991)
Diehl & Nachtmann (1994)



WWW/Z Wy PRODUCTION

Lwwv/8wwv = igf( %t’W”Vy - WJV.;W“V) + iy W, W, Y+ \ W, Zy

iy

+ m_%v W,(;W*;V”* — g},’ug‘w,( A"V + a*V*+)

+glere (WG W, )V, + ik W,iW, 7w
i .

+ —- WLWE P W
nyy

s-channel contribution

anomalous triple gauge vertices
(I 1— 6 CP even+5 CP odd)

How many of these | | can we measure if we use all the
energy/ angular information !

Budhraja, Chattopadhyaya, RSG & Mukherjee (in preparation)



=0 PREIIC BICINS 1IN CF EVEN € ASE

3 D6 SMEFT operators: ig(D'H)lo®(D*H)W,,

1 aVvIx/b C
L Gean WY W TWern

“w (H'o"D*H) D'W,

6 CP even anomalous couplings. If
we measure all of these in
differential studies we can verify
SMEFT predictions below.

3 D6 SMEFT predictions: |55, — 6g7 — t§W5,$7 Az = Ay gs = 0

Budhraja, Chattopadhyaya, RSG & Mukherjee (in preparation)



SMEFT OPERATORS

O
H[O = 2 H®
HD = (HT s = |H|
D,H)" t H°D*2 2
O . (H'D*H) Opzr = |H[| Dy H*
6 = |H|" Oper = (11D
O A H4X% E’; DuH)2
Yy — 2 1 O o . 4
yf|H| FHfR h(’f)BB = ¢"|H|*B,.. B
O o H H2VVB=|H2 ol
f = iHT - Oz = g2 *Ow s
D H “’ Ov = 2WW =9 lHI4W“ Wearv
0(3) . (_),J’ ’Y f (g (HTUQH)(H?OJJ;{V
o =1H tge ) _ o = Q2L H[AGA YW, Wb
OB /9 “HFUG’YMF H4D:’/)2: 5 lél/GA‘“’
B = 2 Opay = i - .
O 9°|H|" By, B*” O i\H|"H' D, H " Dimension 8
W B — / KV Hzf"=’i|H2 Ry Y f
ggHT a oD 2HD By
OW 2 g H [.CLLVBMU (21)21" =iIH|2HT0aB”HF’Y E
W — g |H|2 a OSF:iHiB“H(HT : —0' f}l#F
OGG — 2 IJ'VWa“V HiD2X: 30 H)Fo'y"F
—Js |H|2GA GArY O :igW:u(HTa“.D :
pv Oorw = igW™.d (H:H+h.c.)HfB =
. pOu a.H v
Dimension 6 Oss = ig'Boud H)HTO' DJH
H"”zu)f(fTH)HTBuH
: 3
O
ODH = I)DHl = |l)u‘H|4
ODH2=( uHT‘DuH-{-D HT
3 (D“HTD H v D#H)2
vil — Dl/HTD“H)2




Rl

Only |7 D6 operators

contribute to the
processes we are
considering

BING

Only |7 measurements

sufficient to constrain
these

6 PR

Opn = |H|’O|H|?
Oup = (H'D,H)*(H'D*H)
O = |H|°
Oy = @f|g|2FHfR
O = iH "D, HfA"f
(’)g') = iHTa“B“Hﬁ’aa'y“F
Opp = ¢*|H|*B,, B"¥
Owp = g9 H'o*HW S, B*
Oww = 92|H|2WﬁuWaW
Occ = g3 |H|*G{, G4+




IS AR AL IS COURLINGS N ZH EROE)

q z 7
hZMZ’u >MVM@
q "V H
q KX Z
UL R\
hZ,0,Z >‘N
q U H
! Z/y O :
= 3
hZ,, 72", hZ,, 7" >mﬁ
q "\ H

3 hZZ anomalous couplings

All these anomalous couplings
can be completely predicted
in terms of other more

precise measurements, if we
assume D6 SMEFT.



IS AR AL IS COURLINGS N ZH EROE)

q z 7
hZMZ’u >MVM@
q "V H
q KX Z
UL R\
hZ,0,Z >‘N

q U H

! Z/y O :
= 3

hZ,, 72", hZ,, 7" >mﬁ
q "\ H

3 hZZ anomalous couplings

All these anomalous couplings

must be measured, if we want
to test D6 SMEFT



IS AR AL IS COURLINGS N ZH EROE)

1 7 Z Rescales SM hZZ coupling.
hZ /H No differential signature.
K . N Only changes the rate.
q N H

q ﬁ\, Z
hZ,0,2" >
g N n

q Z
hz,,72", hZ,, 7" >sz/y_ﬁ®
q "\ H

3 hZZ anomalous couplings




GG AN MA@ S ¢ OURLINGS IN ZET RROE),
q Z
hZ,7" >wzw§
q ~ Z
h/ o /H¥ > N®v Grows with energy wrt SM.
pov . Dominates at high energies.
g B
! 7/ ‘
hz,,2", hZ, 7" o

3 hZZ anomalous couplings

Banerjee, Englert, RSG & Spannowsky (2018)



ENERG Y GROWWING PEREC TS

W Zh (EFT)
| W Zh (SM)
1 MW Zbb

1 [ Z+jets

550 1050 1550
Mzn (GeV)

We studied Z(ll)H(bb) at high energies using boosted Higgs
reconstruction techniques to obtain per-mille level bounds on
hVff couplings that are competitive with LEP: b <5x 104

Banerjee, Englert, RSG & Spannowsky (2018)



GG S AN@ONMALE@E S C OURLINGS [INZH - BROE),
hz, 7+ | >sz§ Z
H ) S
hZ,0,2" >§X\

Sophisticated angular
variable required

hZ,7", hZ,, 7"

3 hZZ anomalous couplings Banerjee, RSG, Reines & Spannowsky (2019)
Banerjee, RSG, Reines, Seth & Spannowsky (2019)



