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BSM Phenomenology in the tthh channel
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~tthh the forgotten channel

o(pp — tthh) = 0.981 fb fciaEy

“Early” (2014) works

o(pp — hh) = 34.8 fb [GkaEl

" o(pp — hh) < sy (pp — hh)

o(pp — tthh) > osn(pp — tthh)




tthh the forgotten channel

“Early” (2014) works : HH production at 14 TeV LHC at (N)LO in QCD

Mp=125 GeV, MSTW2008 (N)LO pdf (68%cl)
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: Considering cleaner backgrounds, tthh could be competitive with hh in
determining A! (Specially for A > Asm)

: reducible backgrounds underestimated! (Specifically: tt+jets and tt2b+jets)



tthh the forgotten channel

Recent studies*': prospects for HL-LHC, @14 TeV @3000 fb-!

cMvs': ISR GR N VSl @95% C.L. (roughly: VY )
VAR S /v B = 0.350

To be contrasted with hh production

S/ vV B = \W85¥s (per collaboration, similar conditions as above)

1.5 (much stronger than the constraints

0.6 < k) < -
~ iy from tthh, as I'll show later)

: much more attention given to hh, improvements in tthh possible (reducible backgrounds!)



- Complementarity of Signals

MCHMs - LS|

L.OOF MCHM; - LS

Non resonant regime of | __ | _
MCHM;q4 — LS . . : MCHM; — LS
the MCHM (SMEFT) /': 5.
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3000fb ' (14 TeV)

Benchmark proposed in /' (MHCM,,)
was used in and shown to be in reach
of the HL-LHC (non-resonantly): 2
Values change according to syst. err. assumptions 95% CL upper limit on signal strength




SMEFT vs HEFT

h h2\ _
LCHBRT = —Hit Ct; - Cttﬁ i —

2
Qg h * A ALY
13 g <(qgh it (gqhh 2 ) G,UI/G d

Related in SMEFT: A2 \/_ e = U
* ggh & gghh
* tth & tthh

* hhh & hhhh

Multiple channels needed to break blind directions and hypothesis!



Extended HEFT Space

tthh - Relevant part of the HEFT Lagrangian:

1 _
Lot = —() hoth — —mih — (14 6k\) Agpvh® — e ((1 +h,. +hh) (trtr + h.c.)

(V)

C)g a fa,u;f/ { J‘~ g 1) g o] a _
1)7”) -l ) 7w 3 =~ (to"" Tt )C’Wh + h.c.
+ % wam) fo b+ e fleg)

* In this parametrization ox=c =0 is the SM.




Extended HEFT Space

tthh - Relevant part of the HEFT Lagrangian:

1 my

ﬁheft — —() h o"'h — _Inih o (1 + Oh-")\ )\SﬂIUh - ((1 + (Sf'{-z‘ﬁ h ‘I’hh) (thR —+ hC)

(V)

— C2g1, ; a YUY { J S (FHVTTa a
1)7(_0 -h 20 hh) 7w + 02 ( oI )Cp{yh + h.c.

4 { 5 > (to"'T%R) 7+ hee }

* In this parametrization ox=c =0 is the SM.




Extended HEFT Space

tthh - Relevant part of the HEFT Lagrangian:

1 N _
Lo = _() hOth — —mih _ Vi) Asarvh® — e ((1 Hor:)h +hh) (trtr + h.c.)

v

-h e’ h,h) oG+ { I > (to"TtR) G}, h + h.c.

1 77TU 2V i v2

+ {i%s (0 TotR) G2 b + b
U

oy

* In this parametrization ox=c =0 is the SM.

* 0K, 0K, C, €, and c,, get limits from other channels (notably hh and tth). We

disregard variations in ¢, and oxk; dr: € [—0.23, 0.03]

¢, € [—0.08, 0.15]

* We explored ok, C,, C,., C,, and C,., in the tthh and tth channel.
A =2 2 “tg tg2



HEFT couplings in the tthh channel




HEFT couplings in the tthh channel




Including
Br[h - bb]
Br[Z - bb]

~tthh in the Standard Model

‘o [fb] 4.J3B (basic-selection) 5J4B 6.J5B

tthh (S)

0.33

SL

DL

SL

DL

SL

DL

1.54 x 102

1.5 x 10!

8.7 x 10!

7

3.2 x 101

9

tth

tthz
ttz
VY
tttt

it + 4b
tt + 2b2c
ttV + 20
tth + 2b
tt + 4c
tt+2b
tt + jets

287.9
0.14
106.6
10.38
11.83
373.3
105.5
8.22

9.38

7.81

1.67 x 10%
6.11 x 10°

7.33 x 10?
6.4 x 101
2.3 x 10*
1.15 x 10?
5.7 x 107
6.83 x 10?
1.9 x 10*
1.94 x 10?
3.35 x 10°
1.07 x 10?
1.68 x 10°
1.2 x 107

5 x 10°

6

1.85 x 10°
1.67 x 107
1.08 x 10°
5.44 x 10?
1.66 x 10°
1.86 x 107
3.1 x 107
9.3 x 101
1.18 x 10°
4.66 x 10°

1.99 x 10%
3.5 x 101

5.93 x 103
1.98 x 107
2.32 x 103
2.1 x 104

5.49 x 103
6.76 x 107
1.48 x 103
2.54 x 102
3.22 x 10°
8.68 x 10°

9.34 x 107
3

3.44 x 102
2 x 10!
3.89 x 107
1.45 x 10°
4.09 x 102
5.3 x 10!
1.14 x 107
1.9 x 10!
1.77 x 10*
2.87 x 10*

2.63 x 10°
1.3 x 101
7.35 x 107
2.5 x 101
5.86 x 107
4.51 x 10°
1.07 x 10°
1.64 x 107
4.35 x 10?
4 % 10t
3.93 x 10%
6.02 x 10%

8.1 x 10!
1

2.7 x 101
2

7.9 x 101
2.58 x 1072
6.6 x 101
1.1 x 10!

2.7 x 101

ot. BKG (B)

6.29 x 10°

1.4 x 107

5.99 x 10°

1.25 %< 106

5.01 x 104

1.1 x 10°

MG/ME > Pythia
> Delphes

@14 TeV
@3000 fb?




Including
Br[h - bb]
Br[Z - bb]

~tthh in the Standard Model

‘o [fb]

4.J3B (basic-selection)

5J4B

6.J58B

tthh (S)

0.33

SL

DL

SL

DL

SL

DL

1.54 x 102

1.5 x 10}

8.7 x 10!

7

3.2 x 101

9

tth

tthZz
ttZ
tHvV'VvV
tttt

tt + 4b
tt + 2b2c
ttV + 20
tth + 2b
tt + 4c
tt + 21
tt + jets

287.9
0.14
106.6
10.38
11.83
373.3
105.5
8.22
9.38
7.81

6.11 x 10°

7.33 x 10?
6.4 x 101
2.3 x 10*
1.15 x 10?

1.94 x 107
3.35 x 10°
1.07 x 10°
1.68 x 10°

1.2 x 10°

5% 103

6

1.85 x 10°
1.67 x 107
1.08 x 10°
5.44 x 10°
1.66 x 10°
1.86 x 107
3.1 x 107

1.99 x 104
3.5 x 101

5.93 x 10°
1.98 x 107
2.32 x 103
2.1 x 104

5.49 x 10°
6.76 x 107
1.48 x 10°
2.54 x 102

9.34 x 107
3
3.44 x 102
2 x 10!
3.89 x 107
1.45 x 10?
4.09 x 107
5.3 x 10!
1.14 x 102
1.9 x 10!
1.77 x 10%

2.87 x 104

2.63 x 10°
1.3 x 101
7.35 x 107
2.5 x 101
5.86 x 102
4.51 x 10°
1.07 x 10
1.64 x 10
4.35 x 10?
4 x 10!
3.93 x 104

6.02 x 102

8.1 x 10!
1
2.7 x 101
2
7.9 x 10!
2.58 x 102

2.7 x 101

ot. BKG

(B)

6.29 x 10°

1.4 x 107

5.01 x 104

1.1 x 10°

4.06 x 103

MG/ME > Pythia
> Delphes

@14 TeV
@3000 fb?

S/vB = 0.01¢ ~ 0.1¢

Resistant even to
many b requirement




~tthh signal boosted by HEFT

Fitted
~ 30 @HL-LHC

Benchmark Points
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“tthh signal boosted by HEFT
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“tthh signal boosted by HEFT
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~tthh signal boosted by HEFT
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011 (Crg) = 480, —0.962 X crg + 3.96 x 10* x ¢, fb

SM
Will also contribute to the same

—0.2 —0.1 . i
search through increased tth

INCLUDED in the limits I'll show



Cut-based analysis

Number of leptons (/Ny)
Common Criteria Lepton pr

Number of jets > 4 Second lepton pr
Number of b-jets >3 MET
pr of all jets > 30 GeV

in| of all jets < 3.0

in| of leptons < 3.0

>

Number of leptons (IVy)
Leading lepton pp
Second lepton pr

MET

AR((T,67)




Cut-based analysis

Variable

Leading jet pr

Second leading jet pp

Scalar pr sum of jets

Scalar pr sum of b-tagged jets
Invariant mass of jets

Minimized-x? for tthh topology

pr of leading reconstructed
Higgs for tthh topology
Sphericity, Aplanarity, C', D
Hp-bin edges

400 - 600 - 800

Cuts

pr(j1) = 100 GeV
pr(j2) = 50 GeV
Hr > 400 GeV
Hpy, > 300 GeV
Miets > 400 GeV
Min : y i p < 2

pr(h)M > 250 GeV

> 0.1, > 0.02, > 0.5, > 0.1
- 900 - 1000 - 1200 - 1600 - 2000 - oo




Parametric BDT

Boosted Decision Tree (XGBoost) with the HEFT couplings Ok, C,, Cyp Ctg aNd Cyyp as
input nodes, even for backgrounds (values taken from the BP)

Top 20 Features (c;(—2.5) and backgrounds) BDT score used for hypothesis test (Xz)

.5) tt4b oo tt+jets
— —tt2b2c ttSS
- tE2b ttdcat

Hrs

Hr + pr(f)
rnjets

Max : Anpp
Avg : Anpp
Min : mpp
mr{jets + 1)
Min: AR(bb)
mjets +1
Avg: Any
Mps +¢
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0.02 0.04 0.06 0.08 0.10 0.12 0.14
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0.0 0.2 0.4 0.6 0.8
BDT Score predicted for c2(—2.5)
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Results

95% C.L.

Cut: Hp-bin (SL) --- PM:BDT (SL) — PM:BDT (DL) —- PM:BDT (SL+DL)



Results

Couplings Cut:Hp-bin (SL) PM:BDT (SL) PM:BDT (DL) PM:BDT (SL+DL)
dK ) [-32.4, + 26.8] -19.6, + 14.4] -19.0, + 17.4] -16.5, + 12.9]
-2.95, + 2.65] -1.68, + 1.95] -1.9, + 2.02] -1.47, + 1.68]

-38.4, + 40.1]  [-31.3, + 28.7]  [-29.4, + 28.2] -25.6, + 23.7]
-0.042, + 0.039]  [-0.02, + 0.019]  [-0.035, + 0.028]  [-0.019, + 0.018]
-0.053, + 0.053]  [-0.041, + 0.042] [-0.078, + 0.072]  [-0.040, + 0.041]




Results

Couplings Cut:Hp-bin (SL) PM:BDT ( PM:BDT (DL) PM:BDT (SL+DL)

SL)
dK ) -32.4, + 26.8] -19.6, + 14. 4} -19.0, 4+ 17.4] -16.5, + 12.9]
}

-2.95, + 2.65]  [-1.68, + 1.95 1.9, + 2.02] [-1.47, + 1.68]
-38.4, +40.1]  [-31.3, + 28.7]  [-29.4, + 28.2] [-25.6, + 23.7]
-0.042, 4+ 0.039]  [-0.02, 4+ 0.019]  [-0.035, + 0.028]  [-0.019, + 0.018]
-0.053, 4+ 0.053]  [-0.041, + 0.042] [-0.078, + 0.072]  [-0.040, + 0.041]

To be compared with (

):
- !
hh 0k € [—2.6, 5.6] tthh cy € [—3.9, 3.3] A3
cz € [—0.19, 0.7] cy € [—6.6, 6.4]

c2 € [—0.28, 0.59]
Cag € [—1.47, 1.14]




Results

0.06
0.04
0.02

0
—0.02
—0.04
—0.06

0.06
0.04
0.02

0
—0.02
—0.04
—0.06

4 ‘- —-60-30 0 30 60

C,‘.Qg




Results

Correlation between
couplings weakened
by tth contribution

—20—10 0 10 20
crg (1072)

Cut: Hp-bin (SL) PM:BDT (SL)



Take-home messages

Rare channels can provide cross-check and complementary information, breaking
blind directions and allowing to differentiate UV completions.

tthhg,, is within reach and this channel can provide constraints, but hard work is
still needed

Chromo-magnetic-like operators still largely unexplored:

* ¢ Can be constrained by tth
* Cy, only accessible through tthh

Thank you for the attention!






Extras




HEFT Cross Section

Each coupling is expanded up to the power that it appears at tree level in the cross section of the tthh
channel, couplings fitted at a time.

o iipn (cHEFT) = 0.914 —0.207 X dky + 0.0391 x JK3
SM
—0.891 X ¢o + 1.79 X ¢3

+0.0281 X ¢4 4 0.0062 X c3,
— 0.0052 X ¢yq + 590 x cf, + 0.0833 x ci + 1781 x cf,
+0.0212 X ¢ + 2462 X ¢}y 1b,




HEFT Cross Section

Each coupling is expanded up to the power that it appears at tree level in the cross section of the tthh
channel, couplings fitted at a time.

T1inn(€iyCi) =0.384 X 0Kk X c2
+0.0321 X 0k X €29 —3.19%x 107" X 0k X €3,+4.93x 107 X dK3 X 3,
+8.16 X107 X drA X C1g—6.49x 107 X 5r3 X €1 +1.83%x10% X 8k p X ¢}, +25.6 X K3 X ¢,
+0.0396 X €2 X 24 +0.0135 X €5 X ¢24+9.97x 107 % x ¢ x ¢5,,+0.0163 x 5 x ¢35,
—6.57x10™ ><c2><ctg+119><c2><ctg

+1.83x107 XCQQ X c1g—0.0249 X ca ><ctg

+1848 X ¢y X C1g2—0.973X ¢}y X Cyg2.




BDT Details

Classes:

e HEFT - tthh,

e tth,

e tt/,

e tt+4b,

e tt+ 2b2c,

o tt+ 2b,

* tt+ jets,

e {tSS,

e ttd4cat

ttSS: {ttZh, ttVV, ttV + 2b, tth + 2b}
ttdcat: {tttt, tt + 4c)



Group

Object multiplicity

Transverse momenta
Pseudo-rapidity

Missing energy and Hadronic pr,
[nvariant masses

Conic separation

Azimuthal separation

Min, Mas:

Min, Max, average rapidity gap

Min, Max, average conic separation

Minimized 2 for hh, hZ, ZZ topc

Reconstructed variables

“vent shape variables

T Details

Variables

Min : man, Max @ mag
Min : Ay, Max : Aney, Ave @ A,
Min : Any;, Max @ Anyj;, A
Min
Min : £
Min : x7,, Min : y
m :ti , prihi) kb mhh

my

X Mgy,

AVE Ty,




Single Parameter y?

-
I

—40 -30-20—-10 0 10 20 30

Cut:Hy-bin (SL) --- PM:BDT (SL) — PM:BDT (DL) —-- PM:BDT (SL{DL) -

A



Single Parameter y?

Cut:Hy-bin (SL) --- PM:BDT (SL) — PM:BDT (DL) —-- PM:BDT (SL{DL) -

A



Single Parameter y?

Cut:Hy-bin (SL) --- PM:BDT (SL) — PM:BDT (DL) —-- PM:BDT (SL{DL) -

A



Single Parameter y?

2
Crg2 (1072)

Cut:Hy-bin (SL) --- PM:BDT (SL) — PM:BDT (DL) —-- PM:BDT (SL{DL) -

A



- Two Parameter y? contours

PM:BDT (SL)



Two Parameter y? contours

0.06
0.04
0.02
0
—0.02
—0.04
—0.06
—60—-30 0 30 60

C.Qg

PM:BDT (SL)



- Two Parameter %2 contours

12 _ - 19
*«. Only tthh

Co
m N

Ctg2 (1072)
Ctga (1072)

|
o =~ O =

|
> 0 B O A

I
f—t
N

I
H
|\

—20—-10 0 10 20

Ctg ( 10_‘2)

Cut: Hp-bin (SL) PM:BDT (SL)
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