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Motivation

Current experimental bounds on the Yukawa couplings of light-quarks
of the 15t and 2"d generations are weak: [G. Perez arXiv:1503.00290,

F. Bishara arXiv:1606.09253, Y. Soreq, H.X. Zhu, J. Zupan,
arXiv:1606.09621]
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Motivation

Current experimental bounds on the Yukawa couplings of light-quarks
of the 15t and 2"d generations are weak: [G. Perez arXiv:1503.00290,

F. Bishara arXiv:1606.09253, Y. Soreq, H.X. Zhu, J. Zupan,
arXiv:1606.09621]
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Any sign of these couplings being significantly enhanced w.r.t
SM will undermine the SM prediction 7/ » mf/v



NP signals/searches

Focus on exclusive pp — h + j(j;) followed by  — ~~
with the following 2 scenarios in mind:

The NP comes in the form of scaled SM couplings (kappa
framework)

The NP gives rise to new interactions that are absent in the SM and
that modify the SM kinetic distributions (SMEFT)



Why exclusive h+j @ the LHC?

The high- P71 Higgs distribution may play a key role in distinguishing
between NP scenarios:

Sensitive to a variety of UV completions: SUSY, heavy top-partners...

And to other model-independent approaches: Kappa framework &
SMEFT.



pp — h+7J, §j = g,u,d,s,c
Higgs + light-jet in the SM

(leading term)

£ = CIMhG,Gr | OSM ~ a/(1270)
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pp — h+j, j = g,u,d,s,c
Higgs + light-jet in the SM

(leading term)

£ = CIMhG,Gr | OSM ~ a/(1270)
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gqg — gh
dominant in SM
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The Kappa Framework
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Notations & Observables

Define a signal strength:

5 Nep—hti—fi+i)
/ hj — M‘;}‘_M(pp — h —|—j — ff+f)

Event yield:
N = LoAe

Assume A ~ As,; to obtain

] o(pp = h+7) BR(h — ff)

J“h.j — ET_S“.-"LI()_UP — h+ J) ' BR-S‘.-UU?- — ff)
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Notations & Observables

Signal Strength for pp — h + J(Jb) h — ff.
f _ b T s IV:

We focus on

A h — vy

f 2 -!,}Jb (J5)
»u’h; G h’ T Ry R "Hh—ff No interference Kqk term

Assume no NP-in decay:
hjGiv)
th i_ Zqqn _ 1

NP — _hijGy U)h,ﬁ‘»ff - 2 99 2
o 1 + (h,-g 1) BRY,, + & BRCJM
1

(Jv)
L —
Mt L+ (k§ — 1) BRE), + (5 — 1) BRY),
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Notations & Observables

NP signal:

o=, f(SM) = 1
A7 h.-j(jf‘ A Y h}j(g ;)S* M)=1

Statistical significance of the NP signal:

h i, -
2 O)u;;ij — 0.05(10)
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Notations & Observables

Cumulative cross-section: (extra handle on NP effects)

u U | do-
s () = o (pr(h) > pst) = / T
pT(h

Minimizes the K-factor at the high PT region [R. Boughezal
arXiv:1504.07922, 1505.03893]
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Simulation Setup

Write a dedicated UFO model for the Kappa (SMEFT) framework
based on the HEFT model, using FeynRules.

Use Madgraph5 with LO MSTW 2008 PDF set

Choose sum of transverse mass as dynamical scale choice

Impose lower pp(h) cut.

Overall invariant mass cut using MadAnalysis5 (SMEFT).

Assume integrated luminosity of £ = 300 fb~ ' or 3000fb !



*Case of k, =1 : no NP in ggh
Results (nght quarks) .

- ; :Ej;:’q ne Rh j quh
L A “gzl R R : NP = "1
Ism

2 2 phj
‘u’;’ij — (hg - thJZ\’,}P) "Hh—ff

500 600 700 800 900

i -
0 100 200 300 400
Py [GeV]

Low pr effect of Ky |
R, > 02 at p5' < 200 GeV for ku =



*NP in both hgg (k) and qqh (r4)
Results (nght quarks) (a0, =

ul —1‘ < 0.05, 0.1 and 0.15]

68;’ 95 X d99/ allowed r g 68;’ 95 X d99/ allowed ranges
I

14 pﬁ_‘;” - 400 GeV p&_;” = i GeV

inant at high P71 (h)
e.g.if 0.85 < ,u,i < 1.15 thenky < 0.9 excluded for pi*" = 400 GeV



The Kappa Framework (b-jet case)

As in the light jet case the Rp term is important for softer P71 (h-)
while the ;, contribution is dominant at the harder p (h,) regime

We obtain Rgab[ ~ D pg;’f‘*t ~ 35 GeV

RV 1 0 pst ~ 90 GeV

hj 2, 2phj b
[M;:jb(BSJJ\Z < 1) ~ (hg + thSJfI> 'Mhﬁff]

Ry ~ 04 ¢ psut ~ 200 GeV

Ry~ 015 : p5t ~ 400 GeV
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*Case of ki, = 1: no NP in ggh
Results (b-jet)

14 ,
. : ‘ : e pSH1=30 [GEV]
LY : cut
®, : C | mmm— pS=200 [GeV]
“ f A
k ‘ ) = 0.05
[} : . — .
1 : thb,emp
101 % o : : 7
1 : :
L)
1 Y
1]
;)
) )
Y
[}

A 30 effectif g, S 0.8 and/or e > 1.3 for P ut — 9200 GeV (HL-LHC)
Needed larger deviation in , for a 3¢ effect in the case of p5** = 30 GeV



Ky — kg Dlane.

Results (b- ]et) |

68 / 95/ and 99 % allowed anges

— 1| <0.05, 0.1 and 0.15]

f
K

68%, 95/ an d99/ allowed ranges
I
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Kb Kb

Can probe different regimes in the K, — K4 plane (complimentary)
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The SMEFT FrameWOrk [Warsaw Basis arXiv:1008.4884]

Lsverr = Lsm + | > %OZ 7
i=ud,dp,ug,dg,pg " "

(6'6) (Quéur) + hc. .

(¢7¢) (Qrddr) + h.c.

(QLJWT&UR) QZGZV + h.c. ,

(@

(

Lo T dR) oG, + h.c.
') G, G
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The SMEFT FrameWOrk [Warsaw Basis arXiv:1008.4884]

Lsyerr = Lsyv + Z

i=up,dop,ug,dg,pg
?) (QLQEUR) + hee.,
nggb) (QLgbdR) h.c.
La“’”TauR) gBGZU + h.c. ,
Lot TdR) oGS, + h.c. .
o' 9) G, GHHY

fi
reidl

Light-quark
operators often
neglected in the
literature assuming
X Y, 4 e.g. for MFV



The SMEFT FrameWOrk [Warsaw Basis arXiv:1008.4884]

Lsyerr = Lsy + Z %Oi )
i=up,dp,ug,dg,pg

(6'6) (Qudunr) + hec. .

(¢'0) (Qrodr) + h.c. .

(Qro" T ur) ¢Gy,, + hc. . | CMDM:-like
(Qro"'Tdr) ¢G4, + h.c. | operators
(¢0) G, G
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— (0'0) (Qrdug) +hc. | O
Results (light-jet) [fw‘ 1, |uf, —1] < 0.05, 0.1 and 0.15}

\Y
Ay, ITeV]

—400 GeV

g0

20

= (o'0) GG

TeV
Apg ITeV]

S0

A, [TeV]

A¢[T eV]

/.Lh] con5|stent with SM at 30 will exclude NP with typical scales of

Aqbg ,-S 15 TeV and Auqb ~ 2 TeV for fqbg —1 23




Ous = (070) (Qrodr) + h.c., Opy = (¢70) G, GV | pitt =200 Gev |

Results (b-jet) (/o fo0) = (L1, (1. 1), (-1.1), (-1, -1)

A slightly better sensitivity than h+j (light-jet case)
Better sensitivity at high D (h)
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O‘li-g p— (QLO_;'.IL/IT(IUR) (BG(I _I_ ]l-.Co : Odg — (QLO—,UUZT(IdR) (DG(I _I_ }Z.C.
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SMEFT: The CMDM-like operators

Cannot be described in k-framework by scaling SM couplings

e.g. b-quark CMDM:

u-quark CMDM: only
diagrams (a) & (d)
contribute.




Oug = (QLU“"”T“'U,R) (;G“ + h.c.

LV
Results u-quark CMDM (light-jet)
=1t A N2
" ) ONp = Tgr (AZQ) Ur%
ug

do/dp.. [pb/GeV]

—_
=4
w

TMhp4j S 1 TeV

(invariant mass cut)

10" |

| | | | | 1 1 1
50 100 150 200 250 300 350 400 450 500
p(h) [GeV]

Much harder ])T(h-) spectrum w.r.t SM



Oug — (QLO'HHTQ’ZLR) OG;w + h.c.
Results u- quark CMDM (light- ]et)
o Jug=

mh+3 < 2 leV

AQ

fu . Oy
0w =1+ (L) iy iy =

fug \* phi
At (Oug) =1 1] (©u) ~ 1 = (£22) Rl

e s Nsp = “hj/ o1 hj
= 0.05(10)

[ 0 : i { I 1
0 50 100 150 200 250 300 350 400 450 5!1:
P} [GeV]

If Ay, = 6 TeV then pg* ~ 350 GeV required to obtain 3o effect

IN(pp = h+j = yy+j) ~ O(10) and O(100) with £ = 300 fb~! and £ = 3000 fb—!, respectively. A_E.O.S]

hj




Oug = (Qro"Tdr) 0GY,, + h.c.
SMEFT: b-quark CMDM (b-jet case)

Consider Ppp — h b
Now have interference (though small)

2
h,Jb L hip : Jf}@ 1Jljb_|_ fbg 2,h 7y
ONP = Tsm ™ 357 g A2 Opg
bg bg
1.h7g

Opg — ~ O(my/v)

Very similar PT spectrum (becomes much harder) as light-jet case!



Oug = (QLo™Tdr) 6G°, + h.c.

LV

Results b quark CMDM (b-jet case)

&I Apg =2 Tev|
| "bg S S— \ ‘ I—— — Apg aTev|

- _____5_______:i_::i::ii:_i:_:i_§::i::i:_i:i_:i_::i:_i:_f:i_:i_i::i:_ﬁ_:i_:i:i::i: eeap e Jog = 1
T h+ 74 < 2 TeV

103 oo IR I Zi:';i:' S P R R

104: R HEE P E ST TR

e
-1

NSD A‘uh(l}b/opﬂ}j;(jb)

A“ﬁj‘mz‘ ‘“J?i(jb)_ L]
~ f L
Ofty,., = 0.05(1o)

1 : : : : : : :
10 | T o N T ny T N o e R o '”H-"\',{‘m.wm"l“ﬂ
L. P o R v . \“,,u“
R

10"

I i l o i i i L
0] 50 100 160 200 250 300 350 400 450
P [GeV]

Results for 1, = —1 are similar due to small interference

b-CMDM with typical scale Ay, ~ 4 TeV can be probed at O(100)with pS* = 2000 GeV
(N(pp = h+1j, = yy+14,) ~ 30 s A=05:€ =07, £ =3000fb"!] “




Summary

We suggest that the exclusive pp — h—l—j(jb) — ’}/’}/—I-j(jb)
production @ the LHC is a rather sensitive probe of the light-quark
Yukawa couplings & other forms of NP.

We study the pr(h) distribution employing a signal strength
formalism.

NP scenario where qqh and ggh are scaled by «, and «, (Kappa-
framework) retaining the SM kinematics.

NP in the form of higher dimensional operators (SMEFT).

We find that this exclusive Higgs+jet channel pp — h+35(js) — vy +5(j»)
can be sensitive to scales of NP ranging from a few to O(10) TeV
depending on the flavor, chirality and Lorentz structure of the
underlying physics.



Thank You



Backup Slides

Tree-level SM s-t channels \

~
¢ ‘A |
q q
' FITEE TS
D
g

2 qu 2 A £\ ¢
Z‘Mf;ﬂ.fl qa—qh — —ng Z‘M.Sﬂ-ﬂ qg_}gh(SH t)(z)

ST - -
p R
h - q

2 o ¥
Z\Msﬂﬂ 9dh = T M| s gn (S € U]3)
q9
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Backup Slides

1-loop SM amplitudes

3

Z (Msur|” g5 gn
>

Z (Ml gqgn
>

Z (Misar|” ggsqn

5
Z M| 5y—an
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The Kappa Framework

Light-quarks: Ppp — h jj j — (. u,djsjc

h SM\ 2 qq
sy — (Cg ) ( Ospr T USM T USM T %M)

; 5 hi 0 tree-level
1] L] ]
ONP — K'QO-SJ\»{ + K'qo-qqh,
h h
SM recovered for O s —UNP( = 1, , Rg —0)
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Backup Slides - Signal strength

More on signal strength:

W= Npp—=h+j— ff+7)
" Nsu(pp = h+35— ff+))

Event yield:
N = LoAe

Assume A ~ As,; to obtain

ul o~ olpp = h+j)  BEh—=[f)
hi — osm(pp —h+j) BRgsy(h— ff)
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Backup Slides - Signal strength

fo .
Assume /i;,; will be measured to a given accuracy:

f _nt
ﬂhj.e;r-p — Juhj.ff:tp == (jluhj (]!’p(lg)
ul
Taking fj,. .., = pi,; then Ngp = : + where
i ,uhj

9 2
f),um — (‘j;“h; theor u) (aﬂhi ”p)

Assume o‘y;f_j — 0.05(10) (Ultimate goal of Higgs Program)



Results (Light-quarks) p5** = 100 GeV

i : — Ku,d,s,ci 0 -
mmmmr = ()
145 750
12+
700
~
—
= 10+ K =1 +
" g &
< ~ 650
- cut__ . :
£ ol |Py=100 GeV il
I =
o A 600
[="
z. B [ =
Vs
550
4+
ol 500
! -_5_-_-- : : :
0 N mmmmmp T i i j i j i 450 ‘ ‘ - i - ! ‘ i ‘
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
K K
q q

L =300 A=05
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Results Light-quarks p7'" = 400 GeV
— o L =3000fb" " A=05

Fudse™ 0 : : : : — s 0

116

114

f
M

112F | Mg

f
Ap.hj/ 8

ol | P=400 GeV

N(pp -> h+j ->yy +j)

I )

- 108 ad |
Z -

106 |

104 )

102 -

100 ! i | i i | : i i
0 - . . . . . . i



Results (Light-quarks)

g T -
Statistical significance Ngp = % () LL hj‘ — O . OO (1 U-)
p’hj

Ku 70, kg = ks = ke =0 p%“t — 400 GeV

Ky = 0|k, = 0.25| Kk, = 0.5

g = OBY G.19 171200, 80500
ke = 0.9 3.53 |3.97 005 |5.1470 1,
iy =1O0J 0 05600 2035010
kg = 11| 3.78 |3.007) 03 |1.30F0 15
ke = 1.2]] 7.75 |6.95700; |4.8470 14

kg # 0 for all g = u,d, s, c

kg = 0|k =0.25| kK, = 0.5
kg = 0.8 6.79 |8.307 00, [11.1370715
kg =09 3.53 [543 705 | 9.03 015
ke = 10| 0 |2.32700; | 6.747015
kg = 11| 3.78 |1.01700) | 4.267 015
g = 12| 7.75 | 4555005 | 1.617017
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The Kappa Framework (b-jet case)

Consider pp — h + Jb
Utilize 5FS

Only qg — hq contributes with ¢ — }
Derive similar formulae for cross section, signal strength:

i}'t?h» + hbo’bbh [Sl\[ Rg — Rp — 1]

hj
O'NP—h,O'

,UL{ N ( N \ ,u,
tJb ] h—
\1+R5M 1+ ( 2(31) } fr
hj Ui?iffb !
b — 1 —
Ry = =50 . Hhosff 1+ (k2 —1) BRY, + (w2 — 1) BRY,,

Tggh 40



Results (b-jet)

Statistical significance Ngp = : : fﬂb

Jb
kp = 0.5|kp = 0.75|kp = 1|Kp = 1.25|RKp = 1.5
kg = 0.8 04705 | 2.87505 [4.6.03] 6.070% | 69707
kg = 0.9 35705 | 02505 [24705] 43704 | 56707
kg = 10| 7570 | 33505 | 0 | 24705 | 42706
kg = 1.1)|11.87,73] 6.7707 [2.6705] 04703 | 267572
kg = 1.2||16.17,2| 10.2709 |5.3705] 1.750°0r | 0.9707

Spd. = 0.05(10), p§t = 200 GeV




Backup Slides - Results (b-jet)

K-framework (b-jet): signal strength

K =1 -------- b=05

Y mmmme =
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Backup Slides - Results # of Events

K-framework (b-jet): N(pp — h+j» = v +js) = L-o(pp — h+ju) - A- €, - BR(h — ~7)
) Luminosity = 3000 inverse [fb]

R g N C
i JRE S | %=1 (SM) |

€Ep — 0.7

3000 fbh~ !
0.5

— —
Q o
N wy
T T

N(pp ->h +j, ->yy+i)

—_
OA
R

10"
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The SMEFT Framework

Oue, Ouas and Oy, can be “mapped” to the kappa-framework:

. NyEJgM_ fop 7 p _1+127Tf<b9 v?
CToM o yMaAz, s Ag,

where ySM /ySM ¢ for light-quarks and v5" /y7™ = 1 for the b-
quark.

Utilize previous analysis to obtain for f,, and fs, ~ O(1)

(k| S05 ) (Aky = |, — 1/ 201

Ay 23 Tev | 39 1A, 15 Tev
- J - /




Ouy = (Quo™ T dr) 0G;, +he., Osg = (010) GJ, G
Results (b- ]et) (Foos foa) = (L,1), (L, —1), (—1, 1), (—1, 1)

AT LI — —
’ ; * © ’ 2 4 [3 P 10 12 4 5
Abo [TeV] Ab " [TeV]



Backup Slides - u-quark CMDM

u-quark:

2

Z ‘M’HQ‘ qqg—rqgh
2

Z Mg q9—qh

2
Z Mg q9—qh

— it [1 — 40C) M + 8v* (CM)£38)
qu
C .
— G Mgl (5 € 1), (39)
q9
C o
_C_qq Y [Mugl® (5 ¢ @) (40)
q9



Oug = (QLJ“"”"T“uR) (BG“' + h.c.

L

SMEFT: u-quark CMDM (light-jet)

Signal strength:

, f 2 oy
u h1 h1 (7

th(oug) =1+ (A29 ) Ry » Ry = hjg

ug Tsn

NP signal:

fu . '
Aﬂfflj(oug) =]| M{Lj(oug) —-1]= (A2g R"Zé
ug

Statistical Significance: Ngp = ;L.L/(S,u.ij



Results u- quark CMDM (light- ]et)

T I I : ] \

L | | | =—p®=100 GeV ||
L L] memm pS'=250 GeV |
N pS'=400 GeV |
N 1

fug —
mp+; < 2 TeV
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Backup Slides - u-quark CMDM

pp = h+j—=yy+]
# Of eve ntSZ Luminosity = 300 inverse [fb]

Spl . = 0.05(10)

hj

A = 0.5
£ =300 fb~!
fug =1

mpy; <21lev. .. 7

| | i

10 :I iJi' e I I | s

N(pp -> h+j ->yy+}))

0 50 100 150 200 250 300 350 400 450
P [GeV]



2 8GsYb

— ApCME —m?) | 44
bg—sbh Cyg (40Cy ) (44)
I - _J§_[gzﬁ,—4vCSMﬂ+8v%(ﬁ”JF)
bg—bh Cyg g J
+ypvit] (45)
2 _/\/l1 2 .
— U<+t). 46
59—)5!?, Z bg bg—bh ( ) II ( )
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Backup Slides - SMEFT - Flavor

Ingeneral fy5, fds, fugand fagare3X3 matrices
One way to avoid flavor violation is to assume MFV:

f ey
p Ou.g —7 }/r ) A2 O-ug
MFYV

So that for a single flavor q:

2
A MFV f MFV

A2 _ yq f

Focus on single flavor (diagonal element) of operators and
assume the flavor violation is controlled by underlying theory
(not necessarily MFV)




